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1 Introduction

Non-terrestrial networks (NTNs) have emerged as a promising solution to extend global connectivity,
especially in remote and underserved regions. The success of these networks heavily relies on the
development of efficient and advanced antenna technologies. This literature report provides an overview
of the state-of-the-art non-terrestrial network antenna technology, highlighting the key advancements,
challenges, and future prospects. The report covers various types of NTN antennas, including satellite-
based antennas, high-altitude platforms (HAPs), and drones, and discusses their design principles,
performance metrics, and emerging trends.

1.1 Overview of non-terrestrial networks and their significance

The domain of non-terrestrial networks (NTNs), representing all communication networks outside the
terrestrial atmosphere, has seen a remarkable rise in both attention and deployment in the recent period
[1]. The next-generation of wireless networks, i.e., 6G, is expected to go beyond terrestrial frontiers,
incorporating non-terrestrial networks (NTN) to achieve ubiquitous global coverage [2]. These networks
are generally comprised of satellites, High Altitude Platforms (HAPs), Unmanned Aerial Vehicles (UAVs),
and other space-based communication assets [3]. It offers a multitude of benefits in the realms of global
connectivity, data transmission, emergency services, and more. Some brief overview of NTN components
is given below.

Satellite Networks: Satellite networks form the crux of non-terrestrial networks and have been in
operation for several decades [4]. They are primarily used for wide-area network coverage and are
indispensable for global positioning services, international broadcast, and data transmission. With
advancements in technology, we now have low Earth orbit (LEO), medium Earth orbit (MEO), and
geostationary Earth orbit (GEO) satellites, each with their own unique operational aspects and benefits.

HAPs and UAVs: Emerging components in the NTN system include High Altitude Platforms (HAPs) and
Unmanned Aerial Vehicles (UAVs) [5]. HAPs operate in the stratosphere and are usually solar-powered,
capable of staying aloft for extended periods. They can provide localized coverage for communications,
acting as pseudo-satellites. UAVs, popularly known as drones, can also provide localized network coverage
in remote or inaccessible areas, playing a critical role in times of emergencies.

Integration with Terrestrial Networks: The integration of these non-terrestrial networks with terrestrial
5G and beyond networks (B5G) is expected to yield more comprehensive, resilient, and ubiquitous
network coverage [6]. This will facilitate better connectivity, ultra-reliable and low latency communications
(URLLC), and massive machine-type communications (mMTC).

1.1.1 Significance
Some of the role and significance of NTNs can be encapsulated as following:

a) Global Connectivity: Non-terrestrial networks have the potential to offer truly global network
coverage. With a well-designed array of satellites or HAPs, it's feasible to provide connectivity to every
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corner of the globe, including remote and rural areas where terrestrial network deployment is
impractical or economically unviable.

b) Disaster Recovery and Emergency Services: In situations where terrestrial networks might fail or
become compromised, such as during natural disasters or extreme weather events, non-terrestrial
networks can provide essential communication channels for relief efforts and emergency services.

c) Network Resilience: Non-terrestrial networks can enhance the overall resilience of global
communication infrastructure, acting as backups when terrestrial networks encounter disruptions.

d) Ubiquitous & High-Speed Connectivity: The integration of non-terrestrial networks with 5G and future
generations of networks is anticipated to enable high-speed internet and low-latency services
everywhere, resulting in improved user experiences and enabling advanced applications such as
remote surgery, autonomous driving, and more.

In nutshell, NTN communication systems will be instrumental in realizing the future vision of ubiquitous
connectivity, facilitating innovative applications, and ensuring network resilience in times of crises. Thus,
the study and development of non-terrestrial networks are not only significant but essential for the
advancement of global communications [6].

1.2 Importance of advanced antenna technology for non-terrestrial

communication

NTN are the key component to satisfy the demands of worldwide coverage, greater speed of data transfer
and ensuring service availability, continuity and scalability in the future 6" generation of mobile
communication [7]. The communication framework between satellites/airborne with the current
deployed terrestrial network has become a fundamental factor under research to provide the desired
performance [8]. Last years, in each generation of communication networks, terrestrial networks have
been reused and upgrade it from the previous one with the objective to minimize the costs without
compromising the performance. Currently, with the new paradigm of NTN, to get profit from this joint
between terrestrial networks and NTN, it is required a lot of effort in the satellite/airborne communication
system design point of view to provide the desired performance while being well compatible with the
terrestrial networks [9]-[10].

Despite the advantages of the deployment of NTN, it brings about its challenges such as propagation
channel and delay, frequency/bandwidth allocation, link budgeting, mobility of the satellite/airborne and
user equipment [10]. In consequence, the role associated with the antenna system is gaining importance
in the NTN communication design to provide the features of 6G by overcoming the aforementioned
challenges. In fact, the design of the antenna can have a huge impact on the performance of NTN networks
and can pave the way for the rise of NTN networks. The NTN framework is based on satellites such as
low/medium/geosynchronous Earth orbiting (LEO, MEO, GEQ) satellite or airborne (UAV and HAPS). The
requirements associated with the antenna system on each of them are slightly different and they are
highly dependent on several constraints such as the velocity, power, altitude, size and the role of each of
them in the NTN network [11].
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Satellite NTN communication plays the role of providing worldwide coverage by ensuring service
continuity and acts as a backhaul connectivity of terrestrial networks. They are located at high altitudes,
between 300 km to 35786 km, which suffer high propagation losses and hence they feature considerable
delay of data transmission [7],[9].Therefore, it is required advanced antenna technology that can provide
huge gain and EIRP to minimize the high propagation losses, very broad bandwidth to provide high data
rates, and huge number of simultaneous beams to improve the frequency reuse capabilities
[71,09],[12] .The satellite operates at the mm-Wave band, especially at the Ka-band, which allows to design
small antennas with effective cost and provides high gain and the chance to use a wide spectrum
bandwidth. To counteract the high path losses and hence to provide high gain and EIRP, large antenna
arrays should be used [6].

The future mega-constellations of NTN satellites will be interconnected with inter-satellite links (ISL). Inter
satellite links could be radio links or optical communication links. Nowadays, some studies that explore
the possibility of the use of Intelligent reflecting surfaces (IRS) well known as reconfigurable intelligent
surfaces (RIS) join with THz band in LEO ISLs. On the other side, optical communication links have been
proposed for the ISL because of their greater energy efficiency compared with RF links [11].

During the last years, phased array technology has emerged as a demanded design for satellites, instead
of array-fed reflectors, where directional high gain beams could compensate the high path loss at mm-
Wave band. Nowadays, thanks to recent technological advancements in the space industry have
demonstrated that phased arrays using electrical beam steering or beamforming are beneficial in terms
of cost, complexity and overall system performance compared to fixed antenna apertures with
mechanical steering [7] [9].

The airborne category includes unmanned aircraft vehicles (UAV) and high-altitude platform systems
(HAPS). They are intended to be used as a repeater node between satellites and user ground terminals,
as an aerial user or as an aerial backhaul link. They are located at low altitudes, less than 20 km and the
propagation delay and path losses are in the range of terrestrial communication but each of them has
different limitations of payload weights and sizes [6]. Currently, the research on the antenna technology
deployed at HAPS and UAV is based on achieving the largest possible terrestrial coverage, by providing
high gain in a wide range of directions with the minimum size and weight [13]. Mostly, they use several
panels whereby using beam steering allows them to cover areas further away from the broadside. Beam
steering antennas allow to reduce the size and weight compared with the typical mechanical antennas.
For instance, recently in the literature, it has been proposed some advanced antenna designs such as a
planar active electronically scanned array (AESA) antenna [14].

For the ground user equipment (UE) or ground base station, antenna design requirements could be
relaxed further by the intensive effort applied in satellite/airborne antenna design and for its limitation
[15]. In user terminals two types of users can be distinguished: The first one is handheld devices with
Omni-directional antennas and the other one is the very small aperture terminals (VSAT) with directional
antennas. Handheld devices should work in lower frequency bands such as S-band to connect with
terrestrial networks and at higher frequency bands such as Ka-band to connect with the non-terrestrial
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network directly. Therefore, new antenna technology presenting dual-band operation should be required.
Contrariwise, VSAT terminals will operate at higher frequencies such as Ka-band requiring higher
bandwidth and the use of directional antennas with higher gains and beam steering to connect with the
satellite/airborne nodes [3]. The capability of beam selection at UE can avoid suppressing the effect of
interference and maximize the signal quality. In fact, the gain of the User terminals is a very important
metric in the link budget of the NTN [16].

Nowadays, as aforementioned advanced antenna technologies are highly demanding and in constant
research to provide the NTN desired performance. The characteristics of these advanced antenna
technologies are associated with the number of simultaneous beams, polarization, maximum scanning
angle, operational frequency, bandwidth, beam gain, beam EIRP and required dimensions. In fact, the
current research in advanced antenna solutions is to implement multi-beam antennas that send the
information to different spots on the ground through a plurality of beams, thereby maximizing spectrum
efficiency through spatial diversity and charging multiple users simultaneously and covering a wide area
[7]1[13]. To avoid the overlapping of the beams and interference among them and maximize efficiency, it
is tried to steer the beams to high beam scanning angles up to 602 [11],[17].

1.3 Definitions and acronyms

AM Additive Manufacturing ISL Inter-Satellite Links

DNG Double Negative (materials) SLM Selective Laser Melting

DMLS Direct Metal Laser Sintering RIS Reconfigurable Intelligent Surfaces

DRA Dielectric Resonator Antenna AESA Planar Active Electronically Scanned
Array

EBG Electromagnetic Band Gap UE User equipment

EM ElectroMagnetic VSAT Very Small Aperture Terminals

MAM Microwave-Absorbing Material MBA Multi Beam Antenna Payload Antennas

NTN Non-Terrestrial Network UAV Unmanned Aerial Vehicle

LEO Low Earth Orbit QoS Quality of Service

D2.1 ANTERRA Page 8



HAP High-Altitude Platform ML Machine Learning
SINR Signal-to-Interference-and-Noise ISNR Interference-to-Signal-and-Noise Ratio
Ratio
FDM Frequency Division Multiplexing ITU International Telecommunication Union
IRS Intelligent Reconfigurable Surface MIMO Multiple-Input Multiple-Output
EOC Edge of Coverage EIRP Effective Isotropic Radiated Power
HPBW Half Power Beamwidth A-BFN Analog Beamforming Network
D-BFN Digital Beamforming Network HAP High Altitude Platforms
SFB Single Feed per Beam PIN Positive Intrinsic Negative
FAFR Focal Array Fed Reflectors SLA Stereolithography
DRA Direct Radiating Active SM Subtractive Manufacturing
BS Base Station SBS Small Base Station
RAN Radio Access Network MEO Medium Earth orbit
GEO Geostationary Earth Orbit SAT5G  [Satellite and Terrestrial network for 5G
HPA High Power amplifier RF Radio Frequency
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2 Satellite-based Antennas

2.1 Characteristics and design considerations of satellite antennas

Over the years, antenna engineers, whether the antennas are employed on Earth or in space, have
relentlessly worked to introduce new antenna design solutions. These new solutions generally aim for
improvements in cost, size, power consumption, design complexity, reliability, and manufacturing
tolerance. Additionally, these antennas, if employed in space, are expected to fulfill the needs of the ever-
changing next-generation satellite communication systems concerning system capacity. Besides, the
satellite antennas are expected to act as a spatial filter to focus the beam in the desired area on Earth. So,
the radiation pattern of space-borne antennas is accurately characterized for the entire mission period by
accounting the pointing errors, spacecraft distortions, attitude instabilities, antenna misalighments,
etcetera.

2.1.1 Design Considerations

Link Budget: Antennas, both space-borne and ground-based, play a significant role in the determination
of the link budgets, and it is due to their ability to control the quality of service and availability and to
enhance the system capacity. The size and mass are the key constraints of an antenna mounted on a
satellite, which in turn constitutes the gain of the antenna. For a geostationary satellite antenna, the peak
and the edge of coverage (EOC) gain, and effective isotropic radiated power (EIRP) on transmit, a high half
power beamwidth (HPBW) and signal-to-noise ratio (S/N), or G/T on receive is the primary figure of merit.
On the contrary, for the LEO satellite antenna, the scanning angle, gain, power consumption, extent of
integration, and radiation purity is the immediate figure of merit.

The implications on the space environments: During its operation, a satellite antenna is in prolonged
exposure to the harsh space environment, which includes vacuum, extreme temperatures, static charges,
and debris. In addition, the antenna also needs to survive vibrations, shock, intense acoustic pressure, and
depressurization during launch. Besides, structural deformations due to multiplication, material
outgassing, creep, atomic oxygen, and material charging (particularly in LEO), need to be accounted for
during the design process.

2.1.2 Antenna types and its specific requirements

Ultra-high frequency (UHF) satellite communication antennas: UHF antennas, typically used for military
applications, cover the frequency band between 300MHz and 1 GHz and have the coverage required to
cover the visible portion (about 17.4-degree diameter circular coverage) of the Earth's surface and a
transmit/receive isolation of about 60dB. Additionally, the antennas tend to be electrically small relative
to their long wavelength however have a large effective aperture to reproduce a high gain radiation beam.
At UHF, the multipactor effect can be an issue.

L/S-band Mobile Satellite Communications Antennas: L-band antennas, typically used for mobile
satellite applications, cover the frequency band between 1 GHz and 4 GHz and are expected to support
the system to have a high link margin to guarantee high quality of service. Moreover, the antennas tend
to be large, typically a parabolic reflector, and are illuminated with an array of feed elements to form
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several spot beams to cover a part of the coverage location. Each beam has a suboptimal EOC gain to
manage the high spillover losses. The beams are formed using analog beamforming (A-BFN) or digital
beamforming (D-BFN) networks. Due to the size of the reflector, deformation or single-point failure due
to a deployment error can be an issue.

Ku and Ka-band FSS/BSS Antennas: Ku and Ka-band antennas, typically used for indirect access
communication applications, cover the frequency band between 12 GHz to 40 GHz with typical
bandwidths ranging from 250MHz to 1 GHz and, Ka-band broadband systems, up to 1.5 GHz. The power
handling capability of these antennas a stringent and demands a very challenging design constraint.
Moreover, the antennas tend to be large, typically a parabolic reflector, and are illuminated with a feed
element to form a beam to cover a major part of the coverage location. Due to the size of the reflector,
deformation or single-point failure due to a deployment error can be an issue [18].

2.2 Evolution from traditional geostationary satellites to LEO constellations

The history of satellite communication begins in 1945 with the article of Arthur C. Clarke, in which he
described the purposes of a satellite communication system, how it could be launched, and why it should
be placed in geosynchronous orbit. However, | took another 12 years until the first earth-orbiting satellite
was launched, Sputnik 1. This launch by the Soviet Union was considered by the Americans a political act,
and a few months later, the Americans also launched a satellite successfully. Multiple satellite launches
were followed by both nations. In 1958 the first communication satellite, known as SCORE, was launched
by the Americans, which could broadcast a brief message from the President. A few years later, in 1960,
the first passive communication satellite Echo 1 was launched by AT&T Bell Labs. This launch concluded
that a passive satellite is not commercially viable. Two months later, the first active communication
satellite was launched allowing transmission of 16 teletype channels. In 1962, the world’s first private
communications satellite was launched into the low Earth orbit (LEO) demonstrating real-time television
signal transmission. A few years later, the first continuous satellite communication link was demonstrated
with the Intelsat Earlybird satellite. Followed by satellites that provided satellite broadcasts to TV stations
and mobile services in 1975 and 1976, respectively [19]. Between 1995 to 1997, the Iridium satellite
constellation was launched, operating 66 satellites in six LEO orbits. Unfortunately, the Iridium system
went bankrupt due to marketing, licensing agreement, and technical performance problems. Also, similar
follow-up systems, such as the Globalstar system, which started operating in 1998 with 48 satellites in the
LEO, and the /CO system, which was planned to be deployed in the medium earth orbit, went bankrupt
[19],[20]. Similar systems, which all failed due to bankruptcy or cancellation, can be found in [21]. As a
consequence, new LEO satellite constellations were not planned for many years. Nevertheless, new
proposals for new constellations have arisen in the last decade. For instance, SpaceX intends to launch
one of the largest mega-constellation with over 42000 LEO satellites forming the Starlink system and
addressing worldwide broadband internet access. While the Starlink constellation started deploying and
already operating on a smaller scale, many other constellations are planned by other companies. OneWeb
initiated to launch 648 satellites aiming for global coverage. However, in 2020, also OneWeb went
bankrupt due to the high costs of manufacturing and launching satellites. Further, Telesat intended to
provide global coverage and high-throughput broadband capacity on LEO constellations, starting
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launching of the first satellite in 2018. The Kuiper project plans to launch 3236 satellites forming an LEO
constellation to provide broadband connectivity for uncovered users. Many more constellations are
planned for the future, a list can be found in [21].

