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Summary

Satellite Communication on the Move (SOTM) enables broadband connectivity for
mobile platforms like vehicles, aircraft, and ships. In this context, the expansion
of Low Earth Orbit (LEO) and Medium Earth Orbit (MEO) satellite constel-
lations has improved communication capacity while reducing latency. However,
this progress demands user terminals with better beam agility, reduced weight,
and cost-efficiency. Traditional mechanically steered reflectors and phased arrays
provide necessary performance but are unsuitable for widespread civilian use due to
their complexity, high power consumption, and production costs. These challenges
highlight the need for simpler and lightweight antennas that still meet the required
radiation performance standards.

A possible solution consists of the use of a primary feed with a reduced number of
electronically controlled elements plus a planar or slightly curved meta-lens, located
in the near field region of the primary feed and realized with a (quasi-)planar
structure, to reduce the antenna system profile.

The activity carried out in the thesis was focused on the design and analysis of
the fully dielectric, planar meta-lens working in Ka-band and discretized with
hexagonally arranged unit cells. Acting as a phase-modulating layer, the meta-
surface converts the feed’s spherical wavefront into a collimated beam. For this
purpose, the use of a hexagonal pattern provides an enhanced surface discretization,
promoting a uniform behaviour radially from the structure’s center. The use of
dielectric materials enables fabrication through additive manufacturing techniques,
resulting in a lightweight and mechanically robust structure.

Several geometric configurations for the unit cell were designed and then analyzed
via full-wave simulations in CST Microwave Studio to quantify scattering parameters
and phase control performance. The final geometry consists of a cell with a central
hexagonal hole with tapered profile, developed using Preperm ABS1000 material
with €, = 9.6 and tan d = 0.02. The structure has a size L = 2.2 mm = 0.22 )\ at
the design frequency fy = 30 GHz, and a thickness H = 8.6 mm = 0.86 \g. The
phase of the incident field can be compensated by varying the dimension of the
internal hole diameter d in the range [0.9, 2.1] mm. This configuration delivers a
full 360° transmission coefficient phase coverage, while its magnitude is never lower
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than -3 dB across the Ka-band frequency range (29-31 GHz).

Consequently, the unit cell was adopted to design a lens with a diameter D =
100 mm = 10 Ao, and illuminated by a circular horn located at a focal distance
F =124 mm from the lens, so that % = 1.24. The results of the numerical analy-
sis of this configuration confirm the effectiveness of the proposed lens structure.
Considering the need to minimize the volume occupied by the entire antenna, the
F /D ratio is reduced to % = 0.25. In this case, the lens design must consider that
it is in the near-field region of the feed.

Additionally, an analysis was conducted to evaluate the impact of relocating the
feed from the position employed in the lens design on antenna performance. For
its improving, a bifocal lens, engineered to enhance angular coverage and sustain a
reliable link with moving satellites, all while minimizing the drop in gain, was also
designed and analyzed. This research establishes a strong foundation for advancing
satellite communication antenna terminals tailored to new applications in trans-
portation, remote connectivity and autonomous communication systems. Upcoming
initiatives will aim to enhance the surface design to ensure conical coverage while
minimizing the mechanical complexity within the adopted configuration.
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Chapter 1

Introduction

1.1 Background and motivation

Satellite Communication on the Move (SOTM) has become an essential enabler for
broadband connectivity across various mobile platforms, including land vehicles,
aircraft, and maritime vessels. Historically dominated by geostationary (GEO)
satellites, the field is undergoing significant transformation with the advent of
Medium Earth Orbit (MEO) and Low Earth Orbit (LEO) satellite constellations.
These next-generation systems offer distinct advantages: the shorter distance be-
tween user terminals and satellites substantially reduces end-to-end latency, often
achieving under 50 milliseconds compared to several hundred milliseconds with
GEO counterparts. Additionally, the reduced propagation distance allows for lower
transmission power requirements, while multipath distortions are mitigated due to
the favorable geometry and improved signal paths.

%\ LEO Satellite
160 to 2000 km
GEO Satellite

35800 km __——

P
MEO Satellite

5000 to 12000 km

Distance
35,800 km

Figure 1.1: Satellite footprints for GEO, MEO, and LEO systems [1].
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Introduction

As illustrated in Figure 1.1, GEO satellites provide large, nearly static coverage
areas, whereas "MEQO and LEO constellations feature smaller, dynamic footprints
that allow for higher spatial resolution and more localized service" [1]. Even if
cellular networks and fiber-optic systems have progressed substantially, large por-
tions of the global population—particularly in rural and isolated locations—still
experience limited or nonexistent internet access. A study conducted in 2022
revealed that "approximately 2.9 billion individuals remained disconnected from
reliable internet services, largely due to the inaccessibility of terrestrial networks"
[2]. In this context, satellite systems, especially those deployed in Low Earth Orbit
(LEO), offer a promising solution for these problems.

Despite the technical advancements, the usage of LEO and MEO satellites for
SOTM introduces demanding requirements for terminal antennas. The main chal-
lenge comes from the environment in which the device is mounted. Since the
antenna is installed on a moving platform, the propagation medium and the op-
erating conditions are highly dynamic. Establishing and maintaining a reliable
communication link therefore becomes complex, as it involves two points in relative
motion: the mobile platform (such as an aircraft, ship, or vehicle) and the satellites
in orbit. These antennas must operate in high-frequency bands like Ku or Ka
(the latter being particularly appealing for high-capacity applications) and provide
wide-angle beam scanning capabilities. The goal is to achieve a conical coverage
of 60° with respect to the boresight direction. Furthermore, it is important to
reach an antenna gain of approximately 30 dBi or higher in order to minimize
the free-space path loss during the satellite communication links and comply with
stringent regulatory standards.

Given the large distances between the ground terminal and the satellites, the trans-
mitted signal is affected by a significant attenuation when it propagates through
space. A sufficiently high gain is therefore essential to ensure that the received
power remains above the sensitivity threshold of the receiver, maintaining an
acceptable Signal-to-Noise Ratio (SNR) even under adverse propagation conditions.
Current solutions, such as mechanically steered reflectors, radome-enclosed systems,
and active phased arrays, can reach the required performance levels but are often
hindered by drawbacks like excessive size, weight, power consumption, and high
costs. Moreover, these solutions should also be low profile for the aerodynamic of
the mobile platform on which they are installed. These limitations significantly
reduce their suitability for civilian applications, where both economic and physical
constraints are far more restrictive compared to those encountered in large-scale
military or aerospace platforms. Civilian platforms, especially those targeting
widespread deployment, struggle to accommodate the bulk and expense of large
phased arrays or complex mechanical steering systems.

This emerging challenge motivates the study of alternative technologies that balance
performance with reduced complexity. A possible solution consists of integrating a
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Introduction

relatively small set of electronically controlled feed elements with a passive lens
to enable beam steering and broad coverage without the prohibitive costs and
complexities associated with fully active phased arrays.

Unlike metallic or hybrid structures, fully dielectric cells offer several benefits,
such as reducing ohmic losses at high frequencies, including the Ka-band, and
minimizing issues related to unwanted resonances or overheating. Additionally,
"the absence of metallic components enhances wideband performance and boosts
the antenna’s power-handling capabilities, which are crucial for ensuring reliability
and efficiency in satellite communications" [3].

Dielectric cells align perfectly with modern Additive Manufacturing (AM) tech-
niques. "3D printing allows to obtain a rapid prototyping with a cost-effective
production of complex geometries that might be difficult or impossible to achieve
through traditional subtractive approaches" [4]. This adaptability reduces not only
the design-to-prototype timeline but also enables the production of lightweight,
compact and durable components ideally suited for integration into mobile satellite
communication terminals.

Such approaches offer the potential to bridge the gap between today’s premium
technologies and the economic and operational needs of civilian and commercial
sectors.

1.2 Objectives of the thesis

The objective of this thesis is based on the study of current technologies employed
for SOTM applications, with the aim of identifying their limitations and the po-
tential innovative solutions that are currently under development. The problem
focuses on identifying feasible solutions for civilian applications that enable a
balance between performance, complexity, and size. A possible solution explored
in this research is based on a meta-lens antenna architecture, specifically tailored
for SOTM applications in the Ka-band. The key concept is to utilize a simple feed
array composed of a smaller number of electronically controlled elements, paired
with a planar meta-lens positioned in close proximity to the feed. This arrangement
minimizes the complexity of the control system and reduce the overall weight of the
antenna, with the goal to obtain a wide conical coverage and high gain essential
for dependable communication with LEO/MEO satellites.

An important aspect of the research is the implementation of a hexagonal lattice
for the meta-lens discretization, which allows to obtain a lower phase error as it
provides a "densely-packed array and a better aproximation of the circular displace-
ment of the unit cells on the transmitarray" [5]. Through design and full-wave
simulations on CST MWS, a case study of the system is proposed, based on the
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mechanical motion of the source in the near-field region of the lens.

1.3 Document Organization

The thesis is systematically structured into six core chapters. After the introductory
section, Chapter 2 offers a comprehensive overview of contemporary SOTM antenna
technologies. This chapter delves into their classification, operational principles,
and associated trade-offs, with a particular focus on the challenges encountered
in civil applications. Chapter 3 is dedicated to the overall aperture design, with
the unit cell selection and the feed-to-lens configuration. Chapter 4 extends the
analysis into the near-field region, discussing the adopted model and examining
several case studies to validate it. Lastly, Chapter 5 presents design solutions
aimed at achieving beam steering, discussing the advantages and limitations of the
proposed approaches.

This structured organization ensures a coherent progression from theoretical founda-
tions to practical implementations, with a clear understanding of the methodologies,
analyses, and results that support the development of advanced transmitarray an-
tenna systems.



Chapter 2

SatCom On-The-Move
Antenna Technologies

2.1 Introduction

In recent years, satellite communication (SatCom) systems have transitioned from
specialized infrastructures primarily utilized in military, maritime, and aerospace
operations to significant facilitators of global broadband connectivity. This shift
has been driven by advancements in SatCom-On-The-Move (SOTM) technologies,
which are engineered to deliver high-throughput, dependable connectivity to mobile
platforms, including vehicles such as cars and buses, as well as ships, aircraft, and
unmanned systems.

The relevance of such solutions has increased significantly in the context of a global
environment where terrestrial communication infrastructures are either inadequate
or entirely absent in numerous remote areas.

The SOTM approach directly addresses this challenge through the integration of
mobile terminals equipped with advanced antenna systems capable of sustaining
continuous satellite communication even under conditions where both the platform
and satellites are in motion. This innovation highlights different applications,
including "civilian broadband access for mobile users, disaster response efforts,
remote media broadcasting, telemetry for autonomous vehicles, and inflight inter-
net services for air-based platforms" [6], as schematically illustrated in Fig. 2.1,
which shows the main SatCom system segments from space to the end user. The
antenna is an important component of these systems and must satisfy increasingly
stringent demands in terms of beam steering, energy efficiency, compactness, and
cost-effectiveness. Additionally, contemporary applications require lightweight
devices with low-profile in order to guarantee a good aerodynamic of vehicles or
aircraft in which they are integrated. Efficient power consumption is important as
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Figure 2.1: The SatCom system segments from space to user [6].

well, particularly for electric vehicles and off-grid operations.

Historically, "mechanically steered antennas—featuring parabolic reflectors mounted
on motorized platforms—have been the standard solution for such needs. Despite
their durability and high performance, these systems come with drawbacks such as
bulkiness, significant weight, slow response times, and elevated costs, all of which
limit their appeal in cost-sensitive civilian markets' [7]. Advances in technology
have introduced Electronically Steerable Antennas (ESAs), flat-panel phased arrays
and metasurface-based designs that provide a low-profile solution. "These innova-
tions enable rapid, silent beam steering without relying on mechanical movement,
enhancing reliability and adaptability for integrated deployments" [8].

At the system level, modern SatCom infrastructures are organized into three core
segments [2]. These are schematically illustrated in Fig. 2.2 and can be classified
as follows:

« The space segment, consisting of the satellite constellation (GEO, MEO,
LEO);

o The ground segment, composed of network gateways, ground control stations,
and backbone interconnections;

o The user segment, which includes all types of user terminals, including
SOTM platforms such as aircraft, trains, maritime vessels, and land vehicles.
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Figure 2.2: The SatCom system architecture [6].

Among these, the recent rise of LEO-based satellite constellations has profoundly
reshaped the technical requirements of the user segment. These constellations—
including initiatives like Starlink, OneWeb, Amazon’s Project Kuiper, and Telesat
Lightspeed— consist of hundreds to thousands of satellites moving in fast, low-
altitude orbits. "This configuration ensures global coverage with minimal latency
but simultaneously introduces new complexities: each satellite crosses a given
location’s field of view in just a few minutes, necessitating continuous tracking and
rapid handovers from one satellite to the next" [2].

To fully understand these requirements, it is essential to examine the physical
and operational characteristics of Low Earth Orbit. "Satellites in LEO operate at
altitudes between approximately 160 km and 2,000 km, traveling at orbital speeds
close to 7.8kms™!. This velocity allows them to complete a full Earth orbit in
just 90 to 120 minutes" [9]. LEO constellations are characterized by a relatively
short distance from Earth with respect to traditional geostationary systems. The
advantage is a lower propagation delay with reduced transmission losses, that allow
to simplify the complexity of the terminal due to the lower power requirements.
Moreover, since LEO networks consist of numerous satellites in continuous motion,
they offer improved elevation angles and reduced multipath effects, particularly
in urban or obstructed environments. Conversely, "GEO satellites, operating at
approximately 36,000 km, demand larger and more complex antennas and exhibit
much higher latency, which restricts their suitability for real-time or safety-critical
applications" [10].

Table 2.1 summarizes the comparative characteristics of satellite constellations

7



SatCom On-The-Move Antenna Technologies

across different orbital regimes, highlighting the inherent trade-offs between cov-
erage, latency, and system complexity: while GEO satellites provide extensive
Earth visibility with minimal infrastructure, LEO constellations enable low-latency
communication at the expense of requiring a significantly larger number of satellites
and more sophisticated tracking mechanisms.

Feature GEO MEO LEO
Orbital altitude ~36,000 km ~8,000 km ~1,000 km
Latency Medium (~700 ms) Low (~150 ms) Very low (~50 ms)
Earth view Very large Large Small
Data gateways Few, fixed Several, flexible Numerous, local

. . . 10-mi f
Antenna tracking | Stationary antennas | 1-hour slow tracking O-minute fast

tracking
Satellites required 3 satellites 6 satellites Hundreds to
for global coverage thousands
Technology Proven, deployable Proven, deployable Technology still in
. development for
maturity technology technology

satellite internet

Table 2.1: Comparison of satellite constellation characteristics at different orbital
regimes [11].

However, these improvements come at the cost of increased system complexity.
Satellites must constantly be tracked across the sky, requiring highly responsive
beam steering and seamless handover mechanisms within user terminals. "Net-
works must handle a constant flux of active and inactive links, often implementing
advanced multi-beam architectures, dynamic frequency reuse, and adaptive modu-
lation to maximize throughput while minimizing interference" [2]. Terminals must
therefore support fast beam steering, multi-beam connectivity, beam hopping, and
polarization diversity.

As it can be observed in figure 2.3 the proliferation of thousands of LEO satel-
lites in recent years raises concerns around orbital congestion, space debris, and
electromagnetic interference. This exponential growth of low-orbit traffic calls for
more stringent space traffic management and coordination to ensure sustainable
use of orbital corridors. These concerns directly affect terminal design and are not
just regulatory or environmental. "User devices must be capable of robust tracking
in dense orbital environments and comply with strict emission and interference
constraints, while still offering reliable performance in mobile scenarios" [10].
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Country of Origin

Figure 2.3: Global visualization of active LEO satellites.

Image credit: LeoLabs, Inc.. Visualization obtained from the Low Earth Orbit Visualization
(LEOV) platform: https://platform.leolabs.space/visualization. Reproduced for
academic and non-commercial use.

In this context, SOTM user terminals are no longer passive receivers but intelligent,
adaptive nodes that play a central role in the success of the satellite network. Their
capabilities must extend beyond basic reception to include real-time beamforming,
proactive satellite tracking and dynamic spectrum coordination—especially as
constellations become denser and more complex.

From a market perspective, a fundamental shift is underway. "SOTM technologies
are expanding beyond traditional military and aerospace use cases to enter the
civil mass market'[2], including :

 Public transportation (buses, trains);

o Emergency and disaster relief vehicles;

Mobile news gathering and broadcasting;

Connected and autonomous vehicles;

Remote workstations and mobile offices;

Maritime leisure and logistics;

Aeronautical connectivity for commercial aviation.


https://platform.leolabs.space/visualization
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These new markets demand terminals that are not only high-performance, but also
affordable, scalable, and simple to install. "The entire SatCom value chain—satellite
operators, equipment manufacturers, and research institutions—is now focused on
developing lightweight, low-power, and cost-effective antenna technologies capable
of operating in the Ka-bands or Ku-bands, supporting data rates upwards of
100 Mbps, and functioning under the power constraints of solar panels or vehicle
batteries" [8].

