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Abstract
This thesis centers on advancing integrated antenna technologies and wireless power

transfer (WPT) systems, with a primary emphasis on space applications and additional
relevance to communication. The research presents an inventive approach that integrates
transparent antennas with photovoltaic (PV) panels, enabling satellites to simultaneously
capture solar energy and transmit power wirelessly. This dual-function design optimizes
surface utility—an essential factor for small satellites where space and weight constraints
are paramount.

Transparent antennas are designed using conductive mesh patterns that ensure a
high level of optical transparency while maintaining strong electromagnetic
performance. These antennas can be seamlessly integrated onto solar panels without
significantly impacting their power generation capabilities, o�ering a practical solution
for energy-hungry space missions. By optimizing antenna geometry and adjusting key
parameters, such as eliminating horizontal lines to improve transparency, the study
achieves a balance between transparency and antenna e�ciency. The research also
includes a broad investigation into the role of the solar panel’s top metal contacts,
which are crucial to the performance of both the solar panel and the antenna. This
investigation reveals how the top contacts influence antenna radiation patterns and
solar cell e�ciency, leading to critical insights for optimizing the integration of the two
technologies.

A central focus of this thesis is the exploration of WPT for CubeSats. By assessing
power transfer networks between larger satellites and CubeSat swarms, the research
demonstrates how coordinated power sharing can extend mission longevity. A key
contribution is the design of a highly e�cient Class-E amplifier-based inverter, which
converts solar-generated power into high-frequency signals for wireless transmission.
This e�cient system is essential for space applications, where energy resources are
limited. The design is carefully optimized to integrate seamlessly with the transparent
antenna array, enabling e�ective wireless energy transfer with minimal losses.

The findings have significant implications beyond space, particularly in terrestrial
communication systems, where WPT can support the growing demand for
energy-e�cient solutions in the Internet of Things (IoT) and other low-power devices.
The research not only o�ers a practical solution for satellite power management but
also provides a foundation for future innovations in wireless energy systems across
multiple industries. By addressing key challenges in antenna transparency, solar panel
integration, and e�cient power conversion, this thesis contributes to the advancement
of next-generation energy systems for both space-based and terrestrial applications.
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1 Introduction

The rapid evolution of modern communication and space systems has driven an
increasing demand for e�cient, compact, and multi functional components capable of
supporting advanced applications. Among these components, antenna systems play a
critical role in enabling wireless communication and power transfer, two essential
aspects for the operation of satellites, spacecraft, and terrestrial communication
systems. Traditionally, antennas have been primarily used for transmitting and
receiving data, but recent technological advancements have expanded their
functionality to include wireless power transfer (WPT) [1]. The concept of WPT was
first introduced by Tesla [2], and has evolved significantly over the past decade [3],
particularly in resonance coupling, enabling the commercialization of wireless charging
systems and sparking interest for applications such as energy harvesting and
narrow-beam, high-e�ciency power transfer. WPT can be broadly divided into two
categories: near-field and far-field power transfer. Near-field WPT is used for
short-range power transfer, typically through magnetic fields via inductive coupling or
electric fields between the transmitter and energy harvester. Far-field WPT, on the
other hand, involves the use of ambient radio frequency (RF) waves in the surrounding
environment, either indoors or outdoors, and can utilize backscattering techniques to
provide a more sustainable power source for longer distances. In far-field WPT, the
focus is on maximizing the e�ciency of power transfer from the transmitter to the
harvester, which directly impacts the amount of direct current (DC) power that can be
extracted. A critical component in this process is the rectenna, a device that combines
a rectifier and an antenna to convert received RF signals into usable energy. The
convergence of these two capabilities—communication and power transfer—within a
single platform represents a transformative development in the fields of space-based
systems, the Internet of Things (IoT) [4], and energy-harvesting technologies.

At the forefront of this evolution is the concept of integrated antenna technologies,
where the dual functionalities of signal transmission and energy harvesting are combined.
These systems hold significant potential for improving the performance of small satellite
constellations, such as CubeSats, which are rapidly becoming the preferred platforms for
space exploration, scientific missions, and commercial applications. However, realizing
such multifunctional systems requires overcoming several technical challenges, including
optimizing antenna design for high e�ciency, ensuring seamless integration with other
system components, and achieving compactness without compromising performance.

CubeSats, characterized by their small size and modular design, have transformed
the landscape of satellite technology. Originally developed as educational tools, these
compact satellites have quickly evolved into powerful platforms capable of supporting a
wide range of missions, from Earth observation and remote sensing to deep space

1



exploration [5]. Their standardized dimensions and low launch costs make them
particularly appealing for universities, research institutions, and commercial entities
seeking to test innovative technologies in space. As the demand for satellite-based
services continues to grow, CubeSats o�er a flexible and scalable solution, enabling
rapid deployment and the ability to form constellations for enhanced data collection
and communication.

A CubeSat can use a single antenna for multiple functions or employ several
antennas to maintain modularity, but this introduces challenges such as potential
interference and crosstalk, demanding innovative designs that maximize functionality
while minimizing space and weight. Successful CubeSat antenna design requires a deep
understanding of link budgets—covering the transmitter, wireless path, and
receiver—along with the interplay between transmitted power, signal losses, and noise,
which are crucial for optimizing communication performance [6]. Antenna systems are
key for CubeSat communication and remote sensing, but the inherent trade-o� between
antenna gain and size presents significant RF and mechanical challenges, driving the
scientific community to develop advanced designs that balance performance, data rate,
and resolution with size constraints for modern missions [7]. Common types of
antennas used in CubeSat systems include wire antennas [8], reflector antennas [9],
reflectarray antennas [10], horn antennas [11], and patch antennas [12]. Given the
critical importance of space and weight constraints in small satellites, the deployability
of antennas has become a key focus, playing an increasingly crucial role in their design.

Furthermore, in WPT systems, particularly for space applications, the distance
between the transmitter and receiver is a critical factor that directly influences the
e�ciency and feasibility of power transfer. As distance increases, signal attenuation
and path losses become more pronounced, making it challenging to maintain e�ective

(a) (b)

Fig. 1.1. CubeSat swarm constellation of (a) schematic representation [13] and (b)
visual representation in space [14].
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power delivery. This is especially important in space, where vast distances require
highly e�cient, focused energy transmission to minimize losses. The deployment of
CubeSats in swarm constellations enhances the feasibility of WPT by enabling closer
proximity between satellites, thereby reducing the distance required for power transfer
and improving overall e�ciency. Some example depictions of such swarm constellations
are shown in Fig. 1.1. These constellations can facilitate a network of interconnected
satellites, enabling more practical and scalable wireless power distribution across short
distances in space, a key consideration for future inter-satellite energy-sharing systems.

Antenna gain is a critical factor in addressing the challenges posed by long-distance
WPT in space applications. Higher gain can help compensate for signal attenuation
and path losses by concentrating the transmitted energy in a specific direction, thereby
increasing the e�ciency of power transfer over extended distances. This can be
e�ectively achieved through the use of antenna arrays, which leverage multiple
radiating elements to form a highly directional beam. By deploying antenna arrays on
CubeSats within swarm constellations, the system can further enhance power
transmission capabilities, ensuring more precise and e�cient energy transfer between
satellites over greater distances, making inter-satellite energy sharing more feasible in
large-scale space operations. However, the issue of limited surface area persists,
particularly for small satellites like CubeSats. The available space for antenna
deployment is quite restricted, which poses a significant challenge for enhancing
antenna performance. Deployable surfaces o�er a potential solution to this limitation,
allowing for larger antenna arrays to be deployed in orbit. Yet, this approach
introduces new complications, as most of a CubeSat’s surface must be dedicated to
solar panels, which are critical for generating the power necessary for satellite operation
and maintaining essential systems. Solar cells, especially in space environments, are
vital for nanosatellites to function e�ectively, providing the only reliable energy source
over extended missions. Therefore, the integration of antenna systems with solar panels
becomes even more critical. Achieving this integration while maintaining su�cient
solar power production is a crucial design objective. The development of transparent or
conformal antennas that can be seamlessly integrated with solar panels o�ers a
promising pathway to overcoming these constraints, ensuring that both power
generation and communication needs are met without compromising satellite
functionality.

Another added benefit of integrating WPT with solar panels is the potential for
WPT to serve as an additional power source for satellites, supplementing the energy
provided by solar cells. This is particularly advantageous when satellites enter eclipse
phases, where direct sunlight is blocked due to orbital positioning. During these
periods, solar power generation ceases, which not only limits the energy available for
satellite operations but also reduces temperatures, potentially degrading the
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performance of onboard batteries. The inclusion of WPT can be a critical solution in
these scenarios, as it ensures a continuous power supply regardless of sunlight
availability. A notable example of the consequences of limited energy supply in space
missions is the Rosetta mission [15], where the Philae lander, deployed on Comet
67P/Churyumov–Gerasimenko, landed in a shadowed region and was unable to
recharge its batteries due to a lack of sunlight. As a result, Philae could only operate
for a few days before its mission was cut short, highlighting the vulnerability of relying
solely on solar energy in space. WPT could have extended Philae’s operational lifespan
by providing a secondary power source, demonstrating the importance of exploring
alternative energy solutions in future space missions. Implementing WPT as a
supplement to solar power could significantly enhance the sustainability and reliability
of space probes and satellites, especially in environments with limited solar exposure.

Building on these advancements, this dissertation explores cutting-edge antenna
technologies integrated with WPT solutions, emphasizing space applications with
potential extensions to ground-based communication systems, as the system
architecture is illustrated in Fig. 1.2. This dual-purpose approach optimizes energy
utilization and addresses the power constraints of small spacecraft, particularly in
remote orbits where frequent battery recharging is unfeasible. The increasing demand
for sustainable power solutions in space drives this research, as traditional power
generation methods face limitations due to size, weight, and environmental constraints.
Integrated antenna systems that wirelessly transfer energy between satellites o�er a
continuous energy supply to meet both communication and operational demands.
Additionally, transparent antenna arrays, seamlessly integrated with solar panels,
maximize surface area for energy harvesting, enhancing power generation e�ciency

Fig. 1.2. System architecture for WPT between small satellites in near proximity [16].
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without altering the satellite’s physical profile or significantly increasing its mass.
Beyond its applications in space systems, the principles established in this research

have significant implications for terrestrial communication networks. WPT can play a
pivotal role in sustaining low-power IoT devices and other autonomous systems, where
conventional power sources may be scarce or impractical. The integration of energy
transfer capabilities with communication technologies o�ers the potential to enhance
the e�ciency of telecommunication infrastructure, ensuring uninterrupted service even
in remote or o�-grid locations with limited power access. This synergy between WPT
and communication systems represents a promising avenue for the future of sustainable
network operations.

This thesis investigates multiple facets of antenna design, electromagnetic simulation,
and system optimization to develop e�cient, robust integrated antenna systems. A
primary focus is placed on Class-E amplifiers, known for their high e�ciency in power
conversion, making them well-suited for low-voltage, high-frequency operations, which
are characteristic of space and communication systems. The study examines the use
of Class-E amplifier-based inverters to facilitate WPT via resonant circuits, along with
methods for biasing these circuits directly from photovoltaic (PV) cells. This approach
capitalizes on the abundant solar energy in space, ensuring that the power supply remains
both sustainable and reliable.

The objectives of this research are threefold: first, to design and optimize antenna
systems capable of supporting both communication and wireless power transfer;
second, to explore the integration of transparent antenna arrays with PV panels for
space-based applications; and third, to investigate the implementation of high-e�ciency
power amplifiers, such as Class-E amplifiers, to enable reliable wireless power transfer.
The outcomes of this work are expected to contribute significantly to the advancement
of next-generation satellite technologies and sustainable communication networks,
addressing the pressing challenges of energy e�ciency and power management in
modern electronic systems.

It is important to note that the chapters in this thesis are not organized in a strict
chronological order based on the progression of the research. Instead, they are structured
by the relative significance of the activities undertaken, with the transparent antenna
concept taking precedence. Therefore, the initial chapters focus primarily on this area,
followed by discussions of other wireless power transfer applications in later sections.

The structure of this dissertation is organized as follows: Chapter 2 presents a
foundational investigation into the design and integration of meshed antennas with
solar panels, marking a significant advancement in this research. Chapter 3 conducts a
feasibility study of a solar-powered rectenna/transmitter system for in-space
applications, aiming to establish realistic link budgets for various satellite constellation
scenarios and provide estimations of WPT link distances through detailed simulations

5



and power calculations. Furthermore, Chapter 4 serves as a critical foundation of the
thesis, delivering an in-depth analysis of the antenna array’s performance while o�ering
significant insights into the role of the top contacts on photovoltaic panels. Chapter 5
focuses on the design of an e�cient inverter, which acts as a crucial link between
antenna radiation and solar power production, thereby concluding the primary focus of
the thesis. The subsequent chapters explore terrestrial applications of WPT, which,
while distinct, are essential for the success and overall enhancement of the
space-related research. Chapter 6 details the development of an innovative modular
system that enables simultaneous energy and information transmission between
unplugged trolleys in industrial environments, leveraging WPT and battery-less
communication nodes for communication to ensure e�cient operation and reliability
across varying trolley arrangements. In Chapter 7, a novel bidirectional monopole
antenna array optimized for Wireless Local Area Network (WLAN) applications is
presented, featuring a minimized ground plane configuration that significantly reduces
side lobe levels and enhances gain and bandwidth, while also addressing the critical
balance necessary in ground plane size to optimize performance without compromising
practicality. Moreover, Chapter 8 introduces an innovative design for powering train
balises, validated through simulations and measurements, while addressing key
challenges such as impedance matching and optimizing circuit e�ciency, ultimately
achieving a significant reduction in power requirements for balise activation. Finally,
Chapter 9 examines the potential advancements and consequences associated with
in-space WPT and Chapter 10 concludes with a discussion of the findings.
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2 Transparent Antenna Technologies for Solar
Energy and Microwave WPT Integration

This chapter is based on the following article:

[17] A. B. Gok, D. Masotti, and A. Costanzo, “Integration of solar power and
microwave wpt exploiting transparent antennas,” in 2023 IEEE Wireless Power
Technology Conference and Expo (WPTCE), 2023, pp. 1–4.

2.1 Introduction to the Chapter

Transparent antennas are a state-of-the-art innovation in the growth of wireless
communication and infrastructure systems. As urban areas transform into more
interconnected networks, often called smart cities [18], the integration of
communication technologies into the urban fabric becomes essential. Traditional
antennas, which are often large and visually disruptive, fail to meet the aesthetic and
practical needs of today’s cities. Transparent antennas provide a compelling
alternative, o�ering robust wireless communication while blending into infrastructure,
preserving the appearance of buildings [19], windows [20], and vehicles [21] without
drawing attention.

The push for optically transparent antennas is largely driven by the demands of
next-generation wireless networks like 5G [22] and beyond, which require higher
frequencies, faster response times, and more bandwidth to accommodate the rising
number of mobile devices and the IoT. Another exciting application of transparent
antennas is their integration into glass surfaces for Frequency Selective Surfaces (FSS),
which combine the dual functions of microwave filtering and optical transparency [23].
FSS technology is useful in security-critical environments such as hospitals and
government buildings, where control over signal propagation is essential. The use of
transparent antennas goes beyond urban environments and is being applied in
aerospace technologies as well. A notable example is the CubeSat platform, a compact
satellite used for space research, which has benefited from the incorporation of
transparent antennas. By integrating antennas onto the solar panels of these satellites,
engineers can optimize surface area for power generation without compromising
communication performance with Earth-based stations. This dual-purpose design is
especially advantageous for space missions, where the e�cient use of every square
centimeter of the satellite’s surface is essential.

In addition to their established role in satellite communication, transparent
antennas are emerging as a pivotal component in the development of advanced WPT
systems. Recent innovations are investigating the integration of transparent antennas
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Fig. 2.1. Overview of solar panel integration with transparent antennas for WPT.

with PV cells to facilitate energy transfer between space-based platforms, such as
CubeSats. This cutting-edge approach, illustrated in Fig. 2.1, merges solar energy
harvesting with wireless power transmission into a single, optically transparent system.
The significance of this integration lies not only in reducing the payload for aerospace
vehicles but also in o�ering an alternative energy source to satellites operating in the
harsh and unpredictable environment of space. One of the key challenges in this
domain is ensuring that the integration of solar cells does not adversely impact the
performance of the transparent antennas, and vice versa. Specifically, the transparent
antenna must maintain its electromagnetic functionality without obstructing the
e�ciency of the solar cells. Achieving this delicate balance between transparency and
functionality requires a nuanced understanding of both antenna design and PV
integration. As a result, optimizing the compatibility of these components is a critical
research area.

Before delving into the specifics of the thesis work, it is important to highlight
various types of transparent antennas and notable advancements in the field. These
advancements provide essential context for understanding the challenges and
innovations presented in this thesis, particularly with regard to developing systems that
maximize both solar energy collection and wireless power transmission e�ciency.
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2.2 Varieties of Transparent Conductors

In the design of transparent antennas, two main approaches are employed:
transparent conductive films (TCFs) and conductive meshes. TCFs typically refer to
materials like indium tin oxide (ITO), which is a type of transparent conducting oxide
(TCO). However, the literature also highlights various other materials and
nanostructures. Conversely, conductive meshes are made up of a network of conductive
wires that achieve transparency by strategically removing conductive material from the
design. While this category primarily includes mesh structures, it is not confined to
them; there are numerous examples of conductive metallization in various shapes that
can still provide acceptable levels of optical transparency.

2.2.1 Transparent Conductive Films

Thin-film-based antennas o�er several advantages, particularly when integrated
with glass substrates, due to their high conductivity, ease of availability, and
transparency. However, the high cost of materials used in these designs remains a
significant challenge. Researchers have explored various materials and techniques to
improve antenna performance while maintaining transparency. ITO is a commonly
used material for transparent antennas, but alternatives like gallium-doped zinc oxide
are being explored due to cost and material availability concerns. These materials,
often applied in thin-film form, have been shown to deliver good performance in
various frequency ranges, from GHz to millimeter waves, and are suitable for modern
applications such as 5G communication and intelligent transport systems.

Di�erent antenna designs, including reflect arrays, dipoles, and coplanar waveguides,
have been studied, with promising results in terms of e�ciency, gain, and bandwidth. For
instance, some designs achieve high transparency with minimal loss, making them ideal
for applications where aesthetics or integration with existing infrastructure is important,
such as mounting antennas on building glass for communication purposes. In urban
cellular networks, transparent antennas using conductive films or specialized coatings
have demonstrated notable gains and bandwidth, showing potential for multilayer designs
in high-frequency applications.

Authors in [24] designed and tested transparent antennas using patterned ITO on
flexible Corning® Willow® Glass for wireless applications in the 2.4 GHz and 5.8 GHz
ISM bands. These antennas, including grid, loop, and split-ring monopoles, achieved 90%
transparency and e�cient radiation. The fabricated antennas, illustrated in Fig. 2.2a,
demonstrated good agreement, making them suitable for applications such as glass-
mounted systems in homes, cars, and commercial buildings. In another study [25], the
authors presented a transparent ITO patch antenna (Ant1) designed for operation at
4.9 GHz, as shown in Fig. 2.2b. The antenna features a square radiating patch and a
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ground plane. A 50 � transmission line supplies power to the patch, and both conductive
layers utilize ITO transparent conductive films. A prototype of Ant1 was created through
an in-house photolithography process that involved applying a photoresist layer to the
ITO glass, exposing it to UV light, and subsequently etching it with hydrochloric acid to
form the ITO pattern. On the other hand, ITO can also serve as an e�ective microwave
absorption materials (MAMs). In a novel study [26], researchers demonstrated the use
of 2D conformal microwave absorbing material fabricated on an ITO layer for designing
a portable anechoic chamber. This absorber, optimized with a dipole-like resonance
structure, delivers broadband absorption across 0.7 to 18 GHz. The innovative MAM was
applied to the chamber’s walls, achieving precise measurements of antenna performance,
including return loss and radiation patterns, for various frequencies. This work expands
the applications of ITO beyond antennas to high-performance microwave absorption.

Despite ITO’s widespread use in transparent antennas and microwave components, its
brittleness and the high cost of indium, a rare-earth element, pose significant limitations.
As a more practical alternative, conductive meshes have emerged, o�ering cost-e�ciency
and ease of fabrication through additive manufacturing. This approach aims to maintain
high transparency while optimizing RF performance.

