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Introduction

Context and motivation

Nowadays, we are experiencing a drastic change in the space industry which is in
line with the New Space paradigm as a leap forward in terms of very high throughput
and data rates, network connectivity, reliability and high efficiency but also a democra-

tization of space and the appearance of small constellation of satellites [1]-[4].

Flexibility has become a priority in the design of Radio-Frequency (RF) systems,
mainly in terms of coverage, power allocation, spectrum use, polarization and number
and shape of the beams. Such flexibility is required both, at ground and non-terrestrial
levels [5]-[7]. Multibeam reconfiguration, beam-hopping techniques, frequency and
polarization reuse are indeed on the verge of becoming some of the requirements of the
emerging systems [8]-[10]. In addition to such flexibility, high power handling comes
as an additional requirement when considering space applications. Namely, due to
the need to assure a link budget with the satellite. Hence, the role and position of the
radiating antenna is crucial in the design of such systems and in particular, it represents
one of the motivations of the present thesis.

The antenna solution providing the highest flexibility is the Active electronically
steerable Antenna (AA). Differently from passive antennas, AAs allow for electronic
(without mechanically movable parts) mission reconfiguration (i.e. flexible number of
beams, and for each beam, flexible steering, flexible beam-shape or flexible power al-
location). We are witnessing a common trend in the space industry nowadays, related
to the development of flexible payloads (e.g. Eutelsat Quantum [11], Hispasat 36W-1
[12], OneSat [13], HummingSat [14] (Europe) or Winds [15] (Japan)). Analogously,
these new solutions based on AAs have been introduced for ground applications (e.g.
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Introduction

new concept of arrays as gateway antennas from: Thinkom [16], Starlink [17]). How-
ever, the introduction of these features means increased manufacturing costs and com-
plexity in incorporating amplification, cooling modules, digital processing, real-time
calibration blocks. It also leads to a subsequent increase in losses and energy consump-
tion.

The challenge to make AAs more affordable is a great source of motivation, both at
industry and research levels. Efforts are being made in order to reduce their complex-
ity, and to increase their power efficiency, such as sparse or irregular arrays [18], [19],
hybrid payloads [20], improvement of Gallium Nitride (GaN) technology [21].

One of the main motivations for this thesis is to further explore a promising antenna
architecture known as Three-Dimensional (3D) discrete lens [22]. This antenna holds
strong potential for the implementation of AA as it offers a trade-off between complex-
ity and flexibility.

On the fabrication side, Additive Manufacturing (AM) or 3D printing [23]-[25] has
been identified as one of the enabling technologies that can contribute to ease the devel-
opment of AAs [26]. Exploring the potential of AM is another motivation of the present
thesis. The use of AM techniques in the design of RF components has represented an
appealing opportunity to reach enhanced design freedom, but also to reduce volume
and costs an enhance RF performances. This evolution spans from applying metallic
coatings onto 3D printed plastic components, such as those produced through Stereoli-
tography (SLA) [27], [28], to the emergence of full-metal AM methods like Selective
Laser Melting (SLM) [29] and Direct Metal Laser Sintering (DMLS) [30]. These ad-
vanced methods achieve high degrees of flexibility, allowing the integration of complex
geometries into single-piece components while simultaneously reducing losses, saving
energy and allowing high power handling — a capability that conventional manufac-
turing approaches cannot replicate [31]-[33].

Objectives and research hypotheses

This thesis aims to propose innovative solutions of AAs with reduced cost and flex-
ibility. The main objectives are outlined as follows:
e design of high-gain multibeam antennas;
e develop systems with low losses and high efficiency;
e enable dual polarization and broad bandwidth capabilities;
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Introduction

e enhance capacity and simplify the system accommodation.

The work presented in this thesis is based on the hypothesis that exploiting magni-
fication factors in 3D discrete lenses, and with the implementation of AM, can lead to
AAs with reduced cost and high flexibility. These systems can support large frequency
bandwidths and allow for dual polarization features. In addition, they can be employed

in various scenarios, spanning both narrow and wide Field-of-Views (FoVs).

Organization of the thesis

The thesis is subdivided into four chapter:

e Chapter 1 shows an overview on antennas providing different means to reach
flexible operation, high efficiency and a good trade-off between cost and com-
plexity. First of all, a comparison on highly efficient full-metal antennas to pro-
vide multibeam scanning and high power handlings is provided. Subsequently,
antennas fabricated via full-metal AM are introduced, with an analysis of their
principal strengths and weak points. Finally, the proposal to focus on 3D discrete
lens systems in waveguide technology through AM and their characterization is
provided.

e Chapter 2 focuses on Meandered Waveguides (MWs) as an innovative solution
employed in full-metal 3D discrete lenses to allow spatial routing between the
two radiating profiles. First, the general guidelines to build the modulated tra-
jectories are pointed out. Then, the phase delay synthesis is performed, propos-
ing examples with exotic meanderings and comparing expected and simulated
results. Additionally, some implementations of MW through 3D cluster are pre-
sented.

e Chapter 3 deals with the design of 3D discrete lenses for narrow FoV scenarios.
The general lens architecture to target such applications is firstly described and
then, the implementation in waveguide technology is investigated. In particular,
a 3D discrete lens for Geostationary Earth Orbit (GEO) scenario implementing
the MW cluster in a 7x7 system is proposed and simulated in all its parts. While
in the end, a smaller prototype is manufactured and measured to show the real
reached performance.

e Chapter 4 presents a 3D discrete lens for wide FoV scenarios. The first section
provides an overview of the overall structure, offering a comprehensive descrip-

17



Introduction

tion of each constitutive element. Meanwhile, the second section is dedicated to
the finite lens analysis and its validation process. A detailed explanation of a rig-
orous full-wave methodology for simulating large arrays is then provided, along
with a validation case study. Finally, the simulation results of the examined lens
are presented.
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CHAPTER 1

State of the art

Present and next generations of space and ground platforms for telecommunica-
tions services require progressively dedicated antennas to cope with the rising de-
mands of global connectivity, improved data transmission speeds and high power han-
dlings [5]-[7].

To tackle these demands, innovative radiative systems have been developed to face
the trade-off between reconfigurability (in terms of beam pointing, power, frequency,
and polarization), cost and accommodation [9], [10]. In particular, electronically steer-
able high-gain antennas are required to achieve multiple spot beams implementing fre-
quency, polarization reuse and power allocation to provide global regular or irregular
coverages (such as the multi spot beam European coverage depicted in Fig. 1.1a or the
irregular shaped one showed in Fig. 1.1b).

Space constitutes an extremely harsh environment for RF equipment [36], [37].
Various phenomena can occur, including substantial thermal gradients (e.g. AT =
[—150, 150]°), exposure to radiations, out-gassing from plastic materials and the risk of
electrostatic discharge to name a few. Due to these factors, the preferred approach for
attaining an high power handling systems with minimal insertion losses is to use metal-
lic materials. High power handling is a well known requirement in space systems, both
on-ground and on-board. It is the need for flexibility that comes as an new requirement
[5]. The antenna solutions that will be considered in this chapter will be fully metallic.

This chapter presents a state of the art on full-metal space antenna systems provid-

ing some degrees of flexibility. The first section focuses on high-gain antennas achieving
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Chapter 1 — State of the art

(b)

Figure 1.1 — (a) Eutelsat’s KA-SAT satellite [34] spot beams coverage over Europe and the
Mediterranean Basin (different colors show frequency reuse) (from Wikipedia). (b) Irregu-
lar European coverage based on tesselation polygons (from [35]).

multibeam scanning, showing a comparison between several full-metal configurations
as high power handling solutions. Secondly, the AM technology is introduced to fabri-
cate full-metal radiators. This technology not only facilitates the production of highly
complex geometric designs but also contributes significantly to reducing overall weight
and volume. Finally, a solution based on 3D discrete lenses is presented, which can
be fabricated through full-metal AM, offering a valuable compromise between perfor-
mances and ease of fabrication.
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1.1. High-gain multibeam antennas for space

1.1 High-gain multibeam antennas for space

This section offers a comprehensive comparison on the antenna systems that are
mainly been developed providing some kind of flexible operation.

In the following, we can distinguish solutions based on reflectors, antenna arrays,
and lenses. Each solution is examined individually, highlighting the associated strengths
and weaknesses. Towards the conclusion, a comparison of the potential solutions is
then briefly showed. Specifically, the comparison considers RF performances in terms
of scanning capabilities, feasibility in active control implementation, dual polarization
features, frequency bandwidth, cost and complexity of the system and volume accom-
modation. The aim is to highlight their main advantages and disadvantages while iden-
tifying the potential configuration that will be studied in the next chapters.

1.1.1 Reflector-based antennas

Reflector-based antennas are often chosen in space applications for their robust per-
formance and broad bandwidth. The fundamental operational concept of a typical
parabolic reflector [38] is illustrated in Fig. 1.2.

These antennas have the versatility to be utilized for both transmission (Tx) and
reception (Rx) modes. They typically feature a reflective surface (indicated in red)
that focuses electromagnetic energy towards a feed (depicted as a green dot), which
is placed in the focal point. In particular, the position of the focal point permits the
transformation of spherical wavefronts into flat parallel wavefronts toward the desired
directions. In the Rx mode, reflector antennas collect incoming signals towards the focal
point; while for Tx, they propagate signals from the focal point towards the desired
direction.

Reflector dishes can be found using different shapes (e.g. parabolic or spherical are
the most common ones). Typically, these antennas are constructed from lightweight
materials, such as metals or composites, to reduce the overall weight of the system. In
modern applications, the feeding component of these antennas can be based on various
elements, including arrays, lens antennas or additional reflectors, in order to enhance
the antenna’s performance, as detailed in [39].

In space-borne payloads, reflector antennas are usually employed using a Single-
Feed-Per-Beam (SFPB) configuration [40], [41]. The most consolidated passive an-

tenna solution to create multiple beams is based on 3 or 4 reflectors generating inter-
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Wavefront
----------- b | == ==)
--------- > | == ==)p
\
f’ Feed
V4
Parabolic
reflector NC "~ """ °° gl I

Figure 1.2 — Working principle of a generic parabolic reflector.

leaved beams and using one feed for every beam. The introduction of this solution
is justified by the challenge of implementing a single reflector that can efficiently ac-
commodate a group of directive feeds while simultaneously achieving a crossover level
around -4 dB, high isolation and providing a multibeam coverage [41].

To exemplify this, various industrial products employing the SFPB configuration are
provided as examples: Anik-F2 (in Ka-band) [42], Spaceway-3 Ka-Sat [34], IPSTAR
(Thaicom-4) [43] in Ku-band, and Eutelsat 172B [44]. Two of these products are vi-
sually represented in Fig. 1.3. On the left, Ka-Sat is characterized by four reflectors
operating in Ka-band, while on the right, Eutelsat features three reflectors working in
Ku-Band and three in C-band. Both of these satellites are positioned in GEO.

The main drawbacks of the SFPB configuration are related to the significant volume
required to accommodate multiple reflectors within a single platform and the limited
flexibility in achieving multibeam scanning as well as the possibility to provide recon-
tfigurable beams. To overcome the issue of the accommodation of multiple reflectors,
the Multiple-Feed-Per-Beam (MFPB) configuration has been introduced in the scien-
tific literature [40], [41]. MFPB solutions exploit overlapped sub-arrays connected to
Beam-Forming Networks (BFNs) to feed the single reflector. Overlapped sub-arrays
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1.1. High-gain multibeam antennas for space

(b)

Figure 1.3 — Satellites implementing SFPB configuration employing multiple reflectors. (a) Ka-
Sat (launched in December 2010) (from [34]), (b) Eutelsat 172B (launched in June 2017) (from
Wikipedia).

share some radiating elements with the contiguous sub-arrays to enable multi spots
coverage, without increasing spillover losses and crossover levels [40]. In the exam-
ple reported in Fig. 1.4, a specific MFPB feed cluster is depicted on the right and the
correspondent sub-array overlapping scheme is shown on the left. In fact, in order to
generate a multibeam coverage with a good isolation and crossover levels around -4 dB,

multiple colors (i.e. different frequencies and polarisations) are exploited.

Figure 1.4 — Example of schematic MFPB cluster feed of a reflector antenna based on an over-
lapped sub-arrays configuration as feeding network (from [45]).

This solution leads to more flexibility employing only one reflector, at the cost of

increasing the complexity of the BFNs at the feed level. An illustration of a cluster feed
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Chapter 1 — State of the art

and associated BFN employed in a MFPB setup for the Medusa Tx cluster [45], [46] can
be observed into details in Fig. 1.5. These systems are characterized by complex BFN
geometries in order to reduce the volume and the accommodation of multiple reflectors

of the SFPB configuration. Additional examples of MFPB reflector configurations can
be found in [47].

MEDUSA

Rx feed array ~ MEOUSA
(27.530.0 GHz) Boam forming network Rx

Figure 1.5 — Medusa Tx feed cluster and its BEN (from [45]).

The same trend is observed in the RF systems envisioned to be deployed on-ground.
Reflectors are typically employed in gateways to control Low Earth Orbit (LEO) satel-
lites to point beams up to low elevation angles (i.e. 15 degrees as measured from the
horizon) [5]. These antennas frequently employ multiple reflectors equipped with me-
chanical scanning systems to follow the movements of the satellite. Typically, each re-
flector generates a single beam and it is used to connect to a single satellite. For this rea-
son, it is crucial to ensure multibeam flexibility by installing multiple reflectors. Some
solutions of ground-based reflectors [48] provided by Intelsat are shown in Fig. 1.6.
The solution installed in Fuchsstadt (on the left) is characterized by over 70 antennas
connecting three oceans and providing service to five continent. The other solution
based in Atlanta (on the right) is characterized by 66 antennas supporting access to
satellites with connectivity to a global network of commercial teleports. This illustra-
tion serves to emphasize the vast physical footprints that these installations require on-
ground gateways. These systems tend to be extremely expensive since a separation is
needed between the reflectors and significant costs are associated to their maintenance.
Furthermore, their flexibility in scanning is limited because their configurations in very

large arrays are based mainly on mechanical steering systems.
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1.1. High-gain multibeam antennas for space

(b)

Figure 1.6 — Reflectors for ground-based applications produced by Intelsat. (a) Fuchsstadt Tele-
port—Fuchsstadt, Germany (from [48]). (b) Atlanta Teleport - Ellenwood, Georgia (from [48]).

Reflector-based antennas implemented for both on-ground or on-board space ap-
plications offer the advantage of a broad frequency bandwidth. They provide also the
possibility to achieve dual polarization, depending on the chosen feed chain. How-
ever, the common limitation they face is their inability to incorporate active controls
in the reflector aperture to optimize its illumination efficiency. This constraint can im-
pact their performance when compared to antennas that can actively manipulate the
radiated field over the aperture.

1.1.2 Antenna arrays

In this subsection the more representative solutions of antenna arrays are presented
including reflectarrays and transmitarrays as potential alternative configurations of con-
ventional arrays.

An array of antennas can be seen as a group of multiple antennas fed simultane-
ously and connected to a shared receiver or transmitter to enhance gain and directivity
in a specific direction. They are primarily used in applications like wireless communi-
cations to amplify sensitivity and improve signal reception. A particular sub-group of
antenna arrays, known as phased arrays, can be found in space applications [49].

Phased arrays [50], [51] (depicted in Fig. 1.7) are still characterized by multiple
antennas working together (highlighted in blue), but this time they introduce the ca-
pability to individually control the amplitude and phase of each element (displayed
inside the red box). These precise controls allow for advanced operation modes like
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beamforming and broad scanning flexibility across multiple desired directions, mak-

ing them particularly valuable in this context.

Amplitude and phase controls <.
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Figure 1.7 — Working principle of a phased array.

In general, phased arrays can be subdivided in two main categories: passive and
active. Passive arrays [50] primarily rely on the manipulation of RF signals through
passive components, including phase shifters, passive attenuators, and passive BFNs
(e.g. Butler, Blass or Nolen matrices [52]) to steer the beam. They offer a less power
consuming and lower cost solution employing only passive components. However, this
architecture inherently features reduced multibeam flexibility and reconfigurability for
the reduced number of controls. Active arrays [53], on the other hand, incorporate ac-
tive components (e.g. low noise amplifiers for Rx and power amplifiers for Tx and vari-
able phase shifters) to enhance gain and improve system RF performances, including
dynamic beam steering and versatile multibeam capabilities, as reported in [54]. They
exhibit greater complexity than the passive ones, necessitating higher power consump-
tion due to the strong use of solid-state technologies, digital processing, active BFNs,
cooling systems and thermal management.

Some manufactured examples of phased arrays are depicted in Fig 1.8 considering
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on-board satellite applications. In Fig. 1.8a, the S-band Tx antenna installed on the
Globalstar-1 satellite is showed. While in Fig. 1.8b, Ka- and Ku-band antennas em-
ployed in the Starlink constellation are characterized each one by almost one thousand

of radiating elements.

(b)

Figure 1.8 — Configurations of arrays implemented on-board satellites. (a) S-band Tx antenna
installed on the Globalstar-1 satellite (cycle of life: 1998-2007). (b) Ka- and employed Ku-band
radiating apertures (in white) in the Starlink constellation (launched in 2018) (from [54]).

Some recent developments of phased arrays have been also implemented for ground
based applications [5], as displayed in Fig. 1.9. These novel on-ground architectures,
permit to substitute gateway reflectors with more compact solutions, such as the one
developed by Ball Aerospace and Technologies Corporation in Fig. 1.9a implementing
a geodesic dome array, the new concept developed by Thinkom [16] in Fig. 1.9b or the
new Starlink user terminal antenna in Fig. 1.9c [17] characterized by a phased array of
1280 identical antennas arranged in a hexagonal lattice.

As previously showed, several technologies of phased arrays can be employed to-
day spanning from printed to full-metal ones, depending on the specific application
(both on-board and on-ground) [54]-[56]. The space market is developing AAs for
their good performance on scanning and reconfigurability (e.g. Iridium NEXT [57],
Globalstar-2 [58] satellites are some examples). Solutions to handle the huge complex-
ity and accommodation of these systems are improved through different architectures
employing configurations like: sparse arrays (elements located in irregular grids) [18],
[19], [59], clustered arrays (the whole array is partitioned in smaller sub-arrays to re-

duce the number of active controls) [60]-[62], thinned arrays (some elements within
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Figure 1.9 — Configuration of phased arrays implemented on-ground. (a) Geodesic Dome
Phased Array Antenna built by Ball Aerospace and Technologies Corp (from [54]). (b) New
concept of gateway solution for the next generation of satellites developed by Thinkom (from
[16]). (c) Starlink’s user terminal gateway antenna built in a dish of 1280 elements (from [17]).

the original array are turned off) [63]-[65] or hybrid arrays (combining digital and ana-
log parts) [20]. Technological efforts are also pursued concerning the improvement of
GaN amplifiers [66], entire digital building blocks [67] and new fabrication techniques
such as full-metal AM to minimize power consumption and losses and maximize the
power handling capability [26].

Full-metal phased arrays are gaining attention today. Some examples are based on
Vivaldi antennas [68]-[70], ridged-gap waveguide radiators [71]-[73], slot antennas
[74], [75], bow-tie cavities [76] or frequency-scaled ultra-wide spectrum element an-
tennas [77], to name a few. Figure 1.10a presents a Vivaldi array in metal within a 8x8
dual polarized flared-notches [70]. An example of ridge-gap waveguide is depicted in
Fig. 1.10b, showing the possibility to design radiators using sub-wavelength waveguide
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dimensions through more compact systems in order to scan wide angles [73]. Figure
1.10c shows an example of conformal slot array fabricated through full-metal AM [75].

Figure 1.10 — Examples of full-metal antenna arrays. (a) Vivaldi elements [70], (b) sub-
wavelengths radiators [73], (c) conformal array of slot elements [75].

These solutions effectively address the need for low insertion losses, high power
handling related to the avoidance of dielectric components. Their weak points are
mainly based on their complexity due to the accommodation of thermal and active con-
trols, digital systems and BFNs through metallic structures. Additionally, they provide
wide frequency bandwidths. Dual polarization can be also supported, but at the ex-
pense of increasing the complexity on the final design of the system that will consider
a double implementation of BFNSs.

An alternative configuration to phased arrays are reflectarrays (RAs) [78]. Typi-
cally, a RAs permits to steer and shape electromagnetic waves, as displayed in Fig. 1.11.
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Specifically, these systems have the capability to adjust the phase of the incoming elec-
tromagnetic wave from a generic feed (in green) when interacting with a radiating array
(in blue). This phase adjustment allows them to reflect the wave in the desired direc-
tion. In particular, the phase can be controlled typically using elements, such as metal
patches or dipoles. RAs have been exploited for a long time adopting several geome-
tries. In [79], a detailed review to synthesize the RAs employed for space applications

using different technologies is carried out.

Phase delays
P1

P2
¢3
P4

Pn

Radiating array

Figure 1.11 — Working principle of a generic RA.

Literature include indeed the designs and implementations of full-metal RAs [80]-
[84] employing Phoenix cells [83], square waveguide [81] or metallic reflective posts
[84], as showed in Fig. 1.12.

Notably, RAs are characterized by a relatively large physical footprint, including their
radiating and feed arrays and necessary supporting structure, like for traditional reflec-
tors. However, their key advantage is their cost-effectiveness, referable to the utilization
of planar technology, which does provide some degree of flexibility in terms of integra-
tion. This distinct feature sets them apart also from phased arrays, which are intricate
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Figure 1.12 — Examples of full-metal RAs employing as unit-cells: (a) 3D Phoenix cells (from
[83]), (b) ridged-gap waveguides (from [81]), (c) metallic posts (from [84]).

systems demanding the implementation of complex BFNSs to reach beam flexibility. On
the other hand, they provide moderate frequency bandwidths, mainly because it is chal-
lenging to provide linear variation of phase delays across a broad frequency spectrum
when employing unit-cells. Dual polarization is also possible for these systems [81].
In addition, to the best of the author’s knowledge, no metallic RAs incorporating active
controls are present in literature (it only occurs in the case of Printed Circuit Boards
(PCB) technology [85], [86]).

