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Summary

In recent years, significant effort has been done to the study and development
of telecommunication devices and technologies. The increasing use of wireless
communication and the rising needs of different applications have led to
innovation in antenna design and functionality. Furthermore, in the context of
the Internet of Things, new needs must be addressed not only in long-range

communication systems but also in near-field applications.

This thesis focuses around two key aspects: the design of electromagnetic
field confinement devices, which rely on generating evanescent waves through
periodic and uniform structures, and the design of leaky wave antennas. The
former is essential for close-range applications (for example RFID, wireless
energy transfer, drug monitoring, etc.), enabling interaction between the field
and transponders, sensors, actuators, and other components. On the other
hand, the latter finds application in diverse scenarios such as radar systems,
object tracking, information transmission, imaging, and more. Moreover, this
thesis explores the realm of prototyping microwave devices using 3D printing,
offering a cost-effective and efficient approach to construct intricate structures.
Furthermore, diverse methodologies for metallizing the printed structures have
been proposed and tested. The results obtained in this thesis extend the state-
of-the-art in the field of leaky wave antennas and electromagnetic field
confinement devices. Proof-of-concept prototypes support the validity and
viability of the suggested devices. Theoretical analysis, electromagnetic

simulations, and experimental results exhibit a high level of concordance.
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CHAPTER 1. MOTIVATION AND OBJECTIVES

Chapter

Motivation and objectives

The transmission and reception of information has been a fundamental
requirement in the development of human society. The earliest
telecommunications technologies employed to transmit information across
distances visual cues be means of beacons or smoke, and acoustic signals with
tools like drums, horns, and trumpets. Telecommunications have evolved
significantly since then, becoming not only a fundamental element of our
modern environment but also a revolutionary force shaping our interactions
with the world [1]-[3]. They play a critical role in binding our society together,
bridging gaps between distant regions, and enabling the global exchange of
information. Telecommunications drive essential concepts like globalization,
Internet of Things, and the advent of Industry 4.0. They become indispensable
in an extensive array of activities, including financial, commercial,
entertainment, and business activities. Moreover, their influence extends to
automation application, tracking object in real time, efficient control of
industrial processes, and enhancing resource management efficiency, among
others.

Antennas, as integral components of wireless communication systems, play
a central role in this evolution. They serve as the interface between wired
systems and the propagation of waves through free space, enabling the transfer

of signals. The behavior of antennas is thoroughly explained by Maxwell's
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equations, offering a strong understanding. The historical development of
antennas includes iconic designs such as the dipole antenna, parabolic antenna
(parabolic reflector), Yagi-Uda antenna, among others [4]-[9]. The rapid growth
of wireless communications, microwave sensors, remote control, imaging needs,
and radars has triggered the introduction of innovative antenna designs over
the past decade. The use of powerful computational tools has further fueled this
innovation, enabling the realization of new antenna designs driven by a desire
for more efficient, multifunctional, and cost-effective solutions. The commercial
mobile communications industry has been a key driver in the growing demand
for antenna design, with antennas now widely used in public applications such
as cellular communication, 5G, 6G, GPS, satellite connections, WIFI, RFID,
Bluetooth, among other technologies.

In the field of communication systems, there's a rising demand for
applications that ensure precise interaction within specific volumetric regions
between the transmitting device and the receiving entity (including samples,
actuators, transponders, or sensors). Some examples of such applications
include points of sale at shops with desktop RFID readers, wireless energy
transfer, optical fiber coupling for biosensor applications, therapeutic drug
monitoring, and efficient control of department stores, among others.
Conventional antenna designs face significant challenges in achieving effective
control over the illumination area, as radiation often leaks beyond the intended
range, making it difficult to ensure the desired level of confinement. These
limitations underscore the need for new and innovative solutions. In this
context, our research group proposes a mnovel structure concept, called
electromagnetic field confinement device, aimed at addressing these challenges
and opening the door to improved designs that provide better control and
efficiency in confined communication scenarios.

Nowadays 3D printing is revolutionizing the way to create intricate
structures and models that used to be expensive and technically challenging to
build. In the world of microwave device manufacturing, this breakthrough opens
up new possibilities for cheap prototyping. While our research group has the
means to independently self-produce prototypes in planar technology (e.g.,
microstrip) with a milling machine, the production of waveguides continues to

present a significant challenge. The accessibility of 3D printers, however, offers
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a unique opportunity that enables us to explore new design and technological
possibilities.

The aim of this thesis is to advance beyond the current state of Leaky-
Wave Antennas, by introducing new designs based on waveguides that ensure
proper functionality within their operational bandwidth. Additionally, the
study will continue by exploring new designs for electromagnetic field
confinement devices, specifically for RFID and high-power applications, using
SIW and air-filled waveguide technology. As a secondary objective, different
approaches for prototyping microwave devices using the tools and materials
available within our research group will be analyzed for their feasibility. With

these goals in mind, the thesis has been organized as follows:

e Chapter 1 introduces the current motivation and objectives of this
thesis, delineates how the thesis has been structured in each successive
chapter, and shows the projects and grants that contribute to its
development.

e Chapter 2 is an overview of leaky wave antennas (LWAs) and
electromagnetic  field confinement devicess (EMFCDs), their
applications, and their potential impact on the market. Concepts like
"'space harmonic' and the 'k vs. B diagram"' are introduced to aid in
understanding the discussed terminology.

e Chapter 3 is focused on the exploration of 3D printing prototyping for
telecommunications devices. It delves into the feasibility of various
materials and metallization processes. The chapter involves the design
of diverse communication devices using both planar and waveguide
technology, aiming to assess the potential of in-house fabrication for
subsequent devices.

e Chapter 4 is dedicated to the design of a periodic leaky-wave antenna
featuring backward-to-forward scanning capability. A novel design
approach is put forth to efficiently address the open stopband issue
inherent in periodic structures, that degrades the radiated beam around
the broadside direction. Within this context, two antenna versions (with
unidirectional and bidirectional radiation pattern) based on the same

periodic structure are proposed, analyzed, fabricated, and characterized.
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Furthermore, a matching network based on coaxial to waveguide
transition is designed.

e Chapter 5 is dedicated to the proposal and analysis of different
electromagnetic field confinement devices. This chapter delves into the
surface wave mode using two different approaches. The former based
on uniform structure in SIW technology, and the later based on periodic
structures in air-filled waveguide technology. Moreover, two matching
networks to feed the different structures are designed.

e Chapter 6 summarizes the most significant outcomes and contributions
presented in this thesis. Moreover, this chapter proposes future research

lines that stem from the results of this thesis.

The research conducted for this thesis, spanning the years 2018 to 2023,
was carried out within the GEMMA /CIMITEC group (Grup d’Enginyeria de
Microones, Metamaterials I Antenes / Centre d’Investigaci6 en Metamaterials
per a la Innovacié en Tecnologies Electronica i de Comunicacions) from 2018
to 2021 and the research group formed by Jordi Bonache and Gerard Zamora
from 2021 to 2023, both of which are integral parts of the Electronics
Engineering Department at the Universitat Autonoma de Barcelona. The
activity of GEMMA-CIMITEC has been focused on RF /microwave engineering,
and its research scope encompasses metamaterials, printed electronics, 3D
printing, microfluidics, RFID, among others. Similarly, within the new group
founded by Jordi and Gerard, their work in the field of RF/microwave
engineering primarily revolves around the application of advanced concepts and
technology for the design of RFID devices, electromagnetic field confinement
devices, leaky wave antennas, 3D printing prototyping, among others.

This work has been funded by the Catalan and Spanish governments
through various projects. Among the projects and contracts with different
institutions and companies that have provided support for the development of
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Chapter

Introduction

This chapter provides an overview of leaky wave antennas (LWASs),
outlining different configurations and types, as well as discussing their key
characteristics. It also includes an analysis of their current state of art and
market scope. Moreover, the chapter serves as an introduction to
electromagnetic field confinement devices (EMFCDs), while also delving into a
discussion of the current state of the art, which sets the foundation for this
research. The concept of space harmonic and the k vs. f diagram are shown,
providing information about the concepts and terminology used throughout the
discussion of both types of devices. Through these explanations and analyses,
the chapter aims to lay a solid foundation for understanding and exploring

leaky wave antennas and electromagnetic field confinement devices.

2.1 Space harmonics and k vs B diagram

In the realm of microwaves and radiofrequency technology, the analysis of
radiation and signal propagation is essential for understanding and designing
efficient and effective systems. Among the most powerful tools for visualizing
and comprehending the dispersion and behavior of electromagnetic waves in
antennas is the k vs. f diagram. This diagram provides valuable insight into
the interaction between the propagation constant ko and the phase constant f

7



CHAPTER 2. INTRODUCTION

of a structure, allowing the analysis of wave propagation and scattering in
various directions and frequencies as they interact with these structures. To
enhance comprehension of this diagram, introducing the concept of space
harmonics, particularly in the context of periodic structures, is essential.

When a periodic element is introduced into a uniform structure with a
separation distance d, space harmonics emerges [1]. These harmonics represents
different wave components that collectively contribute to the overall
electromagnetic field.

—p|

s

Figure 2.1. Uniform structure loaded with a periodic element.

According to Floquet's theorem, the behavior of the field within the periodic
structure can be described as a combination of a fundamental traveling wave
with a propagation wavenumber ky and a standing wave P(z) that exhibits
periodicity with the same pattern every distance d along the transmission
direction z. This periodicity is defined by the following condition:

P(z) =P(z+d) (2.1)

Expressing the standing wave P(z) within each period d as a Fourier series

gives:

+ oo
P(z) = Z p,e~i@mn/d)z (2.2)

n=—oo

Which leads to a representation of the waveform in terms of an infinite

number of space harmonics:

+00
W(z) = e~ Z PoeiBn (2.3)

n=-—oo



2.1 SPACE HARMONICS AND k VS ff DIAGRAM

Where a is the attenuation constant of the propagated wave, and S, is the phase
constant of a specific n—space harmonic. The phase constant of each space
harmonic can be defined as follows:

Znn)

b =B+ @24)

Where n is an integer representing the nth space harmonic. The understanding
of how electromagnetic waves interact with periodic elements becomes
particularly valuable when designing antennas [1]-[3], metamaterial structures
[4]-[5], photonic crystals [6]-[8], optical gratings [9]-[11], and other
electromagnetic devices based on periodic elements.

In figure 2.2 the dispersion diagram of air-filled rectangular waveguide
periodically loaded with radiator elements (for i.e. rectangular slots placed in
the wide wall) spaced d is represented according to equation (2.4).

|
N
)
|
NS A B
8
S
NS
N)
N
S|

Bd

Figure 2.2. Representation of the dispersion diagram for different space harmonics
within a periodically loaded air-filled waveguide. Radiation region is highlighted in
gray. Red dotted line indicates cutoff frequency of the fundamental TE;y mode, and
green dotted line indicate broadside frequency for the space harmonic n-1.

On the dispersion diagram, lines corresponding to different Floquet
harmonics indicate the conditions under which electromagnetic waves can

propagate within the periodic structure. In the specific context of antenna
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CHAPTER 2. INTRODUCTION

design, valuable insights can be derived from the k vs. f diagram, yielding the

following information:

Radiation direction: The radiation direction of an antenna refers to the
main direction in which the antenna emits or receives radiofrequency
signals with maximum efficiency. Examination of the Floquet
harmonics' positioning relative to the light cone unveils the radiation
direction. The light cone essentially acts as a constraint in reciprocal
space (Brillouin diagram), determining the region where the antenna
radiates efficiently. When some space harmonic is located within the
light cone and the first quadrant of the diagram, radiation occurs in the
forward direction, aligned with the signal's propagation within the
antenna. A phase constant =0 implies broadside radiation. In this case,
the waves propagate perpendicular to the propagation direction. When
the phase constant lies within the second quadrant of the diagram, the
radiation direction becomes backward. This indicates electromagnetic
waves are emitted in the direction opposite to the signal's propagation
within the structure. Finally, when the phase constant intersects with
the light cone, the radiation is referred to as endfire or backfire, if it is
in the first quadrant or the second quadrant, respectively.

Cutoff Frequency: The cutoff frequency of an antenna is the minimum
frequency at which the antenna can transmit or receive signals
efficiently. Below this cutoff frequency, the antenna will not operate
optimally, and signal propagation will be deficient. In figure 2.2 red
dotted line indicate cutoff frequency of the fundamental TE;y mode
(higher order modes are omitted).

Grating lobes: These lobes represent additional directions in which a
periodic antenna can emit or receive signals efficiently, apart from the
main or desired direction. The presence of grating lobes becomes evident
by observing overlapping regions in the dispersion diagram, where
multiple harmonics coexist at the same frequency region within the light
cone.

2.2 Leaky Wave Antennas

Leaky Wave Antennas have been one of the most active areas of research

in microwave engineering since 40’s when a slotted rectangular waveguide LWA

was proposed [12]. Leaky-wave antennas are based on a wave propagating

along a guiding structure (travelling-wave structures) and gradually leaking its

energy out to free-space in coherent radiation [13]-[14]. LWAs have gained

10



2.2 LEAKY WAVE ANTENNAS

significant popularity in the microwave and higher frequency ranges due to
their ability to achieve high directivity, narrow beamwidth over a wide
frequency band (typically from about 1% to 10%), and beam scanning
capability with a simple structure without the need for a complicated and costly
feed network unlike array antennas [13], [15].