For the purposes of this research, the terminal antenna system must satisfy the
requirements listed in Table 2.2.

Feature Specification

Operational Frequency Ka-band or Ku-band

. Conical, with a semi-aperture angle of 60° from
Scanning Range

boresight
Gain > 30 dBi over the entire scanning range
Side-lobe Level < -15dB

Circular polarization (RHCP or LHCP) to ensure

Polarizati . . .
olarization stable link performance regardless of orientation

Table 2.2: Key specifications of the antenna system.

This chapter provides a technical overview of the current SOTM antenna solutions,
outlining the main types of beam-steering mechanisms, their trade-offs, and their
suitability for modern platforms.

2.2 Classification of SOTM Antenna Systems

To address the diverse and challenging needs of SOTM systems, numerous antenna
technologies have been introduced over the years. These technologies differ sig-
nificantly in aspects such as beam-steering mechanisms, physical profiles, signal
gain, cost efficiency, power requirements, and adaptability across various platforms.
Although no single solution can be considered universally ideal. Understanding
the primary categories can help in determining the most suitable technologies for
specific applications.

A practical classification of SOTM antennas can be based on their physical charac-
teristics, which broadly fall into two main families [8]:
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1. Tall Dome Systems (mechanically steered reflectors);

2. Flat and Thin Systems (fully electronically steered or passive reconfigurable).

This section offers an overview of each category, describing their operating principles,
strengths, limitations, and typical use cases.

2.2.1 Tall Dome Systems

The earliest and most widely recognized SOTM antenna systems are typically
designed with a parabolic reflector housed within a protective radome and mounted
on a motorized mechanism. This configuration facilitates precise azimuth and
elevation tracking with a mechanical beam steering.

Such systems exhibit exceptional radiation characteristics, including high gain
attributable to their large apertures, narrow beamwidth, and minimal sidelobe
and cross-polarization levels. These features make them particularly suitable for
demanding applications that require reliable performance in extreme conditions,
such as deployment on military ground vehicles or naval platforms.

Figure 2.4: Antenna system designed for maritime applications [12].

The main limitation is their size and weight, often exceeding several tens of kilo-
grams. The mechanical nature of their response mechanisms limits agility due to the
inertia of the moving parts, while their height frequently exceeds the aerodynamic
constraints imposed on many civilian vehicles.

The high manufacturing and operational costs of these antenna systems reduce
their application in large-scale consumer markets.

Existing antenna systems include the "Cobham / Sea Tel family of stabilized VSAT
antennas' [12]. An example of this class of products is the Sea Tel 3612, which
is illustrated in Figure 2.4. This device is widely used in maritime and mobile
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communication applications. It is engineered to comply with stringent standards
for vibration and environmental resilience, ensuring reliable performance under
demanding operational conditions.

In the land and defense domains, integrated stabilized terminals such as "General
Dynamics’ M20-20M series" [13] represent vehicle-mounted SOTM solutions that
incorporate high-precision pointing mechanisms within reinforced enclosures, cou-
pled with control and tracking electronics in order to maintain stable connectivity
during dynamic motion.

Another important example is the "Cobham EXPLORER 9092M, a compact Ku/Ka-
band terminal designed for continuous satellite connectivity on mobile platforms"
[14]. Compared to traditional tall-dome architectures, this system has a reduced
profile and weightand it is able to maintain high pointing accuracy with a fully
stabilized gimbal mechanism. Despite these advantages, the 9092M is a high-cost
solution, primarily targeted at defence, governmental and specialized industrial
applications. It is not practical solution for widespread civilian deployment due to
its elevated cost and maintenance requirements.

2.2.2 Phased Arrays

The most recent generation of SOTM antennas is represented by thin and flat
electronically steered arrays (ESAs), which eliminate mechanical pointing mecha-
nisms with a complete electronic beam steering. A phased-array antenna consists
of multiple individual radiating elements whose relative phases can be electronically
controlled. By adjusting the phase of each element, the antenna can rapidly steer
the beam in a desired direction without any mechanical movement, with an optimal
compensation of the platform motion. Their reduced profile makes them suitable
for aircraft, ground vehicles, and maritime platforms, where aerodynamic drag and
mechanical complexity are critical concerns.

The products described below represent commercially available solutions currently
available in the market. Figure 2.5 illustrates the "Kymeta u8 terminal, operating
in the Ku-band and based on metamaterial beamforming technology" [15]. Its
standard version works in the Ku-band and it is able to provide a linear polarization
with a coverage of 360° in azimuth and [15°,90°] in elevation. This architecture
allows for fully software-defined electronic steering without any moving parts,
maintaining a low profile with a total thickness below 10 cm.
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Figure 2.5: Kymeta u8 flat panel antenna [15].

Beyond metamaterials, other innovative technologies have been developed to address
the specific constraints of the new MEO and LEO constellations.

The solution proposed by ALCAN Systems consists of a thin and flat array working
in the Ka-band, where a liquid crystal material encapsulated between two glass
sheets separated by spacers is used to perform "2D scanning over a +55° range"
[16]. With a proper bias of the liquid crystal material it is possible to change its
dielectric properties and "the antenna achieves a highly cost-effective design with a
low power consumption of 98 W' [17].

A different technique to obtain beam scanning is employed by ThinKom Solutions,
with the patented "Variable Inclination Continuous Transverse Stub (VICTS)"
technology. "This approach combines the benefits of mechanically steered and
electronically scanned arrays by controlling the steering and polarization through
the rotation of lightweight discs around a single axis" [18]. Among the available
configurations, the ThinSat Ka 500 is designed to be mounted on the rooftop of
cars for land-mobile connectivity, while the Ka2517 series targets the aerospace
sector, offering "high spectral efficiency and interoperability between LEO and
GEO orbits" [19].

Another example of a fully digital architectures is presented by SatixFy with an
innovative "Digital Beam Forming (DBF) technology" adopted in the "Onyx" Aero
terminal [20]. It is an all-in-one solution based on two apertures for transmission
and reception and it is able to work at different orbits with a very low profile.
All these systems represent the technological advantages of flat electronically steered
arrays but are still complex and expensive for civilian applications.

Ranging from tall dome designs to flat configurations, each type of antenna is
characterized by its own set of trade-offs involving performance, cost, complexity,
and ease of integration, as summarized in the table 2.3.
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Feature

Tall Dome Systems

Flat and Thin Systems

Beam Steering

Mechanical (gimbaled
dish)

Fully electronic (phased
array or metasurface)

Physical Profile

High (30-60 cm or more)

Low (<10 cm)

Gain High (30-40 dBi) Moderate

Steering Speed Slow (seconds) Fast (ms or us)

Power . Moderate-High Low—Moderate
Consumption
. Medium-High (scaling
Cost High with technology maturity)
Typical Military vehicles, naval Cars, .UAVS’ aircraft,
S mobile platforms,
Applications platforms

consumer SatCom

Table 2.3: Comparison of mechanically stabilized tall-dome antennas and elec-
tronically steered flat/thin arrays for SOTM applications.

2.3 Proposed solution

A possible alternative solution consists of using a phased array with small size
and reduced beam scanning capabilities, and a meta-lens, located in the near-field
region of the array, used to focus the beam and eventually amplify the steering.
In order to realize a low-profile configuration, the lens must be positioned within
the near-field region of the feed. The beam scanning capability is obtained through
a combination of the source architecture and the controlled displacement of the
lens with respect to it. Both the characteristics contribute to the overall steering
performance. The lens developed in this work is based on the fundamental principles
of transmitarray architectures, which are composed of an array of phase-shifting
unit cells that manipulate the transmission phase of incident waves, reshaping the
wavefront to achieve a targeted radiation pattern.

The adopted unit-cell topology is fully dielectric, characterized by high relative
permittivity and low-loss in the material to ensure a reduced lens profile. A
significant aspect of the design involves the employment of a hexagonal geometry.
Unlike conventional square lattices, honeycomb structures can provide a better
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discretization to guarantee a conical scan range. Additionally, the feed source
is designed to be compact and structurally simple. The use of a 2 x 2 array of
patch antennas can keep this complexity low, moving the design difficulty in the
lens realization. The synergy between the feed and the lens designs allows to
obtain a focused and steered beam toward specific spherical angles, maintaining
high-gain performance. The feed source is placed at a focal distance F', while the

lens diameter is denoted as D. The parameter £ is an important factor for the

optimization of the system design, with typical val%es ranging between 1 and 1.2 in
other case studies present in the literature. In order to limit the overall dimensions
of the structure it is necessary to reduce this ratio.

In this work, the focus is on the lens design and a simple circular horn antenna has
been selected as feed source. To achieve the overall design objectives, an initial
detailed unit cell study was performed, succeeded by the analysis of the structure’s
performance under single-pointing configurations. To conclude, a design proposal
is presented, demonstrating how the beam steering can be implemented through

the controlled displacement of the feed source.
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Chapter 3

Transmitarray Design

3.1 Introduction

A transmitarray (TA) antenna consists of an illuminating feed source and a thin
transmitting planar surface that transforms the incoming wave into a desired
outgoing one (as reported in Fig. 3.1).

I >
A
4 =
m(
\‘.
. ~
4
| >

Figure 3.1: Transmitarray concept [22].

Thanks to its characteristics, which allow to exploit the advantages of lenses and
phased arrays, the TA technology is a possible solution to be integrated in a low-cost
antenna for satellite communication operating in Ku-band and Ka-band.

Compared to reflectarrays (RA), transmitarrays eliminate feed blockage and exhibit
greater tolerance to surface errors. The analogy between the two systems is the
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same as thhat between a lens and a mirror; while transmitarrays draw inspiration
from reflectarrays, they introduce additional challenges.

As shown in Fig. 3.2, the reflectarray configuration relies on a metallic ground
plane that ensures nearly total reflection, leading to a reflection coefficient |S;| ~
1. Consequently, only the reflected phase must be controlled. In contrast, a
transmitarray must regulate both the magnitude of the transmitted wave, aiming
for |Sa1| &~ 1, and its phase £S5 to properly compensate the phase of the incident
field. It is possible to observein in Fig. 3.2 a systemic enlarged view of one of the
transmitarray cells. It can be modeled as single-block system that introduces a
delay A¢(m,n) to the phase of the input incident field on the element, producing
a controlled and shifted output that contributes to the creation of a focused beam.

3.3 SV § %1%

L L LTl NN

(a) ®)

Figure 3.2: Illustration of (a) Reflectarray antenna and (b) Transmitarray
antenna geometries [23].

3.2 State of the Art

In recent years, transmitarray antennas (TAs) have attracted growing attention in
the scientific community due to their ability to combine the high gain performance of
reflective antennas with the low-profile and design flexibility of planar metasurfaces.
These surfaces are illuminated by a feeding antenna are essentially composed of
subwavelength unit cells that introduce a specific phase delay to the transmitted
wave. By properly engineering the phase distribution, it is possible to form highly
directive and focused beams.

The theoretical framework for the design and analysis of transmitarray antennas
was established by Abdelrahman et al. [22], who provided a detailed overview of the
electromagnetic principles governing their operation. "Early transmitarrays were
typically based on multilayer printed circuit structures capable of introducing a
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360° transmission phase shift, although their operation bandwidth was narrow and
they lacked electronic tunability. Gain and bandwidth enhancement remain the
key research challenges in transmitarray development. Traditional designs exhibit
strong frequency dispersion, leading to narrowband operation" [22].

A first contribution to the planar realization of transmitarrays was presented
by Pozar in 1996 [22], who established the 'receive-transmit" array concept. As
illustrated in Fig. 3.3, this foundational unit cell is based on two microstrip patches
located on opposite sides of a common ground plane. The energy is coupled between
the patches with a slot and the phase compensation is obtained with the variation
of the length of a delay line that connects the receiving and transmitting elements.
The True Time Delay (TTD) effect exploited with this topology is able to provide
an accurate phase control, but the adoption of transmission lines can introduce
high insertion losses.

Figure 3.3: Geometry of the aperture-coupled microstrip unit cell based on a
variable-length delay line [22].

Building upon the foundational receiver-transmitter principle established by Pozar,
contemporary research has focused on reducing the volumetric footprint of these
systems while introducing advanced polarization control. A notable evolution of
this structure is the Circularly Polarized Double-Folded Transmitarray (DFTA)
proposed by Li et al. [24].

While traditional TA require a significant focal distance, this design exploits a
folded optical path in order to obtain a low-profile structure. The metasurface
used in this architecture acts not only as a focusing lens but also as a polarization
converter. Specifically, the system is fed by a linearly polarized source and the
unit cells are able to apply the required phase shift with a transmitted circularly
polarized waves. Experimental validation of this folded architecture demonstrated
a peak gain of 21.8 dBic at 9.8 GHz. Despite the complexity of the double-folding
mechanism, the prototype achieved a maximum aperture efficiency of 40% and a
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—1 dB gain bandwidth of approximately 6%.

To overcome the bandwidth limitations and the fabrication complexity of via-based
structures, Ryan et al. [25] proposed a distinct topological approach based on
the Frequency Selective Surface (FSS) principle. This work represents a classic
"scatterer-based" design and the unit cell is made of different dielectric layers
with concentric double square rings as it can be seen in Fig. 3.4. The multi-
layer structure is able to guarantee a wideband phase control without the need of
metallized vias.

Conductor thickness

Gap

Inner ring
width
—_—
Outer ring width Substrate thickness (t)
(a) (b)

Figure 3.4: Topology of the wideband transmitarray element proposed in [25]:
(a) double square ring element geometry and (b) arrangement of the multilayer
transmitarray stack-up.

The structure exploits a dual-resonant mechanism: unlike single square rings, the
double-ring geometry excites two adjacent resonant modes. This interaction allows
to expand the frequency behavior of the transmission magnitude with an almost
linear phase response. Figure 3.5 shows the two results as a function of the inner
ring width for the proposed four-layer structure. The analysis covers the frequency
band from 28 GHz to 31 GHz. As illustrated, a phase tuning range exceeding 270°
is consistently achieved at each frequency point across the bandwidth. Concurrently,
the transmission magnitude is no lower than —1 dB within the operating range.
The design exploits another similar unit cell configuration with a different thickness
of the dielectric layers in order to cover the remaining phase range.

A fundamental understanding of transmitarray technology can be derived from
the two analyzed implementations. The first configuration ensures phase precision
and polarization agility but it suffers from significant ohmic losses and fabrication
complexity due to the use of physical vias inside the structure. The second approach
improves bandwidth performance but introduces mechanical challenges related to
layer alignment and structural thickness.

The analyzed structures cannot reach the performance of phased arrays available
on the market. They occupy a relevant volume and the beam is focused with a
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Figure 3.5: Transmission phase (a) and magnitude (b) versus inner ring width
for a four-layer structure for several different frequencies [25].

fixed pointing direction. Other case studies will be covered in Chapter 5, where
the beam-steering mechanism implemented with this technology will be analyzed
in detail.

In this context, the present work studies a simple antenna structure with an
all-dielectric TA design rather than complex multi-layer architectures with metal
components. The surface is completely passive and the elimination of conducting
elements can reduce ohmic losses and fabrication costs.
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3.3 Space-fed Array Design Method

The following subsection presents the design of a transmitarray antenna as reported
in [22].

First of all it is necessary to analyze the phase distribution over the surface, with
the selection of a suitable unit cells. Several analyses are then carried out starting
from the discussed design theory, comparing the radiation results obtained through
numerical simulations in CST Microwave Studio with those based on the well-known
array theory model.

3.3.1 Phase distribution on transmitarray aperture

The fundamental assumption for establishing the theory under study is that the
elements of the transmitarray are sufficiently distant from the source. This requires
positioning the surface in the far-field region of the feed source, which is centrally
located as illustrated in Figure 3.6.

8 (" clement

Figure 3.6: Phase compensation of a TA antenna.

Under these conditions, the incident electric field on each TA element can be locally
treated as a plane wave traveling with a specific angle. Consequently, the phase of
the incident field becomes directly proportional to the distance R; from the phase
center of the feed.

The core principle involves designing each unit cell of the TA such that its trans-
mission phase precisely compensates the spatial phase delay between the feed horn
and that specific element, directing the beam toward a desired angular direction.
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Equation 3.1 establishes the required phase 1; to be applied to each unit cell of the
transmitarray for an accurate focusing and steering of the transmitted wavefront
[22]:

lﬁi:k(Ri—T_’;'ﬁ))—i—wo (31)

R; is the distance from the feed to the i-th element;

T; - 7o represents the projection of the element position along the desired
radiation direction;

k is the propagation constant in free-space;

1y is a reference phase, that can be arbitrary selected.