Table 1: Selected history of the satellite communication (not complete) [19,20,21].

1945 Arthur C. Clarke firstly described a satellite communication system in his article

1958 The world's first communication satellite was launched, SCORE

10/1960 The first active communications satellite, Courier 1B, was launched
1965 Intelsat Earlybird, the first continuous satellite communications link
1976 Marisat, the first communications system to provide mobile service

1998 Deployment of Globalstar (went bankruptcy)
2019 Annoucement of the Kuiper project

2.3 Advancements in antenna technology for LEO satellite networks

In the last decade, low Earth Orbit satellites (LEO) have become an attractive option for their provided
reduction in operation, launch cost and energy consumption. In addition, LEO satellite communications
present the advantages of reduction of propagation path loss, wide coverage, full connectivity and low
latency communications [9] [12]. Nowadays, thanks to recent technological advancements in the space
industry and academia, some advanced antenna research has been carried out in satellite
communications, namely the interconnection between satellites and the link communications between
satellite and ground terminal users.

Recently, has been demonstrated that a cooperative communication paradigm seems to be the more
efficient and effective use of a network with such many small satellites. Therefore, the requirements for
satellite antennas have been redefined to suit the high number of small satellites with relatively low power
transmission capacities and requiring antennas with wide bandwidth, low cost, low profile, high port-to-
port isolation and lightweight [22] [23]. During the last twenty years, antenna polarization has been
adopted as one of the major features due to its promising performance. Since several years ago, antennas
providing dual polarization have been widely used to enhance the channel capacity and reduce the
influence of interferences. Accordingly, for LEO satellite communications dual circular polarization is well-
demanded to provide an overall better performance.
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Satellite communications with ground terminal users started to operate in L, C and S bands, but due to
market demand for multiple beams applications, had envisioned operating in the mm-Wave band,
especially in the K-/Ka-band which the downlink operates at the K-band and the uplink in the Ka-band [23]
[24]. Last decade, several LEO satellite antennas based on different kinds of antenna elements, various
kinds of reflector antennas, different array types, and various kinds of apertures have been studied in the
literature [25]. During the 1990s multi beam antenna payload antennas (MBA) emerged as the most
promising antenna design for LEO satellite communications because of their efficiency to reuse the
frequency spectrum and high gain beams over the coverage region [26].

Firstly, it was proposed several designs based on using reflectors as an aperture, where they are in charge
of compensating the spatial phase of the incident wave from the feeds and reflecting to a given direction
[27]. A Single feed per beam (SFB) using high aperture efficiency horn or patch antennas for each feed,
was proposed. On the downside, it requires several reflectors to obtain an optimal coverage performance
[28] [29]. As a solution, it was proposed Focal Array Fed reflectors (FAFR) using beamforming to minimize
the number of required reflectors. In FAFR each beam is generated using a group of elements placed in
the focal region of a reflector, where it means that requires more elements than the number of beams.
Although the elements are smaller than the ones used in SFB it was not a good design approach. All these
designs are based on a reflector antenna approach which they scan the beam by mechanically moving the
reflector or the feed or both simultaneously to the corresponding beam direction [30]. Additional time is
required to steer the reflector, where could produce that in a very short time, the corresponding beam is
not pointing in the required direction, hence being inefficient.

In addition, it was proposed mechanical steerable antennas where the antenna uses a fixed feed chain
and mechanically the reflector is the only part that is moving to point the beams at the desired angles [28]
[31]. Further, active discrete constrained lens antennas have appeared as a possible solution to generate
multiple spot beams adopting only a single aperture. However, at this moment has not been considered
a promising design for LEO satellites payload because of their high volume, weight and deployment issues
[32].

In the early 2000s, phased array antennas or electronically steering antennas emerged where small
radiators can scan the beam electrically by changing the phase of its elements instantaneously. Its
promising features such as low profile, low power consumption, lower weight and overall good
performance make it considered the most promising antenna design in the LEO satellite antennas even
do having a huge complexity and cost. On the downside is required more active elements such as
beamformers networks are in charge of controlling the excitation of the elements in the array [30]. At the
beginning of this new paradigm, Direct radiating active (DRAs) emerged which the elements are shared
between all beams and only is used a single aperture, but it was realized that the number of elements
required is one order of magnitude higher than the reflector-based solutions [28] and present high
complexity in the beamforming system. In addition, another limiting factor on phased array antennas is
related to the large mass and high-power dissipation they require for large active phase array
configurations.
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Nowadays, thanks to recent technological advancements in the space industry and academia have
demonstrated that phased arrays using electrical beam steering or beamforming are the most promising
antenna design for LEO satellites because of being beneficial in terms of cost, complexity and overall
system performance compared to fixed antenna apertures with mechanical steering [11] and others
antenna design proposed until today. For the future mega LEO constellations of satellites, size and price
of the launched satellites will be reduced and hence a deep study on phased array antennas with low
weight, low size and low cost should be presented. Further, a £60° beam scanning range should be
required for the desired uninterruptible communication feature of NTN. Hence, the requirements for the
LEO satellite communication antenna are comprehensive and not easy to achieve [33].

The radiating element, also known as unit-cell elements, and the architecture system behind the radiating
elements such as beamforming network and High Power amplifier (HPA) elements, are receiving a lot of
interest in research. One of the performances required is to provide a compact wideband radiating unit-
cell, allowing to integrate both Rx and Tx within the same antenna and offering acceptable performance
[33]. Many planar radiating elements have been proposed such as waveguide, tapered slot, dipoles, and
microstrip path antennas, where the research on new types of radiating elements are being on research
from the academic community and industry to obtain better performance. In the radiating element point
of view, the selected design must satisfy the systems requirements in terms of bandwidth, polarization,
gain and integrability [35].

The choice of the beamforming technique has been under study for the last few years. Fully analog or
digital beamforming solutions have been proposed, but hybrid beamforming network solutions have
emerged as a promising solution due to the possibility of featuring the tradeoff between system
complexity and good performance, providing better performance than analog and digital beamforming
techniques. Indeed, two basic implementations of the whole antenna array system, brick and tile
configuration are under study. The brick configuration requires a considerable amount of Radio Frequency
(RF) boards, adapters, and cables to route the RF, bias and control signals, but provides better heat
dissipation of the active components. Tile configuration adds a high integrating component complexity to
incorporate all required electronic components into the area occupied by the corresponding radiating
element but lowers the construction depth and reduces the number of required connectors [35].

As the state-of-the-art technology of Inter-satellite links (ISLs), Terahertz communication with RIS and
optical communication links has appeared as a promising solution for ISLs since it can provide high data
rate communications and very low power consumption due to the lack of active elements [22].

2.4 Beamforming and phased array antennas for improved capacity and
coverage

2.4.1 Introduction

Satellite communication is crucial for enabling connectivity across vast distances and reaching remote
areas. Phased array antennas and beamforming techniques have gained significant attention to enhance
the performance of satellite antennas. This section examines the principles, capabilities, and advantages
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of beamforming, the use of beamforming for improving capacity and coverage in non-terrestrial networks,
and the antenna types used in phased array designs.

2.4.2 Literature Survey

Beamforming and phased array antennas have emerged as critical technologies for enhancing capacity
and coverage in wireless systems, particularly in fifth-generation (5G) and sixth-generation (6G) networks.
In [36], a new heterogeneous phased array architecture that combines antenna-on-display (AoD) and
antenna-in-package (AiP) modules is presented. The proposed architecture achieves three independent
multi-beam steering radiations in different directions by symmetrically arranging these modules,
enhancing spherical beamforming coverage. The model demonstrates substantial improvements in
equivalent isotropic radiated power (EIRP) compared to individual AoD and AiP modules. A study on ultra-
thin, low-cost, electronically beam-scanning reflect-array antennas for Ka-band satellite communications
on the move and 6G networks are presented in [37]. By employing a leaky-wave feed and printed unit
cells with low phase resolution, efficient beam scanning is achieved while significantly reducing the
thickness and cost of the reflect-array antenna. With increased aperture efficiency, the proposed
architecture can be suitable for Ka-band satellite communications and future 6G applications.

[38] analyzes a millimeter-wave cellular network's capacity and signal-to-noise ratio (SNR) using a phased
antenna array. The study highlights using millimeter-wave directional antennas with beam steering to
achieve high data rates and capacity. Channel capacity is analyzed for uniform linear array and planar
array antenna structures, focusing on beamforming and beam-steering techniques. [39] addresses the
challenge of uplink coverage enhancement in sub-6 GHz 5G NR systems using adaptive digital
beamforming with cross-polarized array antennas. They propose an adaptive beamforming approach
based on cross-polarized array antennas and analyze the performance in improving uplink coverage near
the cell edge. The study emphasizes the importance of uplink beamforming for achieving optimal
downlink beamforming performance in time division duplex (TDD) mode. In [40], energy-efficient 5G mm-
wave cellular networks with beamforming capabilities are examined. Comparing various beamforming
architectures to a 4G reference network, the study demonstrates that 5G networks, under the same
coverage performance, require more base stations but with significantly improved energy efficiency.

[41] explores massive multiple-input multiple-output (MIMO) technologies for 5G evolution (5GE) and 6G
networks. The paper highlights the role of advanced beamforming technologies and massive MIMO
combined with base station cooperation in achieving stable, high-data-rate mm-wave transmission.
Experimental results and link-level simulations demonstrate the potential of massive MIMO technologies
for 5GE and 6G, including over 100 Gbps downlink throughput and coverage performance in sub-terahertz
frequency bands. A wideband phased array antenna with wide-angle scanning capability for mobile
communication systems is proposed in [42]. Their approach involves embedding an air cavity beneath
each array element, improving wide-angle scanning impedance matching, and extending the operating
bandwidth. The study presents experimental results for linear and planar array prototypes, demonstrating
wide-angle scanning coverage and high realized gain within the bandwidth.
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The studies discussed in this review explore new architectural designs, low-cost reflect-array solutions,
advanced beamforming techniques, energy efficiency considerations, and the application of massive
MIMO technologies. These advancements contribute to the evolution of 5G networks and pave the way
for 6G systems with higher data rates, broader coverage, and improved performance in various
communication scenarios.

2.4.3 Phased Array Antennas

Phased array antennas have not only transformed satellite communications but have also found extensive
applications in various other fields. In addition to satellite communications, phased arrays have been
widely adopted in radar systems, wireless networks, and even automotive radar systems. Electronic
steering of the beams without mechanical movement provides various advantages, such as faster
response time, increased agility, and enhanced performance.

In radar systems, phased array antennas enable beam scanning in multiple directions, allowing for
detecting and tracking targets with high accuracy and efficiency. Phased arrays offer fast scanning
capabilities by electronically steering the beams, crucial in applications such as air traffic control, weather
monitoring, and military surveillance. Moreover, they have been critical in advancing wireless
communication networks, particularly in deploying 5G and beyond. The dynamic beamforming
capabilities of phased arrays enable the optimization of signal strength, interference mitigation, and
improved capacity. By adaptively steering the beams toward desired user locations, phased arrays
enhance coverage, reduce signal degradation, and support higher data rates, enhancing user experience.
Furthermore, the automotive industry has embraced phased array antennas for collision avoidance
systems and autonomous driving. Vehicles can accurately detect and track objects in real time by
employing phased arrays, enabling advanced driver assistance and enhancing safety.

Phased array antennas have revolutionized various industries by providing electronically steerable beams.
Their dynamic beamforming capabilities offer numerous advantages, including rapid beam steering,
improved coverage, increased capacity, and enhanced performance. From satellite communications to
radar systems and wireless networks, phased arrays have become a critical technology pushing modern
communication systems' boundaries.

2.4.4 Antenna Types Used in Phased Array Design

Phased array antennas consist of an array of individual radiating elements, and selecting the antenna
element type is crucial for achieving the desired performance and beamforming capabilities. Different
antenna types are commonly used in phased array designs:

a) Patch Antennas: Patch antennas, also known as microstrip antennas, are commonly used in
phased array designs due to their compact size, low profile, and ease of integration with
integrated circuits.

b) Dipole Antennas: Dipole antennas are one of the fundamental antenna types used in phased
array designs, offering omnidirectional radiation patterns and simplicity in fabrication.

c) Horn Antennas: Horn antennas find applications in phased array systems operating at microwave
and millimeter-wave frequencies, providing low sidelobe levels with high gain and directivity.
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d) Slot Antennas: Slot antennas are popular for phased array designs at higher frequencies, offering
low profile, wide bandwidth, and sound radiation characteristics.

The choice of antenna type depends on various factors, including the desired frequency range, beamwidth,
gain, and system requirements. Each antenna type has advantages and limitations, and careful
consideration must be given to the specific application in phased array design.

2.4.5 Beamforming

Beamforming is the cornerstone of phased array antennas, enabling precise control over the directionality
and spatial characteristics of the antenna's radiated beam. By appropriately adjusting the phase and
amplitude of the individual elements, beamforming facilitates the creation of focused beams, enhancing
signal strength and reducing interference. The main types of beamforming methods include analog and
digital beamforming, each with advantages and limitations.

Analog beamforming operates at the radio frequency (RF) level and utilizes phase shifters to adjust the
phase of the signals in the analog domain. This technique is commonly employed in phased arrays with
many elements. Analog beamforming provides a simple and low-latency solution suitable for applications
with relatively static channel conditions. However, it may have limitations in adapting to dynamic
environments or supporting advanced signal processing capabilities. On the contrary, digital beamforming
operates in the digital domain, where the signals from each array element are individually digitized and
processed. Digital beamforming provides more flexibility and adaptability, allowing for advanced signal
processing algorithms, such as adaptive beamforming and interference cancellation. This technique is
particularly advantageous in rapidly changing channel conditions, as it can dynamically adjust the
beamforming weights to optimize performance. However, digital beamforming generally requires more
complex hardware and higher computational resources. Both analog and digital beamforming techniques
have advantages and limitations, and their choice depends on the application requirements. Analog
beamforming is often favored for its simplicity and lower implementation complexity, while digital
beamforming offers greater flexibility and adaptability in challenging environments. Selecting the
appropriate beamforming technique is a trade-off between performance, cost, and system constraints.