Main characteristics of 1-D LWAs

Leaky-wave antennas can be classified based on two principles. One is based
on the wave propagation and other is on feeding location. These factors will
influence the performance of the antenna.

When examining the wave propagation characteristics, LWAs can be
categorized into two types: 1-Dimensional LWAs and 2-Dimensional LWAs. In
the realm of 1-Dimensional LWASs, the antenna structure supports the waves
which are travelling in a predetermined direction. On the other side, 2-
Dimensional LWAs introduce a more intricate design, employing a guiding
structure that facilitates radial wave propagation originating from the feed
point. This design is a simple and easy way of receiving a beam pattern oriented
in the broadside direction. 2-D LWAs are having a partially reflecting surface
on the upper side of ground structure. 1-D LWAs are generally divided into
three categories depending on the geometry: uniform, quasi-uniform, and
periodic. Each category presents different performance attributes regarding
main lobes, scanning range, dimensions, and more.

The performance of LWAs will also vary based on the feeding location.
Typically, LWAs are fed at one end, allowing the wave to propagate along the
structure's axis [2.3. (a)]. Alternatively, a center feed that generates
bidirectional excitation is also possible [2.3. (b)]. It will become evident that a
center feed proves valuable in generating broadside beams, particularly in
structures where beam steering is limited to a single quadrant. Before delving
into a more detailed discussion of the 1-D LW As categories, it is important to
describe the most significant attributes in antenna design. Below are
descriptions of some of the most important terms related to Leaky Wave
Antennas [16]-[17]:

e Radiation Pattern: Describes how the antenna radiates electromagnetic
energy in different directions, providing insights into the directional
behavior of the antenna's emission.

11
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(a)

7=0

(; S — :|

Source Load
(b) Y l_'
7=0
[Qj.lj.djng Structure( ) j
Load Source Load

Figure 2.3. Illustration of different LWA feed modes. (a) Source located at one end
of the guiding structure. (b) Source located in the center of the guiding structure.

e Directivity: Defined as the ratio between the radiation intensity of the
antenna in the direction of its maximum and the radiation intensity of
an isotropic antenna that radiates with the same total power.
Directivity has no units and is commonly expressed in logarithmic units

(dBi).

e Gain: Established as the power gain in the direction of maximum
radiation. The unit of antenna gain is dBi.

e Beamwidth: Defines the angular span between the half-power points of
the main lobe in the radiation pattern, providing information about the
angular coverage of the antenna's emission.

e Scanning Capabilities: Refers to the antenna's ability to steer its
radiation pattern in different directions.

e Leakage Constant: Describes the rate of power leakage along the
antenna structure, influencing the antenna's directivity and radiation
efficiency.

e Bandwidth: Specifies the range of frequencies over which the antenna's
performance remains within acceptable limits, providing an indication
of the frequency range of effective operation.

12



2.2 LEAKY WAVE ANTENNAS

e Radiation Efficiency: Measures the proportion of input power that is
converted into radiated power, providing insights into the antenna's
effectiveness in transmitting electromagnetic energy.

e Frequency Sensitivity: Describes how the main beam angle of the
antenna changes with variations in frequency, typically measured in
degrees per Hertz (°/Hz).

e Aperture distribution: Is the space distribution or pattern of current
or power across the aperture (opening) of an antenna. The aperture
distribution is a fundamental characteristic of an antenna's design and
operation, and it plays a significant role in determining the antenna's
radiation properties.

e Sidelobe level (SLL): Quantifies how much electromagnetic energy is
radiated in the sidelobes. Typically, in uniform aperture distribution,
sidelobes are 13 dB lower than main lobe. A lower sidelobe level is
generally desirable for many antenna applications to maximize
directivity, reduce interferences, and avoid false detections.

e Antenna Size: Physical dimensions of the LWA. Often indicated in
terms of wavelength.

e Polarization: Describes the orientation of the electric field vector of the
radiated electromagnetic wave, which influences the wave's interaction
with other objects and media.

Typically, the radiation efficiency e, aiming for around 90% efficiency and
can be approximated with the load absorption by

e, =1—e 20 (2.5)

Where a is the leakage constant (i.e. attenuation constant without considering
dielectric or ohmic losses), and L the total length of the radiating aperture.
Another characteristic of the LWA is that typically emits a conical beam at an
angle 0 from the z-axis [Fig.2.4. (a)]. Furthermore, when multiple LWAs are
arranged side by side, it is possible to achieve a pencil beam [Fig.2.4. (b)] [14]-
[15], [18]. In both scenarios, considering only the real part of the wave vector is
enough for determining the emission angle, which can be computed as follows:

Cos(6) = kﬁ (2.6)
0

13



CHAPTER 2. INTRODUCTION

y
Y1 Broadside
Broad81de
Backward scan B ard scan
Backward scan Forward!scan z
X

(a) (b)

Figure 2.4. An illustration of the type of beam produced by LWAs that propagates
the signal in z-direction. (a) Conical beam. (b) Pencil beam.

It’s important to distinguish the two distinct approaches in travelling-wave
antennas: dielectric-filled and air-filled [14]-[19]. Each of these approaches has
its own characteristics and introduces different design considerations, giving
rise to a wide spectrum of innovative designs. The former, where dielectric-filled
transmission lines and dielectric-filled or partially dielectric-filled waveguides
are used as the propagating medium generally result in slow wave structures.
The latter, fully metallic designs that result in fast wave propagation structure.
Air-filled LWAs are a good option for scanning applications where high-power
handling capability, low loss, good stability, and reliability is required. On the
other hand, dielectric-filled structures allow for miniaturized designs compared
to air-filled structures. When dielectric-filled structures are based on planar
technology (i.e. microstrip, SIW, coplanar, among other), designs allow fast and
cheap prototyping, low metal losses and easier integration with PCBs. However,
when the application requires high frequencies (for example mmW, sub-mmW,
etc.), dielectric-filled structures require a very thin substrate, which can make
designs challenging to implement due to the short wavelength [15]. Moreover,
dielectric losses in dielectric-filled structures can lead designs to be unreliable
for hard environments due to the dielectric loss tangent and dielectric constant
is often a function not only of frequency, but also temperature, humidity,

material quality, etc. Additionally, as frequency increases, dielectric losses
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2.2 LEAKY WAVE ANTENNAS

become higher compared to metal losses. This can be inferred from the
equations that describe losses [20]-[21] in transmission lines and waveguides.
The attenuation constant a can be decomposed into at least three components:
one accounting for metal loss a., another for dielectric loss attributed to the
loss tangent a4, and another associated with radiation a,. Omitting losses due
the radiation, the metal losses o. and dielectric losses aq in microstrip

transmission lines are given by:

Ry

~wz,

a. (Neper/m) (2.7)

ag (Neper/m) (2.8)

_ my/&, tans <€reff - 1) &

/10 87" - 1 Teff

Where ¢, is the effective relative permittivity of the dielectric material, &
is the relative permittivity, tan(d) is the dielectric loss tangent, Ay is the
wavelength in free space, Zy is the transmission line characteristic impedance,
W is the line width, and Rs is the radio frequency (RF) sheet resistance (often
called surface resistance or surface impedance) per unit length based on the

physical dimensions of the structure. Rg is given by

_ [@K
Ry= |5~ (@/m) (2.9)

Where @ is the angular frequency, u is vacuum magnetic permeability, and o
is the electric conductivity of the material. Below, metal losses o. and dielectric
losses aq (in case of dielectric-filled waveguide) in rectangular waveguides for

the mode TE,q are shown:

k? tand
a; =——— (Neper/m) (2.10)
2By
_ Rs(2bm? + a®k?)
b = T BBk

(Neper/m) (2.11)

Where f; is the guided phase constant, a and b the width and the height of the

waveguide respectively, # is the free space characteristic impedance. As can be

15



CHAPTER 2. INTRODUCTION

observed, in both cases, metal losses are proportional to \/7 . However, the
dielectric losses increase proportional to the frequency in TEM/QuasiTEM
transmission line and waveguides. Nevertheless, designs based on rectangular
waveguides are typically air-filled, so the losses in the dielectric are 0.

The choice between dielectric-filled and air-filled structures will vary

depending on the requirements of the application.

In uniform LWAs the guiding structure is uniform along its length and

supports a fast wave with respect to free space. Furthermore, exists the
possibility of introducing a taper along its length in order to achieve non-
uniform current or aperture distribution. The use of non-uniform current
distributions (i.e. Taylor distribution, cosine distribution, among others) can
lead to lower levels of secondary lobes at the expense of increasing the width of
the main beam or reducing the antenna's gain [17]. The radiation patterns
achieved in these structures can vary significantly based on the source's
placement (according to figure 2.3). In the first configuration, the antenna is
fed at one end (z = 0), often with an absorber or matched load at the other end
(z = L) for residual power absorption. In this case the phase constant is within
the range 0 < f < ko. For such a uniform leaky-wave antenna fed at one end
(and therefore supporting a wave propagating in a single direction on the
guiding structure) it is difficult to obtain a beam exactly at broadside, since
this corresponds to the cutoff frequency in the case of TE/TM structures and
f =0 in the case of TEM/QuasiTEM structures. In the second scenario, the
structure is center-fed (z = 0), with matched loads at both ends (z = £L/2) to
absorb remaining power. In this case, a bidirectional radiation pattern with
angle £0 is generated in azimuth that can give rise to a relatively wide broadside
beam when both main lobes steers to §=+90°. The broadside direction coincides
with the cutoff frequency; however, in this configuration the two generated
lobes merge, resulting in a single broader broadside lobe compared to the two
beams separately.

A slitted waveguide is a well-known uniform LWA typically based on a
rectangular waveguide that has a narrow slot or slit cut along its length [13] -
[14], [16] — [17]. The radiation properties of a slitted waveguide can be controlled
by adjusting the width, length, and position of the slot. The value of a can be
either large or small, dependent on the rate of leakage per unit length. The
magnitude of a significantly influences the beam characteristics of the radiated
wave. A larger a, indicating a higher rate of leakage, results in a shorter effective
aperture and consequently a broader beamwidth. For instance, Figures 2.5 and
16
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2.6 depict a slotted rectangular waveguide based on the WG14 standard. In the
first design (Fig.2.5), the source was located at one end of the structure, and in
the second device (Fig.2.6) the source was located at the center of the structure.
The radiation pattern was obtained using CST Studio Suite 2014 software. The
device was simulated under perfect matching conditions using waveguide ports.
The dispersion diagram was inferred from the constant phase of the guided
signal described by [20] - [21]:

By = [k*—k* (2.12)

Where k. is the cutoff wavenumber.
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Figure 2.5. (a) End-fed slitted rectangular waveguide using standard WGI14
(WR137) load with a slit (1x400 mm) in the center of the narrow wall under perfect
matching condition. (b) Dispersion diagram. (c¢) Radiation pattern.
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Figure 2.6. (a) Center-fed (be means of a T-junction) slitted rectangular waveguide
using standard WG14 (WR137) load with a slit (1x500 mm) in the center of the
narrow wall under perfect matching condition. (b) Dispersion diagram. (c)
Radiation pattern.

In the first case (Fig. 2.5), it is observed that the radiation pattern is
unidirectional but limited to the first quadrant, while in the second
configuration, two main lobes are generated, enabling scanning in both
quadrants. Additionally, it is noted how a broadside pattern is achieved with
the second configuration.

Quasi-uniform LWAs operate in a similar way as uniform LWASs, except

that a periodic guiding structure with a period d << 4 is used. Nevertheless,
the periodicity plays no direct role in the radiation. As before, this results in a
complex propagation wave number, with f and a determining beamwidth and
radiation efficiency, similar to uniform leaky-wave antennas. The periodic
modulation remains uniform along the structure's length, except if small taper
of the periodic element along the length are used to control the sidelobes. For
instance, figure 2.7 shows a rectangular waveguide loaded with transversal slots
in the wide wall.
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Figure 2.7. (a) End-fed rectangular waveguide using standard WG14 (WR137)
load with 30 transversal slots (1x20 mm) in the wide wall and distanced 7 mm
under perfect matching condition. (b) Dispersion diagram. (c¢) Radiation pattern.

The radiation pattern was simulated using CST Studio Suite 2014 software
and the dispersion diagram was inferred from (2.12). In the same way as
uniform structures, this antenna is unidirectional and limited to the first
quadrant. Additionally, a bi-directional configuration can be achieved by
placing the source in the center of the structure, following the same approach
as the uniform structure.

When metamaterials were proposed, the capability to obtain a backward to
forward unidirectional beam steer with Quasi-Uniform LWAs based on
Composite Right /Left-Handed (CRLH) became a possibility. Metamaterials are
artificial structures capable of achieving specific electromagnetic properties not
commonly found in natural materials [22]-[24]. CRLH metamaterials integrate
LH (Left-Handed) structures, showcasing a negative index-material marked by
simultaneous negative permittivity ¢ and permeability x, alongside RH (Right-
Handed) structures that exhibit attributes commonly observed in natural
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materials. LWAs based on CRLH structures are composed by unit cells with a
length d << 1 that behave as a homogeneous effective medium. In figure 2.8 a
LWA based on CRLH structure is shown [25]. The dispersion diagram was
obtained from electromagnetic simulation of the unit cell under perfect

matching condition.