On the other hand, transmitarrays (TAs) [87] offer an additional alternative solution
that follows the same principle of RAs, this time operating in Tx. TAs (depicted in
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Fig. 1.13) operate modifying the phase of the Tx electromagnetic waves from a generic
feed source (in green) to each element of a back array (in red). This controlled phase
manipulation allows for precise beam shaping and steering from the radiating front

array (in blue) in the opposite direction of the feed.
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Figure 1.13 — Working principle of a generic TA.

Typically, these configurations consist of multiple unit-cells arranged in planar ar-
rays with regular spatial periodicity. The unit-cells are usually characterized by mi-
crostrip patches, or inspired by meta-materials or by frequency selective surfaces, as
reported in [87]. Full-metal TAs [88]-[93] are currently discussed in the literature as al-
ternatives to replace dielectric substrates and to guarantee high power handling. These
systems are obtained by the stacking of multiple layers of metallic sheets with care-
fully designed geometries as crossed electric dipole slot in Fig. 1.14a [88], quad-ridged
waveguide in Fig. 1.14b [89] or C-shaped slot in Fig. 1.14c [92].

They mostly present some of the same strong and weak points of RAs such as re-
duced complexity due to their planar technology, but still employing the system accom-
modation to support the feed array. However, since they are working in Tx, they avoid

teed blockage compared to reflectors and RAs. It is also impossible today to find in lit-

32



1.1. High-gain multibeam antennas for space

Q_}_I'fnJ LIQ;EHJ L0 o Y PP Y o o o L.__'li_l',nJ LG
bt o o L o i L i i i i i

i e s 2 s
R Ce ke
KX R
Rsxxxanax e
e e e o

OO O HCNOTNONONCNONONODC

{0 {of P o o o o PR o PR PP} o
Rl sseaoeTse o eT
e
JIGI GG, LI‘J_F‘II‘J_f_E‘_II‘J_l_c‘II‘J_I_c‘II’J_I_t‘IIJ {7 e e e o

OO OO 03 EE (o L L |

A
S

S

Figure 1.14 — Examples of full-metal TA employing as unit-cells: (a) crossed-electric dipole slots
(from [88]), (b) quad-ridged waveguides (from [89]) and (c) C-shaped slot radiating elements
(from [92]).

erature active full-metal TAs, as for RAs. They have the potential to enable dual polar-
ization capabilities by designing the specific unit-cells and they offer a medium-sized
bandwidth, comparable to RAs as well. TAs represent a simplified working scheme
(usually with flat profiles) of discrete lenses [94], which will be examined in greater
detail at the end of the next subsection.
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1.1.3 Lens antennas

Microwave lenses offer an alternative solution for high-gain antennas able to pro-
vide multibeam coverages. These structures have the capacity to focus RF signals into
a single point while traversing a material, following the focusing principles from optics
[95]. The conventional dielectric lenses [96] employ a dielectric medium to ensure fo-
calization in accordance with Snell’s laws of refraction. In addition, these antennas offer
high compactness and ease of manufacturing. However the presence of the dielectric
leads to significant losses and cannot handle high power levels. Several examples exist
today such as graded-index lenses [97], achieved by gradually modifying the refractive
index within the lens (e.g. Gutman [98] or meta-material-based lenses [99]), but they
are not considered in this state of the art.

Accordingly, to address the limitations associated with dielectric materials, researchers
have implemented full-metal lenses from the 40’s, as presented in [100]-[102]. One of
the most consolidated type of such lenses is based on Parallel-Plate Waveguide (PPW),
as documented in [103]. Instead of using dielectric materials, these lenses employ two
metallic conducting plates to create a PPW beamforming cavity for the propagation of
electromagnetic signals. In Fig. 1.15, the working principle of a PPW lens is showed.

Through these PPW or two-dimensional (2D) lenses, a cylindrical wave originat-
ing from a generic feed (in green) is converted into a planar wave that is emitted into
free-space through a continuous radiating aperture (highlighted in blue). The feed
is generally placed in a focal point, in order to guarantee zero phase aberrations on
the wavefront. The PPW beamformer (displayed in grey) is designed to perform the
steering towards a specific direction, when the focal point is defined [103]. Another so-
lution employing the PPW beamformer consists on discretizing the radiating aperture,
as showed in Fig. 1.16.

These lenses are also referred in literature as Rotman lenses or 2D discrete lenses
[104]. In particular, they adhere to the same beamforming principles as those em-
ployed with PPW continuous radiating apertures. However, they introduce a front ar-
ray (shown in blue) and employ phase delays (indicated by dashed lines) to establish
a connection with the PPW beamformer. The focalization proprieties can be described
as well by the formulas presented in [103]. The cylindrical waves generated from the
feed propagate through the PPW beamformer, passing delay lines and discretized to
the front array into a plane transmitted waves towards the desired direction. For both

cases in Fig. 1.15 and Fig. 1.16, it is possible to reach scanning towards multiple direc-
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Figure 1.15 — Working principle of generic PPW lenses employing a continuous front radiating
aperture.

tions, by employing multiple feeds.

One of the recent advancements on PPW lenses featuring continuous radiating aper-
tures consists on the development of air-filled Luneburg lenses. These systems incor-
porate metallic posts of varying heights and holes with different depths, to control the
phase delays within the PPW beamformer [105]-[107], as depicted in Fig. 1.17a. Ad-
ditionally, full-metal PPW lenses based on Luneburg principles can be realized using
geodesic surfaces [108], which offer highly compact folded designs, as demonstrated in
[109] (see Fig. 1.17b), or through water-drop lens configurations [110], [111] (in Fig.
1.17c). One of the most well-known PPW lens employing front arrays is the Rotman
lens, as described in [112]. Multiple implementations of the Rotman configuration in
metal can be found in literature today [113]-[116], as the example in waveguide tech-
nology [114] displayed in Fig. 1.17d.

In general, PPW lenses can enhance their compactness by relying on folded designs,
as showed in all the examples in Fig. 1.17. This design approach allows them to achieve

minimal scanning losses by enabling the creation of rotationally symmetric conformal
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Figure 1.16 — Working principle of generic PPW lenses employing a discrete front array.

structures. The introduction of multiple feeds, as observed in the input ports of Fig.
1.17a, significantly enhances the multibeam scanning versatility of these setups, en-
abling the generation of a single radiated beam for each feed (SFPB configuration) em-
ploying only one aperture. Notably, they present strong scanning capabilities within
the plane aligned with the lens but they lack the ability to scan beyond this specific
plane. However, for both cases, the reconfigurability of the beam is complex, since they
are characterized by a SFPB configuration and they need a switching network to provide
an electronic steering. PPW lenses support the propagation of the Transverse Electro-
Magnetic (TEM) mode, allowing for the achievement of broad frequency bandwidths.
However, they typically handle a single polarization, thus needing to use a polarizer to

support dual polarization features [117].

In order to expand the scanning capabilities of the conventional PPW lens solutions
in other planes, new developments based on stacking are being explored [118]-[121],
as in Fig. 1.18. This approach still presents some limitations of scanning in multiple
directions due to manufacturing constraints. In particular, the minimum achievable
height of the stacked layers, as illustrated in Fig. 1.18a (where h = 0.7X), can impose
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(c) (d)

Figure 1.17 — Configuration of full-metal PPW lenses. (a) Air-filled Luneburg lens loaded with
metallic posts (from [105]). (b) Geodesic modulated lens (from [109]) (c) Water-drop lens
(from [111]). (d) Double-ridged waveguide Rotman lens (from [114]).

limitations on the scanning capabilities within certain planes. This is because the aper-
ture in a given plane is discretized and not conformal, which may constrain the scanning
options available. Additionally, these systems necessitate dedicated multiple BFNs to
enable and control scanning in multiple directions. Concerning the remaining features,
they maintain large frequency bandwidth and offer mainly single polarization capabil-
ities, similar to the solution that has been already presented. It is obvious that stacked
PPW lenses are more bulky that the single layer PPW lenses.

On the other side, 3D discrete lenses [122]-[124] represent today another solution
to reach high-gain multibeam antennas for space applications. A generic discrete lens
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(a) (b)

Figure 1.18 — Configuration of stacked lens employing full-metal PPW lenses. (a) Four stacked
modulated geodesic lenses, equi-spaced by an height of h = 0.7\ at 60 GHz. Each of the
geodesic lens has 13 feed waveguides as input port (from [118]). (b) Graphic view of a stacked
lens made of five Rotman lenses (from [121]).

is depicted in one cut plane in Fig. 1.19 to show its working principle. These lenses
are constrained to follow the delay lines paths. They do not necessarily respect the
Snell’s laws [95] because the designer can enforce specific delay lines: for this reason
they are also called constrained lenses. The designer can constrain the lens to reach
some requirements. Discrete lenses achieve discrete collimation and focusing by em-
ploying both back and front arrays, interconnected through delay lines. It is important
to note that, they follow the same fundamental principles of TAs, as discussed in [94].
In fact, the incident wave originated from the feed (indicated by the green dot), first tra-
verses the back array (highlighted in red). Subsequently, it follows multiple delay line
paths (depicted as dashed lines) before being emitted by the front array (in blue) into
free-space in the desired direction. To ensure minimal phase aberrations, the feed is
strategically placed at a precise focal point. In Fig. 1.20 several examples of 3D discrete

lens realized entirely in metal are shown.

These lenses are constructed using active discrete elements and they are designed
to operate across various frequency bandwidths, being employed for multibeam cov-
erage applications. Compared to PPW lenses, they offer improved scanning capabili-
ties through multiple planes, while they are still limited in electronic reconfiguration

38



1.1. High-gain multibeam antennas for space

Phase delays

Feed
Bo------ -4
On_
Back array - Front array

Figure 1.19 — Working principle of a generic discrete lens in one plane.

for their SFPB configuration. Notably, they have advantages over reflector solutions as
they employ a single aperture instead of multiple ones and also they do not necessitate
the incorporation of complex BFNs. This is because the formation of the main beam
occurs in free-space, extending from the feed to the back array. Additionally, these
lenses are able to achieve dual polarization features and large frequency bandwidth, as
demonstrated in Fig. 1.20c [127]. This is made feasible by designing dedicated radiat-
ing antennas and corresponding delay lines (e.g. waveguides, coaxial cables solutions)
to support them. As in phased arrays and PPW lenses with discrete arrays, these sys-
tems allow for the precise implementation of active controls within the front arrays,
significantly enhancing the illumination of the system. However, it is important to em-
phasize that they have a tendency to be bulky and complex. This complexity arises from
the need to accommodate several radiative components, including multiple feeds, the

amplification blocks and thermal management systems.

39



Chapter 1 — State of the art

Figure 1.20 — Configuration of full-metal 3D active discrete lenses. (a) Tx active aperiodic
lens including active and thermal controls working in Ka-band realized by Space Engineer-
ing/European Space Agency (from [125]). (b) Tx discrete lens working in Ka-band and consti-
tuted by 112 radiating elements (from [126]). (c) Tx/Rx active discrete lens working in Ku-band
to be employed in a reflector system for multibeam coverage (from [127]).

1.1.4 Configurations comparison

This subsection reports a brief comparison of the presented solutions to face the high
power handling and multibeam flexibility. A comparison between reflectors, phased ar-
rays, RAs, TAs, stacked PPW lenses in both continuous and discrete radiating aperture
configurations, along with 3D discrete lenses realized entirely in metal is hence carried

out. The main characteristics can be summarized as follows:
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e Beam scanning capabilities: This refers to the ability of the antenna to steer
beams in multiple directions simultaneously in order to cover wide scanning
angles. Phased arrays and 3D discrete lenses offer high multibeam flexibility en-
abled by respectively BFNs or multiple feeds to scan across various directions up
to wide angles. Stacked PPW or 2D discrete lenses can still achieve high flexibil-
ity in multiple directions with some limitations. These limitations are associated
to the manufacturing constraints of the stacked profiles, resulting with restricted
features in those directions. RAs and TAs can have medium scanning capabilities
when employing dual apertures. Reflectors represent the more limited solution
in terms of scanning capabilities to reach wide angles, but this feature can be
certainly improved with the system feeding the aperture.

e Active controls: The ease of integrating active controls varies across the pre-
sented antenna solutions. Phased arrays and discrete lenses allow for straight-
forward integration because their radiating front arrays are discrete. In contrast,
reflectors and PPW (continuous) lens systems maintain a continuous radiating
aperture, making impossible to apply amplification layers close to them for en-
hanced illumination efficiency. Notably, active RAs and TAs are not currently
documented in the literature concerning full-metal solutions.

e Beam repointing capabilities: In general, multibeam antennas based on pas-
sive solutions (including reflectors, RAs or TAs or discrete lenses), are not able
to electronically repoint the beams towards different directions since are char-
acterized by a SFPB configuration. Active discrete lenses have similar limita-
tions as compared to passive discrete lenses in terms of repointing flexibility for
their SFPB configurations. While active phased arrays are the most performant
in terms of repointing capabilities.

e Dual polarization: Reflectors (depending on the feed), 3D discrete lenses (im-
plementing dual channel delay lines), RAs and TAs (depending on unit-cell ge-
ometry) are the primary solutions supporting dual polarization. Phased arrays
can support dual polarization features, but at the expenses of the implementa-
tion of bulky BFNs, one for each polarization. On the other side, stacked PPW
lenses, being characterized by parallel conducting plates, mostly do not support
dual polarization features.

e Frequency bandwidth: Broad frequency bandwidth can be reached by a reflec-
tors (employing ultra wide bandwidth feeds) and PPW lenses that use the prop-
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agation of the TEM mode through parallel metallic plates. Discrete lenses can
also support large bandwidth by employing technologies like (ridged) waveg-
uides and coaxial cables to create true-time delay lines. Phased arrays band-
widths, depend on the performances of the implemented radiating elements and
their BFNs and they can reach medium frequency bandwidth. Then, RAs and
TAs offer intermediate frequency bandwidth features, contingent on the unit-cell
geometry.

e Cost and complexity: Reflector antennas are relatively easy to manufacture,
thanks to their basic metallic dish as the main radiating aperture. In contrast,
RAs and TAs offer solutions with moderate levels of cost and complexity, mainly
characterized by their planar arrays and the incorporation of delay lines for achiev-
ing the necessary phase delays to enable precise beam steering. On the oppo-
site side, phased arrays are known for their huge cost and complexity. This is
due to their complex BFNs and the additional considerations related to thermal
management and cooling systems, which significantly contribute to their overall
complexity and expense. Lens solutions are also characterized by high complex
designs concerning their full-metal structures. On one hand, this complexity is
associated with the huge assembly on stacked 2D PPW lenses, and on the other,
it is due to the voluminous geometries of 3D discrete lenses to reach high flexi-
bility.

e Volume and accommodation: Reflector-based systems are typically character-
ized by their bulkiness and the substantial volume they occupy, primarily due to
the need to accommodate the feed system, the associated supporting structures
and the multiple apertures. Phased arrays, stacked PPW and discrete lenses
require a considerable volume due to the numerous metallic components they
must incorporate. Phased arrays and stacked PPW lenses present complex and
bulky multiple BFNs to achieve multibeam scanning flexibility. 3D discrete lenses
utilize a common BEN but remain bulky due to the need to accommodate metal-
lic arrays, delay lines between them and the feed elements. On the other hand,
RAs and TAs offer more space-efficient solutions by employing planar metallic
arrays as apertures, resulting in a slightly compact footprint compared to reflec-

tors.

In summary, this subsection has involved a comparison of various full-metal multi-

beam high-gain antenna solutions, considering attributes such as beam scanning and
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repointing capabilities, the ability to integrate active controls, support for dual polariza-
tion, frequency bandwidth, cost and system complexity, and volume accommodation.
The selection of the appropriate antenna type is mainly based on the specific applica-
tion case and the trade-offs associated with these features.

Through this comparative analysis of full-metal radiators designed for space ap-
plications, it becomes evident that 3D discrete lenses offer a promising solution to be
investigated. These systems represent an innovative solution to achieve high-gain ca-
pabilities and robust power handling using metallic structures. Their key features lies
in their ability of multibeam scanning in a flexible way by employing multiple feeds.
However, as previously mentioned, they are bulky structures incorporating multiple
metal radiating components. The complexity of accommodating these structures in
more compact ones is examined in the following section. Specifically, a focus on opti-

mizing the manufacturing processes to reduce both volume and weight is presented.

1.2 Metallic 3D printing for radio-frequency components

and antennas

Today AM, often referred as 3D printing [23]-[25], represents a groundbreaking
technology that has reshaped the landscape of design, prototyping innovative prod-
ucts, exploring a variety of situations and contexts. Unlike Traditional (subtractive)
Manufacturing (TM) approaches [31]-[33] that involve cutting or shaping materials
to create objects (e.g. laser cutting, milling, or electro-erosion), AM constructs 3D ob-
jects layer by layer, based on digital designs. This innovative AM approach is able to
achieve unprecedented levels of flexibility and precision, allowing the design of com-
plex and intricate shapes compared to the traditional one, which is well-suited for the
fabrication of simpler shapes, as shown in Fig. 1.21. More exotic meanderings can be
realized through AM technology, reaching high level of miniaturization compared to
the traditional ones.

TM, being a more established technology, offers a cost-effective solution for large-
scale production compared to AM, which tends to be less expensive for smaller batches.
Additionally, TM provides a wider range of material options compared to AM. The
main limitations of the AM are related on its novelty, but it is gradually gaining strength

over the years. The production time, also known as lead time of AM can be shorter than
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Figure 1.21 — Topology optimization achieved through AM. On the left, TM piece, while moving
on the right, more complex products, increasing miniaturization through AM (from [25]).

TM. Despite the need for more post-processing steps in AM, it still offers quicker pro-
duction compared to traditional one. In fact, a component can be designed, uploaded,
and printed within an hour, depending on its complexity. Furthermore, AM presents it-
self as a more sustainable solution since it utilizes less material and generates less waste.
It introduces the possibility of recycling materials during fabrication. For instance, the
remaining material can be directly reused for a new fabrication, starting from powder
rather than a solid block of material as in TM. Table 1.1 summarizes the comparison
between TM and AM technologies, highlighting the key features discussed above.

AM ™

Process Layer by layer Removing material
Design Complex geometries Simple geometries

C More expensive for large runs Cost-effective

ost . .
cost-effective for small batches | for large scale production
Materials Limited in materials Wide range of materials

Time Faster production Longer production

Waste More sustainable More waste

Table 1.1 — Comparative analysis between TM and AM.

In the past decade, huge advances in 3D printing have particularly influenced the
space applications sector, as reported in [128], [129]. The development of AM tech-
nologies has impacted indeed the prototyping of fast, cost-effective and monolithic RF

devices, as reported in [130]-[132]. Today, a variety of methods and materials can be
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employed within AM processes to fabricate objects. As an example, plastic polymers
can be implemented using technologies such as SLA [27], [28] or Fused Deposition
Modeling (FDM) [133], followed by a successive metal plating of the fabricated piece.
On the other hand, metal alloys such as aluminum (AlSi10Mg), titanium or stainless
steel are also employed as 3D printing techniques using directly metal materials. The
technologies that facilitate the direct 3D printing implementing these metal alloys in-
clude SLM [29] and DMLS [30].

In this thesis, the primary emphasis is focused on the use of full-metal 3D printing.
More specifically, the research focuses on only manufacturing techniques utilizing the
SLM method [29]. This choice is connected to the collaboration established within the
framework of this thesis with SWISSto12, an industrial partner based in Switzerland.
SWISSto12 has both developed and patented this particular fabrication process, as ref-
erenced in [134], [135]. Figure 1.22 showcases some of products fabricated through
SLM techniques from SWISSto12, highlighting their innovative and compact solutions

for fabricating filters, cluster of feeds, antenna arrays and curved waveguide solutions.
The main benefits achieved through full-metal AM are listed as following:

e Excellent RF performances: This technology allows for the fabrication of com-
ponents with outstanding RF performances. These components exhibit low losses
and consume minimal power, as they are constructed employing only metal.
This eliminates the need for dielectric materials that can introduce losses.

e Compatibility with high power handlings: Full-metal 3D printing enables the
design of high power systems. This is particularly advantageous for applications
that require the handling of significant power levels such as in space scenarios.

e High design flexibility: The presented technology offers exceptional design
flexibility. It can produce complex parts with intricate curvatures and geome-
tries. Layer-by-layer printing ensures higher precision and accuracy in creating
these intricate designs.

e Lightweight and mass saving: It is possible to fabricate monolithic systems in
a single piece. This eliminates the need for assembling multiple components,
which can introduce losses at the interfaces. As a result, it reduces weight and
saves material compared to TM.

e Reduced lead time and cost competitiveness: Compared to other techniques,
full-metal AM offer highly cost-competitive solutions. Reduced lead time can be

achieved compared to TM, despite the various steps involved, such as design,
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Figure 1.22 — Full-metal AM solutions developed by the industrial partner SWISSto12 using
SLM techniques. Waveguide filter and diplexer (top left), monolithic cluster of antennas (top
right), complex waveguide cluster (bottom left) and electronically steered antenna array (bot-
tom right) for space-borne payloads (from SWISSto12 website).

manufacturing, machinery setup and the execution of production cycles.
These advantages make full-metal 3D printing a captivating choice for applications
in which RF performance, power handling, design complexity, weight reduction and
cost-efficiency are crucial considerations. The evolving scenario of these technologies
presents today innovative opportunities and ongoing challenges for the New Space in-
dustry market. One notable challenge lies in the relatively recent emergence of this
technology, which has led to certain limitations. For instance, the surface roughness of
raw 3D printed metal components requires additional steps for refinement. Techniques
like chemical polishing and metal plating methods become crucial for achieving the de-
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sired levels of surface quality and conductivity [136]. Moreover, advancements in post-
processing, including automatization of the fabrication, are being explored to enhance
the manufacturing process. As this technology continues to evolve at a rapid speed, it
is anticipated that future research efforts will observe substantial breakthroughs and
innovations. These developments are expected to contribute to the continued matura-
tion of the technology, enhancing its versatility and reliability across a broad spectrum
of applications.