For large focal distances, the incident wave can be approximated as a plane wave
and the required phase compensation varies slowly across the lens surface. In the
case of compact and low-profile architectures the incident field can be seen as a
spherical wavefront and the required phase distribution wrap around 360° multiple
times over short distances. This geometric constraint necessitates the use of unit
cells that provide full phase coverage (0° to 360°) in order to synthesize the required
phase delay of the TA.

3.3.2 Unit cell definition

Independently from the technology used for its realization, UCs have a maximum
size of A\/2 at the design frequency that in the present case is equal to 30 GHz.
Moreover, it is characterized by one or more geometrical free parameters that are
used to control the unit cell performance, i.e. the amplitude and phase of S5; and
the amplitude of the reflection coefficient S7;. What one would like to obtain is
|So1] = 1, |S11| &= 0 and £Ss; which varies almost linearly over a range of 360° as a
function of the free parameter(s).

In order to realize these unit cells in practice, different fabrication techniques can
be adopted, depending on the target frequency, desired phase range, and whether
reconfigurability is required.

A possibility is to use fully dielectric unit cells. In this configuration, the cell
behaves like a small refractive element: by shaping its geometry—such as varying
thickness or introducing air holes— it is possible to control the phase delay of the
transmitted wave. For example, Massaccesi and Pirinoli designed a three-layer
dielectric unit cell with tapered layers in order to improve the air-matching [26,
27]. This type of cells can also be produced using 3D printing and AM techniques.
Another strategy is based on metallic resonators or patches with dielectric substrate.
In this case the geometry of the metal and the gap between the layers determine
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the phase shift of the transmitted wave. These unit cells can be easily fabricated
using standard PCB processes. An example characterized by multiple dielectric
layers was previously discussed with the study of Ryan et al. [25]. Sakurai et
al. [28] demonstrated instead a simpler TA structure with two metallic patches
separated by a single dielectric substrate.

In order to obtain a dynamic beam pointing, active components such as PIN diodes
or varactors can be integrated within the unit cells. The surface can be seen in this
way as an active device, able to modify electronically the phase of the transmitted
wave. For example, Li et al. [29] proposed a unit-cell architecture that consists
of a receiving element, a tunable phase-shifting network, and a radiating element.
The field is redirected with the variation of the supply voltages of PIN diodes and
varactors in the transmitarray, that allows a fast and programmable beam steering
without mechanical movements.

Recent studies exploit more complex solutions in order to obtain the desired recon-
figurability. For instance, Erdil et al. [30] demonstrated "a microfluidic X-band unit
cell with nested split-ring resonators embedded in PDMS". The single elements
of the TA can be rotated by displacing a liquid metal within dedicated channels.
With this strategy it is possible to modify dynamically the geometry of the resonant
structures.

Lastly, Phase-Change Materials (PCM) offer another way to achieve reconfigurabil-
ity. Gharbieh et al. [32] presented a TA composed by "Phase-Change Materials'
(PCM). These elements can switch between amorphous and crystalline physical
states in response to an external pulse in the form of heat or voltage. The different
properties of the material affect the transmitted electromagnetic wave, obtaining
the desired phase modulation without moving parts.

Overall, the structure and fabrication technique of each unit cell strongly influence
the performance of a transmitarray. In all the analyzed scenarios, structural degrees

of freedom are utilized to obtain specific phase compensations of the transmitted
field.

In this technological context, the proposed design employs a fully dielectric unit
cell arranged in a hexagonal lattice. This configuration enables the implementation
of a radially symmetric lens profile, which is particularly suitable for conical beam
steering.

The study of a fully dielectric cell can lead to a significant simplification of the
structure. "For transmission applications, the material’s low-loss property is crucial
to enhance antenna efficiency and reduce heating within the dielectric component”
[3].

In addition to low losses, the material requires a high relative permittivity. The
dependency can be obtained with the analysis of the phase delay introduced by a
dielectric unit cell with a thickness H and a relative permittivity e,. This quantity
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can be expressed as shown in Equation (3.2).

2 2
gbzkHzTWnH:TW\/e_TH, (3.2)

It is possible to identify two key parameters: the free-space wavelength A and the
refractive index of the material n = |/€,.

Based on expression 3.2, the required phase delay can be set as ¢, leading to the
relationship between the cell thickness H and the material’s relative permittivity
e, expressed in Equation (3.3).

Po A
H= )
21w, /€,

With this formulation it is possible to conclude that materials with higher relative
permittivity e, allow to reduce the unit cell thickness for a given phase compensa-
tion requirement.

The investigation considers the interaction between electromagnetic waves and the
cell. The selected material is purely dielectric, specifically Preperm ABS1000, with
initial properties of ¢, = 8.0 and tan ¢ = 0.0066. Since different grades vary in filler
type and quantity, alternative formulations were analyzed, leading to the adoption
of a better filament with ¢, = 9.6 and tan d = 0.02.

This material exhibits minimal frequency dispersion, enabling effective wave propa-
gation delay with the expected reduction of the component thickness due to its
high permittivity characteristics. Additionally, the dielectric composite filaments
are fully compatible with fused deposition modeling (FDM) technology.

(3.3)

(a) (b)

Figure 3.7: Analyzed lattice configurations: (a) Squared UC, (b) hexagonal UC.
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Figure 3.7 illustrates the two types of lattice configurations evaluated at this point
of the research: rectangular and hexagonal. The rectangular lattice is frequently
seen in literature-based solutions (e.g., [33], [34], [35]). "For innovation, inspiration
was drawn from nature, where the hexagonal lattice geometry is employed" [36].
This unique design provides enhanced surface discretization, promoting uniform
behavior radially from the structure’s center.

The structure is seen as a symmetrical device and its behavior is analyzed when
incident plane waves at varying angles 6 reach one face of the cell. Considering the
system a two-port equivalent structure, it is possible to analyze the behavior of the
reflection (51;) and transmission (Ss;) coefficients. These scattering parameters
are essential for the definition of the optimization objectives:

o Ensuring at least 360° coverage of £Ss1, in order to achieve any desired phase
compensation according to the project requirements.

» Maximize the transmission coefficient |Sy;| to reduce the attenuation of the
incident electric field generated by the feed.

« Minimize the reflection coefficient |S;| to avoid undesired electromagnetic
return disturbances on the array and to improve radiation efficiency.

These scattering coefficients depend on three major factors: the material, previously
highlighted for its strong phase delay capability; the selected operating frequency
centered at fy = 30 GHz with an analyzed bandwidth between 29 and 31 GHz;
and structural dimensions, that influence ¢, with the manipulation of solid and
void spaces. A key structural parameter d is varied across the surface to achieve
the desired phase delays while leaving other parameters fixed. Pillar-shaped cells
and more intricate geometries introduce additional degrees of freedom, intensifying
optimization challenges as dimensional complexity increases. The unit-cells have
been assumed to be embedded in a periodic lattice, including the effect of mutual
coupling between the elements. However, due to limitations in CST Microwave
Studio, periodic lattices are confined to square shapes. Consequently, the desired
hexagonal configuration is approximated using a rhomboidal pattern derived using
spacing values determined from the Law of Cosines (illustrated in figure 3.8 and
3.9).
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Figure 3.8: Hexagonal periodicity derivation.
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51 (x) periodicity 0.866025°L
S2 (y") periodicity: 0.866025"L
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Figure 3.9: Hexagonal grid setup.

Simulations were carried out using CST Microwave Studio to compute |Si1], [S21],
and £S5, across frequencies from 29 to 31 GHz (Ka-band range) and incident
angles spanning in the angular range [0, 40]°. The lattice dimension L, correlating
uniquely with each cell’s height, was chosen near \g/5 to optimize performance
while ensuring the structure’s dimensions remain below A\y/2. This constraint
reduces diffraction effects and achieves an effective metasurface discretization with
a complete 360° coverage of £S5 without exceeding computational limits during
simulations. In the following the optimized results of different unit cells with the
first type of filament (¢, = 8.0 and tand = 0.0066) are presented. The choice of
different structural configurations significantly affects the behavior of the scattering
coefficients with respect to the variation of the free parameter d. The objective
is therefore to identify the unit cell that provides the best overall performance,
achieving optimal impedance matching along with wide transmission phase coverage.
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Parameter Value

Preperm ABS1000 ¢, = 8.0, tand = 0.0066 L

L 0.28 \g = 2.8 mm

H 0.67 Ao = 6.7 mm H

d 0.5 mm < d < 2.7 mm
Table 3.1: Case 1: Square hole, Figure 3.10: Case 1: Square hole,
Parameters. Unit cell structure.

Figure 3.10 shows the first analyzed unit cell configuration along with the selected
dimensions in table 3.1. It consists of a simple square hole, designed to be
implemented on a rectangular lattice. Figure 3.11 illustrates the reflection coefficient
|S11] as a function of the free parameter d. A reasonably stable in-band behavior
can be observed. Within the considered range, the curves exhibit two minimum
values at approximately d = 1.6 and d = 2.4 mm, with values around -30 dB. At
these points, the unit cell is optimized for minimal reflection, whereas the worst
performance occurs for d < 1.5 mm, with a reflection of approximately -3 dB.
Figure 3.12 reports the behavior of |Sy;|, which achieves optimal transmission
values of about -0.3 dB only for maximum d values between 2.3 and 2.7 mm. The
curve shows two minima, ensuring that for d > 1.5 mm the transmission remains
above -3 dB for all angles of incidence, while reaching a minimum of -5.8 dB at the
lowest frequency of 29 GHz for the minimum d value.

Figure 3.13 presents the trends of the transmission phase £S5, as a function of the
variable parameter d. A detailed analysis of the curves reveals a strictly monotonic
increasing behavior characterized by a quasi-linear slope across the entire tuning
range. This linearity is an important feature for the design process, as it ensures
a uniform sensitivity to fabrication tolerances and allows for a straightforward
inversion of the phase-to-dimension mapping. Furthermore, the unit cell exhibits
excellent in-band stability and achieves an overall angular coverage of 370°.
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|S11| at Frequency 29 GHz |S11| at Frequency 30 GHz |S11] at Frequency 31 GHz
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Figure 3.11: Case 1: Square hole. |Si| at 29, 30, and 31 GHz as a function of d

and incidence angle 6.

|521| at Frequency 31 GHz

|821| at Frequency 29 GHz |Szll at Frequency 30 GHz
0
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Figure 3.12: Case 1: Square hole. |Sy| at 29, 30, and 31 GHz as a function of d

and incidence angle 6.
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Figure 3.13: Case 1: Square hole. Phase £S5 at 29, 30, and 31 GHz as a function

of d and incidence angle 6.
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The second studied configuration is shown in Figure 3.14, representing a hexagonal
hole within a hexagonal lattice. The structural dimensions, as reported in table 3.2,
are the same as those of the dual case with a square aperture. The behaviors in the
frequency band of interest of |S11|, |So1|, and £Sy; as a function of d are reported in
Figures 3.15, 3.16, and 3.17, respectively. As observed, the performance of the new
configuration is comparable to that of the previously examined square-aperture
unit cell. This equivalence is a crucial finding, as it confirms that the structural
modification preserves the electromagnetic characteristics.

Parameter Value
Preperm ABS1000 ¢, = 8.0, tané = 0.0066 L
L 0.28 \g = 2.8 mm
H 0.67 Ao = 6.7 mm /
d 0.5 mm < d < 2.7 mm H
Table 3.2: Case 2: Hexagonal hole, Figure 3.14: Case 2: Hexagonal
Parameters. hole, Unit cell structure.
|S“| at Frequency 29 GHz |S“| at Frequency 30 GHz |S“| at Frequency 31 GHz
0 0
. — —-10
2 2 2, =
=- =- =20 —o=10°
) ©n n 6=20°
- - 300 —g=30°
—0=40°
3 3 0.5 1 1.5 2 25 2

d [mm]

Figure 3.15: Case 2: Hexagonal hole. |Si1] at 29, 30, and 31 GHz as a function
of d and incidence angle 6.

|821| at Frequency 29 GHz |821| at Frequency 30 GHz |S21| at Frequency 31 GHz
0 0

\ISzl I[dlﬂ
\?21”(1{9]
\?21”(1"9]

Figure 3.16: Case 2: Hexagonal hole. |Sy| at 29, 30, and 31 GHz as a function
of d and incidence angle 6.
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Z S21 at Frequency 29 GHz Z S21 at Frequency 30 GHz Z 521 at Frequency 31 GHz
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Figure 3.17: Case 2: Hexagonal hole. Phase £S5 at 29, 30, and 31 GHz as a
function of d and incidence angle 6.

Parameter Value

Preperm ABS1000 ¢, = 8.0, tand = 0.0066

L 0.28 A\g = 2.8 mm

H 0.74 \g = 7.4 mm

H. 0.32 Ap = 3.2 mm

Hy 0.10 \g = 1.0 mm

d 0.5 mm < d < 2.7 mm
Table 3.3: Case 3: Pillar in squared Figure 3.18: Case 3: Pillar in
lattice, Parameters. squared lattice, Unit cell structure.

The third unit cell case analyzed is shown in Figure 3.18. The structure consists of
a pillar of height H. with a circular base of diameter d. This diameter was selected
as a free parameter with a variation in the range from 0.5 mm to 2.7 mm. To
ensure greater structural rigidity and continuity of the entire surface, a square base
with side L and depth H, was added, resulting in a total thickness H = H, + 2H..
The dimensions of the unit cell, normalized with respect to the design wavelength
(Ao), are reported in Table 3.3.

Figure 3.19 shows the behavior of the reflection coefficient |Si;|, which remains
around -2.5 dB for most of the d range, reaching a minimum of approximately
-30 dB around d = 2.5 mm. Figure 3.20 reports the corresponding |Ss;| trends,
which exhibit an optimal value of -0.5 dB only at the |S;;| minimum previously
identified. For the remaining portion of the free parameter d range, the transmission
is generally below -3 dB, reaching a minimum of -5.2 dB at the smallest value of
d = 0.5 mm.

Figure 3.21 presents the transmission phase curves within the band. These show a
monotonically decreasing trend with minimal dependence on the incidence angle
and a phase coverage of only 270°. This phase range is not enough for the practical
usage of the studied cell in a TA surface.
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|S11| at Frequency 29 GHz |S11| at Frequency 30 GHz |S11| at Frequency 31 GHz
L 0: 0

|S11|[dB]
[S11|[dB]

3 0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3
d [mm] d [mm)]

Figure 3.19: Case 3: Pillar in squared lattice. |Sy;| at 29, 30, and 31 GHz as a
function of d and incidence angle 6.
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Figure 3.20: Case 3: Pillar in squared lattice. |Sy;| at 29, 30, and 31 GHz as a
function of d and incidence angle 6.
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Figure 3.21: Case 3: Pillar in squared lattice. Phase £S5 at 29, 30, and 31 GHz
as a function of d and incidence angle 6.
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Parameter Value

Preperm ABS1000 ¢, = 8.0, tand = 0.0066

L 0.28 \g = 2.8 mm

H 0.74 g = 7.4 mm

H,. 0.32 g = 3.2 mm

H, 0.10 A\g = 1.0 mm

d 0.5 mm < d < 2.4 mm
Table 3.4: Case 4: Pillar in hexag- Figure 3.22: Case 4: Pillar in
onal lattice, Parameters. hexagonal lattice, Unit cell structure.

As previously studied, the analogous structure with a hexagonal base was also
considered. Figure 3.22 shows the cell structure, and the selected dimensions are
listed in Table 3.4. The configuration remains a pillar with a circular base of
diameter d. The difference lies in the central component of thickness Hy, which
is now defined as a hexagon inscribed in a circle of diameter L. Due to the new
geometry of this cell component, the d variation range is limited to 2.4 mm.

As shown in Figure 3.23, the reflection coefficient |S1;| remains constant at -3 dB,
ensuring good matching for d values greater than 2 mm. The |Sy;| behavior, reported
in Figure 3.24, is similar to the previously analyzed case. Efficient transmission
with a coefficient of -0.5 dB is achieved only for d = 2 mm, with a second peak
occurring at the higher frequency of 31 GHz.