Hybrid beamforming is a more sophisticated method that combines the benefits of both analog and digital
beamforming approaches. It addresses the trade-off between performance and complexity by combining
analog and digital processing stages in the beamforming network. In hybrid beamforming, the phased
array antenna system is divided into multiple sub-arrays, each consisting of smaller elements. The analog
beamforming stage is employed at the sub-array level, where analog phase shifters control the phase of
the signals, enabling beam steering and shaping at a coarse level, reducing the number of required RF
chains, and simplifying the hardware implementation. The outputs of the sub-array analog beamformers
are then fed into digital beamformers, where further signal processing is performed at the digital stage.
The digital beamformers refine the beamforming weights and adjust the phase and amplitude of the
signals with higher granularity, allowing for more precise control of the beams, adaptive beamforming,
and interference cancellation.
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In summary, beamforming techniques, including analog and digital beamforming, are essential for
achieving precise control and optimization of the radiated beam in phased array antennas. These
techniques are critical in improving signal quality, enhancing coverage, mitigating interference, and
providing efficient communication in various applications ranging from wireless networks and satellite
communications to radar systems and medical imaging.

2.4.6 Use of Beamforming for Improved Capacity and Coverage in Non-Terrestrial Networks
NTN satellite communication systems require efficient resource allocation to meet the growing demand
for high-speed and reliable communications. Beamforming is critical in improving capacity and coverage
in NTN by:

a) Overcoming Path Loss: Beamforming allows for dynamic beam shaping and direction adaptation,
mitigating the adverse effects of path loss due to long propagation distances. Rain fading can also
be mitigated by focusing the beam on the desired areas, improving system reliability.

b) Obtaining Multi-Beam Coverage: Beamforming enables the generation of multiple beams that
can be steered independently to serve different regions or user groups simultaneously. The multi-
beam coverage capability optimizes satellite resources and ensures efficient coverage across
different areas.

c) Managing Interference: Beamforming facilitates identifying and tracking interfering signals,
allowing adaptive nulling or beam steering to mitigate interference. This interference
management capability is crucial in NTN, where co-channel interference can significantly impact
system performance with multiple satellites and users.

2.4.1 Conclusion

Phased array antennas and beamforming techniques are vital enablers that improve the capacity and
coverage of satellite links in non-terrestrial networks. These technologies enhance signal strength,
increase system capacity, and mitigate interference by exploiting dynamic beamforming capabilities. This
overview highlights the research and advancements in the field, providing a foundation for further
exploration of beamforming and phased array antennas in satellite communication systems.

2.5 Challenges and future directions

Achieving global coverage of communication networks is only possible with satellite-based support of
terrestrial networks. Mega-constellations in LEO are promising to meet the requirements of the next
generation of communication. A key component of a communication satellite is the antenna. Future
satellite antenna systems have to generate beams with high gain, low sidelobes, low cross-polarization,
high beam efficiency, wide scanning range, and beam steering and shaping capabilities [25]. This
subsection summarizes the dominant trends and challenges of satellite-based antennas. The mentioned
trends and challenges are not complete, more examples can be found in the references [25],[43]-[47].

The general trends in the development of satellite antennas are toward highly integrated solutions at
higher frequencies, higher bandwidths, higher power levels, higher gains, and larger aperture dimensions.
Further, antennas have to be large (area-wise), lightweight and deployable [25]. Addressing all of them
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simultaneously is difficult, but necessary to enable global satellite communication networks. Not only
from the electrical and mechanical point of view, future antenna solutions have also to be feasible from
the economical point of view. Providing low-cost and high-performance antennas are essential to reduce
overall payload costs and facilitate investments into non-terrestrial networks (NTN).

Depending on the constellation distinctions has to be made between antennas for LEO, MEO, and GEO
services since the boundary conditions differ. For communicating with GEO satellites, very large distances
have to be overcome. Otherwise, with LEO satellites, these are much smaller, but new challenges arise,
for instance, beam following and user-handovers. Consequently, also the requirements for the antennas
are different and the challenges and trends vary [25].

For fixed satellite services and broadcast satellite services in GEO or MEO orbits, contoured beam
antennas and multi-beam antennas are of interest. Contoured beam antennas allow adjusting of the beam
to optimize the use of power in the covered region. While multi-beam antennas use a large number of
spot beams to cover the geographic coverage region by dividing the frequency spectrum into sub-bands,
which can then be reused, and the effective bandwidth, and thus capacity increased [25],[43].

While for services in LEO orbits smaller propagation distances reduces the requirements for higher gains.
However, LEO satellite services require antenna radiation patterns that cover a wide scan range and allow
precise electronic beam steering and beamforming. Large flat-panel active phased array antennas that
incorporate electronic components such as filters, power amplifiers, low noise amplifiers, and beam
steering electronics can achieve low-cost, small, and efficient radio frequency front ends [25].

Another trend is the usage of dual-band or even multi-band antennas allowing, on the one hand,
redundancy, and on the other hand, parallel service integration, for instance, dual usage of L-band and S-
band with a single antenna [25],[43].

Reconfigurable antennas are also of rising interest since the onboard flexibility allows the operator to
adjust quickly to the market needs. Finding a compromise between reconfigurability, costs, and risk is
challenging [44].

Summarized, many challenges have to be solved to enable satellite-based communication, especially for
new LEO NTN constellations. To repeat a few, using higher frequency bands, wide scan widths with
accurate electronic beam steering, and low weight and size while providing an area-wise large shape.
Besides electrical and mechanical improvements, the costs also have to be reduced significantly.

2.6 Additive Manufacturing Techniques for Antenna Development

2.6.1 Introduction

Once the design and simulations of any electromagnetic component have been completed, it is necessary
to validate the prototype from the results obtained with real measurements. Additive Manufacturing (AM)
is the suitable technology for this purpose. The main advantage of using this printing technique is the
ability to manufacture lightweight components with complex internal surfaces in a single object. On the
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other hand, one of the main disadvantages is the manufacturing precision as well as the surface roughness,
which show worse performances compared to standard manufacturing processes, and mainly dependent
on the type of material and process parameters [48].

2.6.2 Stereolithography (SLA)

In this context, 3D printing technology may represent the best solution from a manufacturing point of
view thanks to the possibility of integrating different electromagnetic elements into a single part. On the
one hand, stereolithography (SLA) is a photopolymerization process based on the use of an ultraviolet
laser to solidify a liquid resin. In this case, as it is a liquid process, support structures are necessary during
the manufacturing phase [49]. The process is divided into layers, where the coating is smoothed by a
recoater and cured with a UV laser. The platform is then lowered to complete the process layer by layer
until the manufacturing process is finished [50]. The process continues through a UV oven where the
formed part is placed for curing because, during solidification, the photopolymer shrinks and can cause
curvatures and distortions.

This method makes it possible to produce parts with high precision and very little surface roughness.
However, plating the internal surfaces can be critical in terms of adhesion, uniformity and stability, which
would limit RF applications in space [51].

2.6.3 Selective Laser Melting (SLM)

On the other hand, in the frame of the radiating element, Selective Laser Melting (SLM) is probably the
most suitable process because all parts are printed in metal. This process consists on a selective fusion of
bed of metal powder (spread by a recoater in the building platform) to realize, step by step, the desired
part. At the end of the process, the powder not fused is removed and the part is still attached to the
building platform. Subsequently, a stress-relieving job is carried out in an oven to reduce residual stress
that would lead to undesired deformations. Finally, the components are separated from the building
platform and eventually subjected to surface finish treatment as polishing and shot peening [52]. The
properties of the metal powder are important in both the quality and cost of the part. The main
characteristics that influence the process are geometrical, such as size and shape; metallurgical, such as
composition; and physical, such as fluidity or light absorption [53]-[55].

The main advantage of using this AM process for RF applications is that it can offer directly printed parts
in aluminum alloys such as AISi10Mg, AlISi7Mg, and Scalmalloy [56], with optimal dimensional accuracy
and electrical properties [57].

2.6.4 AM-Oriented design approach

Extremely important steps in the SLM process are the orientation of the part in the building platform and
the design of the supporting structures. A possible solution to reduce the number of supports is to choose
an optimal building orientation of the structure [48]. It should be noted that the staircase effect must also
be considered for specific applications [58]. Another important aspect to consider are the protruding
surfaces. These surfaces are areas not supported by solidified material during the building process. The
heat conduction rate of the powder-supported areas is lower than that of the solid-supported areas, while
the absorbed energy is higher. The melt pool created by the laser becomes too large and sinks into the
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powder. Therefore, deformation occurs if these surfaces are not supported. However, higher
manufacturing accuracy has been observed in literature for components designed with an AM-oriented
approach.

Manufacturing components using AM processes is complicated in several ways. One of them is
considering that internal post-processing such as metallization in SLA or powder removal in SLM has to be
carried out. A simple strategy is to split the component into two or more parts in order to handle the post-
processing. However, a new drawback is the misalignment of the different parts, leading to leakage and
thus to higher losses. This is why the result is inefficient [48].

Therefore, the designed part must be made monolithically in order to take full advantage of the AM
process. To this end, the design must be adapted to the AM-oriented design approach, where the most
important point is to align the propagation axis with the direction of construction, avoiding the presence
of overhanging structure in internal cavities. In this way, higher manufacturing accuracy and cross-
sectional symmetry is achieved, which is essential for dual-polarized components [48].

2.7 Integrated filtering antenna array solutions for satellite communications
The rising interest in new SATCOM constellations demands the miniaturization of satellite communication
(SATCOM) payloads which in turn requires minimization of the mass, volume, and power consumption of
spacecraft and launches. A LEO SATCOM payload heavily relies on RF front-end architecture, which
depends on antenna configurations and beamforming techniques [59]-[61]. The RF front-end architecture
becomes extensively complex and cumbersome with the increasing needs of the user needs. Integrated
solutions for next-generation satellite constellations and ground terminals pave the way for meeting the
requirements of power, size, and processing speed limitations. Additionally, the filter-antenna integrated
solutions using various synthesis approaches improve frequency selectivity, quality factors, out-of-band
suppression, stability in in-band gain, and efficiency [62].

2.7.1 Integrated Filtering Antenna Array Solutions

The RF front end comprises a transmitting and receiving antenna integrated with filters, collectively
known as filtering antennas [63]. Conventionally, passive electrical components such as filters, duplexers,
and antennas are designed and manufactured separately and then cascaded. Integrated multifunctional
frontends provide a highly effective solution that enables low-cost, power-efficient, and miniaturized
wireless systems [64].

2.7.2 State-of-the-art Design Methods

Filtering antennas can be designed using three typical methods: cascaded, synthesis, and fusion-based
approaches. In the traditional cascaded method, filters and antennas are designed separately and then
combined using a 50-ohm interface to select the desired signal and suppress undesired out-of-band
interference. The synthesis method utilizes the antenna's radiating element as the last resonator of the
Bandpass Filter (BPF). Fusion methods, on the other hand, employ a novel approach to designing a filtering
method without the need for additional filtering circuits [63].
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2.7.3 State-of-the-art designs

Previously, several scholars proposed various integrated filtering antenna solutions. Of the many, some
of which are presented and discussed below. Of the many, some of which are presented and discussed
below. The designs can be categorized as those adopting a direct integration [65]-[68], [71], Synthesis
based [69],[72], and Fusion based [70], [73]-[75]. Besides, some are linearly polarized (LP) [65]-[72],[74],
while very few are circularly polarized (CP) [73],[75]. The filter function varied from BPF [71]-[72],
Harmonic/band suppression [65]-[66],[68]-[69],[71],[74]-[75], Frequency selective [70],[73], and dual-

band [67], [75].

[Ref.] Frequency Integration Function Integration Antenna Circular Gain
(GHz) Method Structure Dimensions | Polarization
(mm)
[65] 11,575 Direct harmonic Defected 34 x16 x No 6.14
Integration suppression ground 1.6
structure
[66] 11,79 - Direct Stopband stepped metal - No 15
13,05 Integration Suppression rod
[67] 18,4-19,5 Direct Dual-band Defected 38 x6.6 x No -
Integration ground 4.5
structure
[68] 12.25-12.7 Direct Out-of-band Radiating slots 123 x 19.05 No 16
Integration rejection x 9,525
[69] 10.6-10.8 Synthesis Band Isolation SIW 22.1x19.7 No -
Method
[70] 9,7-10,5 Fusion Frequency Multi Layered 12x12 No -
Selective Filter Structure
[71] 12,1-12,8 Direct BPF and Band Slot Resonators 60 x 16 x No 13.6
Integration rejection 5.5
[72] 17-23,6 Synthesis BPF Pedestal 26 x 26 x No 13.8
Method 45.6
[73] 30 Fusion Frequency SIW 6x6x3.2 Yes 13
Selective Filter
[74] 12-12,75 Fusion Band Slot resonators 19 x 14,575 No 14,45
suppression
[75] 17,7-21,2 Fusion Dual-band with Multi Layered 60 x 10,25 Yes 22
high suppression Structure

2.7.4 Future Directions

While characteristic mode analysis has traditionally been used to design and analyze modal current
distribution and the radiation capabilities of electromagnetic structures, recent research has explored its
application as a tool for controlling antenna modes. This allows for the suppression of undesired modes
and the excitation of desired in-band modes based on modal current distributions. Active research is
currently focused on achieving filtering characteristics by utilizing characteristic mode analysis. Unlike the
other design methods discussed earlier, this approach achieves the desired filtering response solely by
manipulating antenna modes, without the need for additional filtering structures. This method has shown
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promising results, including reduced insertion losses, a radiation efficiency of approximately 95%, and out-
of-band suppression levels exceeding 27 dB, all without additional filtering circuits [76]-[77]. Throughout
this project, this method, along with other briefly discussed methods, will be explored to determine the
best-integrated filtering antenna array solutions for satellite communication applications.

2.8 Dual-Band mm-Wave Phased Arrays for LEO SatCom Broadband User

Terminals
The past decade has witnessed the development and launch of LEO satellite constellations. While there
has been significant effort in building user terminals that are either mechanically steered or combine
electronic and mechanical steering [61], phased arrays have emerged as a viable solution for the
implementation of SATCOM terminals since the development of suitable Si multichannel beamformer
chips [78]. Phased array terminals offer near-instantaneous steering and can be low profile, a key
requirement for SATCOM-on-the-move applications.

Phased array terminals typically use separate transmitter (Tx) and receiver (Rx) array apertures. Therefore,
the cost and footprint are doubled, spurring efforts towards the development of shared aperture, dual
band phased array terminals that can cover both the K and the Ka bands. Since the SATCOM industry is
fragmented among different operators, there is also a need for terminals that can cover the whole K and
Ka bands, as well as the different polarizations and scanning angles. The targeted frequency bands and
polarizations are given in table 2.8.1 [79].

Frequency bands (GHz) 17.7-21.2 (Tx)

27.5-31 (Rx)

Polarization RHCP/LHCP

Table 2.8.1: Frequency bands and polarization requirements for K-Ka band SATCOM user terminals

Several publications concerning the development of suitable arrays have emerged, but they either face
manufacturing issues or problems realizing the required bandwidth, steering angles, and isolating the Rx
and Tx. A collection of such publications is given in table 2.8.2. Some make use of an interleaved lattice,
resulting in arrays that are optimally sampled (for non-radiating grating lobes) for both bands, thus
avoiding the increasing costs and integration density that are an inherent issue for arrays using wideband
elements to cover both the Rx and Tx bands. However, they still face challenges related to achieving the
required bandwidth, scanning angles, polarization, and face manufacturing challenges. An additional
challenge is the isolation between the Rx and the Tx, that is vital for full-duplex terminals.
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[80] 20.2-21.2 + 50° |Via Linear -25 Separate
cavities Tx and Rx
29.5-30.8 ports
[75] 17.7-21.2 + 60° |Substrate | RHCP -40 Vertical
integrated PCBs
27.5-31.0 waveguide LHCP
[81] 19.7-20.2 + 55° |Patch RHCP - Use of
polarizer
29.5-30 LHCP
[82] 18-30 +60° [Vivaldi Dual linear -12 Poor xpol
isolation
[83] 18-41 +45° |Tightly Linear F
Coupled
Dipoles
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3 HAP Antennas

3.1 Introduction to HAPs and their role in non-terrestrial networks

High Altitude Platforms (HAPs) are airborne systems that operate at altitudes between 20 to 50 kilometres
above the Earth's surface [84]. They typically consist of unmanned aerial vehicles (UAVs), airships, or
balloons that are stationed in the stratosphere. HAPs have gained significant attention in recent years due
to their potential role in non-terrestrial networks and their ability to provide various services. Compared
with existing network infrastructure, HAPS has a much larger coverage area than terrestrial base stations
and is much closer than satellites to the ground users.