The use of full-metal AM technology to manufacture complex antenna systems can
provide substantial advantages. For this reason, the development of 3D discrete lenses
is entrust to the domain of metallic 3D printing, with the objective of reducing system
complexity and enhancing performances for the development in a high power handling
scenario. As a matter of fact, in the next section, the main features of 3D discrete lenses

designed in waveguide technologies through AM are showed.

1.3 3D discrete lenses in waveguide technology

In the scientific literature, discrete lens antennas are alternatively known as bootlace
or constrained lenses [22]. This nomenclature comes from the focalization of incoming
waves in a constrained manner [95]. 3D discrete lens systems consist on one or multiple
teeds positioned in the focal points, two radiating front and back arrays and delay lines
to connect the profiles, as already displayed in Fig. 1.19. In particular, the determination
of the number of focal points involves solving Geometrical Optics (GO) equations for
focalization, which necessitates considerations regarding certain variables of the lens.
A detailed explanation of these considerations is provided in the upcoming sections.

In general, 3D discrete lenses present the potential to facilitate scanning in all direc-
tions more effectively when compared to the previously presented solutions involving
stacked 2D lenses. In literature, 3D discrete lenses are less considered compared to the
2D counterparts. Some seminal contributions are reported in the following as starting
points. In [123] McGrath has introduced a 3D discrete lens presenting flat front and
back arrays and two focal points located in the lens axis, with the homologous element
radially aligned. Then, Sole and Smith [137] introduced an example of 3D discrete lens
exhibiting flat front and back arrays with the shape of a saddle and four focal points. In
[124]].B.L. Rao investigated 3D discrete lenses having two, three, and four focal points
located in a single plane containing the longitudinal axis of the lens. ]J.L. MacFarland
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and J.S Ajoika [138] showed a solution based on bi-spherical lenses composed by a
combination of half-spheres having two identical radii; while ].B.L. Rao [139] modified
these lenses radii in a more generic way. In addition over the last 20 years, several devel-
opments on 3D discrete lenses have been improved including some industrial products
[22], [122], [126]. Today the choice of the arrays shape and the number of focal points
is primarily determined by the specific application and scenario. This includes con-
siderations such as balancing accommodation and scanning capabilities across a wide
FoV, among other factors.

In the next section, an overview on the properties of 3D discrete lenses is presented
concerning their geometry analyzed into details as well as an examination of their pri-
mary strengths and weaknesses. Subsequently, the relation between degrees of free-
dom and number of focal points is introduced. Following this, a section dedicated to
the magnification or zooming factor applied to 3D discrete lenses, defining several po-
tential application scenarios corresponding to different values of this factor. Finally, the
section concludes with the radiation pattern computation in order to reach multibeam
scanning flexibility.

1.3.1 General features

A generic sketch of a 3D discrete lens is displayed in Fig. 1.23 to generate beams
pointing in multiple directions such as: in broadside (beam #1), in the horizontal plane
(beam #2) and in a generic oblique plane (beam #3). In general, these focusing sys-
tems (already discussed in [22]) are mainly characterized by the cascade of multiple
elements as described in the following;:

e a front radiating array of diameter D4 (in blue) to perform the steering in the
desired directions (Gout ks Pout k)

e a block of delay lines to connect the back and front arrays (dashed black lines
within the grey box);

e a back array of diameter Dy (in red) illuminated by the selected feed from an
angle (Oin k; Pin,k);

e a feed array containing the feeds F}, placed in the focal points.

Essentially through these systems, as already discussed, the incident wave does not
necessarily follow Snell’s law when it passes through the lens arrays. Instead, it is con-
strained to follow the delay lines, as defined by the connected points through dashed
black lines in Fig. 1.23.
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Figure 1.23 — Conceptual view of a 3D discrete lens, including a front array (in blue), back array
(in red), block of delay lines (in grey) and feed array (in green). Three possible beams are
visualized: beam #1 in broadside, beam #2 in (0;,, 2 > 0°,¢in 2 = 0°) and beam #3 in a generic
direction (0;,3 > 0°,¢in3 > 0°).

Various technologies can be employed to create such delay lines, including coaxial
cables [126], metallic waveguides [140], and microstrip lines [123]. However, since one
of the objective of this thesis is to propose a full-metal solution, the delay lines realized
by waveguides are considered with a deeper focus on their design in Chapter 2. This
choice is motivated by their capacity to exhibit low signal losses and effectively handle
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high power levels, making them a pertinent choice for the thesis investigation.

Moreover, when the lens is fed in a focal point, it theoretically achieves perfect fo-

calization of the energy without any phase aberrations, similar to what occurs in op-

tics [95]. The number of these focal points is determined by the specific geometry of

the employed 3D discrete lenses and the constraints applied to the variables defining

their front and back arrays. This relationship will be explored in detail in the upcom-

ing sections. In general, 3D discrete lenses are characterized by the following notable

strengths:

1.

High 2D scanning capabilities: These antennas present high flexibility in steer-
ing the beam among multiple directions due to their 3D geometry. This is in
opposition with the scanning constraints observed in 2D lenses [104]. In addi-
tion, they exhibit minimal scanning losses thanks to their multiple feeds and the

arbitrary front and back arrays configurations.

. Multibeam coverage: These systems allow for the creation of multiple beams us-

ing a SFPB configuration employing one single aperture. Essentially, by feeding
each feed, the corresponding beams are emitted in the far field from the front
array. Additionally, active controls can be implemented to achieve continuous
spot coverage, enhancing illumination efficiency of the profiles and mitigating

crossover levels and spillover losses.

. True-time delay solution: The implementation of delay lines, realized in this

thesis through waveguides between the front and back arrays, significantly en-
hances broadband operations, especially when employing bandwidth-enhancing

features like dual-ridged solutions.

Quasi free-space beamforming solution: The process of beam formation pri-
marily occurs in the free-space. In fact, in the initial phase, the electromagnetic
tields propagate in air, specifically from the feed to the back array. Subsequently,
in the second phase, the back and front arrays are connected together using low
losses delay lines.

. Dual polarization features: Using dual channel waveguides, these radiating

systems support dual polarization features, functionality not yet applicable for
2D lenses. Additionally, dual polarized radiating elements can be integrated
quite easily including in their design septum polarizers to separate the two po-
larizations.
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6. Complexity scaling with number of beams: The complexity of these systems
slightly increases with the number of elements and beams. In fact, to increase
the scanning capabilities (e.g. additional fixed beams in the SFPB optics), one
simply needs to augment the corresponding feeds within the feed array, rather
than having to expand the associated BFNSs, as is typically required for phased

arrays.

On the other hand, the main limitations consist mainly on their high volume and
weight which pose challenges in terms of accommodation. These 3D discrete lens im-
plemented employing only metal should also accommodate active controls, thermal
and cooling blocks [126]. An approach for simplifying the full-metal system complex-
ity, as outlined in this thesis, consists on employing AM technologies to fabricate the en-
tire radiative system. This approach facilitates the integration of multiple components
into a single monolithic piece and creating a cost-effective system capable of handling
high power levels while facilitating manufacturing constraints. Experimental valida-

tion are presented in the next chapters.

1.3.2 Variables definition

Figure 1.24 shows a generic representation of a 3D discrete lens in all its building
blocks and variables. The depicted lens presents a rotational symmetry and its geom-
etry is the same for all the azimuth planes. However, this formulation can be applied
for both rotationally and not rotationally symmetric lenses. In the case of not rotational
symmetry, each plane of the lens possesses its own distinct architecture.

The i-th back array antenna B; is defined by its Cartesian coordinates OfB>Z = [Xg,,
Yp,, Zp,). While, the i-th front array antenna A; is described by its front coordinates
OA; = [Xa,, Ya,, Z4,)- The total number of element for each array is identified as Ny,.
To note that the relation between the two coordinate systems is just a translation in
the z-axis as following |E)—’5| = A, The focal distance measured between the generic
focal point and the cen_te>r of the back array is defined by the variable F'. The k-th focal
point is denoted by O'F; respect to the center of the back array coordinates. Their
corresponding positions are determined by the azimuth and elevation input angles as

follows:

51



Chapter 1 — State of the art

Feed array Delay lines )

Figure 1.24 — Sketch of a 3D discrete lens with flat front and back arrays in all its variables.

F,, = Fsin(0n ) cos(¢ink)
OFy=1{ F, = Fsin(fi)sin(dms) (1.1)
F,, = —Fcos(0in)

Zk

The feed array in Fig. 1.24 can be defined as the grouping of feeds containing the fo-
cal points, that guarantees minimum phase aberrations for the highest number of points
of the lens [122]. The shape of the depicted feed array serves as a general representa-
tion. In many contributions in literature, spherical, elliptical, or parabolic feed array
shapes have been introduced to perform multibeam scanning while minimizing phase
aberrations [123], [137]. In [122], the analytic definition of the shape of the feed array
is presented. This method is presented in Chapter 4, for the analysis of a rotationally
symmetric lens.

The output pointing angle of the lens in Fig. 1.24 is expressed in terms of azimuth
and elevation components (Gpu i, Pout k). It is important to emphasize that when the
azimuth input angle ¢;, s is defined, the corresponding output angle is uniquely de-

termined by the following relationship: ¢our = ¢inx + 180°, as in optics. The relation
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between the output and input angles, as well as the sizes of back and front arrays, are
described in Section 1.3.4. The physical length of the i-th delay line is denoted by the
variable W;. This variable has a crucial role in providing the desired phase delay be-

tween the back and front arrays for focalization, as elaborated in the next subsection.

1.3.3 Focal points and degrees of freedom

The focal points represent the solutions derived from the system of GO equations
employed for the focalization of the lens. In the context of a 3D discrete lens, the fo-
calization originating from an arbitrary focal point Fj, is visually displayed in Fig. 1.25.
Specifically, a focal point, defined by its coordinates (6, k. ¢ink), is expected to generate
a plane wavefront with zero phase aberrations, referred to as I';, in the correspondent
directions (Gput ki, Pour,k). The collection of GO equations to be verified considering the
focalization from the focal point £}, can be summarized as follows:

ko| Fy. B;| + kyW; + ko|A; P, | = constant (1.2)

Being each term described afterwards:
-
o kolFiBi| = ko\/(Fok — X5,)2 + (Fyx — Y5,)2 + (Fo . — Zp,)%, the phase delay in
air between the generic focal point and each point of the back array;

o k,W;, the phase delays connecting the elements in the back and front arrays us-
ing waveguides having W; as physical length and k, the corresponding guided
propagation constant;

° ko|ﬂ| = ko[ X a, sin(Oour k) cOS(out )+ YA, SIN(Oour k) SIN(Pout k) +Z 4, 0S(Oour )]+
¢k, the phase delay between each point of the radiating front array and the con-
stant phase front considering its arbitrary constant term c;, to scan in the direction
(Oout ks Pout,r) in the point P .

The above GO focusing equation can be employed with any lens to examine the fo-
cusing from the focal points and guarantee zero aberrations. Now, let’s focus on the
general methodology (introduced in [122]) used to calculate the number of Degree
of Freedoms (DoF)s or focal points of a 3D discrete lens, taking into account the con-
straints imposed by the shapes of the arrays.

The number of variables required to define a 3D discrete lens are 7 (as discussed
in [122]) as following: the coordinates of the back array O’—B>Z (defining 3 variables),

the delay lines between the two arrays W; (defining 1 variable) and the coordinates of
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Figure 1.25 — Variables defining GO focalization of a 3D discrete lens from an arbitrary focal
point F}, to generate a constant I';, plane wavefront in (fout i, @out,k) in the 2Oz-plane.

the front array O—flZ (defining 3 variables). When sizing the lens, it is usually necessary
to fix either the size of the back or front array (therefore Xp,, Y5, or X4,, Y4,) as inde-
pendent variables, reducing the number of DoFs to 5 (here: 7 — 2 = 5 DoFs). For this
reason, 3D discrete lenses can exhibit up to 5 focal points [122]. Indeed, as more design
variables are constrained for manufacturing limitations or to meet specific performance
criteria, the number of DoFs or focal points reduces. Several examples illustrating these
scenarios are provided analytically in [122].

An example to illustrate the concept of how the imposition of specific constraints
can determine the number of focal points in a lens system is proposed. In McGrath’s
work, detailed in [123], a 3D discrete lens was constructed. This lens featured both flat

back and front arrays, where Zp, = Z,4, = 0, as a consequence exhibiting 7—2 = 5 DoFs.
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Additionally, the design involved fixing the elements in both arrays to be aligned in the
same radial directions, exploiting a rotational symmetry (fixing their azimuth angle).
As a result of these constraints, the lens achieved two focal points (in this case, 5—3 = 2
DoFs). This example serves just as a practical application case demonstrating how the
imposition of specific constraints can determine the number of focal points in a lens
system. Taking a closer look, it is clear that a 2D discrete lens ordinarily exhibits a
maximum of 4 focal points (in this instance, 5 — 1 = 4 DoFs) as detailed in [104].

1.3.4 Magnification or zooming factor

In 1967, an additional parameter known as the zooming factor was introduced for
bootlace lenses at Raytheon [112], [141]. This parameter allowed the manipulation of
the ratio between the angle of incidence and the pointing angle in output of discrete
lenses, which is directly related to the ratio of the front and back arrays. This zooming
factor, which can also be referred today as the magnification factor (as mentioned in
[22]), plays a crucial role in adjusting the magnifying effects of these radiative systems.
It is worth mentioning that this type of zooming capability or magnification effect has
already been employed in the context of reflector-based antennas [142], [143] to enlarge
the dimensions of the focal feed array as well as in 2D discrete lenses [104].

In the context of this analysis, it is essential to establish a single fixed maximum
pointing angle, denoted as 0]}, as well as to define the corresponding input or incident
angle originating from the feed within the focal array, referred as ¢;**. The formula
that connects these input and output angles while incorporating the magnification or
zooming factor M (as outlined in [104], [122]) can be expressed as follows:

sin(04%) = M sin(0,%") (1.3)

out

In Fig. 1.26 three different discrete lens scenarios varying the magnification factor
M are compared for a generic lens with flat front and back arrays. In particular, the size
of the front array D4, the incident angle 0'“" and the ratio F'/ Dy are fixed while the
dimension of the back array Dp and the focal distance F' vary considering the cases as
following: (a) M <1, (b) M =1and (c) M > 1.

As illustrated in Fig. 1.26a, when M < 1, the resulting output pointing angle is
reduced compared to the incident input one (as ¢,.5* < 672%"). In this case, the back ar-

ray is reduced compared to the front one, achieving indeed a more compact and easily
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Figure 1.26 — 2D representation of a 3D discrete lens with flat front and back array. Cases: (a)
M<1,(b): M=1,(c): M>1.

implementable solution. It is relevant to note that reducing the linear dimensions by
a factor of M results in a volume reduction of a factor A/3. This configuration is com-
monly selected when planning for scanning with a small FoV in order to achieve sub-
stantial reductions in the overall system volume. This specific condition is particularly
suitable for applications such as on-board systems orbiting in GEO. In GEO payloads,
the primary characteristic is a limited FoV and since these systems are positioned at a
considerable distance from Earth, there is a need to minimize both their physical size

and weight to mitigate power consumption.

In Fig. 1.26b, when M = 1, the incident and output pointing angles are exactly
the same (as 03" = 0;7%"). Correspondingly, the front and back arrays have the same
sizes. For this reason, any overall system size reduction is achieved, as compared to
the previous configuration. In addition, for this particular scenario, it is impossible to
achieve large output pointing angles. This is due to the necessity of extremely high in-

put angles illuminating the back array, as previously discussed in [122]. By increasing
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g and consequently 6777, the size of the feed array becomes substantially larger than
the back array, resulting in very poor illumination for angles exceeding approximately
gner ~ 45°, as discussed in [122]. Hence, when considering the use of these lenses in
practical applications, it is important to take into account a larger overall volume com-
pared to the previous case. This is particularly relevant for scanning scenarios that may
involve angles of up to approximately 45°, such as those encountered in ground stations,
gateway antennas or when dealing with payloads in Medium Earth Orbit (MEO).

In the case of M > 1 (depicted in Fig. 1.26¢c), an increment of the size of the back
array compared to the front one is obtained, guaranteeing good illumination. This time,
the accommodation is increased, with an increment of the overall volume of about M?3.
The limitation related to the increment of the volume can be tolerated for ground-based
or gateway antennas, in particular considering extended scanning FoV applications.
However, it is important to note that this time, when increasing the size of the back
array relative to the front one, there is an additional advantage in terms of the output
pointing angle (as ¢7.5* > 0"*). It becomes indeed possible to scan angles that are
larger than the input angles by applying a magnification factor greater than one.

Accordingly, when designing a 3D discrete lens, various options on the magnifica-
tion factor can be chosen based on the particular application scenario. This choice takes
into account factors such as scanning within the FoV and the volume accommodation
of the entire system. For this reason in the next chapters, a detailed examination of the
two extreme cases is carried out: a scenario with a narrow FoV and another with a wide
FoV (respectively Chapter 3 and Chapter 4) employing different values of magnifica-

tion factor.

1.3.5 Radiation pattern analysis

The simplified scalar formula employed to define the radiation pattern R;, of a 3D

discrete lens considering the k-th generic feed in input is expressed in terms of electric

field as following;:
L Qi —jko[X a, sin(6 Ya, sin(6) si zZ 0
Rk((g’ ¢) _ Z 0l o —ikg ZEE(H, ¢)€ Jko[X a, sin(0) cos(¢)+Ya, sin(0) sin(¢)+Z 4, cos(0)] (14)
i=1 al,k

When the lens is rotational symmetric the ¢-dependence could be omitted, while
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for the other cases it should be considered. The first term ZI—Z of Eq. 1.4 describes the
amplitude and phase taperings within the back array where:

e the amplitude tapering |a; | mainly depends on the spherical free-space prop-
agation from the feed to the back array as WkﬁIBi' and the product of the element
patterns associated with them (depending on the chosen antenna). It is impor-
tant to highlight that to improve the amplitude tapering can be possible by means
of an active control of the lens.

e the phase tapering Za;, = —kole—Bﬂ is determined by the distance in air be-
tween the generic feed position and the elements of the back array, with k, rep-
resenting the propagation constant in air.

The second term e~7*s"i represents the phase delays between the back and front ar-
rays considering waveguides as delay lines. In particular, the IV, represents the physi-
cal waveguide length and £, the corresponding guided propagation constant. The third
term E'F;(60, ¢) characterizes the embedded pattern of the i-th element of the front array
and it is better analyzed in the next chapters. The last term represents the phase delays
related to the positions of the front array elements and the considered directions.

By utilizing the formula in Eq. 1.4, it becomes possible to examine the radiation
features of a 3D discrete lens system, regardless of its geometry, which may include
other profiles of the back and front lens, varying the number or the position of the feed

and whether or not it is rotational symmetric.

1.4 Conclusion

This chapter has provided an introduction to high-gain antennas to reach 3D flexi-
bility in multibeam scanning. These antennas are crucial for current and future space
applications, whether on-ground or on-board various platforms.

The comparison between different radiating solutions that employ metallic materi-
als has been carried out. These solutions aim to provide a good balance between ex-
treme flexibility on one hand and high power handling with minimal losses on the
other. Within this examination, a comparison on reflector-based, array of antennas and
lens systems has been carried out, showing their principal benefits and limitations.

This analysis highlights that 3D discrete lenses emerge as an excellent choice for
achieving highly flexible scanning capabilities among multiple directions. Notably, the
ratio between the sizes of the back and front arrays called also magnification factor

58



1.4. Conclusion

plays a significant role in influencing both the input and output FoVs, allowing them
to achieve flexible coverage. Additionally, they offer quasi free-space beamforming ca-
pabilities since beam formation occurs almost in an air-like environment and without
the need for multiple BFNs. Furthermore, the integration of active controls along their
chain enhances their performance in terms of illumination, crossover levels for con-
tiguous multi spot coverages and minimizes spillover losses. Moreover, they have the
capacity to support dual polarization features for their 3D geometry. However, it is im-
portant to note that these advantageous features necessitate the use of bulky systems,
especially when considering their full-metal implementations.

Today, significant developments in 3D printing technology enable design of very
cost-effective complex systems. Specifically, full-metal AM simplifies the production of
exotic geometries compared to TM methods. The use of full-metal AM technologies also
allows the construction of monolithic components, eliminating the interfaces between
interconnected parts. This not only reduces weight but also enhances mass savings
while minimizing losses associated with interconnections.

The development of 3D discrete lenses through full-metal AM is taken into account
in this thesis. These lenses are deployed to work in different application scenarios span-
ning from narrow to wide FoVs, as extensively discussed in Chapter 3 and Chapter 4.
Another noteworthy innovation involves also the capability to design curved waveg-
uides to be employed within 3D discrete lenses to reach the desired phase delays for
focusing. In particular, such novel waveguides referred to as MWs are conceived and
analyzed in the next chapter.
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CHAPTER 2

Meandered waveguides

2.1 Introduction

Controlling phase delays of guided waves is essential in the design of RF systems
requiring signal distribution, recombination or beamforming. Such functionality is im-
plemented in a wide range of devices, spanning from simple components such as turn-
stile ortho-mode transducers or mode extractors [144], to more complex distribution
systems such as multiport amplifiers [145] or antenna BFNs [146], [147]. The control
of the phase delay combined with spatial routing of the signals can become an impor-
tant challenge. The typical accommodation constraints are related to the two profiles
to be interconnected. These profiles, incorporating elements such as radiators linked to
thermal blocks or amplification controls, are principally separated by a vertical distance
separating them. Additionally, they may each feature different periodicity and lattice
structures to accommodate different blocks. In this context, routing mechanisms pro-
viding high flexibility are typically desired [148]-[150]. This is the reason for their
investigation in this thesis.