(a)

35.0 ——26 GHz
~ ——28GHz
% 15 Ea 29 GHz
s E 0
2300 ~ -%
= ~
o ) -60
= < -10
o 27.5 o)
= N

25.0 ' ! E -204-90

-750 -500 -250 0 250 500 750 @ §
B(rad/m) Z

(b) (c)
Figure 2.8. (a) End-fed CRLH metamaterial LWA composed by 15-unit cells
according to [25] under perfect matching conditions. (b) Dispersion diagram. (c)
Radiation pattern.

In contrast to previous designs, these structures, when the unit cell is in
balanced condition the antenna provides unidirectional scanning from backward

to forward with feeding at one end.

In periodic LWAs the guiding structure exhibits a periodic perturbation
along its length. Normally, periodic LWAs are designed dielectric filled,

supporting a wave that is slow with respect to free space. The periodic element

generates the appearance of the infinite space harmonics, some of which are fast
and can radiate. Periodic leaky-wave antennas are commonly designed to
20
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radiate with the n = —1 space harmonic. This type of antennas offers the
capability to scan in frequency from backward to forward, through broadside,
by feeding the antenna from one end. Similarly, following the approach of the
previous cases, this configuration can also be fed from the center, resulting in
bidirectional scanning. In figure 2.9. a rectangular dielectric-filled waveguide
with transversal slots is shown. The dispersion diagram was inferred from

equation (2.4) considering the phase constant of the space harmonic n — 1.
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Figure 2.9. (a) End-fed dielectric-filled (RO Rogers 3010, 50 mils, & = 10.2)
rectangular waveguide (34.8x5.2 mm) load with 16 transversal slots (20x1 mm) in
the wide wall and distanced 14 mm under perfect matching condition. (b)

Dispersion diagram. (c¢) Radiation pattern.

Similar to CRLH-based LWA, this type of structure allows single-beam
scanning from backward to forward, feeding the antenna at one end. However,
in periodic structures, the main beam and radiation efficiency degrade when
approaching broadside due to a well-known phenomenon, Open StopBand
(OSB) [13] - [19], [26]. There exist techniques to deal with this problem in
periodic LWAs, which will be shown later. On the other hand, although OSB

21



CHAPTER 2. INTRODUCTION

degrades periodic LWA performance, this behavior is used in Electromagnetic
Bandgap (EBG) structures to design filters, gratings, frequency-selective
surfaces (F'SS), photonic crystals, photonic band gaps (PBG), and so on [27] -
[29]. The appearance of the open stopband in periodic structures is associated
with a significant amount of power from the wave traveling along the structure
being reflected back to the source, rather than radiated, producing a large
mismatch. Since the proposed LWA designs in this thesis are based on periodic
structures, the OSB phenomenon in LWAs will be further discussed in
Chapter 4.

2.2.2 Applications, Market Scope, and State of the Art

LWAs have been the subject of extensive research and development, due to
their frequency scanning capability, high directivity, and straightforward
feeding network. These attributes make LWAs highly versatile across a wide
range of applications. Some of the key application areas where LWAs play an

indispensable role encompass [30]-[34]:

e Radar systems: LWAs find a pivotal role in radar systems for angle
scanning and beamforming. Their capability to alter radiation angles
without physical movement of the antenna proves advantageous in
surveillance and tracking systems. This includes applications such as
airborne early warning and control systems (AEW&C) in military
settings, efficient control of airports and seaports, and velocity radar
systems for vehicles.

e Security Systems: They are applied in security systems, including
motion detection and vehicle scanning systems, where the ability to
explore specific areas is essential.

e Imaging and Sensing applications: LWAs are effectively employed in
microwave imaging systems, such as Synthetic Aperture Radars (SAR),
terrestrial and space-based imaging systems. Additionally, in medical
imaging contexts like magnetic resonance imaging (MRI) and computed
tomography (CT), they have the capability to improve image quality
by precisely concentrating radiation on specific areas of the body.

e Communications systems: In the domain of communications, these
antennas can be harnessed for point-to-point and point-to-multipoint
links. Their capability to adjust the radiation direction is valuable for
directional signal transmission and interference suppression.
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e Object Tracking: LWAs are utilized in object tracking systems, such
as satellite tracking and global positioning systems (GPS), to track
moving objects and adjust the direction of signal reception.

e Satellite communication: LWAs can track the positions of moving
satellites without requiring physical antenna movement, ensuring
constant and high-quality connectivity. Moreover, their low profile and
electronic beam scanning capability make them a valuable choice for
ground stations that need to communicate with multiple satellites in
different orbits.

e Obstacle Detection Systems: They are applied in autonomous vehicles
and obstacle detection systems to provide information about the
distance and direction of nearby objects.

Various innovative LWA designs have been proposed in the past years.
Regarding the LWAs, in [36] a novel antenna design is proposed, featuring a
longitudinal slot in the center of the top wall of a ferrite-filled rectangular
waveguide. Excited by the TE; mode of a transversely magnetized ferrite
waveguide, this antenna exhibits anti-symmetric surface current density,
enabling it to scan its radiation beam direction by adjusting the bias magnetic
field. The antenna offers several advantages over previous designs, such as ease
of fabrication and reduced sidelobe levels. In [37] the work focuses on addressing
the challenges associated with the slot-mode in a slitted waveguide, which has
implications for high-power frequency beam scanning applications, particularly
in the field of radar technology. The study presents two distinct structures as
solutions. The first design successfully suppresses the slot-mode propagation
and radiation over a substantial bandwidth, with its leaky wavenumber
matching simulation predictions. The second design achieves complete
suppression of the slot-mode radiation across the entire X-band, though it does
not allow for the extraction of the wavenumber associated with the perturbed
TE mode. Related with the unwanted slot-modes, in [38] a modified design
for a substrate integrated waveguide (SIW) long slot leaky-wave antenna
(LWA) is presented. The unwanted mode is identified using the amplitude and
phase of the electric field at the slot. The authors introduce periodic transverse
slots on one side of the uniform longitudinal slot to suppress the unwanted
mode, resulting in a more accurate radiation pattern.

Focusing on the quasi-uniform approach, in [39] a leaky wave antenna based

on an air-filled rectangular waveguide is presented. In this design, the radiation

23



CHAPTER 2. INTRODUCTION

occurs through transverse slots on the broad wall of the waveguide. A
systematic design method is employed, based on thinned array theory, to
achieve a low side-lobe level (SLL). It scans a portion of the forward quadrant
with low SLL and high gain over the frequency band of 9.8-10.2 GHz. In the
state of the art also some analytical studies for designing LWAs are presented.
In [40] an analytical approach for designing quasi-uniform LWAs (QULWA)
with very low sidelobe levels is introduced. The method leads to a general closed
formula that can be used by antenna designers. It involves estimating the
distribution of the electric field intensity in the QULWA slots through
simulation, fitting a mathematical function to the simulation results, and using
Floquet's theorem to derive a closed-form formula for designing QULWAs.
Within quasi-uniform designs, LWAs based on metamaterials can also be
encountered. In this context, LWA based on metamaterials, in conjunction with
periodic structures, represent the two prominent categories that have garnered
considerable attention in recent research [1]-[3], [15], [18], [25], [41]-[45] owing
to their capabilities. In [41], a wideband compact frequency beam scanning
LWA based on composite right-handed and left-handed unit cells is proposed
for 5G millimeter-wave applications (Fig.2.8). This innovative unit-cell-based
antenna design enables nearly linear {requency scanning within the frequency
range of 24.0 GHz to 32.0 GHz while maintaining a uniform gain of
approximately 8 dBi. In [41] is introduced a Composite Right/Left-Handed Slot
Line Leaky-Wave Antenna (LWA) loaded with non-bianisotropic split ring
resonators (NB-SRRs) and is compared with a Coplanar Waveguide (CPW)
approach. This antenna demonstrates backward, broadside, and forward
radiation from its fundamental mode, eliminating the far field cancelation issue
associated with open planar waveguides. It operates in the left-handed and
right-handed bands at 3 GHz, providing nearly constant gain across broadside
radiation.

Finally, within the domain of periodic leaky-wave antennas, innovative
solutions, especially those dealing with the open stopband phenomenon, can be
found. In [42], a novel method is presented for achieving comprehensive open
stopband suppression in dielectric-filled periodic LWAs by employing two non-
identical elements within each unit cell. Similarly, in [43], the authors introduc
a compact fully metallic millimeter-wave (MMW) periodic LWA based on
corrugated parallel-plate waveguides loaded with non-identical transverse slots.
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The design includes both a smooth plate and a corrugated plate that integrates
corrugations for slow-wave transmission and radiating slots. The incorporation
of two different elements within one radiating unit improves the open stopband
effect and enables broadside scanning. The prototype achieves scanning beams
with an angular range of 48° and peak gains between 11.9 and 16.0 dBi in the
frequency range of 28 to 40 GHz, with a radiation efficiency exceeding 85%. In
[44], a novel approach is proposed to control the scan rate of frequency-scanned
antennas for bandwidth-limited applications with open stopband suppression.
They discuss two techniques: optimizing unit cell dispersion and meandering
unit cells with a specific periodicity. Another topic discussed within LWAs is
the current distribution to achieve radiation patterns with fewer secondary
lobes, primarily for radar and tracking applications. In this context, in [45] a
ridge serpentine waveguide-based antenna loaded with inclined radiating slots
in its narrow wall is shown. By adjusting the aperture distribution, this design
achieves low SSL. However, this structure is affected by the open stopband

phenomenon .

2.3 Electromagnetic field confinement device

Antennas have long been widely studied and used in the realm of
electromagnetic communication systems. Their versatile functionality has
enabled a myriad of applications, ranging from wireless information transfer to
imaging, sensing, radar and object tracking, remote control, among others.
With their capacity to operate efficiently across diverse frequency ranges and
adapt to various scenarios [1]-[3], [13]-[21], [30]-[47].

Nevertheless, the traditional antenna designs that excel in long-range
communication encounters unique challenges when applied to near-field
scenarios. Efficient control of electromagnetic field distribution in space is
essential across numerous applications where is required a precise
electromagnetic interaction within specific regions between the transmitting
device and the receiving entity (including samples, actuators, transponders, or
sensors). The challenge lies in establishing well-defined, large bounded
illumination regions with strong and robust field levels, particularly when these

regions approach the wavelength dimensions.
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Traditional methods of electromagnetic field distribution control face
hurdles, particularly dealing with energy leakage in the form of radiation when

the dimensions of the confined region are comparable to the wavelength [48].

2.3.1 Applications, Market Scope, and State of the Art

Various authors have worked in innovative solutions to address these issues,
such as considering evanescent wave coupling. An evanescent wave is a type of
electromagnetic wave that take place near an interface or surface between two
media with different refractive indices, such as the boundary between air and a
dielectric material. The field intensity of evanescent modes decreases
exponentially with distance, ensuring minimal radiation. Some examples of
applications involving evanescent modes are optical fiber coupling for biosensor
applications [49], total internal reflection fluorescence microscope for medical
applications in molecular measurements and therapeutic drug monitoring [50]-
[53], ultrafast fiber laser [54]-[55], excitation of surface plasmon polaritons for
information transmission in microprocessors, computer chips and high-
resolution technologies (e.g., lithography) [56]-[59], integrated high power
millimeter-wave switching for wireless backhaul in 5G and 6G communication
networks [60]-[61], among others. However, this method have a limited
performance because the confinement of these waves relies on the materials
used for the coupler and the surrounding medium, which can lead to limited
control over the field's decay as it extends over a distance. Furthermore, the
fields exhibit strong confinement to the surface, constraining the maximum
range over which enough electromagnetic field can be localized. This has a
direct impact on the device's performance because, while some applications
require extremely confined fields such as in microscopy or biosensors, other
applications require high illumination distance as in Radio Frequency
Identification (RFID) readers and must comply with regulations and standards
like International Commission on Non-Ionizing Radiation Protection [ICNIRP]
or EPC Gen2 RFID communication protocol [62]-[63].

Within the RFID systems, certain scenarios demand the ability to establish
a detection region that is both controllable to prevent undesired detections and
sufficiently extensive to cover the required detection area. These scenarios
include points of sale at shops and stores in desktop readers [64]-[65], printer
encoders [66]-[67], smart shelves [68]-[69], and smart point readers [70]-[71].
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However, achieving an adequate illumination area with minimal radiation
leakage beyond it presents a significant challenge. To address these difficulties,
inductive coupling based on loop antennas has been used in the UHF band [62],
[72]. Loop antennas with a perimeter much less than their operating wavelength
generate a strong and uniform magnetic field distribution in proximity to the
antenna surface. However, these structures achieve only a few centimeters of
communication, which may be insufficient for some applications. Moreover,
inductive and capacitive coupling system performance can be affected by the
presence of surrounding media, which may compromise tag readability and
reduce the read range [73]. Other designs, such as reconfigurable reader
antennas (Modular Antennas) [74], have been proposed. These antennas make
readers more flexible for specific operative scenarios, allowing for shaping of the
interrogation field in the antenna NF region when the control of the reader
output power is insufficient to guarantee high successful reading percentages on
the illumination region/volume. Other structures, such as electrically large loop
antennas [75] and meandered lines [76]-[77], have also been proposed. However,
these configurations produce some radiation leakage in the far-field region and
do not allow for theoretical predictions of the electromagnetic field decay from
the device surface.