According to the findings presented in [85], in addition to small cells and macro-cells, High Altitude
Platforms (HAPs) have the potential to provide a unique mega-cell concept that can complement existing
networks in future wireless systems such as 6G and beyond. This research paper thoroughly explores the
potential use cases of integrating HAPs into existing legacy networks. In particular, the works presented
in [86] and [87] focus on studying the integration of HAPs with terrestrial networks, while [88] examines
the integration with satellite networks to enhance overall network performance. By investigating the
integration of HAPs into both terrestrial and satellite networks, these studies shed light on the challenges
that arise when incorporating HAPs into existing infrastructure. The research aims to identify and
understand the obstacles and complexities associated with HAP integration, providing valuable insights
for the development of efficient and effective integration strategies. By addressing these challenges and
understanding the potential benefits of integrating HAPs, such as extended coverage, improved network
performance, and enhanced user experience, this research paper contributes to the ongoing efforts in
leveraging HAP technology for the advancement of non-terrestrial networks.

The work in [89] explores the potential benefits of integrating HAPs mounted Small Base Stations (SBSs)
into terrestrial Radio Access Networks (RANs) to support energy and resource allocation strategies in
future 6G networks. The focus is on leveraging the capacity of HAPs to offload a limited portion of
terrestrial traffic, thereby allowing for the deactivation of low-loaded Base Stations (BSs) during off-peak
periods and enabling sustainability in future networks. While the offloaded fraction may not meet the
entire bandwidth demand of future networks, it offers an opportunity to save energy and pursue
sustainability goals. The study prioritizes delay-tolerant traffic for offloading to the aerial SBSs to ensure
the preservation of Quality of Service (QoS) for delay-sensitive services. Additionally, the research
investigates the flexible allocation of HAPS bandwidth, enabling its targeted deployment in specific areas
or redirection to areas where it can effectively improve energy efficiency and reduce the reliance on
ground-based energy supply.

The author of [90] presented two architecture designs for HAPS systems: repeater-based HAPS and BS-
based HAPS. Both designs are considered viable technical solutions. The energy efficiency of the two
architectures is analyzed and compared using consumption factor theory. The performance of the systems
is evaluated through Monte Carlo simulations, with a focus on spectral efficiency metrics using LTE band
1 for single-cell and multi-cell scenarios. Both designs demonstrate favorable downlink spectral efficiency
and coverage.
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Furthermore, HAPs can act as relays or aerial BSs, facilitating communication between ground-based
systems and satellites. By acting as intermediaries, HAPs can improve the efficiency and reliability of
wireless communication links, especially in scenarios where direct communication between ground-based
stations and satellites may be challenging or costly. The deployment and operation of HAPs in non-
terrestrial networks, however, present unique challenges. These include issues related to regulatory
frameworks, airspace management, power supply, communication protocols, and network management.
Additionally, the design and implementation of HAPs require considerations such as platform stability,
long endurance, payload capacity, and resilience to adverse weather conditions.

Overall, HAPs offer a promising solution for extending network coverage, improving communication links,
and enabling various services in non-terrestrial environments. Ongoing research and development efforts
aim to address the technical and operational challenges associated with HAPs, paving the way for their
integration into future communication networks.

3.2 Antennarequirements for HAP-based communication systems

The antennas used in HAP communication systems are highly directional, which is required to support
long link lengths and high data rates intended for broadband communications. The major design aspects

considered for HAP antennas are:

1. Number of cells: The coverage area of an HAP system is divided into multiple sub-areas known as
cells. Each HAP antenna illuminates one cell. When each cell is serviced by one antenna, the antenna
aperture increases with increase in the number of cells in a fixed service area. The antenna aperture
roughly obeys an N? relationship, where N is the number of cells [84].

2. Radiation pattern: The main lobe patterns of aperture antennas approximately follow a cos™ @
relationship, where 6 is the angle from antenna boresight, and n is chosen for a required beamwidth
and side lobe floor [91]. The signal strength at the cell’s perimeter should be comparable to that at
the cell’s center. At the same time, the power roll-off must be significant in order to avoid
interference with the adjoining cells. Figure3. 1 shows a comparison of the main lobe curves. In order
to get comparable power at the cell edge and the center, the 3 dB antenna beamwidth is a good
option, however, due to the low power roll-off, the interference with the adjacent cells may be high.
On the other hand, the 10 dB curve would result in lesser interference, with a degraded performance
at the cell edge. The decision for the desired pattern would be a trade-off between improving the
power delivered at the cell edge and minimizing interference with adjacent cells. In [92], it is shown
that for an aperture antenna used in HAP, the optimum half-power beamwidth (HPBW) should be =

0.837 of the angle subtended by the cell on the ground, which gives a 4.3 dB roll-off at the cell edge.
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Figure3. 1: Comparison of main lobe curves Error! Reference source not found.

Antenna directivity: The antennas implemented in HAPs would be operated in the stratosphere (17-
22 km) [93] and deliver services in their designated areas. Hence the required directivity would have
to be high. The maximum directivity for aperture antennas used in this application can be
approximately given by [94]:

32 log2
0345 + H3ap

where 82,5 and ¢2 ;5 are the 3 dB beamwidths in two orthogonal planes.

Dmax -

Using circular beam patterns for HAP antennas often results in an elliptical footprint at low elevation
angles, as shown in Figure 3.2. Employing an antenna with an elliptical beam pattern compensates
this problem, as shown in [92], where the exact expressions for the directivity and cochannel

interference are also derived.
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Figure 3.2: Elliptical footprint due to circular beam pattern Error! Reference source not found.

4. Beam steering: HAPs often have the tendency to get vertically, or horizontally displaced from their

designated positions in the atmosphere. Figure 3.3.3 shows the effect of this displacement on the

service area.

The antenna beam steering mechanism must be chosen such that the cochannel interference and
directivity at cell edge are not significantly affected. The following two conditions apply:

e The antenna payload must accommodate mechanical steering, in order to compensate the

effect of HAP displacement.

e Handover to other channels should be supported by both HAP and user terminals.
In [91], beam steering solutions following these conditions are described in detail.

Along with these listed requirements, HAP antennas should also have a high radiation efficiency,

lightweight and compact design, and be designed for operation over a wide frequency range.

D2.1 ANTERRA Page 28



Figure 3.3: Effect of HAP displacement on service area Error! Reference source not found.. Left image shows the HAP providing
coverage over the service area. Right image shows the situation of displaced HAP, leading to loss of coverage in some of the
cells.

3.3 Novel antenna designs for HAPs, including planar and conformal arrays
Previous antenna designs for HAPs have mostly focused on using relatively simple technologies to achieve
multiple fixed beams from a single platform. This way, HAPs can make use of their high altitude to
generate several cells that cover huge swaths of terrain. Examples of such antennas include single-feed-
per-beam waveguide antennas [95] and fixed beamforming analogical phased arrays [96].

The main limitation of fix-beam HAP antennas is straightforward: they are unable to steer the beams to
keep providing service in case the location of user clusters changes. However, if the goal of a HAP in
particular is to serve a fix area on the ground, this might not be an issue. Another, more fundamental issue
of HAPs that novel antenna designs need to compensate for is cell drift. Over time, footprints on the
ground may shift in several ways, due to the air currents that HAPs are subjected to owing to stratospheric
winds and turbulence. Even though, normally, average position can be controlled relatively accurately,
rapid short-term instabilities can cause footprint shift in several ways. This results in an increase in
handovers, disconnections, and overall lower QoS for users [97]. Steerable beamforming would allow
HAPs to counter this problem, as Figure3.44 shows.

D2.1 ANTERRA Page 29



=
After \ - Original \

movement position s

Footprint fixation

— =
Handovers Out of cover area | by beamforming

(1) w/o Beamforming (2) w/ Beamforming
(a) Horizontal movement

r 3
Handovers Footprint fixation by
beamforming control

Solar plane

Out of cover area

(1) w/o Beamforming (2) w/ Beamforming
(b) Yawing

Figure3.4. Footprint shifting due to aircraft movement and beamforming correction. [3]

Theoretically, a parabolic antenna with a mechanical gimbal pointing system could be employed for both
of these problems. Nevertheless, this solutions does not have multiple beam capabilities, its beamsteering
speed is limited, and it presents a mechanical point of failure. In fact, Project Loon (from Google's
subsidiary company X), which employed three mechanically steered Cassegrain reflectors, was terminated
in January 2021. Even though the main reasons behind the decision were economical in nature, the
released technical files also highlight some key limitations of the employed antenna approach [98].

In order to address both issues in a more effective way, past literature has looked into electronically
scanned arrays. While some of them are classical planar arrays [99], [100], others adopt a conformal
approach. One example is the antenna developed by SoftBank and HAPSMobile [101], a patch conformal
array in the shape of a vertical cylinder. This allows for control over horizontal beam steering by use of
circular arrays in the horizontal plane, and also enables vertical beam steering via planar arrays in the
vertical plane. Figure 3.5 highlights this structure. Figure 3.6 shows the developed prototype.
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Figure 3.5. Cylindrical array antenna structure [6].

Figure 3.6. HAPS Mobile and SoftBank antenna prototype [6].

An additional advantage of the vertical cylinder shape is coverage. A regular, downward-facing planar
array may have its coverage (i.e. terrain covered around the HAP) limited by the maximum steering angle.
This is not the case for side-facing radiating elements of the cylinder, allowing this antenna to have a much
higher coverage range. Admittedly, such antennas cannot effectively serve the area immediately below
them, but the addition of an inexpensive fix-beam antenna at the bottom of the HAP is sufficient to
generate the desired footprint.

Another HAP conformal array antenna shape that has been studied consists of dual concentric conical
arrays [102]. This shape reduces secondary lobe and back lobe levels: compared to a dual circular array,
the secondary major lobe decreases by 13 dB, all the way down to -40 dB relative to the main lobe. One
additional advantage is aerodynamics. A conical shape is much more adapted to be included in a fuselage
than the vertical cylinder discussed above, while still presenting better performance in near-perpendicular
scanning angles than a regular planar array, resulting in a higher coverage range.

Moving onto a different topic, a key advantage offered by antenna arrays compared to fix-beam antennas
is the possibility of using MIMO technologies. With HAPs being an essential driving force behind the
extension of coverage and throughput in 6G, it is important that they possess MIMO capabilities to aid in
this task. HAP MIMO systems using both planar [103] and conformal [104] exist in the literature.
Interestingly, cylindrical phased arrays in HAPs can achieve 2.1 times the capacity of regular planar array
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MIMO systems, as well as a Signal-to-Interference-plus-Noise ratio (SINR) that is 10 dB higher at the edge
of the beam footprints [104].

Finally, one important aspect to point out is user terminals linking the HAP to the ground. In some cases,
the system might be direct-to-mobile phone. However, other use cases might target higher frequencies
where handheld devices do not operate, or higher throughput by use of directive antennas in a ground
station. In those cases, a combination of mechanical and phased array steering can be an effective
combination to achieve lower cost and higher performance than a fully mechanical or fully electrical
alternative [105]. Mechanical points of failure are much less of a concern now that the equipment is on
the ground and can easily be maintained and repaired.

3.4 Integration of HAP antennas with other technologies
Figure 3.7 shows an integrated Vertical Hetrogeneous Network (VHetNet) envisioned for 6G, with an

implementation of HAP station (HAPS) with low earth orbiting (LEO) satellites, unmanned aerial vehicles

(UAV) and terrestrial network.

e The HAPS would provide high speed and efficient connectivity between LEO satellites, eliminating
the requirement for ground stations for inter-satellite communications [106]. Moreover, the
probability of collisions between satellites would also be calculated by the HAPS, along with acting
as a data center for recording satellite trajectory.

e The mobility of UAVs would be governed by the HAPS. Offloading heavy computations and
handling large-scale sensing and monitoring would also be some of the functions of the HAPS
[107].

o The HAPS layer would enable the provision of fast internet access and wireless communication

services to densely inhabited and remote places without relying heavily on satellite networks.
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4 Drone-Based Antennas

4.1 Use of UAVs for non-terrestrial communication

UAV are flying aircraft controlled without human crew onboard but are rather controlled remotely or
autonomously [108]. UAVs offer a cheap, quick, flexible and solution compared to satellites which are
generally meant for long temp deployment. Furthermore, UAV can be deployed for operation within hours
while satellites require months to years [109]. This makes UAVs suitable for rapid deployment in
environment with dynamic demand for wireless communications. Although satellites offer a much higher
area coverage in contrast with UAVs which only offer relatively low area coverage. But the operation cost
of UAVs is significantly lower than satellites for initial deployment as well as replacement due to
equipment failures is much faster and cheaper than satellites. Thus, for a well working NTN network with
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Figure 4.4, Visualization of NTN network through co-operation of satellites and UAVs?

maximum adaptability and cost-efficiency, UAVs are involved as well to be able to respond to dynamic
environment such as natural or man-made disaster-stricken areas which only require temporary network
deployment until its original network is replaced and usage of satellite is not possible or too costly. Thus
UAVs are an essential part of a NTN network.

4.2 Antenna design challenges and considerations for drone-based networks

4.2.1 Introduction
As can be expected, the use of UAVs has increased over the last few years. Their applications range from
civilian applications such as topography, video streaming and others; to military applications such as
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surveillance, rescue, and target location. These applications require several links for communications
including telemetry, telecommand, GPS, etc. [110].

On the other hand, if we talk about non-terrestrial networks, the UAV is a great candidate to be considered
as an air base station, within the limitations and capabilities that can be offered from this aircraft, in order
to complement both the coverage and the capacity of conventional terrestrial networks [111].

4.2.2 Chanllenges and considerations
Regarding antenna design, the following considerations should be taken into account:

- Frequency band: UAVs need to transmit mission information and sensory data such as high-
resolution images in real time. Therefore, high data rates will be required. Starting from the
microwave bands widely used in conventional terrestrial networks, proper deployment may not
be possible due to the scarcity of spectrum in the sub-6 GHz band and its severe interference. This
is why millimeter waves are strong candidates for non-terrestrial links in new generations of
mobile networks such as 6G, being able to offer greater resources, thus guaranteeing high-speed
transmission [112].

- Dimensions: as physical properties, such an antenna should be small in size and lightweight, as it
should not affect the aerodynamic properties of the vehicle itself, as well as the power and battery
management [113],[114].

- Radiation pattern: when an antenna is designed, the radiation pattern of the cell is a crucial factor
influencing the performance of the system [115]. Antennas currently implemented in terrestrial
base stations have a certain tilt to serve terrestrial users. However, an airborne base station such
as a UAV may be at higher altitudes, significantly losing antenna gain. In addition, the UAV must
provide communications services efficiently and fairly to both terrestrial users and other receivers
that are inaccessible to the ground base station.

- Directivity: In terms of antenna design, to compensate for millimeter wave propagation
attenuation due to high frequency and long transmission distance, highly directive cells should be
considered [116]. Compared to the use of conventional millimeter band directive antennas (horn
antennas, reflector antennas and lens antennas), the use of integrated antennas, whose
advantages are their small size, lightweight, low cost of materials and ease of manufacture, prove
to be suitable for UAV communications due to their physical limitations.