The most frequent solution for the RF signals spatial routing is based on the use of
transmission lines implemented in a PCB layout (microstrip and stripline, among oth-
ers), as in [151], [152]. This configuration is chosen for its low cost and high suitability
for integration of active electronic components. Still, this solution is very limited for
spatial routing, it has significant insertion losses and is only applicable in low power

systems. Coaxial cables are an alternative to PCB routing since they allow the intercon-
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nections with complex 3D trajectories [127], [ 153 ] with medium insertion losses. How-
ever, their high power handling is still an issue since they employ dielectric materials.
Conventional waveguides allow for signal routing with very low insertion losses and
high power handling [154]-[157]. Yet, their fabrication is very cumbersome, since it
involves the assembly of discrete waveguide parts (including bends, twists, etc), which
might lead to practical performance issues due to imperfect assembly. Substrate Inte-
grated Waveguide (SIW) and the recent air-filled version (AFSIW), appear as a com-
promise between waveguides and PCB technology products, offering medium loss and
low cost devices, [158], [159]. High power handling and 3D routing are still an issue
in these two technologies.

In this context, AM appears as an enabling solution to conceive routing networks
that combine low insertion losses, high power handling, extreme flexibility and low
cost [160]-[162]. For this reason, in this thesis we have devoted the first efforts to char-
acterize MWs. The concept of MW was firstly proposed for 3D routing in [149]. Such
a preliminary result represents one of the main motivations of this thesis. MWs per-
mits to synthesize desired phase delays by tuning the curvature between two assigned
points. The resulting complex curvatures can only be fabricated in AM technology.
Indeed, such technology enables monolithic pieces or even monolithic clusters, thus
simplifying problems associated to assembly. RMWs represent a step further in the
conception of MWs, since they also entail an enhancement of the bandwidth. In fact,
they present an interesting middle point between the non-dispersive TEM propagation

of coaxial cables and the limited bandwidth of conventional waveguides.

To highlight the performance of AM waveguides, Fig. 2.1 offers a comparison of
transmission losses across various technologies previously discussed. These technolo-
gies encompass a possible type of coaxial cable (labeled as reference number C32SZ(3Q)
[163]), a 50 Ohms microstrip line constructed using copper for the conductive compo-
nent and Rogers 6002 for the substrate, an AFSIW utilizing Rogers 6002, as detailed in
the paper [164] on page 1230, and measurements acquired from SWISSto12 for an AM
process employing plating to build a conventional rectangular waveguide. It is clear
that the AM waveguide technology allows for significant reduction in transmission
losses compared to the other technologies, which is the primary reason for selecting

it in this thesis.

The chapter is organized as follows: the first part presents the analytic description
of the MW trajectory connecting two points allowing the building of the path through a
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Figure 2.1 — Comparison of transmission losses between coaxial cables, microstrip lines, AFSIW
technology and AM waveguide implementing chemical plating.

modulated function and the dual-ridge cross-section evolution along it. Consequently,
the phase delay synthesis methodology is presented and some numerical examples and
simulations are provided. Finally, the analysis and design of RMW clusters to be em-

ployed in several space scenarios is proposed.

2.2 Building guidelines

MWs can be defined as waveguides with a modulated trajectory along the propa-
gation axis. The goal is to design MW able to connect two assigned points (indicated
as starting and ending points P; and F,) through a tailored trajectory that guarantees a
desired phase delay. To design a MW, two waveguide ports placed in the starting and
ending points should be connected. The following hypothesis are here considered (as
displayed in Fig. 2.2):

o the two waveguide ports have the same cross-section, which is maintained through-
out the trajectory;

e the waveguide ports centered in the starting and ending points are parallel to
the zy-plane;
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o the profile followed by the MW should be characterized by a continuous function

and with a continuous first derivative to ensure smoothness.
The problem consists on: the design of the MW centerline or trajectory connecting
the two points, the definition of the modulation function, the design of the waveguide

along the modulated trajectory and the correspondent phase delay synthesis.
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Ty €= + P, Py o-----1----- Zs
N e . R S .
O : ’ > || = ' | e
Zs Ze z Ye Ys Y

Figure 2.2 — Waveguide connection specifications from the starting point P of coordinates [z,
s, 2s | to the ending point P, of coordinates [z, ye, ze |. On the left side: xOz-plane view (lateral
view), on the right side: zOy-plane view (cross-section view).

2.21 Trajectory baseline

To build the modulated trajectory, an auxiliary axis ¢ that connects the points P
(where t = 0) and P. (where ¢t = 1) is considered as centerline (see Fig. 2.3).

The 3D trajectory path curve described by P(t) starts at P; and ends at P, following
the conditions:

{P(O) =0 (2.1)

P(1) =P,

and it is built in such way to enable an arbitrary modulation of the phase delay. The
curve should be perpendicular to the zy-plane att = 0 and ¢ = 1 to ensure differentia-

bility at the connection points.
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LA

5? zs ze \t*fz

Figure 2.3 — zz-plane projection of the trajectory path curve P(t) (in red) between the starting
and ending points defined in ¢ coordinate system (in green).

To reach these goals, the MW trajectory P(t) is defined as follows:

—

OB(t) = OP,(t) + b(t) + m(t) (2.2)

where O is the coordinate system origin, b(t) a baseline function to properly connect P
and P, and 7(t) a modulating function to synthesize the phase delay. To satisfy Eq. 2.1,

the following relations are verified:

b(0) = 6_>

oy = Rk (2.3)
m(0) = 0

m(l) = 0

While, in order to ensure differentiability in the connection points, conditions on the

derivative functions are included:

%(0) and %(1) both oriented along 2

(2.4)

%(0) and %(1) =0
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Thus, the baseline is defined as follows:

g(t) = (xe - xs>8(t)aAj + (ye - ys)s(t).@ + (ze - 25>t§ (25)

being s(¢) the step function defined employing the formulation proposed in [165]:

s(t)

1, (14 ePltorw/2)
= n<1 — e ) €O (2.6)

where ¢, defines the inflection point of the step function while w and 3 are the slope
parameters (Fig 2.4). These parameters can be used as degrees of freedom, giving flex-
ibility in the design of MW. To verify the conditions of continuity and derivability in
Eq. 2.3 and Eq. 2.4, the following conditions are determined experimentally: fw > 11
for ty = 0.5, while fw > 22 for ¢, = 0.4 or 0.6, as shown in Fig 2.4.

1 .
0.8 |
0.6 |
N
—
0
4r
0 —— 1 = 0.4, fuw = 18
—ty = 0.5, fw = 11
0.2} - = =ty = 0.5, Bw = 22|
to = 06, ﬁw =18
O —u 1 1 1
0 0.2 0.4 0.6 0.8 1

t

Figure 2.4 — Examples of step functions s(t) varying the inflection point ¢y and the product fw
to verify the conditions of continuity and derivability (Eq. 2.3 and Eq. 2.4).
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2.2.2 Modulation function

To synthesize different phase delays while still verifying the conditions on the con-
tinuity and derivability, the modulating function is added:

m(t) = m(t)e, (2.7)

where €,, = 62 + 7 is a unit vector defining in which plane the modulation is applied.
This plane can be freely chosen. The modulation m(t) is given by the trigonometric
function:

m(t) = Asin(mPt)sin®(7t) (2.8)

being A the amplitude and P the semi-periods. Such parameters represent the degrees
of freedom that allow to control the trajectory baseline modulation and thus the phase
delay to be synthesized, as discussed in [149]. The second quadratic term in Eq. 2.8
guarantees that the bend in the edges of the path are smaller than the one in the center
acting as a spatial window, to facilitate the manufacturing process. Some examples are
depicted in Fig. 2.5 displaying multiple combinations of amplitude and semiperiod
within the modulation functions. Note, that the phase delay of a MW could be reached

by multiple combination of such parameters, as better analyzed in the next section.

4 T T T T
——A=2 P—38
——A=05P=38
2 A=6,P=2 |]
S
— 0
g
9L _
_4 1 1 1 1
0 0.2 0.4 0.6 0.8 1

t

Figure 2.5 — Modulation function m(t) with different modulation parameters.
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2.2.3 Parallel transport approach

In order to build accurately a MW, a smooth evolution of the cross-section along
the trajectory O?(t), based on the parallel transport approach [166]-[168], is imple-
mented. Through this algorithm, an orthonormal basis of vectors (7, @, v) is built along
the modulated centerline from the starting to the ending points maintaining the same
orientation, as displayed in Fig. 2.6 for a simple rectangular waveguide.

X

Figure 2.6 — Orthonormal basis (7i(t), #(t), ¥(t)) along a centerline O—}%(t) (in blue) connecting
starting and ending points and considering a rectangular waveguide cross-section.

As explained in [166], such approach has been chosen since it avoids the issue of ori-
entation inversion in non-convex or vanishing curves, which is happening for the Frenet
frame approach. Figure 2.7 displays the comparison between the two approaches con-
sidering: (a) a convex curve which is the same for both Frenet and parallel approaches,
(b) a non-convex curve for the Frenet frame with the inversion of direction within the
curve at each inflection point and (c) the non-convex curve considering the parallel
transport approach without any inversion.

The implemented basic steps of the parallel transport algorithm for piece-wise linear

curves are here defined step by step, depicted in a schematic way in Fig. 2.8.
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St

(a) (b) ()

Figure 2.7 — Comparison of the Frenet frame and parallel transport approaches on plane curves
considering the basis (7, @, v') where 4 is pointing out of the paper. (a) Convex curve. (b) Non-
convex curve: Frenet frame approach. (c) Non-convex curve: parallel transport approach.

) Uit1 t

(%

0
/T'9¢+1‘ ﬁfH_l

—>
’lLi—|—1 \
U

Figure 2.8 — Schematic of the orthonormal basis implemented along the trajectory curve between
the steps ¢; and ¢;11 using the parallel transport approach algorithm.

The unit vector perpendicular to the arbitrary cross-section (and tangential to the tra-
jectory) is described by:

i1 = % i=0,.,N—2 (2.9)
| PiPit]]

where the variable are simplified as: P(i) = P(t;), 7i; = 7i(t;) and evaluated in the set of
points t; = i/N (where N is sufficiently high for a good approximation). At the extreme
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points of the trajectory, the tangential vector must be parallel to the z-axis: 77, = iy =
2, as anticipated at the beginning of Section 2.2. The vector #, perpendicular to the
modulated centerline, is implemented starting from the choice of the initial orientation
uy (vector that defines the orientation of the waveguide cross-section at the starting
point) as follows:

@1 = R(0i41, Biy1)d;, i=0,.,N—1 (2.10)

where the vector B, is evaluated as:

3 Ny X Ny

By = (2.11)

|17 X 7]
The evaluated angle between each step 0,.; = arccos(7; - ©;+1). The rotation matrix
R(8, B) of the vector B about the angle 6 is implemented from [166] as:

c+ B,*(1—¢)  B,B,(1—¢)—sB, B,B.(1-c)+sB,
R(0,B) = |B,B,(1—¢)+sB. c+BX1-¢) ByB.(1-c)—sB, (2.12)
B.B,(1—¢)—sB, B.B,(1—c)+sB, c+ B(1—¢)

where ¢ = cos(f) and s = sin(#). The third vector is expressed by the cross-product
of the defined vectors: v; = 7i; x 4;. Such vectors form an orthonormal basis in each
point of the discretized trajectory to define the cross-section evolution along it.

The implementation of MWs involves a process of replicating a cross-sectional con-
figuration along the modulated curve. This replication follows the orthonormal basis
established through the parallel transport approach in evaluation points denoted as ;.
An illustrative example can be seen in Fig. 2.9, which depicts the utilization of the par-
allel transport approach basis to build a MW centerline with parameters A = 2 and

P = 8, presenting three different perspectives.
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Figure 2.9 — Parallel transport basis along a modulated centerline with modulation parameters
A =2 and P = 8 connecting two defined points.

2.24 RMW cross-section

The parallel transport approach can be applied to any type of waveguide cross-
section to build a MW. In this thesis, the waveguides are mainly implemented consider-
ing a dual-ridged inset, as showed in Fig. 2.10. In addition, to facilitate the fabrication
through AM techniques, rounded corners can be also considered.

Figure 2.10 - RMW cross-section with rounded corners.
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The ridges allow to increase the single-mode bandwidth of the waveguide since they
lower the cut-off frequency of the fundamental mode. In Fig. 2.11, four waveguides
with different cross-sections are considered and the corresponding dispersion curves
are compared (k, and k, are respectively the waveguide and the free-space propaga-
tion constants). When decreasing the cut-off frequency of the fundamental mode, the
propagation constant vs frequency becomes more linear around the selected operation
frequency f, = 28.5 GHz. In fact, achieving a flatter curve corresponds to an optimal
true-time delay and broadband operation. It is interesting to notice the difference be-
tween the black curve (conventional rectangular waveguide) and the blue curve (dual-
ridged waveguide) and how the ridge waveguide enables wave guiding with reduced

influence of the dispersion inherent to waveguides.

‘‘‘‘‘
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.
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—h; = 0mm
——h,; = 0.5mm
———h,; = 0.75mm
—h, = 1lmm

1 1 1 1

1

10 15 20 25 30 35 40
Frequency (GHz)

1

Figure 2.11 — Dispersion curves of rectangular and dual-ridge waveguides for the two first prop-
agating modes (TEg, TE) with w, = 3 mm, w, = 7mm, r, = 0 mm, 7, = 0 mm, r. = 0 mm
and ¢ = 0.25 mm.

2.2.5 Numerical examples

To build a MW of arbitrary cross-section in CST Microwave Studio (CST), an inter-

face code isimplemented in order to read the parameters related to the modulated curve
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and the orthonormal basis along the curve in all the set points determined in MATLAB.
In CST, the user can build the MW to simulate, being able to define arbitrarily:
e the cross-section (rectangular, single or dual-ridge with corner roundings or not,
etc.) of the waveguide;
e the possibility to create automatically two waveguides (one parallel to the other),
in order to support dual polarized signals through a dual channel structure;
o the parameters defining the step function connecting two points and the modu-
lation parameters;
e the plane of modulation, as outlined in the context of Eq. 2.7. E-plane modu-
lation corresponds to § = 1, v = 0, while H-plane modulation corresponds to
0 =0, v = 1. Additionally, arbitrary intermediate cases are possible.

In Fig. 2.12 some examples of RMWs employing a dual-ridged waveguide cross-
section with rounded corners (as in Fig. 2.10) are depicted. The example in Fig. 2.12a
shows a simple step function with a displacement in the y and z coordinates, while
from Fig. 2.12b to Fig. 2.12d RMWs with exotic meanderings and displacements in all
the coordinates that can be achieved are showed.

Figure 2.13 provides additional examples of RMWs without employing rounded
corners, illustrating the potential for implementing different cross-section shapes and
implementing also the dual channel option. In Fig. 2.13a a waveguide with a step
centerline without any modulations is shown. In contrast, Fig. 2.13b showcase RMWs
with a modulation function applied in the E-plane and Fig. 2.13c shows two modulated
waveguides in the H-plane with dual channel option activated typically employed for
dual polarized routing. These waveguides are extremely versatile and can be easily

adapted for a huge range of specifications.
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(c) (d)

Figure 2.12 — Examples of RMWs with rounded corners with different curvatures between two
points Ps(xs, Ys, 2s) and Pe(zs+ Ay, ys + Ay, 2, +A): (a) step function with displacement A, =
0,A, = 2Xg, A, = 10)\g, (b) meandering in the H-plane with A = 2, P = 4 and displacement
Ay =0,A, =0,A, =10\, (c) meandering in the E-plane with A = 8, P = 6 and displacement
Ay = 40, Ay = 2Xg, A, = 10Xy, (d) meandering in the E-plane with A = 4, P = 8 and
displacement A, = 2X\g, Ay = 2Xg, A, = 10A.
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(a)

(c)

Figure 2.13 — Examples of RMWs without rounded corners different curvatures between two
points Ps(xs, ys, 25) and Pe(xs+ Ay, ys+ Ay, 2s+ A ) with the same displacements A, = 0, A, =
2X0, A, = 10Ag: (a) step function (A = 0) with centerline length L, = 108.60 mm, (b) mean-
dering in the E-plane with A = 3, P = 6 centerline length L, = 111.46 mm, and (c) dual channel
meandering in the H-plane with A = 3, P = 6 centerline length L. = 111.28 mm.
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2.3 RMMW synthesis

The flexibility of the proposed method to build RMWs consists in connecting two ar-
bitrary points and playing on the modulation parameters (A and P), to properly match
the specifications on phase of the RF signals. In this section, the synthesis of phase
delays in RMWs is presented and involves the comparison between the desired and
obtained phase delays through full-wave simulations in CST. Considerations regard-
ing the manufacturing guidelines for RMWs, aimed at minimizing potential reactive
effects that could influence the synthesis of the phase delays are also introduced.

2.3.1 Phase delay optimization

The RMW design process starts by defining the step function connecting two ar-
bitrary points. In this case, in order to avoid discontinuities at the connection points
and sharp slopes, the inflection point is fixed in the center ¢, = 0.5 and the inclination
parameters are Sw = 11 with 8 = 22 and w = 0.5, as anticipated in Section 2.2.1.

The phase delay of a RMW can be approximately computed as following: &, = k,IV/,
being k, = ko\/1 — (%)2 the propagation constant of a conventional waveguide with f,
the cut-off frequency, f the central frequency, k, the free-space propagation constant
and W the correspondent centerline length. To synthesize a given phase delay @, the
designer can adjust both the centerline length W (through A and P) and &, (through the
cut-off frequency of the fundamental mode in the RMW, by adjusting the cross-section
dimensions). The optimization process involves minimizing the difference between the
desired phase delay and the simulated one.

Initially, the process involves specifying the desired phase delay using MATLAB.
Subsequently, the simulated phase delay is refined in CST. This optimization process
becomes more accurate by considering the actual propagation constant and accounting
for reactive effects associated with curvatures, ultimately providing a more accurate
result. When connecting two points through an arbitrary MW, a desired delay line can
be obtained with several design parameter combinations. As an example, Fig. 2.14a
shows the semi-period P as a function of the amplitude modulation A that leads to a
specific modulated centerline length (L = 200 mm).

Obviously, strong curvatures induce reactive effects that affect the RMW centerline
length synthesis and should be avoided (these cases correspond to extreme values of A

and P). For this reason, if possible, intermediate values of A and P are recommended
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Figure 2.14 — Semi-periods vs amplitude modulation parameters synthesizing the same modu-
lated centerline length.

to bypass the mismatching between simulated and desired RMW phase delays. Itis im-
portant to note that it is not possible to derive with a single analytic equation the couple
of perfect values for A and P, since reactive effects could not be easily predicted. The
choice of A and P is also made by considering the available space to accommodate the
RMW and its physical manufacturability, in particular when they are implemented in
groups. A design recommendation is to use a separation between the two points such
that the bends that appear along the centerline exhibit a bending radius larger than
the height of the waveguide cross-section to avoid overlappings. This design recom-
mendation produces bends in the centerline that are smooth and does not cause strong
reactive effects that affect the insertion phase.

2.3.2 Validation

To demonstrate the effectiveness of the implemented tool for constructing, simulat-
ing and synthesizing RMWs, some examples are analyzed. The initial example involves
a RMW characterized by a step function synthesizing a centerline length of L, = 108.60
mm, as depicted in Fig. 2.13a. Subsequently, two additional RMWs with the same
cross-section are presented, featuring identical centerline lengths (L, 3 = 110 mm). In
these examples, modulation functions are applied in the E-plane and H-plane, respec-
tively. The modulation parameters are adjusted to achieve the same centerline length:
Ay = 2.5, P, = 5.61 for the E-plane, and A, = 2.42, P, = 5.29 for the H-plane.

In Fig. 2.15, a comparison is made between the simulated phase delays denoted
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as ¢, (colored curves) and the corresponding desired ones ®4.; (black curves) for the
three RMWs. It is crucial to note that the desired phase is consistent for examples 2 and
3, whereas it differs for the first one due to its distinct centerline length. A strong agree-
ment between the desired (depicted as a black dotted line) and the simulated phase
delays are reached for the three examples, presenting phase errors below 2° within the
considered bandwidth.
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Figure 2.15 — Comparison of the phase delays of three RMWs.

In Fig. 2.16, the corresponding performances in terms of reflection coefficients are com-
pared, demonstrating that all values remain above -60 dB across the entire bandwidth.
These simulations serve indeed as an evidence of the efficiency of the tool implemented
for modeling and analyzing MWs in MATLAB and CST.

The impact of reactive effects in simulation can potentially compromise the align-
ment between the simulated and desired phase delays in a first analysis. Specifically,
as the modulation and curvatures increase, this discrepancy tends to grow. To illus-
trate this scenario, a simulation is presented in which the same RMW cross-section and
modulation in the E-plane (as in Fig. 2.13a) are maintained. In this instance, two cases

are considered: one with the modulation parameters A, = 3 and P, = 10, resulting in
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Figure 2.16 — Comparison of the reflection coefficients of three RMWs.

a centerline length of L, = 115.64 mm, and another with a more curved profile with

As = 8 and P; = 10, providing a centerline length of L5 = 146.54 mm. The correspond-

ing results, taking into account simulated phased delays and reflection coefficients, are

depicted in Fig. 2.17.