2.2.2 Conductive Meshes

Antenna designs utilizing the mesh-grid technique o�er notable benefits, including
ease of fabrication, cost-e�ectiveness, and enhanced conductivity. Notably, a trade-o�
exists between reducing grid size to improve conductivity and maintaining optical
transparency. Metal mesh antennas, composed of conductive grids, enhance electrical
conductivity by providing more interconnected pathways for current flow. However, as
the mesh size decreases, the density of conductive lines increases, leading to greater

(a) (b)

Fig. 2.2. Images of ITO based antenna examples from (a) [24] and (b) [25].
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(a) (b)

Fig. 2.3. Images of proposed mesh antennas: (a) [27] and (b) [28].

optical obstruction and reduced transparency. Conversely, larger mesh sizes allow more
light to pass through, improving optical transparency, but may result in higher
electrical resistance due to the reduced number of conductive pathways. Optimizing
mesh design requires balancing these factors to achieve the desired performance for
specific applications.

Several studies have explored the use of meshed transparent antennas in various
applications. In [27], an ultra-wideband (UWB) multiple-input and multiple-output
(MIMO) antenna is introduced, employing a metal mesh structure to optimize
performance while preserving transparency. This design, illustrated in Fig. 2.3a,
achieves a transparency of 73% for individual elements and 77% for the entire MIMO
array, with an operational bandwidth of 3.2 to 11.2 GHz. Another recent study [28]
addresses the limited impedance bandwidth of meshed patch antennas, particularly for
CubeSat applications, which is also a key focus of this thesis. The solution involves
designing three di�erently sized meshed patch elements, expanding the bandwidth to
2.5 times that of a single-element patch. As shown in Fig. 2.3b, the design maintains
high transparency, making it well-suited for integration with CubeSat solar panels, and
uses a coplanar proximity feed to ensure smooth system integration.

Meshed antennas for space applications encounter several challenges before
deployment. They require rigorous space qualification testing to ensure consistent
printing processes and material properties that meet mechanical, thermal, and
electrical standards. Materials must resist ionizing radiation, as exposure can degrade
performance, while thermal stability is essential to withstand extreme temperature
fluctuations without delamination or warping. Additionally, inks must exhibit strong
adhesion and endure mechanical stresses during launch while resisting dust and
moisture. The quality of printed patterns significantly impacts electrical performance,
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where inconsistencies can compromise impedance and gain. While ink printing o�ers
flexibility, achieving the necessary resolution and pattern fidelity is crucial. Despite
these challenges, advancements in material science and printing techniques are vital for
the successful integration of ink-printed mesh antennas in future space missions.

2.3 Choosing the Right Printer and Material

Transparent antennas often rely on specific substrates that ensure optimal
performance while maintaining visual transparency. These substrates must possess
specific properties, including high light transmission, mechanical strength, and suitable
thermal resistance. Additionally, they need to have favorable dielectric characteristics
to support e�cient operation at various frequencies. When selecting a substrate, it is
crucial to consider these factors to achieve e�ective integration of the antenna into its
intended environment without compromising its functionality or aesthetics.

Glass is a widely utilized material in the design of transparent antennas due to its
inherent optical transparency and favorable mechanical properties. Its high light
transmission allows for minimal interference with the passage of light, making it an
ideal choice for applications where maintaining visual aesthetics is crucial, such as in
buildings, vehicles, and consumer electronics. Glass can also o�er durability and
resistance to environmental factors, ensuring the longevity of the antenna system.
Numerous glass samples have been utilized in the literature for designing antennas and
RF components [29]. These include various types of soda-lime float glass, such as clear
and tinted variants, low-iron content extra clear glass, and coated glasses for heat
protection [30]. By evaluating the relative dielectric constant and loss tangent of these
glass substrates over a wide frequency range, from MHz to GHz, researchers have been
able to assess their suitability for RF applications. This approach allows for precise
modeling and optimization of antenna performance on di�erent glass materials,
demonstrating the versatility of glass as a substrate in RF design.

We chose to work with Schott Borofloat® 33 glass [31] samples due to their superior
material properties, making them an ideal substrate for antenna design. Borofloat® 33
o�ers excellent thermal stability, low thermal expansion, and high resistance to both
chemical and environmental factors, ensuring reliable performance in harsh conditions.
Its high transparency across ultraviolet, visible, and infrared wavelengths makes it
well-suited for optoelectronic applications, while its low alkali content ensures e�ective
electrical insulation, which is crucial for RF components. Additionally, its excellent
flatness, optical clarity, and surface quality make it suitable for precise electromagnetic
simulations and enhanced antenna performance. These characteristics make
Borofloat® 33 a versatile and reliable material choice for advanced antenna designs,
particularly in high-performance RF and wireless systems.
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The relative permittivity (‘r = 4.46) and loss tangent (tan ” = 0.006) were taken
from the CST simulation library, which already defines these parameters for
Borofloat® 33. Upon obtaining the glass samples, the dielectric properties of the
substrate were initially evaluated through both simulations and measurements using a
two-port prototype fabricated on 1.75 mm-thick samples. Fig 2.4 presents the
photograph of the two-port network, including an open stub, alongside the
transmission coe�cient plots for both simulated and measured results. As shown in the
plots, a strong agreement was observed between the simulated and experimental data,
confirming the accuracy of the design and validating the suitability of the glass
substrate for further investigation. No significant discrepancies or issues were identified
during the evaluation process.

The subsequent phase in the development of antennas is manufacturing, which
encompasses a systematic process involving various stages and techniques. Commonly
employed materials for antenna fabrication include metals such as copper and
aluminum for the radiating elements, as well as dielectric substrates like FR-4 or
ceramic, which are selected based on the specific frequency and application
requirements. The production process frequently utilizes techniques such as
photolithography, etching, and milling for fabricating metal components, in
conjunction with traditional PCB (Printed Circuit Board) fabrication methods for
printed antennas. In instances where complex geometries are required, advanced
manufacturing methods such as 3D printing can be employed to create intricate
designs. In this context, we considered the application of circuit printers to facilitate
the realization of low-cost antennas that can be printed on the surface of glass
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Fig. 2.4. (a) Photo of the two-port network placed on the 1.75 mm-thick glass
substrate, and (b) simulated and measured transmission coe�cients of the
two-port prototype.
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substrates. Low-cost circuit printers, often referred to as PCB printers, represent an
emerging technology that streamlines the fabrication of electronic circuits, particularly
for small-scale production. These printers enable the direct printing of circuit patterns
onto substrates using conductive inks, thereby enhancing the PCB manufacturing
process. Utilizing either inkjet or laser printing technologies, these devices facilitate the
deposition of conductive materials, with inkjet printers utilizing specialized conductive
inks and laser printers adapted for toner transfer onto suitable substrates. Notably,
low-cost circuit printers are characterized by their user-friendly interfaces and
compatibility with widely used PCB design software, promoting accessibility in circuit
design and fabrication. While these printers present a cost-e�ective solution for rapid
prototyping and small-batch production, they are subject to limitations concerning
precision, layer thickness, and material compatibility, which may constrain their
application in high-frequency or complex multi-layer designs.

The use of circuit printers for antenna fabrication remains relatively uncommon,
though several studies [32] in the literature indicate promising directions for further
exploration in this innovative field. In this context, the Voltera V-One [33] circuit
printer was chosen for its ability to rapidly prototype printed electronics. It is noted for
its precision in printing conductive traces on various substrates, making it ideal for
cost-e�ective, custom circuit production. Its application is particularly advantageous in

(a)

(b)

(c)

Fig. 2.5. (a) Image of the Voltera V-One circuit printer, (b) image of the
Borofloat® 33 glass substrate sample, and (c) image of the flexible
conductive ink used in the printing process.
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research environments, where quick prototyping and iterative testing are critical. The
decision to use the V-One, shown in Fig. 2.5a, was driven by its proven ability to
fabricate high-quality, functional antenna structures, aligning with the specific
requirements of this project. It is important to note that, given the printer’s maximum
printing area of 128 x 116 mm2 [33], the glass substrate samples, shown in Fig. 2.5b,
were chosen with dimensions of 11 x 11 cm2 to ensure compatibility with the Voltera
V-One circuit printer. Additionally, the conductive ink used, shown in Fig. 2.5c, is a
flexible ink composed of tin, bismuth, and silver. The choice to use this ink was
primarily due to its availability.

The integration of advanced manufacturing techniques, particularly the use of
circuit printers, aligns closely with the design and simulation of meshed antennas. By
leveraging the Voltera V-One circuit printer, we can fabricate intricate mesh designs
that maximize the balance between transparency and electromagnetic performance.
This seamless transition from simulation to fabrication enables the optimization of key
performance metrics, including bandwidth and e�ciency, while maintaining the
aesthetic requirements essential for transparent applications. Consequently, the
implementation of circuit printing technologies not only supports the physical
realization of our antenna designs but also fosters innovation in the integration of
meshed structures into a variety of environments, paving the way for future research in
transparent antenna systems.

2.4 Design and Simulation of Meshed Antennas

Given the need for high antenna gain in the intended application, a two-element
array design was selected for its balance between simplicity and compactness. A
meshed, transparent patch antenna array was designed using CST Studio Suite, a
full-wave electromagnetic simulation tool. The design process began with a solid patch,
which provided an initial estimate for the required dimensions to achieve the desired
resonance frequency. The patch was then modified using a meshing technique. Fig. 2.6
illustrates the antenna’s geometry, including its key dimensions, where ”G” and ”W”
represent the gap and line widths, respectively. As shown, the gap is narrower at the
patch edges to fit within the specified dimensions, which correspond to a resonance
frequency of 2.4 GHz. The design features meshed radiating elements and a feeding
network, consisting of two 100 � branches that connect the antenna elements to a
central 50 � transmission line. To accommodate soldering of the SMA connector, a
solid section of the transmission line was incorporated.

Initially, the design process considered the implementation of a meshed ground plane
to complement the meshed antenna structure. The intention was to maintain the overall
transparency of the system while providing a stable ground reference for the antenna.
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However, as the design evolved, the potential of utilizing the conductive back contact
of the solar panel as the ground plane emerged as a promising alternative. Given the
structural and electrical properties of the solar panel’s back layer, it was hypothesized
that it could function as an e�ective ground plane, eliminating the need for a separate
meshed ground structure and simplifying the overall design. Therefore, this chapter
confirms that the solar panel’s back contact is a viable solution for the ground plane,
allowing us to move forward with this simplified, yet highly e�ective, configuration in
the final antenna design.

The filling factor plays a crucial role in enhancing the optical transparency of the
antenna and is mathematically defined as W

W +G [34]. This factor essentially determines
the proportion of conductive material in relation to the open space, directly influencing
how much light can pass through the antenna structure. However, the overall optical
transparency of the antenna, denoted as Tant, is not solely dependent on the filling factor.
It also incorporates the transparency of the substrate material itself, Tsub. Therefore,
the total optical transparency can be expressed as:

Tant = Tsub(1 ≠ W

W + G
)2 (1)

From this equation, it is clear that a lower filling factor, achieved by minimizing the
line width W relative to the gap G, is beneficial for maximizing optical transparency.
Essentially, as the conductive lines become narrower compared to the gaps, more light
is allowed to pass through, improving the transparency. It is important to emphasize
that optical transparency in this context refers to the transmission of light across a
broad range of wavelengths, from ultraviolet (UV) to infrared (IR) [35]. This is

Fig. 2.6. The layout of the designed antenna array along with an explanation of the
design parameters [17].
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Fig. 2.7. Simulated reflection coe�cients of the meshed antenna array for di�erent
values of gap width G and line width W [17].

Table 2.1. Overview of Antenna Performance [17]

Mesh Variables Performance Parameters
G [mm] W [mm] Gain [dB] Rad. E�. [%] Tant [%]

1.0 0.2 7.4 74.8 63.9

1.5 0.2 7.1 71.6 71.6

2.0 0.2 6.6 68.0 76.0

2.0 0.3 6.9 70.5 68.6

2.0 0.4 7.1 71.9 61.6

particularly significant for applications like solar cell integration, where maximizing the
transmission of sunlight is essential. However, the width of the conductive lines, W , is
often limited by the resolution of the printing technology used in fabrication, which
poses practical constraints on how small W can be made. Balancing the need for fine
resolution with the printing limitations is a key design challenge in optimizing both the
antenna’s electromagnetic performance and its transparency.

Various meshed structures were simulated while keeping the width and length
dimensions of the patch antenna constant. However, the line width W and gap width
G were varied to observe their e�ects. Fig. 2.7 presents the resulting frequency shift in
the reflection coe�cient as these mesh parameters are altered. Notably, the resonance
frequency decreases as the gap width increases and the line width decreases, indicating
a sensitivity to these design variables. Further analysis of the antenna’s performance is
detailed in Table 2.1, which outlines the simulated gain, radiation e�ciency at 2.4 GHz,
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and the calculated optical transparency for di�erent combinations of line and gap
widths. The overall optical transparency of the antenna, Tant, is calculated using (1),
with Tsub assumed to be 92%, corresponding to the transparency of Borofloat® 33 glass.

As the gap width increases, the optical transparency improves, but this comes at
the cost of reduced antenna gain and radiation e�ciency. Conversely, increasing the
line width results in a decrease in transparency but leads to improved antenna gain and
radiation e�ciency. This trade-o� between optical transparency and antenna
performance becomes a crucial design consideration. The final design of the array
strikes a balance between these factors, achieving 68.6% optical transparency with a
gap width G = 2.0 mm and a line width W = 0.3 mm. This selected configuration
optimizes the antenna’s performance while maintaining a satisfactory level of
transparency for applications such as integration with solar cells.

2.5 Antenna Manufacturing and Evaluation

The proposed meshed microstrip antenna array was fabricated using a Voltera V-One
circuit printer on a Borofloat® 33 glass substrate with a thickness of 1.75 mm. A flexible
conductive ink, composed of tin, bismuth, and silver, was directly printed onto the glass
substrate. The printing process took approximately 10 minutes, after which the printed
ink was cured at a temperature of 160°C for 45 minutes to ensure proper adhesion and
conductivity. Fig. 2.8a showcases the fabricated antenna, emphasizing its transparency,
which is a key feature of the design. The transparent nature of the antenna makes it
ideal for applications that require minimal interference with light, such as those involving
solar panels or other optically sensitive components.

(a) (b)

Fig. 2.8. Images of (a) the printed meshed antenna array and (b) the antenna
measurement setup with the solar cell in place [17].
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Fig. 2.9. The plots of simulated and measured (a) reflection coe�cients and (b) the
normalized radiation patterns in the H-plane [17].

2.5.1 Contrasting Experimental Findings with Simulated Results

As previously discussed, the meshed antenna is positioned atop the solar panel,
with the aluminum layer of the panel serving as the antenna’s ground plane. The
configuration for the antenna measurement is illustrated in Fig. 2.8b, while Fig. 2.9a
presents the simulated and measured reflection coe�cients S11 over a frequency range
of 1 to 6 GHz. It is important to note that the exact layer composition of the solar
panel was not definitively known, and the simulations were conducted based on the
assumption of using glass, silicon, and aluminum materials. Consequently, while the
measurement results align closely with the desired frequency, some discrepancies are
observed in specific frequency regions due to the uncertainty regarding the solar cell’s
layer stack-up. Additionally, the normalized radiation pattern comparisons are
provided in Fig. 2.9b, where minor variations can be attributed to potential
imperfections in the printing process and the modeling of the solar panel within the
simulation. These factors highlight the challenges in achieving precise correspondence
between simulated and measured results, emphasizing the need for accurate material
representation in simulations for improved predictive capability.

2.5.2 Impact on Solar Cell E�ciency

To evaluate the light transmission e�ciency of the fabricated prototype and its impact
on the power output of a solar cell, measurements were conducted using a 2.5 W solar
panel made from single-crystal material, measuring 160 x 116 x 2.5 mm3. This solar
panel features a fine resin surface and has a solar energy conversion e�ciency of 17%.
The open-circuit voltage and short-circuit current of the solar panel were recorded both
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Fig. 2.10. Image of the solar panel with the transparent antenna positioned on top for
solar cell measurements.

Table 2.2. Analysis of Solar Cell Performance [17]

Open-circuited
Voltage [V]

Short-circuited
Current [mA]

Solar Panel
Only 6.39 270

Solar Panel and
Glass Only 6.32 250

Solar Panel and
Transparent

Antenna
6.24 230

with and without the transparent antenna positioned above it. The measurement setup
is illustrated in Fig. 2.10, where the antenna is included. When the antenna was present,
the recorded short-circuit current and open-circuit voltage of the solar panel were 230 mA
and 6.24 V, respectively. Table 2.2 also presents data from tests conducted with only
the glass substrate and the solar panel alone for comparison. In contrast, the solar
panel, when tested independently, generated a short-circuit current of 270 mA and an
open-circuit voltage of 6.39 V.

The introduction of the transparent meshed antenna array resulted in a reduction of
14.8% in the short-circuit current, while the drop in the measured open-circuit voltage
was minimal at just 2.3%. It is important to note that the 11 x 11 cm2 antenna covers
approximately 70% of the solar panel’s surface area. These preliminary findings provide
encouraging evidence for the viability of integrating transparent antennas with solar
panels, indicating that such a combination can e�ectively harness both solar energy and
wireless communication capabilities without significantly compromising performance.
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2.6 Conclusion of the Chapter

This work presents and experimentally validates the potential of developing a
multilayer structure that e�ectively integrates solar cells with antenna systems. The
integration employs printing techniques applied directly to the glass substrate, while
also opening up possibilities for similar applications on the superstrate of the solar cell.
This initial proof-of-concept demonstrates the feasibility of creating microwave antenna
arrays that occupy the same area as existing solar cells. This configuration is designed
to facilitate the harvesting of microwave energy or the retransmission of power stored
in the solar cells by integrating suitable RF-to-DC converters between the overlapping
layers. Importantly, the integrated system experiences only minimal performance
degradation when the metal patterns of the antennas are carefully optimized. The
cost-e�ective methodology used for the printed array has been validated through
measurements, while more advanced yet expensive approaches can be readily scaled to
support larger meshed antenna arrays.

This chapter represents the foundational investigation into the design and integration
of meshed antennas with solar panels, marking the first significant step in this research.
The outcomes of this study have laid the groundwork for the rest of the thesis, shaping the
direction for further exploration and development. Based on the results achieved here,
subsequent chapters will delve deeper into the practical applications of this technology,
particularly in space environments where the integration of antennas with solar panels
can provide both functional and structural benefits. Additionally, further geometric
enhancements, performance optimizations, and detailed calculations will be explored,
aiming to refine the design and push the boundaries of what is achievable with meshed
antenna technology in advanced RF systems.
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3 Exploring In-Space Wireless Power Transmission
Solutions for CubeSats

This chapter is based on the following article:

[36] A. B. Gok, D. Masotti, and A. Costanzo, “Preliminary study of an in-space
wireless power transmission for cubesats,” in 2023 IEEE International Conference on
Wireless for Space and Extreme Environments (WiSEE), 2023, pp. 99–104.

3.1 Introduction to the Chapter

In recent years, nanosatellites have become an integral component of spacecraft
technology, driven by advancements in the miniaturization of electronic components
and the increased demand for smaller, more cost-e�ective space missions. Among these
nanosatellite platforms, the CubeSat standard has played a transformative role in
democratizing satellite technology, o�ering a modular, compact, and low-cost
alternative for space-based research and communication systems. However, as space
missions evolve and the need for more sophisticated onboard instrumentation grows,
larger and more complex CubeSat designs are increasingly replacing their smaller
counterparts. These advanced systems often require additional space and power to
accommodate the payloads, whether they are next-generation communication
equipment or specialized measurement instruments. This shift has led to challenges in
power management, as the energy demands of larger payloads surpass the capacity
provided by the small, surface-mounted solar cells typically used in CubeSat missions.

Furthermore, while CubeSats were initially developed for Low Earth orbit (LEO)
applications, recent missions, such as NASA’s MarCO mission [37], have demonstrated
their potential for deep space exploration. As these missions venture further from the
Sun, the limitations of solar panels as a primary power source become increasingly
evident. Solar panels, which convert sunlight into electrical power, are subject to
temperature fluctuations and, more critically, to the inverse square law, which states
that the intensity of solar radiation decreases as the square of the distance from the
Sun increases. This reduction in available solar energy, combined with extreme
temperature variations in deep space, can significantly impact the e�ciency and
performance of solar cells, leading to power deficiencies for nanosatellites operating
beyond LEO.