In 2016, the research group conducting this thesis proposed a novel design
methodology to control field decay in the broadside direction without radiation
leakage, publishing the results in the scientific journal "Scientific Reports" [48].
The paper introduces an electromagnetic field confinement device (EMFCD)
based on a one-dimensional metamaterial guiding structure capable of
propagating a surface wave mode. An EMFCD is based on a traveling wave
structure that enables the imposition of a field decay factor on the generated
evanescent wave around the structure. EMFCD devices hold the potential to
bring significant advancements to various applications, including medical
imaging, wireless power transfer, and near-field communication, such as RFID.

This thesis aims to make a substantial contribution to the exploration of
different aspects of EMFC devices. The proposed methodology will be applied
and adapted to various traveling wave structures, including rectangular

waveguides and Substrate Integrated Waveguides (SIW).
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2.3.2 Principle of operation of EMFCD

The operation and design methodology of electromagnetic field confinement
devices is based on analysis of the propagated wave in a traveling wave
structure featuring one or multiple apertures that interact with the surrounding
medium. Depending on the configuration of the travelling wave structure, it is
possible to either radiate a signal (as observed in the previous subsection) or
create an evanescent mode on the surface, or even both, but in different
frequency ranges. Evanescent waves rapidly decrease in amplitude as they move
away from the interface and eventually vanish. These waves are confined close
to the surface and do not carry significant energy far from it. In this context,
the performance of the electromagnetic field confinement device will be
contingent on the technology used (coplanar, waveguide, microstrip, etc.) as
well as the geometry (periodic, uniform, etc.). However, the principle of
operation will remain the same for all structures.

When a wave propagates from one medium to another with different
properties (such as refractive index in the case of optics), the tangential
component of the wave vector k” must remain continuous at the interface
between the two media. This means that the wave's propagation direction does
not change abruptly at the interface but remains constant. According to the
separability condition of the wave equation (illustrated in figure 2.10), the wave

vector can be decomposed into rectangular coordinates as follows

Y4

Figure 2.10. Decomposed wave vector in rectangular coordinates.
k% + k% +kZ = k§ (2.13)

where each wave vector is composed of fi and jo; that corresponds to the
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constant phase and the attenuation constant along i-axis respectively.
Assuming that the propagating wave in the travelling wave structure has no
variation along the z-axis (kz = 0) and propagates along the x-axis, in order to
ensure continuity of the tangential components of the wave vector, k. must be
consistent with the wave vector inside the structure. Consequently, the wave
vector in y-axis from the surface of the structure in the surrounding medium is
described by

ky = i\/koz — (B — ja)? (2.14)

Equation (2.14) leads into two different modes of operation for the wave
that propagates within the structure. These modes are known as the radiative
wave mode and the surface wave mode [48]. The radiative mode [figure 2.11
(a)] occurs when complex values of ky are obtained. Under this situation the
structure gradually leaks out a small amount of energy in form of coherent
radiation, which implies an attenuation of the guided signal quantified by the
parameter a. In this mode, considering only the real part of the wave vector is
enough for estimating the emission angle of maximum radiation intensity
(see eq. 2.5).

On the other hand, the surface wave mode [figure 2.11 (b)] consists of a
wave that propagates along the direction of the guiding device (x-direction)
while decays vertically in broadside direction (y-direction). In this mode, the
phase constant fy equals zero (fy = 0) and de wave vector in y-direction ky is
determined only by —jay. Due to the absence of radiation, assuming that losses
in the guiding structure are negligible (a = 0), the signal is propagated through

the travelling-wave structure without attenuation. For the surface wave mode,

ky, =+ /koz — B2 (2.15)

By employing the general solution for the propagation of plane waves in

equation (2.13) becomes:

free space and appropriately adjusting the value of f to achieve purely
imaginary values of k,, the total field in the surrounding medium and the decay

constant in the broadside direction can be expressed as follows:
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a, = /ﬁz — ko? (2.17)

where A; represents any component of the total electromagnetic field
propagating within the surrounding medium. From equation 2.16, it can be
inferred that the decay of the fields will be considered exponential in the y-
direction. Moreover, the attenuation constant oy can be designed through the
phase constant of the guided mode. The ability to control the effective phase
constant of the guided mode will depend on the characteristics of the device,

including its technology, geometry, feeding system, among others.

Figure 2.11. Field distribution around the travelling-wave structure. (a) Radiative
mode operation. (b) evanescent mode operation. (c) Dispersion diagram (red
marker corresponds to evanescent mode and blue marker corresponds to backward
radiation).
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A critical consideration in the design of electromagnetic field confinement
devices is the field distribution. The prediction of exponential attenuation will
be valid as long as the electric field distribution exhibits reasonably consistent
linear dependence along the y-direction within the symmetry plane of the
structure. However, if the field distribution reveals cylindrical dependence, the

decay of the field will be described proportionally to

A;(y) = AHD Gay) (2.18)

where Hl(l) (x) is the Hankel function of first kind, order 1 and argument x. In
a practical scenario, diverse field distributions can be observed when examining
a slot line on a dielectric substrate under various boundary conditions, as
depicted in figure 2.12. As it can be appreciated in Fig. 2.12 (a) the field
distribution in a slot line loaded with dielectric material, demonstrates elliptical
behavior [94]. Under this condition, the electric field decay in y-axis can be
approximated with an exponential dependence in the center of the structure.
However, when considering distance y larger than the width of the slot s, it can
be modeled as a line source of magnetic current, resulting in an evanescent
wave with cylindrical symmetry, which is proportional to (2.18). Nevertheless,
if two conducting plates are added at the ends of the structure, or equivalently,
two electric walls, or a bidirectional arrangement of the structure, the electric
fields will change their helical behavior to a flat dependence as the field moves
away from the surface. Under such condition, the electric field will decay
according to [2.16]. This phenomenon underscores the importance of the
analysis of the field distribution of structure in order to correctly design the
field decay.

X V4
€r, Er,
€ry g i & g -3

(a) (b)
Figure 2.12. a) Electric field of a slot line on a dielectric substrate. b) Electric field
of a slot line on a dielectric substrate with electric walls in the metal edges.
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In summary, EMFCDs leverages the functionality of a wave-traveling
structure, using the separability condition of the wave equation, the phase
constant of the propagating wave within the structure and the field distribution
to achieve precise control over electromagnetic field attenuation from the
surface of the device. The key characteristics of EMFCD can be outlined as

follows:

e Bandwidth: Refers to the range of frequencies within which the device
can efficiently operate while maintaining its confinement properties.

e Insertion Losses: Quantify the signal's attenuation when it passes
through the device. Minimizing these losses is sought to ensure that
most of the signal can be confined and transmitted with minimal
degradation. Typically indicated in dB or dB/cm.

e Radiation pattern: Radiation Pattern: Describes how the device emits
or transmits the electromagnetic field. The goal is to achieve a
controlled radiation pattern indicating a lack of gain, preferably below
-10 dB, to achieve effective confinement.

e Attenuation constant (a): Represents how the electromagnetic field
attenuates from the surface of the device in a direction. Expressed in
dB/cm.

e Characteristic distance (ds): Defined as 1/a, determines the
maximum distance from the device where the field will be present.
5d, corresponds to an attenuation of 99% with respect to the field at
the surface of the device.

e Linearity: Refers to the consistency of the attenuation constant with
respect to frequency.

e Field distribution: Describes how the electromagnetic field is
distributed across the device's surface. The aim is to achieve a
distribution that avoids or minimizes spurious radiation and enables
effective confinement along the device.
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Chapter

Microwave devices 3D printing-based
prototyping

Currently, 3D printing has brought about a revolution in manufacturing
and prototyping methods, facilitating the creation of intricate structures
and models that were once prohibitively challenging or expensive to construct.
This breakthrough has unlocked a myriad of possibilities for prototyping across
diverse domains of research and industrial design, encompassing an array of
applications, ranging from medical prosthetics [1] and biomaterials [2] to
support structures and spare parts for industrial machinery.

3D printers offer a valuable solution in the realm of microwave applications,
where the design and construction of prototypes typically incur higher costs
and longer manufacturing times. 3D printing manufacturing can significantly
reduce their production costs and provide research centers and small businesses
with greater autonomy in the prototyping process.

When it comes to developing microwave devices using 3D printers, there
exists various approaches that can be divided into two main approaches. In
method one, non-conductive materials like polymers or ceramics are initially
printed, and then specific areas or features of the device are metallized using
techniques such as sputtering, conductive ink deposition, etc. These techniques
have enabled rapid prototyping of antennas with favorable radiation

characteristics [3]- [8]. The second method focuses on printing directly with
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conductive materials 9]-[12]. This method uses conductive filaments containing
metal particles or directly metal inks, eliminating the need for a separate
metallization step. By directly printing with conductive materials, it becomes
possible to fabricate microwave more intricate components or structures with
integrated conductivity, such as antennas, transmission lines, or electronic
circuits among others. Limited research has focused on 3D printing using
conductive materials directly, with most studies focused on the use of 3D-
printed dielectric filaments. It is important to note that standard PLA can also
serve as a substrate for dielectric-filled waveguides and planar technology
designs, enabling the complete fabrication of both dielectric and metallic parts
using 3D printing. Nevertheless, this second method tends to be significantly
costlier, as it requires more expensive materials and equipment. The choice
between these approaches depends on factors including the specific
requirements of the device, the intricacy of the design, and the availability of
resources.

Taking into account that the designs of the electromagnetic field
confinement devices and leaky wave antennas of this thesis are fundamentally
rooted in waveguide technology, this chapter is dedicated to exploring and
characterizing 3D printing-based prototyping with the Ultimaker 3 printing
available in the research group. Section 3.1 provides an analysis of the
characteristics of different metallization processes and are applied to PTFE-
filled laminate transmission lines. In Section 3.2, microstrip stepped impedance
filter based on 3D printing prototypes and metallization process are designed
and characterized. Finally, Section 3.3 focuses on the study of the viability to
fabricate a slotted rectangular waveguide using 3D printing techniques and the

design and fabrication of a horn antenna.

3.1 Characterization of the metallization processes

In this section, the main objective is to show the viability of different 3D
prototyping approaches. For this purpose, a preliminary study was conducted
to determine the conductivity levels and performance that various materials
could offer for microwave applications. The materials used were a conductive
3D filament (Electrifi) from the company Multi3D [13|, silver paint, nickel

spray, and aluminium adhesive tape.
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3.1 CHARACTERIZATION OF THE METALLIZATION PROCESS

Electrical conductivity is a property of materials that describes their ability
to conduct electric current. This is crucial for microwave devices because low
conductivity leads to poorer efficiency in signal transmission and reception. The
higher the electrical conductivity of a material, the better its ability to allow
electric current to flow through it. The electrical resistivity of a material, is

related to electrical conductivity through the following equation [14]- [17]

o= (3.1

p
Where o is the electric conductivity of the material in siemens per meter (S/m)

and p is the electrical resistivity of the material in ohms per meter (€2 - m). The

resistivity can be computed by

(3.2)

—

Where R is the electrical resistance in ohms (Q2), I is the length of the material
along which electric current flows in meters (m), A is the cross-sectional area
of the material through which electric current flows in square meters (m?).
From equation 3.2, it can be deduced that the resistivity of a material will

increase as its geometry becomes narrower and larger.

Figure 3.1. FR4 laminate and silver paint over printed PLA laminate.
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Due to the limited capabilities of the ammeters available to measure low
electrical resistance values (minimum 1), long and narrow geometries were
used to provide significant resistance. Figure 3.1 shows a copper serpentine line
on a commercial FR4 laminate milled with a milling machine, and the silver
line painted in a printed PLA structure. In the same way, the electric
conductivity of the nickel spray, and the aluminum tape were characterized by
means of long and narrow lines. As for the conductive filament, an Ultimaker
3D extended printer was used to print a narrow line. The Ultimaker 3 Extended
printer is a high-performance 3D printer that offers dual extrusion capabilities,
enabling the use of two different printing filaments. Furthermore, it is
compatible with a wide range of materials, from common ones like PLA, nylon,

and ABS to more advanced options.

Table 3.1. Comparison of electrical conductivity in different materials.