The phase response ZS51, shown in Figure 3.25, is also monotonically decreasing,
with a phase coverage of 320°. Although this represents an improvement over the
square-base case, it remains insufficient for the TA design, where a full 360° phase
coverage is required.

|511| at Frequency 29 GHz |Sn| at Frequency 30 GHz |Slll at Frequency 31 GHz
0; 0; _

|5}1Hd3]|
|Sul[dB]

0.5 1 L5 2 2.5
d [mm] d [mm] d [mm)]

Figure 3.23: Case 4: Pillar in hexagonal lattice. |Si1| at 29, 30, and 31 GHz as a
function of d and incidence angle 6.
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|821| at Frequency 29 GHz |S21| at Frequency 30 GHz |S21| at Frequency 31 GHz
0r 0-
—0=0° —0=0°
ql—o=10° o=
. 0=20° . 0=20°
R, —0=30° Q' , [—o=30
=T —0=40 T —0=40°
A 3 &5 -3
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Figure 3.24: Case 4: Pillar in hexagonal lattice. |S9;| at 29, 30, and 31 GHz as a
function of d and incidence angle 6.

Z 521 at Frequency 29 GHz Z 821 at Frequency 30 GHz Z Sz1 at Frequency 31 GHz
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Figure 3.25: Case 4: Pillar in hexagonal lattice. Phase £S5 at 29, 30, and
31 GHz as a function of d and incidence angle 6.

Parameter Value

Preperm ABS1000 ¢, = 8.0, tand = 0.0066

L 0.28 A\p = 2.8 mm

H 1.1 =11 mm

H, 0.45 X g = 4.5 mm

H, 0.20 A\g = 2.0 mm

H, 0.13\o = 1.3 mm

cut 0.04 A\p = 0.4 mm

d 0.5 mm < d < 2.7 mm

Figure 3.26: Case 5: Tapered pil-

Table 3.5: Case 5: Tapered pillar lar in squared lattice, Unit cell struc-
in squared lattice, Parameters. ture.

Starting from the analysis of the unit cell composed of a pillar, a further case
study was conducted by introducing a tapering in the cylindrical structure. The
configuration is illustrated in Figure 3.26, where the pointed profile imposed at
both ends can be observed. The structural base has a square shape, while the pillar
features a circular cross-section. As reported in Table 3.5, new design parameters
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were added in addition to the previous ones, including the height of the tapered
section H, and the tip diameter cut. The total height of the structure is therefore
given by H = 2H, + 2H,. + H,,.

Figure 3.27 shows the behavior of |S11|, which remains approximately constant up
to d = 2.5 mm, where a good matching is achieved with a minimum peak value of
about -35 dB. As the frequency increases, the constant portion of the curve rises
from approximately -10 dB to around -5 dB. These values are improved compared
to the previously analyzed configuration, mainly due to the introduction of the
pillar tapering.

Figure 3.28 presents the variation of |Ss;| across the frequency band. The structure
provides better performance compared to the previously studied cases, exhibiting
transmission levels consistently above -3 dB throughout the entire d variation
range. It is important to note that the power balance condition is always satisfied,
as observed from the combined behavior of |Sy;| and [Sy|. For d < 2 mm, a
good transmission of approximately -0.5 dB can be obtained at 29 GHz, while at
the higher frequency of 31 GHz, a reduction to about -1.5 dB is observed. The
transmission peak occurs for d > 2.5 mm, reaching a value of -0.5 dB.

The phase response £Sy; is shown in Figure 3.29. It exhibits a monotonically
decreasing trend with a phase coverage of approximately 300°.

|S“| at Frequency 29 GHz |S“| at Frequency 30 GHz |S“| at Frequency 31 GHz
0 0

SullaB]

20 | 0=0°
—60=10°
0=20°
30- —0=30° 230 -
—0=140°
0 1 2 3 0
d [mm] d [mm] d [mm)]

Figure 3.27: Case 5: Tapered pillar in squared lattice. |S11| at 29, 30, and 31 GHz
as a function of d and incidence angle 6.

|521| at Frequency 29 GHz |521| at Frequency 30 GHz |521I at Frequency 31 GHz
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0 1 2 3 0 1 2 3 0 1 2 3
d [mm] d [mm] d [mm]

Figure 3.28: Case 5: Tapered pillar in squared lattice. |Sa;| at 29, 30, and 31 GHz
as a function of d and incidence angle 6.
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Z 821 at Frequency 29 GHz Z S21 at Frequency 30 GHz P4 521 at Frequency 31 GHz
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Figure 3.29: Case 5: Tapered pillar in squared lattice. Phase £S55; at 29, 30, and
31 GHz as a function of d and incidence angle 6.

He
Parameter Value He
Preperm ABS1000 ¢, = 8.0, tané = 0.0066
L 0.28 \g = 2.8 mm
H 0.92 \g = 9.2 mm
H. 0.42 \g = 4.2 mm
H, 0.08 Ao = 0.8 mm e
H, 0.10 Ao = 1.0 mm
cut 0.02 g = 0.2 mm
d 0.5 mm < d < 2.4 mm
Figure 3.30: Case 6: Tapered pillar
Table 3.6: Case 6: Tapered pillar in hexagonal lattice, Unit cell struc-
in hexagonal lattice, Parameters. ture.

The last analyzed configuration corresponds to the dual case of the previously
discussed tapered-profile structure. As shown in Figure 3.30, it features a hexagonal
base to enable the integration of the cell within a hexagonal lattice. The design
parameters were re-optimized for this configuration and are reported in Table 3.6.
The behavior of the reflection coefficient |Si;] is presented in Figure 3.31. It remains
constant at around -3 dB up to d = 2 mm, beyond which a better matching is
achieved, showing a double minimum at higher frequencies. The magnitude of the
transmission coefficient |Sg;|, reported in Figure 3.32, assumes an absolute value
of approximately -3.5 dB for d < 1.7 mm. For higher values of the free parameter
(d > 2 mm), the transmission improves to around -0.5 dB. The phase response
of this coefficient, shown in Figure 3.33, allows for an in-band phase coverage of
approximately 360°.
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|S11| at Frequency 29 GHz |S11| at Frequency 30 GHz |S11| at Frequency 31 GHz
i 0- 0
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Figure 3.31: Case 6: Tapered pillar in hexagonal lattice. |Si;| at 29, 30, and
31 GHz as a function of d and incidence angle 6.
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Figure 3.32: Case 6: Tapered pillar in hexagonal lattice. |Sy;| at 29, 30, and
31 GHz as a function of d and incidence angle 6.
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Figure 3.33: Case 6: Tapered pillar in hexagonal lattice. Phase £S5, at 29, 30,
and 31 GHz as a function of d and incidence angle 6.
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The results presented above were obtained through an optimization process focusing
on parameter sweeps of the structural dimensions, excluding the free parameter
d. This variation of parameters led to distinct observations. Increasing the cell
depth H enhanced the phase coverage range for £S5, and significantly reduced
the reflection coefficient |Sy;|. However, this improvement came at the expense of
the transmission coefficient |Sg;|, which showed a notable reduction. Conversely,
increasing the parameter L yielded no beneficial results, as it elevated |S1;|, dimin-
ished |S51| and restricted the phase range of £Ss;.

In the study of pillar configurations the selection of the optimal structural param-
eters is more complex due to the presence of more degrees of freedom, including
surface thickness Hj, and cylinder height H.. Adding tapering with depth H, to
the cylinder created a profiled geometry that improved air matching, effectively
reducing |S11]. This configuration also ensures a stable behavior for |Ss |, but it
negatively affects the slope of the phase curves of /S5;. Consequently, the depth
H reached values around \y = 10 mm to meet angular coverage requirements, at
the expense of size. As structural parameters expanded, the adopted optimization
process increases its complexity, favoring simpler configurations like those with
perforations. For cells of identical dimensions, scattering coefficients remain stable
regardless of whether a rectangular or hexagonal lattice is employed, promoting
the hexagonal design as an efficient choice to discretize the metasurface without
loss in performance.

Furthermore, the results demonstrated low sensitivity to frequency variations and
minimal dependence on incidence angles, considerations that will nonetheless be
addressed to ensure high design accuracy. Based on these observations, hole-type
cells were selected as promising candidates due to their structural robustness, mini-
mal degrees of freedom that are easy to optimize, and straightforward compatibility
with 3D printing using the FDM method.

Building on this analysis, the next step involved examining a hexagonal perforated
cell —identified as the target configuration— realized with the available Preperm
ABS1000 filament (¢, = 9.6 and tand = 0.02). As a consequence, in this study
the free parameter d is the diameter of the internal hexagonal hole. The new
optimization cycle of the parameters H and L enabled the identification of two
reference cells for the design (hereafter denoted as UC1 and UC2).

They present a reduced height L on the order of \y/5, linked to the surface period-
icity, which allows for a significant improvement of the scattering coefficients in
agreement with the findings of the previous analysis. This value cannot be further
reduced in order to mitigate the complexity of the metasurface discretization.
Furthermore, due to the higher permittivity, this material enables the design goals
to be achieved with a smaller thickness H with respect to the previously analyzed
cases.
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Parameter Value

Preperm ABS1000 ¢, = 9.6, tand = 0.02

L 0.22 Ap = 2.2 mm L

H 0.55 Ag = 5.5 mm

d 0.5 mm < d < 2.1 mm
Table 3.7: UC1: Hexagonal hole, Figure 3.34: UC1: Hexagonal hole,
Parameters. Unit cell structure.

Figure 3.34 shows the simple structure of UC1, defined by the dimensions L,
representing the side length of the hexagonal base, H, the cell depth, and the
free parameter d, the diameter of the internal hexagonal hole. These values are
listed in Table 3.7. Figure 3.35 illustrates the broadband behavior of Sy |, which
exhibits three minima corresponding to good impedance matching. These minima
shift toward higher values of d as the frequency increases. Between the first and
second minimum, the worst matching condition can be identified, corresponding to
approximately —3 dB. The behavior of |Sy;|, reported in Figure 3.36, shows peak
values of —1 dB and —0.5 dB for larger values of d, while remaining above -5 dB
across the entire operational range of the cell. The phase of this coefficient, shown
in Figure 3.37, exhibits a monotonic increasing trend with respect to d, remaining
relatively stable in frequency and with varying incidence angles. This configuration
allows for a total phase coverage of approximately 360°.

|S“| at Frequency 29 GHz |Sn| at Frequency 30 GHz |S“| at Frequency 31 GHz
r 0- 0

-\

—f=0°

—
L=

—f=0°

!SH [[dB]
!511 | [dBI]

20 —0=10° 20 —60=10°
0=20° 0=20°
—0=30° —9=30°
—0=40° —0=40°
-30 -30 -
0.5 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2
d [mm] d [mm] d [mm)]

Figure 3.35: UCI1: Hexagonal hole. |Si1| at 29, 30, and 31 GHz as a function of
d and incidence angle 6.
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|821| at Frequency 29 GHz |S21| at Frequency 30 GHz |S21| at Frequency 31 GHz
0r 0-

)
=
= —0=-0°
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—9=40° —0=40°
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0.5 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2
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Figure 3.36: UCL: Hexagonal hole. [Sy ] at 29, 30, and 31 GHz as a function of
d and incidence angle 6.
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Figure 3.37: UC1: Hexagonal hole. Phase £S5 at 29, 30, and 31 GHz as a
function of d and incidence angle 6.

Parameter Value

Preperm ABS1000 ¢, = 9.6, tand = 0.02

L 0.20 \g = 2.0 mm L

H 0.65 \g = 6.5 mm

d 0.5 mm < d < 1.9 mm
Table 3.8: UC2: Square hole, Pa- Figure 3.38: UC2: Square hole,
rameters. Unit cell structure.

The second configuration under study, denoted as UC2, is illustrated in Figure 3.38.
As reported in Table 3.8, it features a slightly greater thickness H and a smaller
periodicity L. Figure 3.39 shows the entire variation of the coefficient |S;|, which
demonstrates good impedance matching for larger values of d. As in configuration
UC1, three optimal points in terms of matching can be identified, particularly at
higher frequencies. At lower frequencies and smaller d values, the worst matching
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condition occurs, corresponding to approximately —2 dB. The incidence angle
marginally affects the behavior. Consequently, as illustrated in Figure 3.36, the
worst transmission value of | Sy | is around —6 dB for small d, with good transmission
performance of —0.5 dB in the upper range of d variation. A better performance
is achieved with low values of incidence angle. The total phase coverage of the
transmission coefficient is approximately 390° with an almost linear behavior, as
shown in Figure 3.37.

|Slll at Frequency 29 GHz |S11I at Frequency 30 GHz |Slll at Frequency 31 GHz
i 0- 0

_ 110 \ 110 210
9 \ 9 9
= = =
=20 —0=0° ‘ 20 [0S0 =20
) —0=10° f ) —0=10° ) —0=10°
0=20° v 0=20° 0=20° |
30+ —60=130° ! 230 —0=130° 230 —60=130°
—0=40° —0=40° —0=40°
0.5 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2
d [mm] d [mm] d [mm)]

Figure 3.39: UC2: Square hole. |Si;| at 29, 30, and 31 GHz as a function of d
and incidence angle 6.

|Sn| at Frequency 29 GHz |521| at Frequency 30 GHz |S21| at Frequency 31 GHz
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) ) 2
9 S| Q
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=4 —0=0° = —0=0° T4 —0=0°
o) —0=10° o) —0=10° o) —0=10°
0=20° 0=20° 0=20°
6 —0=30° 6l —0=130° 6- —6=30°
—0=40° —0=40° —0=40°
0.5 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2
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Figure 3.40: UC2: Square hole. [Sy| at 29, 30, and 31 GHz as a function of d
and incidence angle 6.
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Figure 3.41: UC2: Square hole. Phase /S5 at 29, 30, and 31 GHz as a function
of d and incidence angle 6.
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3.3.3 Optimization and final configuration

Starting from the two-unit cell results detailed in the previous section, further
refinements can be introduced. These configurations are characterized by a uniform
dielectric profile for the incident wave. According to transmission line theory, the
bandwidth limitations of an impedance transformer can be addressed through the
use of tapered transmission lines. By incorporating the design parameter H., which
represents the recess depth, this enhancement can lead to an improved matching
performance.

Consequently, the structure transitions from being viewed as a simple uniform
dielectric to a three-layer unit cell. As previously indicated in the discussion
regarding cylindrical unit cells, the introduction of an internal tapering to the hole
significantly reduces |S1|, enhancing the transmission efficiency of [Ss;|. Addition-
ally, meeting phase coverage specifications necessitates a slight increment of the
thickness (H).

The free parameter is d, representing the diameter of the hexagonal hole of the
intermediate layer of the structure. The external layers consist of hexagonal pyra-
mids, where the larger base maintains a fixed diameter L and the smaller base is
aligned with the internal diameter d for continuity. The height of each hexagonal
pyramid correlates with H.,.

He

Parameter Value

Preperm ABS1000 ¢, = 9.6, tand = 0.02

L 0.22 \p = 2.2 mm L

H 0.86 A\p = 8.6 mm

H, 0.25 Ag = 2.5 mm

d 0.9 mm < d < 2.1 mm ~/H'
Table 3.9: UC3: Tapered hexago- Figure 3.42: UC3: Tapered hexag-
nal hole, Parameters. onal hole, Unit cell structure.

In order to identify optimal values for the geometric parameters of the unit cells,
a detailed analysis was performed by adjusting L, H, and H., reported in table
3.9. The resulting perforated unit cell, optimized through this parametric study, is
illustrated in Fig. 3.42 and subsequently referred to as UC3.

Figure 3.43 shows the frequency response of |51 |, which remains below —6 dB across
the entire band. Optimal matching is achieved when d reaches its maximum value,
as this configuration reduces the amount of dielectric material with a characteristic
impedance closer to that of free space.

|S91| remains above —3 dB across all frequencies and angles of incidence covered
by the analysis, as it can be seen in figure 3.44.
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Finally, in figure 3.45 it is possible to observe that varying d within the range
[0.9;2.1] mm yields a linear phase response capable of spanning approximately 390°.
The data reveal low sensitivity to frequency variations and minimal dependence on

the angle of incidence.

|S11| at Frequency 29 GHz |S11| at Frequency 30 GHz |S11| at Frequency 31 GHz
T r 0

|S11][dB]

200 —poe
—0=10°
230 0 =20°
—0=30°
—0=40°
-40
1 1.5 2 1 1.5 2 1 1.5 2

d [mm] d [I;HII} d [mm)]

Figure 3.43: UC3: Tapered hexagonal hole. |Si;| at 29, 30, and 31 GHz as a
function of d and incidence angle 6.
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Figure 3.44: UC3: Tapered hexagonal hole. |Sy| at 29, 30, and 31 GHz as a
function of d and incidence angle 6.
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Figure 3.45: UC3: Tapered hexagonal hole. Phase /S5, at 29, 30, and 31 GHz
as a function of d and incidence angle 6.
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3.3.4 3D modeling

Based on their characterized performance, the three cells, UC1, UC2, and UC3,
will be employed as the fundamental building blocks for the corresponding transmi-
tarrays evaluated in this work. These cells were initially designed in CST using
simple geometric shapes such as cylinders and pyramids with hexagonal base, com-
bined toghether to achieve their final profile. However, this design strategy cannot
be directly applied to the metalens definition due to the unique parametrization
required for each cell, determined by the variation of the free parameter d. To
address this limitation, a more versatile approach is necessary—one that facilitates
a straightforward and parametric modeling of the unit cells under consideration.
To meet this requirement, two methods have been employed: generating .dxf or
.stl files. These two 3D design methodologies are described in the Appendix,
where their principles and implementation procedures are discussed in detail.