To address these challenges, integrating transparent antennas into the satellite
structure has emerged as a promising solution. Transparent antennas, designed to be
nearly invisible and seamlessly integrated into surfaces like solar panels, o�er a
dual-function approach by enabling both WPT and traditional solar power generation.
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These antennas, constructed using meshed conductors, allow light to pass through
while still functioning e�ectively as radiating elements for microwave frequencies. This
design not only maintains the functionality of the solar cells but also enables new
possibilities for power management in space. Transparent meshed antennas can be
manufactured using cost-e�ective methods such as screen printing or inkjet printing,
making them accessible for small-scale production and research purposes [38].

One of the primary challenges associated with WPT in space is the significant
power loss over long distances. However, recent research [39] suggests that this issue
can be mitigated by deploying a network of power relay nodes along the transmission
path. In this scenario, small satellites could function as relays, as shown in Fig. 3.1, by
receiving power from a central source and redistributing it to nearby nodes or satellites,
thereby ensuring a more e�cient and continuous power flow throughout the network.
This concept has the potential to enable long-range WPT in space, allowing
nanosatellites to function e�ectively in both power-receiving and power-transmitting
modes, thereby extending the operational range of space missions without relying
solely on solar power.

This part of the thesis presents a comprehensive feasibility study of a solar-powered
rectenna/transmitter system for in-space applications. The study evaluates the
performance of a transparent WPT transceiver integrated with solar cells, considering
key factors such as power generation, transmission e�ciency, and subsystem
interactions. By conducting detailed simulations and power calculations, the goal of
this work is to establish realistic link budgets for di�erent satellite constellation

Fig. 3.1. Schematic representation of power relay mechanism among small satellites,
showcasing their role in redistributing energy from a central source to
enhance network e�ciency [36].
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scenarios and provide estimations for applicable WPT link distances. This research
aims to contribute to the development of sustainable power solutions for nanosatellites,
particularly in deep space missions where traditional solar power systems face inherent
limitations. However, the successful deployment of such systems requires an in-depth
understanding of overall energy management, as power generation is only one aspect of
ensuring the continuous operation of nanosatellites in harsh space environments.

In the following section, comprehensive energy management strategies that address
both generation and consumption are explored, focusing on how the limited power
available can be e�ciently stored, distributed, and utilized by nanosatellites.

3.2 Energy Management for Nanosatellites

The increasing demand for advanced communication systems in space has amplified
the power requirements for satellites of all sizes, especially nanosatellites. As the
technological capabilities of these small spacecraft continue to evolve, so do the
expectations for higher data transmission rates, longer mission durations, and more
sophisticated on-board instruments. However, the compact dimensions of nanosatellites
inherently restrict the available surface area for power generation, making it di�cult to
produce su�cient energy to support high-data-rate communication links. This
limitation becomes particularly evident when these nanosatellites are tasked with
handling complex payloads, maintaining continuous contact with ground stations, or
operating in multi-satellite constellations that require constant inter-satellite
communication.

The primary source of energy for nanosatellites is solar panels, which convert sunlight
into electricity to power essential subsystems. However, the small size of the satellite’s
body means that the available area for solar cells is limited, leading to a constrained
energy budget. As a result, there is often insu�cient power to meet the growing needs of
energy-intensive tasks, such as data processing, long-range communication, or running
scientific instruments. This power shortfall becomes even more critical in missions that
demand consistent high-performance communication, where power-hungry transmitters
and receivers must operate for extended periods.

To e�ectively address this power deficiency, it is essential to carefully analyze the
power consumption of various satellite subsystems and prioritize their energy needs.
By doing so, satellite designers can not only optimize the existing power resources but
also explore innovative solutions to enhance energy e�ciency. The development of
more e�cient solar panels, energy storage systems, and power management techniques
could help maximize the limited energy resources available to nanosatellites, ensuring
their ability to perform high-data-rate communication tasks without compromising
other critical functions. The challenge of balancing compact size with the increasing
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power requirements remains a key consideration in the ongoing advancement of
nanosatellite technologies.

As outlined in the power budget of a 2U CubeSat detailed in [40], the peak power
requirement for the primary payload, which monitors the time-resolved flux of atomic
and molecular oxygen in the space environment, is approximately 3 W. However, this
power demand can fluctuate based on factors such as the satellite’s size, the complexity
of the payload, mission objectives, and the specific components involved in the system.
It becomes evident that even an additional 1 W of power could significantly enhance the
satellite’s overall functionality. Consequently, a key objective of this study is to explore
potential solutions and perform a thorough analysis aimed at generating an extra 1 W
of power for CubeSat operations.

From an alternative viewpoint, it is essential to recognize that satellites undergo
substantial periods of eclipse throughout their orbital journeys, a phenomenon
influenced by both their altitude and geocentric angle in relation to the Sun [41].
During these eclipses, satellites cannot harness solar energy, forcing them to depend on
onboard batteries for power. This reliance presents a significant challenge, as many
satellites are required to transition into low-power modes, which severely limit their
operational capabilities and functionality. The inherent dependence on batteries in the
harsh environment of space introduces several complications. For instance, the
performance of batteries can be significantly impacted by extreme conditions such as
intense radiation exposure, which can lead to capacity degradation and a reduction in
overall lifespan. Additionally, during eclipse periods, temperatures can plummet to
levels that may cause permanent damage to battery cells. This dual threat of radiation
and low temperatures underscores the critical need for robust thermal management
systems and advanced battery technologies that can withstand such extremes.
Consequently, e�ectively managing power systems during eclipse phases is vital for
ensuring continuous satellite operation, longevity, and overall mission success in the
demanding conditions of space.

The challenges outlined above highlight the urgent need to address the high power
requirements of nanosatellites. Current literature has explored the potential of WPT
technology as a viable solution for powering small satellites, particularly through the
use of laser beams emitted from larger satellites [42]. However, given the recent
increase in CubeSat deployments, there is a compelling case for implementing
microwave-based WPT systems. As the distances between these satellites continue to
decrease, the feasibility of microwave power transfer becomes increasingly viable.
Moreover, in certain swarm formations [43], CubeSats can be deployed in close
proximity to one another, often just a few meters apart, allowing for collaborative
operations such as formation flying or distributed sensing. This close range creates
opportunities for inter-satellite power transfer, catering to the relatively lower power
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demands typical of such systems. Therefore, this work aims to explore and develop
innovative solutions for inter-satellite power distribution, leveraging the advantageous
positioning of CubeSats in close formations to enhance their operational capabilities
and sustainability in space.

In particular, the design of transparent meshed radiating elements will play a vital role
in facilitating e�cient energy transfer among satellites. The subsequent chapter will delve
into the intricacies of developing transparent antennas, highlighting their importance in
achieving both aesthetic and functional objectives in space applications. This exploration
will encompass the design principles, material considerations, and performance metrics
essential for optimizing the e�cacy of transparent antennas in the context of advanced
nanosatellite missions.

3.3 Optimizing Transparent Radiating Elements

In the previous chapter, we explored the design of a meshed antenna element as an
initial step in the development of transparent antenna technology. While that
investigation laid the groundwork for understanding the fundamental principles of
meshed transparent antennas, the current study takes a more comprehensive and
multifaceted approach to further this concept. This work delves deeper into the design
intricacies, considering more detailed geometrical aspects of the antenna. Additionally,
it examines performance across a range of frequencies and antenna sizes, o�ering a
broader perspective on how these elements can be optimized for various applications.

As mentioned, the ultimate goal of this investigation is to create a hybrid
solar-powered WPT transceiver by integrating a transparent rectenna system with a
fully functional solar cell. The rectenna will serve the dual purpose of either collecting
or radiating EM energy, allowing for a seamless blend of energy harvesting and
communication capabilities. The first phase of this integration involves designing a
meshed patch antenna on a borosilicate glass substrate, with a solar cell mounted
directly underneath. This design o�ers a compact and e�cient solution, as both the
antenna and solar cell share the same physical footprint, significantly reducing the
overall space required for the system.

A key innovation in this design is the use of the solar cell’s highly reflective
aluminum layer as the ground plane for the meshed patch antenna. This allows for a
conformal and streamlined installation, making it suitable for space-constrained
applications, such as nanosatellites or CubeSats. Furthermore, experimental results
from the previous chapter have already validated the practical feasibility of integrating
transparent antennas with solar panels, confirming that the proposed structure o�ers a
promising solution for e�cient energy transfer and communication. This broader
investigation builds upon those initial findings, refining the design and expanding its
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(a) (b)

Fig. 3.2. (a) Stacked configuration of the meshed patch antenna and (b) top view of
the antenna element structure. [36].

applicability across di�erent operating conditions and environments.
The chosen antenna topology for this work is a meshed patch antenna, which can be

fabricated using printing technology on a Borofloat® 33 glass material with a thickness
of 1.75 mm and a copper layer of 35 µm, same as before. The stacking assembly of the
meshed patch antenna, which is integrated with a solar cell, is illustrated in Fig. 3.2a.
This assembly is inspired by the structure of conventional silicon-based solar cells and
incorporates various layers to optimize performance. The overall e�ectiveness of such
stacked-patch antennas is heavily influenced by the dielectric constant and thickness of
each layer in the design. In line with the approach described in [44], the electromagnetic
simulation of this structure—conducted using CST—relies on a simplified material stack
consisting solely of aluminum, silicon, and glass layers. This selective use of materials
minimizes computational complexity while still providing accurate simulation results.

Among the layers in the assembly, the lead glass is the thickest and serves a dual
purpose. Primarily, it acts as a protective cover for the solar cell, shielding it from
potentially damaging solar radiation. However, this layer also plays a critical role in
determining the antenna’s performance, particularly its resonance frequency. The
thickness and dielectric properties of the lead glass exert a significant influence on the
antenna’s electromagnetic behavior, making it a key factor in achieving the desired
balance between antenna e�ciency and solar cell integration. The careful consideration
of each material in the stacking assembly ensures that the proposed meshed patch
antenna maintains both its structural durability and high-frequency functionality in
the demanding conditions of space.

The performance of a meshed patch antenna is closely influenced by the number
of mesh lines and their respective widths, both of which must be carefully optimized to
balance antenna gain and bandwidth while maintaining the desired level of transparency.
In this design, the thickness of the mesh lines has been set at 0.3 mm, while the spacing
between these lines is 1.7 mm. However, to preserve the detailed contour of the patch,
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especially at the edges where precision is crucial for maintaining the correct resonance
frequency, the line spacing is reduced in those regions. This ensures that the antenna’s
geometry is aligned with the operating frequency while preserving its transparency. To
accurately predict the performance of the meshed antenna array, utilizing the same
surface area as the solar panel, simulations were conducted at three di�erent operating
frequencies. These full-wave simulations allowed for a comprehensive analysis of how the
meshed structure would perform in terms of both radiation e�ciency and transparency.
Fig. 3.2b provides a top view of the meshed antenna structure, giving a clear visual
representation of the layout and configuration.

Transparency [%] = (1 ≠ Meshed Metal Area
W ◊ L

) ◊ 100 (2)

The transparency of each individual patch antenna element was calculated using (2),
where the denominator corresponds only to the patch’s total area. The meshed metal
area was then determined by taking into account both the number of mesh lines and
their respective thickness. It is important to note that the transparency calculation
exclusively considers the area of each patch, without including surrounding elements or
other components. This approach allows for a precise evaluation of how the meshed
design impacts both the optical transparency and the overall electrical performance of
the antenna, ensuring that the antenna remains functional while integrated with solar
panels.

When interpreting the transparency values in this thesis, it is crucial to distinguish
between the transparency equations. Equation (1) o�ers a theoretical value focused
on the antenna design, specifically the line thickness in relation to the gaps, and it
provides the transparency for the antenna’s radiating elements only, excluding the full
substrate area. In contrast, equation (2) is more practical, accounting for the total
meshed metal area and the overall dimensions of the antenna element. While equation (2)
gives a more comprehensive transparency estimate, it still applies solely to the antenna
element and not the entire substrate. Therefore, it is important to handle these equations
carefully and not confuse them, as they reflect di�erent aspects of the design. Readers
should pay attention to the context of each equation when interpreting the corresponding

Table 3.1. Single-Element Antenna: Performance Summary [36]

Frequency
[GHz]

X
[mm]

Y
[mm]

W
[mm]

L
[mm]

C
[mm]

S11
[dB]

Gain
[dBi]

Transparency
[%]

1.2 95 95 59.0 55.7 20.8 -19.6 3.6 68.6

1.8 70 70 39.0 36.8 14.5 -24.6 4.5 67.5

2.4 60 60 29.5 27.5 11.2 -26.5 4.6 67.4

28



transparency values presented in the tables.
Table 3.1 presents the performance metrics of the antenna elements operating at

frequencies of 1.2 GHz, 1.8 GHz, and 2.4 GHz, alongside their respective dimensions.
The table includes a detailed comparison of key parameters such as reflection
coe�cients and antenna gains, which were derived from the full-wave simulation
results. Additionally, the calculated transparency values for each antenna element are
provided, reflecting the extent to which the meshed structure maintains optical
transparency while preserving functional e�ciency. These performance metrics o�er a
comprehensive overview of how the antenna design varies across di�erent frequencies,
highlighting the balance between electromagnetic performance and transparency, which
is critical for integrating the antenna with solar panels in space-based applications.

3.4 Evaluation of Large-Scale Antenna Arrays

To determine the number of antenna elements that can be deployed and to evaluate
the performance of the antenna array, it is essential to first establish the available solar
panel sizes. The size of the solar panels plays a crucial role in determining the potential
integration of antenna elements. For a large satellite scenario, the Rosetta spacecraft
(see Fig. 3.3a), operated by the European Space Agency (ESA), is considered. Rosetta
was equipped with two expansive solar panels, each measuring approximately 14 meters
in length and 2.2 meters in width, which provided the electrical power necessary for its
mission throughout its journey [45].

In contrast, the performance predictions for a small satellite are based on the
LunaH-Map (Lunar Hydrogen Mapper) (see Fig. 3.3b), part of NASA’s CubeSat
Launch Initiative [47]. This CubeSat, weighing approximately 14 kilograms and
configured in a 6U form factor (about 30 x 20 x 10 cm3), is planned to be deployed into
lunar orbit as a secondary payload on a future mission. LunaH-Map is equipped with
two uniquely shaped solar panels that unfold upon deployment. The largest uniform
area on these solar panels, suitable for fitting an antenna array, is approximately
30 x 60 cm2. These dimensions provide a more constrained space for antenna
integration compared to larger spacecraft, necessitating careful design considerations to
optimize both the antenna performance and its compatibility with the available solar
panel area.

A comprehensive set of six array simulations was performed, encompassing three
selected frequencies and two distinct solar panel sizes. To optimize the performance of
the antenna array, the element spacing was deliberately set to half of the wavelength.
This spacing choice is crucial as it maximizes gain in the primary radiation direction
while minimizing mutual coupling between elements, which can adversely a�ect overall
performance.
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(a)

(b)

Fig. 3.3. Photos of (a) Rosetta spacecraft [46] and (b) LunaH-Map CubeSat [47].

Table 3.2. Performance Comparison of Antenna Arrays with Varying Element Counts
and Frequencies [36]

Frequency [GHz] Satellite Nr Nc Gain [dBi]

1.2

LunaH-Map 2 4 11.6

Rosetta 18 112 35.3

1.8

LunaH-Map 4 8 18.3

Rosetta 26 168 39.5

2.4

LunaH-Map 4 10 19.3

Rosetta 36 224 42.2
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Fig. 3.4. Layout of the antenna array configuration illustrating the spatial
arrangement of elements based on solar panel dimensions [36].

Table 3.2 provides a comprehensive summary of the antenna array performance across
the configurations under study. For clarity, the dimensions of the solar panels (covering
one side of each satellite) are specified as 30 x 60 cm2 for LunaH-Map and 2.2 x 14 m2 for
Rosetta. The table also outlines the number of antenna elements in each configuration,
denoted as Nr and Nc, representing the horizontal and vertical orientations, respectively,
as determined by the operating frequency. For a visual reference, Fig. 3.4 illustrates the
spatial layout of the antenna elements, designed to optimize performance across the
selected frequencies. For example, at an operating frequency of 1.8 GHz, one side of the
Rosetta satellite’s solar panel can accommodate a 26 x 168 element array, yielding an
antenna gain of 39.5 dBi.

The array simulations have demonstrated the impact of frequency and panel size
on antenna performance, laying the foundation for e�ective integration into satellite
systems. With these results, attention now turns to the inter-satellite link budget, which
will assess the feasibility of power transfer between satellites in di�erent scenarios.

3.5 Inter-Satellite Power Transfer Analysis

In the context of our study, an inter-satellite link budget refers to the detailed
assessment and distribution of power resources within a satellite system, specifically
aimed at supporting WPT between satellites. This involves analyzing key parameters
such as transmitted power, antenna gains, path losses over varying distances, and the
duration of satellite interactions. By conducting a thorough evaluation of these factors,
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Fig. 3.5. CubeSat powering scenarios depicting WPT between a large satellite and
CubeSats, and a swarm-based collaborative powering solution utilizing
transparent antennas and solar panels [36].

it is possible to optimize the overall satellite constellation configuration, ensuring
e�ective power distribution, system design, and resource management. Such
considerations play a critical role in enhancing the e�ciency and success of in-space
WPT operations.

Fig. 3.5 illustrates two distinct CubeSat powering scenarios addressed in this work.
The distance between satellites can vary based on mission objectives and the specific
formation configuration, whether it involves a single large satellite, such as one in LEO,
or a swarm (or cluster) of CubeSats. Given the current surge in the number of
deployed satellites, particularly nanosatellites, which often operate in close proximity
to one another, the concept of powering a CubeSat (or a swarm) using a larger satellite
is increasingly feasible. Additionally, a second scenario explores the integration of
transparent antennas with solar panels to enable collaborative power sharing among a
satellite swarm. This approach leverages a power relay method o�ering a potential
solution for coordinated power distribution within a satellite cluster. The distances
between satellites, denoted as ds and dc in the figure, are determined based on the link
budget calculations and the corresponding received power levels, providing insight into
the feasibility of inter-satellite power transfer.

The distance calculations for the inter-satellite WPT scenarios are performed using
the standard Friis transmission equation (3), with the results summarized in the link
budget tables. These calculations take into account two distinct scenarios and three
operating frequencies, o�ering a detailed analysis of potential WPT applications.
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PR = PT GT GR⁄2

(4fid)2 (3)

Scenario A involves RF power being transmitted from a larger satellite to a
CubeSat, representing a one-way transfer from a more powerful platform to a smaller
satellite. Scenario B, on the other hand, examines RF power transmission between two
CubeSats within the same swarm, focusing on power sharing within a closely
coordinated formation of smaller satellites. In both scenarios, the critical parameters
influencing WPT performance include the transmitted power (PT ), the gain of the
transmitting antenna (GT ), the gain of the receiving antenna (GR), and the received
power (PR). These parameters are calculated based on specific system requirements
and physical constraints. The distance between satellites, d, is determined according to
the selected scenario, while the wavelength, ⁄, is calculated based on the chosen
operating frequency.

An essential aspect of the WPT operation is that the power supplied for transmission
must be harvested exclusively from the solar panels integrated into the satellite system.
This power is then converted and regulated by a high-e�ciency inverter, which drives the
transmitting antenna array. The e�ciency of the inverter is therefore a critical factor
in determining the overall e�ectiveness of the power transfer process and is carefully
considered in all performance evaluations.

The results presented in the link budget tables reflect the interplay between these
factors, showing how di�erent frequencies, distances, and antenna configurations
impact the WPT e�ciency for both scenarios. Furthermore, the transmission and
reception antenna gains, as well as the available power from the solar panels, are
modeled to reflect real-world constraints on satellite operations, ensuring that the
scenarios remain practically viable. This investigation will further explore the specific
trade-o�s, challenges, and optimizations required to enhance WPT between satellites,
particularly focusing on real-world applicability and the unique demands of
space-based power systems. With this foundation in place, we now turn our attention
to a comprehensive analysis of each scenario, breaking down the critical performance
metrics and design considerations in greater detail.