As anticipated, there is a degradation in the performance for both phase and reflec-

tion when comparing case 4 with case 5, the latter exhibiting more pronounced reactive

effects. The phase errors are degraded from about 2° to almost 8° and the reflection co-

efficients are increased to about -25 dB. For this reason, when reactive effects are iden-

tified, a fine tuning to the modulation parameters in CST is necessary to reach a perfect

matching with the desired phase delays.
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Figure 2.17 — Simulated performances of (a) phase delays and (b) reflection coefficients consid-
ering the increment of reactive effects.
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24 Implementation of RMW cluster

As already anticipated, the implementation of a group of waveguides, named in
the following cluster, permits the interconnections between different lattices providing
spatial routing for a wide range of applications (e.g. array of antennas connected to
amplifiers or thermal management with different periodicities between the profiles).
To design a RMW cluster, one must consider additional factors to ensure the physical
feasibility of the system, compared to a single RMW synthesis. This involves working
with a matrix or vector of desired phase delays, denoted as ®,,. To achieve these
phase delays using a cluster of RMWs, it is necessary to optimize pairs of A; and P,
values. Furthermore, to avoid collisions between neighboring RMWs within a given set
of lattices, careful considerations of distance between profiles, modulation planes, step
and modulation parameters are essential. The definition of all these parameters serves
a dual purpose: ensuring the desired phase delays while also preventing collisions to

accommodate them.

The first stage involves the determination of a reference centerline length, connect-
ing two points within the front and back lattices. This reference length, denoted as
W,es, is a reference parameter for the entire cluster. In order to design a cluster which
presents the centerline of the waveguide in the center with higher modulation than an
arbitrary one more towards the edges of the cluster, the reference waveguide is derived
by evaluating the step centerline (as defined in Eq. 2.6) for all the elements connecting
the profiles and choosing its maximum, this will be the reference one. Consequently,
the reference phase delay is defined as ®,.; = k,W,.s, while the phase delays for other
waveguides are given by &, = ®,.; + k,AW;, where AW, represents the additional
lengths associated to modulation for the i-th waveguide, facilitating precise control over
phase delays.

Subsequently, once the RMW cross-sections are established, the process of construct-
ing the cluster in CST and synthesizing the phase delays is carried out, similarly to the
procedure used for the single RMW as previously described. To note that, when dealing
with a large number of RMWs within the cluster, users are advised to implement cer-
tain strategies to speed-up the full-wave simulations. These strategies may include cre-
ating symmetric clusters using planes of symmetry and simulating samples of RMWs

to speed up the simulation.
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2.4.1 Validation

The above presented methodology permits to build RMWs cluster employed in sys-
tems such as active full-metal arrays of antennas, discrete lenses, to name a few. In
this subsection the design and validation of an iso-phase RMWs cluster (part of Hum-
mingSat flexible payload development activities [14]) is described showing the corre-
spondent simulation performances as an example. This system is designed to operate
in the [17.7-20.2] GHz range with central frequency f;, = 18.95 GHz. The cluster should
connect a matrix of amplifiers presenting a periodicity of about 3\, and an antenna ar-

ray with 1.5, periodicity and a triangular lattice, as showed in Fig. 2.18.
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Figure 2.18 — Front and back array to be connected (red: amplifiers; blue: antenna array ele-
ments).

The distance between the profiles (A,) is defined to be 7\, in order to avoid high
curvatures and overlappings between waveguides. The parameters defining the step
function are maintained the same as the previous example, while the following pa-
rameters defining the dual-ridges cross-section are defined as following: w, = 4 mm,
wy =9mm, h, =1.2mm, h, =4mm,r, = 0mm, r, = 0 mm, 7. = 0 mm and ¢ = 0.25
mm. The selection of these dimensions aims to achieve optimal linearity within the

specified working frequency range, as illustrated in Fig. 2.19.
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Figure 2.19 — Dispersion curves of rectangular and dual-ridged waveguides for the two first
propagating modes (T'E1g, T'E2p) in the working frequency bandwidth (black lines).

The RMW cluster connecting the two defined arrays is built in CST, as showed in
Fig. 2.20. In Fig. 2.20b, a set of representative waveguides highlighted in red have their

corresponding design parameters listed in Tab. 2.1.

WGnr. [ 57 | 60 [44| 36 | 35 | 33
A 0 [204]23]245[237]178
P 0] 4 [4] 4] 4] 4

Table 2.1 — Modulation parameters A and P of the 6 RMWs among the iso-phase cluster.

It should be observed that waveguide nr. 57, located on the top left corner of the
cluster in Fig. 2.20b, is the reference waveguide. As a matter of fact, this waveguide is
characterized by a step function and a modulation is applied to it to design the other
waveguides. As one moves closer to the center, specifically waveguide nr. 36, the mod-
ulation increases. This increased modulation is required to compensate for the smaller
physical distance in the center compared to the corners, in order to maintain a constant
phase delay, as already discussed. Figure 2.21 presents the full-wave simulations of the
selected waveguides (in red in Fig. 2.20b) within the RMW cluster.
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Figure 2.20 — (a) Perspective view of air-volume of RMW isophase cluster from CST. (b) Front
view of air-volume of RMW isophase cluster from CST with the selected waveguides for simu-
lation in red.

As it can be seen, the simulated reflection coefficients are always below -30 dB as well
as the phase delays are almost overlapped with a phase error above 3° as expected. The
simulated insertion losses (using conductivity of 2.5x107 S/m, typical from plated AM
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Figure 2.21 — Simulated results of six RMWs selected in the cluster. (a) Reflection coefficients.
(b) Phase delays.

process) are about-0.18 dB. One very interesting feature is the robustness in bandwidth,
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Chapter 2 — Meandered waveguides

which is enabled by the presence of the dual-ridges. In fact, the ridges lower the cut-off
frequency of the waveguide, which allows for operation in a range of frequencies where
the dispersion is low but without entering in the region where higher-order modes

appear.

2.5 Conclusion

To conclude, RMWs enable the synthesis of arbitrary phase delays while maintain-
ing high flexibility in routing signals within a 3D space. This flexibility is achieved by
tailoring their curvature through a modulation function along the direction of propa-
gation.

Within this chapter, a comprehensive analytic approach for building and controlling
phase delays using RMWs has been developed and detailed. This approach involves
characterizing the trajectory of the waveguide between two arbitrary points, defining
the modulation function and customizing their cross-section along the path to attain
the desired phase delays. Several examples have been presented to demonstrate the re-
markable performances of such components. In addition, a section is dedicated to the
synthesis of phase delays in meandered waveguides. This section illustrates the main
principles concerning potential reactive effects that can impact the simulated response
and the main guidelines to avoid them. Furthermore, the chapter concludes by describ-
ing the design of a cluster of RMWs that could be employed in the conception of very
low loss antenna arryas. This final section introduces the subsequent chapter, which
propose the practical implementation of RMWs clusters to precisely control phase de-
lays, facilitating the focusing within 3D discrete lenses.
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CHAPTER 3

Design of 3D discrete lenses for narrow field of

view scenarios

3.1 Introduction

Nowadays, space applications employing antennas with a restricted FoV are mainly
found in GEO satellites. Indeed, GEO payloads are positioned at considerable distances
from Earth (nearly 36000 kilometers), resulting in narrower FoV when compared to
those of MEO or LEO satellites, as illustrated in Fig. 3.1.

Figure 3.1 — Earth coverages from GEO, MEO, and LEO satellites (from [169]).

Given their considerable distance from Earth, these radiating systems need to maxi-

mize the power transfer in order to face the growing demand for communication capac-
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Chapter 3 — Design of 3D discrete lenses for narrow field of view scenarios

ity and speed in modern communications [1], [2]. To address this challenges, various
solutions are being investigated.

Significant efforts are being devoted these days to the development of full-metal
directive radiators. This has been mainly boosted by the innovation of the patents re-
lated to 3D printing techniques [134], [135]. The development of full-metal 3D printing
techniques [26] permits to face the needs of maximization of power transfer, reducing
losses, while lowering at the same time their volume and complexity. Literature offers
numerous solutions where efforts have been made to enhance the efficiency of GEO
platforms with restricted FoV. These efforts include high-efficiency horns in both direct
radiating phased arrays and reflector-based systems, as demonstrated in [170]-[172].

In situations where a restricted FoV is essential, the implementation of 3D discrete
lenses [122] through full-metal AM offers an extremely valuable solution. By adjust-
ing their magnification factor to values smaller than one, it is possible to decrease the
overall size and weight of the system. This adjustment allows for scanning within nar-
row angles while avoiding the unwanted presence of grating lobes (GLs), effectively
turning this concept into a practical reality. Additionally, employing cluster of RMWs
for connecting the two radiating arrays offers the potential to achieve valuable results
in terms of power, flexibility, large frequency bandwidth and dual polarization capa-
bilities. For this reason, the main goal of this chapter is focused on the conception and
manufacturing of innovative RMW-based full-metal 3D discrete lenses for GEO scenar-
ios characterized by narrow FoV.

This chapter is organized as following: first, the 3D discrete lens architecture for nar-
row FoV scanning scenario is described in all its choices. Once, the main specifications
and common variables to define the design of the 3D discrete lens are assigned, a first
7 x 7 lens is proposed, designed and analyzed through full-wave simulations. While at
the end, a smaller 3 x 3 prototype is fabricated through AM technology and measured,

in order to validate the innovative proposed solution.

3.2 Lens architecture

In this section, the main features of a 3D discrete lens for narrow FoV scanning sce-
narios are described. Firstly, the choices on the magnification factor and the sizes for
both front and back arrays, are presented. Some considerations on the array periodici-
ties in order to mitigate GLs within the specified FoV are also introduced. Subsequently,
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3.2. Lens architecture

the analysis of focal points and the DoFs are taken into account to guarantee perfect lens
focalization. Finally, the array profiles coordinates defining the chosen 3D discrete lens
are determined.

3.2.1 Field of view, magnification factor and array periodicities

To attain the narrow FoV in GEO satellites, the choice of a 3D discrete lens with
magnification factor smaller than one is the most suitable solution. It should be noted
that the application scenario can be also extended to on-ground gateways antennas
where the limited FoV and high power handling are still the main objectives.

As already introduced in Section 1.3.4, a magnification factor smaller than one (M <
1) permits to reduce the output angle compared to the input one (0,1 < 0 ) from
the generic feed £}, as depicted in Fig. 3.2. A substantial reduction of the overall weight
and volume can be reached for these systems, being the back array (in red) M times
smaller than the front one (in blue).
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Figure 3.2 — Representation of a 3D discrete lens employing flat front and back arrays with
M < 1in the zOz-plane.

GEO antennas possess a restricted FoV spanning approximately between +8.7°.
This means that the presence of GLs at angles falling outside of this specific range
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should be considered acceptable [173]. This affirmation is particularly valid for an-
tennas working in Rx [173]. However, when dealing with Tx antennas, careful con-
siderations regarding GLs are necessary to avoid unnecessary power waste. For this
reason, Rx antenna are examined in this chapter.

For the design of the 3D discrete lens antenna for GEO scenario, a maximum output
angle of 07" = 8° is considered as practical case. By setting the magnification factor to
M = 0.5, the corresponding input angle can be expanded to ¢;** = 16.2° (computed
from sin(672**) = sin(0:5*)/M) [122]). Notably, accommodating the feed array becomes
in this case more convenient when considering the expansion of the input angles, in
contrast to the scenario for M = 1 where the input angles are equal to the output ones.

Achieving the desired output FoV necessitates specific periodicity for the front ar-
ray, as detailed in [174] for phased arrays. In this context, to avoid GLs in the FoV, the
typical front array periodicity typically falls within the range of [2.3—3] ), calculated at
the central frequency to reach the defined FoV of £8°, as referenced in [171], [173]. The
periodicity of the back array, which is connected to the front array by the magnification
factor M = 0.5, is almost half of the value selected for the latter. A more comprehen-
sive examination of these selected array geometries and their defining parameters are

provided in upcoming sections.

3.2.2 Array profiles and focal points

An overview on the choice of the front and back array profiles and the number of
focal points is presented here. As previously discussed in Section 1.3.3, the choices
made regarding these arrays enable the direct definition of the number of focal points
of the lens system.

This chapter proposes to implement a lens with flat front and back arrays, in order
to facilitate the AM manufacturing process. The number of focal points is evaluated in
the following, recalling Section 1.3.3. From seven variables (X 4,, Ya,, Z4, for the front
array; Xp,, Y, Zp, for the back array and W; for the delay lines length) defining a 3D
discrete lens, two (either X 4,, Y4, front or Xp,, Y5, back) are apriori fixed to be indepen-
dent. Two more variables are also fixed for this case to guarantee the corresponding flat
profiles, respectively Z4, = 0 and Zp, = —A,, as shown in Fig. 3.3.

For this reason, the remaining variables are 3 (7—4 = 3 DoFs), corresponding to the
number of focal points guaranteeing zero phase aberrations. These three focal points,

denoted as Fi, F5, and Fj, are strategically positioned in a circular arrangement per-
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Figure 3.3 — Sketch of a 3D discrete lens with flat front and back arrays (Z4, = 0 and Zp, =
—A.). The considered configuration has three focal points (Fy, F», F3) and implements a zoom-
ing factor M < 1. The grey box represents the core of the 3D lens, where the phase delay lines
of length W; between the front and back arrays are implemented.

pendicular to the lens axis. Their azimuth angles are designated as ¢;, = [0, 120, 240]°,
while sharing a common elevation angle. The latter is assigned from specifications
(074 = 8°), which together with the chosen magnification factor M = 0.5 gives the
input angle ¢]** = 16.2°. While concerning the coordinates of both arrays and delay
line lengths, a detailed examination and description of the GO equations is presented

in the subsequent part.

3.2.3 Arrays coordinates and delay lines length

The coordinates of both arrays and delay line lengths are obtained here, solving the
GO equations for the 3 focal points depicted in Fig. 3.3. The focalization problem is
defined by a set of 3 equations with 3 variables that need to be solved. The general Eq.
1.2 introduced in Section 1.3.3 can be written for each focal point as:
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—_— S~

k0|Fle| + k/’gVVZ + ]{30|AZ‘P1"1’ = Constant1
—_— e

k0|FQBz| + ]fgvvl + k0|AiPi72’ = constant2 (31)
—_— a—

ko|F3B;| + k,W; 4 ko|Ai P; 3| = constants

being O—1>41 = [Xa,, Ya,, Z4,] and Z)—’gz = [XB,, YB,, Zp,], the coordinates of the i-th
element of the front and back arrays and W; is the length of the delay lines connecting
them. At this stage, to solve the GO system of Eq. 3.1, one of the two array should be
fixed to be independent. Two different methods can be employed to solve the problem.
One approach uses the coordinates X 4, and Yy, of the front array A;, as the independent
variables, while the other method employs the coordinates X 5, and Y, of the back array
B;, as the independent ones.

In this chapter, the coordinates of the back array are considered as independent
variables. This decision is primarily motivated by the relatively smaller size of the back
array because M < 1 (as previously discussed, the back array periodicity is smaller than
that of the front one), which imposes more limitations in terms of accommodating the
antenna elements. It is important to note that this chapter does not explore the problem
when the coordinates of the front array are treated as independent variables. For a
detailed exploration of that approach, the correspondent expression can be found in
[122] on page 9.

Therefore by assigning the following coordinates (Xg,, Y5, Z5, = 0 and Z4, =
—A,), the transverse coordinates of the front array (X 4,, Y4,) and the delay lines lengths
W; are derived from Eq. 3.1 as following:

X = {1 /3y X3, + Xp, sin(0790)F + Y3 + F2 — \/3Y, sin (619 F

~2/3\/ X3, + 2Xp, sin(070")F + Y3, + F?

(3.2)
+1/3 X% + Xp, sin(6m9)F + Y3 + F2 + /3Yp, sin(0797) F
/(M sin(0;3%)))
Yy, = {Jﬁ /3\/ X3 + X, sin(079°)F + Y2, + F2 + /3Yp, sin(0719) F
—V3/3\/ X3, + X, sin(6m9) F + Y2 + F? — v/3Yp, sin(679) F (3.3)

/(M sin(6;,%)))
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3.3. Design of a 7 x 7 discrete lens

Wi = F —1/3/X% — 2Xp, sin(00%")F + Y3, + F?

—1/3\/ X2, + X, sin(6m9) F + Y2 + F? — v/3Yp, sin(679) F (3.4)

—1/3\/ X%, + Xp, sin(07290)F + Y2 + F2 4 v/3Vp, sin(679) F

The definition of such variables permit to obtain zero phase aberrations when con-
sidering the 3 focal points in (072%*, ¢;,) with a magnification factor /. Through the
presented formulation, when the back array is characterized by a periodic lattice, the
corresponding front one is not periodic (see Eq. 3.2 and Eq. 3.3). Same considerations
are applied to the back array when considering the front one the assigned periodic one.

The selection of the focal distance (through the definition of the focal ratio '/ Dp) is
another crucial point when determining the characteristics of the front array. This ratio
can significantly impact the positions of the front array elements, as outlined in Eq. 3.2
and Eq. 3.3. In the design of this lens, a ratio of approximately /'/Dp = 2 has been
chosen in order to obtain a more periodic distribution of the front array. After having
established all the parameters for each constitutive element of the 3D discrete lens, the
subsequent phase involves sizing the lens system and verifying its performance through

simulations and measurements, as detailed further.

3.3 Design of a 7 x 7 discrete lens

In this section, the full-design of a 3D discrete lens in waveguide technology for
GEO satellite scenarios is presented. The section is structured as follows: firstly, the
lens geometry is defined in terms of its variables to fit with the desired specifications,
including a detailed explanation of the RMW cluster used to connect the front and back
arrays. Subsequently, the complete implementation of the waveguide lens in CST is
described in all its parts. To conclude, some validation results are presented, obtained
through a comparison of the simulations with the radiation pattern computed using
MATLAB.

3.3.1 Lens geometry

For this application example, a Ka-band Rx antenna is selected, whose center fre-
quency is f; = 28.5 GHz. The reason is mainly related to the fabrication of the entire

system, which is more compact at higher frequencies in Rx than in Tx. Additionally, this
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choice aligns with the considerations discussed in the last section, taking into account
the power wasted outside the FoV considering a Tx antenna.

The chosen lens presents flat front and back arrays with 3 focal points following a
magnification factor of M = 0.5 to reach scanning within a FoV of £8°. Despite a final
antenna would have a larger number of radiating elements to fit the requirements of
power, this first example is restricted to N. = 49 elements (7 x 7 elements per side
of the lens with squared periodic lattice over the back array) in order to reduce the
computational effort of the full-wave simulations. The transversal cross-sections of the
front and back arrays of the considered 7 x 7 lens are presented in Fig. 3.4 showing the
3 focal points defined in the previous section.
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Figure 3.4 — 2D projection of 7 x 7 square 3D discrete lens antenna with assigned back array
(black dots), front array (red circles) and 3 focal points Fj, F» and F3 characterized by the
common elevation plane 0% = 16.2° in the azimuth planes ¢;, = [0,120, 240]° (with M = 0.5
and F/Dp = 2).

The assigned back array with periodicity dg = 1.5 is characterized by black dots,
while the front one by red circles with a distance between elements that is approxi-
mately d4 ~ 2.8)\g. It can be noticed again that the elements in the back array follow a
regular squared lattice because this one is the independent array that is a priori fixed,
whereas the elements in the front array are distributed in an irregular lattice. Moreover,
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3.3. Design of a 7 x 7 discrete lens

the 3 focal points are also shown in their elevation and azimuth components, being dis-
tributed with equi-angular azimuth distance of A¢;,, = 120° and the common elevation
0 = 16.2°. In this configuration a symmetry with respect to the yOz-plane can be
noticed, that will be useful for the further design of the full-metal lens.

3.3.2 Synthesis of RMW cluster

It is necessary to establish a connection between the front and back arrays to en-
able the generation of the desired phase delays, essential for achieving the desired lens
focalization. For this reason, the concept introduced in Section 2.4 for the RMW clus-
ter design is applied here. In particular, a dual channel RMWs option is considered to
support both wide frequency bandwidths and dual polarization features.

For this example case, the adopted design choices are related to E-plane modulated
waveguides (with the correspondent parameters 6 = 0, v = 1in Eq. 2.7 in Section 2.2.2)
and a RMW cluster height of A, = 13X, (136.84 mm at 28.5 GHz), to assure smooth
trajectories between the two connected arrays. As already anticipated in Section 2.2.1, to
avoid discontinuities at the connection points and sharp slopes using the step function,
the inflection point is fixed in the center ¢, = 0.5 while for inclination parameters is
Sw = 11 with § = 22 and w = 0.5.

In order to design the lens antenna, a RMW cluster that produces the phase delays
®,,,, that are as close as possible to the desired ones @5, = k,W; is derived from the de-
lay line length of Eq. 3.4. The optimized RMW cluster of curved centerlines providing
the desired phase delays is displayed in Fig. 3.5.

The optimized amplitudes A; and semi-periods P; to produce the required phase
delays through the RMW cluster are presented in Tab. 3.1 and Tab. 3.2 respectively.

0.00 11.31 10.38 10.18 10.02 9.32 4.30
—8.54 11.06 12.59 12.85 1299 11.16 —8.54
10.62 13.28 13.98 13.68 13.51 13.07 10.12
11.83 14.05 14.54 1456 14.16 12.02 9.21
10.62 13.28 13.98 13.68 13.51 13.07 10.12
—8.04 11.06 12.59 1285 1299 11.16 —8.54
0.00 11.31 10.38 10.18 10.02 9.32 4.30

Table 3.1 — Matrix of amplitude parameters A; for the 7 x 7 RMWs cluster.
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Figure 3.5 — Cluster of RMW trajectories (black curves with curvature for each element) con-
necting back (red circles) and front arrays (red dots) with A, = 13\,.

0.00 390 5.00 5.52 540 494 3.90
—5.46 5.62 529 557 532 551 —5.38
5.71 538 5.61 5.87 573 538 5.52
5.30 530 5.60 5.70 5.66 6.01 6.30
5.71 538 5.61 5.87 573 538 5.52
—5.46 5.62 5.29 5.57 5.32 551 -5.38
0.00 390 5.00 5.52 540 494 3.90

Table 3.2 — Matrix of semi-periods parameters F; for the 7 x 7 RMWs cluster.

In this case, a symmetry respect to the yOz-plane is taken into account in this case,
with the aim of speeding up the optimization of variables (A;, ;). Specifically, in the
context of the RMW cluster building, half of the variables are optimized.