Measured Theoretical  Computed

S
Material 11;21;1::11)0113 Resistance conductivity conductivity
() (S/m) (S/m)
Copper | 2100%0.3%0.035 5.1 5.96%107 3.92%107
Sil
rver 100%0.5%0.05 7.1 6.3¥107 5.6%¥10°
paint
Nickel
1cke 27%1.3%0.1 19.6 1.43%107 1.05%10°
spray
Alumini
WA 20 095004 2.7 377107 4.72%10°
tape
Electrifi
‘ff3]rl ! 30%1.3%0.2 40000 16.6%10° 2.88

In Table 3.1 the dimensions of the material, the theoretical and computed
electric conductivity and measured resistance are shown. The conductivity of
copper in the FR4 laminate, calculated using this system, yields very similar
results to that of pure copper. The adhesive aluminum also displayed very good
conductivity, being only 10 times below than pure aluminum. This factor may
be attributed to the aluminum being coated with plastic and adhesive material.
The electrical conductivity of the silver paint obtained is 100 times lower than

that of pure silver; however, it still surpasses that achieved by the nickel spray.
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Finally, as it can be seen, the conductivity obtained was 1000 times smaller
than what the supplier claims. In the time when this thesis was conducted,
according to the information provided by the company, Electrifi was described
as a unique 3D printing filament with a resistivity of 0.006 Q cm, purportedly
making it the only truly conductive filament available in the market. However,
the results obtained demonstrate that this material is not a good electrical
conductor. Adding to this issue, the material left residues on the printer head,
eventually causing it to become clogged after only a few uses. It is important
to mention that some studies demonstrate that it is possible to design certain
RF applications with this material [11]-[12]. However, to make these designs
viable, the use of special conductive pastes or inks is required, and even then,
significant losses are experienced due to the low conductivity.

The use of aluminum adhesive can be impractical for complex designs, so
at this point, it was decided to enhance the conductivity of the nickel spray
and silver paint. To achieve this, the electrochemical process known as
galvanization was proposed.

Electroplating or galvanization is an electrochemical process in which a
metal is coated with another [18]-[21]. Has its origins in the pioneering work of
Luigi Galvan. This process is commonly used to provide protection against
corrosion, aesthetic qualities, and enhance the durability of metals.
Electroplating is one of the main types of galvanization, alongside cold
galvanization and hot-dip galvanization. The selection of the appropriate type
of galvanization depends on the specific requirements of the application at hand.
Each method offers its own advantages and can be tailored to achieve the
desired outcome, ensuring the protection and longevity of the metal objects in
various industries and applications. Cold galvanization involves the application
of a zinc coating onto the metal using tools like spray guns, brushes, or rollers.
This method creates a protective barrier against corrosion by depositing a layer
of zinc. Hot-dip galvanization, in contrast, requires immersing the metal in a
bath of molten zinc at high temperatures. This results in a strong bond between
the zinc and the metal, generating a thick and durable coating. On the other
hand, in electroplating, a solution containing salts and an electric current is
employed to deposit a layer of metal onto the surface of the object. This method
offers precise control over the thickness of the coating, making it suitable for
achieving specific desired properties. Electroplating is widely used to add
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various properties to surfaces that otherwise lack them, such as resistance to
abrasion, wear, corrosion protection, lubrication needs, and even aesthetic
qualities. It can also be employed to restore worn-out parts by increasing their
thickness, as is the case with hard chrome plating.

During the electroplating process, the surface properties of an object
undergo modification, encompassing changes in its chemical, physical, and
mechanical characteristics. These changes are confined to the surface and does
not affect the object's interior structure. This process can enhance the
conductivity of a material (provided that the material possesses a certain level
of conductivity) by depositing a metal with higher conductivity. In this
electrochemical process, the anode and cathode of the cell are connected to an
external power supply [see Fig.3.2 (a)]. They are submerged in a bath
containing a solution of salts specific to the chemical element used for coating
the object. The cathode, representing the object to be coated (receptor), is
connected to the negative terminal, while the anode (donor), linked to the
positive terminal releases ions into the solution through oxidation replenishing
those consumed in the electrochemical reaction.

—+
e ¢
! I

Cathode Anode

Cu?t

SO3-
.
(a) (b)

Figure 3.2. (a) Electroplating sketch. (b) Electroplating process with FR4 laminate
as a donor and nickel T.L. as a receptor.
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To carry out the electroplating process, a copper-coated FR4 sheet was
employed as the donor material, with copper sulfate (II) used as the water-
soluble crystalline substrate (CuSO4). As depicted in Figure 3.2 (b), a plastic
beaker was employed to contain the solution and immerse both the receptor
and donor materials. The power supply was set at 2.5V and 0.5A throughout
the entire process, which lasted 20 minutes for the silver paint case and 50
minutes for the nickel spray case. The following image (Fig. 3.3) shows the
difference between the electrically conductive material deposited on a Roger
RO3010 substrate before and after the electroplating process.

(d)
Figure 3.3. (a) Line made with silver ink. (b) Line made with nickel spray. (c¢) Line

made with silver ink and galvanized with copper (20 mins). (d) Line made with
nickel spray and galvanized with copper (50 mins).

Table 3.2. Comparison of electrical conductivity in different galvanized materials.

LT Measured  Theoretical Measured
Material | Dimensions Resistance conductivity conductivity
(mm) () (S/m) (S/m)
Silver
i 100*0.5*0.07 4.6 6.3%107 6.2¥10°
paint
Nickel
TREL 97135012 8.3 1.43%107 2%101
spray
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In Figure 3.3, it can be observed that copper has been deposited in greater
quantity on the silver paint; however, this hasn't translated into a significant
improvement in conductivity, as it has only increased by 15% (Table 3.2). The
line made with nickel spray has higher resistivity than the one composed of
silver paint, so the copper deposition relative to the other under the same
scenario will be lower. In this case, the nickel spray, which initially exhibited
higher electrical resistivity, has doubled its conductivity. Nevertheless, silver
paint still provides better conductivity, making it a better choice for metallizing
3D structures.

After measuring the electrical conductivity of the conductive materials, a
transmission line was designed on a PTFE-filled laminate. The transmission
line was designed to match the SMA connectors impedance (50 Q) using Rogers
RO3010 (h=50 mils, &=10.2, tand=0.0023). The width W of the transmission
line can be computed by [22]-[24].

fW_ 8e4
w h o eA—2
—<
n =2 {A 7, {sr + 1}0-5 L 1{0 . 0.11} (3-3)
(" 60l 2 e +10 &
w2 & —1 0.61
—=—{(B—1)—ln(ZB—1)+r [ln(B—1)+O.39— ]}
wihs2 (" T 2 T 34
- B_607‘t2 .
L Zover

The computed width was validated with the design tool LineCalc from
Advanced Design System (ADS) software. The computed width of the T.L. was
1.3 mm and the length was fixed at 30 mm.

Figure 3.4. Transmission lines fabricated with different materials in Rogers
RO3010.
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One prototype of each conductor material was fabricated with a copper
ground plane and other version was fabricated with the respective conductor
material and both were compared to a copper fabrication (Fig.3.4).
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Figure 3.5. Transmission losses in dB/mm of transmission lines fabricated with

different materials (solid line corresponds to copper ground plane, while the dotted
line represents the ground plane made of the respective material.).

The scattering parameters of the microstrip lines were measured using a
PNA Network Analyzer N5221A on a frequency band from 0.001 to 8 GHz.
The measurement results in terms of transmission losses (in dB/mm) for all the
fabricated lines are presented in Fig. 3.5. It can be seen that the transmission
losses (in dB/mm) of the silver paint are quite similar independent to the
ground plane material. However, in the case of the nickel spray, the difference
of the transmission losses increases as frequency. These results are explained be
the skin effect, referred as the tendency of electric current to distribute unevenly
within a conductor. Its density is higher on the surface and lower in the inside.
The skin depth of conductors is defined as [25]-[26]

1
0= | (3.5)

Where p is the magnetic permeability of the material, o is the electrical
conductivity of the material and fis the operation frequency. Beyond 56 from
the surface, the electric current will be negligible. As the frequency increases,

ol



CHAPTER 3. MICROWAVE DEVICES 3D PRINTING-BASED PROTOTYPING

the penetration depth J decreases, indicating that the currents in the conductive
layer cannot penetrate the material as deeply. Because the current is
concentrated in a thinner surface layer, this layer experiences greater resistance
due to its smaller cross-sectional area. This effect is especially exacerbated in
the case of the transmission line made of nickel because it is a poorer conductor.
Figure 3.6 and 3.7 shows the transmission losses of the fabricated transmission
lines before and after electroplating process.

<
=]

:
=
—

Transmission losses (dB/mm)
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Figure 3.6. Transmission losses in dB/mm of transmission lines with copper ground
plane fabricated with different materials (the solid line corresponds to the non-

galvanized designs, while the dotted line represents the galvanized designs).
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Figure 3.7. Transmission losses in dB/mm of TL fabricated with different materials
(the solid line corresponds to the non-galvanized designs, while the dotted line

represents the galvanized designs).
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The measured transmission losses indicate that the electroplating process
increase the conductivity in RF applications. However, it can be observed that
from 6 to 8 GHz and higher frequencies, the transmission losses between the
fabrications before and after the electroplating process tend to become equal.

H"’_---..'!\
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Figure 3.8. Microstrip line E and H field distribution.

As shown in Figure 3.8, electric field primarily interact with the inner layers
of the structure. This leads to the fact that starting from 6 GHz, and given that
the skin depth is 0.046 mm, most of the electric field only interacts with nickel
and not with the electroplated copper layer, increasing the total resistance and,
consequently, the Joule effect losses. Therefore, beyond a certain frequency, the
impact of the electroplating process is negligible to increasing the electrical
conductivity of the material. The frequency at which the electroplating process
becomes ineffective will be determined by the electrical conductivity and the

initial thickness of the material before undergoing electroplating.

3.2 Microstrip devices based on 3D printing

When considering planar technology prototyping methods, several options
offer distinct advantages and constraints. Drilling Machines are renowned for
their mechanical precision, making them ideal for crafting high-frequency
circuits and microwave components; however, they require CNC programming
skills, access to milling machines, and are slower for mass production. Chemical
Etching boasts scalability and cost-effectiveness, yet it grapples with precision

limitations, particularly in fine geometries and high-frequency applications. It
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also demands stringent safety precautions and offers less precision than other
methods. Laser Engraving stands out for its precision and speed in material
removal, making it suitable for intricate geometries and high-frequency
applications, though accessibility hinges on equipment availability. Finally,
PCB Printing is widely accessible and cost-effective, ideal for both prototyping
and small-scale production, but it may have limitations in precision, primarily
suited to less complex circuit designs. The choice among these methods hinges
on project-specific requirements, including precision needs, budget constraints,
production scale, and equipment availability.

In this context, 3D printing has emerged as a transformative technology
for planar technology prototyping. It allows for the rapid fabrication of intricate
structures with high precision and repeatability. 3D printers can accommodate
a wide range of materials, including specialized substrates tailored to microwave
applications.

In the previous chapter, an analysis was conducted on several processes and
methods for metallizing structures fabricated by using 3D printing.
Nevertheless, it is of particular interest to assess the capabilities they can offer
in specific design scenarios. In this chapter, a transmission line and a microwave
low-pass filter based on stepped impedance is designed and fabricated using a

3D printer.

3.2.1. Stepped impedance filter design

Microwave filters are essential in modern communication systems and radar
technology by shaping and controlling signal bandwidth. These devices come in
various types, depending on the frequency range they allow to pass through:
low pass, high pass, band pass, and band-reject (or notch) filters. While at
lower frequencies, conventional components like lumped inductors and
capacitors can be used for filters, the challenge becomes significant when dealing
with high-frequency signals, especially in the UHF and L-band regions. At these
frequencies, achieving the required inductance and capacitance values becomes
exceptionally challenging, making practical implementation unfeasible.

To overcome this limitation, engineers employ alternative techniques such
as microstrip and resonant cavity methods to create high-frequency filters.
Resonant cavity filters [27]-[28], for example, involve intricate mechanical
structures that contain coupled cavities within a mechanical block, enhanced
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by tuning screws and probes. In contrast, microstrip filters are constructed with
conductive copper structures etched onto the top surface of a high-frequency,
low-loss substrate with varying thickness, accompanied by a ground plane on
the bottom surface. This technology provides a versatile platform for designing
a wide range of filters, including coupled line filters [29]-[30], stub-loaded filters
[31]-[32], substrate integrated waveguide (SIW) filters [33]-[35], stepped
impedance filters [36]-[38], among others.

Stepped impedance filters provide a relatively straightforward approach to
implementing low pass filters, involving alternating sections of high and low
impedance lines. The designed low-pass filter is a Butterworth filter, order N=5,
Zo=50 Q, =15 GHz, Zpm=85 Q, Zrw=20 Q, L,=3dB, &=2.3. The design
methodology can be found [36]-[38]. First of all, it must determine the value of
g1- g5 components and decide the impedance order. These parameters can be
obtained from the Butterworth polynomials table in coefficient form [22], [39].
Then, the length of the high and low impedances can be found with the
following equations [22], [36]-[38]:

Zy
ley =9n B (3.6)
Zo
an =9n B (3.7)
Zhigh

Finally, the width can be easily computed by means of LineCalc or applying
(3.3)-(3.4). In this design, the thickness of the dielectric was forced to be
h=1 mm. In Table 3.3 and Figure 3.9, the physical parameters of the designed
filter are displayed.

Table 3.3. Dimensions of the stepped impedance filter.
L I I3 Ly Liotal Wi W2 W3
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

3 5.4 20 16 74.8 3 10 1.2

95



CHAPTER 3. MICROWAVE DEVICES 3D PRINTING-BASED PROTOTYPING

=

l‘mtal
< >

Figure 3.9. Layout of the stepped impedance filter.