3.3.5 Unit Cell variable parameter selection

After determining the phase compensation required for each cell of the TA to
achieve the intended pointing direction, the next step is to assign the corresponding
free parameter d to each element. This process involves referencing the £Sy; curves
obtained from the Unit Cell analysis detailed in the previous sections. These
curves define the relation between the transmission phase and the free parameter
range as a function of frequency and incidence angle 6, which varies based on
the position of the i*" element. It is necessary to perform an inverse analysis,
starting from the calculated phase values and proceeding backwards in order to
obtain the corresponding geometrical value. At the reference frequency f, = 30
GHz, starting from discrete 6 values ranging from 0° to 40° with a step of of 10°,
interpolation techniques allow for the determination of the corresponding d values.
An illustration of this process is provided in Fig. 3.46, which shows the phase plot
of the unit cell configuration with tapered perforation UC3.

3.3.6 Ceriterion for Optimization

The relationship between the phase and the free parameter may lead to non-unique
outcomes, primarily because phase curves exhibit a periodicity of 360°. As previ-
ously mentioned, the phase coverage of the Unit Cell UC3 spans approximately
390°. Due to the slope of these curves, in a worst-case scenario, two possible values
of d could correspond to the same desired transmission phase ;. This concept
can be extended to accommodate a larger number of associations. The optimal
selection strategy involves choosing the maximal feasible value of d, as increasing
the inner cavity of the unit cell enhances the performance metrics S7; and So;.
This improvement is attributable to the reduced presence of dielectric material
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<8, at Frequency 30 GHz
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Figure 3.46: Case UC3: Example of determination of the free parameter d at
fo = 30 GHz knowing 6; and the required 1); of the i*" element.

within the cell, enabling better air coupling with reduced transmission losses.
Optimization can also incorporate the arbitrary selection of the phase vy, which
effectively shifts the problem to higher values of the free parameter. However, this
approach is constrained by the global behavior of the TA, as such compensation is
uniformly applied across its entire surface.

In a TA with a diameter of D = 10\; = 100 mm, the transmission phase across
the surface does not fully span the 360° periodicity. This is not true with larger
structures featuring a diameter of D = 20y = 200 mm, which are characterized by
a complete and periodical phase coverage. In smaller configurations, it is possible to
select a unique value of 1 for each cell, optimizing the subrange of free parameters
d utilized in the design process.
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3.4 Radiation analysis using the array theory

The far-field radiation pattern of the transmitarray can be determined using
conventional array theory. Specifically, for a 2D planar array comprising MxN
elements, the radiation pattern can be computed as [22]:

E(a) = 3P A () * L (Foun) (3.4)

—

e A : element pattern vector function;
o I : element excitation vector function;

e Tmn @ position vector of the mn'™ element.

In this setup, the coordinate system’s origin is positioned at the center of the
aperture, with the x and y axes situated on the aperture plane. A feed source
illuminates the aperture plane from a height H above it. The feed source is offset
and has its projection aligned along the y-axis. Consequently, the coordinates of
the feed are (0, —H tan«, —H ), where « represents the offset angle.

Feed

F| ————

th
m,n) | element

) U
Main beam

direction Y

Figure 3.47: Coordinate system of the TA antenna [22].

The analysis depends on two principal factors, denoted as A and I, which encapsu-
late crucial information regarding the radiating element’s characteristics and its
interaction with the array itself, as represented through the array factor. For the
sake of analytical simplicity, these variables are conventionally treated as scalar
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functions. Specifically, the element-pattern function A is modeled using a cosine-gq
formulation for each radiating component, assuming no dependence on azimuthal
orientation.

Apn (8, ¢) = (cos f)de FTmn®) (3.5)

Here, g, represents the power factor associated with the element’s radiation pattern.
Conversely, aperture illumination can be accurately approximated by employing
another cosine-¢ modeling technique, which mirrors the feed horn’s radiation
pattern. This approximation further integrates the Euclidian distance between the
feed horn and individual radiating elements to refine the representation of element
excitation.

(cosbf(m,n))¥

1 ~

¢~ Hlmn =] | T | €7n (3.6)

e g5 : feed pattern power factor;
« 77 : position vector of the feed;
« 0 : spherical angle in the feed’s coordinate system;

o |T;n] : transmission magnitude of the mn'™ element obtained from the unit-cell
analysis;

e Uy @ required phase delay of the mn'" element to set the main beam in the
il direction.

Building upon this model, the array analysis assumes periodic boundary conditions
to approximate an infinitely large array. Such an approach enables an accurate
consideration of mutual coupling effects between individual elements within the
structure. Consequently, this formulation permits the simplification of Equation
(3.4) into a scalar form that accommodates these interactions effectively.

M N qf L o N ,
E(Q, ¢) _ Z Z(COS Q)Qe (COS ef(m> n)) efzk(|rmnfrf\frmn-u) |Tmn| eujjmn (37)

m=1n=1 |an - Ff'

As previously addressed, the parameter F'/D holds considerable significance in the
design of a transmitarray. While this parameter does not explicitly feature in the
governing equations, it has a direct impact on the phase distribution ,,, of the
array elements, as well as their excitation levels I(m,n).
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3.5 Feed Antenna

To examine the preliminary transmitarray configurations, it is essential to choose a
simplified version of the feed as the starting point. This method helps to establish
the validity of the recently described mathematical design model while enabling a
comparison of the array theory analysis with more detailed simulations conducted
in CST software. For this purpose, the chosen feed is a circular horn that provides
a gain of 17 dB at 30 GHz. It is described by a linear polarization and its geometry
was defined through an optimization process performed at 30 GHz, as detailed
in [37]. The three-dimensional representation of this structure is illustrated in
Figure 3.48.

Figure 3.48: Circular horn antenna.

Its smooth-wall design was intentionally crafted for compatibility with the 3D
printing employing selective laser melting (SLM). To facilitate antenna measure-
ments, a WR28 rectangular-to-circular waveguide adapter is incorporated. The feed
assembly measured 52 mm X 52 mm X 53.7 mm in total dimensions. The study in
[37] simulated the horn using CST Microwave Studio and measured it in an anechoic
chamber. Figure 3.49 compares measured and simulated radiation patterns in the
¢-cuts 0° and 90° across the central, lower, and upper band frequencies. The strong
alignment highlights the horn’s manufacturing quality and its stable performance
across frequencies.

These gain values as a function of the incidence angle 6 will be used to provide
initial constraints to the TA study, which will be discussed in detail in the next
sections.
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Figure 3.49: Radiation patterns of the optimized horn in the E (top) and H

(bottom) planes for three frequencies within the specified band, based on measured
and simulated data [37].
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3.6 Fixed beam TA: Normal Incidence and bore-
sight pointing with % = 1.24

After selecting the unit cells and the radiating element for the design, the TA
theory described earlier is applied as a starting point. The initial focus involves
analyzing three practical implementations of a circular metalens design. To simplify
the simulations, the diameter of these structures is restricted to D = 10\g = 10
mm at the design frequency fo = 30 GHz. The focal distance F' is determined
by examining the gain curves of the circular horn antenna depicted in Fig. 3.49.
The selection of this distance must ensure a gain penalty no lower than -10 dB.
Given that the gain curves are analyzed over a frequency range of [29, 31] GHz,
the worst-case scenario at 29 GHz is used to calculate the maximum incidence
angle. The gain remains relatively stable across the two reported ¢-cuts, but the
¢-cut at 0°, which demonstrates a steeper negative slope, is prioritized. From this
evaluation, a maximum incidence angle at the edges of the metalens § = 22° is
identified as a suitable compromise in order to maintain the gain above -10 dB.
Using straightforward geometric principles, the corresponding focal distance F
satisfying this condition is derived.

% _50mm

~ tanf  tan22°
Thus, the maximum incidence angle, consistent across all three designs, is deter-
mined to be 0., = 21.54°. To finalize the model configuration, the values of ¢,
and gy are both set to 12.5 to achieve an optimal profile for the cosine factors
present in the radiation formulas. The feed source is subsequently positioned at a
negative z-coordinate along the predefined distance F' in relation to the reference
system (Fig. 3.47), centrally aligned with the TA. Given the chosen diameter and
focal length, this yields a value of % = 1.24, which is comparatively large relative
to previous studies but serves well as an initial basis for qualitative analysis.
The quantity |Si1|? +|Ss:1|? is finally evaluated in order to analyze the loss behavior
of each unit cell. As well known, for an ideal lossless system, power conservation
requires that the sum of the squared magnitudes of the scattering parameters is
equal to one:

= 123.75 mm (3.8)

‘811‘2 + |521‘2 — 1 (39)

If the relation above results in a value lower than unity, the discrepancy can be
attributed to dissipative mechanisms like in our case dielectric losses. This analysis
provides a first-order estimate of the efficiency of the unit cells and enables a
comparison between different geometries.

The subsequent section introduces additional analysis steps, including phase error
evaluation, before summarizing results obtained from testing unit cell types UC1,
UC2, and UCS3.
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3.6.1 Phase Error Introduction

An additional design consideration involves the integration of a phase error during
the TA development. This adjustment reduces the free parameter range, refining
it from the full interval assessed in the unit cell analysis. Optimization of the
transmission parameter Sp;, whose behavior reveals minima unsuitable for use, can
be done with a proper definition of the subranges of d.

The procedure identifies the phase compensation required by each cell, starting
from equation 3.1. After determining d via interpolation and inversion, its value is
verified against the established subinterval. If d lies within permissible limits, no
modifications are necessary; otherwise, it is positively saturated until it aligns with
the nearest upper value within the constraints.

Saturation of the free parameter alters its transmission phase, introducing localized
phase errors. These deviations are not analytically correct and influence radiation
performance and losses. Their impact is then compared against results from the
original system to evaluate their effects comprehensively.

3.6.2 TA design using UC1

In the initial study, the surface behavior was examined using the unit cell UC1
as the fundamental structural element. A total of 2395 elements were used to
discretize the surface. The standard analysis involved evaluating the variation of
the free parameter within the range d € [0.5,2.1) mm. To calculate the transmission
phase, a reference value of ¢y = 50° was employed to maximize as extensively as
possible the distribution of high values of d over the surface.

The CST-based design is illustrated in Figure 3.50a, with its layout derived from
the transmission phase values computed for each cell (Figure 3.51a).

The resulting radiation pattern at the operating frequency fo = 30 GHz is presented
in Figure 3.50b, where predictions from the analytical model—built on array
theory—are compared with CST simulation results. Notable consistency between
the two approaches is observed, evidenced by the main beam being well-focused
toward the broadside direction and sidelobe levels remaining below —15dB.

For further enhancement of global transmission, an alternative lens design was
developed by introducing a controlled phase error. In this modified approach, two
separate ranges were considered: d € [0.8,1.1)mm and d € [1.6,2.1] mm. With
these sub-ranges |Ss1 | is no lower than —3 dB for all frequencies and incidences. The
resulting phase error relative to the standard design is illustrated in Figure 3.51b.
Optimization in the central part of the surface led to minimal deviations between the
two models within this inner region. However, more pronounced phase discrepancies
were observed near the edges of the transmitarray, where absolute phase differences
reached up to 90° compared to the standard configuration.

Multiple cut planes were analyzed to evaluate the effectiveness of the applied
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Figure 3.50: UCI1: (a) CST project layout (b) Radiation Pattern at f, = 30
GHz and ¢-cut= 0°.
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Figure 3.51: UCI: (a) Transmission phase distribution, (b) Relative phase
difference with phase error introduction.
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hexagonal pattern. As exhibited in Figure 3.52, the radiation patterns from both
design cases showed negligible variations with respect to the spherical coordinate ¢.
Given the symmetrical nature of the configuration, ¢ was defined within the interval
0° to 90°. Lastly, an analysis of the parameter |S1;]? + |So1|? for the standard
configuration at the design frequency was conducted. The minimum captured in
Figure 3.53a indicates a lower bound of 0.75, attributed to elevated dielectric losses
at the structure’s edges due to an increased material presence. With the integration
of phase errors, the minimum value is optimized with an increment of 0.05, as
detailed in Figure 3.53b.
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Figure 3.53: UCI: (a) Losses 3D distribution, (b) Relative losses difference with
phase error introduction.

3.6.3 TA design using UC2

The second study analyzes the surface behavior with the usage of the unit cell UC2
as the foundational structural element. A greater number of 2,905 elements was
utilized to discretize the surface due to the smaller dimensions of the lattice in
this instance. The analysis involved assessing the variation of the free parameter
within the range d € [0.5,1.9] mm. To optimize the distribution of high values of d
across the surface, a baseline transmission phase of ¢y = 150° was selected. The
CST-based design is illustrated in Figure 3.54a, with its layout derived from the
transmission phase values computed for each cell (Figure 3.55a). Compared to the
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previous case, in this configuration the optimization allowed obtaining smaller val-
ues of d in the central section of the surface, progressively increasing in accordance
with the phase curves toward the edges of the structure.

The resulting radiation pattern at f, = 30 GHz is presented in Figure 3.54b. A

notable consistency between the two evaluations is observed, with sidelobe levels
remaining below —15dB.

— Analytical Analysis
|——Simulation Result
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Figure 3.54: UC2: (a) CST project layout (b) Radiation Pattern at fo = 30
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Figure 3.55: UC2: (a) Transmission phase distribution, (b) Relative phase
difference with phase error introduction.

With the introduction of a controlled phase error, the free parameter d is restricted
to the sub-ranges [1.2, 1.45] mm and [1.55, 1.9] mm. The selection of these subranges
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ensure a |Sy;| value no lower than —3 dB for all frequencies and incidences. The
resulting phase error, shown in Fig. 3.55b, is negligible at the edges of the surface,
while it becomes more pronounced in the central region, with an absolute difference
of about 60° compared to the standard configuration.

Multiple cut planes confirmed that the radiation patterns remained largely un-
changed with respect to the spherical coordinate ¢, as shown in Figure 3.56.
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Figure 3.56: UC2: Radiation pattern at f, = 30 GHz and different ¢-cuts for (a)
Standard layout (b) Layout with phase error introduction .

Finally, the evaluation of |S1;|? +[S2;1|? showed a minimum of 0.80 for the standard
configuration, due to higher dielectric losses at the center. A maximum increment

of 0.06 could be reached when phase errors were introduced, as illustrated in
Figures 3.57a and 3.57.
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Figure 3.57: UC2: (a) Losses 3D distribution, (b) Relative losses difference with
phase error introduction.
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3.6.4 TA design using UC3

In the last study, the surface was discretized using a total of 2,395 elements. It was
designed using the final unit cell UC3 with the free parameter d varying within
[0.9,2.1] mm and an arbitrary transmission phase ¢y = 105°. As in the previous
project, this value allowed for an optimized distribution of d across the surface,
resulting in smaller values in the central region and gradually increasing toward
the edges. The radiation pattern at the design frequency fy = 30 GHz, shown in
Fig. 3.58b, demonstrates again good agreement between the analytical model and
CST simulations, with optimized sidelobe levels below —20dB.
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Figure 3.58: UC3: (a) CST project layout (b) Radiation Pattern at fy = 30
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Figure 3.59: UC3: (a) Transmission phase distribution, (b) Relative phase
difference with phase error introduction.
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A controlled phase error was introduced by constraining the free parameter d to
the sub-range [1.3,2.1] mm. With these boundaries the |Sy;| values are no lower
than —1.5 dB across all frequencies and incidence angles. As depicted in Fig. 3.59b,
the induced phase error is evident only in the central region, reaching an absolute
deviation of about 30° compared to the standard configuration.

As illustrated in Figure 3.60, the analysis across multiple cut planes indicates that
the radiation patterns are largely similar with respect to the spherical coordinate ¢.
The two curves in 3.60a and 3.60b closely overlap, reflecting that the introduced
phase variation is less pronounced in this case.