3.5.1 Power Transmission from Primary Satellite to CubeSats

Most CubeSats are deployed in LEO to carry out a variety of missions, ranging from
Earth observation and communication experiments to technology demonstrations and
educational initiatives. CubeSats are often launched alongside larger spacecraft or from
dedicated launch vehicles, and they can either enter their intended orbits directly or
be released at a designated point to reach their operational altitudes. The distance
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Fig. 3.6. CubeSat powering scenario depicting power transfer from primary satellite
to a CubeSat or swarm of CubeSats.

between a CubeSat and a larger satellite can vary widely based on mission objectives
and orbital configuration. In certain missions, CubeSats stay close to their host satellite,
maintaining distances of only a few kilometers for formation flying or collaborative tasks,
as depicted in Fig. 3.6. In other instances, the separation can extend to several hundred
kilometers or even more, particularly when CubeSats are released to perform independent
tasks. These distances are determined by factors such as mission type, communication
range, and the operational needs of the CubeSat, ensuring that each satellite operates
within its optimal environment while remaining within the broader mission framework.
The dynamic nature of CubeSat deployment and operation in LEO makes them highly
versatile for a wide range of space missions.

Satellite solar panels are engineered to optimize power generation while keeping
overall weight to a minimum, which is crucial for space missions where e�ciency is
paramount. These panels frequently incorporate advanced high-e�ciency solar cells,
such as multi-junction cells or gallium arsenide cells, both of which are known for their
ability to convert a significant fraction of sunlight into electrical energy. The total
power generated by a satellite’s solar array can vary considerably based on a variety of
factors, including the physical size of the satellite and the specific e�ciency ratings of
the solar panels employed. According to findings presented in [48], even a solar array
that is one-quarter the size of the panels considered in this study can generate over
10 kW of power. Additionally, as the demand for solar arrays continues to increase,
modern satellite systems are pushing the boundaries of power generation, with some
arrays now delivering up to 50 kW.
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Table 3.3. Power Transfer Link Budget: Large Satellite to CubeSat Scenario [36]

Frequency [GHz] PT [dBW] GT [dB] GR [dB] PR [dBW] ds [km]

1.2

45

35.3 11.6

0

0.78

1.8 39.5 18.3 1.83

2.4 42.2 19.3 2.10

For the purposes of this study, a transmitted power of 30 kW (equivalent to 45 dBW)
has been deemed a practical and reasonable figure, making it suitable for our WPT
application. Table 3.3 provides a detailed link budget, where the goal is to receive a
minimum power level of 1 W at the receiving end. Despite the fact that path loss tends to
increase at higher frequencies, the use of larger antenna arrays on both the transmitting
and receiving satellites compensates for this loss by significantly boosting antenna gains.
As a result, even with these path losses, the transmission range is extended, allowing for
a CubeSat swarm to be positioned as far as 2 kilometers away from a larger satellite and
still receive su�cient power.

Another key factor influencing the e�ciency of the power transfer link is the
interaction time between the two types of satellites. Given their di�ering relative
speeds, the interaction window is limited, and this timeframe is closely tied to the
design of the satellite constellation. Consequently, the success of the power transfer
process hinges on the precise coordination of these interaction times, further
emphasizing the importance of thoughtful constellation design in ensuring that
su�cient power is transferred during the available interaction period.

3.5.2 Inter-CubeSat Power Transfer within Swarm Networks

In this section, the feasibility of WPT between CubeSats is explored, specifically
focusing on the scenario where one CubeSat with excess energy transmits power to
another CubeSat in need. Given the limited size of CubeSats, their solar power
generation capacity is naturally constrained, which directly impacts the maximum
transmission power they can provide. Unlike larger satellites, which have the benefit of
greater surface area for solar panels, CubeSats must operate within their smaller power
budgets. However, this limitation can be mitigated through cooperative e�orts among
multiple nanosatellites. By coordinating their actions, a scenario can be envisioned
where several CubeSats act as power transmitters, pooling their energy to transfer it to
a single CubeSat that requires additional power.

This collective energy-sharing model opens the possibility for a distributed power
transfer network within a swarm of CubeSats. The idea is not to rely on a single CubeSat
transmitting large amounts of power, but rather on multiple CubeSats contributing
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smaller amounts of energy. In this cooperative scenario, the transmission power levels
are understandably lower compared to what a large satellite could achieve. Therefore,
the received power target is also adjusted accordingly. Unlike the previous scenario
involving larger satellites, where a receiving power level of 1 W was acceptable, in this
case, a more modest received power level of 100 mW is deemed su�cient to support the
energy needs of the recipient CubeSat.

Additionally, in this context, it is worth considering the solar panel capabilities of
CubeSats. Referring to previous findings, it is noted that a CubeSat’s solar panels
are designed to generate approximately 96 W of power under optimal conditions when
the satellite is first deployed and fully operational. For the purposes of this analysis,
a relatively optimistic transmission power level of 100 W (equivalent to 20 dBW) is
assumed, taking into account the potential for e�cient energy sharing within the CubeSat
swarm. Although CubeSats individually have limited power generation and transmission
capabilities, this value represents a plausible upper limit for a coordinated WPT scenario
among nanosatellites. Furthermore, the nature of the swarm formation, where CubeSats
are arranged in a coordinated and stable flying formation, ensures that there is consistent
interaction between all members of the swarm. This configuration facilitates a more
reliable power transfer system, as the proximity and alignment of the CubeSats enable
more e�ective energy exchange.

In this scenario, the details of the calculated distances required for e�ective power
transfer between CubeSats are summarized in Table 3.4. The calculations are based
on the revised power requirements, which account for the unique limitations associated
with CubeSat operations. Notably, the transmitting and receiving antenna gains are
assumed to be equal in this case, as both the transmitter and receiver are CubeSats. This
equalization is crucial given the constraints on size and power generation capabilities
inherent to CubeSats, which generally yield lower overall power output compared to
larger satellites.

Due to these limitations, the maximum applicable distance for successful power
transfer may fall short of initial expectations. However, a cooperative functioning
model presents a solution to enhance the performance of the power transfer process.
By allowing a single CubeSat to receive power from multiple transmitting CubeSats
simultaneously, the total received power can be significantly augmented. This

Table 3.4. Power Transfer Link Budget: CubeSat to CubeSat Scenario [36]

Frequency [GHz] PT [dBW] GT [dB] GR [dB] PR [dBW] dc [m]

1.2

20

11.6 11.6

-10

9.1

1.8 18.3 18.3 28.4

2.4 19.3 19.3 26.8
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Fig. 3.7. Illustration of collaborative CubeSat WPT, where multiple CubeSats
coordinate to transmit energy to a single receiving CubeSat.

collaborative approach not only increases the e�ective power at the receiving CubeSat
but also extends the possible operational distances for the power transfer. Through
this strategic coordination, CubeSats can overcome their individual power generation
constraints, enabling more e�cient and reliable energy sharing within the swarm
formation.

In this scenario of cooperative WPT between CubeSats, the concept of distributed
power transmission plays a critical role in enhancing overall system e�ciency.
Specifically, when multiple CubeSats coordinate to transfer energy to a single receiver
CubeSat, the collective power transmitted by each CubeSat can significantly improve
the performance of the receiving antenna. For example, consider a scenario where two
receiving antennas are employed to harvest energy from four transmitting CubeSats.
This setup increases the total number of WPT links to four, e�ectively spreading the
load across multiple paths and ensuring more consistent energy transmission to the
receiving CubeSat. Furthermore, it is assumed that the CubeSats are equipped with a
synchronized communication system that enables coordinated power transmission.
This synchronization ensures coherent power transfer, allowing the transmitted signals
to align in phase at the receiving end, thereby preventing destructive interference and
maximizing the e�ciency of energy transfer.

This cooperative functioning not only diversifies the power sources but also directly
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Table 3.5. Power Transfer Link Budget: Cooperative CubeSat Scenario

Frequency [GHz] PT [dBW] GT [dB] GR [dB] PR [dBW] dc [m]

1.2

20

11.6 11.6

-16

18.1

1.8 18.3 18.3 56.6

2.4 19.3 19.3 53.4

impacts the receiver sensitivity. In the case described, the receiver sensitivity is
improved from -10 dBW to -16 dBW due to the cumulative contributions from the
multiple CubeSats. Such an improvement in sensitivity ensures that even with
relatively lower transmitted power from each individual CubeSat, the total received
power at the receiver meets operational thresholds. Consequently, the distance over
which e�cient power transfer can occur is also enhanced. For instance, as depicted in
Fig. 3.7, this collaborative approach allows for greater flexibility in CubeSat
positioning within a swarm formation, with distances exceeding 50 meters for two of
the operating frequencies, as indicated in Table 3.5.

The advantages of cooperative CubeSat powering are particularly pronounced in
swarm formations, where multiple CubeSats can dynamically allocate resources
depending on power demand and supply conditions. By leveraging the aggregated
power from multiple transmitters, the system ensures that the receiver CubeSat can
maintain operational functionality over extended distances, even in scenarios where
solar power generation may be limited or unevenly distributed across the constellation.
This collaborative strategy, therefore, not only extends the operational range but also
enhances the resilience and e�ciency of the WPT system, making it a promising
approach for next-generation nanosatellite missions.

3.6 Challenges and Future Outlook

Satellites often perform various types of close-proximity maneuvers that require
precise control to bring two or more satellites near each other while maintaining a safe
operational distance. These controlled approaches can serve various purposes, such as
satellite servicing or collaborative tasks, and their duration is influenced by several key
factors including the satellites’ relative velocities, orbital configurations, and specific
mission objectives. The interaction time during these close encounters can vary
significantly depending on mission requirements. In the context of collaborative power
transfer between satellites, the timing and positioning are highly flexible, allowing the
interaction to be tailored to the needs of the mission. For example, in swarm missions
where one satellite is tasked with supplying power to another, the duration of close
approaches may extend from several hours to even days, depending on the operational
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workload of the swarm. However, careful planning and coordination are essential to
ensure mission success, as these maneuvers require accurate orbital calculations and
real-time control to maintain both safety and e�ciency throughout the process.

Another significant challenge lies in the regulatory framework governing satellite
transmissions. Satellite communications must comply with national and international
regulations, particularly regarding frequency allocation and transmission power limits.
Securing the necessary frequency bands, minimizing interference with other satellite
systems, and adhering to strict power regulations are complex issues that satellite
operators must navigate. Moreover, current regulations surrounding WPT for in-space
applications are not fully developed, adding further uncertainty to mission planning
and design.

In addition to regulatory challenges, small satellites such as CubeSats are inherently
constrained by their limited size, which directly impacts their power generation
capacity. Designing e�cient power systems that maximize the available energy from
solar panels and optimizing transmission techniques to reduce power consumption are
critical to ensure that WPT systems are viable for small satellites. Using low-power
components, improving energy harvesting technologies, and developing innovative
methods for power management become essential to overcoming these limitations. As
space missions increasingly rely on small satellites to perform complex tasks, these
challenges must be addressed to achieve reliable and sustainable communication and
power transfer within the constraints imposed by the satellite’s physical dimensions.

3.7 Conclusion of the Chapter

This section of the thesis examines the feasibility of in-space WPT systems for
nanosatellites, with a particular emphasis on the integration of transparent antennas
with solar panels. By leveraging the same spatial resources for both power generation
and transmission, WPT presents a promising solution for e�cient energy transfer
within satellite systems. Two scenarios were investigated: power transfer from larger
satellites to CubeSats and cooperative power sharing within a swarm of CubeSats.
Simulations of various antenna array configurations, panel sizes, and operating
frequencies indicated that e�ective power transfer from larger satellites over distances
of several kilometers is achievable, thereby supporting future satellite servicing
missions. However, cooperative power transfer between CubeSats is constrained to tens
of meters due to their smaller dimensions and reduced power generation capabilities.
Despite these limitations, coordinated power sharing within a swarm is deemed viable
for short-range applications.

The integration of transparent antennas into solar panels exhibits significant
potential for enhancing satellite power systems. While challenges such as optimizing
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antenna design and addressing regulatory considerations persist, this research
underscores the increasing viability of inter-satellite WPT. It is anticipated that future
technological advancements will further enhance the e�ciency and applicability of these
systems, rendering them valuable assets for satellite missions aimed at achieving energy
autonomy and extending operational lifetimes. Having discussed and investigated the
feasibility of in-space WPT among small satellites within this work and section, it is
recognized that improvements in performance and usability of the concept are essential,
which has been precisely addressed in the subsequent stages of this research.
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4 Optimization of Meshed Antenna Arrays for
Photovoltaic Integration

This chapter is based on the following article:

[16] A. B. Gok, D. Masotti, and A. Costanzo, “Co-location of pv panel with meshed
antenna array for inter-satellite energy transmission,” IEEE Journal of Radio Frequency
Identification, vol. 8, pp. 516–525, 2024.

4.1 Introduction to the Chapter

In this chapter of the thesis, a more detailed investigation into a higher number of
antenna array configurations is conducted, alongside several geometrical improvements.
The prototypes for two frequency bands have been successfully realized, and further
insights into the impact of the solar panel’s presence on antenna performance are
explored.

The design process incorporates a novel strategy by eliminating horizontal
conductive strips in the antenna’s meshed metallization. This adjustment is critical for
enhancing the transparency of the antenna without sacrificing its performance, thus
maintaining optimal solar power production capabilities. The chapter discusses the
engineering challenges and design choices made for two distinct antenna arrays
operating at frequencies of 2.45 GHz and 5.8 GHz. These frequencies are selected for
their suitability in WPT applications, enabling e�cient energy transmission between
satellites while minimizing interference.

The fabrication of the antenna arrays employs low-cost additive manufacturing
techniques on borosilicate glass substrates measuring 110 ◊ 110 mm2. The choice of
vertical strips with a line spacing of 0.04⁄ emerges as the optimal compromise,
ensuring maximal transparency and performance of the antenna while preserving the
underlying PV panel’s functionality.

A critical aspect of this study is the presence of front conductive lines in solar
panels, commonly referred to as “fingers” and “busbars”. These lines serve the essential
purpose of collecting and conducting the generated electrical current, but their spacing
constitutes a significant parameter that greatly influences the overall performance of
the system. This influence is particularly pronounced at higher frequencies, where the
antenna’s radiation characteristics can be adversely a�ected by the conductive
elements’ arrangement. Therefore, careful consideration of these factors is essential in
the design and optimization of the integrated system.

Through rigorous simulations and experimental validations, this study uncovers the
significant influence of the PV metallization patterns on the radiation properties of the
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antennas, particularly at the higher frequency of 5.8 GHz. Notably, discrepancies in
antenna gain compared to theoretical predictions underscore the importance of
considering the interaction between the antenna and the PV panel’s metallization
layout. By employing a reverse-engineering approach, the e�ective electromagnetic
characteristics of the glass substrate are modeled, highlighting the necessity for a
co-design strategy that aligns the PV panel and antenna systems. This approach not
only enhances the accuracy of full-wave simulations but also facilitates a comprehensive
understanding of the overall system’s radiating characteristics.

In summary, this chapter aims to provide insights into the innovative integration of
transparent antennas with PV technology, addressing the challenges of power
autonomy in small satellite missions while setting the stage for future developments in
in-space WPT applications. The exploration of this integrated design approach lays
the groundwork for optimizing the performance and e�ciency of energy transfer
systems in satellite constellations, paving the way for advancements in deep space
exploration and satellite coordination.

4.2 Photovoltaic Cell Simulation Framework

A solar cell, commonly referred to as a PV cell, typically consists of silicon-based
materials coupled with protective glass. This glass functions as a transparent barrier,
safeguarding the solar cell against physical damage, moisture, dust, and other
contaminants. The components incorporated into our simulation framework include the
back contact, silicon layer, protective glass (with a relative permittivity ‘r of 6), and
the borosilicate glass substrate that supports the printed antenna structure. Given the
variability in configurations dictated by the selected solar panel, along with the absence
of comprehensive specifications for some low-cost commercially available options,
approximations regarding the stack layout become a necessary consideration.

The back contact of a solar cell is a crucial element utilized as the ground plane for
our antenna, a role its e�cacy has been demonstrated in the prior research study [17].
This component functions as the negative terminal and is strategically positioned on
the side of the cell that faces away from incident sunlight, making direct contact with
the substrate. By exploiting this dual-purpose layer, we not only facilitate the e�cient
collection and transport of electrons generated within the semiconductor layers but also
minimize energy losses. The back contact is essential in preventing the recombination
of electrons and holes in the semiconductor, thereby enhancing the overall performance
and e�ectiveness of the solar cell.

To achieve a deeper understanding and yield more precise outcomes in our
simulations, it is imperative to provide a detailed specification of the employed
simulation model. Importantly, the model incorporates not only the back conductor
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layer but also includes the metallization atop the silicon layer, comprising busbars and
fingers. The busbars play a vital role in conducting the direct current generated by the
solar PV cell, while the metallic, narrower grid fingers—referred to as solar cell
fingers—are oriented perpendicularly to the busbars and are responsible for collecting
the generated current, which is then transferred to the busbars. Fig. 4.1 illustrates the
configuration of this metal layer in conjunction with the other components that
constitute a typical PV cell stack.

The application of these contacts, encompassing both busbars and fingers, is
executed using a technological process known as screen printing on the surface of the
PV cell. Notably, the design and optimization of these metallization components can
be customized based on considerations of cost, quality, and performance [49]. A
primary challenge in the design of these top contacts lies in achieving an optimal
balance between the increased resistance losses associated with widely spaced grids and
the augmented reflection caused by a high proportion of metal coverage on the surface.

Determining the number of top contact lines—whether categorized as busbars or
fingers—along with their specific positions, arrangements, line widths, and uniformity
across the entire PV module surface presents a complex challenge. As a result, developing
a universally applicable model for this work is particularly di�cult. These considerations
have guided our decision to adopt a simulation model that simplifies the stack-up of PV
cells while retaining a general-purpose approach applicable to various types of PV panels,
as discussed in the next sections.

Fig. 4.1. Schematic overview of a standard solar module structure featuring top
contact elements [16].

43



4.3 Impact of Horizontal Line Removal

Building on our previous work with printed mesh antenna structures, we now focus
on enhancing the transparency of the antenna while preserving its optimal performance.
This approach involves the strategic removal of horizontal lines from the mesh design,
based on the understanding that current primarily flows along the vertical lines of the
antenna. The expectation is that this modification will have minimal impact on the
antenna’s performance while significantly increasing its transparency.

Fig 4.2a and 4.2b illustrate both design configurations, which are engineered for
operation at 2.45 GHz, allowing for a comparative performance analysis. In Fig 4.3,
surface current simulation results for both designs are presented, employing a consistent

(a) (b)

Fig. 4.2. Patch antenna element designs: (a) default meshed configuration; (b)
modified transparent design with vertical lines only [16].

(a) (b)

Fig. 4.3. Surface current simulations at 2.45 GHz for (a) the meshed antenna design
and (b) the vertical line design [16].
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Fig. 4.4. Normalized simulated radiation patterns at 2.45 GHz for the meshed and
vertical line antennas: (a) E-plane, (b) H-plane [16].

scale for clarity. While there is a slight di�erence in the shape of the surface current
distribution, the radiation patterns for both the meshed and vertical line designs are
remarkably similar, as shown in Fig 4.4 at the designated frequency.

However, Fig. 4.5 reveals the reflection coe�cient graphs for both configurations,
indicating the emergence of new resonances in the vertical line design. These
resonances are likely attributed to distributed reactive coupling along the vertical lines.
In contrast, the meshed configuration avoids this issue due to the shorting e�ect
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Fig. 4.5. Simulated input S-parameters for the antenna element with various
conductive line configurations [16].
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Fig. 4.6. Comparison of normalized simulated radiation patterns at new resonant
frequencies relative to 2.45 GHz for the antenna with vertical lines: (a)
E-plane, (b) H-plane [16].

provided by the horizontal lines. When the radiation patterns at the newly identified
resonant frequencies, shown in Fig. 4.6, are compared to the reference frequency of
2.45 GHz, no e�ective radiation is observed.

To further validate our findings, we also analyzed an antenna featuring only three
horizontal lines. The predicted reflection coe�cient for this design is also presented in
Fig. 4.5, confirming that the resonances can be mitigated through periodic shorting of
the vertical lines, thereby suppressing parasitic resonances. Consequently, the design
utilizing only vertical lines is favored, as it reduces the amount of conductive ink used by
37.7%. This design change leads to an increase in transparency, calculated based on the
applied metallization, improving from 91.6% to 94.4% for the antenna elements designed
on a 50 x 50 mm2 substrate during simulations.