- Cell array: the antenna array will play an important role due to the advantages offered by the
grouping of radiation cells. This will provide high directional gain as well as beamforming
capabilities.
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4.2.3 Proposed solutions

Several studies propose solutions at various frequencies. In this case [117], simulations of designs at 28
GHz and 140 GHz frequencies are analyzed. The first system, designed at 28 GHz, is similar to the current
deployment of the 5G New Radio (NR) configuration [118]. The second system, at 140 GHz, uses the basis
of an NR link and is the most likely for the future 6G generation [119]. In terms of design, for both cases,
a patch antenna with oppositely truncated corners has been considered in order to achieve circular
polarization. Given the arbitrary position of the UAV at any given time, circular polarization is ideal for this
type of communications.

Other interesting antennas in UAV deployment are microstrip antennas, as they are low profile,
lightweight and easy to manufacture and deploy, but limited in bandwidth [120]. Therefore, one of the
main challenges in this type of antenna is to improve the bandwidth by reducing the size of the antenna
[121]-[123]. In the article [124], a Ka/V dual-band microstrip antenna with a geometrical star shape, fed
by a coaxial and printed on PCB has been proposed.

4.3 Advances in miniaturized antennas suitable for UAVs

Due to the increasing use of UAVs, there is a need for low profile, low weight and flexible antennas than
can be integrated in a UAVs structure. However, electrically small antennas are known to suffer from low
efficiencies and bandwidths. Several approaches have emerged to counteract these challenges. One of
them focuses on antennas consisting of meandered wires to reduce their size, as well as loading the
radiator with parasitic loops [125]-[127]. Another uses low-weight dielectric materials to realize high-gain
antennas [128]. By far the most popular way to realize miniaturized antennas that are suitable for UAVs
though, is the use of metamaterials, that is, artificial structures that exhibit unusual electromagnetic
properties [129]. A collection of related publications is given in the table below.

[125] 0.433-0.434 | Electric dipole Folded
[126] 2.07-2.6, Patch Loading vias
2.86-3.57,
4.59-5.39
[127] 0.69-0.96 Bowtie Parasitic structures
[128] 6.7-18.2 Dielectric horn Dielectric lens
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[130] 2.3-2.8 Patch Metamaterial

6-6.5

4.4 Intelligent beamforming techniques for dynamic coverage and capacity
optimization

4.4.1 Introduction

Intelligent beamforming techniques have become crucial in optimizing dynamic coverage and capacity in
drone-based communication. Drones offer unparalleled mobility and flexibility, making them ideal for
applications where coverage needs to adapt to changing target areas. This section explores two critical
aspects of intelligent beamforming techniques in drone-based antennas: beamforming for dynamic
coverage and capacity optimization.

4.4.2 Literature Survey

Intelligent beamforming techniques are crucial in optimizing coverage and capacity in drone-based
communication systems. In [131], the use of 3-D beamforming in millimeter-wave (mmWave) unmanned
aerial vehicle (UAV) communications is investigated. They propose a flexible coverage approach using a
phased uniform planar array and subarray technique. [38] addresses the challenge of uplink coverage
enhancement in sub-6 GHz 5G NR systems. They propose an adaptive digital beamforming technique
based on cross-polarized array antennas. This approach mitigates the limitations of mobile station
beamforming and improves the uplink channel quality, enhancing the downlink beamforming
performance.

Authors in [132] explore dual polarization beamforming using a 5G New Radio (NR) MIMO radio system.
They design dual polarized precoders to maximize coverage by utilizing all power amplifiers, resulting in a
wide sector beam. The study highlights the potential of dual polarization beamforming to improve
coverage and capacity in cellular systems. In [133], they focus on mmWave-based beamforming for
capacity maximization in UAV-aided maritime communication systems. They propose an optimization
problem formulation integrating multi-antennas beamforming with mmWave communication to enhance
network performance. Simulation results show that the proposed mmWave beamforming approach helps
improve backhaul capacity. In [134], antenna array beamforming strategies for efficient coverage and
capacity in the high-altitude platform (HAP) systems are investigated. They propose an intelligent
beamforming scheme based on dynamic adaptation using K-means clustering. The results indicate that
the K-means clustering scheme outperforms random and regular pointing techniques, providing superior
coverage and capacity while minimizing interference on terrestrial systems.

These techniques offer solutions for enhancing communication performance in UAV systems, sub-6 GHz
5G NR networks, maritime communication networks, and HAP systems. The studies highlight the
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effectiveness of beamforming in achieving flexible coverage, increasing capacity, and minimizing
interference.

4.4.3 Intelligent Beamforming

Intelligent beamforming is instrumental in drone-based communication links. It enables precise control
and shaping of antenna radiation patterns and beams, improving coverage and capacity through adaptive
signal processing. In drone-based antennas, intelligent beamforming involves dynamic beam steering to
point the main beam toward specific areas of interest. This flexibility allows efficient resource allocation
and helps to adapt to changing coverage requirements or serving multiple users/regions. Beam shaping is
another critical aspect of intelligent beamforming, where the radiation patterns are modified to achieve
desired coverage objectives. Beamforming helps concentrate beams toward the target coverage area to
maximize the gain and directivity while helping minimize interference and shape the radiation pattern to
improve the signal quality and user experience.

Intelligent beamforming methods utilize adaptive mechanisms and learning algorithms to continuously
adjust beamforming parameters based on channel conditions and environmental factors. This adaptability
helps obtain optimal coverage and capacity in dynamic communication environments. Intelligent
beamforming is crucial for optimizing coverage and capacity in drone-based communication systems. As
research continues, intelligent beamforming will further enhance the capabilities and efficiency of drones
in various applications, from disaster management to aerial connectivity.

4.4.4 Beamforming for Dynamic Coverage in Drone-Based Antennas

Dynamic coverage is essential for UAV communications as a drone's target coverage area can regularly
change. The channel and the communication link can vary quickly as a drone changes its location.
mmWave beamforming with phased arrays has emerged as a practical choice due to its compact size and
power efficiency. One approach to achieve flexible coverage is through 3D beamforming with phased
arrays. The footprint of the steered beams can cover target regions for which coordinate transformations
can be used to characterize these regions. Subarray techniques can then be applied to design wide beams
that cover selected areas. This approach helps achieve flexible beam coverage for different target areas,
with most of the beamforming gain concentrated within the desired region.

Drones operate in dynamic environments and cover various areas while continuously changing positions.
It is essential to provide adaptive coverage solutions to ensure uninterrupted wireless connectivity. By
continuously adapting the coverage area, dynamic beamforming optimizes signal strength, reduces
interference from surrounding objects, and improves the network performance.

4.4.5 Beamforming for Capacity Optimization in Drone-Based Antennas

Capacity optimization is a critical aspect of drone-based communication systems. The capacity of a
communication channel depends on the average SNR and, consequently, the link quality. In 5G NR systems,
digital beamforming with cross-polarized array antennas has shown promise in enhancing uplink coverage
and capacity. Supporting multiple drones simultaneously and providing high-rate communication links are
essential with the increasing number of drones in operation. Intelligent beamforming techniques are vital
to optimize capacity by beam steering toward targeted drones. The antenna array maximizes the signal
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quality and throughput by focusing the energy, effectively enhancing the data rate. Spatial division
multiple access (SDMA) and precoding techniques are explored as valuable techniques to help obtain
successful schemes for helping multiple users and service areas or sectors. By allocating different beams
to serve a particular coverage area, communication systems can benefit from antenna arrays' interference
suppression and high directivity benefits.

4.4.6 Conclusion

All in all, intelligent beamforming techniques are vital in addressing the challenges of dynamic coverage
and capacity optimization in drone-based communication systems. Through 3D beamforming, drones can
achieve flexible coverage by adapting to changing target areas, ensuring efficient resource allocation.
Moreover, digital beamforming with cross-polarized array antennas enhances capacity optimization by
improving uplink coverage and channel estimation performance. These techniques contribute to
advancing drone-based communication systems, enabling efficient and adequate coverage and capacity
optimization. As intelligent beamforming continues to evolve, further research and innovation are
expected to unlock new possibilities for deploying drone-based communication systems with improved
performance, flexibility, and efficiency.
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5 Performance Evaluation Metrics

5.1 Key performance indicators for non-terrestrial network antennas
Key performance indicators (KPIs) are instrumental in assessing the performance and efficacy of non-

terrestrial network antennas. These antennas, meticulously engineered to deliver communication

services within remote or demanding environments encompassing satellites, drones, and high-altitude

platforms, necessitate the employment of precise KPlIs for the evaluation of their operational functionality

and operational efficiency. Several noteworthy KPIs for non-terrestrial network antennas comprise:

Signal Quality Metrics:

e Signal Strength: This metric quantifies the power level of the received signal, serving as an

indicator of the antenna's capability to capture and sustain a robust signal.

* Signal-to-Noise Ratio (SNR): The SNR assesses the ratio between the power of the desired signal
and the level of background noise, providing insights into the clarity and dependability of the

signal.

e Error Rates: This metric evaluates the number of errors or bit errors present in the received

signal, shedding light on the accuracy and integrity of the transmitted data.

Coverage and Capacity Metrics:

e Link Budget: The link budget computation encompasses the comprehensive assessment of total
gains and losses within a communication link, accounting for essential factors such as antenna
gains, path loss, and interference. This calculation serves to determine the extent of coverage and

the range achievable by the link.

¢ Throughput: Throughput quantifies the data transfer rate between the transmitter and receiver,

effectively indicating the antenna's capacity to handle data traffic with efficiency and proficiency.

e Spectral Efficiency: Spectral efficiency evaluation pertains to the measurement of how
effectively the antenna exploits the available frequency spectrum, facilitating the attainment of

higher data rates within the designated bandwidth.

Interference Management and Coexistence Metrics:
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¢ Interference Rejection: This metric evaluates the antenna's efficacy in mitigating and rejecting
external sources of interference, thereby ensuring the establishment of resilient and dependable

communication links.

e Coexistence with Other Systems: This metric assesses the antenna's proficiency in operating
harmoniously without causing or experiencing interference when coexisting alongside other

communication systems or networks.
QoS Metrics:

e Latency: This metric quantifies the time delay experienced in transmitting data between the
source and destination, exerting influence over the responsiveness and real-time performance of

applications.

o Jitter: Jitter evaluates the variation in latency or delay, providing insights into the stability and

consistency of data transmission.

¢ Reliability: Reliability assesses the antenna's capacity to consistently deliver a reliable and

uninterrupted communication service, minimizing disruptions or service outages.

By monitoring and analyzing these key performance indicators, stakeholders can obtain valuable
insights into the signal quality, coverage and capacity, interference management, and QoS aspects of non-
terrestrial network antennas. These metrics facilitate informed decision-making, performance
optimization, and the attainment of desired service levels in non-terrestrial communication scenarios.
However, similar to any design, several factors contribute to the variation in the prioritization of key

performance indicators (KPIs) for non-terrestrial network antennas. These factors encompass:

1. Use Cases and Network Requirements: Various applications and network requirements possess
distinct demands and priorities. For instance, a surveillance application may prioritize low latency
and dependable signal quality, whereas a data-intensive application may prioritize high
throughput and spectral efficiency. The specific use case and the desired performance of the
network determine the selection and prioritization of relevant KPIs.

2. Environment and Deployment Conditions: Non-terrestrial antennas function within a multitude
of environments, ranging from space to airborne platforms and demanding terrestrial locations.

Each environment introduces unique challenges, encompassing fluctuating weather conditions,
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sources of interference, and limitations in power resources. To adequately address these specific
environmental factors and deployment conditions, the KPIs must be customized accordingly.

3. Network Architecture and Design: The comprehensive network architecture and design exert
influence over the prioritization of KPls. Elements such as the quantity of interconnected antennas,
network topology (e.g., point-to-point, mesh), and the inclusion of ground stations can
significantly impact the performance prerequisites and, consequently, the selection and
prioritization of pertinent KPls.

4. User Requirements and Expectations: The requirements and expectations of end-users or
customers exert a substantial influence on the prioritization of KPIs. Distinct user segments may
exhibit diverse needs and preferences. For example, commercial users may prioritize cost-
effectiveness, whereas government users may prioritize security and reliability.

5. Technological Advancements: The swift progression of technology brings forth novel capabilities
and functionalities in the realm of non-terrestrial network antennas. These advancements often
warrant the incorporation of new KPIs to appraise the performance of emerging technologies. For
instance, the adoption of beamforming or advanced interference cancellation techniques may
necessitate the inclusion of additional KPIs pertaining to beamforming gain or the antenna's
proficiency in rejecting interference.

6. Regulatory and Standards Compliance: Regulatory requirements and industry standards often
necessitate the establishment of specific KPIs for non-terrestrial network antennas. Conformity
to these regulations and standards significantly shapes the selection and prioritization of KPls,

guaranteeing adherence to the designated performance benchmarks.

By taking these factors into account, stakeholders can ascertain the pertinent KPIs and establish
their prioritization according to the precise context and objectives of the non-terrestrial network antennas.
This approach enables a customized evaluation of performance and effective optimization to fulfill the
specific requirements of the deployment. The subsequent subsections provide further elaboration on the

KPls.

5.2 Signal quality metrics: signal strength, signal-to-noise ratio, and error
rates

In this section, we delve into the assessment of the “Signal Quality Matrix” ---a critical performance metric

for Non-Terrestrial Networks (NTN) [6]. Specifically, we will discuss the characteristics of the received

signal at the antenna port, an interface point that plays a key role in the network's overall performance.
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In this regard, three main elements underpin the signal's quality, i.e., 1) the signal strength, 2) the signal-
to-noise ratio (SNR), and 3) the error rate of the received signal. We provide a detailed examination of
each of these parameters in the following subsections.

5.2.1 Signal Strength

Signal strength takes on additional significance in the context of analysing NTN system performance. The
signal strength refers to the power level of the signal received at the antenna port, typically measured in
volts per meter (V/m) or in decibel-milliwatts (dBm). This measure takes into account the power received
after accommodating for losses incurred by the antenna and the cable. Given the challenges posed by
NTNs, such as larger distances and atmospheric interference, maintaining high signal strength is crucial
for the network's performance [135]. Higher signal strength equates to better signal quality. Conversely,
low signal strength implies substantial losses, potentially disrupting communication if the signal strength
dips below the system's average noise level. Therefore, within the scope of NTNs, signal strength is not
the sole factor in assessing signal quality. It is typically evaluated alongside other key parameters to
provide a more comprehensive view of the network's performance.

5.2.2 Signal to Noise ratio (S/No)

Signal to Noise ratio (SNR) is one of the most important parameters of a receiving system in any type of
communication network. SNR is defined as the ratio between the signal power and the noise power
present within the system [8]. Since, It’s a ratio between to power it is measured in terms of dBs.

SNR = Psignal
Pnoise

Noise power is defined following.
Proise = KTB

Where k is the Boltzmann’s constant having a value of 1.3806 x 102 m?kgs?K?, T is the system
temperature in Kelvin and B is the bandwidth in Hz.

SNR is a crucial performance metric in NTS system performance, reflecting a system's capability to
distinguish the received signal from the inherent system noise. The wireless link budget of NTN plays a
vital role here, influencing both the received signal's power and the noise level [137]. A high SNR translates
to a superior quality received signal and it can be achieved by either amplifying the power of the primary
signal or by reducing the noise levels. However, the wireless link budget constraints of NTNs mean that
increasing the overall power isn't always a feasible solution, as it can lead to damage to the devices within
the receiving chain and may also increase the overall energy consumption of the NTN. Noise levels in an
NTN system largely depend on the operating frequency, with high-frequency systems often more
susceptible to noise interference. Furthermore, the signal propagation characteristics and atmospheric
conditions in NTNs can add to the noise level. Additionally, temperature plays a crucial role in noise power.
Cooler systems typically present lower noise power compared to those operating at standard temperature
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ranges. Consequently, when consideringan NTN's wireless link budget, balancing these factors to optimize
SNR is critical for maintaining the robustness and reliability of the network.