Finally, the analysis of [S11]? + [S21]? revealed an improved minimum value of 0.85
for the standard configuration and a very low maximum increment of 0.01 when
the phase error is introduced, as reported in Figures 3.61.
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Good radiation pattern results were obtained from the analysis performed on the
three TA case studies. In all configurations, the introduction of a phase error
marginally impacted the overall performance. This error primarily modifies the
boresight radiation profile without altering the Side Lobe Levels or the radial
symmetry of the beam. The adoption of this strategy demonstrated an influence on
losses as well. The improvement is small since the optimization was only applied to
the magnitude of the transmission coefficient. In order to achieve lower losses across
the entire range of the free parameter variation, a more effective matching with air
would be necessary to reduce the reflection coefficient. Consequently, conclusions
can only be drawn regarding the standard configurations utilizing the three distinct
unit cell types. The main results obtained from the full-wave simulations in CST
MWS are summarized in Table 3.10.

Table 3.10: Results of Simulated TA configurations with % =1.24

Unit Cell (UC) | Back Lobe Level (BLL) | Side Lobe Level (SLL) | min{|S11|? + |Sa21|?}

UucC1 —16.5 dB —18.2 dB 0.75
UuC2 —15.3 dB —23.1dB 0.80
ucs —21.2dB —21.0dB 0.85

All three TA configurations exhibit excellent BLL and SLL values, which consistently
remain below the —15 dB threshold. A deeper analysis of these levels reveals that
the UC3 configuration yields, on average, superior results compared to the two
simpler unit cell configurations (UC1 and UC2). Furthermore, the UC3 unit
cell proves to be the most effective in terms of transmission efficiency. With
min{|S11]? + [S21|*} = 0.85, this cell type ensures lower losses across the array
surface compared to the remaining cases. We can therefore conclude that the UC3
unit cell configuration provides the best overall performance trade-off between
scattering characteristics and transmission efficiency. Consequently, this specific
cell type will be exclusively employed in the subsequent TA analyses and design
validation stages.

3.7 Fixed beam TA: Normal Incidence and non
broadside pointing

The preceding section examined the focusing properties of the lens with a designed
broadside beam. Building on this analysis, the current study introduces a new
configuration aimed at steering the beam toward a specified spatial direction.
Precise beam steering is essential for applications requiring accurate scanning
capabilities, particularly in alignment with designated azimuth and elevation
angles.
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To explore this mechanism, it is necessary to examine again the phase distribution
theory presented earlier. Beam steering is accomplished by adjusting the pointing
vector 7, as defined in equation 3.1. Unlike the broadside configuration where the
scalar product remains null (7; - o = 0), the steering configuration incorporates an
additional phase term essential for the generation of a linear phase front oriented
in the desired direction.

This investigation and subsequent evaluations utilize the unit cell UC3, which has
been previously identified as the optimal solution for the discretization. The design
parameters align with those used in the broadside configuration, maintaining a
lens diameter of D = 10\g = 100 mm at the operational frequency fy = 30 GHz,
along with a focal ratio of % = 1.24. To evaluate beam-steering capability, a horn
antenna was positioned at the reference system’s center, while the target beam
direction was specified as 20° along the x-axis relative to the broadside (aligned
with the z-axis).

Based on the phase distribution theory, a new transmission phase map was obtained
for the surface, as illustrated in Figure 3.62a. The analysis employed array theory
and was subsequently compared with respect to the CST MWS simulation result.
The comparison of the radiation patterns obtained with the two methods is presented
in Figure 3.62b and reveals substantial agreement between the two methodologies.
The main beam exhibited effective focusing with an accurate steering toward the
desired pointing direction. Specifically, predictions from array theory estimated the
maximum radiation angle at 18.6°, whereas CST simulations reported a steering
angle of 21.0°. In both cases, sidelobe levels were well-contained, maintaining values
below —15 dB.

This study validates a simple beam steering technique with the proposed metalens
structure. However, it is important to note that these results are restricted to
specific structural configuration of the TA, designed to enable beam steering in a
singular direction.
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Figure 3.62: Centered feed and beam steering of 20° along x-axis: (a) Transmis-
sion phase distribution, (b) Radiation Pattern at f; = 30 GHz and ¢-cut = 0°.

59



Chapter 4

Near-Field Analysis

In order to achieve a low-profile antenna design, the lens must be positioned within
the near-field region of the feed.

In the context of antenna theory, the radiated electromagnetic field is conventionally
categorized into two principal regions: the near field and the far field. The near
field refers to the spatial region proximate to the radiating structure, where the field
distribution deviates significantly from that of a plane wave and exhibits complex
behavior. Within this domain, the amplitude and phase of the electromagnetic field
are subject to pronounced spatial variations, making the near-field characteristics
strongly influenced by the structural geometry and the relative positioning of the
observation point.

Theoretical delineation of the boundary between near and far field regions is
typically described as a function of the maximum aperture dimension D of the feed
element and the operational wavelength \g. The transition is commonly defined by
the relationship in 4.1.

R< =2 (4.1)

In this formulation, R denotes the observation distance from the antenna. In our
case study, the focal distance F' between the feed and the TA is chosen to be
smaller than this threshold. For this reason, the system operates under a near-field
condition. Conversely, for distances greater than this limit, the system would fall
within the far-field domain.

Subsequent sections will detail the theoretical framework describing this near-field
analysis, accompanied by a presentation of key results derived from projects.
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4.1 Near-Field Phase Compensation

By positioning the TA closer to the source field, near-field effects cannot be
disregarded as they were in the earlier far field design. Consequently, it becomes
necessary to adjust the model used to determine the transmission phase of the
structure’s elements. Under near field conditions, the phase of the incident field
cannot simply be calculated based on its relationship to the distance R; between
each element and the feed. It is necessary to derive in another way the phase term
kR; introduced in equation (3.1). The recalculated value is directly influenced
by the specific field source employed—in this case, the circular horn detailed in
the preceding chapter. To obtain this phase term, an analysis of the electric field
generated by the source in the near field region must be carried out.

This electric field is sampled over an (z,y) plane at a constant z, which coincides
with the incidence plane of the TA, and is expressed through its three complex
components. The field can be described as follows:

E() = & Eo(7) + § B, (F) + 2 E.(7), (4.2)
Where each component can be expressed in complex form as:
Ei(F) = |E(F)|e’* D, i€ {x,y,z}. (4.3)

Since the feed horn generates an electric field with linear polarization primarily
along its £, component, this specific phase can be extracted and utilized for phase
compensation.

Accordingly, the revised model that allows to compute the transmission phase is
expressed in the equation 4.4.

i = (—arg{Ey (7, F)} = kTi - o) + o (4.4)

Here, the negative sign of the correction term represents the phase contribution
that must be compensated. This compensated phase term is dependent on the
(x,y) coordinates of the structure, combined into the vector 7, and on the focal
distance F' along the z-axis.

Furthermore, changes are required for analyzing radiation through array theory.
In this analysis, the excitation term I from equation 3.6 includes an exponential
factor describing the incident phase of each element, approximated for far field
conditions as (e~*I™n=7s1) To maintain consistency in near field scenarios, this
phase contribution should instead be replaced by arg{E, (7}, F)}.
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4.1.1 Evaluation of Near Field Effects on Phase Distribu-
tion

The initial study of the transmission phase required by the TA was carried out
using a reduced diameter of D = 100 mm. In this section, the goal is to compare
results obtained using the earlier far field approximation model (equation 3.1) with
those derived from the updated near field model (equation 4.4). To this end, three
focal distances were analyzed: 200 mm, 123.75 mm, and 50 mm, as illustrated in
Figure 4.1.
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Figure 4.1: Transmission phase difference at different focal lengths.

The absolute differences between the far field method, labeled as Analytical Analysis
in the legend, and the near field method, labeled Simulated Analysis, become
increasingly significant as I’ decreases. To compute this difference in a meaningful
way, the two phase distributions were aligned with respect to the central point of
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the surface through a precise tuning of the term v, in the near field case, while
keeping the far-field case fixed at the value of 150°, as established in the previous
chapter. For a focal distance of FF = 200 mm, the maximum deviation is 20°. At
F =123.75mm the difference increases to 30°, while the maximum deviation of
50° is obtained with F' = 50 mm.

This comparison confirms the validity of the near field model introduced earlier.
It demonstrates its ability to support smaller focal distances while minimizing
approximation errors, providing a more accurate approach for scenarios involving
strong near field effects.

4.2 Normal Incidence and Boresight pointing
(4 =0.25)

In light of the previously described theory, a new TA design has been developed
using the unit cell UC3. The source is a circular horn, centrally positioned with
respect to the surface and set at a reduced focal distance of F' = 50 mm. The
surface diameter has been doubled, resulting in D = 20)\; = 200 mm, which leads
to a lower focal-to-diameter ratio of % = 0.25 compared to precedent studies.

Figure 4.2: Project at fy = 30 GHz with D = 200 mm and F' = 50 mm: (a) CST
project layout, (b) Transmission phase distribution.
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A total number of 9745 elements were employed for the discretization of the entire
surface. Given the computational complexity associated with the design and analy-
sis of this lattice, GPU acceleration techniques were applied to reduce simulation
time by half. The design itself, illustrated in Figure 4.2a, aimed to achieve beam
focusing in the simplest broadside direction.

The electric field generated by the single horn was sampled on the (z,y) plane at
a distance z = 50 mm, where only the complex component £, was extracted to
determine the desired incident phase. Subsequently, the transmission phase of each
element was calculated via equation 4.4, assuming the phase contribution from
the scalar product to be zero due to the straightforward orientation of the beam.
The obtained phase distribution is depicted in Figure 4.2b, clearly demonstrating
pronounced phase periodicity resulting from the expanded TA dimensions and
reduced focal distance F.
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Figure 4.3: Project at fy = 30 GHz with D = 200 mm and F' = 50 mm: (a) 3D
visualization of the gain of the system, (b) Radiation Pattern at f, = 30 GHz and
¢-cut= 0°.

Figure 4.3 presents simulation results at the design frequency fy = 30 GHz. As
visible in Figure 4.3b, the array-theory-based model closely approximates the main
lobe of the radiation pattern. On the horizontal plane, the main beam exhibits
a notable widening compared to earlier designs, attributed to the feed’s closer
placement. The SLLs were optimized to remain below -25 dB in the normalized
pattern, while the BLL is lower than -20 dB. At this frequency, the gain achieved
is 25.8 dB.
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A further analysis of the radiation pattern on the horizontal plane across the fre-
quency band of interest is illustrated in Figure 4.4a. Superior radiation performance
was observed at 29 GHz, while a loss of approximately -3 dB is obtained at 31 GHz.
Notably, SLLs and BLLs remained consistent in the frequency band. Figure 4.4b
provides a comparison of the radiation pattern at the design frequency, showcasing
symmetrical beam properties across different ¢-planes. Expanding the frequency
analysis to the range of 27 GHz to 31 GHz facilitated an evaluation of the gain
behavior across the band (Fig. 4.5a). As it can be observed the parameter follows a
bell-shaped curve, with a peak of 27.2 dB at 28.8 GHz. Higher frequencies exhibited
approximately a 3 dB reduction by 31 GHz.

Radiation efficiency (Fig. 4.5b) peaked at 86.4% at 28.2 GHz, with a maximum
reduction of around 3% across the band.

Lastly, the reflection coefficient of the system (Fig. 4.5¢) demonstrated values
below -15 dB throughout the band, with particularly strong optimization around
the design frequency of 30 GHz.

65



Near-Field Analysis

27 275 28 285 29 29.5 30 305 31
Frequency [GHz|

(a)

86.5

Efficiency [%]
o0 o)
. )
W wn W ()}

o
N

83.5

27 275 28 285 29 295 30 305 31
Frequency [GHz|

(b)

R
§

250 . . . . .
27 275 28 285 29 295 30 305 31

Frequency [GHz]
(c)

Figure 4.5: Project at fy = 30 GHz with D = 200 mm and F' = 50 mm: (a)
Gain versus frequency, (b) Radiation efficiency versus frequency, (c) Reflection
coefficient Sy, versus frequency.
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4.2.1 ¢, variation

This analysis delves into the variation of the material’s electric permittivity, a
key structural parameter initially set to €, = 9.6, based on the characteristics of
PREPERMABS1000. The study explores the impact of adjusting this parameter
within the range ¢, € [9.5,10] on the previously evaluated performance metrics.
Figure 4.6a presents the radiation pattern at the design frequency on the horizontal
plane of the system under investigation. The main beam remains unaltered in
direction and shape, with only minimal deviations observed in the overall radiation
pattern. This robust behavior is a key finding, as these slight variations do not
significantly influence the previously established SLL and BLL levels.
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Figure 4.6: Effect of ¢, variation in the interval [9.5,10]: (a) Radiation Pattern
at fo = 30 GHz and ¢-cut= 0°, (b) Gain versus frequency.

Figure 4.6b reveals that the gain exhibits a maximum penalty of 0.5 dB at low
frequencies. Crucially, the deviations between 29 GHz and 30 GHz remain minor,
measuring less than 0.2 dB when compared to the previously analyzed characteristic
curve. Figure 4.7b shows a minimal reduction around 30 GHz of the reflection
coefficient working point with an higher permittivity. The variation of the material
affects radiation efficiency, with an observed in-band degradation of approximately
1%, as highlighted in Figure 4.7a.

The findings highlight a meaningful indication of fabrication tolerance, allowing for
an error margin greater than what manufacturers typically guarantee. Considering
typical electric permittivity deviations of 0.1 to 0.2, this analysis demonstrates that
such uncertainties can be effectively accommodated without significant performance
risks.
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Figure 4.7: ¢, variation in the interval [9.5,10]: (a) Radiation efficiency versus
frequency, (b) Reflection coefficient Sy versus frequency.

4.3 Oblique incidence and pointing (% = (.25)

Previously, the feed was positioned at the focal distance F' and the surface was
configured specifically for perpendicular beam propagation.

This final analysis focuses on a critical aspect of TA design: the strong correlation
between the incident phase on the surface and the focal point. This spatial
dependency was further validated by rotating the feed around its phase center. By
definition, an antenna’s phase center is the spatial point with respect to which the
phase of the radiated field remains invariant across different observation directions.
The electromagnetic field emitted by the antenna produces spherical wavefronts that
are concentric with respect to this particular point, which identifies the effective
source location. In view of this consideration, the circular horn antenna was placed
at the same focal point F', aligned with its phase center, and rigidly rotated by 20°
around the y-axis.

In this particular arrangement, the TA was specifically configured for an oblique
incidence angle 6;,. = 20°, achieving a maximum radiation angle #,,,, = 10°. The
system is designed to operate at the central frequency of 30 GHz and utilizes
a circular aperture with a diameter D = 200 mm = 20)\;. The TA employs
the optimal UC3 unit cell structure and a focal-to-diameter ratio F/D = 0.25 is
selected, with the illumination provided by a circular horn feed.

In Figure 4.8 it is possible to observe the configuration of the system and the design
conventions adopted throughout the analysis.

Within this configuration, the transmission phase map necessary to accomplish the
intended beam steering demonstrates a unique profile, as captured in Figure 4.9a.
The radiation pattern of this configuration is analyzed with respect to the TA
reference frame.
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Figure 4.8: Oblique incidence and pointing configuration.

The resulting performance indicates an anticipated beam steering effect of approx-
prediction
(Oine + Omax With the defined convention). As shown in Figure 4.9b, the radiation
located at

imately 30° along the horizontal plane, aligning with the theoretical

pattern is stable in the frequency band of interest. The main beam is
0 = 32.00° and the SLL is lower than -18 dB.
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Figure 4.9: Oblique incidence and pointing: (a) Transmission phase distribution,

(b) Radiation Pattern in the frequency band of interest.
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Figure 4.10 illustrates the antenna gain performance in the frequency range of
[29,31] GHz. The gain exhibits a peak value of 24.76 dB at 29.4 GHz and it is
characterized by a variation of less than 0.65 dB throughout the entire considered

frequency range.
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Figure 4.10: Oblique incidence and pointing: Gain versus frequency.
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Chapter 5
Beam Steering Mechanism

This chapter illustrates and analyzes two distinct design solutions formulated to
implement beam steering functionality. Both of them are based on the design
of a bifocal lens structure, which is a particularly effective methodology for the
optimization of the overall system performance.

These two concepts currently represent preliminary proposals, based on the in-
tegration of a mechanical structure in order to obtain the desired beam-steering.
This design orientation aligns with the trends emerging from the state-of-the-art
in transmitarrays. Specifically, the introduction of a dynamic degree of freedom,
realized through physical movement, is demonstrated to be an essential factor in
order to achieve optimal results in terms of both in-band gain and maximum scan
capability:.

5.1 State Of the Art

A central functionality of transmitarrays is the beam steering, which enables
dynamic control of the radiation direction.

To better illustrate the current design strategies and performance trade-offs, different
representative transmitarray prototypes from recent literature are reviewed in this
section.