A detailed examination of the antenna gains reveals a subtle increase from 4.4 dBi
in the meshed design to 4.6 dBi in the vertical line configuration, which is a significant
finding in this study. Consequently, it is recommended that future research focuses
specifically on the vertical line configuration within array antenna setups, as it presents
a promising direction for further investigation.

To achieve this goal, we performed antenna array simulations for both the 2.45 GHz
and 5.8 GHz frequency bands. These simulations were tailored to be compatible with
the capabilities of the specified printer and were designed to fit the available
Borofloat® 33 glass samples. Similar to the previous prototypes, the glass samples
measured 110 x 110 mm2, with a thickness of 1.75 mm. In addition, the thin PV panel
situated beneath the glass was integrated into the array structure and modeled as a
homogeneous layer, representing the EM properties of silicon. For each frequency, three
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designs were simulated, varying the spacing between the printed vertical lines, with the
spacing values consistently set at 0.02⁄, 0.03⁄, and 0.04⁄, in terms of wavelength, for
both frequencies. Across all designs, the line thickness was kept constant at 0.3 mm,
adhering to the limitations of the printer’s resolution.

At the outset, all six antenna element designs were thoroughly analyzed, and
simulations of antenna arrays incorporating a corporate feeding network were
conducted using CST to evaluate their performance. For the 2.45 GHz configuration, it
was determined that a maximum of four antenna elements could be positioned within
the spatial limits of the available glass samples. In contrast, at the higher frequency of
5.8 GHz, a denser configuration accommodating up to 16 elements was achievable
within the same glass dimensions. The spacing between antenna elements was carefully
optimized based on wavelength considerations, ensuring that as many elements as
possible were incorporated without introducing excessive mutual coupling or
interference between them, which could degrade performance.

Throughout the simulation process, key performance metrics such as radiation
e�ciency and array antenna gain were extracted and analyzed. This data provided
valuable insights into the functional characteristics of the arrays at both frequency
bands. Moreover, the transparency of the patch elements on the array, referred to as
Tpatch, was computed using (4). This transparency value was derived by subtracting the
total area occupied by the conductive material from the overall transparency of the
glass substrate, taking into account the full surface area of the borosilicate glass
sample. Notably, the transparency calculation deliberately excluded the feeding
network from consideration, since the layout and design of the feeding network tend to
vary substantially across di�erent frequencies. This is especially true for array designs,
where the number of radiating elements and their arrangement directly impact the
network’s configuration. Consequently, the primary goal of the transparency
calculation at this stage was to provide an initial estimate of the transparency of the
antenna patches themselves, o�ering an early evaluation of how transparent the design
might be before finalizing and refining the complete array structure. This approach
ensures that the design process remains flexible, allowing for further adjustments to
improve transparency or performance as necessary before moving to the next design
phase. It is also important to highlight that this transparency equation accounts for
the entire surface area of the substrate. As a result, readers should carefully reference
earlier equations and take note of the di�erences when comparing transparency values
discussed in previous chapters. This distinction is crucial for ensuring an accurate
comparison, as earlier sections may have focused on more localized aspects of
transparency, while this equation provides a broader assessment based on the full
substrate area.
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Table 4.1. Simulated Performance of Antenna Array at 2.45 GHz [16]

g [mm] 1.15 (0.02⁄) 1.7 (0.03⁄) 2.3 (0.04⁄)

Radiation E�ciency [%] 72.5 72.2 68.2

Tpatch [%] 93.9 95.6 96.4

Array Gain [dBi] 8.7 8.5 8.3

Table 4.2. Simulated Performance of Antenna Array at 5.8 GHz [16]

g [mm] 0.5 (0.02⁄) 0.7 (0.03⁄) 0.95 (0.04⁄)

Radiation E�ciency [%] 68.4 68.1 67.8

Tpatch [%] 93.2 94.4 95.3

Array Gain [dBi] 13.4 13.3 13.2

Tpatch = 1 ≠
[
Ï

W
g+wl

Ì
+ 2] ◊ L ◊ wl ◊ Ne

Total Area
(4)

In this context, W refers to the width of the antenna element, g represents the
spacing between the lines, wl indicates the line width, L denotes the length of the
antenna element, and Ne corresponds to the number of elements used in the antenna
array. Additionally, Tables 4.1 and 4.2 provide the simulated performance metrics for the
antenna arrays operating at 2.45 GHz and 5.8 GHz, respectively. The inter-line spacing,
g, is presented in millimeters along with its relative proportion to the wavelength at each
frequency. Transparency values have been converted to percentages, and the antenna
gain is expressed in decibels. The simulation results for the antenna arrays reveal a
slight reduction in both radiation e�ciency and array antenna gain. However, this is
counterbalanced by an increase in the overall transparency of the antenna. It is important
to emphasize that this improvement in transparency is also associated with a decrease
in the amount of ink used during printing, which in turn leads to a reduction in material
costs.

In the following chapter, a more in-depth exploration of the design aspects for each
frequency will be presented, along with a detailed discussion of the corresponding
prototypes.

4.4 Development of a 2.45 GHz Solar Antenna Array

Based on the results obtained from the simulations, a decision has been made to
fabricate the antenna system for operation at 2.45 GHz, opting for the widest inter-line
spacing (g) of 2.3 mm to enhance the transparency of the patch, denoted as Tpatch.
Although this choice results in a slight compromise in the antenna’s radiation
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performance compared to alternative designs functioning at the same frequency, the
primary objective remains focused on preserving the operational e�cacy of the PV
panels. As previously stated in Chapter 2 that an increase in transparency correlates
with improved solar power output, thereby justifying this approach.

To thoroughly assess the integration of the PV panel, two distinct prototypes were
developed following the inkjet printing of the antenna array on the glass substrate. For
the purposes of comparison, one prototype utilized a conventional copper layer as the
ground plane, while the other incorporated the solar panel itself; both prototypes are
illustrated in the photographs provided in Fig. 4.7. The antenna array is configured

(a)

(b)

Fig. 4.7. Images of the 4-element prototype at 2.45 GHz: (a) excluding the solar
panel; (b) including the solar panel [16].
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with four square patch elements, each measuring 28.4 mm x 28.4 mm, and is inset fed
through 100 � microstrip lines. These lines converge into a single feed path via a quarter-
wave transformer designed for impedance matching. Additionally, the main 50 � feeding
line is meandered to position it strategically between the two 100 � branches, with the
meandering pattern refined through iterative simulations to ensure optimal performance.

In Fig. 4.7a, critical dimensions that elucidate the previously discussed design
parameters are meticulously detailed, o�ering significant insights into the intricacies of
the design process. Remarkably, the transparency of the printed prototype has been
recorded at 91.7%, a value that accounts for the filling of the feeding network in the
assessment.

The plots of the simulated and measured input reflection coe�cients for both
configurations are illustrated in Fig. 4.8. The results are indicated to show a
satisfactory agreement near the targeted frequency of 2.45 GHz for both cases.
However, a slight shift in frequency towards 2.5 GHz is noted in the presence of the
solar panel, along with the appearance of additional resonances when the PV panel is
included. These variations may be attributed to the simplified representation of the
stack-up employed in the EM simulation. Additionally, it is suggested that the
presence of top contacts, including front fingers and busbars as depicted in Fig. 4.7b,
could also a�ect the observed discrepancies. The enlarged metal strips shown in the
figure may introduce further complexities into the electromagnetic propagation,
potentially leading to e�ects that are not su�ciently captured by the simplified
simulation models of the PV panel. This is particularly noticeable at higher
frequencies, as evidenced in Fig. 4.8b.

To evaluate the array antenna gains of the two prototypes presented in Fig. 4.7, an
experimental setup was employed, as depicted in Fig. 4.9. This configuration included
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Fig. 4.8. Simulated and measured reflection coe�cients of the antenna array operating
at 2.45 GHz: (a) without the solar panel; (b) with the solar panel [16].
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Fig. 4.9. Experimental setup for evaluating antenna array performance in the
laboratory [16].

2.45 2.5 2.55 2.6 2.65 2.7 2.75
Frequency [GHz]

-90

-80

-70

-60

-50

-40

-30

R
ec

ei
ve

d 
Po

w
er

 [d
Bm

]

Co-Polarization without PV Panel
Cross-Polarization without PV Panel
Co-Polarization with PV Panel
Cross-Polarization with PV Panel

(a)

0

30

60

90

120

150

180

210

240

270

300

330

-40

-30

-20

-10

0

Co-Polarization without PV Panel
Cross-Polarization without PV Panel
Co-Polarization with PV Panel
Cross-Polarization with PV Panel

(b)

Fig. 4.10. Measurements of co- and cross-polarization for the 4-element antenna array:
(a) received power levels for -2.3 dBm transmitted power; (b) normalized
radiation patterns at 2.45 GHz, with and without the PV panel [16].

a horn antenna connected to a spectrum analyzer, which was utilized to measure the
received power spectra for both co- and cross-polarization emitted by the proposed
system. The system was excited by a signal generator placed 275 cm away. It is crucial
to note that for the prototype shown in Fig. 4.7b, proper alignment between the metal
lines of the patch antenna and the top conductive lines of the PV panel is vital, as a
90°-rotation was found to adversely a�ect radiation performance.

The data illustrated in Fig. 4.10a displays the received power levels from the two
prototypes referenced earlier, as detailed in Fig. 4.7. Both co- and cross-polarization
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results are included to confirm the linear polarization characteristics of the array system.
The measurements were performed across a frequency range to accommodate the slight
detuning noted in Fig. 4.8b, which is likely caused by inconsistencies in the printing
process. Furthermore, Fig. 4.10b showcases the measured radiation patterns for both co-
and cross-polarization at 2.45 GHz, emphasizing how the solar cell substrate influences
antenna performance. The figure indicates that incorporating the PV panel negatively
impacts broadside radiation, resulting in increased cross-polarization and a decrease in
co-polarization levels.

Upon closer examination of the received power levels in Fig. 4.10a, it becomes clear
that the inclusion of the solar panel significantly a�ects the operating frequency of the
antenna array. Specifically, the maximum received power is achieved at 2.5 GHz in the
absence of the solar panel, while the introduction of the solar panel shifts the frequency
to 2.65 GHz. This shift highlights the influence of the simplified solar panel model used
in the EM simulation, which does not fully capture the complexity of the real-world
e�ects of the panel on antenna performance. As demonstrated in Fig. 4.10a, the peak
received power in co-polarization, which directly correlates with the maximum antenna
gain, is recorded at 2.5 GHz, achieving a value of 7.1 dBi. This result aligns well with the
simulated gain of 8.3 dBi when no solar panel is present. However, with the integration
of the PV panel, the highest gain is observed at 2.65 GHz, where it drops to 2.9 dBi—a
significant reduction from the 8.3 dBi gain without the panel. The gain values obtained
from these measurements account for several factors, including free space path loss,
mismatch loss, cable attenuation, and the horn antenna’s gain.

Having explored the 2.45 GHz antenna array and its integration with the solar panel,
the focus now shifts to the design at 5.8 GHz. This next chapter examines the specific
challenges and optimizations required for higher frequency operation, addressing the
key design parameters, performance outcomes, and potential improvements over the
2.45 GHz configuration.

4.5 Development of a 5.8 GHz Solar Antenna Array

In this part of the chapter, a design operating at 5.8 GHz is explored to assess
performance at higher frequencies, utilizing a line spacing (g) of 0.95 mm, which
corresponds to 0.04⁄. This configuration accommodates a 16-element array within the
dimensions of the glass substrate. To enhance transparency, strategic metallization
removals were executed in the broader sections of the feeding network, as demonstrated
in Fig. 4.11, with simulation results indicating no significant degradation in
performance. The final design achieved a successful reduction of 15% in the solid
feeding network, resulting in improved transparency without compromising the
e�ciency of the antenna system. The printed design, depicted in Fig. 4.11, features a
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Fig. 4.11. Image of the 5.8 GHz printed prototype installed on a solar panel,
highlighting the geometric dimensions of the meshed patch antenna
array [16].

configuration of 16 square patch antenna elements, each measuring 10.8 x 10.8 mm2.
Additionally, the feeding network is characterized by 14 small apertures distributed
along the quarter-wave transformers and two larger openings located on the 50 �
microstrip line directly after the connector. Comprehensive geometric dimensions of
these holes and other essential parameters are meticulously detailed in Fig. 4.11,
accompanied by a call-out depiction. The overall transparency, accounting for both the
feeding network and the hollows, achieves an impressive value of 88.9%.

The S-parameter measurements were obtained using a vector network analyzer, and
the results are illustrated in Fig 4.12a, which compares simulated and measured data.
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Fig. 4.12. (a) Comparison of simulated and measured input S-parameters for the
antenna array at 5.8 GHz with the solar panel [16] and (b) simulated
radiation pattern.
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The simulated radiation pattern is presented in Fig. 4.12b. A clear alignment between
the measurement and simulation is observed at the target frequency of 5.8 GHz;
however, discrepancies are noted at other frequencies, akin to observations made in the
previous section, potentially stemming from similar underlying factors. At the
designated design frequency, the metal line pattern of the PV panel—excluded from
the full-wave simulation—significantly a�ects the antenna’s performance, as evidenced
by antenna gain measurements taken at a distance of 200 cm. The translation of the
antenna patches relative to the PV conductive lines alters the antenna’s performance,
as evidenced by the significant decline in performance when the metallizations of the
PV panel and antenna array are rotated by 90 degrees. This misalignment disrupts the
linear polarization characteristics, resulting in a measurable reduction in received
power for both co-polarization and cross-polarization. In contrast to the simulation
results, cross-polarization measurements show a closer resemblance to co-polarization
outcomes. Specifically, the recorded antenna gains are -4.2 dBi for co-polarization and
-9.7 dBi for cross-polarization. This finding is corroborated by measurements
conducted on the array placed on glass with a standard copper ground plane instead of
the PV panel, which yielded a measured gain of 7.5 dBi. Furthermore, co-polarization
measurements demonstrate substantially higher values compared to those of
cross-polarization.

To provide a comprehensive overview, measurements taken under less than ideal
conditions—specifically when the metallizations of the PV panel and the antenna array
are rotated by 90 degrees—reveal a significant decline in performance, particularly
a�ecting the linear polarization characteristics of the array. As anticipated, the
cross-polarization received power drops from -53.0 dBm when the conductive lines of
the PV panel and antenna are misaligned to -55.2 dBm when aligned. Conversely, the
received power for co-polarization improves from -63.0 dBm to -60.8 dBm with proper
alignment. These observations indicate that the PV panel adversely impacts overall
performance at this operational frequency. The periodic arrangement of the PV metal
lines could potentially be the source of several resonances in the antenna input
impedance. This phenomenon is analogous to the behavior observed in FSS or
metamaterials, where periodic structures introduce additional resonant modes as a
result of their interaction with electromagnetic waves. However, experimentally testing
this theory presents significant challenges, as modification of the solar cells’ internal
structure is not feasible due to the absence of manufacturing control. To address this,
future work could involve reimagining the entire design of the solar cell specifically for
this purpose, optimizing the metal lines and their spacing to minimize their impact on
antenna performance. Such an approach would enable the verification of whether the
periodic structure is indeed the primary cause of the observed resonances and
discrepancies. The lack of a precise representation of the conductive lines of the PV
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panel in the simulation model markedly a�ects the results, especially in high-frequency
designs. Given the close spacing of approximately 1.6 mm between the metallizations
of the PV panel and the antenna elements—optimized as fractions of the
wavelength—this issue becomes more pronounced. While the PV panel’s metal lines
can be e�ectively modeled as a lossy ground plane at lower frequencies, this
assumption becomes insu�cient at higher frequencies due to the increasing significance
of the silicon layer’s thickness relative to the wavelength, which causes interactions
between the panel’s metal lines and the antenna’s metallization pattern. As a result, a
more complex modeling approach is essential to accurately capture these interactions.

In conclusion, these findings highlight the importance of accurately modeling the
conductive features of PV panels in simulations, particularly for high-frequency
applications, to ensure dependable performance predictions for integrated antenna
systems. This chapter elucidates the intricate relationship between the PV panel and
antenna performance, stressing the need for advanced design methodologies that take
real-world conditions into account.

4.6 Assessment of Top Contact Structures in Solar Panel
Modeling

As discussed in Section 4.2, solar cells consist of front fingers and busbars that form
a metallic pattern atop the silicon substrate, with widths significantly smaller than
those of the antenna metallization grids. To develop an EM model for the antenna
array that balances accuracy and computational e�ciency, the detailed layout of the
metal layer has been simplified and represented at a higher level of abstraction. This
simplification involves assigning an e�ective conductivity to one of the layers that hosts
the grid metallization of the antenna array, as depicted in Fig. 4.13. However, the
results obtained indicate a critical need to include the front contact layer in our
simulation models. It is important to note that the stack-up presented in Fig. 4.13
closely resembles that in Fig. 3.2a; however, a key distinction lies in the thickness of
the silicon layer, which can vary among di�erent PV cells. In this investigation, we

Fig. 4.13. Simplified representation of the multi-layer PV substrate integrated with
the grid-printed antenna array [16].
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aimed to explore the e�ects of the silicon layer more comprehensively, thus we have
increased its thickness to facilitate a deeper understanding of its influence on
performance. The structural attributes and metallic properties of this front layer pose
substantial challenges due to their inherent complexities, making it di�cult to ensure
homogeneity and accurately characterize the metal. Our findings emphasize the
considerable impact that the configuration of the top contact layer has on the
performance of the antenna, which is contingent upon the design of the metal lines. We
argue that the e�ects of varying frequencies and configurations on antenna performance
are influenced by factors such as the thickness, conductivity, and spacing of the top
solar lines, necessitating a more detailed representation of the solar panel model to
capture these interactions accurately.

The complex design of the front lines poses significant challenges; however, their
e�ects can be integrated into simulations by increasing the conductivity of the
protective glass layer. Unlike the approach taken in [50], which emphasizes enhancing
the conductivity of the silicon layer, we propose that it is both more e�ective and
appropriate to focus on augmenting the e�ective conductivity of the cover glass, given
its considerably greater thickness relative to the silicon. This strategy facilitates a more
comprehensive understanding of the interactions and behaviors of the metal lines
within the simulation framework.

To address the identified challenges, the focus is placed on the 2.45 GHz antenna
array by enhancing the e�ective conductivity of the protective glass substrate, which
allows for a more precise representation of the metallic front layer. This adjustment is
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Fig. 4.14. S-parameter comparison of simulation results with enhanced e�ective
conductivity of the protective glass and measured data at 2.45 GHz [16].
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deemed essential due to the complexities associated with accurately modeling thin
metallic lines using a full-wave approach. By improving the e�ective conductivity,
ambiguities related to the front layer’s structure are reduced, thereby enhancing the
simulation’s ability to e�ectively represent the behavior of the solar cell. Initially, a
default conductivity of 10-12 S/m is employed in the protective glass simulation model.
This value is systematically increased to evaluate its impact on performance. Up until
a conductivity of 0.1 S/m, minimal changes are observed. However, significant
variations are noted once this threshold is surpassed, leading to comparisons being
made with a conductivity value of 1 S/m. Fig. 4.14 presents the S-parameter
characteristics at the input port, with simulations featuring increased conductivity
compared to actual measurements within the target frequency range. Results from
simulations conducted under default conductivity settings are also included to highlight
the di�erences. While perfect alignment between simulation and measurement is not
achieved, the trends observed illustrate the considerable impact of the front metallic
wires on the antenna’s performance. This finding is further supported by the simulated
antenna gain, which is shown to drop to 2.2 dBi at 2.45 GHz, closely matching the
highest measured gain recorded in the presence of the solar panel.

Following an initial investigation primarily focused on conductivity, the research
direction shifted to exploring a more e�ective realization of the fingers and busbars in
solar cells. A particular study [51] provides insight into the physical characteristics of
these front lines, noting that the Ag-lattice layer on the upper surface measures
17.6 µm in thickness. This layer consists of 57 electrodes, each with a line width of
0.1 mm, along with two orthogonally oriented busbars measuring 2 mm in width.
Building upon these findings, similar metallization was proposed to be placed between
the ground and the transparent antenna element, as demonstrated for the
single-element case in Fig. 4.15a.