5.2.3 Error Rate:

In any NTN-based digital communication system, the data transmitted over a channel may be distorted
by factors such as path loss, reflections, and channel fading. At the receiving end, the signal is extracted
from the noise through digital signal processing. However, this process cannot guarantee complete signal
recovery. The system's ability to accurately transmit and receive signals is quantified using the Error Rate
[136],[7]. This can be further categorized into Bit Error Rate (BER) and Packet Error Rate (PER).

BER: As implied by its name, the Bit Error Rate (BER) measures the proportion of erroneous bits received
relative to the total number of bits transmitted. The formula is as follows:

Number of bits in error
BER =

Number of bits transmitted.

Ideally, BER should be as low as possible to maintain high-quality communication. Elevated BER can
degrade Quality of Service (QoS), leading to poor connections, packet loss, and signal distortion.
PER: The Packet Error Rate (PER) follows a similar definition given as:

Number of packet in error
PER =

Number of packet transmitted

A packet is considered corrupted if at least one of its bit is received in error. Hence, PER is dependent
upon the value of BER as well. However, PER becomes more significant when transmitting large volumes
of data over extended periods. Both Error rates are defined for a specific value of SNR.

Relationship between BER and PER: The relationship between PER and BER can be defined by the
following equation:

Pn=1—(1—Pb)n

Where P, is the packet error rate, Py is the bit error rate, and n is the total number of bits. In the context
of NTN systems, careful management of error rates is crucial due to the challenging communication
environment, which can introduce a higher likelihood of errors compared to terrestrial networks.

5.3 Coverage and Capacity Metrics:

In the context of a non-terrestrial network, such as satellite-based or aerial-based networks, the coverage
and capacity matrices refer to the evaluation frameworks used to assess the network's coverage area and
its capacity to support communication services. Important parameters to ensure a desired coverage and
capacity is discussed next.
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5.3.1 Link Budget

Link budget is the calculation performed to analyse power available in the system while considering all
the losses and gain for a given system. The purpose of this calculation is to make sure that the signal after
reaching its given destination has enough strength that system can achieve its desired performance. In
satellite communication, link budget calculations are performed for the uplink and downlink
communication separately. Even though received power is an important parameter of non-terrestrial
communication system carrier-to-noise ratio (C/No) provides better insight into system’s performance.
Hence, link budget calculations will be performed to find the C/No.

Carrier to noise ratio can be found by consider the carrier received power w.r.t to the noise power present
in the system. This can be presented in mathematical expression as

C P

N, KTB

Here, Ps is the signal power, k is the Boltzmann constant, T is the system brightness temperature and B is
the bandwidth of the system. Next, using this equation link budget calculations for uplink and downlink
will be performed.

5.3.1.1 Uplink budget:

In uplink communication, ground link terminal is sending signal towards the satellite in space. In terms of
system performance, the mathematical expression which can be used to calculate the received power P,
is given below [18].

¢ = EIRP + ¢ L k—B
Ny 7 — Losses

Here, C/No is the Carrier to Noise density ratio of the satellite, G/T is the gain to temperature ratio of the
receiving satellite antenna and, EIRP is the Effective Isotropic Radiated Power.

EIRP of a transmitting system can be described as
EIRP = GP;

Similarly, Losses include Free Space Path Loss (FSPL), antenna misalignment loss, polarization mismatch,
and atmospheric absorption loss. FSPL is a function of frequency, and it can be calculated using following
equation

4mR
FSPL = (—)?
A
5.3.1.2 Downlink Budget

A downlink communication is defined as when satellites send a signal to the ground terminal. For the
downlink we can use the similar equation as uplink budget
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¢ EIRP + G L k—B
— = — — Losses — k —
N, T
Here, G/T ratio of earth station will be used, also all the losses mentioned will be present at the earth
station terminal.

5.3.2 Throughput

Throughput of the maximum data can be sent over a communication channel for a given channel
bandwidth. Ideally, maximum throughput of a satellite channel can be found using Shannon channel
capacity equation. For a given value of signal-to-noise ratio (SNR) and bandwidth B, we can define the
channel capacity as

C =B x*log,(1+ SNR)

This is the maximum theoretical limit of channel capacity that can be achieved. Practically achieved
throughput is always less than this value and spectral efficiency is the more practically realized data rate.

5.3.3 Spectral Efficiency

For two communication channels having same bandwidth, its performance can be measured by
comparing its spectral efficiency. Spectral efficiency is the amount of data that can be transmitted for one
user in the given system bandwidth.

n= g

Here, Ry is the data rate in bits per second (bps) and B is the bandwidth in Hz. Hence, the unit for spectral
efficiency is bits/s/Hz. Spectral efficiency of a satellite system can also calculate using the SNR by following
equation [2]

_C/N
Ep/No

n

Here, C/N is the carrier to noise ratio and E,/No is the bit energy to noise power spectral density. Apart
from CNR spectral efficiency is also a function of modulation scheme used in the communication channel.

5.4 Interference management and coexistence metrics

When a signal is being transmitted to the respective receiver, it can be affected by other interfering signals.
For example, when a satellite is used to cover wide areas while applying a frequency reuse scheme, the
side lobes of the radiated beams can create interference within the co-channel beams. In the following,
we discuss some techniques to reduce this often undesired effect and we focus on satellite systems. We
also review a number of metrics to address the coexistence of desired and interfering signals.

One technique that can be used to reduce co-channel interference due to frequency reuse is precoding,
obtaining a high Signal-to-Interference-and-Noise Ratio (SINR). A precoding matrix is computed at the
gateway, the beam signals are then preceded and transmitted via a feeder link using Frequency Division
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Multiplexing (FDM). After this, the payload shifts the frequency of these signals and applies a reflector
antenna fed by an array to transmit them over large areas using the multiple beams in the user link. The
challenge in this scheme is to determine the precoding matrix, taken from a constrained maximization
problem, where one seeks to maximize the sum-rate of the system (defined as the maximum possible
data rate when considering multiple users). Such problem, however, is not convex and involves a large
computational complexity. Alternative approaches, despite their lower complexity, still pose a number of
challenges for implementation to cover large areas, thus being a relevant research topic. When using
multiple gateways, other challenges might arise from a reduced degree of freedom in the precoding
matrix design and channel state information acquisition.

Another alternative for interference reduction is applying signal processing techniques in the satellite,
which has more degrees of freedom than on-ground processing and can be used to improve aspects such
as latency, accessibility to information and support to emerging techniques (e.g., anti-jlamming) [138].
Several paradigms can be used in this scenario, including regenerative processing, digital transparent
processing and hybrid processing [139]-[141]. A case study in [138] shows the performance of several on-
board detection strategies as a function of the Interference-to-Signal-and-Noise Ratio (ISNR).

In addition to the previously discussed techniques, it is possible to apply hybrid solutions, which share the
spectrum of other communication systems, demonstrating the necessity of cognitive satellite systems.
Also, due to low latency requirements, one can utilize techniques for integrated satellite-terrestrial
backhauling for caching [138]. We discuss these strategies in more detail.

Satellite systems can either share the spectrum with ground or other satellite networks. In any case,
spectrum awareness and exploitation are required steps. For spectrum awareness, radio environment
mapping appears as a promising approach [142]-[143]. This can be done based on regulatory databases
(which contain information such as antenna type and frequency band) or spectrum cartography
(performing time and space estimation techniques to retrieve user information); in either case, these
strategies produce a SINR matrix [138]. For spectrum exploitation, one performs resource allocation based
on the available spectrum. As an example, one may seek to maximize the sum-rate under the carrier
assignment orthogonality constraint [144]. In conjunction with this technique, non-orthogonal multiple
access techniques might improve the overall performance.

In 5G systems, satellite and terrestrial architectures to increase backhauling capabilities appear as an
alternative to provide coverage in areas with poor terrestrial infrastructure. They enable a reduced load
of backhaul networks on Earth, deeper edge caching and full control of physical until application layers
[138]. Furthermore, it is possible to tackle problems such as the allocation of resources across many
modes of delivery (i.e., every node poses a different cost and with a different amount of bits to the
covered users) and application coded caching prior to transmission, which can add a caching gain.

International regulations state that the interference inflicted from non-geostationary satellites should not
degrade the performance of geostationary ones. In particular, the effective power flux density in the
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frequency bands allocated to geostationary systems also at any point covered by from their orbits should
not exceed pre-established the limits pre-established by the International Telecommunication Union (ITU).
This becomes a more difficult task, since these limits were defined more than 20 years ago and as more
LEO satellite-based systems are increasingly being deployed. Given this scenario, some coexistence
aspects need to be taken into consideration. Apart from the mentioned effective power flux density issue,
the required infrastructure on Earth to operate a growing number of non-geostationary satellites can be
significantly demanding, so they can negatively impact the services carried out to other users within the
same frequency range [145].

5.5 QoS metrics

Quality of Service (QoS) in satellite communication refers to the level of performance and service
attributes provided to users, ensuring that communication services meet certain predefined standards
and expectations. QoS considerations are crucial in satellite communication systems to ensure satisfactory
user experience and support various applications that require reliable and efficient data, voice, or video
transmission.

Here are some key aspects related to QoS in satellite communication:

5.5.1 Latency

Latency is the amount of delay needed for a signal to travel from one point to another inside a network.
Depending upon the type of communication channel (optical fibre, coaxial cables or a wireless channel)
used this delay can vary from a few milliseconds to a hundred of millisecond. In any satellite
communication link, this delay is the comprised of the time taken by the signal to reach the satellite,
known as propagation delay, as well as the processing time performed at different locations of a network.

If we analyse the propagation delay specifically, the speed of the signal remains constant at speed of light
but depending upon the height of the satellite used in the communication this delay can change drastically.
In Low Earth Orbit (LEO) satellites, height of the satellite can be seen at the altitude of 780 km to up-to
nearly 1400kms, causing a delay starting from 4.3ms to 7.8ms per hop. If the altitude of the satellite is
increased further going to 8000kms, Medium Earth Orbit (MEOQ) satellite, provides a greater delay around
100msecs per hop. At the end, the satellite placed at the highest altitude of nearly 36000km,
Geostationary satellite, expected delay increased to a nearly 500ms per hop.

Once type of the satellite has been selected for the communication link, this propagation delay will be
fixed. On the other hand, processing delay is second contributor to the latency. Following reasons can be
looked at to optimize the delay caused a communication network.

e Many network device has intelligent routing algorithm added to them to optimize the network
traffic. For instance, many network layer 3 devices like router and switches can have decision
making model through which traffic is filtered and routed to their designated port. If a network
has a configurable device like switches or a router, processing time needed for its operability will
increase the time delay.
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e If the network has a serial communication port, network traffic will be queued at the terminal
depending upon the derail port capacity. If the delay caused by the traffic is high, increasing the
capacity of the serial port can decease the delay

e Many network devices have error corrections schemes implemented to decrease the bit error
rate. Selection of the schemes is important to reduce the delay caused in the system

e TCP protocol to TCP fast start implementation

Depending upon the type of the application in which non-terrestrial communication is used, latency issue
can be reduced by selecting a LEO satellite instead of MEO or GEO satellite. Further, this delay can be
addresses by the optimizing the delay caused by the network processing.

5.5.2 Jitter:

In any communication link, a large amount of data is divided into smaller segments and sent in an order
to a transmitting link. After travelling through the network, data is received in the same sequences as it
was sent, and the output data is combined to generate the result. In this mechanism, it is assumed that
the data travelling is experiencing an equal delay and hence it will receive in the same order it was sent
in. However, in a real world the data can experience variable delay, causing the order to receiving packet
to change. This variable delay is known as Jitter. Jitter can cause packet loss, delay as well as poor quality
of the received signal. Jitter is important in time sensitive application. Jitter always occur in a network in
which traffic is added in queue based on a priority assigned by the network administrator. Jitter can be
introduced by the network terminal, as data is added in queue. In LEO satellite network, fast movement
of a satellite can add jitter in the network. If a user handover needs to be performed between satellite,
data travelling in the network can also experience latency.

5.5.3 Reliability:

Reliability in satellite communication refers to the ability of a satellite system to consistently and
dependably provide communication services without interruptions or significant degradation in
performance. It encompasses the network's ability to maintain a stable and reliable connection between
the satellite and the ground stations, ensuring the successful transmission and reception of data, voice,
or video signals.

Several factors contribute to the reliability of satellite communication:

o Satellite System Redundancy: Redundancy measures are implemented in satellite systems to
ensure continuity of service even in the event of failures or malfunctions. This includes
redundant satellites, ground stations, and critical subsystems, such as power systems,
transponders, and control systems. Redundancy helps minimize the impact of single points of
failure and improves overall system reliability.

e Link Availability: Satellite communication systems must maintain a high link availability,
which refers to the percentage of time the satellite is operational and able to establish and
maintain communication links. Factors that affect link availability include satellite orbit,
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orbital positioning, antenna pointing accuracy, and atmospheric conditions. Effective
monitoring and management of the link are crucial for maintaining reliability

e Error Correction and Modulation Techniques: Robust error correction coding and modulation
techniques are employed in satellite communication to mitigate signal degradation and
improve reliability. Techniques like forward error correction (FEC) and adaptive modulation
schemes help compensate for signal impairments, interference, and atmospheric effects,
thereby enhancing the reliability of data transmission.

e Network Resilience: Satellite communication networks often incorporate resilient network
architectures and protocols to ensure reliability. This includes redundancy in network
infrastructure, routing protocols that can adapt to network disruptions, and failover
mechanisms to switch between redundant paths or satellites in case of failures [2].

5.6 Antenna Design Aspects for Synchronization Under Harsh Doppler

In a communication link, a Doppler shift happens whenever there is relative movement between
transmitter and receiver. In satellite systems, this effect is more pronounced when the link happens
involving a transmitter or receiver in LEO. On top of that, since frequencies in the mmWave range are
expected to be used in future 6G technologies, this phenomenon might take place more severely.
Therefore, the antenna design to reduce the Doppler effect is important to the deployment of
communication systems within the previously described scenario. In the following, we analyze a number
of aspects for the design of the antennas that may be used for proper deployment.

In environments heavily affected by Doppler shifts, one alternative to reduce such an effect is to apply
adaptive beamforming techniques. With them, it is possible to modify the beam pattern of the
transceivers towards the desired direction. By doing that, the signal power can be enhanced and the
Doppler effects lowered. In this scenario, an emerging technology is the Intelligent Reconfigurable Surface
(IRS). It consists of low-cost reflective elements with reconfigurable parameters that can be used to modify
the respective beams accordingly, also providing a new paradigm to overcome challenges involving fading
and interference in wireless channels [147]. An application example where Doppler shifts are a
considerable challenge is using UAVs as base stations. The use of IRSs in a UAV-based system in the 200-
400GHz range was investigated in [148]. In the studied case, the synergy between the IRS capabilities and
the movement freedom of the UAV is explored by optimizing for the vehicle trajectory, phase shift and
sub-band allocation. Simulations have shown that the minimum average rate (in Mbps) can be increased
for different user equipments while following a shorter trajectory, consequently reducing the energy
consumption.