As explained in the section dedicated to RMW cluster design in Section 2.4, the
reference centerline corresponds to the simple step function without any modulation,
wherein both A,.; and P,.; are set to zero. In this particular scenario, the reference
element is characterized by a centerline length of W,.; = 159.03 mm and is positioned
at one of the vertices of the array.
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3.3. Design of a 7 x 7 discrete lens

3.3.3 CST model

The corresponding CST model of the 7 x 7 discrete lens in waveguide technology is
depicted in Fig. 3.6. It consists on the following parts:
e the front array, which is formed by 7 x 7 square horns (each horn is backed by a
septum polarizer and connected to a pair of RMWs);
e the cluster of dual channel RMWs, which connects the back array to the front
one and supports dual polarization;
e the back array, which is formed by 7 x 7 square horns (each horn is backed by a
septum polarizer and connected to a pair of RMWs);
e the feed array with dual circular polarized horns, where each one is backed by

a septum polarizer to produce the circular polarization.

Figure 3.6 — 7 x 7 CST model of the 3D discrete lens antenna design with M = 0.5 including the
RMW cluster with 3 feeds placed in the focal points characterized by 6;'** = 16.2° and ¢;,, = [0,
120, 240]°.

Each element in the lens has two side-by-side RMWs, one per polarization. Indeed,
in real Rx operation, a signal is received by all the horns in the front array, each one
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receiving a portion of the complete circularly polarized signal. The signals received
by each front-side horn is transformed from circular to linear by the septum polarizer
and, depending on the polarization, they travel through the right-handed or through
the left-handed RMW channels. After the RMWs, the septum polarizers in the back-
side horns transforms again the linear polarization into a circular one. The signals
then travel through the free-space between the back array and the feed array, where
circularly-polarized feeds connected to rest of the payload finally receive the signal.
Dual polarization can be perfectly supported by this type of lenses.

The dimensions of the front and back horns are established based on considerations
detailed in the previous section. The back array horns present an edge length of 1.5\,
while the front horns are designed with a 2.5\, edge length to accommodate the non-
periodic array configuration. Both front and back array horns incorporate a 1 mm wall
thickness. It must be highlighted that the front array horns do not fully fill the available
space, but the selected size permits to have horns that have some space in between,
required later for assembly using a screwdriver. The simulated patterns of the horns
are displayed in Fig. 3.7 presenting respectively a peak directivity of 17.45 dBi and 11.5
dBi for the front and back horns.

The feed horns are placed in the focal points and are optimized to provide a peak
directivity of about 20 dBi, as illustrated in Fig. 3.8. The size of such horns (4.2);)
is chosen to provide an edge-tapering illumination of about —10 dB in the back array
respect to the center value, considering a focal ratio of F'/Dp = 2, as analyzed in [175].
Nevertheless, the user has the flexibility to replace the feed horn to achieve the desired

performances.

3.3.4 Validation

This subsection presents the numerical results of the 7 x 7 discrete lens antenna
displayed in Fig. 3.6. The antenna system is analyzed using the routine implemented
in MATLAB and described in Eq. 1.4 in Section 1.3.5 to compute the radiation pattern.
In addition, the full-wave simulations are provided using CST for a comparison.

The initial MATLAB analysis focuses on the preliminary validation of the pointing
direction by considering the phase distribution along the lens system and incorporating
the element factor of the front array. At this stage and as an initial approximation, the
back horn patterns and the feed horn one are omitted in the lens radiation pattern eval-

uation. But taking them into account to include a more realistic amplitude apodization
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Figure 3.7 — Co-polar (solid lines) and cross-polar (dotted lines) directivity patterns in ¢ = 0°
of the front (in black) and back (in red) horns backed by the septum polarizer optimized in
CST at f, = 28.5 GHz.

is identified as a further improvement to perform a more precise approximation. The
phase tapering of the lens consider the free-space distances between the k-th feed and
the i-th elements in the back array (Za;; = —k:0|Fk_BZ|) and the delay line lengths ob-
tained from Eq. 3.4 considering the waveguide propagation constant k,. While, the ex-
ponential used to model the cosine pattern of the front element (i.e. cos?()) is defined
as ¢4 = 13.2 toreproduce the corresponding directivity of 17.5 dBi. The normalized pat-
terns computed with MATLAB considering the feed placed in the three focal points are
displayed in Fig. 3.9 with respect to the conventional uv-coordinates (v = sin é cos(¢)
and v = sinfsin(g)).
As expected, the three beams point at 07" = 8° and the three azimuthal angles cor-
respond with the ones coming from the focal points (respectively ¢,,; = [180, 300, 60]°
for F, F5, F3). The GLs are outside of the FoV (defined by the red circle in Fig. 3.9), as
required from the specifications.

For the sake of completeness, Fig. 3.10 and Fig. 3.11 show some numerical results
obtained comparing MATLAB and CST. It is important to note that in the figures, the
cross-polar patterns in MATLAB are not showed, since a scalar analysis has been im-
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Figure 3.8 — Co-polar (solid lines) and cross-polar (dotted lines) directivity patterns in ¢ =
[0,90]° of the feed horns backed by the septum polarizer optimized in CST at fy = 28.5 GHz.

plemented, as presented in Eq. 1.4 in Section 1.3.5. The extension to a vectorial analysis
is proposed as a follow on at the end of the thesis.

Figure 3.10 illustrates the feed placed in one focal point F characterized by the ele-
vation and azimuth angles 0" = 16.2° and ¢;,, = 0°. The resulting beam is pointing at
0" = 8% and ¢,y = 180°, as expected. Both analysis methods exhibit strong agreement

in terms of the pointing angle, validating the analyses conducted using both MATLAB
and CST simulations. The simulated XPD is maintained above 17 dB in the main beam.

Another case of validation is illustrated in Fig. 3.11, exciting a feed placed in the
center of the lens axis (i.e. 6;, = 0°). The results displayed highlight a good agreement
though the co-polar patterns of MATLAB and CST analysis, maintaining the XPD in the
main beam in broadside above 23 dB. The beams at £20° represent the GLs maintained
outside the FoV, as desired from specifications. The differences in side-lobe levels be-
tween the CST and MATLAB results can be mainly attributed to the amplitude tapering
in the back lens which is not considered for the GO pattern in MATLAB (back horn and
feed patterns are omitted). This aspect, representing a significant advancement is ex-
plored in the next chapter.
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Figure 3.9 — Normalized directivity patterns in uwv-coordinates of the 7 x 7 lens antenna with
feed placed in the three focal points (6" = 16.2°, ¢y, = [0,120,240]°), with FoV £8° (red
circle).

The results for the remaining two focal points (£, and F3) are not provided. This
decision is related to the computational complexity of the full-wave simulations, which
has already been rigorously validated for the preceding cases.
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Figure 3.10 — Theoretical and simulated co-polar (co) and cross-polar (xp) patterns for the cut-
plane ¢ = 0° of the 7 x 7 discrete lens with the feed placed in the focal point F; with (6;** =

16.2°, ¢in = 0°).

20 +

|
[\]
ot

-30 B, ¢

Normalized pattern (dB)

—— MATLAB (co) lf
-3 (co) i
| (xp)
-4( Bhll HEIHN :
-90 -60 -30 0 30 60 90

Theta (degrees)

Figure 3.11 — Theoretical and simulated co-polar (co) and cross-polar (xp) patterns for the cut-
plane ¢ = 0° of the 7 x 7 discrete lens with the feed placed in the center (¢;, = 0°).
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3.4 Experimental validation

For the experimental validation, a representative but reduced 3 x 3 prototype of a
3D discrete lens is designed. This prototype is developed first with MATLAB and sub-
sequently with CST before the final phase of manufacturing. The goal of this section is
to validate the 3D discrete lens system employing the cluster of RMWs through a com-
parison between numerical and measured results. The numerical results computed in
MATLAB employ the same approach adopted in the previous section. In the computa-
tion of the radiation patterns, the exponential factor for the cosine pattern for the front
elements is maintained the same (i.e. ¢4 = 13.2), without considering any amplitude
tapering linked to the element factor of the feed and the back array elements. The phase

distribution follows the same procedure used for the previous case.

Figure 3.12 shows the CST model of the 3 x 3 discrete lens which maintains dual po-
larization options, zooming factor M = 0.5, the same dimensions of the front and back
horns and input angle of the feed 6;'** = 16.2° to provide a pointing towards 6" = 8°.
Smaller-size feed horns with a peak directivity of 11.5 dBi are employed to improve the
compactness of the system. The RMWs cluster presents a height between profiles of
A, = 10\, to minimize space and simultaneously avoid reactive effects between the

arrays.

Figure 3.13 shows a zoom on the CST model of the RMWs cluster designed to support
dual polarization, while providing the desired phase delays between back and front
arrays for focalization. The cross-section of the RMWs incorporates rounded corners,

facilitating the fabrication process through AM.

The number of employed feeds is increased to 7 this time in order to enhance the
multibeam system capabilities. The performances of phase aberrations will be exactly
zero in the three focal points, while different from zero considering the other four feed
positions. These feeds are distributed as following: 3 in the focal point positions corre-
sponding to ¢;, = [0, 120, 240]°, 3 in the mirrored angles as ¢;,, = [60, 180, 300]° and 1 in
the center for the scanning in boresight direction.

The final prototype has been manufactured by SWISSto12 employing the SLM tech-
nique and is depicted in Fig. 3.14 in different perspectives. The RF functional part (an-
tennas, feeds, cluster of RMWs) has been manufactured by SLM using raw Aluminium
finishing, while conventional machining is used to fabricate the fixture that holds all
parts together.
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Front array

Figure 3.12 — CST model of 3 x 3 discrete lens antenna with a feed array of 7 horns.

The prototype consists synthetically in the following parts:

e 1 monolithic part that includes the RMWs cluster and the back septum-horns,
which is 3D printed vertically to preserve the symmetries of the structure and
ensure that the phase delays will be reproduced in the best possible way;

e 9standalone monolithic front septum-horns (note that the arrangement of horns
in the front array is not purely periodic, as previously explained);

e 1 monolithic 7-feed cluster, and a separate 2-waveguide expander to connect the
coaxial to waveguide transitions;

e multiple Aluminum plates and bars to build and support the assembly feed with
the lens. Once assembled, these bars and plates are covered with absorbers.

The measurement of the fabricated prototype has been conducted in collaboration
with SWISSto12 in Switzerland and WaveLab Engineering AG in Germany. In Fig. 3.15,
the experimental results are compared with the ones simulated in MATLAB when the
lens is illuminated by feeds in Left-Hand Circular Polarization (LHCP) placed in two
perfect focal points placed in ¢;, = 0° and ¢;, = 120°, respectively. The patterns are
plotted in the cut-planes corresponding to the specific azimuth angle. These plots show
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Figure 3.13 — 3 x 3 RMW cluster connecting front and back arrays with d4 ~ 3\gand dp = 1.5)¢
considering a vertical height between profiles A, = 10,.

the good agreement between the co-polarized simulated and measured patterns, which
experimentally validates the design of entire 3D discrete lens presenting a FoV of £8°.
The numerical cross-polar results (considering the Right-Hand Circular Polarization
(RHCP)) are omitted in this representation, as the initial analysis in MATLAB employs
a scalar radiation pattern to describe 3D discrete lenses. The measured XPD levels re-
main around 20 dB in the direction of the radiated beam for both cases, highlighting
good performances of the system.

The manufactured lens is able to support dual polarization features, as displayed in
Fig. 3.16. The measured results obtained for both LHCP and RHCP excitations, along
the one obtained from CST, are overlapped, directing the main beam toward the desired
direction of 74" = 8° and ¢,,; = 180°.

Figure 3.17 shows the measured radiation patterns for a feed placed in a non focal
point in the extreme of the frequency bandwidth, respectively at 27.5 GHz and 30 GHz.
The beam pointing remains stable at both frequencies, which proves the broadband
characteristic of the RMWSs with respect to conventional waveguides. These measure-
ments show that all the beams point at 07" = 8° despite not being illuminated from

out
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(b) (c)

Figure 3.14 - (a) Lateral, (b) frontand (c) back view of the 3 x 3 lens manufactured by SWISSto12
using SLM technique.

a focal point, which validates this lens antenna for multibeam applications through a
true-time delay solution.

For the sake of completeness, Fig. 3.18 presents the reflection losses below 13 dB
for all feed horns exciting both polarizations (LHCP and RHCP) throughout the entire
bandwidth, showing also a good matching.
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Figure 3.15 - Numerical (MATLAB) and measured radiation patterns of the 3 x 3 lens antenna

at fo = 28.5 GHz. The feeds are placed respectively in the focal points: (a) F; = (6] = 16.2°,
¢in = 0°) and (b) Fr = (02" = 16.2°, ¢y, = 120°). Co-polarization (co): LHCP, Cross-

polarization (xp): RHCP.
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Figure 3.16 — Full-wave simulated (in green) and measured patterns at fo = 28.5 GHz consid-
ering LHCP and RHCP. The feed is placed in 6% = 16.2°, ¢;,, = 0°.
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Figure 3.17 — Measured patterns at 27.5 and 30 GHz and for the cut-plane ¢, = 240° of the
3 x 3 lens antenna. The feed is placed in 6" = 16.2°, ¢;,, = 240°; Co-polarization (co): LHCP,

Cross-polarization (xp): RHCP.
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3.5 Conclusion

In this chapter, the innovative concept of employing AM processes to design full-
metal 3D discrete lens antennas employed for scanning scenarios with a narrow FoV is
presented. As potential application case, the design of a multibeam antenna for GEO
satellites with FoV limited to £8° working in Ka-band is considered. In particular, two
3D discrete lens antennas with a magnification factor M = 0.5 (one with 7 x 7 elements,
one with 3 x 3 elements) are conceived, where the delays lines connecting the two
profiles are implemented using clusters of RMWs.

RMWs are integrated into these 3D discrete lenses to ensure spatial routing and
phase control across a broad frequency range while minimizing losses with extreme
flexibility in curvature. The analysis of the 7 x 7 element lens includes a full-wave
simulation and its performance are compared to GO predictions, showing remarkable
agreement between the two methodologies. On the other hand, the 3 x 3 element lens
has been physically manufactured and its measured results exhibit a very good agree-
ment with the numerical simulations.

This study validates 3D discrete lenses realized in AM technologies for narrow FoV

applications scenarios, pointing a specific application case employed for GEO payload.
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In particular, the use magnification factor smaller than one permits to meet the scanning
requirements within a restricted FoV without encountering any undesirable GLs inside
of it. Moreover, the incorporation of RMWs in such systems present a promising and
reliable solution for low loss and broadband phase control, as demonstrated by the
measured results.

The following chapter investigates a full-metal 3D discrete lens employed in a wide

FoV scenario.
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CHAPTER 4

Design of a 3D discrete lens for wide field of

view scenarios

41 Introduction

In this chapter the attention is focused on AAs that provide a very large FoV (i.e.
a quasi hemispherical coverage). Typical challenges in the design of AAs include in-
creased efficiency of active elements, active and passive components with dimensions
compatible with the radiating elements, large frequency bandwidth, thermal cooling,
fast calibration, reduced lead time, reduced costs, low losses [149]. The target applica-
tion determines which of these challenges are a priority. For example, low loss, high
efficiency and accommodation in airborne and space-borne antennas [176], high power
handling, large bandwidth for on-ground antenna systems including gateway stations
[5]. In this scenario, the emphasis is placed terrestrial antennas designed for wide FoV.
The need for this type of antenna is emerging especially for gateway antennas, that need
to be connected with several LEO satellites [177].

The most consolidated antenna for gateway stations is constituted by mechanically
scanning reflector antennas, with a single reflector [38] creating a single beam able
to track a single satellite. Gateway stations may require a significant number of these
reflectors (i.e. 50 or 60); they are expensive, require a continuous maintenance and a

large separation between them in order to limit shadowing effects.

In order to reduce the cost and complexity of these gateway stations, AAs represent a
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natural choice and for this reason are considered in several ongoing developments [5].
In fact, a single AA can generate multiple beams so it could replace several reflector
antennas. In particular, conformal antennas constituted by different planar arrays with

different inclinations to form a truncated pyramid [178] are a promising solution.

A less conventional AA solution is here proposed. This solution can enhance com-
pactness and a trade-off between complexity and flexibility. It is based on 3D con-
strained lenses [125], [127]. These antennas guarantee a large FoV, multiple beams
with dual polarization and large frequency bandwidth (because based on a true-time
delay BFN). In the previous chapter, a proof-of concept based on 3D discrete lenses
implementing RMWs manufactured in SLM, for limited scanning capabilities has been
presented. In Section 1.3.4 it is also demonstrated that it is possible to increase the scan-

ning capability of these lenses by adopting a magnification factor.

In this chapter it is presented the feasibility to attain full-metal wide angle scanning
antennas based on magnified 3D lenses. In particular, here it is shown that it is possible
to guarantee scanning capabilities up to 70° in a conical FoV. To the best knowledge of
the author, this is the first time that such an achievement is proven possible. These
antennas can be fabricated monolithically through AM. It is important to note that,
unlike the situation in Chapter 3 where the FoV was limited to 8°, achieving wide FoV
requires electrically large lenses. The computational cost of the simulations of these last
ones is high, and full-wave simulation with commercial softwares is not even possible

with good quality desktops.

To alleviate this problem, a rigorous methodology is proposed that allows to signif-
icantly reduce the computational burden, exploiting the symmetries in the front array.
The proposed theoretical developments allow to prove that in order to attain wide FoV
it is necessary to consider an array with a significant amount of elements. The cost
associated to the fabrication of such a prototype is high and unfortunately, it is not af-
fordable in the frame of this project. Still, since the main building blocks of the lenses
were already demostrated experimentally in the previous chapter, in this one full-wave
results are found to be sufficient to validate the concept. The full-wave rigorous analy-
sis combined with a GO procedure for the back part of the lens permits demonstrating
the radiative properties of the entire discrete lens antenna.

This chapter is structured as follows: the initial section presents the architecture of a
magnified 3D discrete lens which aims to achieve a wide FoV. In the second part, each

constitutive element in the front lens, back lens and feed array is described. The third
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part is dedicated to the finite lens analysis and its validation process, starting from the
sizing of the front array to achieve the large targeted FoV. A detailed explanation of the
methodology employed for simulating large arrays is provided, along with a validation
case study. Finally, conclusive results regarding the wide FoV scanning and multibeam

functionality of the examined lens are presented.

4.2 Lens architecture

In this section, an analysis of the architecture of a magnified 3D waveguide lens for
achieving wide FoV is presented. The first part consists on providing an overview of
the geometry of the lens profiles, including magnification factor, focal points and DoFs.
The second part is focused on some considerations related to the feed array, in order to
facilitate multibeam scanning across multiple directions.

4.2.1 Magnification factor

As described in Section 1.3.4 when implementing BFNs based on discrete lenses,
the designer has some freedom in scaling the pointing direction of every beam 0, i as
compared to the angular position of the homologous feed generating it, associated to
Oin k- In particular, a zooming factor can be introduced. To provide a more comprehen-
sive understanding of the chapter, a step further on the definition of the magnification
factor is here provided. The extended definition is articulated below:

B sin (053 ) _ sin(Oout k)

N Sin(@imk) - Sin<9in,k)

(4.1)

If the FoV is narrow or the front array is sufficiently large, the output angle coin-
cides with the one derived from the GO theory (i.e,, ngzk = Oout k), as explained in
[174]. However, in the case of wide FoV scanning employing finite arrays, the scan-
ning capabilities are constrained by the embedded patterns of the array, resulting in
Oour - The difference between the two output angles becomes smaller as the array size
increases.

In this work, the goal is to increase the FoV of the antenna. For this reason, the
configuration with M > 1 is selected in order to obtain the condition on the angles:
Oout e > Oin- As a consequence, the back array size is M times larger as compared to
the front array and the periodicities of the two arrays are scaled by the same factor M.
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A magnification factor M = 2 is chosen to improve the scanning capabilities of this
system, while guaranteeing large periodicity among the elements of the back array,
allowing the accommodation of larger antennas.

4.2.2 Array profiles coordinates and focal point

A rotationally symmetric 3D discrete lens with flat front, spherical back arrays is
chosen. A sketch is depicted in Fig. 4.1 in all its constitutive elements.

Z A

f[ielay line/E )

Back array

Figure 4.1 — Sketch of 3D magnified (with M > 1) discrete lens with flat front (in blue), spherical
back (in red) and feed (in green) arrays in the xOz-plane.

The flat front array is selected to simplify the fabrication of the lens and to minimize
the optical aberrations, as discussed in [122], [179]. While the spherical back array
guarantees a rotational symmetry and similar illumination conditions, hence similar
amplitude taperings for all the feeds. 3D discrete lenses featuring a flat front and a
spherical back arrays exhibit a singular focal point and iso-phase delay lines connecting
the front and back arrays [122]. By following the theoretical framework introduced in
Section 1.3.3, in this case 6 out of the 7 variables are assigned (X4,, Ya,, Za, for the front
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array; Xp,, Yp,, Zp, for the back array), resulting in 7 — 6 = 1 DoF or focal point.

The focal point, represented as Fj in Fig. 4.1, is situated on the lens axis, coinciding
with the center of the sphere including the back array. This sphere has a radius equal
to the focal distance F'. The position of the focal point guarantees the absence of phase
aberrations, as from the GO analysis in Section 1.3.3. To perform a steering of 0,,,, ;, from
a generic not focal point F}, (as in Fig. 4.1), a feed array (named here focal surface) is
implemented. This focal surface follows the methodology outlined in [122], aiming to
minimize phase aberrations within the lens. The main guidelines are described in the

next subsection.

4.2.3 Optimal focal surface for multibeam scanning

Achieving multibeam scanning in discrete lenses involves strategically positioning
multiple feeds at angles 6;, x, to point towards the corresponding 6, i, as illustrated in
Fig. 4.1. For the considered lens, the single focal point Fj located in the lens axis allows
zero phase aberrations in the direction of the corresponding generated wavefront I'y,
represented in green in Fig. 4.2a. The implemented delay lines are defined to maintain
the same phase delays between the back and front arrays, resulting in an optimal phase
profile when considering the focal point. However, when scanning away from this focal
point, some phase aberrations appear in the desired wavefront I';, highlighted in green
in Fig. 4.2b. These deviations are illustrated in red as I'y;, indicating the presence of
aberrations in the optical system.