3.2.2. Filter prototyping and measured results

To manufacture the filter, the substrate was 3D printed in PLA. This
material has been characterized in the laboratory and, with a 20% infill, it offers
a relative permittivity &=2.3. The thickness of the substrate (h= 1 mm) was
specifically chosen to allow for the SMA connectors to be press-fit without the
need for epoxy or soldering, to avoid deforming the substrate or modify the
electric conductivity. To prime the material, a mask was created. This involved
placing aluminum adhesive tape over the PLA laminate and removing it
according to Fig.3.9 using a milling machine. Subsequently, the conductive
material was applied (Fig.3.10). After obtaining the necessary experimental

results, electroplating was used (Fig.3.11).

(a) (b)
Figure 3.10. Fabricated filter. (a) Silver ink. (b) Nickel spray.
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(a) (b)

Figure 3.11. Fabricated filter. (a) Silver ink galvanized with copper. (b) Nickel

spray galvanized with copper.
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Figure 3.12. Transmission coefficient of the fabricated stepped impedance filters
(the solid black line represents simulated results, the black line with triangles
corresponds to silver paint, the grey line with squares represents galvanized silver
paint, the black line with dots shows nickel spray, and the gray line with triangles
indicates galvanized nickel spray).
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Figure 3.12 shows the frequency response for the b5-section stepped
impedance filter for different prototypes and simulation results. The simulation
results were obtained by means of ADS. The materials used in the simulation
were lossy copper as the metal layer, along with a lossy dielectric (&= 2.3,
h=1mm, tand = 0.023). The results confirm the attainment of a 1.5 GHz
cutoff frequency with silver paint. Additionally, it is noteworthy that there are
1 dB transmission losses within the passband. Conversely, for the nickel spray
cases, the losses in the band pass are exceedingly high, resulting in passband
losses exceeding -3 dB. These results shows that nickel spray is an inefficient
choice for metallizing microwave structures due to its low conductivity and
consequential losses. In contrast, silver paint demonstrated consistently
favorable performance. The following section will showcase the results obtained

from prototyping with silver-painted waveguides.

3.3 Waveguide prototyping based on 3D printing

The manufacturing of 3D microwave devices, including air-filled
waveguides, corrugated waveguides, parallel plates, among other, has
traditionally incurred substantial costs compared to planar technology. Various
methods have been employed, such as manual machining, traditional casting
processes, and more contemporary techniques like Computer Numerical Control
(CNC) machining. Among these, CNC machining is the most widely used due
to its ability to provide high precision, repeatability, and the capacity to create
intricate and detailed components, leading to enhanced production efficiency
and a reduction in human errors. Nevertheless, the high costs associated with
CNC machining and the necessity for specialized equipment have restricted its
accessibility, particularly for small research groups and projects with limited
budgets.

In this context, 3D printing is a relatively rapid prototyping technology
that offers significant advantages in terms of cost-effectiveness and accessibility,
making it an appealing option for researchers and teams with constrained
financial resources.

Although our research group can independently produce prototypes using
milling machines (i.e., microstrip, coplanar, SIW, among others), creating

waveguides remains a notable challenge. Nonetheless, access to an 3D printed
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(Ultimaker 3 Extended) has been secured, allowing for 3D design capabilities
and the potential production of waveguide prototypes. Moreover, 3D printer
offers technical support for the measurement systems and equipment available
within the research group. The aim is to ascertain whether this 3D printer can
consistently manufacture the designs outlined in Sections 4 (Leaky Wave
Antennas) and 5 (Electromagnetic Field Confinement Devices) while also
determining the most efficient metallization processes. Initially, a pyramidal
horn antenna design is explored due the relatively simple design and
construction, facilitating an assessment of metallization processes. It's worth
noting that attempts to create a slotted waveguide were hindered by the 3D
printer's limited resolution. However, the successful fabrication of the
pyramidal horn antenna highlights the 3D printer's potential for our research

needs.

3.3.1 Horn antenna

Horn antennas, also known as microwave horns, consist of a metal
waveguide that gradually expands into the shape of a horn. This design is used
to focus and direct radio waves into a well-defined beam. The earliest forays
into the world of horn antennas date back to 1897 when the Indo-Bengali
researcher Jagadish Chandra Bose constructed one of the first versions during
his pioneering experiments with microwaves. This milestone marked the
beginning of exploring the capabilities of these antennas for the transmission
and reception of electromagnetic signals. However, the modern design of the
horn antenna, as we know it today, was independently developed in 1938 by
Wilmer Barrow and G. C. Southworth. This advancement laid the foundation
for their application in a wide range of technological fields.

These antennas exhibit remarkable features that make them highly versatile
and valuable in various applications. Their high directivity allows for precise
focusing of electromagnetic energy into directional beams, making them an ideal
choice for situations requiring accurate pointing. In addition to being known
for their low losses, their ability to operate over a broad frequency range, from
microwaves to higher frequencies, makes them suitable for a variety of
scenarios. Usually, horn antennas exhibit minimal losses, resulting in their
directivity being approximately equal to their gain. They are commonly used

as feed antennas (feed horns) in larger antenna structures [40]-[42]. They also
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serve as standard calibration antennas for measuring the gain of other antennas
and microwave radiometers, among other applications [43]-[44]. There are
various types of horn antennas, each with specific designs and unique
characteristics, allowing their use to be tailored to the specific needs of each
application. These designs include pyramidal horn antennas, sectorial horns,
conical horns, corrugated horns, ridged horns, among other variants [45]. Each
type of horn antenna has its own advantages and specific applications in the

communications and technology industry.

(a) A
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Figure 3.13. (a) Pyramidal horn. (b) Conical hon. (c) Ridged horn. (d) Sectorial
H-plane horn.

3.3.1.1 Pyramidal horn antenna design

To design and manufacture a pyramidal horn antenna, the design
methodology outlined in [45]-[47] for achieving optimum gain was used.
Typically, when designing a pyramidal horn, the desired gain Gy and the
dimensions of the rectangular feed waveguide a and b are known. The objective
is to determine the remaining dimensions that will result in optimum gain. In

this specific design, the chosen operating frequency was 6 GHz, with a target
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gain of 16 dB. The design used the WR159 waveguide standard with dimensions
a = 40.38 mm and b = 20.19 mm. Figure 3.14 provides a visual representation
of the horn structure, highlighting its key physical parameters. The feed system
was based on a commercial SMA connector (50Q), which was inserted inside
the waveguide (it acts as a 1/4 antenna) and connected to a coaxial cable. In
this commonly employed technique, the most efficient location for placing the
probe is typically at the center of the wide wall, A;/4 (where A is the guided
wavelength of the guided mode) distance from the shorted-end end of the
waveguide, and parallel to the narrow wall. A more comprehensive explanation

of waveguide feeding systems is provided in Chapter 4.
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Figure 3.14. (a) Pyramidal horn. (b) H-plane view. (c) E-plane view.

As an initial design step, it must determine the value of y according to the
iterative equation (3.8). This parameter establishes the relationship between
the antenna's physical dimensions and the wavelength of the operating
frequency. The value of y (Table 3.4) can be easily obtained using

computational software tools such as Wolfram Alpha, Matlab, Python, etc.

2

b\? [ G |3 a Go?
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Where Gy is the desire gain in linear scale, and 4 de wavelength in free space.
After obtaining the value of y, the next steps involve calculating the slant
heights p. and ps, corresponding to the E-field and H-field directions, and
subsequently determining the optimal aperture sizes A and B using the

following equations:

Pe

L= 3.9

=X (3.9
Pn Go2
— = 3.10
A 8m3y ( )
A~ [3%p, (3.11)
B ~ [22p, (3.12)

Finally, the optimum aperture distance can be determined through next

equation

/
pe = (B —Db) [(%) - ﬂl 2 ~ Dn (3.13)

For the design of the matching network, the first step is to calculate the
guide wavelength at the operation frequency. This will provide an initial value
for the probe's position and length, which will later need to be optimized

through simulation. In a waveguide, the mode guide wavelength is given by

2T 21 21
= = = (3.14)
2

A

e e ()

Where kj is the wavenumber in vacuum and k. is the cutoff wavenumber.

Applying equation (3.14) considering only the mode TE; (m=1, n=0), the
parameter was found to be I; = 16 mm. The quarter-wave prove at 6 GHz lead

to h = 12.bmm. Nevertheless, these parameters are indicative. Through an
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iterative simulation procedure, it is possible to obtain a more accurate value.
To perform this process, acquire the value of I, and to validate the design, the
antenna was simulated using CST Studio Suite 2014 software. The material
used in the simulation was lossy aluminium and Rogers RT5870 (e, = 2.33,
tand = 0.0012) in the dielectric coaxial modelling. The final optimized design

parameters are summarized in Table 4 and the structure is shown in Fig.3.15.

Table 3.4. Dimensions of the horn antenna.

X A(mm) | B(mm) | p.(mm) h(mm) | lj(mm) | l(mm)

Value @ 2.3179 143.4 107.9 85 10.5 7 43

L.

Figure 3.15. Design of the horn antenna.

3.3.1.2 Prototyping and measured results
After completion of the design, the antenna was modified to accommodate
the SMA connector, and was divided into 6 parts to enable 3D printing (see
Fig. 3.16). The coaxial connector used (RS Pro straight panel mount SMA
connector, jack, solder termination, RS Stock No: 546-3181) underwent
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modifications to ensure it matched the dimensions specified in the simulation
design. The same software employed for antenna design was used to split the
antenna into different pieces. After 3D printing the PLA pieces, they were
subsequently coated with metal. In one instance, silver paint was employed for
metallization, while aluminum adhesive tape was used in the other. Following
metallization, the assembly process took place, which involved attaching the

SMA connector. The image below (Fig.3.16) depicts this prototyping procedure.

Figure 3.16. Antenna fabrication procedure.

The measured and simulated input reflection coefficient of both prototypes
are shown in Fig.3.17. The S-parameters were measured with the Agilent
N5221A PNA Network Analyzer. The fabricated antennas show a very
reasonably good agreement with the simulated results. The bandwidth with
reflection coefficient below —10 dB is between 5.6 GHz to 6.35 GHz.
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Figure 3.17. Reflection coefficient (the black line represents simulated results, dark
grey indicates measured results with aluminium tape, and light grey shows
measured results with silver paint).

To validate the prototyping procedure, a far-field measurement system was
also used (Fig.3.18). The measurement setup consists of an Agilent E8364B
PNA series 2-port network analyzer and a characterized horn antenna as

reference antenna.
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Figure 3.18. Scheme of the far-field Antenna measurement setup.
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Figure 3.19. Co-polarization normalized gain at 6 GHz (the black line represents
simulated results, dark grey corresponds to measured results with aluminium tape,
and light grey indicates measured results with silver paint).
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Figure 3.19. Cross-polarization normalized gain at 6 GHz (the black line represents
simulated results, dark grey corresponds to measured results with aluminium tape,
and light grey indicates measured results with silver paint).

The simulated and measured normalized radiation far-field patterns of the
antenna in the E-plane and H-plane at 6 GHz are presented in Figures 3.18 and

3.19, respectively. The measured co-polarization shows good agreement with
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the simulated results. As observed, the prototype metallized with aluminum
adhesive tape demonstrates a higher gain (15.7 dB) compared to the prototype
metallized with silver paint (15.2 dB). In the operational frequency range, the
measured cross-polarization levels for the antennas fabricated with aluminum
and silver are below -12.7 dB and -12.1 dB, respectively, while the simulated
results show values below -18 dB. Nevertheless, it's not a very significant
difference, and can be primarily attributed to conductor losses and the
manufacturing tolerances of the printer and assembly process.

This prototype, being based on PLA, has a low density compared to an
aluminum-made antenna, making it ideal for applications where a lightweight

design is required.

3.3.2 Slotted waveguide

The main prototype of the structures outlined in Chapter 4 and Chapter 5
are based on air-filled waveguide structure. The proposed devices are founded
on a serpentine rectangular waveguide loaded with transversal slots. Diverse
prototypes with different dimensions and printer configurations were
experimented for various operation frequencies. Regrettably, as illustrated in
Figure 3.20, despite employing a reduced printing speed and the smallest print
heads (extruder), the structure could not be successfully fabricated, leading to

various complications in the slots and the joints.

(b)
Figure 3.20. (a) Transversal view of a serpentine slotted waveguide structure. (b)
top view of serpentine slotted waveguide structure.
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Additionally, the total printing time and material required were excessively
long. Consequently, the decision was made to look for an external company
that could manufacture the structures in aluminum. Ultimately, a company
specializing in CNC (Computer Numerical Control) machining was

commissioned to create the prototype.

3.4 3D prototyping conclusions

In this chapter, the viability of 3D printing for various RF devices, as well
as different metallization processes and their optimization through
electroplating, has been investigated. The conductivity of silver paint, nickel
spray, aluminum adhesive tape, and the Electrifi 3D printing material has been
characterized. A stepped impedance filter with a PLA-based substrate was
designed and manufactured, allowing for practical experimentation with the
results provided by both nickel spray and silver paint. Furthermore, a
functional horn antenna was fabricated using PLA, resulting in excellent
performance with both silver paint and aluminum.