By using Multiple-Input Multiple-Output (MIMO) technology one can explore spatial diversity to reduce
Doppler shifts, also creating highly directive beams. Despite a large number of challenges associated with
the use of the mmWave frequency range, the synergy between IRSs and a large number of small antennas
has demonstrated promising results [149]-[151]. In addition, extremely large MIMO systems have the
potential to be used in environments with harsh Doppler [147]. For example, they can be deployed in
surfaces such as building walls and avenues [152]-[153].
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To guarantee “anytime, anywhere” connectivity in future 6G systems, satellites shall play a major role to
provide connectivity to mobile devices, ultra-high capacity links and improved link security. In this context,
multi-antenna systems can be an important factor to guarantee such services. Nowadays, manufacturing
techniques and processing capabilities are available to deploy, e.g., direct radiating arrays and support
dynamic beamforming [154]. One promising scheme to provide system scalability and fault tolerance is
forming large apertures using fractionated architectures [155]. To cover the Earth, this could be translated
to a constellation constituted of about 100 small satellites in LEO [154]. Apart from that, with the aid of
direct radiating arrays and massive MIMO strategies, it is possible to achieve very flexible beam steering,
which can help reduce the effect of Doppler shifts. The operational requirements can be lowered by
utilising hybrid beamforming schemes [156].
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6 Emerging Trends and Future Directions

6.1 Integration of NTN antennas with 5G and beyond

Integrating Non-Terrestrial Network (NTN) antennas with 5G and future wireless technologies

holds substantial potential for enhancing connectivity and enabling global coverage. NTN pertains to the

incorporation of satellite-based communication systems as a complement to terrestrial networks,

presenting diverse integration opportunities with these advanced technologies. The subsequent points

outline crucial considerations for integrating NTN antennas with 5G and beyond:

Extended Coverage: The deployment of NTN antennas in satellite constellations provides a means to
extend the coverage of 5G networks to remote areas, rural regions, and geographically complex
terrains. Through the ability to establish direct communication with user devices from space, NTN
antennas offer a significantly wider coverage footprint in comparison to conventional terrestrial
networks. This enables the provision of connectivity in previously underserved locations, ensuring
that users in remote and challenging environments can benefit from the advantages of 5G technology.
Seamless Handover: The integration of NTN antennas with 5G networks enables smooth handover
mechanisms between terrestrial and satellite networks, guaranteeing uninterrupted connectivity for
users during transitions across different coverage areas. When users move from a terrestrial cell to
an area with limited or no terrestrial coverage, the connection can seamlessly transfer to NTN
antennas situated in space, thus ensuring continuous provision of services. This seamless handover
capability optimizes user experience by maintaining uninterrupted connectivity and mitigating service
disruptions when transitioning between coverage zones with varying network availability.

Network Resilience: The integration of NTN antennas significantly augments network resilience and
reliability. In instances where terrestrial infrastructure is compromised or damaged due to natural
disasters, NTN antennas serve as a resilient communication solution, ensuring uninterrupted
connectivity. Acting as a backup option, they sustain the availability of communication services even
during emergency scenarios. By leveraging satellite-based architecture, NTN antennas offer a robust
and independent communication pathway that mitigates the vulnerability of terrestrial networks to
physical disruptions, thus enhancing the overall resilience of the network infrastructure.

High-Speed Connectivity: The primary objective of 5G and future wireless technologies is to achieve
exceptional data rates and minimal latency. Through the integration of NTN antennas, these high-

speed connections can be extended to remote and underserved areas, effectively addressing the
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digital divide. This expansion of connectivity creates opportunities for a diverse range of applications,
including remote healthcare, distance learning, and the deployment of Internet of Things (l1oT) devices
in previously inaccessible regions. By providing robust and high-capacity connectivity, NTN antennas
contribute to the equitable distribution of digital resources, enabling transformative services and
bridging the gap between digitally connected and underserved communities.

- Hybrid Network Architecture: The integration of a hybrid network architecture, incorporating both
terrestrial 5G infrastructure and NTN antennas, presents an opportunity to optimize the utilization of
available resources. Terrestrial networks demonstrate efficacy in high-density urban areas and
regions with adequate coverage, while NTN antennas excel in providing connectivity to rural and
remote areas. This synergistic combination enables efficient allocation of resources, ensuring
optimized network performance. By leveraging the strengths of both terrestrial and satellite-based
systems, the hybrid network architecture maximizes coverage, capacity, and user experience, thus
facilitating a more robust and adaptable communication infrastructure.

- Future Satellite Systems: In addition to the advancements made in 5G technology, there are ongoing
plans to develop advanced satellite systems, including Low Earth Orbit (LEO) mega-constellations,
aimed at providing global coverage and high-speed connectivity. In this context, the seamless
integration of NTN antennas with these forthcoming satellite systems holds great promise in further
augmenting the robustness and scalability of communication networks. By integrating NTN antennas
with future satellite systems, the overall network infrastructure can be strengthened, enabling
enhanced global coverage, improved data rates, and expanded communication capabilities. This
integration paves the way for a new era of communication technology, facilitating ubiquitous

connectivity and catering to the increasing demands of a digitally connected world.

Successful integration of NTN antennas with 5G and future wireless technologies requires a high
degree of collaboration among satellite operators, terrestrial network providers, and regulatory bodies to
ensure seamless integration and interoperability. This collaborative effort is vital to harmonize technical
standards, spectrum allocation, and regulatory frameworks, thereby enabling the smooth operation of
the integrated network infrastructure. The transformative potential of this integration is significant, as it
has the capability to revolutionize connectivity on a global scale. By providing ubiquitous coverage, the
integration of NTN antennas with advanced wireless technologies can bridge the digital divide, ensuring

equitable access to communication services and fostering socio-economic development worldwide. This
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collaborative approach serves as a catalyst for the evolution of a connected society, enabling enhanced

communication capabilities and paving the way for a more inclusive and globally connected future.

6.2 Advancements in materials for lightweight and high-performance

antennas
Recent advancements in high-performance antennas are made possible both by the creation and study
of new materials as well as by improvements and breakthroughs in manufacturing technology.
Concerning the former, a classification of the main categories of these new exotic materials with
unusual properties and promising applications is found below.

- Metamaterials:
The properties of metamaterials are derived from their nano-scale physical structure, not from
their chemical composition. They are artificially designed micro and nano-structural units forming
a lattice, allowing the designer to tune their properties as desired [157].

The topic of metamaterials is vast and multidisciplinary, with countless possible interesting
properties and applications. Reducing the scope to antenna engineering, key applications of
metamaterial may be further subdivided into the following categories:

o Double Negative / Left-Handed Materials:
Metamaterials permit the synthesis of structures with simultaneously negative
permittivity (€) and permeability (1), which does not occur in nature. These structures are
referred to as Left-Handed Materials (LHM) or Double Negative (DNG) materials. Figure
6.1 classifies the different combinations of € and p signs. EM waves may only propagate
in the first and third quadrant; the other two regions only allow evanescent (non-
propagating) waves.

Positive Phases
Forward Waves

Figure 6.1. Classification of metamaterials based on their permittivity (€) and permeability (u) [1].
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Applications for LHMs include mutual coupling reduction and miniaturization [158] as well
as increases in bandwidth, gain, and efficiency [159]. Metamaterials may also be tunable
in real time by applying external stimuli, such as DC voltage [160].

Anisotropic structures:

A structure or material is anisotropic if it presents different properties in different
directions. This is in contrast to isotropic materials, whose properties remain unchanged
in all axes. Metamaterials may achieve this by having their micro or nano-structures
oriented in a certain way or presenting some kind of symmetry in only certain directions.

In antenna engineering, perhaps the most common type of anisotropy is polarization
response. This means reflection/transmission of the metamaterial changes depending on
the type or sense of the polarization used. For example, in [161], a metasurface
reflectarray antenna is fed by two orthogonal linear polarizations, which can then
generate different circular or elliptical polarizations by virtue of the contrasting responses
of the surface to the two incoming feed sources. In [162], an anisotropic ring is positioned
around an omnidirectional antenna in order to circularly polarize its initial linear
polarization output, therefore eliminating the need for a second radiating element. This
can be seen in Figure 6.2 below.

Fisture screw

Bicone

vrtificial anisotropic polarize

Hyperbolic lens
2 4dmm connector

Figure 6.2. Geometry of the omnidirectional circularly-polarized antenna [6].

Anisotropic metamaterials may also be applied to improve existing antenna types, as is
done in [163], where a Fabry-Pérot cavity antenna is constructed with two metasurfaces
acting as ends of the cavity.
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Another key application of anisotropic materials is reconfigurability and beamsteering
[164]. Examples include tunable resonant-cavity antennas with beamsteering via rotating
interlocked metasurfaces [165] and bandwidth enhancement and beamsteering of a
Fabry-Pérot cavity antenna [166]. In [167], an anisotropic Dielectric Resonator Antenna
(DRA) is combined with a water layer on top. The antenna can switch between two states,
one using the DRA directly, and the other acting as a “liquid” patch antenna by making
use of the water layer with the DRA as substrate.

o Electromagnetic Band Gap structures:

Electromagnetic Band Gap (EBG) structures either prevent or enable the propagation of
EM waves at certain frequencies, irrespectively of the incident angle or polarization state
of the wave in particular [168], a 6-sector antenna with EBGs as unit cells is combined
with an antenna array. PIN diodes activate and deactive the EBGs as required in order to
steer the resulting beam of the antenna.

We
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Figure 5.3 (a) Schematic view of the antenna. (b) Fabricated prototype. [12]

- Magneto-Dielectric substrates:

Usually, substrates display solely dielectric properties, with their relative permittivity depending
on the PCB thickness and other criteria. Traditionally, to decrease antenna and RF circuit
dimensions, high-permittivity dielectric substrates are used. However, problems encountered
with this technique include lowered gain, radiation pattern degradation, impedance matching
issues, among others. If magnetic inclusions are embedded into the substrate, creating a
magneto-dielectric material, these negative effects can be mitigated [169].

Nevertheless, using exclusively magneto-dieletric substrates negatively impacts radiation
efficiency. To solve this, magneto-dielectric materials may also be combined with regular
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dielectric materials in multi-layered substrates to improve performance in miniaturization while
keeping efficiency at reasonable levels [170].

- Microwave-absorbing materials

As their name indicates, Microwave-Absorbing Materials (MAMs) dampen EM waves. Several
types of materials may be used to that effect, from plasma-based technologies [171] all the way
to coating paint loaded with ferrite particles [172]. In fact, it is possible to employ metamaterials
to perform the role of MAMs, as is done in [173] . MAM radiation absorption may be either
wideband or frequency selective.

MAMs can be incorporated into existing antenna technologies to improve their performance,
decrease mutual coupling and reduce their size. For example, in [174], a Vivaldi antenna is
improved by covering its outer edges, where distortion patters usually form, with an ultra-thin
membrane of MAM. As another example, in [175], the use of MAMs on a dipole antenna allows
the designers to increase the bandwidth by 6.3%.

Regarding manufacturing techniques, the main innovation this last decade is undoubtedly Additive
Manufacturing (AM). This is not limited® to the domain of antenna engineering: AM is nowadays a
ubiquitous sight in any subject of research related to manufacturing and fabrication. Unlike traditional
Subtractive Manufacturing (SM), where material is removed from a starting block (by means of milling,
machining, etc.) until the desired geometry is obtained, AM sequentially adds material to build the shape
from scratch.

AM can be classified into 7 types [176]: Vat Photopolymerization, Powder Bed Fusion, Binder Jetting,
Material Jetting, Directed Energy Deposition, Sheet Lamination and Material Extrusion. Among these,
perhaps the most extensively used in antenna technologies are Material Extrusion (also known as 3D
printing), Vat Photopolymerisation (where radiation selectively cures resin to create complex shapes) and
Powder Bed Fusion (focused lasers or electron beams fuse a powder bed of the material to form the 3D
part).

The key reasons for using AM over SM in antenna engineering may be summarized as follows: (1) Creation
of complex shapes not suitable for SM and/or (2) Rapid prototyping of pieces that would be too long to
manufacture using SM, all while (3) Ensuring performance of AM antennas is as good as or better than
their SM counterparts.

Reason (1) is perhaps the main driver behind AM in antenna engineering. As showcased in [177], there

|II

are certain types of “pathological” antenna shapes that are outright unfeasible to manufacture in SM. The
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3D Hilbert fractal antenna studied by the authors is a clear example. The antenna, constructed using three
AM techniques, is shown in 6.4.

b

)
X

Figure 6.4. Hilbert 3D fractal antenna manufacture comparison. a) Laser Powder Bed Fusion, b) Binder Jetting, c) Vat
Photopolymerization with plating [21].

For reason (2), it is shown in [178] that, given that AM techniques are faster than SM for certain
prototyping and manufacturing phases (but not all of them), the ideal option is to combine both into a
harmonized process. This yields RF components much faster than traditional options while still being
reliable. In particular, they combine water-jet laser cutting with 3D printing to produce hollow substrate
integrated waveguides not only faster, but with an increased performance as well.

Concerning reason (3), [179] compares the AM techniques of Direct Metal Laser Sintering (DMLS) and
Stereolithography (SLA) to the well-established SM method of milling. Three equal antennas are built
using the three techniques and their characteristics are contrasted, demonstrating that performance is
similar between the three. Additionally, inherent criteria corresponding to each method are also
compared, with AM techniques having the edge in weigh reduction, but lagging behind in surface finish
and accuracy. Other works comparing antennas constructed using AM and SM techniques include:

- A comparison between a machining, selective laser melting, and binder jetting for a Ka-band
antenna array [180]. The authors show identical radiation patterns for all three arrays, even
though the arrays built using AM present a loss of 0.5 — 1.5 dB in realized gain.

- Efficiency measurements of electrically small antennas using AM [181]. It is revealed that the
rough metallization adds some discrepancies between simulated and measured S parameters,
although these tend to be minor.

- A dual-band antenna manufactured using AM and SM techniques, whose performance is then
compared [182]. Excellent agreement between the characteristics of both antennas is found.
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6.3 Al and ML for antenna optimization and self-healing

In recent years, the application of Artificial Intelligence (Al) and Machine Learning (ML) techniques has
revolutionized the field of antenna technology, enabling major advancements in optimization capabilities.
Al and ML algorithms have empowered engineers to automate the antenna design process, exploring a
vast design space to achieve optimal performance metrics such as radiation pattern, gain, and impedance
matching. Traditionally, antenna design has relied on manual expertise and trial-and-error methods.
However, with the use of Al and ML, it is possible to automate the design process and explore a much
larger design space to find optimal solutions.

The work in presents a focused and comprehensive literature survey on the use of ML in antenna design
and optimization. In fact, introduced a novel inverse design approach in which the optimal structural
parameters for a desired response are obtained by querying a learned database of similar optimal
structures rather than applying direct optimization (as is the case with the conventional procedures). The
authors demonstrated that, the Generative Adversarial Networks (GANs) can be utilized as a learned,
data-driven antenna database and queried for fast generation of new designs like the ones that it was
trained with. Furthermore, the work in [59] propose an automated antenna design method that combines
imitation learning (IL) and reinforcement learning (RL). Through training the RL agent in diverse antenna
states, a robust antenna tuning policy that outperforms pure RL policies is obtained. This study
demonstrates the effectiveness of incorporating human guidance as a supplement to RL for improved
antenna tuning. In addition, ML techniques such as Gaussian Processes or Neural Networks can be used
to create surrogate models of the antenna performance. These models can approximate the relationship
between the antenna design parameters and its performance characteristics, allowing for faster
optimization and exploration of the design space.

Moreover, Al and ML algorithms facilitate self-healing antennas which is the ability of an antenna system
to automatically detect and recover from faults or performance degradation without manual intervention
by enabling real-time monitoring, fault detection, fault localization, and adaptive optimization. These self-
healing antennas can autonomously detect anomalies, identify faults, and take corrective actions,
minimizing downtime and ensuring continuous and reliable antenna performance. The work in [60]
present a focused and comprehensive literature survey on the use of ML in antenna design and
optimization. discusses the challenges in data-driven ML algorithms for self-healing and provide some
potential solution directions for addressing these issues. Additionally, it provides a case study of cost-
sensitive fault detection with imbalanced data to illustrate the feasibility and effectiveness of the
suggested solutions.