In figure 5.1 is presented a dual-band TA from Pham et al. [33]. The structure
consists of two subarrays: one operates at 19.5 GHz in down-link while the other
operates in up-link at 29 GHz. The unit cells have a square shape, arranged in a
rectangular lattice and decoupled in the down- and up-links. Two different feed
sources are employed, shifting along several focal points in one direction. The TA
beam can be scanned up to +40° independently in each band with a scan loss
lower than -2 dB. The phase layout is optimized with a bifocal phase distribution
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Figure 5.1: Dual-band TA architecture with independent beam scanning and
different focal points (Image reproduced from Pham et al. [33]).

reported in Eq. (5.1).

bifocal _ Alclﬁmifocal + A2¢§mifocal (5 1)
lens Al n A2 .

This type of solution has been studied by Matos et al. [38] with a steering mecha-
nism based on in-plane lens translation in front of a stationary feed. The solution
achieves 41 dBi directivity, with a scan loss better than -3 dB and side lobes level
below -15 dB for a scan angle ranging from 16° and 56°.

The study sustain that "mechanical steering antennas tend to be a more affordable
option with respect to the electronic steering counterparts, at the cost of having
bulkier solutions'[38] . The same design is presented by Lima et al. [39], with a
lens dimensions of 195 mm x 145 mm, weight of 215g and a total antenna height of
84 mm. The unit cell type is based on few dielectric layers with sub-wavelength
capacitive square printed patches able to cover the desired 360° phase range. In
figure 5.2 the described structure is shown, where the number of layers contributes
to the phase shift. The unit cell is symmetrical and it is composed of two pairs of
L1 and L2 patches with a single central L3 patch.

This configuration allows to obtain polarization independence, necessary for the
rigid rotation of the lens with respect to the source for a full azimuth coverage. In
the research is also presented a new strategy for the effective % reduction of the
focusing system. "A virtual focus is created below the feed phase center with the
use of a small flat lens positioned on top of the primary feed"[39].

A mechanical beam scanning technology is also selected in the structure reported
in figure 5.3 and proposed by Madi et al. [40], which integrates a shared aperture
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T=335mm

Figure 5.2: Unit cell based on layers of dielectric material and square patches
(Image reproduced from Lima et al. [39]).

for the operation in both Ku and Ka bands.

The lens is based on a unit cell realized using five metal layers and it is illuminated
by two horns mounted in orthogonal polarization at a distance of 110 mm. The
system can reach high values of gain in the two bands of interest, respectively 27.1
dBi in down- and 29.9 dBi in up-link. The steering is obtained again with a manual
movement of the focal source along the y-axis of the flat lens.

Moreover, Matos et al. [40] presented an iterative method for the optimization of
the discussed unit cell distribution in the aperture for a lower value of %.

Liu et al. [35] demonstrated a transparent multibeam transmitarray operating at
Ka-band. The structure of the TA is reported in figure 5.4, it is combined with
seven array feed sources that can be activated alternatively with GaAs switches to
achieve beam steering the H-plane from —30° to 30°. The TA unit cell is composed
of meshed double-circle rings printed on a plastic material transparent to the visible
light. It is characterized by a transmission loss no lower than -1 dB and a minimum
dependence with respect to the angle of incidence at the Ka-band. The TA has a
diameter of 9.9\ at 28.5 GHz, with a broadside gain of 25 dBi and the off-axis
30° peak gain of 21.5 dBi. This type of solution can be used in small cells and
smart street furniture. It is not particularly suitable for satellite applications due
to the low sensitivity of the scanning range, which is achieved through discrete feed
switching.

"A possible realization of a beam-scanning system consists in the integration of
active elements such as varactors or p-i-n diodes within the unit-cell design’, as
demonstrated by Padilla et al. [41] and Di Palma et al. [42].

These tunable components guarantee a "dynamic control of the transmission phase
across the aperture', resulting in "optimal beam-steering capabilities and good
radiation performance'[41]. However, this flexibility comes at the cost of a more
complex structure, due to the presence of biasing networks and additional circuit
layers. Also the efficiency is affected due to the non-ideal behavior of the active
components.
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Figure 5.3: Schematic view (top) and photograph (middle) of the shared aperture
TA with 1-bit phase gradients (down-link left-bottom and up-link-right-bottom)
(Image reproduced from Madi et al. [40]).

Overall, active transmitarrays represent a promising step toward fully reconfigurable
and adaptive aperture antennas, but their practical implementation still involves a
delicate trade-off between performance, complexity, and fabrication feasibility.
The presented solutions occupy a relevant volume and the steering mechanisms
are characterized by mechanical motion. The focal distance is also an important
parameter of the designs that have been analyzed, which has to be minimized. The
relative position between the feed and the lens is fixed, for this reason a mechanical
motion of one of the two parts is still necessary.

'"Ongoing research aims to enhance the performance through the integration of tun-
able materials, such as liquid crystals, graphene, and phase-change media, as well
as through the application of optimization algorithms and machine-learning-based
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Figure 5.4: Tree-dimensional view of a system composed of sparse feed array and
TA (Image reproduced from Liu et al. [35]).

synthesis methods" [43, 44].

5.2 Bifocal Lens - Feed Rotation

From the analysis of the results from the dual-band TA of Pham et al. [33] and the
resecarches of Matos et al. [38] and Lima et al. [39], we aim to design a bifocal lens in
order to achieve an optimal beam-steering. The first proposal is based on the design
of a surface with the selected cell UC3 and a diameter D = 200 mm, illuminated
by a feed positioned at a focal distance F' = 200 mm. The resulting F/D = 1
describes a medium-sized profile. Despite not being ideal for a compact solution,
this ratio is necessary for an accurate assessment of the scanning performance.
To enhance the scanning capabilities of the TA, a bifocal strategy can be adopted.
With this approach, the required phase distribution of the lens is derived from the
average of two distinct phase distributions, which are calculated by considering
a different source focal position and desired pointing direction. Specifically, the
design is based on the rotation of the source around the y-axis, maintaining the
pointing direction towards the center of the lens. The feed has an angular freedom
of movement 6y of £40°.

Figure 5.5 shows the schematic drawing of the two cases taken into consideration.
In order to maintain a symmetric structure, the two offset angles have been chosen
to be 04 = 40° and 05, = —40°. Once the two focal points of the design are fixed,
the phase path from these points to the surface can be identified, obtaining two
distinct incident phase distributions on the aperture.

With this approach it is possible to determine two TA configurations that provide the
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() (b)

Figure 5.5: Schematic representations of the feed positions and desired pointing
directions.

desired pointing. For the feed with an incidence of 8, = 40°, a phase compensation
¢, is proposed, which allows for a pointing direction characterized by 6., = 40°
and @nax = 180° (Figure 5.5a). Conversely, for ; = —40°, a surface with a
phase distribution ¢, is adopted to achieve a pointing direction at 0y,,x = 40° and
¢Ymax = 0° (Figure 5.5b). These are the conventions utilized to define the beam
directionality. It is important to emphasize that the problem has been reduced to a
single-dimension scanning, specifically along the x-axis of the system. The required
phase distributions for the two configurations are presented in Figure 5.6.
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in Equation 5.2.
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Figure 5.6: Phase distribution for the two feed placements.
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The result of this operation is presented in Figure 5.7, along with the frontal profile

of the structure simulated in CST. This surface is characterized by a new phase
distribution featuring an elliptical shape.

Gpif(m,n) = (5.2)
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Figure 5.7: Bifocal lens: (a) Phase distribution, (b) Front view of the CST
model.

The bifocal transmitarray was numerically simulated using CST MWS, along with
the unifocal version designed with a central feed placement. This facilitates a
direct comparison of the performances of the two structures. The antenna radiation
patterns have been evaluated for different positions of the source in the angular
range [—40,40]°, obtained by moving the horn along a circular arc centered on the
TA center. The radiation patterns obtained along the horizontal plane at 30 GHz
for different values of 6; are shown in Figure 5.8.

The scanning range is £36° for the unifocal case and £32° for the bifocal configu-
ration. It is important to observe how the radiation pattern of the unifocal lens
degrades as the pointing angle increases. The antenna’s performance deteriorates
rapidly due to the strong dependence of the unit-cell with respect to the direction
of the incident field. As analyzed during the selection of the elementary cell type of
the surface, the angle of incidence introduces both a phase and a magnitude error
on the transmission coefficient. The impact on the latter, in particular, degrades
the beam characteristics when a larger inclination is required. This effect can only
be mitigated with a robust unit-cell design. Ideally, the unit cell should exhibit a
transmission magnitude |Sy;| with a low dependence on the angle of incidence.
Table 5.1 presents the comparison of the gain and Side Lobe Levels (SLL) of the
two configurations at 30 GHz.
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Figure 5.8: Feed rotation: Bifocal lens radiation patterns versus the unifocal case
in the horizontal plane at 30 GHz.

Table 5.1: Feed rotation, unifocal versus bifocal designs at 30 GHz

0 0° £20° £40°

Gain (unifocal) 32.84 dB 30.14 dB 27.34 dB
Gain (bifocal)  29.42 dB 28.20 dB 29.63 dB
SLL (unifocal) -21.2dB -19.9dB -34dB
SLL (bifocal) -176 dB  -17.4dB -15.1 dB

The bifocal design exhibits a better trade-off between the two performance metrics.
This solution tends to favor pointing at larger angles, where the maximum gain
value of 29.63 dB is achieved at the design frequency, while maintaining good
stability with smaller inclinations. The Side Lobe Levels (SLL) are improved in
the bifocal TA case for an incidence of +40°, while being reduced at incidences of
0° and +20°. These values, however, remain below —15 dB throughout the entire
radiation range.

To conclude, Figure 5.9 shows the gain behavior as a function of the pointing angle
for both the unifocal and bifocal configurations. These graphs allows to analyze
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the scan loss of the two antennas and their behavior across the band of interest,
which is between 29 GHz and 31 GHz.

For the unifocal configuration, it can be observed that with higher frequencies the
gain increases uniformly across the entire scan range, with a maximum in-band
scan loss of 5.5 dB.

On the other hand, the bifocal lens introduces a reduction of the maximum achiev-
able gain, balanced with the improvement of the scanning characteristics with a
maximum in-band scan loss of 2 dB.
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30 o 30
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28 =28
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24 - 24 |
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Figure 5.9: Gain vs Beam Angle with feed rotation: (a) Unifocal lens, (b) Bifocal
lens.

This first analyzed design is able to cover a limited angular range with a medium-
sized structure. Such a solution cannot be easily implemented in practical applica-
tions because the rotation of the feed constitutes a significant constraint.

For this study, a horn antenna was utilized as the source for simplicity, but the
final application would necessitate the integration of radiating elements on a PCB,
such as simple patch arrays. The rotation of these components cannot be easily
implemented considering the feeding constraints and the physical occupation that
would result from reaching the required angles of incidence on the surface.

A possibility is the discretization of the incidence cases with the combination of
multiple radiating elements. However, this approach would result in a more complex
structure, still constrained to single-axis scanning.

The study showed interesting results in terms of gain stability and SLL limitation.
The mechanical feed rotation and the large 200 mm focal distance represent the
main obstacles for SOTM applications.
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5.3 Bifocal Lens - Feed Translation

This final section proposes an evolution of the previous concept for both elevation
and azimuth beam steering. The critical issues identified in the preceding solution
were the inability to achieve a low-profile configuration and the unfeasible realization
of the source rotation. For this reason, the new bifocal lens is positioned at a focal
distance F' = 80 mm, which, given the same surface diameter, results in an F'/D
ratio of 0.4. This value is significantly smaller than the typical ratios found in
the state-of-the-art for scanning lenses, allowing for a significant reduction in the
antenna’s height.

The feed movement is based on a rigid translation along the z-axis. The issue
related to the source movement is still present, but it can be solved by applying the
horizontal translation to the flat lens while maintaining the feed in a fixed position.
In this configuration, an in-plane rotation of the lens provides full 360° azimuth
beam steering.

The design is based on an asymmetric scanning range, extending from 0° to 60°,
which is able to provide a £60° conical coverage when considering the full 360°
azimuth rotation. The strategy adopted to achieve high scan angles, despite the
reduced F'/D ratio, relies on designing a lens that enables a non-zero elevation
angle (ap # 0°) for a central feed position (¢ = 0 mm).

To accomplish this, it is necessary to obtain a model that allows us to analyze the
dependence of the scan angle o on the source translation a. For this one-dimensional
analysis, the incident electric field illuminating the lens can be seen as a spherical
phase distribution. Equation 5.3 describes this profile, where a represents the feed
offset along the z-coordinate.

Gin(x,y) = ko\/(x —a)>+y?>+ F? (5.3)

It is known that the phase compensation required by the lens depends on the
phase path between the source and the surface, and on the desired pointing angle.
Equation 5.4 reports the phase delay that the lens must provide to obtain a
collimated output beam with an arbitrary tilt angle aq. Analytically, it coincides
with the equation 3.1 previously adopted, simplifying the calculation of the pointing
direction with a one-dimensional problem.

Grens(T,y) = ko <:1: sin(ayg) — \/W) (5.4)

The phase of the outgoing wave is therefore the simple sum of the two terms, as
shown in Equation 5.5.

Gout(T,y) = ko\/(a: —a)? 4+ y? + F? — kg\/2? + y? + F? + koz sin(ap) (5.5)
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When a = 0 the first two terms compensate each other, with the remaining phase
term describing a tilted main beam with a zenith angle a(a = 0) = «, as required.
The analysis of Equation 5.5 was conducted by Eduardo B. Lima et al. [39]
to understand the factors influencing the antenna’s scanning performance. The
considered research examined the system behavior near the central focal point.
With a Taylor expansion of Equation 5.5 around that location it is possible to
rewrite the phase of the outgoing wave as the sum of a linear and a non-linear
terms. It was observed that in a region close to the central position, the output
phase front is approximately equal to the linear component, which simplifies the
study of the system’s behavior.

For the design of the proposed lens, the final result of the study will be extrapolated.
The research determined a first approximation of the output beam zenith angle
a(a) based on the previously described linearization, as reported in Equation 5.6.

2a/F

. (5.6)
4+ (a/F)?

ala) = arcsin |sin(og) —

The output angle depends only on the selected beam inclination for the central
position of the source oy and the ratio between the feed offset a and the focal
distance F'. For a = 0, it is possible to observe that a(a = 0) = ay.

Figure 5.10a shows the theoretical beam scanning range given by Equation 5.6
versus the feed offset a for different values of «g. Each of these curves identifies a
different unifocal configuration according to equation 5.4 and the desired angular
range can be obtained with different feed translations.

By imposing the scanning range between 0° and 60°, it is possible to highlight
the advantages and disadvantages derived from the choice of the parameter ay.
Considering boresight pointing (ag = 0°), a more linear variation is obtained as
the feed position changes. Concurrently, the desired 60° pointing is achieved with
a large source shift. On the contrary, for ag # 0°, higher beam tilt requires less
displacement of the feed.

It is important to note that the introduction of a shift results in a performance
penalty on the system, as previously observed in the case of the unifocal lens with
feed rotation. Therefore, it is required to obtain the smallest possible translation
with respect to the center of the structure that still allows to achieve the desired
angular range. For this reason it is necessary to study the behavior of Equation 5.6
with the variation of the central pointing angle «y, identifying the corresponding
spacing A able to cover the [0,60]° range.
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Figure 5.10: Unifocal Study: (a) Beam direction angle as a function of the feed
offset a, (b) ap optimization for spacing minimization.

Figure 5.10b shows the solution to the minimization problem. The curve exhibits a
minimum point for ag = 25.63°, a value for which the smallest possible feed trans-
lation of A,,;, = 85.16 mm can be achieved. The value A,,;, reported represents
the total movement that the feed must execute in order to pass from a boresight
pointing to a 60° pointing. The maximum absolute distance with respect to the
center of the structure is instead equal to A,,;,/2 = 42.6 mm.

Once the optimal pointing angle g is known, Equation 5.4 can be exploited to
design the unifocal lens that guarantees the desired beam inclination for a central
feed position at a focal distance F' = 80 mm. The results obtained from this studied
unifocal configuration will be presented subsequently.

With this strategy it is possible to design a bifocal lens that improves performance
with the same angular coverage. Equation 5.7 describes the required phase com-
pensation, which is defined as a weighted average of two distinct unifocal phase
compensations.

bifocal _ A1¢71tm'focal + A, d)é””foml
lens Al n A2
This weighted average must ensure two different behaviors of the surface based

on the feed position along the z-axis. In this formula, the coefficients A;, where
1 = 1,2, are Gaussian weight functions described in Equation 5.8.