Although the results were not the desired ones related to the main designs,
this work served to support the designs used in the following chapters. As will
be demonstrated, the aluminum tape was employed to mitigate reflection losses
between the matching network and the periodic structure, among other parts
of the waveguide structure, across various configurations. On the other hand,
silver paint was used to metallize the sides of the Substrate Integrated
Waveguide (SIW) structure.

In the future, a resin 3D printer can be tested. This type of printer typically
offers higher resolution and precision than a filament printer. Additionally, it

can use other conductive materials or metallization techniques.
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Chapter

Leaky Wave Antenna Design

In this chapter a periodic LWA with backward to forward radiation with
efficient broadside radiation is designed and characterized. The structure is
based in a serpentine waveguide loaded with transversal slots in the wide wall.
Both unidirectional and bidirectional versions are introduced. Moreover, the
matching network is also designed in order to achieve coaxial to waveguide
transition. Finally, some other LWA arrangements rooted in the same concept

are shown.

4.1 Proposed Unit Cell and analysis

In the design of periodic LWAs, two primary challenges need to be
addressed: the occurrence of an open stopband, which degrades the radiated
beam around broadside, and the emergence of grating lobes in the radiation
pattern. When dealing with periodic structures filled with dielectric material,
the typical concern of grating lobes may not apply provided that the dielectric
material sufficiently slows the wave, enabling the scanning with the presence of
a single spatial harmonic. Various techniques have been proposed for
eliminating the open stopband in such structures [1]-[7]. In [1], the approach
involves the use of two non-identical slots within each unit cell in order to
eliminate the OSB. This novel design achieves to mitigate the OSB. Meanwhile,

[2] introduces a design combining dispersion enhancement and meandered unit
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cells, demonstrating successful outcomes in OSB mitigation. In [7] is proposed
a novel design for a LWA in the form of a half-annular structure with
suppressed OSB and integrated feeding. The technique employed to eliminate
the OSB involves the use of asymmetric unit cells. These techniques, when
applied to dielectric-filled LW As, have successfully mitigated or even eliminated
the open stopband (OSB). Nevertheless, when dealing with air-filled structures,
a distinct approach is often required.

Air-filled waveguide based periodic LWAs are a good option for scanning
applications where high-power handling capability, low loss, good stability, and
reliability is required [8]-[9]. One of the common techniques to eliminate or at
least reducing the open stopband is to load the waveguide with two radiating
elements per unit cell at a distance 1,/4 (/; being the guided wavelength at the
broadside frequency) [10]. Commonly used techniques to eliminate the grating
lobes are reducing the interelement spacing [11] or using spatial filters [12]-[13].
The serpentine arrangement in rectangular waveguide technology is a good
candidate for backward to forward radiation capability, to avoid grating lobes
and to eliminate the OSB [14]. In these configurations, a waveguide is typically
loaded with longitudinal radiating slots placed in the narrow wall of the
waveguide. However, this results in a LWA with large lateral profile that
hinders the possibility to place several of them side-by-side for the
implementation of an array antenna [14]-[15].

The proposed structure is based on a serpentine rectangular waveguide

loaded with transverse, non-resonant, radiating slots in the wide wall.

Unit Cell

Figure 4.1. Sketch of a serpentine waveguide-based LWA.
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As can be seen in Figure 4.1, the distance between two consecutive slots
corresponds to the length of the unit cell d. The dimensions of the waveguide
walls a and b will define the cutoff frequency of each mode. In a rectangular

waveguide, the cutoff frequency is defined by:

(4.1)

Where & and ur are the relative permittivity and the relative permeability
respectively, m and n are the modes of the propagating wave, and c¢ the speed
of light. According to the Floquet's theorem [14], the propagating mode inside
the proposed periodic structure can be decomposed into an infinite number of
space harmonics. The phase constant of each of the nth space harmonics can

be written as

2mn

Pn =B+~ (4.2)
where £ is the phase constant of the fundamental (n = 0) space harmonic that
approaches the phase constant of the closed waveguide (i.e., when the loading
tends to zero) and L is the meandered length of a unit cell. As it is known, the
illumination of the near fields determines the far field radiation pattern [11].
The fields on the radiating aperture of the structure shown in Figure 4.1 are
characterized by a phase constant which, for the nth space harmonic, is given
by

L L
Prn =7Pn (4.3)

Thus, the phase constant of the aperture fields is increased by a factor of
L/d with respect to the fields inside the waveguide. Radiation will occur
provided that one of the space harmonics on the aperture is a fast wave or,
equivalently, lies within the radiation cone of the Brillouin diagram.
Considering the serpentine waveguide shown in Figure 4.1 with dimensions
a=60mm, b=31 mm, L =74 mm, d= 19.42 mm, which leads to the
increasing factor L/d = 3.81. Assuming the propagation of the TE;, mode, the

analytical dispersion diagram for the space harmonics inside the waveguide and
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on the aperture are shown in Fig.4.2 and Fig.4.3, according to (4.2) and (4.3)
respectively.

It can be seen in Figure 4.2 that none of the space harmonics inside the
waveguide pass completely through the edges of the radiation region. Notice
that the n = 0 space harmonic tends asymptotically to the positive edge of the
radiation cone. However, the space harmonics n < 0 on the aperture completely
cross the cone edges as shown in Figure 4.3. Flatter curves can be obtained by
increasing the value of L/d, so that the frequency variation for scanning from
backward to forward end-fire becomes smaller.
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Figure 4.2. Dispersion diagram for the space harmonics inside the air-filled
serpentine waveguide. The radiation region is highlighted in gray.
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Figure 4.3. Dispersion diagram for the scape harmonics on the aperture. The
radiation region is highlighted in gray.

Notice that the space harmonic on the aperture capable of scanning with

the lowest frequency variation is the n = —1. The angle 6 (measured from the
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y-axis, within the y-x plane, according to Fig.4.1) of the main radiated beam

due to this space harmonic can be obtained from [10]

ﬁa
Sin(0) = % (4.4)
To have single-beam scanning over the entire range (i.e., only the n = —1

space harmonic radiates), the presence of unwanted space harmonics within the
radiation region that would produce grating lobes must be avoided. Thus, both
the n =0 and n = —2 space harmonics on the aperture must remain a slow
wave as the —1 space harmonic is scanned from backfire to end-fire. This
requires that the difference between the effective phase constants f%; and B2,
must be greater than 2k at the highest frequency of the scan range (forward
end-fire). As it can be inferred from (4.2), this condition is equivalent to the
design constraint that d < 4¢/2 (1o being the free-space wavelength) at the
highest frequency [16] or, equivalently, the phase velocity must be made
sufficiently slow such that v*; < ¢/3 [14].

Figure 4.4 shows a unit cell with transverse slots on the wide wall, designed
to achieve broadside radiation at 5GHz. The dimensions of the unit cell are
L =677mm, d = 1942 mm, a = 60 mm, b = 3.1 mm, with slot dimensions
L= 0.7 mm and ws = 20 mm. These slots are non-resonant, as the width and
the length are smaller than 4,/2 [10], [17]. Figure 4.5 illustrates the effective
phase constant of the space harmonic n — 1 of the unit cell. To extract this
value, CST Studio 2014 simulator was used to obtain the phase of the
transmission coefficient of a unit cell in perfect matching condition. Finally,

this value was substituted as f,L in Equation (4.3).

Figure 4.4. First proposed Unit Cell.
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Figure 4.5. Dispersion diagram for the scape harmonic n—1 on the aperture. The
radiation region is highlighted in gray.

In the following images (Figure 4.6 and Figure 4.7), the reflection
coefficient is shown for 5 unit cells and 30 unit cells, the field distribution in
absolute value at 5 GHz, and the field distribution in absolute value at 4.5 GHz

for an antenna composed of 30 unit cells.
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Figure 4.6. Reflection coefficient (black line represents the simulated results with
5 UC, while dark grey corresponds to 30 UC).

80



4.1 PROPOSED UNIT CELL AND ANALYSIS

As observed, at the operational frequency where the beam steers in the
broadside direction, the OSB emerges, becoming more pronounced when

considering a higher number of unit cells.

(b)
Figure 4.7. Field distribution around the LWA composed by 30 UC under perfect
matching condition. (a) 5 GHz. (b) 4.5 GHz.

In Figure 4.7, it can be seen that the electric field stops propagating through
the structure within this region. It can also be observed that some residual
radiation occurs due to the transition between the reflected and transmitted
signal. However, the gain of the antenna remains under 2 dB. On the other
hand, outside of the OSB region, the antenna radiates as expected, offering a
maximum gain of 16.6 dB.

The appearance of the open stopband in periodic structures is associated
with a significant amount of power from the wave travelling along the structure

being reflected back to the source, rather than radiated, producing large
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mismatch. As the number of unit cells increase, or the radiated power increases,
the mismatch produced by the stopband [10]-[11] as shown in Figure 4.6.
Typically, this problem is solved loading the unit cell with a second element
located 45/4 apart from the radiating element. However, this approach usually

only mitigates the OSB region.

Considering radiation from the n = —1 space harmonic, it follows from (4.4)
that % = 0 at the broadside radiation and L = 2m, according to (4.3). To
prevent the open stopband for the n = —1 space harmonic, each unit cell will

be load with two identical slots, one of them placed in the top wall of the
waveguide (Slota) and the other in the bottom wall (Slots), as shown in Fig.
4.8.

Unit Cell

Slot, d Slot, 2 b il
. » _ -

V4
”_]‘ ‘ 1

Yg Slotg Slotg

Z X
Figure 4.8. Sketch of the proposed unit cell. © 2023 IEEE. Reprinted, with
permission, from [18].

biE

Notice that this configuration will produce bidirectional radiation pattern,
which may be desirable in specific applications where areas with limited space
need to offer a wide coverage in wireless communications such as tunnels, long
streets, or coal mines [19]-[21]. The radiating slots can be modelled using the
single-element impedance representation provided that the slots width is small
compared with the slots length and slot lengths are less than 4,/2. Since the
top and bottom slots are both identical and are designed to be non-resonant,
they can be represented by a resistance in series with a reactance [17], [22].
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Figure 4.9. Equivalent circuit of the unit cell. © 2023 IEEE. Reprinted, with

permission, from [18].

The resistance accounts for the radiated power through the slot and the
reactance correspond to the reactive power. In order to avoid the wave being
reflected to the source, the bottom slots must be located at a specific distance,
dz (see Fig.4.9), from the top slot so that at the beginning of the unit cell
reflection from the top and bottom slots are 180° out-of-phase. Let us consider
that only the fundamental TE;, mode (slightly perturbed by the presence of
the slots) propagates inside the waveguide with a phase constant fo. Assuming
that the reflection coefficient at the top and bottom slots are equal each other,
the difference in phase delay at the beginning of the unit cell for the waves
reflected at both slots will differ in two times the round-trip phase delay
between the two elements, i.e., —2fodz, plus two times the additional phase, ¢,

due to the wave going through the top slot, which leads to

Ao 2¢
d, = Z(l + 7) (4.5)

where Ay corresponds to the free-space wavelength at the broadside frequency.
The phase ¢ introduced by a single slot can be obtained from electromagnetic
simulation, by comparing the phase of the Sz parameter of the unit cell in the
case of considering only one slot and without slots, under perfect matching

condition.

4.2  Design of the Leaky Wave Antenna
The proposed LWA is designed for an emerging broadside beam at 5 GHz

from the n = —1 space harmonic. The layout of the unit cell for the proposed
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LWA is shown in Fig.4.10 In order to reduce the interelement spacing and
prevent the appearance of grating lobes, non-standard waveguide dimensions
were employed. The width of the waveguide was set to ensure the propagation
of the fundamental TE;, mode at the operating frequency range. The narrow
wall was designed to reduce the distance between slots. The dimensions of the
rectangular slots (L = 0.7mm and ws= 20 mm) were chosen to achieve
maximum radiation resistance, comply with manufacturer's specifications, and
avoid slot resonance. Once the slot dimensions were chosen, the amount of
power radiated per unit cell can be controlled with the slot thickness, t. Making
it lower increases the leakage rate with a minimum change in the phase constant
of the guided wave. A dimensioned ramp hole (related to the parameter s;) was
used to set the slot thickness to 0.1 mm, as the manufacturer's specifications

required a minimum wall width of 2 mm.

(b)

Figure 4.10 (a) Unit cell cross section layout. Metallization is highlighted in light

gray and the absence of metallization in dark gray. Dimensions are: a = 60 mm,
b= 31 mm, d=1942 mm, h= 20.2 mm, I, = 11 mm, . = 10, s; = 2.0lmm,
s2 = 1 mm, s3 = 20.35 mm, g = 2 mm, t = 0.1 mm. © 2023 IEEE. Reprinted, with
permission, from [18]. (b) 3D view of the proposed unit cell.

To obtain the serpentine length of a unit cell L, and the distance between
two consecutive slots, ds, the following steps were taken. First, the meandered
length L was set to 4, = 6.92 ¢cm, which corresponds to the guide wavelength
evaluated at the broadside frequency of 5 GHz. Next, as is shown in Fig.4.11

the phase ¢ = —0.19 rad (—11°) was obtained from electromagnetic simulation
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of the unit cell under perfect matching condition, by subtracting the phase of
the S;1 parameter without slot to the S parameter with one slot at 5 GHz.
Finally, the bottom slot was placed at a distance d» = 15.2 mm, calculated
using (4.5), from the top slot and the meandered length L was modified to
ensure that the phase of the S» parameter equals —2m at the broadside

frequency.