A step-by-step improvement strategy was employed for the reflection coe�cient
analysis. Initially, the silicon thickness was increased from 30 mm to 210 mm, and the
conductivity was raised to 250 S/m, as recommended in [51]. The significant increase
in conductivity is attributed to the electrical conductivity of the Si layer increasing
with higher light intensity, as noted in the same study. It is important to highlight
that, in this first consideration, the top contact metallization was omitted, and the
default simulation from the previous study is included in Fig. 4.16 for comparison
purposes. In the second model, the front fingers and busbars were introduced.
Subsequently, in the fourth model, the protective glass thickness was increased from
0.3 mm to 0.8 mm, as it should be significantly thicker than the silicon layer. Fig. 4.16
summarizes the investigation by illustrating the step-by-step changes, providing a
clearer understanding of the frequency variations resulting from these modifications.

The single-element analysis has provided a foundational understanding of the e�ects
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(a) (b)

Fig. 4.15. Simulation model illustrating the inclusion of the solar cell top contact for
(a) the single-element design and (b) the 2-by-2 array design.
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Fig. 4.16. Reflection coe�cient plot for the single-element design, comparing di�erent
simulation models.

of the implemented modifications. The focus will now shift to the 2-by-2 design, which
was previously fabricated, allowing for a more detailed comparison with both the
experimental measurements and the prior design. This comparison aims to develop a
more comprehensive and accurate simulation model. The design, incorporating all the
aforementioned modifications, is shown in Fig. 4.15b. The new simulation, shown in
Fig. 4.17 alongside the previous simulation and measurement data, reveals both
improvements and degradations across di�erent frequency ranges. In certain
frequencies, the new simulation aligns more closely with the measurements, while in
other regions, performance deteriorates. This investigation highlights the inherent
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challenges in developing an accurate simulation model for solar cells. A more
comprehensive study would require a detailed description of the solar cell’s structure
and properties. Nonetheless, it is evident that the parameters modified in this analysis
have a significant impact on the results.

4.7 Conclusion of the Chapter

This chapter has provided a thorough examination of the integration of meshed
antenna arrays with PV panels, demonstrating the feasibility of achieving both solar
energy harvesting and WPT within a unified structure, eliminating the need for
separate operational spaces. The innovation of using patch elements composed solely of
vertical metal strips, with spacing optimized to the operating frequency, is a key
achievement. This design not only ensured optical transparency but also delivered
optimal performance in the fabricated prototypes, representing one of the most
significant contributions of this thesis. Extensive analysis was conducted across various
design configurations at frequencies of 2.45 GHz and 5.8 GHz, with the highest
transparency patterns fabricated on glass substrates and validated through
measurement. While measurements without solar panels aligned well with simulation
predictions, those conducted with co-located PV panels emphasized the need for a
refined model. In particular, the interaction between the PV panel’s metal contacts
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Fig. 4.17. Reflection coe�cient plot for the 2-by-2 design, comparing previous
simulations, the new simulation, and measurement data.
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and the antenna array was shown to critically a�ect performance, necessitating the
development of a more accurate numerical model. This finding is a crucial outcome of
the thesis, shedding light on the importance of the solar panel stack-up in overall
system performance. A generalized model was proposed, enhancing the conductivity
within the protective glass of the PV panel, and this model was successfully validated
through comparisons with measurements at 2.45 GHz.

This chapter is the cornerstone of the thesis, o�ering a detailed investigation of the
antenna array’s performance and valuable insights into the role of PV panel top contacts.
It marks the conclusion of the transparent antenna-related portion of the in-space WPT
system, a significant milestone in the research. Going forward, the focus of the thesis will
transition to the electronic design aspects, with particular emphasis on the development
of the inverter, which will drive the next phase of this work.
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5 E�cient Inverter Design for Loading by Designed
Transparent Antenna

5.1 Introduction to the Chapter

The inverter plays a pivotal role in RF applications, functioning as a crucial
component for converting DC into high-frequency alternating current (AC) signals
necessary for the e�cient execution of WPT, communication systems, and signal
amplification processes. Among the various inverter topologies, Class-E inverters are
particularly favored due to their ability to achieve high power conversion e�ciency
while significantly reducing switching losses, which is critical for enhancing overall
system performance. Their suitability for driving inductive loads, such as antennas,
further underscores their utility in RF systems. Moreover, Class-E inverters are
instrumental in facilitating impedance matching, ensuring optimal power transfer and
minimizing reflections, thereby maximizing system performance in advanced RF
applications.

While Class-E inverters are predominantly utilized in lower-frequency applications,
such as powering train balises (discussed in a later chapter) or coil drivers in inductive
coupling-based WPT systems, as outlined in [52], our goal is to extend the Class-E
topology and working principles for use as a power oscillator, similar to the approach
in [53]. In this scenario, switch-mode Class-E oscillators can achieve high conversion
e�ciencies, making them ideal for RF power sources, where e�ciency and performance
are crucial.

In the proposed WPT concept, the inverter represents the final critical component
that bridges the solar energy harnessed by the PV cells to the transparent antenna,
enabling the system to function as a power transmitter. With the system complete
upon successful integration of the inverter, a fundamental element of the WPT link
within the constellation is established, paving the way for future enhancements, such
as the previously discussed relay node concept. However, a significant design challenge
remains in relying on a single, unstable power source—the solar energy harvested from
the sun. This chapter focuses on addressing these challenges through the design and
critical analysis of a Class-E inverter, demonstrating through simulations how the system
can maintain e�cient performance despite the variability of the power source.

5.2 Design Constraints and Topology

The working principle of the Class-E inverter circuit, as illustrated in Fig. 5.1, revolves
around a high-e�ciency switching mechanism. It employs key components such as a
choke inductor L1, shunt capacitor C1, and a series resonant circuit C2-L2, with a load
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Fig. 5.1. Circuit representation of the Class E inverter [54].

resistor R and a transistor serving as the main switching device. The transistor is
operated at a 50% duty cycle, ensuring that it switches on during zero-voltage switching
and zero-voltage slope conditions. This switching process minimizes power losses, as
both voltage and current values transition to zero during switching events, leaving only
conduction losses. Consequently, the Class-E inverter can achieve e�ciencies above 90%,
making it highly suitable for RF and power conversion applications [54].

A significant challenge in the design of the oscillator circuit arises from the
dependency on a singular DC source for the transistor, specifically a cost-e�ective solar
panel, as previously outlined in this dissertation. This design paradigm aligns with
existing literature on solar-powered active antennas [55]. In our investigation, we seek
to advance this foundational study by implementing a Class-E-based oscillator,
enhancing overall e�ciency through the integration of High-electron-mobility transistor
(HEMT) technology. More specifically, the SAV-541+ low-noise E-PHEMT
transistor [56] is chosen due to its availability and compatibility with the intended
operational frequency. Furthermore, the operational frequency is meticulously
established at 2.45 GHz, thereby maintaining coherence with the prior design of the
transparent antenna.

Additionally, a critical consideration in the design pertains to the bias voltage and
its inherent fluctuations, which are contingent on solar availability. Although the solar
cell utilized in this study can generate an open circuit voltage exceeding 6 V, as
measured in Chapter 2 under optimal conditions on a sunny day and with a relatively
large surface area, we have opted to adopt a more conservative estimate of 4 V. This
adjustment reflects a realistic scenario, particularly when accounting for the operational
power demands of nanosatellites, which must balance WPT with their primary
functional energy consumption. It is acknowledged that the available voltage will vary
based on factors such as the solar panel’s orientation to the sun and environmental
conditions. However, these fluctuations can be e�ectively mitigated through the
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implementation of a suitable voltage regulator. Consequently, we have set 4 V as the
bias voltage (Vsolar) for the transistor and optimized it accordingly, while also
evaluating e�ciency across a range of nearby values, as discussed in subsequent section.

5.3 Simulation Results

The inverter circuit was designed and simulated using ADS, with the schematic
illustrated in Fig. 5.2. Initially, the resonant circuit within the feedback loop was
analyzed by examining its S-parameters before being integrated into the rest of the
circuit. Key parameters were then optimized, considering a 50 � load, representative of
the 2.45 GHz transparent antenna array, consisting of four elements, discussed in the
previous chapter. The optimization and tuning process involved employing various
simulation methods to refine circuit performance. Oscillation tests were conducted to
ensure compliance with the Barkhausen criteria, and further analysis, including
harmonic balance and transient simulations, was performed to verify the circuit’s
stability and performance, leading to necessary adjustments. Subsequently, minor
fine-tuning of the circuit parameters was conducted to ensure optimal performance.
The final optimized component values are presented in Table 5.1.

Fig. 5.2. Circuit schematic of the designed Class-E oscillator, showing generic
component parameters.

Table 5.1. Optimized Circuit Parameters for Class-E Oscillator Design

Lc Rg C1 L1 C2 Cr1 Cr2 Lr

220 nH 8 k� 1.8 pF 4 nH 2.2 pF 0.4 pF 0.3 pF 6.6 nH
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Simulation results concerning the reflection coe�cient of the oscillator test
validated that the magnitude of the reflection coe�cient exceeded 1, while the phase
was found to be very close to 0, which meets the criteria for oscillation. The harmonic
balance and transient simulation results are presented in Fig. 5.3. From Fig. 5.3a, it
can be inferred that switching losses have been minimized, which is critical for
achieving high e�ciency. The output characteristics of the inverter, as observed in the
harmonic balance simulation, are depicted in Fig. 5.3b, demonstrating good oscillation
with acceptable levels of voltage and current. Additionally, the output voltage from the
transient simulation is illustrated in Fig. 5.3c. It should be noted that the transient
simulation exhibited significant challenges in convergence due to the high nonlinearity
of the circuit. The time scale of this figure has been adjusted to display more
steady-state results. Furthermore, the output frequency is illustrated in Fig. 5.3d,
where a Fourier transform of the time-domain analysis is presented, clearly indicating
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Fig. 5.3. Harmonic balance analysis illustrating (a) drain voltage and current, (b)
output voltage and current, with transient analysis showing output voltage
in (c) the time domain and (d) the frequency domain.
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Fig. 5.4. Plots showing (a) power conversion e�ciency obtained from harmonic
balance analysis, and (b) output power spectrum derived from transient
analysis.

an output at the desired frequency. Additionally, the inverter e�ciency was determined
by measuring the output power at the load and the input power from the bias line. For
this purpose, the solar voltage was swept from 3.5 V to 4.5 V to observe e�ciency
variations within this range, as shown in Fig. 5.4a. As illustrated in the figure, the
e�ciencies across this range are favorable, achieving 67% at a 4 V bias, which is
considered optimal for this application. It is acknowledged that this value may degrade
with real implementation; however, it appears promising for achieving an e�cient
overall WPT system. Furthermore, Fig. 5.4b illustrates the output power spectrum
obtained from transient analysis and transformed into the frequency domain. The
power level at the target frequency is acceptable and significantly higher than that of
other harmonics, highlighting e�ective spectral purity—a critical measure of signal
quality, indicating how ”clean” and precise the signal is in frequency content. Spectral
purity was calculated using the following formula:

SP [dB] = ≠10 log10

q8
n=2 Pout,n

Pout,1
(5)

where eight harmonics were included. The numerator represents the combined power
levels at harmonics other than the fundamental, while the denominator corresponds
to the fundamental harmonic power level. The result is 16.8 dB, indicating that the
power at the fundamental frequency is substantially higher than at other harmonics.
It is noteworthy that harmonic balance simulations were initially conducted with eight
harmonics, and additional simulations including higher harmonics (up to 16) yielded no
significant di�erence in results.

Another observation involves comparing the drain power with the output power, as
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a substantial portion of the drain power is expected to be converted into output power.
From the harmonic balance analysis, the drain power is measured at 0.23 W, while the
output power is 0.19 W under a 4 V bias. This indicates that over 80% of the drain
power is transferred to the output, which is favorable. The remaining power loss can
be attributed to additional losses in the feedback loop and matching network. Also, the
input power from the biasing branch is measured at 0.28 W, indicating the required power
for the oscillator’s operation within this concept. Referring to Chapter 2, where solar
readings of the low-cost solar panel were evaluated, the available power can be estimated
by examining the panel’s maximum power output. This approximation confirms that the
input power required for the oscillator is reasonable and feasible for the prototype. It is
important to note that a DC-DC converter may be placed between the solar panel and
the inverter to allow for adjustable voltage, enhancing flexibility in power management.

5.4 Conclusion of the Chapter

The development and optimization of the Class-E inverter represent a significant
advancement in the realm of RF applications, particularly in the context of WPT
systems. By e�ciently converting DC from solar energy into high-frequency AC
signals, the inverter serves as a vital component that bridges renewable energy sources
with transparent antenna technologies. A thorough analysis and simulation of the
inverter circuit demonstrate its capability to sustain high e�ciency, achieving a
conversion e�ciency of 67% under a 4 V bias. This e�ciency is crucial for ensuring
that the energy harvested from PV cells is utilized e�ectively, thereby enhancing the
overall performance of the integrated WPT system.

Moreover, the findings underscore the importance of addressing the challenges
associated with the inherent variability of solar energy as a power source. The
implementation of a Class-E topology, combined with high-frequency oscillation
principles, not only mitigates switching losses but also facilitates optimal impedance
matching, thus maximizing power transfer and minimizing reflections. Ultimately, this
research paves the way for further enhancements in energy-e�cient applications,
particularly in the realm of space-based systems, where reliable and e�cient power
conversion is essential for mission success. The successful integration of the inverter
with transparent antennas stands to revolutionize energy harvesting techniques,
contributing to the advancement of sustainable technologies in RF and WPT
applications.

With the completion of this chapter, the focus on in-space WPT is concluded. The
work presented thus far aims to demonstrate and analyze a proof of concept for
in-space WPT on a small scale, utilizing low-cost, readily available components.
Notably, this concept holds potential scalability for larger, more practical applications.
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In such implementations, CubeSats could e�ectively transfer excess DC power to other
CubeSats in need, enhancing resource sharing and overall mission e�ciency. The
subsequent chapters will shift to terrestrial WPT applications and advancements in
antenna technologies. As highlighted in the introduction, the organization of the
chapters does not follow a chronological sequence but is instead arranged by
significance. This structure allows for a more coherent understanding of foundational
concepts that have significantly influenced the trajectory of the main research
presented in this thesis. The insights gained from the forthcoming chapters enriched
the overall discourse on WPT and its applications, reinforcing the relevance and
applicability of the research conducted.
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6 Modular UHF Systems for Integrated Energy and
Data Transfer

This chapter is based on the following article:

[57] A. B. Gok, F. Benassi, G. Paolini, D. Masotti, and A. Costanzo, “A
wireless/wired uhf modular system combining energy and data transfer,” in 2022
Wireless Power Week (WPW), 2022, pp. 231–234.

6.1 Introduction to the Chapter

The drive toward more intelligent systems and advanced services in industry has
led to the development of concepts like the Industrial Internet of Things (IIoT), where
sensors and instruments are connected to industrial applications via the internet. The
growing prevalence of wireless access is enhancing cellular connectivity’s role in the
IIoT, expected to account for over 10% of the global IoT market, and while existing
LTE systems focus on mobile broadband, challenges remain in supporting IIoT device
interconnectivity, prompting increased interest in low-power wireless access solutions that
o�er e�cient signaling, extended battery life, low costs, and broad coverage [58]. One of
the key applications of IIoT is asset tracking [59], which enables manufacturers to monitor
the location, status, and condition of products throughout the supply chain, both for
short-range and long-range operations. Low-power wide-area networks (LPWANs) are
particularly promising for wireless communication due to their extensive coverage, cost-
e�ectiveness, and low energy consumption. One study [60] illustrates that localization
in harbor environments can be e�ectively achieved using long range (LoRa), a radio
frequency modulation technology associated with LPWANs, by optimizing parameters
such as the spreading factor. Additionally, strategies such as adjusting the wake-up and
sleep cycles of wireless sensor networks (WSNs) have been proposed to minimize power
consumption. To overcome the limitations posed by battery-powered systems, attention
has shifted towards WPT technologies.

This chapter elaborates on the development of an innovative modular system
designed to enable the simultaneous transmission of energy and information between
unplugged trolleys in industrial environments. By strategically integrating WPT
between consecutive trolleys and guided power transfer along the edges of individual
trolleys, the system e�ectively distributes power while supporting low-power
communication sensor nodes throughout the trolley chain, drawing energy solely from
the locomotive. Communication among the trolleys and the locomotive is facilitated
through battery-less LoRa nodes, enhancing long-range communication capabilities.
The modularity of the system is further underscored by the concurrent design of its
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Fig. 6.1. Pictorial representation of a train of unplugged trailers embedding WPT and
LoRa communication [57].

components, which include a radiating system, a power splitter, and a rectifier
specifically engineered to deliver a substantial portion of available power even at low
input power levels, ensuring e�cient energization of the LoRa nodes. Notably, the
system maintains reliable communication regardless of the position or arrangement of
each trolley within the chain. Operating at a frequency of 2.45 GHz for both power
and data transmission, the system’s e�cacy has been theoretically predicted and
experimentally validated in a multi-trolley configuration spanning 10 meters, utilizing a
transmitted power of 36 dBm that adheres to regulatory standards, thus representing a
significant advancement in industrial applications.

Fig. 6.1 provides an overview of the system implementation. The first chart displays
the active power transmitter, while the subsequent charts show pairs of wireless front-
ends positioned on the left and right sides. These front-ends are linked by a low-loss
coaxial cable running the length of each chart. The system begins with the main trailer,
which acts as the primary energy source. Power is transmitted through an antenna
located at the rear of the carriers and is received by an antenna at the front. At each
receiver, a power divider distributes part of the energy to the LoRa node, with the

Fig. 6.2. Circuit block details embedded within each trailer: at the receiving
front-end, a power splitter distributes the incoming power between the
rectifier input and the cable, which directs the remaining RF power to the
opposite end of the trailer, where the transmitting antenna is positioned [57].

69



remainder being sent to the next transmitting antenna via cables.
Fig. 6.2 presents a block diagram illustrating the system installation. On the left

side of the diagram, a power receiving module is depicted, which distributes power
between a rectifier, supplying a LoRa node, and a cable that transmits power to the right
side of the diagram. There, a radiating element serves as a power transmission station
for the next stage, establishing a cascading scenario. The practical implementation
of this system imposes constraints in terms of dimensions and operational distances,
which are critical parameters for the e�cient design of the entire system. One of the
primary design challenges is optimizing the system to recharge the maximum number of
trailers, and therefore LoRa nodes, within the shortest possible time, ensuring continuous
communication. Additionally, emphasis is placed on developing a modular system that
maintains performance even if the trailer order changes.

6.2 Choice of Radiating Element: 32-Patch Antenna Array

Considering the operational context and environment of the system, patch antennas
were selected as the optimal topology, primarily due to the presence of a ground plane
that mitigates sensitivity to the underlying material, which is predominantly metal.
These antennas, dedicated to WPT, are placed at the right edge of each stage, with an
approximate reference distance of 50 cm between stages. Thus, a balance between size
and performance is crucial to ensure e�cient power transfer across multiple trailers.

The antenna array is fabricated on Rogers 4350B substrate (‘r = 3.66, tan” = 0.0037)
with a thickness of 1.52 mm. To optimize antenna gain while maintaining compact
dimensions, a 32-patch array was implemented, achieving an overall gain of 17 dBi
at 2.45 GHz. Fig. 6.3 presents an image of the fabricated antenna, along with the
integrated power splitter and rectifier. Fig. 6.4a and 6.4b depict the measured and
simulated S11 and far-field radiation patterns, showcasing excellent correlation between
both results. The antenna occupies a total volume of 487 x 287 x 1.52 mm3, which was

Fig. 6.3. The fabricated antenna array featuring an integrated power splitter and
rectifier [57].
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(a) (b)

Fig. 6.4. Measured and full-wave simulated performance of the array: (a) antenna
reflection coe�cient; (b) logarithmic radiation patterns in the E-plane [57].

determined to be the optimal balance between performance and size, considering the
antennas need to be mounted on the metal walls of industrial trolleys. While doubling
the antenna’s dimensions could theoretically increase the gain by 3 dB, it would also
result in a more cumbersome structure and a larger, more complex meandered array
feed network, potentially introducing additional losses.

The high gain of the antenna array, necessary for reliable wireless power transmission
between trailers, aligns well with the anticipated line-of-sight positioning of antennas
on adjacent stages. Each trailer is equipped with two antennas, connected by a high-
performance 2-meter, 50 � coaxial cable, which exhibits an attenuation of 0.66 dB at
2.45 GHz.