(5.7)

(z—wy) P

Ai =€ 202 (58)

The Gaussian profiles guarantee a gradual transition between the two designed
configurations. When A; = 0 or A; = 0 the lens phase correction reduces to the
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unifocal case with focus at x; or z5. The unifocal term qb?mf ¢ is dominant in

regions of the lens near z1, whereas near » the dominant term is g™/,

In order to minimize the losses associated to the translation, the two focal points
must not be positioned too far from the center of the structure. For this reason
the two feed centers were selected at symmetric distances of 1 = 30 mm and
x9 = —30 mm. The value of ¢ is obtained instead from the analysis of the dominant
electric field component £, produced by the source.

Figure 5.11 shows the |E,| profile along the horizontal and vertical axes of the lens.
The red dots represent the values extracted from the CST full-wave simulation.
These points describe a spatial distribution that can be approximated to a Gaussian
profile, which is plotted with a blue line. These curves are characterized by
0, = 32 mm and o, = 28 mm for the two considered cut planes. The higher value
between the two reported standard deviations is selected, obtaining in this way
o =32 mm.
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Figure 5.11: Gaussian approximations of | E,| in the horizontal and vertical planes
of the surface.

Once x1, x9, and o are known, it is possible to use the theory previously introduced
to analyze the scan range of the two configurations. Since the focal coordinates
were set by design, it is necessary to derive the unifocal configurations that allow to
obtain the desired pointing directions with the feed placed at these two points. For
a source positioned at coordinate z; = —30 mm a 60° pointing angle is required,
while a boresight pointing is necessary at o = 30 mm.

Starting from Equation 5.6, the two described unifocal profiles were derived. The
first configuration has a pointing angle ar; = 34.70° for a central feed position and
allows a 60° pointing to be obtained with a translation a = 1 = —30 mm. The
second one, instead, is characterized by a pointing angle ap = 17.26° for a central
feed position, enabling boresight pointing with a translation a = x5 = 30 mm.
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The schematic drawing of the two unifocal lenses with the feed in the central
position is shown in Figure 5.12a.
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Figure 5.12: Bifocal Study: (a) Schematic representation of the averaged config-
urations, (b) Beam direction angle as a function of the feed offset a, (c) Gaussian
weight profiles.
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Figure 5.12c shows the weights A; and A, in the horizontal plane, which are derived
from Equation 5.8 knowing x, x5 and the standard deviation o.

Finally, Figure 5.12b represents the scan ranges of the two configuration with
respect to the feed displacement. The blue curve describes the theoretical behavior
of the first configuration while the red line is associated to second one. The final
scan range obtained with the weighted average is reported in green and represents
the theoretical bifocal behavior of the designed lens. As it can be seen it is able to
cover gradually the same angular range with a reduced total shift with respect to
the first designed unifocal lens.

Consequently, the two identified configurations were designed separately, with the
resulting phase compensation determined by Equation 5.4. The phase distributions
punifocal and gynifecal are presented in Figure 5.13a and Figure 5.13b, respectively.
The first one provides a theoretical 60° pointing for 1 = —30 mm, while the second
describes boresight pointing for x5 = 30 mm.
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Figure 5.13: Phase distribution of the averaged configurations.
The phase compensation profile corresponding to the bifocal lens can be determined
with the previously described weighted average of Equations 5.7 and 5.8. The

result, along with the front view of the CST model used for the simulations, is
presented in Figure 5.14.
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Figure 5.14: Bifocal lens: (a) ¢//° Phase distribution, (b) Front view of the

ENS

CST model.

The study identified two TA configurations able to cover a scan range of [0, 60]°.
The first one is a simple unifocal lens, designed to obtain a beam at 25.63° for a
central feed position, while the second is the proposed bifocal configuration. Both
structures were simulated using CST MWS and the results of the radiation patterns
on the horizontal plane at 30 GHz are presented in Figure 5.15.
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Figure 5.15: Feed translation: Bifocal lens radiation patterns versus the unifocal
case in the horizontal plane at 30 GHz.
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The performance of the unifocal configuration for three distinct source translations
is shown in red. Specifically, for shift values a = [50,0, —50] mm, the correspondent
pointing directions are O, = [2.7,23.5,59.5]°. The limits of the scan range are
achieved with an absolute feed translation of 50 mm with respect to the central
point. This result highlights the initial approximation adopted in Equation 5.6,
which estimated an absolute variation of 42.60 mm based on the linearization of
the output phase front. Optimal performance is achieved at the designed pointing
direction, with a maximum gain of 27.94 dB and SLL of —11.42 dB. Moving the
feed away from the central position leads to significant beam distortions and a scan
loss exceeding 4 dB.

The bifocal configuration exhibits improved characteristics and was analyzed for
five source shift values, reported with a blue gradient to facilitate better inspection
of the resulting radiation profiles. For shift values a = [40, 20,0, —20, —40] mm
the pointing directions are respectively 6. = [0.5,12,23,40.5,58.5]°. As before,
the initial approximation introduced by the mathematical model is still present.
The simulations reveal two focal points at an absolute distance of 40 mm from the
lens center, with a 10 mm deviation from the 30 mm estimated by the theoretical
design.

Despite the introduced approximations, the overall performance of the bifocal lens
is demonstrated to be effective. The radiation patterns are stable in the scanning
process, with a marginal beam broadening when the the feed is far away with
respect to the central position. In this centered location the best performance is
obtained, with a maximum gain of 27.66 dB at 30 GHz. The scan loss is 1.5 dB and
the SLLs are below —15 dB across the entire scanning range. The discussed results
are summarized in Table 5.2. The comparison shows a significant improvement in
lens performance when the bifocal configuration is adopted.

Table 5.2: Feed translation, unifocal versus bifocal designs at 30 GHz

Maximum Gain | Scan Loss | Maximum SLL | Scan Range
Unifocal 27.94 dB 4.2 dB —6.8 dB [2.7,59.5]°
Bifocal 27.66 dB 1.5dB —15.2 dB [0.5,58.5]°

To conclude, the in-band behavior of the two considered configurations was analyzed.
Figure 5.16 shows the gain trends across the scanning range in the frequency band
[29,31] GHz. A significant gain reduction is observed in the unifocal lens when the
operating frequency increases. The behavior of the parameter is not stable in the
band of interest and cannot be adopted for critical applications requiring stable
wideband performance.
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Figure 5.16: Gain vs Beam Angle with feed translation: (a) Unifocal lens, (b)
Bifocal lens.

The bifocal configuration exhibits the same trend with reduced slopes. The max-
imum value is obtained in the middle of the scan range for all the analyzed
frequencies. In particular, at a frequency of 29 GHz and a pointing angle of 23°,
the maximum gain of 28.21 dB can be achieved. The gain values are overall stable
across the analyzed frequency range, with a total penalty of 2.2 dB considering the
variations in both frequency and pointing angle.

The proposed solution provides a [0,60]° scanning along the z-axis. The structure
can be implemented in a SOTM context with a reduced-size feed, such as a 2 x 2
patch array. The source can be placed in a fixed position, while the movement is
assigned to the lens. The surface is placed at a reduced focal distance F' = 80 mm
with both translation and rotation capability to ensure full 360° coverage while
maintaining the described scanning properties. In this manner, it is possible to
obtain a system that provides a conical angular range of 60°.

The limitations are exclusively related to the mechanical movement, which can
provide precise pointing at the cost of higher latency due to the inertia of the lens
that must be displaced. The use of a fully dielectric material without metallization
can marginally reduce the total weight of the structure.
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Chapter 6
Conclusions and future work

The research conducted in this thesis provides a comprehensive understanding of the
technical requirements and challenges involved in targeting civilian applications in
the SOTM market. The need for low-profile, cost-effective antennas with high beam
agility, driven by the rapid expansion of LEO and MEO constellations, guided the
investigation toward a configuration consisting in a feed close to a planar meta-lens
architecture as a possible alternative to complex phased arrays and bulky dome
structures.

The work established the design methodology for a transmitarray adopted to realize
the lens. The identification of a unit cell capable of ensuring low reflection and
high transmission proved to be a fundamental requirement for an optimal system
performance. The hexagonal unit cell with a tapered hole, selected through a
parametric study, achieves the required phase coverage with low sensitivity from
frequency and low dependence from the incident angle. The use of dielectric mate-
rial enables fabrication through Additive Manufacturing (AM) techniques and the
high dielectric constant contributes to a significant reduction in surface thickness.
Preliminary analyses of the lens confirmed its excellent focusing and pointing
properties. However, these performance metrics were initially achieved with a
focal distance exceeding the strict limits of SOTM applications. In order to obtain
a low-profile architecture, the study focused on implementing reduced focal-to-
diameter ratios (F'/D). This necessitated a critical methodological shift from the
conventional far-field approximation to a dedicated near-field phase compensation
model for the incident field and TA design. As the focal distance decreases, the
results from these two approaches diverge significantly. This discrepancy validates
effectively the proposed method, highlighting its superior accuracy in compact
geometries where standard approximations fail.

By positioning the surface in the near-field region of the source, promising results
were obtained. However, due to the passive nature of the material, the design is
constrained to a fixed focal distance with a single desired pointing direction. This
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represented the primary limitation encountered during the research. Beam steering
capabilities are severely restricted when both the feed and the lens remain in fixed
spatial positions.

To overcome this limitation, an additional degree of freedom was introduced with
the mechanical displacement of one of the system components.

Based on this principle, a preliminary bifocal lens was designed with a limited
scanning range of +£32° and F/D = 1. However, the operating principle requires a
mechanical rotation of the feed with respect to the surface center. This requirement
imposes a severe structural limitation. The large focal distance adopted inherently
expands the overall physical volume of the antenna, resulting in a bulky system
that exceeds the volumetric constraints acceptable for mobile integration.

The second proposed design, therefore, introduces a bifocal lens with F//D = 0.4
and [0, 60]° scanning range, obtained with a simple translation of the feed along one
direction. In order to simplify the feeding structure, the source is kept fixed and
the lens is mechanically actuated to perform combined rotational and translational
movements along multiple axes, ensuring full scanning flexibility. At the design
frequency of 30 GHz, the gain reaches a maximum value of 27.66 dB with a scan
loss of 1.5 dB, ensuring high stability across the scanning range with a maximum
SLL of —15.2 dB. In the frequency band of interest (Ka-band), the gain ranges
between 26.0 dB and 28.2 dB during the pointing operation, with a maximum
variation of 2.2 dB.

This solution achieves the critical balance between wide-angle coverage (60°) and
stable performance, while simultaneously satisfying the physical constraints re-
quired for the civil market.

Having successfully validated the feasibility of the project, this study serves as
a foundational step toward future research. Beyond the critical imperative of
eliminating all mechanical components to meet strict SOTM operational standards,
several additional developments are necessary to transition the design into a possi-
ble commercial product. The study analyzed the surface behavior using a simple
circular horn antenna, which can be replaced by a 2 x 2 or 4 x 4 patch array antenna
with a significant reduced volume.

The study of the bifocal configuration is a first step towards multifocal architectures
utilizing a planar arrangement of elementary feeds. In this scenario, beam steering
could be achieved through the electronic commutation of distinct sources located
on the focal plane, effectively discretizing the angular coverage. This architecture
effectively addresses the limitations of mechanical beam steering systems, signifi-
cantly reducing maintenance requirements and the risk of components malfunctions.
However, the transition to a fully static system introduces a significant trade-oft:
it necessitates a higher complexity in the feeding structure and electronic control
logic, requiring the integration of sophisticated switching matrices to manage the
beam selection.
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To preserve the structural simplicity of the system, the fixed positioning of the
source is a necessary constraint. Consequently, future work will investigate a hybrid
approach employing the compact patch array previously introduced as the primary
feed. By manipulating the excitation coefficients of the array ports, an electronic
pre-steering of the wavefront can be achieved.

The source can provide only a limited angular coverage, for this reason the perfor-
mance improvement has to be achieved completely by the meta-lens design. Further
research is required to design a surface capable of acting as an angular amplifier.
Specifically, investigations should determine how distinct illumination zones can be
mapped to wider deflection angles in order to maximize the steering capability of
the source. In this context, the hexagonal discretization of the surface was selected
precisely to facilitate the conical coverage with respect to a rectangular lattice.
Considering also the close proximity of the feed with respect to the lens, future work
must refine the UC design to maintain consistently high transmission magnitude
and minimal phase error under extreme oblique incidence.

In conclusion, this thesis has demonstrated a possible path toward high-performance,
low-profile SOTM antennas using a robust bifocal dielectric meta-lens. The future
work outlined represents the necessary steps to scale the validated concepts to meet
the stringent demands of the emerging global civil SatCom market.
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Appendix

6.1 DXF file creation

The first generation approach based on the .dxf file is particularly suitable for the
first two unit cell geometries, UC1 and UC2. These exhibit a simple configuration,
characterized by a single hexagonal hole with diameter d, constant along the
entire depth H of the cell. The Drawing Exchange Format (DXF) is a CAD
data file format developed by Autodesk to enable data interoperability between
AutoCAD and other software. To generate a .dxf file containing the geometry
of an hexagonal unit cell, a custom MATLAB function was implemented. The
purpose of the function is to write the ASCII instructions of a .dxf file directly
into a text file, describing a closed polyline corresponding to a hexagon. The inputs
of the function are:

o fid: the file identifier of the .dxf file opened in write mode;
» Center: the (z,y) coordinates of the hexagon center;

o Diameter: the distance between two opposite vertices of the hexagon, identified
from us as the free parameter d.

The implementation of the described function adheres to a meticulously structured
sequence of operations. Initially, the radius of the hexagon is determined as half
the value of the provided diameter. With the center position of the cell and this
radius known, the angular coordinates of the six vertices are calculated using basic
trigonometric principles as shown in Fig. 6.1. Once the geometric framework is
established, the creation of a .dxf file becomes necessary. This begins with the
HEADER section, where the file version (specified as AC1009) is defined to ensure
compatibility with CST software. Following this, a TABLES section is introduced to
configure a dedicated layer named Hexagons, designated to contain all geometric
entities relevant to the design. The central element of the file resides in the
ENTITIES section. Within this section, a POLYLINE entity is initiated, representing
the hexagonal shape. Each of the six previously computed vertices is recorded
sequentially as VERTEX entries. This entity is subsequently concluded with the
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Figure 6.1: Hexagon written in the .dxf file.

SEQEND instruction, ensuring closure of the polyline. Finally, the .dxf file is
terminated with the standard EOF command. This sequence produces a valid .dxf
file that effectively encodes a hexagonal structure, centered at the specified location.
The procedure can be repeated for each individual cell, culminating in a single
unique file that can be seamlessly imported into CST and used as a parametric
geometric building block for transmitarray design. After importing the .dxf file,
an initial extrusion operation is required to obtain the dimensional geometry. By
setting a depth H, the desired 3D models can be generated, shown in light blue
in Fig. 6.2. The final stage involves a Boolean subtraction operation between a
metalens—characterized as a simple cylinder with depth along the z-axis equal to
the defined parameter H—and the resulting hexagonal structure. The outcome of
this process is a finalized metalens featuring the desired holes, whose dimensions
vary within the range dictated by parameter d, such as depicted in Figure 6.2.

Figure 6.2: Generated 3D model and final result for the UC2 case.
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6.2 STL file creation

The second approach enables the creation of any parametric solid by generating
an .stl file. This method was specifically used to design the third type of
unit cell UC3 which features a more intricate internal structure due to tapering
introduced to enhance matching performance. Unlike the simple extrusion operation
performed earlier using the .dxf file, this process requires a complete model to
be constructed for subtraction from the surface. To address this requirement,
the STL (Stereolithography) format was utilized, as it is among the most widely
recognized standards for 3D object representation in CAD applications and additive
manufacturing. An .stl file represents a solid’s surface through a collection of
triangular facets, each defined by three vertices and an associated normal vector. For
this project, a MATLAB function was developed to produce the desired parametric
geometry. The function accepts key inputs, including the overall dimensions of the
unit cell, the depth of the hole, and the coordinates of the outer face’s center. Based
on these parameters, the vertices of a hexagon are calculated at varying depths to
define the 3D shape while ensuring proper alignment of the hole along the cell’s
axis. After calculating the vertices, the function generates triangular faces that
collectively form the solid’s surface. For each facet, the normal vector is computed
using the right-hand rule to ensure it points outward from the structure in the
STL representation. These triangles, along with their respective normal vectors,
are then sequentially written into an ASCII .stl file using syntax compatible with
most CAD and simulation tools.

Figure 6.3: 3D parametric model.

This streamlined process facilitates rapid generation of the entire parametric
structure while allowing variation of the free parameter d across different surface
points. The result of this approach is illustrated in Figure 6.4.
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Figure 6.4: Final result for the UC3 case.
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