The proposed method (already employed on page 18 of [122]) aims to minimize the
phase aberrations generated by the k-th feed in the highest number of points of the lens.
In this approach, the input angle of the k-th feed (0, ) is defined, while the distance
between this feed and the center of the back array (referred to as |]TBl> |) remains an
unknown to be determined.

The phase path of the i-th element is illustrated by a dashed blue curve in Fig. 4.2b,
connecting Fj and I'y;, and it can be expressed as follows:

Ideally, ®; . should remain constant, presenting minimal aberrations. The reference
phase path is similarly shown in Fig. 4.2a, represented by a dashed blue curve connect-
ing the central focal point Fj, and the wavefront I'y, denoted as ®; ;. In this instance, ®; o
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(a) (b)__.__

Figure 4.2 — Wavefront (in green) generated from: (a) a focal point Fy (b) a generic feed Fj, to
scan up to O, , and with phase aberrations (in red).

remains constant for all elements of the lens (being a focal point).

The implemented procedure involves varying the distance |F}, B, | while maintaining
the same input angle and minimizing the maximum difference in the phase paths as
|®; ), — ;0| for every point on the lens. This allows for the identification of the optimal
distance for the k-th feed, minimizing the associated phase aberrations. By repeating
this routine for a wide range of input angles, it becomes possible to obtain the shape of
the focal surface, as highlighted by the dotted blue curve in Fig. 4.2b.

4.3 Design of a magnified discrete lens

Once the main guidelines are established, the considerations related to the design
of a magnified discrete lens to achieve scanning up to 70° using a magnification factor
M = 2 are presented here. The following subsections includes the detailed design
considerations for each constitutive element of the lens, addressing the front, back and
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feed arrays. The goal is to ensure wide scanning angles within a conical FoV fixing the

maximum output angle as ¢.17* = 70°.

4.3.1 Front array

As already anticipated, a flat rotationally symmetric front array is selected. The
periodicity of a phased array determines the maximum scanning angle without gen-
erating significant GLs [180]. In particular, for wide scanning angles, the periodicity
of the array should be half a wavelength at the highest operation frequency [174]. In
this chapter, a triangular lattice is selected for both front and back arrays to slightly in-
crease the radiating elements dimensions (and slightly reducing their number) keeping
a similar GLs rejection [174].

For the radiating elements of the front array, the Evanescent Quadridge Antenna
(EQA) developed in [73] has been selected. This radiating element is specially suitable
for the discrete lens, since it has an electrically small size, it is fully metallic and can
be manufactured through AM [136] and it allows dual polarization operation. It also
presents good scanning capabilities in all directions, without exhibiting scan blindness
or spikes in the FoV (see chapter 8 in [174]). The antenna depicted in Fig. 4.3 presents
N = 4 evanescent sections with a periodicity of P = 0.56), (evaluated at the central
frequency f, = 28.5 GHz) to prevent GLs appearing within the desired angular range of
074" = £70°. This choice verify the corresponding condition necessary for the specified

out

FoV: P < 0.59\.

Figure 4.3 - EQA with N = 4 and P = 0.56) in Ka-band with fo = 28.5 GHz.

The simulated embedded pattern in an infinite environment is displayed in Fig. 4.4

for different cut-planes showing a maximum realized gain in the broadside direction
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of 5.93 dBi. As expected, the pattern is not affected by any spikes within the FoV, facil-
itating the scanning in all the directions. In order to select the appropriate dimensions
for the finite front array, a detailed analysis is conducted in Section 4.4.1.
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Figure 4.4 — Realized gain of the EQA simulated in an infinite environment considering three
different cuts ¢ = [0, 60, 90]°.

4.3.2 Back and feed arrays

A rotationally symmetric back array is also examined. While, the feed position is
computed from the routine described in Section 4.2.3. To estimate the coupling between
each feed and the elements of the back array the model in Fig. 4.5 is used. Each element
of the back array is considered oriented towards the center of the sphere, coinciding
with the axial focal point. 0, , and 6, , correspond to the observation angles between
the vector connecting the i-th back array element and the k-th arbitrary feed and the
corresponding normal to each aperture.

To compute the excitation weights of the back elements «a; ;, a simplified scalar anal-

ysis is performed (extending Eq. 1.4 in Section 1.3.5):

. —_
a'Jg 1 6_]k0|FkBi|
17 — 7EFi,kEBi,kj (43)
aio 10 | Fi. B

considering the normalization with respect to the central element of the back array
of the lens: a19 = Ep OEBI,O%;W. The patterns Ef,, and Ej,, are evaluated as-
, o5, : :

suming, for the k-th feed and the i-th elements in the back lens, a rotationally sym-
metric cosine radiation pattern with the factor ¢ related to the horn dimensions [181]:

Ef,, = cos?” (0, ,) and Ep,, = cos?(0p,,). The factor in the denominator of Eq. 4.5
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Back array

Focal surface

Fy

Figure 4.5 — Model to estimate the amplitude coupling between an arbitrary feed Fj, pointing to
the center with an angle 6;,, ;, and every element of the back array.

‘F—LBY‘ represents the spherical free-space propagation term from the feed to the back
kD

array, as analyzed in [182].

A value for the focal ratio /'//Dp = 1.5 is chosen since it represents a good trade-
off between illuminating the back array effectively and minimizing aberrations. The
choice of the magnification factor, the front array periodicity and the focal ratio permits
to define analytically the entire lens [122]. In particular, the choice of the magnification
factor M = 2 permits to define the periodicity of the back array as the double of the one
used for the front array (about 1.12)). The design of the back array elements is thus
less challenging. Accordingly, for these larger radiating elements an exponential factor
¢ = 3 can be expressed, in accordance with the cosine model pattern [181].

Some considerations on spillover losses should also be added. It is important to
note that for passive reflectors and lenses, typical levels of the fields on the edges of
the antennas are about -10 or -12 dB lower compared to the illumination of the center
[38]. These edge taper illuminations guarantee negligible spillover losses. However,
the discrete lens antennas considered in this thesis are particularly suitable for multi-
beam AAs. For active discrete lens antennas, very high spillover losses (up to -2 or

-3 dB) can be acceptable because the power level, in the front lens array, is further in-
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creased with active elements [125], [127]. Hence, the spillover losses represent only
low power losses that are chosen negligible in the power budget of the entire AA. These
considerations justify the quite high illumination levels of the back array edges (around
-6 dB). For this reason, the feed horn is modeled with the exponential g = 15 in order
to present about -6 dB of apodization over the edges for the maximum steering angles
gmer = 70°.

out

4.3.3 Delay lines cluster

The spherical-planar discrete lens considered in this work is characterized by equi-
length and equi-phase delay lines connecting every element in the back array with its
homologous element in the front array. The equi-length lines permit to convert the
equi-phase phase front in the back array when illuminated from the focal point, into an
equi-phase phase front in the planar front lens. This condition guarantees the perfect
phase tapering to create a plane wave in the boresight direction (see Fig. 4.2b).

It is important to introduce a cluster of iso-phase delay lines with minimal losses
for the connections between the back and front array. Various solutions can be em-
ployed for these delay lines including coaxial cables [125] and MWs [149]. Following
the same principles outlined in the Chapter 3 for a 3D discrete lens, a cluster of RMWSs
is considered. These waveguides offer notable advantages, including high flexibility,
low losses, a broad frequency bandwidth and compatibility with full-metal technology
[149]. Consequently, the entire lens system can be manufactured as a monolithic struc-
ture using AM. The excitation port of the EQA would be fed by a septum polarizer that
connects to two MWs in parallel (as in previous chapter) and then to another septum
polarizer at the input of the horns in the back array.

In this context, the phase delays are considered uniform and the waveguides are as-
sumed to be ideal, without losses along their modulated path, in line with the principles
discussed in the previous chapter.

4.4 Finite lens analysis and validation

In the previous section, all the elements composing the 3D discrete lens have been
dimensioned, with the aim of achieving a maximum scanning angle of §]3* = 70° in

out

all directions. The main parameters selected are: M = 2, P = 0.56), F'/Dp = 1.5 and
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dimensions of back and feed horns to achieve specific apodization on the lens edges.
In this section, a comprehensive simulation of a discrete lens is presented to validate
the concept of a magnified 3D discrete lens for a wide FoV scanning. The section be-
gins by examining the sizing of the front array of sub-wavelength EQAs. Subsequently,
a methodology that allows to simulate large arrays, including a validation step for a
smaller-scale problem is proposed. Lastly, the section presents the results obtained,

highlighting a variety of scanning scenarios.

4.4.1 Sizing of the front array

The front radiating array in Fig. 4.21 is proposed to enable scanning capabilities of
up to 70° in all the planes. A triangular lattice is adopted and a periodicity denoted as
P, as previously defined in Section 4.3.1. The front array is configured with a circular
shape to guarantee rotational symmetry. Its diameter Dy = 2Pn, considers a central
element that is surrounded by n, = 8 rings of identical elements.
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Figure 4.6 — Finite front array with n, = 8 rings, periodicity P = 0.56\¢ and diameter of D4 =

8.96)\¢ allowing for scanning up to 6;3* = 70°.
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As it is well known from theory [174], the size of a radiating aperture determines
the directivity of the radiation pattern and it also affects the maximum scanning angle.
The relationship between the sine of the pointing angle sin(6,,: ) of the lens, the sine
of the input angle sin(6;,, x) (as expressed in Eq. 4.1), and the dimensions of the front
array is depicted in Fig. 4.7. The figure is derived by computing the steered pattern and
identifying its peak value at each output angle. The analyzed pattern incorporates the
embedded pattern within an infinite periodic environment for ¢ = 0°, representing the
worst scenario in terms of scanning losses (displayed in Fig. 4.4). This representation
allows to identify the minimum number of rings in the front array in order to attain a
desired maximum scanning angle. In particular, the value 6,'3* = 70° is considered,
which corresponds to the horizontal light blue dashed line.

1 ; ; ; x
0.95 | sin(0y;:") = sin(70°) //
)
< 09}
=
n
0.85 —aGO n, = 10|
—n, =4 ——n, =12
/—nr —8 ——n, =24
0.8 * * *
0.4 0.42 0.44 0.46 0.48 0.5

sin(@in’k)

Figure 4.7 — Sizing of the front array to scan up to ;3" = 70° (dashed horizontal light-blue
line). The front array periodicity is P = 0.56\¢ with a triangular lattice and magnification
factor M = 2. The black curve corresponds to the infinite number of rings array satisfying the
GO relation in Eq. 4.1.

As the number of elements in the array increases (thus increasing the array di-
ameter), the curves gradually converge towards the black curve, thus implying that
Oout e = 95;‘5; - This convergence is coherent with the fact that large arrays are less af-
fected by the embedded pattern of the radiating element so they tend to behave accord-
ing to the GO approximation.
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Figure 4.7 shows that small arrays, specifically those with less than 8 rings (denoted
as n, < 8), do not have the capability to attain the targeted scanning angle of 70° (since
no value of 6, allows to reach the light blue dashed line). Indeed, according to the
theoretical framework outlined in [174], achieving wide scanning angles requires the
use of large apertures. Consequently, it becomes apparent that only large arrays with
n, > 8, can fulfill the desired scanning performance criteria. The array with n, = 8rings
illustrated in Fig. 4.21 is the smallest one that allows to achieve the desired scanning
objective. Therefore, in order to reduce the computational burden of the simulations,
this array size has been chosen for the study.

4.4.2 Modelling of front array: methodology and validation

To simulate the 3D discrete lens, the full-wave simulation of the front array is com-
bined with the GO results considering the back lens illumination. This subsection fo-
cuses on the rigorous full-wave analysis to simulate the front array constituting the 3D
lens and its validation through a smaller case. Regarding the simulation of the back
lens, the next subsection shows the corresponding results.

Due to computational constraints (Intel(R) Xeon(R), CPU E5-2640 v4 2.40GHz,
RAM 192Go), the direct full-wave simulation of the complete front array with 8 rings is
not feasible. For this reason, a novel methodology to simulate large arrays and reduce
their complexity is presented. As it can be observed in Fig. 4.21, the front array geome-
try features two main symmetry planes (vertical and horizontal), but it is not possible
to exploit them directly in the full-wave array simulation when considering a scanned
beam, since the complex excitation coefficients of the array elements are not symmetri-
cal. For this reason, a new rigorous routine exploiting the symmetries is proposed:

e simulation of the embedded patterns of each of the elements in the array, ex-
ploiting the symmetries and reducing the computational time;

e reconstruction of the entire array pattern by adding the actual embedded pat-
terns with the desired weights (in magnitude and phase) for scanning.

The simulations of embedded patterns for each element within the front array, im-
plementing symmetry planes, are carried out in CST. In Fig. 4.21, two symmetry planes
permit to divide the full front array almost in four quarters. This methodology allows
to simulate only one quarter of array (highlighted in red) by exploiting the planes of
symmetry and recombining the results to reconstruct the correspondent embedded pat-

terns. This method effectively reduces the simulation complexity while preserving ac-
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curacy. In the case of the 8 rings array, the simulation of one quarter involves N /4 = 66
elements utilizing the vertical and horizontal symmetry planes instead of simulating
the complete array with N;,; = 237 elements. The elements (in red in Fig. 4.21) are fed

considering a vertical excitation along the y-axis.

When simulating a quarter array, the radiation pattern of a group of four elements
is obtained. This group includes the element that is fed and the three symmetric ones.
The methodology for extracting the actual embedded pattern of a singular element
follows the well-established even/odd analysis method [183]-[185]. This process in-
volves combining patterns obtained from four distinct symmetry plane configurations,
incorporating both Perfect Electric Wall (PEW) and Perfect Magnetic Wall (PMW).
Specifically, the configurations considered are PEW/PEW, PEW/PMW, PMW /PEW,
and PMW/PMW, addressing both vertical and horizontal planes. Specific weighting
factors are employed in this combination, which are dependent not only on the sym-
metry configuration but also on the feeding mode of the element (electric field along

the y-axis, in this case).

For elements intersected by a single symmetry plane, either along the z- or y- axis,
the embedded patterns are derived by combining the following configurations: respec-
tively, PMW/PEW and PEW/PEW for elements along the z-axis or PMW/PEW and
PMW /PMW for elements along the y-axis. For the elements along the z-axis, the hori-
zontal plane is kept PEW, since the electric field is oriented perpendicular it. Similarly,
analogous considerations are applied to the elements along the y-axis axis, which main-
tain the vertical plane as PMW. For the central element, the configuration PMW/PEW
is implemented, to guarantee the boundary conditions on the electric field along the
axes. To sum up, Fig. 4.8 categorizes the elements within the simulated quarter array
into four distinct groups based on their symmetry properties: central element (group
A), element along = and y-axes (groups B and C) and other elements (group D). Table
4.1 gives the complex weights to reconstruct the embedded patterns of the elements
within the array quarter. For the patterns of the symmetrical elements, they still can be
deduced by combining the results obtained from the simulated quarter array but with
other weights.

The validation of this methodology is carried out considering a smaller array that
can be entirely simulated in CST. This hexagonal-shaped array depicted in Fig. 4.9a con-
sists of n, = 2 rings, characterized by N;,; = 19 elements in total and N/, = 7 elements

in a single quarter including the axial ones. A comparison is performed between the
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Figure 4.8 — Classification of the simulated quarter front array of N, , = 66 elements. Group
A: central element, group B: horizontal axis elements, group C: vertical axis elements, group D:
oblique axis elements.

y-coord ()

Planes of symmetry (vertical/horizontal)
Group | PMW/PEW | PEW/PEW | PEW/PMW | PMW/PMW

A 1£0° 0 0 0
B 0.5£0° 0.5£0° 0 0
C 0.5£0° 0 0 0.5£0°
D 0.25£0° 0.25£0° 0.25£0° 0.25£0°

Table 4.1 — Complex weights to reconstruct the embedded patterns of each group of front array
using vertical and/or horizontal magnetic and/or electric walls.

simulated embedded patterns of all elements, both without using (NS) and with using
symmetry planes (WS). The magnitude and phase of the embedded pattern of one of
the elements belonging to group D is displayed in Fig. 4.9b for the cut plane ¢ = 60°.
Remarkably, a perfect match is achieved comparing the NS and WS simulations (19 vs
7 elements simulated).

For the sake of completeness, Fig. 4.10 illustrates the validation of steering perfor-
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Figure 4.9 — (a) n, = 2 rings hexagonal array with N,y = 19 total elements and N, ;4 = 7
simulated ones. (b) Normalized embedded pattern of an element within the group D for the
cut plane ¢ = 60° comparing both cases NS and WS.

mances for the entire front array with 2 rings. This evaluation encompasses both NS
and WS simulations, reconstructing embedded patterns for all elements. The example
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4.4. Finite lens analysis and validation

chosen involves steering towards directions with 9% = 30° for ¢ = 60°, exhibiting in-
deed a perfect overlap. This validation completely demonstrates the effectiveness of the
methodology and its applicability to full-wave simulation of large arrays, significantly

enhancing computational efficiency.

_50 1 1 1
-90 -50 0 50 90

0 (degrees)

Figure 4.10 — Normalized pattern for the 2 rings array pointing at the direction 6],3* = 30°, ¢ =

out
60°, by comparing the NS and WS configurations. Both co-polar and cross-polar components

are shown.

4.4.3 Results of 3D Magnified Lens

As the main concepts for achieving wide-angle scanning involve the modeling of
the front array and the magnification factor M > 1; and considering that the previous
chapter extensively covered full-wave simulations of the back lens and the RMWs, the
comprehensive full-wave results behind the front array are not presented in this con-
text. In order to characterize the scanning performances of the complete 3D lens, the
following steps are implemented. The methodology just described for the front array is
employed. The embedded patterns of the front array are effectively combined including
also the complex illumination patterns associated to the back lens, with the distribution
specified in Eq. 4.3.

Some computed patterns of the 3D discrete lens having M = 2 and n, = 8 rings, and

max

pointing at 673" = 70°, are displayed in Fig. 4.11 in the uv-plane. In Fig. 4.11a, the co-

polar component of the pattern for the feed placed in the z-axis (¢ = 0°) and pointing
at 0] = 70° is shown. Note that the cross-polar pattern is not displayed since the XPD

out
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is around 60 dB along principal axes. Figure 4.11b shows the co-polar and cross-polar
patterns originated when using a feed located in the plane ¢ = 60° are represented.
The maximum XPD level is 11.34 dB for §]5* = 70°, related to the maximum scanning

out

angle.
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u
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Figure 4.11 — Directivity pattern, in the uv-plane, for the 3D discrete lens pointing at 673" = 70°

out

(yellow circle). In (a) the co-polar pattern for ¢ = 0° . In (b) the co-polar (on the left side) and
cross-polar (on the right side) for ¢ = 60°.

As an additional example, in Fig. 4.12 two patterns pointing at 679" = 30° and
characterized by the ¢-angles equal to [0, 60]°, are plotted. The XPD level is around
60dB in the horizontal plane and 27.22dB along in the ¢ = 60° plane. The size of the feed

is not changed for all the pointing angles; it could be adjusted by slightly increasing the
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feed dimensions when increasing the scanning angle in order to keep stable spillover

losses and back lens aperture efficiency.

Figure 4.12 — Co-polar directivity pattern, in the uv-plane, for the 3D discrete lens pointing at
Omi® = 30°, ¢ = 0° (on the left side) and ¢ = 60° (on the right side).

out

Figure 4.13 presents a comparison of the multibeam performance achieved in this
work adopting a magnification factor M/ = 2 (continuous lines) as compared to a con-
ventional configuration with A/ = 1 (dashed lines). It is important to observe that for
small and medium scanning angles the performance with the two types of lenses are
practically identical. In these conditions, the lens with M = 1 should be preferred be-
cause more compact. For such configuration, the front and back arrays have the same
diameter, as well as input and output angles (see Fig. 1.26 in Section 1.3.4).

For larger pointing angles (from 50° to 70°), the M = 2 solution exhibits significant
advantages. The improved scanning capabilities have a cost associated mainly to the
increased volume for the back lens, feeding array, and focal distance. This cost can be ac-
ceptable for professional ground antennas. Viceversa, for on-board satellites a discrete

lens with increased back part could be acceptable only if the platform offers sufficient
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Figure 4.13 — Comparison of the (a) co-polar and (b) cross-polar directivity patterns of the lens
pointing at the angles 6,,:,m» = [0, 15, 35,55, 70]° in the plane ¢ = 60° considering M = 2 (solid
lines) and M = 1 (dashed lines).

accommodation volume (an increased frequency can help in order to miniaturize this

type of lens with M > 1).

In Fig. 4.14 the magnitude and phase taperings on the back lens aperture when illu-
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minated by a feed allowing to point at the maximum angle 70° in the plane ¢ = 60° are
represented for discrete lenses characterized by M = 1 and M = 2. The considerations
done in Section 4.3.2 justify the magnitude levels (around —6 dB) on the back array in
the configurations with M = 2 when considering the maximum scanning angle in Fig.
4.14a. Viceversa, in the configuration with M = 1, the back lens is poorly illuminated
by the feed pointing in the same maximum angle as demonstrated by the amplitude
levels in Fig. 4.14b).
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Figure 4.14 — Amplitude (on the left) and phase (on the right) taperings over the back array
considering the scanning 673" = 70°, in the plane ¢ = 60° for (a) M =2and (b) M = 1.