6.3 Power Budget Assessment and Rectifier Design

Preliminary calculations have been conducted for a system consisting of four trailers,
each measuring 2 meters in length, to estimate the received power at each wireless link
and account for the cable attenuation when connecting the two antennas within the same
trailer. Since the primary objective is to charge the LoRa node on each trailer, a power
splitter is integrated into each receiving array to allocate the minimum required power
to the LoRa node, while transferring the majority of the power to the far end of the
trailer via the coaxial cable. A power management unit (PMU) ensures that the storage
capacitors are charged to a su�cient voltage level for the LoRa nodes.

A key design objective is determining the optimal power splitting ratio to ensure
adequate power for recharging the final LoRa node while maximizing the number of
trailers that can be supported. Although an initial approach could involve setting a
fixed power splitting ratio, given that the first trailer receives more power than the
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Fig. 6.5. Measurement results of power conversion e�ciency and the power splitting
percentage directed to the LoRa node branch as a function of the received
power at the antenna array [57].

subsequent ones, a variable power distribution strategy has been adopted. Specifically,
trailers farther from the source, which receive less power, are allocated a higher
percentage of the available power compared to the first trailers, which receive a greater
initial power input.

A coupled microstrip line power splitter has been developed on the same substrate
as the antenna to provide varying RF power percentages to the rectifier and the coaxial
cable. The entire subsystem, which includes a voltage-doubler rectifier (comprising
diodes D1 and D2, represented as Skyworks SMS7630-079LF, and 47 pF capacitors),
has been designed using a full-wave model of the antenna array within a nonlinear
simulator to optimize the geometry of the structure. This optimization aims to achieve
the highest RF-to-DC e�ciency at lower power levels, thereby ensuring reliable
powering of the most distant LoRa node. For this purpose, a suitable load of 10 k� has
been selected based on the aforementioned optimization criteria.

Referring to Fig. 6.3, the e�ciency is expressed as follows:

÷RF ≠to≠DC = PDC

P3
(6)
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P3 = |S31|2P1 (7)

The measured RF-to-DC e�ciency is illustrated in Fig. 6.5. The constraint on the
power distribution has resulted in the rectifier e�ciency not reaching its potential
maximum, as would be observed in a standard rectenna configuration. Additionally,
the measured percentage of power entering the rectifier input is presented in Fig. 6.5,
varying from approximately 8% to 31% relative to the power received by the antenna.

Moreover, Table 6.1 presents a summary of the measured performance for each of
the four passive trailers considered in this study. It has been observed that the system
e�ectively adjusts the power splitter ratio to the rectifier in response to decreasing total
received power. The RF input power and RF-to-DC e�ciency are detailed in the third
and fourth rows, respectively. As previously mentioned, these values are not optimized
for maximum performance but are tailored to ensure overall system e�ectiveness for
enabling LoRa communication across the maximum number of trailers.

The penultimate row indicates the measured time for the PMU ePeas AEM30940
during a cold start, referencing the performance of 1 mJ power consumption reported
in the literature. In this implementation of LoRa node communication, the proposed
WPT chain successfully activates the fourth LoRa node in under four minutes. The final
row of Table 6.1 specifies the power delivered to the subsequent transmitting antenna
within the same trailer, which corresponds to the previously defined remaining power
after accounting for coaxial cable attenuation.

6.4 Conclusion of the Chapter

This study presents the design, implementation, and measurement of an innovative
microwave system capable of facilitating wireless power transfer and communication for
tracking applications, utilizing LoRa technology. The proposed system is applicable in
various industrial environments to monitor the operational integrity of a fleet of trailers.

Table 6.1. Overview of the system’s measured performance [57].

Trailer # 1 2 3 4

Received power at the front edge (P1) [dBm] 13.15 5.29 -3.08 -10.98

Power splitter ratio to the rectifier [%] 8.14 20.12 23.27 31.33

Rectifier input power (P3) [dBm] 2.26 -1.69 -9.43 -16.02

RF-to-DC e�ciency [%] 38.30 28.36 27.36 9.20

Charging time of LoRa node [s] 4.1 14.2 22.1 226.6

Transmitted power at the back edge [dBm] 12.12 3.65 -4.91 -13.27
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Each trailer, though disconnected from power sources, can communicate its status using
battery-less LoRa nodes that are recharged through a cascading arrangement of antenna
arrays. The performance results demonstrate the system’s ability to wirelessly power up
to four passive trailers, thereby enabling straightforward LoRa data transmission that is
beneficial for tracking purposes.

Furthermore, this work underscores the critical role of antenna arrays in WPT within
the context of combined energy and data transfer in industrial applications. It also
illuminates pathways for advancing space-based WPT technologies and their potential
applications in transparent antenna scenarios.
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7 Minimized Ground Plane Design for Bidirectional
WLAN Monopole Antennas

This chapter is based on the following article:

[61] A. B. Gok, F. Benassi, D. Masotti, and A. Costanzo, “Bidirectional monopole
antenna array with minimized ground plane for wlan applications,” in 2023 17th
European Conference on Antennas and Propagation (EuCAP), 2023, pp. 1–4.

7.1 Introduction to the Chapter

Printed monopole antennas have garnered significant interest, particularly for
WLAN applications [62], due to their advantages, including low profile, compact size,
wide bandwidth, quasi-omnidirectional radiation characteristics, and ease of integration
with microstrip circuits. While the omnidirectional capabilities of monopole antennas
have been widely utilized, bidirectional antennas are increasingly favored for
applications in elongated and narrow environments, such as indoor corridors and
tunnels [63]. A single-element monopole antenna performs well in confined spaces or
towards specific directions but exhibits limited range due to its low power gain. To
enhance the operating range, employing an array of multiple single-element antennas
presents an e�ective solution, simplifying complexity while maintaining a compact
design. Despite the benefits of monopole antenna arrays, research in this area has been
limited, largely due to their strong dependence on the ground plane [64]. The size of
the ground plane can significantly a�ect the overall radiation performance of the array,
particularly by altering both the impedance bandwidth and the radiation pattern.
Various methods have been explored to mitigate the negative impacts of the ground
plane, and di�erent approaches have been employed to improve the gain of monopole
antenna arrays.

This chapter presents a printed monopole antenna array designed to operate at
2.45 GHz, featuring an innovative minimized ground plane configuration. It emphasizes
the methodologies employed to investigate and mitigate the impact of ground plane
size on the performance of the microstrip feeding network. The optimized ground plane
design leads to a substantial reduction in side lobe levels while simultaneously
enhancing both gain and bandwidth. Nevertheless, although a compact ground plane is
critical for improving array performance, there exists a threshold beyond which further
minimization is impractical. This necessitates a careful equilibrium in the pursuit of
optimal dimensions. The intricacies of this delicate trade-o� are discussed in the
following sections.
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7.2 Configuration of the Antenna and Feeding Network

The antenna is fabricated on an economical and robust FR4 substrate with a relative
permittivity of ‘r = 3.68, a loss tangent of tan” = 0.0035, and a thickness of 1.5 mm,
specifically tuned to operate at 2.45 GHz for WLAN communication systems. The
array consists of four printed monopole antennas functioning as a broadside antenna.
The radiating elements and the feeding network of the proposed four monopole antenna
design are illustrated in Fig. 7.1a, and these components are integrated into the top
layer. The length of each monopole has been determined in accordance with standard
guidelines, ensuring that the element length is approximately ⁄/4, where ⁄ represents
the resonance wavelength.

Considering an input impedance of 50 � for the array feeding network, the
individual elements of the array are supplied by a 100 � microstrip line, with a
quarter-wave transformer employed to facilitate a seamless transition to the 50 � input
impedance. Additionally, since the upper and lower pairs of elements are energized

(a) (b)

Fig. 7.1. Top view of (a) the design of a 2-by-2 monopole array, where the feeding
network is implemented using microstrip technology with a bottom ground
plane, and (b) the top view of the manufactured prototype [61].

76



from opposite directions, a 180¶ phase shift between these pairs is essential.
Although the horizontal spacing between the elements is set at ⁄/2 to minimize

sidelobe level (SLL) and mitigate coupling e�ects between the element pairs, the
incorporation of a quarter-wave transformer and a meandered line for phase shifting
necessitates a deviation from maintaining a uniform vertical spacing. To optimize the
configuration further, the 100 � lines feeding the monopoles have been designed with a
meandered structure, e�ectively reducing the vertical separation between the antenna
elements, as illustrated in the schematic representation in Fig. 7.1a.

7.3 Reference Monopole Antenna and Optimized Ground
Structure

For the initial phase of this study, a reference four-element monopole antenna was
designed with a conventional full ground plane, as depicted in Fig. 7.2a. This
configuration serves as a baseline for further optimization, which will be elaborated
upon in subsequent sections. The ground plane dimensions were carefully selected to
fully encompass the horizontal extent of the array, while the vertical dimension was
truncated just beneath the monopoles, following standard design protocols for this type
of antenna. Preliminary full-wave simulations of this configuration were performed,
yielding a SLL of -5.9 dB. The SLL, defined as the ratio of the main lobe’s peak

(a) (b)

Fig. 7.2. Ground configurations: (a) standard (reference); (b) optimized design [61].
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amplitude to the side lobe’s peak amplitude, was adversely a�ected by parasitic
radiation from the large ground plane, highlighting a critical area for improvement.

To enhance the performance of the monopole antenna array, careful modifications
to the ground plane are required to avoid any adverse impact on the feeding network.
A variety of ground plane shapes and sizes were analyzed to assess their influence on
the antenna’s radiation characteristics. The optimized ground plane configuration is
depicted in Fig. 7.2b. This design was initially developed by replicating and
systematically enlarging the layout of the feeding network situated on the top layer, as
illustrated in Fig. 7.1b. Following this, the structure was further expanded along its
perimeter by introducing a margin, denoted as M , shown on the left side of Fig. 7.3.
The parameter M was meticulously optimized to evaluate its impact on the radiation
properties of the array, ultimately achieving the optimal balance between ground plane
size and its influence on the antenna’s radiation characteristics and feeding network
performance.

The enlargement process follows the same approach as previously outlined, with
the exception of adjustments made at the termination of the 50 � feeding line, where
the waveguide port for numerical simulations is placed. This region must maintain
dimensions at least equal to the waveguide port to ensure accurate simulation outcomes.
Additionally, the portion of the ground plane in proximity to the monopole radiating
element is excluded from this tuning process, as altering it would significantly influence

Fig. 7.3. Visualization of the ground plane relative to the top layer. The feeding
network is extended using the variable M to achieve the distinct shape of the
ground structure. The ground plane dimensions near the simulation port are
adjusted to match the port size, ensuring consistent and reliable results [61].
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the tuning of the monopole. This area is integral to the antenna structure and has a
substantial impact on the overall array performance, including the operating frequency.

7.4 Results and Comparative Analysis

To evaluate the impact of ground plane size on antenna performance, full-wave
simulations were conducted on the complete structure with incrementally increasing
ground plane dimensions. These results were compared with those of the standard
structure depicted in Fig. 7.2a. The findings are summarized in Table 7.1. In addition
to the reference structure, the smallest and largest meandered ground planes were
achieved for M = 3 mm and M = 7 mm, respectively.

Table 7.1 clearly illustrates that a minimized and meandered ground plane enhances
the antenna’s radiation performance compared to the reference case. However, adjusting
the parameter M , which results in an increase in ground plane size, further improves
both the antenna gain and the SLL. The design with M = 6 mm is identified as the
optimal case, as additional increases in size do not significantly a�ect the results.

Fig. 7.4a presents the normalized radiation patterns of the antenna, comparing the
standard and minimized ground plane configurations using both simulated and
measured data. The polar plots distinctly demonstrate improvements in antenna gain
and SLL, with measurement results confirming these enhancements. Additionally, the
bidirectional radiation pattern of the optimized design, exhibiting a directivity of
approximately 9.6 dBi, is evident in the same figures. Moreover, Fig. 7.4b illustrates
the reflection coe�cient (S11) at the input port of the array over the frequency range of
2-3 GHz. The measured results for the optimized structure reveal an impedance
bandwidth (|S11| < ≠10 dB) of 510 MHz (2.32-2.83 GHz), which exceeds that of the
reference design. At the end, the |S11| reaches as low as -23 dB at the operating
frequency of 2.45 GHz.

Table 7.1. Radiation characteristics of the antenna for various ground plane sizes and
shapes [61].

Ground Structure Gain [dBi] SLL [dB] Directivity [dBi]

Standard (Reference) 7.30 -5.9 7.89

M = 3 mm 8.92 -9.9 9.63

M = 4 mm 9.02 -10.4 9.64

M = 5 mm 9.04 -10.6 9.59

M = 6 mm 9.05 -11.2 9.64

M = 7 mm 9.07 -11.2 9.66
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Fig. 7.4. Simulated and measured (a) normalized radiation patterns of the monopole
array and (b) reflection coe�cient graphs at the input port of both the
standard antenna and the proposed antenna featuring a minimized ground
plane (M = 6 mm) [61].

7.5 Conclusion of the Chapter

In summary, a new bidirectional monopole antenna array, optimized for WLAN
applications, has been developed and rigorously analyzed through simulation and
measurement. The design comprises four monopole elements operating at 2.45 GHz.
Several ground plane configurations were explored, with a detailed comparison
conducted across di�erent designs. The configuration o�ering the best balance between
antenna performance and size achieved a peak gain of 9 dBi in both broadside and
opposite directions. This design also demonstrated superior side lobe suppression. The
findings reveal that the relationship between array performance and ground plane size
is complex, as smaller ground planes do not necessarily yield better results,
emphasizing the need for careful optimization. The design process for the 2-by-2 array
has been validated through measurements and can be easily extended to larger
monopole arrays.

This chapter, like Chapter 6, delves into antenna array technology, but with a
stronger focus on communication systems. The exploration of monopole antenna arrays
in this context broadens our understanding of their potential across various
applications. The innovative ground plane design and advanced feeding network
techniques presented in this work provide fresh insights and perspectives. These
findings have also sparked the development of novel approaches, opening new avenues
for research into transparent antennas, particularly regarding their potential
applications in space and satellite technologies.
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8 Class-E Amplifier-Driven Telepowering Units for
Enhanced Balise Transmission E�ciency

This chapter is based on the following article:

[65] A. B. Gok, M. Shanawani, A. Moriconi, T. Salmon Cinotti, D. Masotti and A.
Costanzo, ”E�cient Telepowering Unit for Balise Transmission Modules Using Class-E
Amplifier,” IEEE Transactions on Transportation Electrification [Submitted].

8.1 Introduction to the Chapter

In this chapter, my involvement in the project addressing the e�cient powering of
train balises is presented. The focus of the work centers around telepowering systems,
which have traditionally played a vital role in modern railway infrastructure. Train
balises, standardized across global railway systems, serve as essential position sensors
that communicate critical information to onboard train systems. When a train
approaches a balise, it triggers the telepowering process, allowing for the transmission
of position data and other necessary details to the onboard antenna. It transmits
essential control information, such as track layout, stops, direction, and speed limits,
through uplink signals in the form of balise telegrams. Any errors in the wireless
transmission of this information can directly impact the train control system,
potentially causing accidents.

As depicted in Fig. 8.1, the balise system comprises the ground-based balise and the
Balise Transmission Module (BTM), which integrates both the BTM antenna and host
unit. During the information exchange between the train and the balise, the process
is initiated by telepowering, wherein the BTM antenna activates the balise through
excitation signals [66]. Subsequently, the uplink phase follows, during which the balise
transmits vital data, including speed limits and temporary speed restrictions, to the
BTM antenna. This information enables the train to dynamically adjust and regulate
its speed in real time, ensuring safe and e�cient operation.

Fig. 8.1. Operational mechanism and visualization of the balise system [66].
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A key challenge in this area lies in the suboptimal power e�ciency of current systems.
Issues such as impedance mismatches between the antenna and transmission lines, as well
as the distance between telepowering sources and onboard antennas, result in energy
losses. Traditional designs typically consume up to 65 W of power [67], far more than
what is actually required to activate balises. This project has sought to address these
ine�ciencies by introducing an innovative approach that significantly reduces the power
consumption while maintaining compliance with European railway standards [68,69].

The inverter design for the WPT system presented in this thesis is fundamentally
rooted in the outcomes of this project, particularly the design of the Class-E amplifier
discussed earlier. The insights and experimental data gathered from this work have been
instrumental in shaping the advancements detailed in this thesis, serving as a critical
foundation for further development and optimization.

8.2 System Architecture and Functional Overview

The typical design architecture of the system is illustrated in Fig. 8.2. The Balise
Transfer Module (BTM-TX) on board the train is connected to the antenna via a
transmission line (TXL), which is approximately 20 meters in length. The BTM-TX
continuously transmits the telepowering signal through the on-board antenna. When
the train passes over a functional balise, the antenna captures the generated telegram
and relays it through the TXL to the BTM-TX. Following this, the BTM-TX filters
out unwanted signals before passing the processed signal to the Balise Receive Module
(BTM-RX), which is typically mounted adjacent to the BTM-TX via another
transmission line.

Fig. 8.2. Topology of balise-train communication. The on-board antenna transmits
the telepowering wireless signal (red) and receives the telegram wireless
signal (black).
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Fig. 8.3. Schematic diagram of the proposed BTM-TX system.

The newly developed system is comprised of multiple functional blocks, as shown in
Fig. 8.3, designed to enable continuous telepowering transmission at 27.095 MHz. In this
configuration, the entire BTM-TX is replaced by a single PCB housed within the antenna
enclosure. The PCB is powered by a 5 V supply unit, derived from the train’s primary
24 V DC source, to operate the oscillator, driver, and Gallium nitride (GaN) transistor.
The minimal phase noise jitter is expected to have negligible e�ects on the stability of the
Class-E amplifier employed in the system. Additionally, a communication loop antenna,
incorporating a filter, has been designed to receive telegram signals at 4.234 MHz from
the balise via a balanced connection to the BTM-RX circuitry.

In the next stage, the LMG1020 gate driver is utilized to drive the GaN transistor,
improving the speed of both the rising and falling edges of the driver response. The
series resistances between the driver and the GaN device are critical, as they directly
impact the switching performance. The amplifier consists of the nonlinear GaN
transistor and a network of reactive components that form a Class-E amplifier,
optimized for impedance matching to the load. Class-E amplifiers operating at this
power and frequency typically require a low load impedance of around 2 �, while the
connecting cable possesses a characteristic impedance of either 50 � or 75 �, as is the
case in this system. Matching the amplifier to the load, given the large impedance
di�erence, necessitates a carefully designed matching network, which must account for
both power requirements and insertion loss. The antenna input impedance, examined
using emulation measurements from existing technology, is identified as being
approximately 50 �. Given that most available antennas are inductive loops, it is
unlikely that the real part of the antenna impedance aligns closely with this frequency
due to the antenna’s dimensions. In this proposed system, the TXL is integrated as
part of the matching network, allowing the circuit to be tuned e�ectively to the
telepowering antenna, which consists entirely of reactive components. This design
approach serves to minimize power consumption within the antenna.
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8.3 Antenna and Circuit Design for Train Balise Activation

In this section, the methodology for calculating the EM power required for the
activation of the balise is presented, commencing with the determination of magnetic
field intensity at a specified height and a comparison of theoretical calculations with
empirical data derived from simulations conducted in CST. The influence of enclosure
dimensions on the impedance characteristics of the loop antenna is examined, and the
interoperability of the system with concurrent systems is evaluated. Certain detailed
calculations are deliberately omitted, and the reader is referred to the aforementioned
paper for further verification.

Accurate assessment of the power required for balise activation is essential for
establishing minimum thresholds for electrical parameters, including current and
magnetic flux of the BTM-TX. For the sake of simplicity, it is assumed that the
coupling between the BTM-TX antenna and the balise is minimal, thus not
significantly a�ecting the magnetic flux or the loop resistance. With a total loop
resistance estimated at 1 �—a value that accounts for connections and soldering, albeit
overestimated—the real power consumed by the loop is calculated to be 1 W. In
opposition to the aforementioned consumption of 65 W, this notable disparity
emphasizes the potential for a substantial reduction in the power required for balise
activation through meticulous system engineering.