In fact, Al plays an important role in anomaly detection by monitoring antenna behaviour, identifying
deviations from expected performance using real-time or historical data. Its techniques also assist in fault
diagnosis, employing classification or clustering algorithms to analyse performance data and locate faults.
Moreover, these algorithms facilitate adaptive beamforming, continuously adjusting the antenna's
radiation pattern in response to changing environmental conditions, optimizing signal reception, and
minimizing interference.
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A recent example of Al applied to antenna design is relevant to meta lenses. Using ML, revolutionary
designs and performances far exceeding conventional designs were developed [183]. ML is interesting
for Reconfigurable intelligent Surfaces or simply RIS, as it provides a unique development within it. ML
can provide design optimization as seen similarly with meta lens, but this is only on antenna level. But RIS
also provides a revolutionary view on propagation making it controllable parameter in a network. An Al
can be used to utilize RIS to its fullest potential, transforming the radio environment to a Smart Radio
Environment known as SRE. To utilize SRE optimally for a network, Al usage is necessary as SRE are
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Figure 6.5, Smart Radio Environment made possible by RIS*

highly complex and difficult to interpret without an Al. SRE are essential for a future with high dynamic
environments with rapid changing demands within the network. Ai can be used to design such SRE to
interact with the environment intelligently having characteristics like perceiving, problem solving, learning
and more [184]. With forementioned characteristics, the SRE can for example solve issues on itself caused
by natural or human made disasters thus restoring it network dynamically therefore self-healing itself on
macroscopic level as well as on microscopic hardware level such singular element failures within a RIS
system/environment. Conclusion is that Al and ML are essential for the next generations networks,
whether it is NTN or TN.

Overall, Al and ML techniques offer promising approaches for optimizing antenna designs and enabling
self-healing capabilities. These technologies can enhance the performance, reliability, and adaptability of
antenna systems in various applications.
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6.4 Hybrid networks and seamless handover between terrestrial and non-

terrestrial systems

Hybrid networks refer to the integration of different types of communication systems, combining
terrestrial (ground-based) and non-terrestrial (satellite-based) networks. These networks aim to provide
seamless connectivity and handover capabilities between these systems, ensuring uninterrupted
communication for users.Terrestrial systems typically include cellular networks, Wi-Fi, and other land-
based communication infrastructure. They offer localized coverage, high data rates, and low latency. On
the other hand, non-terrestrial systems encompass satellite networks, such as geostationary satellites
(GEO), medium Earth orbit satellites (MEQ), and low Earth orbit satellites (LEQ). These satellite systems
provide global coverage and are particularly useful in areas with limited or no terrestrial infrastructure
[185] —[189].

Seamless handover is the process of transferring an ongoing communication session from one network to
another without disruption. In the context of hybrid networks, seamless handover involves the smooth
transition of a user's communication session between terrestrial and non-terrestrial systems as they move
across coverage areas. One possible solution is to use diversified wireless networks that can exploit the
inter-connectivity between satellites, aerial base stations (BSs), and terrestrial BSs over inter-connected
space, ground, and aerial network. According to the work in [190], there are a lot the EU-funded initiatives
under Horizon 2020 that aims to establish connectivity in “problem terrain” away from dense urban and
suburban populations like, the shared-access terrestrial-satellite backhaul network enabled by smart
antennas (SANSA) [191], the satellite and terrestrial network for 5G (SAT5G) [192], the 5G agile and
flexible integration of satellite and cellular (5G ALL-STAR) [193],[194], and the Hybrid networks for global
internet access [195].

In this integrated architecture, there are two types of handovers in the integrated satellite-terrestrial
network: the first is called horizontal (intranetwork) handover while the second is known as the vertical
(internetwork) handover [196]. The horizontal handover occurs when the connection is transferred
between terres- trial cells, between satellite spot-beams, or between satellites. In contrast, the vertical
handover occurs when the connec- tion is transferred between the terrestrial network and the satellite
network. For the horizontal handover, since the handover occurs solely in the terrestrial network or the
satellite network, it can be performed by the conventional handover techniques in each network
[197],[198]. On the other hand, there are more challenges for the vertical handover in the inte- grated
satellite-terrestrial network, in which the connection is transferred between two different networks. In
[199], a new handover mechanism was proposed for the integrated satellite-terrestrial network to enable
handovers between satellite and terrestrial components. The handover decision and preparation
processes are sepa- rated to reduce the probability of failure for long handover preparation cases.

To achieve seamless handover between terrestrial and non-terrestrial systems in hybrid networks, several
challenges need to be addressed. First, network interoperability is crucial as terrestrial and non-terrestrial
networks operate on different protocols and architectures. Ensuring compatibility and interoperability
between these systems is essential for seamless handover, requiring the development of standardized
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interfaces and protocols that can facilitate seamless communication and transfer of data between the
networks. Second, mobility management plays a critical role in the handover process. As users move
between coverage areas, efficient mobility management techniques must be in place to track and manage
their location and connectivity status. This involves continuously monitoring the user's movement,
estimating their position, and coordinating the handover process to ensure uninterrupted connectivity
during the transition. Third, signal quality and latency considerations are vital for achieving a smooth
handover experience. The handover decision should consider the signal quality and latency of both the
source and target networks. Seamless handover requires evaluating the available network resources, such
as signal strength and bandwidth, to determine the optimal moment for handover initiation. This ensures
a seamless transition without significant disruptions or delays in communication. Fourth, authentication
and security are paramount in handover scenarios. Handovers should be secure to protect user data and
prevent unauthorized access. Robust authentication mechanisms need to be in place to verify the user's
identity during the handover process, ensuring that only authorized users gain access to the networks.
Encryption and authentication protocols play a crucial role in maintaining data security during handovers.

Overall, the integration of terrestrial and non-terrestrial systems in hybrid networks, along with
seamless handover capabilities, aims to extend connectivity reach, enhance user experience, and
provide reliable communication services across diverse geographic locations [200]-[203].

6.5 Standardization efforts and regulatory frameworks for NTN antenna

technology

Standardization and regulation have a crucial role in the development of future Non-Terrestrial Networks
(NTNs). The benefits from the standardization process are [204]: for example, standardization allows for
multi-vendor interoperability, and in that sense, it fosters competition. This in turn will provide cost
reduction for NTN satellite technology and accelerated development of the space segment of the wireless
networks. Another aspect of the standardization is to ensure maximum spectrum efficiency and
compatibility with already deployed terrestrial wireless networks and help maintain safety and
performance standards.

In this subsection, the focus is on the standardization efforts [205] and regulatory framework from the
Third Generation Partnership Project (3GPP)2. The goal is not to present the overall work that 3GPP has
done on NTN networks, but to select the standards or regulatory framework that is the most important
for the development of new NTN antenna technology. That is, the focus will be on the standards that
influence the architecture and design of the NTNs physical layer. An overview of the 3GPP work on
evolving 5G wireless technology to support NTN satellite networks is found in reference [206].
Considerations for future 6G networks can be found in reference [207]. The next four paragraphs
summarize the important points from the 3GPP standards Rel-15, Rel-16, Rel-17, and uncompleted Rel-
18.

2 https://www.3gpp.org/
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The first study on New Radio to support NTNs was conducted in 3GPP Release 15. The main conclusions
are found in Technical Report (TR) 38.811 [208]. This technical report identifies the relevant scenarios for
NTN deployment studies and integration in terms of: frequency bands (S-band at 2 GHz vs. Kand K,-band
at 20 — 30 GHz), typical footprint size and minimum elevation angles, antenna models and beam
configurations (Earth-fixed, steered towards a fixed area on the ground, vs. moving beams), and NTN
terminals (handheld vs. VSAT). The report also specifies the propagation channel models based on TR
38.901 [209] with NTN-specific modifications.

In Rel-16, the objectives of the Study Item (SI) on “Solutions for NR to support Non-Terrestrial Network”
were to consolidate the potential impact on the physical layer as initially identified in TR 38.811 and the
identification of related solutions if needed. Solutions for NR to support NTNs were identified in TR 38.821
[210]. The TR is focused on FR12 for handheld and loT satellite access, and it identifies modifications
required for the physical and higher layers. It also studies the impact of delay on random access,
scheduling, as well as mobility management for moving LEO platforms.

The standards continued to build upon the 3GPP Rel-17 with the architectural aspects for using satellite
access in 5G considered in TR 23.737 [211]. The TR specifies enhancement for RF and physical layer,
protocols, radio resource management, and frequency bands. It identifies suitable architectures, it
addresses TN-NTN roaming and timing-related issues, enhanced conditional handover, and location-
based triggering.

Rel-18 is still in development. The focus in the new release is on improving the NR NTN to provide better
support for NTN in smartphones, while also introducing K, band (above 10 GHz) for applications involving
very small aperture terminals. The improvements in smartphone support coverage will involve extending
the current repetition schemes, implementing mechanisms to address diversity and polarization loss
caused using linear polarizations at terminals and circular polarizations at satellites, as well as reducing
protocol overhead to efficiently support low-rate codecs.

Since the completion of 3GPP Release 15 — the first phase of 5G specifications — the cellular industry is
expanding the capability of the network to deliver on the full promise of true connectivity. Release 18 will
deliver 5G-Advanced, as the mid-point of 5G standardization. Standardization efforts are ongoing and it
is expected to be completed in 6G [212] when we will have a complete integration of NTNs and TNs in one
global system.

The standardization process is long and on-going, so it is expected that the standards will develop over
time. An important take way note from this standardization process is the way they will influence the
development of NTN antennas. The most important standards and requirements to look out for when
designing NTN antennas can be grouped in five points:

1. Type of access (direct or indirect).
2. Beam spot size.

3 Frequency range 1 is sub 6 GHz
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3. Frequency range
4. Movable or fixed beam
5. Other (regional) regulatory requirements

Besides 3GPP, it must be mentioned the effort on standardization by the European Telecommunications
Standards Institute (ETSI). The Satellite Earth Stations and Systems technical committee (TC SES) is the
technical body within ETSI that is responsible for creating standards for satellite terminals (earth stations)
and systems. This work notably includes the development and revision of Harmonized Standards*
covering all aspects of satellite earth station fixed terminals or terminals on the move, whether in an
aircraft, on board a ship or in a vehicle.

6.6 Antennas with Integrated Photonics RF Front-end

For many years, photonic devices and subsystems have been seen as technologies that enable the
generation, transmission, detection, processing, and control of microwave signals in radio frequency (RF)
systems [213]. The growth and success of the field of microwave photonics have been propelled by the
inherent advantages it offers. These advantages include wide input bandwidths, precise timing, low-loss
and electromagnetic interference-free signal transportation, lightweight and flexible cabling, and signal
multiplexing that enables reduced cabling. A significant drawback that has stood out is the inefficient
conversion between the microwave and optical domains, along with the introduction of additional noise
and distortion. These factors have hindered the realization of the complete potential of photonics.
However, recent advancements in integrated photonics have showcased promising prospects for the
near-future implementation of photonic subsystems.

Integrated photonics front-ends in satellite communication are an emerging trend that has been
stimulated by the recent advancement of integrated photonics. In literature, the field that deals with
generating, processing, and transporting microwave signals in the optical domain using integrated
photonic systems can be found under the name of Integrated Microwave Photonics (IMWP) [214]. In this
subsection, recent advancement and trends in antennas with integrated photonics RF front-ends [215]
will be discussed. The focus will be on the following topics: Optical beamforming networks (OBFNs),
photonics signals transport (with and without frequency conversion), and optical switching. Other
research topics that are interesting for antenna systems in satellite payloads, and integrated
antenna/electro-optic modulators, will be mentioned.

Future satellite payloads in the next generation of non-terrestrial networks are expected to have
beamforming and beam hopping capabilities to dynamically allocate data capacity to the regions in the
earth where there is demand. So, there is a need for scalable, power-efficient, small formfactor, reliable
and light weight BFNs. Due to its intrinsic properties, as mentioned in the opening paragraph, integrated
photonics is the perfect candidate for building BFNs.

In a multibeam satellite payload, a beamforming network controls the direction of the radiated beams.
Beamforming networks can be divided into two categories [216]: phase-shifter-based systems and true-

4 The report can be found in ETSI - Activity Report SES
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time-delay-based systems. The former employs phase shifters to adjust the phase of radiated signals so
that the signals from different radiated elements can interfere with each other constructively at aimed
directions, while the latter controls the time delay of each radiated signal so that the signals arrive at the
target destination simultaneously.

The main limitation of phase-shifter-based OBFNs is the beam-squint effect: once a wideband signal is
applied to the OBFN, the beam direction changes according to the RF signal frequency. Wideband
beamforming is crucial for managing variations in beam bandwidth because future software-defined
payloads need to possess the ability to allocate bandwidth. In the case of a K;-band software defined
satellite, for example, a 3 GHz bandwidth can be allocated to one single-spot beam.

In 1991, optical fiber-based OBFNs utilizing true-time-delay (TTD) modules were initially proposed and
demonstrated using bulk components — for e.g., optical fibers, as the means to implement wideband
beamforming [217]. Recently, an OBFN-PIC was designed to facilitate the steering of a microwave signal
with carrier frequency up to 40 GHz over a continuous set of beam angles [218]. reference [219],a 1 X 4
optical beamforming chip was introduced and tested. It incorporated four integrated switchable delay
line units, specifically designed to control a phased antenna array operating in the K,-band. By measuring
the delay times, the optical beamforming network's directional patterns were simulated, resulting in a
beam angle coverage of 90°. Additionally, a magnitude response experiment was conducted to assess the
performance of the optical beamforming chip, revealing an impressive operational bandwidth of 29 GHz.
The size of the fabricated device is 4.2 mm X 5 mm.

Microwave mixers are an integral part of the RF front-end in any satellite payload because the uplink and
downlink frequencies differ. Compared with its electronic counterpart, and optical microwave mixer
advantages in terms of large bandwidth and high isolation [220]. Moreover, parallel frequency conversion
can be implemented using WDM technology [221], which is an attractive prospect for multichannel signal
processing in satellite payloads.

The most common method for optical microwave mixing implementation involves utilizing a Mach-
Zehnder modulator (MZM). In this method, the optical local oscillator (LO) signal and the driven radio
frequency (RF) signal are multiplied by leveraging the Pockels electro-optic effect [222] within the MZM
[223]. If multiple optical LO signals are sent to the MZM, all LOs are combined with the RF signal to
generate multiple IF signals at the same time. For example, taking advantage of the optical LOs generated
by the OFC>, a 6.1 GHz C-band signal can be converted to 4.1 GHz (C-band), 3.9 GHz (C-band), and
11.9 GHz (X-band), etc., signals simultaneously [224] Although the microwave photonics mixing of RF
signals is a promising application, there is still necessity of improving the MZM-based optical mixing
performance include enhancing conversion efficiency, linearity, and functionality in order to be used in
telecom systems.

RF switches utilized in satellite payloads to realize signal routing, function switching, and system
reconfiguration [225]. Traditionally, RF switches are applied in the electrical domain, in which the working

5> Optical Frequency Combs
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bandwidth, switching speed, and isolation between channels are always limited. Optical techniques are
beneficial in terms of wide working bandwidth and immunity to EMI, so switching of RF signals in the
optical domain can potentially overcome electronic limitations.

Integrated photonics is a very promising area of research for satellite communication purposes [215].
During the past 20 years optical beamforming concepts have been demonstrated for microwave signals.
OBFNs have already been implemented with phased array antennas and their performance is very good.
Mixing, filtering, and switching are also very important functions in a RF front-end, and they can be
implemented with integrated photonics. Integrated photonics represents a technological change in the
satellite payloads which has the potential to be highly beneficial for future satellite telecom payloads
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