For the sake of completeness, Fig. 4.15 shows additional results concerning the com-
parison of the proposed full-wave methodology and a commonly employed approxi-

mation. The latter consists in considering that all the elements in the front array have
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Figure 4.15 — Comparison between the approximated and the full-wave approach results for the
co-polar and cross-polar patterns in ¢ = 60°. (a) ;3" = 30° for the 2 rings array, (b) 67,3* = 70°
for the 8 rings array.

the same embedded pattern as the central one in the 8 rings array. Two specific sce-
narios are analyzed, the first one is shown in Fig. 4.15a and concerns the 2 rings array
presented in Fig. 4.9a for the case 67" = 30°, ¢ = 60°. The second one is presented in

Fig. 4.15b and considers the 8 ring lens when scanning at ¢,.3* = 70° in ¢ = 60°. These
results show that assuming an identical element factor (evaluated adopting a full-wave
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technique for an infinite periodic array) for all the elements constituting the finite front
array of the lens implies some not negligible errors in both the co-polar and cross-polar
patterns evaluations.

As a final remark, in order to assess the improvements achieved with the discrete
lens with a magnification factor M = 2 proposed in this chapter, it has been demon-
strated that the scanning capability has been increased from about 50° to about 70° in all
the azimuthal planes as compared to 3D discrete lenses not exploiting the magnifica-
tion factor. This increase corresponds to an enlargement of about 50% in a conical field
of view in the uv-plane because the scanning region extension is proportional to the
area covered which is proportional to sin?(074") as following: (7 sin?(50))/ (7 sin?(70))
= 1.5. In practice, this means that the lens proposed in this chapter is able to increase
by 50% the number of realizable beams generated by the active discrete lens thanks to

the magnification factor.

4.5 Conclusions

In this chapter, the design of a magnified 3D discrete lens for wide FoV scanning has
been proposed. By exploiting a magnification of the back part of the lens, a maximum
scanning angle of about 70° has been demonstrated. The shape of the radiation pat-
tern of the radiating elements in the front lens tend to limit the direction of pointing of
the realized beams. However, by selecting discrete lenses with a sufficiently large front
array this effect can be minimized. The electromagnetic simulation of 3D magnified dis-
crete lenses is computationally cumbersome. For this reason a rigorous methodology
exploiting different types of symmetries has been successfully employed and validated
for the frontlens array. This efficient full-wave analysis for the front lens, combined with
the GO employed for the back lens permits to characterize accurately the entire discrete
lens antenna deriving its radiation patterns. To demonstrate the concept, a 8 rings 3D
discrete lens characterized by a magnification factor of M = 2 with 237 elements and
assuring a maximum scanning angle of at least 70° in all the azimuthal planes has been
demonstrated. By doubling the magnification factor, from M = 1to M = 2, the max-
imum scanning angle has been increased from about 50° to about 70°. This increase
corresponds to an enlargement of about 50% in the extension of the conical FoV of the

antenna which corresponds to an increase by 50% in the number of realizable beams.
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Conclusions and future perspectives

Overview

This chapter presents the main results achieved in this thesis. The general con-
clusions from Chapter 1 to Chapter 4 are first discussed and the main contributions
are enumerated concisely. The research lines opened by this thesis are then outlined,
showing the future perspectives. Finally, a list of the author’s publications related to
the present work are provided.

General conclusions

As the demand for high capacity, enhanced power efficiency and multibeam cover-
ages continues to increase across spatial and terrestrial platforms, there is a notable evo-
lution towards the development of full-metal AA systems. 3D discrete lenses in waveg-
uide technology represent a possible solution to reach good performance in terms of
low losses, scanning flexibility, dual polarization and wide bandwidth. The develop-
ment of full-metal 3D discrete lenses is proven to be possible in this thesis by AM tech-
niques to minimize losses, also to enhance compactness and provide high power han-
dling. The present thesis is devoted to the modeling and design of these systems for
multiple scenarios. In the following, the general conclusions concerning each chapter
are listed.

The first part of Chapter 1 focuses on a comprehensive review of high-gain full-
metal antennas intended for multibeam scanning applications, whether for on-board
or on-ground platforms. The analysis includes a comparative examination, featuring

various solutions such as reflector-based systems, antenna arrays and lenses. Addition-
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ally, the essential properties of AM are outlined, enabling the fabrication of full-metal
3D discrete lenses, identified as promising candidates for the aforementioned features.
Subsequently, the theoretical aspects of these lenses are examined across all their con-
stitutive elements.

Chapter 2 begins with an analysis of MWs through AM techniques used to synthe-
size specific phase delays. This involves the utilization of curved and flexible devices to
establish connections between two arbitrary points. These components not only enable
low losses but also support dual polarization features, wide frequency bandwidths and
exhibit extreme versatility in their geometries. Their applicability spans a wide range of
scenarios. Several examples are provided to validate the effectiveness for both building
and simulation methodologies. Furthermore, the simulation and validation of a cluster
of RMWs intended for deployment in space systems across various scenarios are also
presented.

In Chapter 3, full-metal 3D discrete lenses to achieve a narrow FoV are analyzed
and tested. The study is centered on a specific example related to GEO satellites re-
quiring a FoV of 8°. By choosing a magnification factor smaller than one, it is pos-
sible to attain narrow FoVs, leading to smaller accommodations, particularly suitable
for space platforms. The chapter details the implementation of a RMWs cluster de-
signed to provide the desired phase delays for focalization within the specified FoV.
Two examples are presented: a large one, analyzed in simulation and a smaller one,
manufactured through full-metal additive manufacturing. The latter demonstrates the
measured performances emphasizing the overlap with simulated results. This dual
example approach contributes to a comprehensive understanding of the practical ap-
plications and effectiveness of the proposed techniques.

Chapter 4 introduces the design process for a 3D magnified discrete lens using
waveguide technology, enabling wide angle scanning in multiple directions. The ex-
ample case is this time focused on gateway antennas for ground applications. The use
of a magnification factor greater than one allows for large scanning angles. To demon-
strate this capability, a FoV up to 70° is pointed out. To achieve this, a new methodology
is proposed to implement a full-wave analysis of such 3D discrete lens to speed up the
computation. Adopting both GO and rigorous full-wave analysis, it is shown that this
type of antennas is able to create beams pointing up to wide scanning angles in a conical
FoV.
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Original contributions

This thesis examines the concept related to the fabrication of 3D discrete lenses
through AM techniques, exploring their potential applications across multiple scenar-
ios. In this section the original contributions are summarized and organized according

to the objectives reported in the introduction.

Ridged meandered waveguides:

e Introduction of full-metal RMWSs in AM to provide some degree of flexibility
in spatial routing between two points while maintaining a broad bandwidth, a

desired phase delay, low losses and high power handling.

e Analytic formulation of the meandered trajectory, including the definition of the
step baseline function and the application of the parallel transport approach to
modulate the trajectory and optimize the phase delay.

e Introduction of a methodology for building and synthesizing efficiently clusters
of RMWs to synthesize a group of phase delays, employed in several scenarios.

3D discrete lenses for narrow FoV scenarios:

e Design and full-wave simulation of a 7x7 3D discrete lens employing a cluster of
RMWs and a magnification factor smaller than one to reach a FoV of +8° com-
patible with GEO scenarios.

e Experimental validation through AM and measurement of a 3x3 prototype.
3D discrete lenses for wide FoV scenarios:

e Design and analysis of a rotational symmetric 3D discrete lens to reach scanning
up to 70° towards multiple directions, employing magnification greater than one,

suitable for gateway antenna systems.

e Study and validation of a rigorous full-wave methodology exploiting different
types of symmetries, reducing the computational burden to simulate large array
problems.

e Complete analysis of a 3D discrete lens combining GO and the rigorous full-wave
analysis to create beams pointing up to wide angles from the boresight direction
in a conical FoV.
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Future perspectives

In this work several concepts related to the development of full-metal 3D discrete

lenses for several space scenarios have been presented, leading to some future research

perspectives. These latter are summarized in the following:

Improvement and study of an analytic formulation to describe the reactive effects
related to the implementation of MWs (e.g. equivalent circuits).
Implementation of polarization features and the full-wave pattern of the feed
and back horns in the GO radiation pattern computation for a generic 3D discrete
lens.

Manufacturing of an intermediate prototype of 3D discrete lens for wide scan-
ning angles to point up to 50° employing 4 rings lens array.

Theoretical procedure for the design of not rotationally symmetric 3D discrete
lenses with minimized the optical aberrations for extended FoV.

Use of the full-wave methodology to simulate large arrays with more geometri-
cal symmetries (e.g. triangular lattice with symmetries for each 60°).

Design and prototyping of an active 3D discrete lens employing amplifiers be-
tween cluster of MWs and front array.
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Résumé étendu

Aujourd’hui, I'industrie spatiale connait un changement radical qui s’inscrit dans le
paradigme du New Space comme un pas en avant en termes de débits trés élevés, de
connectivité des réseaux, de fiabilité et de haute efficacité, mais aussi une démocratisa-
tion de 1'espace et I'apparition de constellations de petits satellites [1]-[4].

La flexibilité est devenue une priorité dans la conception des systemes radiofréquences
(RF), principalement en termes de couverture, d’allocation de puissance, d’utilisation
du spectre, de polarisation et de nombre et de forme des faisceaux. Cette flexibilité est
nécessaire a la fois au niveau terrestre et non terrestre [5]—[7]. La reconfiguration mul-
tifaisceaux, les techniques de saut de faisceau, la réutilisation des fréquences et de la
polarisation sont en effet sur le point de devenir quelques-unes des exigences des sys-
téemes émergents [8]-[10]. En plus de cette flexibilité, la gestion d"une puissance élevée
est une exigence supplémentaire pour les applications spatiales. En effet, il est néces-
saire d’assurer un budget de liaison avec le satellite. Le role et la position de I’antenne
sont donc cruciaux dans la conception de ces systémes et représentent en particulier
I'une des motivations de la these.

La solution offrant la plus grande flexibilité est ’Antenne Active électroniquement
reconfigurable (AA). Contrairement aux antennes passives, les AAs permettent une re-
configuration électronique (sans pieces mécaniques mobiles) de la mission (c’est-a-dire
un nombre flexible de faisceaux et, pour chaque faisceau, une orientation flexible, une
forme flexible du faisceau ou une allocation flexible de la puissance). Nous assistons
actuellement a une tendance commune dans I'industrie spatiale, liée au développement
de systemes flexibles (par exemple Eutelsat Quantum [11], Hispasat 36W-1 [12], One-
Sat [13], HummingSat [14] (Europe) ou Winds [15] (Japon)). De méme, ces nouvelles
solutions basées sur les AAs ont été introduites pour les applications terrestres (par

exemple, le nouveau concept de réseaux de Thinkom [16], Starlink [17]). Toutefois,
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I'introduction de ces caractéristiques entraine une augmentation des cofits de fabrica-
tion et de la complexité de l'intégration de I'amplification, des modules de refroidisse-
ment, du traitement numérique et des blocs de calibration en temps réel. Il y a aussi
une augmentation des pertes et de la consommation d’énergie.

Le défi de rendre les AAs plus abordables est une grande source de motivation,
tant au niveau de l'industrie que de la recherche. Des efforts sont faits pour réduire
leur complexité et augmenter leur efficacité énergétique, par exemple en utilisant des
réseaux lacunaires ou irréguliers [18], [19], des charges utiles hybrides [20] ou encore
en améliorant la technologie GaN [21].

En ce qui concerne la fabrication, la fabrication additive (FA) ou l'impression 3D
[23]-[25] a été identifiée comme 'une des technologies habilitantes qui peuvent con-
tribuer a faciliter le développement des AAs [26]. L'exploration du potentiel de la FA
est une autre motivation de la these.

L'utilisation des techniques FA dans la conception de composants RF a représenté
une opportunité attrayante d’atteindre une plus grande liberté de conception, mais
aussi de réduire le volume et les cofits et d’améliorer les performances RF. Cette évo-
lution va de I’application de revétements métalliques sur des composants en plastique
imprimés en 3D, tels que ceux produits par stéréolithographie [27], [28], a 'émergence
de méthodes de FA entierement métalliques telles que la fusion sélective par laser [29 ]
et le frittage direct de métaux par laser [30]. Ces méthodes avancées atteignent des
degrés élevés de flexibilité, permettant I'intégration de géométries complexes dans des
composants monoblocs tout en réduisant les pertes, en économisant de 1'énergie et en
permettant une utilisation a forte puissance - une capacité que les approches de fabri-
cation conventionnelles ne peuvent pas reproduire [31]-[33].

Cette these vise a proposer des solutions innovantes d’AAs avec un cofit et une flex-
ibilité réduits. Les principaux objectifs sont les suivants :

e concevoir des antennes multifaisceaux a gain élevé;

e développer des systémes a faibles pertes et a haut rendement;

e permettre une double polarisation et des capacités de large bande;
e améliorer la capacité et simplifier 'adaptation du systeme.

Le travail présenté dans cette theése est basé sur I’hypothese que 1'exploitation des
lentilles discretes 3D fabriquées avec la FA, peut conduire a des AAs avec un cofit réduit
et une grande flexibilité. Ces systémes peuvent prendre en charge de grandes largeurs

de bande de fréquence et permettre des caractéristiques de double polarisation. En
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outre, ils peuvent étre utilisés dans divers scénarios, couvrant a la fois les champs de
vision réduits et larges. Des lentilles discrétes en 3D ont été proposées dans la littérature
[22] et représentent une solution prometteuse a explorer car elles offrent un compromis

entre complexité et flexibilité.

Une représentation générique d’une lentille discréte 3D est présentée en Fig. 4.16
pour générer des faisceaux pointant dans des directions multiples telles que : dans la
directions normale (faisceau #1), dans le plan horizontal (faisceau #2) et dans un plan
oblique générique (faisceau #3).

En général, ces systémes de focalisation (déja examinés dans [22]) sont principale-

ment caractérisés par la cascade de blocs multiples, comme décrit ci-apres :

e un réseau rayonnant avant (en bleu) de diametre D, pour obtenir le pointage
du faisceau dans les directions souhaitées;

e un bloc de lignes a retard pour relier les réseaux arriére et avant (lignes noires
en pointillés dans le bloc gris);

e un réseau arriere (en rouge) de diametre Dy éclairé par les sources sélection-
nées;

e un réseau de sources placés dans les points focaux (en vert).

Contrairement aux lentilles diélectriques ou aux antennes a réflecteur, les lentilles
discréetes 3D effectuent la collimation (pour la transmission) et la focalisation (pour
la réception) de maniere discrete en utilisant des réseaux d’antennes arriere et avant
(en rouge et en bleu respectivement). Essentiellement a travers ces systémes, 'onde
incidente ne suit pas nécessairement la loi de Snell lorsqu’elle passe a travers les réseaux
de lentilles. Au lieu de cela, elle est contrainte de suivre les lignes de retard, telles
que définies par les points reliés par des lignes en pointillés dans la Fig. 4.16. Par
exemple, lors de la transmission, 'onde sphérique incidente provient de I’alimentation
et se propage vers le réseau arriére, qui transfére ensuite 1’énergie au réseau avant par

I'intermédiaire de lignes de retard effectuant les retards de phase appropriés.

Diverses technologies peuvent étre utilisées pour créer ces lignes a retard, notam-
ment les cables coaxiaux [126], les guides d’'ondes métalliques [140] et les lignes mi-
crorubans [123]. Cependant, puisque une solution entiérement métallique a été envis-
agée, les lignes a retard réalisées par des guides d’ondes en FA sont considérées. Ce
choix est motivé par leur capacité a présenter de faibles pertes de signal et a gérer effi-
cacement des niveaux de puissance élevés, ce qui en fait un choix pertinent pour I'étude
de la these.

173



—0
(Hout,la ¢out,1)

#2 (eout,Za ¢out,2)

-7 R DN
« Lignes a retard,
~ -

—_— =

Réseau arriere

F5(0in.3, ®in3)

Fi(0in,1, Pin1)

Figure 4.16 — Représentation d’une lentille discrete en 3D, comprenant un réseau avant (en

bleu), un réseau arriére (en rouge), un bloc de lignes a retard (en gris) et un réseau
d’alimentation (en vert).

F5(0in.2, Pin2)

La premiere partie de la these se concentre sur les guides d’'ondes @ méandres en tant
que solution innovante employée dans les lentilles métalliques 3D discretes pour per-
mettre le routage spatial entre les deux réseaux avant et arriére. Ils peuvent atteindre
une flexibilité tres élevée et de faibles pertes le long de leurs chemins modulés reliant
deux points arbitraires. Tout d’abord, les points généraux pour construire les trajec-
toires modulées sont mis en évidence. Ensuite, la synthése du retard de phase est effec-
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tuée, en proposant des exemples de méandres exotiques et en comparant les résultats
attendus et simulés. En outre, quelques implémentations de guides d’'ondes a méan-
dres par la conception de cluster 3D a faibles pertes sont présentées, comme visualisé
en Fig. 4.17. Le cluster de guides d’'ondes méandrés permet en effet de connecter des
réseaux ayant des périodicités différentes.

Figure 4.17 — Vue en perspective d'un cluster de guide d’ondes en méandres dans le logiciel
électromagnétique CST avec avec une hauteur entre les profils de A, = 10,.

Concernant les réseaux avant et arriere dela lentille 3D, il y a la possibilité d'introduire
un facteur de zoom entre eux, dans le dimensionnement de la lentille. Le facteur M per-
met notamment de régler la taille du réseau arriére quand la surface du réseau avant a
été choisie ou viceversa. Avec M, la relation entre I'angle d’entrée maximum 6;*" et le
correspondant angle de sortie 073" est donnée par :

out

Sin(6797) = M - sin (6797 (4.4)

out

La Fig. 4.18 illustre I'impact de ce facteur de zoom M sur les performances radiatives
de la lentille, lorsque les dimensions du réseau avant (D,4) et I'angle d’entrée (6.**)
sont fixés.

Lorsque M = 1 dans la Fig. 4.18a, les tailles des réseaux avant et arriére sont
sensiblement les mémes et il n'y a pas de variation du champ de vision du systéme
(004 = 6n*). En choisissant M < 1 (voir Fig. 4.18b), la taille de la partie arriere

de la lentille est diminuée mais le champ de vision est aussi réduit (6" < 0;2*%). A

out
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Figure 4.18 — Représentation bi-dimensionnelle d"une lentille discrete 3D pour: (a) M < 1, (b)
M=1,(c)M >1.

I'inverse, pour M > 1 en Fig. 4.18¢c, il y a une augmentation de la taille de la partie
arriere mais également une augmentation de la possibilité de balayage (07.;" > 0;.%).
I est important de noter que le facteur de zoom s’applique a n'importe quelle forme de

profil avant ou arriére.

Par conséquent, lors de la conception d'une lentille discréte 3D, il est possible de
choisir différentes options sur le facteur de zoom en fonction du scénario d’application
particulier. Ce choix tient compte de facteurs tels que le balayage dans le champ de
vision et 'encombrement de 1’ensemble du systeme. C’est pourquoi deux scénarios
d’application différents ont été identifiés dans cette these, afin de démontrer la flexibil-

ité du facteur de zoom dans les lentilles discrétes 3D.

Un premier exemple analysé et développé de cette thése concerne la conception de
lentilles discretes 3D pour une application satellite géostationnaire avec un champ de
vision réduit a £8°, en fixant effectivement 1’angle de sortie maximal & ¢}* = 8°. Dans
ce cas, un facteur de zoom inférieur a un est choisi afin de réduire le volume de la
lentille. M = 0.5 a donc été selectioné. Pour ces valeurs, 'angle d’entrée correspondant
est 07" = 16.2° (calculé a partir de sin(6]**) = sin(019") /M) [122]). Bien sir, la taille

du réseau avant est deux fois plus grande que celle arriére.
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Une lentille discréte 3D avec ce facteur de zoom entre les réseaux plats avant et
arriére, incluant le cluster des guides d’ondes a méandres, est congue dans un systéme

de 7x7 éléments et simulée dans toutes ses parties (voir Fig. 4.19) pour valider 1’analyse.

Figure 4.19 —Modele CST a 7 x 7 de I’antenne 3D a lentille discréte avec M = 0.5 en incluant le
cluster des guides d’ondes a méandres et 3 sources (F, F», F3).

Un prototype plus petit de lentille 3x3 est également realisé par FA (voir Fig. 4.20)
et mesuré, montrant les performances réelles atteintes de focalisation.

Un deuxieme exemple concerne la conception d’une lentille discréte en 3D dans
la technologie des guides d’ondes, destinée a des applications a large champ de vision
telles que les antennes au sol ou les satellites en orbite basse. Cette fois, en choisissant un
facteur de zoom supérieur a un, il est possible d’élargir le champ de vision par rapport
a l’entrée, mais un agrandissement de la taille du réseau arriere ne peut pas étre évité.
Un exemple de lentilles discretes 3D a été analysé et permet d’atteindre 03" = 70°
de balayage pour toutes les directions. Le facteur de zoom a été choisi égal a M = 2.
En théorie, pour atteindre de larges angles de balayage, un trés grand réseau doit étre
envisagé avec une faible périodicité, comme illustré en Fig. 4.21 ol le réseau avant est
affiché.

Pour cette raison, afin de réduire la charge de calcul en simulation électromagné-
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Figure 4.20 — Prototype de 3 x 3 lentille 3D fabriqué a I'aide de la FA.

tique, une méthodologie rigoureuse exploitant différents types de symétries et une
analyse en mode pair/impair pour la simulation des grand réseaux est également pro-
posée, comme illustré en Fig. 4.21.

Dans l'analyse du systeme entier, I'optique géométrique est adoptée pour le réseau
arriere et la simulation électromagnétique rigoureuse est utilisée pour le vaste réseau
avant afin de créer des lentilles discretes 3D purement métalliques avec des faisceaux
pointant jusqu’a 70°.

De trés bons résultats sont obtenus pour des lentilles discretes en 3D exploitant le
facteur de zoom, dans des scénarios de balayage réduits et larges. Ces systemes, com-
prenant des clusters de guides sinueux pour fournir les retards de phase souhaités pour
la focalisation, représentent une solution innovante pouvant étre fabriqué de maniére

monolithique en métal grace a la FA.
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