The antenna model was simulated in CST software within a rectangular metal
enclosure as shown in Fig. 8.4a, with a wall thickness of 30 mm chosen to meet
mechanical requirements. A parametric sweep analyzed the impact of the spacing
between the outer loop and the metal box, revealing that the real part of the loop’s

(a) (b)

Fig. 8.4. (a) 3D simulation model of the realized unit from CST and (b) the image of
the constructed unit.
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input impedance remained constant at 0.2 � across all spacing values, while the
imaginary part increased from 95.49 � at a spacing of 25 mm to over 105 � at 45 mm.
To ensure adequate power for the balise while preventing unintended activation of
nearby balises, minimum and maximum magnetic flux values were established. A
simulation scenario at a specified height identified three distinct regions of the magnetic
field distribution: the main lobe zone, side lobe zone, and cross-talk zone. The
maximum acceptable limit for cross-talk was set at -60 dB, which was met according to
the distribution pattern. The magnetic flux in the balise equivalent loop was calculated
using dimensions defined the relevant standard [68], yielding a standard balise size of
358 ◊ 488 mm2. The magnetic flux equation was applied iteratively along the x-axis,
with a loop current of 1 A used to establish the magnetic flux curve. Adjusting the
current to 3 A raised the minimum required magnetic flux threshold to 2.6 nVs.
Analysis indicated that for high-speed trains traveling at speeds exceeding 300 km/h,
the balise remains activated for less than 7 ms while the antenna unit moves.

In compliance with regulations, the WPT and communication systems must remain
operational during train movement. The communication loop detects balise telegrams
at a carrier frequency of 4.234 MHz, utilizing a filter to match the loop’s predominantly
reactive impedance to the TXL and to allow the useful bandwidth defined by Frequency-
shift keying (FSK) modulation. A filter was implemented to reduce power insertion loss
within the passband and improve signal matching between the communication loop and
the receiver, enabling e�ective detection of both the FSK signal and a portion of the
telepowering signal at 27.095 MHz. If the telepowering signal is not detected, control
alarms trigger protective measures.

8.3.1 Description of the Telepowering Circuit Design

After discussing the overall system and the antenna component of the balise
powering system, attention can now be directed to the primary focus of this thesis:
amplifier design. The circuit is based on a Class-E topology, chosen for its
load-independent operation, which enables the WPT system to sustain e�ciency
despite variations in loading [70]. Given the predominantly inductive nature of the loop
impedance, compensating for the inductive reactance necessitates the inclusion of series
capacitors capable of withstanding high currents. To manage the voltage drop across
each capacitor, it becomes essential to divide the required capacitance into multiple
smaller capacitors connected in series. This modification notably impacts the resonance
quality factor, allowing harmonics beyond the fundamental frequency to propagate to
the antenna, ultimately reducing the amplifier’s e�ciency.

The primary challenge associated with the loop antenna operating at this frequency
is the significantly higher reactive component compared to the real component. As a
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Fig. 8.5. Circuit diagram of a Class-E amplifier for telepowering devices.

result, any additional or parasitic elements introduced at the antenna’s input will
substantially alter the overall impedance magnitude. To address this issue, a capacitor
network, as depicted in Fig. 8.5, is incorporated at the antenna’s input, with each
capacitor having a value of 100 pF. This network e�ectively reduces the ratio of the
imaginary to the real component of the impedance, thereby providing the optimal load
for the amplifier. Using the design equations [71] for the Class-E amplifier, a simplified
circuit is constructed, as shown in Fig. 8.5. A key factor in optimizing performance is
isolating the load from potential harmonics generated during the Class-E amplifier’s
switching process. Typically, a series RLC circuit with a quality factor greater than 10
is su�cient for this purpose. However, in this design, the RLC tanking is inherently
synthesized by the matching network and the TXL circuitry located between the
amplifier and the antenna, e�ectively reducing the number of components and
associated losses. Rather than utilizing a very small inductance value, this approach
incorporates a comprehensive model of the TXL cable and optimizes its length to
improve overall e�ciency. This strategy replaces both the capacitor and the RLC
circuit with the TXL, thereby minimizing losses. It is important to emphasize that the
TXL cable used in this setup is an RG-179 and it is not employed for conventional
matching schemes, where cable length is a critical factor. Such a practice would likely
result in suboptimal performance, with the cable contributing approximately 50% of
the losses. However, these losses remain significantly lower compared to alternative
solutions, such as transformers or higher-order filters. Additionally, the high quality
factor, due to the small real impedance, necessitates precise tuning to account for
component tolerance variations. As standards allow only fixed components, the TXL
cable is used as a tuning element by adjusting its length. Accurate modeling of the
cable in ADS enables fine-tuning, with various lengths tested alongside lumped
components to achieve resonance while complying with regulations.
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Fig. 8.6. Image of the prototype including measurement setup.

8.3.2 Simulation and Measurement Results

Modeling involved simulations to assess the impact of shifting the balise loop along
the x-axis, selecting components based on performance, cost, and availability. CST
provided S-parameters, Z-parameters, and magnetic field data for post-processing and
co-simulation with a nonlinear GaN device. Circuit simulations using ADS’s transient-
assisted harmonic balance method analyzed 32 harmonics. Measurements were taken on
a prototype with FR4 boards, housed in an aluminum enclosure (Fig. 8.6).

The load segment, including the WPT loop, capacitor network, and coaxial cable
was simulated and measured, with impedance results. While cable length adjusts the
imaginary component, controlling the real component proved di�cult, with a simulated
value of 3 � and a measured value of 1.8 �. This discrepancy is likely due to common and
di�erential mode currents a�ecting measurements, which simulation alone cannot fully
address. Neglecting this could impact the amplifier’s load-sensitive e�ciency. The circuit
was initially built without the driver and simulated in ADS. One-port S-parameters for
the WPT loop, including antenna capacitors and a 40 cm TXL cable, were measured with
a vector network analyzer over 2-50 MHz and imported into ADS for tuning. Fig. 8.7a
shows the simulated and measured GaN drain voltage waveforms, which closely align.
Discrepancies stem from parasitic inductance in the connections between the GaN output
and the circuit, resulting in overshoots of about 3 V in the positive cycle and up to 8 V
in the negative cycle, likely due to inaccuracies in the SPICE model’s time-to-frequency
domain conversion.

The SPICE model for the driver was integrated into the circuit schematic, revealing
slight discrepancies between the simulated and measured drain and gate voltages.
However, improvements in the drain voltage overshoots can be observed by comparing
the plots in Fig. 8.7. The variations are likely attributed to external parasitic elements
from the interconnections involving the driver, resistors, and GaN device. Although the
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observed gate signal, as shown in Fig. 8.8a, exhibits overshoots that are acceptable as
long as the operating point remains stable, careful selection of gate resistors can
e�ectively manage this behavior. The resistors must balance the gate capacitor’s
charging time—crucial for proper switching—against the need to limit excessive
overshoot or ringing. Adequately sized resistors can reduce ringing e�ects caused by
parasitic inductance while ensuring the necessary charging time constant for e�ective
operation. Additionally, waveform distortions around the gate threshold during
switching stem from factors such as Miller capacitance, the non-linear behavior of the
GaN gate capacitor, and the gate plateau e�ect [72]. As shown in Fig. 8.8b, the output
voltage waveforms from simulation and measurement closely align.

The loop current was measured indirectly using the method described in [73], where
the loop antenna, connected to a spectrum analyzer, allows for the calculation of
magnetic field intensity. A wooden slider was utilized to move the prototype along the
x-axis, maintaining a constant height of 22 cm above the balise. Measurements were
taken at various displacements, with the most critical reading at the center where the
loop aligns with the geometric center of the balise. At the carrier frequency of
27.095 MHz, the received power at the center was measured as -1.7 dBm. Using
performance factor data from [73], the magnetic field intensity was calculated,
assuming the loop is una�ected by transverse magnetic components. Based on these
calculations, the loop current was determined to be 3.3 A. Since direct load current
measurement is not feasible, the circuit e�ciency was calculated indirectly using the
simulated antenna impedance and loop current. With a total power consumption of
5.3 W for both the antenna and the 40 cm RG-179 cable, and a DC input power of
18 W, the system’s indirect e�ciency was found to be slightly more than 70%. The
detailed calculations for these results are outlined in [65].
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Fig. 8.7. Comparison of simulated and measured drain voltages of the GaN device (a)
before and (b) after driver integration.
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Fig. 8.8. Simulated and measured (a) gate and (b) load voltages of the GaN device
with the driver.

8.4 Conclusion of the Chapter

This section presents a novel design for powering train balises, validated through
a combination of simulations and measurements. The impact of the distance between
the wireless loop and its metal enclosure was analyzed, revealing variations in input
impedance and magnetic field strength. In addition to o�ering an alternative approach
to the existing commercial standard, a key challenge was matching the Class-E amplifier
to a predominantly inductive load with a minimal real component. This issue was
resolved by balancing the real and reactive components through a capacitor network,
while fine-tuning was achieved by optimizing the inductive properties of the TXL cable.
The telepowering circuit was designed to operate with the lowest possible DC voltage,
supported by a gate driver to provide the necessary high-current drive to the power
device. The final circuit achieved a 70% indirect e�ciency, significantly reducing the
power required to activate the balise.

This section of the thesis functions as a preliminary exploration for the design of a
Class-E based inverter, which is detailed in Chapter 5 and is intended for subsequent
integration with a transparent antenna to facilitate a comprehensive in-space WPT
transmitter. Consequently, this chapter o�ers a high-level overview of the research,
rather than engaging in an exhaustive discussion of technical specifics. Furthermore,
this chapter marks the culmination of the presentation of my research work, while the
subsequent chapter will explore the future prospects and implications of in-space WPT.
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9 Future Prospects and Impacts of In-Space
Wireless Power Transfer

As the exploration and utilization of outer space continue to expand, the integration
of WPT not only holds promise for enhancing operational capabilities but also poses
important considerations for the sustainability and safety of space activities. One of
the foremost challenges arising from the burgeoning satellite population and the growing
volume of space debris is the imperative to manage orbital sustainability e�ectively.

9.1 Managing Space Debris and Orbital Sustainability

The rapid growth in the number of satellites and space debris in Earth’s orbit
presents significant challenges for space infrastructure. As the density of these objects
increases, so does the risk of collisions between satellites and debris, which can lead to
unexpected fragmentation events. These collisions not only threaten the functionality
of active satellites but also create more debris, further escalating the risk of future
collisions. The consequences of such events can be severe, including damage to space
assets, disruption of crucial services like communication and navigation, and even the
potential for a cascading e�ect, known as the Kessler syndrome [74], where debris
generation becomes uncontrollable.

Moreover, the increasing volume of debris raises concerns about the long-term
sustainability of Earth’s orbits. If left unmanaged, the accumulation of space junk
could render key orbital pathways unusable, restricting access to space for future
missions and making it di�cult to maintain and deploy new space-based technologies.
The degradation of these orbits could severely impact the services that satellites
provide, from weather monitoring to global communications, underscoring the urgent
need for e�ective space debris management strategies and policies to preserve the
safety and functionality of space infrastructure.

The rapid commercialization of space and the growing prevalence of satellite
constellations, such as SpaceX’s Starlink and OneWeb, have drastically increased the
number of satellites operating in LEO. This surge in orbital tra�c has heightened
concerns about space debris and the potential triggering of the Kessler E�ect, where
collisions between objects in space could create a cascade of debris. Despite e�orts to
implement debris mitigation strategies, the steady launch of satellites continues to
contribute to the accumulation of both tracked and untracked space debris. While
some companies, like SpaceX, design their satellites to deorbit and burn up at the end
of their operational lives, the overall volume of objects in orbit is becoming a growing
challenge [75]. This situation underscores the urgent need for more e�ective debris
removal technologies and stricter enforcement of space debris mitigation policies to
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Fig. 9.1. Payload launch tra�c of missions to LEO and GEO provided by the Space
Debris Environment Report [76].

Fig. 9.2. Percentage of orbital fragmentation caused by various events, as reported in
the Space Debris Environment Report [76].

maintain the long-term sustainability of space activities.
Fig. 9.1 and 9.2 provide compelling visual evidence of the rising complexity of space

debris management. In Fig. 9.1, the dramatic increase in payload launches since the 2010s
is primarily attributed to the commercial sector, which dwarfs civil, defense, and amateur
payloads. The sharp spike observed from 2020 onward aligns with the mass deployment
of satellite constellations, particularly in LEO. This exponential growth signifies the
escalating challenge of managing an overcrowded orbital environment. It is clear that
as the number of commercial satellites continues to surge, the potential for accidental
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collisions and debris generation will also rise. In Fig. 9.2, the breakdown of fragmentation
events by cause over time o�ers valuable insight into the dynamics of debris creation. It
is evident that propulsion failures and anomalous events have consistently contributed to
a significant portion of these events, with collisions becoming a growing concern in the
last few decades. The share of unknown causes also remains non-negligible, underscoring
the challenge of tracking and attributing space debris events. The variation in the types
of fragmentation events over time suggests that di�erent mitigation strategies may be
necessary depending on the dominant debris-generating factors during specific periods.
Together, these figures highlight not only the accelerating pace of space activity but
also the diverse sources of debris, both of which complicate e�orts to maintain safe and
sustainable space operations.

To address the escalating challenges posed by space debris, several innovative
mitigation and remediation strategies must be implemented. One promising approach
involves developing debris removal technologies that use minimal propellant, such as
electrodynamic tethers [77] or ion-beam shepherding [78], enabling e�cient deorbiting
of space debris without significantly adding to the operational cost of active satellites.
In-space recycling and re-use of orbital assets is another key strategy, where obsolete
spacecraft can be repurposed, reducing the need for new launches and preventing
additional debris accumulation. Moreover, enhancing collision avoidance systems
through advanced autonomous algorithms will be vital as orbital congestion grows,
allowing for real-time decision-making and trajectory adjustments based on predictive
models. The improvement of sensor networks for detecting smaller, untracked debris,
combined with refined simulation tools for re-entry, will further bolster debris
mitigation e�orts by ensuring that deorbited objects pose minimal risk. These
integrated approaches are crucial to maintaining the long-term sustainability of space
activities in increasingly crowded orbits.

In addition to these strategies, air-breathing thrusters [81] are emerging as a
promising solution for deorbiting satellites and space debris by leveraging atmospheric
particles to generate propulsion, with some examples of this concept shown in Fig. 9.3.
These thrusters can draw in scarce atmospheric molecules, such as oxygen and
nitrogen, allowing for thrust generation without the need to carry large amounts of
propellant. This capability makes them particularly suitable for small satellites or
debris still situated in LEO, where the thin atmosphere can still be utilized e�ectively.
As the thruster collects and compresses these atmospheric particles, it converts them
into thrust through combustion or other propulsion techniques, enabling a gradual
reduction in altitude until re-entry occurs. However, it is important to note that
air-breathing thrusters require additional energy to e�ectively ionize and accelerate the
collected particles, adding complexity to their design. This energy demand can pose
challenges for smaller spacecraft with limited power resources, underscoring the
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(a)

(b)

Fig. 9.3. Examples of air-breathing electric propulsion system concepts: (a) Romano
et al. concept [79], (b) AETHER project [80].

necessity for careful planning and integration of power systems in the deployment of
this promising technology for debris mitigation.

One potential solution to address the energy demands associated with various
propulsion systems, including air-breathing thrusters, is the implementation of in-space
WPT systems. This technology can be particularly beneficial in scenarios where
satellites or debris equipped with di�erent propulsion methods require additional
energy for their operations, especially when solar power is insu�cient or unavailable
due to orbital conditions or shading from other objects. Moreover, integrating WPT
with transparent antennas and solar cells can optimize space and reduce costs, allowing
for e�cient energy transfer while simultaneously generating power for other onboard
systems. This integration not only enables continuous operation of the propulsion
system without physical connections but also enhances overall system e�ciency by
maximizing available resources. As a result, WPT could support a range of propulsion
technologies, enabling sustained operation without the burden of carrying extra fuel.
As the development of in-space WPT technology progresses, it holds the potential to
significantly enhance the e�ectiveness and viability of various propulsion systems,
ultimately contributing to more e�cient and e�ective space debris mitigation strategies
across diverse applications.
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10 Conclusion

The thesis explores various integrated antenna technologies and their application in
WPT for space and communication systems. Central to this investigation is the
development of transparent antennas that can be integrated with solar panels, o�ering
a dual function of energy harvesting and wireless power transmission. By leveraging
the abundant solar energy in space and combining it with e�cient WPT systems, the
research presents a novel approach to satellite energy autonomy, extending the
operational capabilities of space-based systems.

A key contribution of this thesis is the design and optimization of transparent
antennas. Fabricated with conductive mesh patterns, these antennas e�ectively
transmit and receive electromagnetic waves while maintaining high levels of
transparency, allowing them to be placed directly over solar panels. This research
highlights the critical role of transparency in antenna design, not only to ensure
e�cient electromagnetic wave transmission but also to minimize any potential
reduction in solar panel e�ciency. By optimizing the line width and spacing of the
meshed antennas, the study achieves remarkable transparency without compromising
performance. A significant design enhancement includes the elimination of horizontal
lines, which further enhances optical transparency while preserving robust
electromagnetic functionality.

The integration of transparent antennas with PV panels is a major focus of the
thesis. The author presents a detailed examination of the challenges involved in
combining these two technologies, particularly the interaction between the antenna and
the solar panel’s metal contacts, which can a�ect both the antenna’s radiation pattern
and the solar panel’s energy conversion e�ciency. The research successfully develops a
generalized model to optimize this interaction, ensuring that the antenna does not
significantly degrade the performance of the solar panel. The thesis also presents an
in-depth investigation into the interaction between the antenna and the solar panel’s
top metal contacts, which a�ect both the antenna’s radiation pattern and the solar
cell’s energy conversion e�ciency. Extensive simulations and experimental validation
demonstrate the feasibility of this combined system, o�ering practical solutions for
energy-constrained space missions.

In addition to the transparent antenna design, the thesis explores the development
of WPT systems for space applications, particularly for CubeSats. The concept of in-
space wireless power transfer between satellites is examined through various scenarios,
including power transfer from larger satellites to CubeSats and cooperative power sharing
within a swarm of CubeSats. The research demonstrates that, while long-range power
transfer between larger satellites is achievable over several kilometers, cooperative power
sharing between CubeSats is constrained to shorter distances due to their limited power
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generation capacity. Nonetheless, the research highlights the viability of coordinated
power transfer within a CubeSat swarm for short-range applications.

The research also extends to the design of a Class-E amplifier-based inverter, which
plays a crucial role in the WPT system. The inverter is responsible for converting the
DC power generated by the solar panel into high-frequency AC signals that can be
transmitted wirelessly. By employing a Class-E amplifier, the research achieves high
power conversion e�ciency, which is essential for space-based systems where energy
resources are limited. The design of the inverter is carefully optimized to ensure that
it can drive the transparent antenna array e�ectively, providing the necessary power for
wireless transmission without introducing significant losses.

Furthermore, the thesis examines the broader implications of the research for space
sustainability. As the number of satellites in orbit continues to grow, managing space
debris and ensuring the long-term sustainability of orbital pathways are becoming
increasingly important. The research suggests that WPT could play a pivotal role in
debris mitigation by enabling the use of energy-e�cient propulsion systems.

Overall, the thesis makes a significant contribution to the field of space-based WPT
and integrated antenna technologies. The development of transparent antennas that
can be integrated with solar panels represents a major advancement in satellite energy
systems, o�ering a solution that combines energy harvesting and wireless power
transmission in a single structure. The research not only demonstrates the feasibility of
this approach but also provides a clear pathway for further optimization and
implementation in future space missions. Additionally, the exploration of Class-E
amplifier-based inverters and their application in WPT systems o�ers valuable insights
into the design of e�cient power conversion systems for space applications. By
addressing the challenges of space debris and orbital sustainability, the research also
highlights the potential of WPT to contribute to the long-term sustainability of space
activities.

In conclusion, the thesis presents a comprehensive study of integrated antenna
technologies and wireless power transfer solutions for space and communication
systems. Through the development of transparent antennas, e�cient power amplifiers,
and innovative WPT systems, the research provides a foundation for future
advancements in satellite energy autonomy and space sustainability. The findings of
this research have the potential to impact not only space missions but also terrestrial
communication networks, where WPT could play a key role in powering low-energy
devices and o�-grid systems. As technology continues to evolve, the integration of
WPT with other energy systems will likely become a critical component of
next-generation communication and power infrastructure, both in space and on Earth.
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