-250 T T T
= UC load with one slot
——— UC without slot

-300+

-350+

Phase of S, (°)

A
o
2

-450 T T T
4.50 475 5.00 5.25 5.50

Frequency (GHz)

Fig. 4.11 Phase of the transmission coefficient of a unit cell under perfect matching
condition (black line represents the UC loaded with 1 slot, while dark grey
corresponds to the UC without slot). © 2023 IEEE. Reprinted, with permission,
from [18].

-
/\/vaM

—— 8, ,(Slots distanced A§/4)
= 8,,(Proposed correction)
+sse+ S, (Open StopBand)

450 475 500 525 550
Frequency (GHz)

Figure 4.12 Comparison of 30-UC under perfect match simulation S-parameters
(black line represents the results applying equation 3, dark grey corresponds to the
slots separated by J,/4 and black dotted line represents the design with OSB).
Light grey indicates the open stopband region. © 2023 IEEE. Reprinted, with

permission, from [18].
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As observed in Figure 4.12, the application of the proposed correction
successfully eliminates the OSB, resulting in a reduction of reflected power by
over 15 dB compared to the most common method.

For the design of the unidirectional version, two options were explored: one
using a rectangular cavity (Fig.4.13) and the other employing a ground plane
(Fig.4.14) [23].

i

Backing Trough

.

ih
X Z Wt

Figure 4.13 Schematic of the unidirectional version based on backing trough.
Metallization is highlighted in light gray and the absence of metallization in dark
gray. © 2023 IEEE. Reprinted, with permission, from [18].

X z tht

Wi

Figure 4.14 Schematic of the unidirectional version based on ground plane.

Metallization is highlighted in light gray and the absence of metallization in dark
gray.

The first technique involves a long metallic cavity that can be thought as
a waveguide operating well below the cutoff frequency of the first dominant
mode. This ensures the elimination of transverse resonances. Moreover, since

most of the power is radiated from the structure before it reaches the open end
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of the metallic cavity, any longitudinal resonances are effectively eliminated.
Then, to prevent excitation of the dominant TEiy mode, the width and height

of the metal cavity must satisfy the condition

h, < (4.6)

2fu

where £, is the highest scan frequency, which in this case is 6 GHz. Typically,

_c
Ve 2fn

the most efficient distance of the cavity from the surface is 4,/4. On the other
hand, for the cavity width, it should be at least as large as the slots.

The second technique involves placing a ground plane parallel to the slots
at a distance k. In this case, the most efficient distance from the device's surface
is hy = Jo/4, while the width must be at least as large as the aperture. Simulation
software was employed to analyze the impact of these techniques on the OSB
region. Next, a comparison of the S parameters for the optimized designs of the

two unidirectional versions is presented.
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Figure 4.15 Comparison of 30-UC under perfect match simulation S-parameters

(the black line represents results with the backing, while dark grey corresponds to

results with the ground plane).

In both cases, optimization was carried out through a parameter sweep in
CST under perfect matching conditions. The simulations were conducted on a
structure composed of 30 UCs. The optimized values used in Figure 4.15 were

¢ = 22 mm and w; = 27 mm for the backing through design, and h; = 16 mm
and w; = 90 for the ground plane-based design. For the backing through design,
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it was observed that beyond a distance of 18 mm (0.26 4,) from the surface, the
structure's effect on OSB suppression was minimal, while the cavity width was
crucial. The wider the cavity [complying with condition (4.6)]), the less affect
it on OSB suppression. On the other hand, in the case of the ground plane
design, the critical parameter was the distance from the surface. The reflection
losses in the version with a rectangular cavity are -19 dB, while for the ground
plane design, they are -15 dB at the frequency corresponding to broadside
radiation. Also, it can be observed that both configurations dissipate
approximately the same amount of power. Furthermore, in general, both
designs exhibited the same radiation efficiency and identical gain. Furthermore,
the waveguide cavity-based design offers a much more compact arrangement.
For these reasons, the unidirectional design carried out was with a rectangular
cavity.

To power the structure, a matching network must be designed. Waveguides
derive their energy by exciting an electric or magnetic field within the structure.
This excitation can be achieved through options such as a probe, a loop
antenna, or a patch antenna, among other planar elements inserted into the
waveguide [10], [24]-[25]. There are proposed in-line transitions based on
microstrip or substrate-integrated waveguide to waveguide [26]-[29]. However,
these latter types of feed structures require dielectric materials, leading to
increased losses and impacting the high-power handling capacity that air-filled
waveguides typically offer [8]-[9], [30]. Alternatively, a waveguide can be
powered by coupled slots [31]-[32]. In this case, the signal should be generated
using one of the methods mentioned above. The choice between these methods
depends on the specific design requirements.

The most used technique in rectangular waveguide is based on a small probe
inserted into the waveguide and supplied with a coaxial cable. By coupling the
probe into the waveguide, the current that flows into the probe at first produces
and F field which causes an H field, then the stablished electromagnetic field is
transmitted through the waveguide. In the opposite way, energy can be
removed from a waveguide using the same technique. To set up an electric field
of considerable intensity inside the waveguide, the probe must be placed at the
point of maximum efficiency. Normally, in rectangular waveguide, the most
efficient place to locate the prove is in the center of the wide wall, distanced

/4 to the shorted end of the waveguide and parallel to the narrow wall with
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a length of 1y/4 [10]-[33]. Another way to power a waveguide is to inject the
energy through a small loop that will carry a high current. In this case, the
energy will be injected into the waveguide by coupling the small loop generating
a magnetic field that will cause the appearance of an electric field. Only if the
frequency of the current in the loop is within the bandwidth of the waveguide,
energy will be transferred to the waveguide.

Since this structure will be analyzed as an electromagnetic field confinement
device for high power applications, the transition was based on a small probe
inserted into the waveguide, facilitated by a commercial SMA connector. The
waveguide hight required to the signal excitation is higher than the wide wall
of the unit cell. To achieve this transition a matching network based on stepped
impedance and tapered transition was designed, as illustrated in Fig.4.16 [34]-
[35]. The parameters were optimized by means of CST Studio 2014 under
perfect matching conditions to ensure enough transmission power from 4.2 to
6 GHz. The material used for the waveguide structure was aluminum
(6= 3.56-10" m/s). To model the dielectric surrounding the inner conductor
of the coaxial cable, Rogers RT5870 (& = 2.33, tan 6 = 0.0012) was used. To
carry out the simulations, two waveguide ports was used. The first one was
placed in the coaxial, and the second one was positioned at the end of the

waveguide transition (corresponding with the narrow wall b).

3
3
N
N
N
3
N

Figure 4.16 Layout of the matching network. Metallization is highlighted in light
gray and the absence of metallization in dark gray. Dimensions are: a = 60 mm,
b= 3.1 mm, h, = 19 mm, h, = 13 mm, hs= 13 mm, hy = 11 mm, h; = 9 mm,
Iy =89 mm, lp = 55.4 mm, Iz = 38.5 mm, Iy = 31 mm, l; = 16 mm, 1, = 10.5 mm.
© 2023 IEEE. Reprinted, with permission, from [18].
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Figure 4.17 S-Parameters of the matching network.

As seen in Figure 4.17, reflection losses below -10 dB were achieved within
the frequency operation band. Additionally, at the frequency where the
structure radiates in the broadside direction, reflection losses are below -20 dB,
indicating that over 99% of the power is transmitted to the periodic structure.

Considering that this structure will be analyzed in the surface wave mode,
to implement an EMFCD in Chapter 5, the matching network was designed to
be modular, separate from the unit cells. Furthermore, the structure composed
by 30 UC was divided into two parts. The following illustrates the design of
the matching network and the unit cells with the relevant modifications to

enable their fabrication.

R i
Figure 4.18 Designed modulated matching network prototype.
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Figure 4.19 Design of the periodic structure.

4.3  Fabrication and experimental results

As indicated in the previous chapter, an attempt was made to manufacture
the device using 3D printing, but this was not successful. Finally, the design
was outsourced to a company external to the Universitat Autonoma de
Barcelona. The prototype was produced using computer numerical control
(CNC) machining, following the design shown in Figures 4.18-4.19. The
material used was 6063 aluminum comprised of approximately 98% aluminum
and 2% other metals such as copper and magnesium. The probe inserted into
the waveguide was a commercial SMA connector (RS pro straight panel mount
SMA connector, jack, solder termination, RS Stock No: 546-3181). The inner
conductor of this connector was modified according to the dimensions of Figure
4.16. The backing trough was fabricated in PLA using 3D printing and was

metallized with aluminum adhesive tape.

'.]FUU UYL !-'jgip'«‘u_):un'n;-‘:n "ﬂ Ty
o« WRWIWWIRNARAER

Figure 4.20 Fabricated prototype. (a) Cross-sectional zoom view of the serpentine
in the xy-plane according to Fig. 1. (b) Cross-sectional view of the total serpentine
length in the xy-plane. (c¢) Full view of the device in the xz-plane. © 2023 IEEE.
Reprinted, with permission, from [18].
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Figure 4.21 Full view of the waveguide cavity and the unidirectional LWA
arrangement.

Figure 4.22 Fabricated matching network prototype.

To obtain the experimental S-parameters, a PNA Network Analyzer
N5221A was used. The structure was connected through a coaxial cable and
terminated with a load of 50 Q. The measured S-parameters of the same
structure considering the bidirectional antenna, unidirectional version and only
the top slots (by covering the bottom slots with aluminium adhesive tape) was

made for comparison purposes.

0
-10
~~
@ ‘20' | n' '
o P I
-30 I |l —S, Bidir. Meas.
—S11 OSB Meas.
40 ! : ;
4.0 4.5 5.0 5.5 6.0
Frequency (GHz)

Figure 4.23 Measured reflection coefficient of the LWA (black line represents the
bidirectional configuration, while dark grey line corresponds to bottom slots covered
with aluminum adhesive).
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In the case of considering only the top slots, an open stopband appears in
the form of a strong mismatch of about 200 MHz bandwidth around the
broadside frequency, just above 5 GHz. However, when both the top and
bottom slots are considered the open stop band is eliminated and the matching
level is reduced below —20 dB at the broadside frequency. A slight shift towards
higher frequencies is obtained for the structure with only top slots due to the

lack of the phase advance from bottom slots.
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-40 .
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Figure 4.24 Measured and simulated S-parameters of the bidirectional arrangement
(the black line corresponds to simulated results, while the dark grey line represents
experimental results).
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Figure 4.25 Comparison of measured S-parameters (the black line corresponds to
simulated results, while the dark grey line represents experimental results).
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The Figure 4.24 display a comparison between simulated and measured
results of the S parameters for the bidirectional arrangement. As observed, there
is a strong agreement between experimental and simulated outcomes.
Additionally, in Figure 4.25, a comparison is made between experimental results
of the bidirectional configuration and the unidirectional version based on
backing through. It can be noticed that the presence of the backing trough does
not induce significant changes in the reflection coefficient. At the frequency of
broadside radiation, a matching level below —20 dB is achieved. This suggests
that the suppression of the OSB through the slots on the bottom surface is still
effective. However, it can be observed that the unidirectional design dissipates
less power. This is because the backing through collects the energy that the
slots should radiate from the bottom surface and redirects it to the top slots,
but not all of it is radiated so finally is dissipated in the load.
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Figure 4.26 Simulated radiation efficiency (the black lines corresponds to
bidirectional arrangement, while the dark grey line represents unidirectional

version).

The simulated radiation efficiency ranges from 83% to 97% for the
bidirectional structure and from 72% to 93% for the unidirectional version. To
validate the beam-steering characteristics of the LWA, a far-field measurement
system is used. The measurement setup consists of an Agilent E8364B PNA
series 2-port network analyzer and a characterized horn antenna as reference
antenna. Figure 4.27 shows the unidirectional LWA in the anechoic chamber.

To facilitate the measurement, a support capable of withstanding the weight of
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the antenna and integrating with the rotating platform was fabricated using

3D printing.

Figure 4.27 LWA and far-field measurement setup.
The following image displays the scan angle of the main beam for both the
unidirectional and bidirectional antennas, along with the theoretical radiation

angle.

Theoretical angle

454 W Meas. Scan angel (top)

*  Meas. Scan angel (bottoom)
301 ® Meas. Scan angel (unidir)

Scan angle (°)

-60 - — . | ‘
4.0 4.5 5.0 5.5 6.0

Frequency (GHz)
Figure 4.28 Scan angel (red dots and grey squares represent the bottom and top
surfaces, respectively, in the bidirectional arrangement. A crossed-out circle

indicates the unidirectional results, while a black line represents the theoretical).

To calculate the theoretical scan angle, equation (4.4) was used substituting
1L with the phase of the transmission coefficient of a unit cell under perfect
matching condition. It can be appreciated that very good matching is achieved
showing a linear dependence of the radiation angle and the frequency. This
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linearity is useful for applications like frequency-scanned frequency-modulated
continuous wave (FMCW) radars [15] among other scanning systems [36].
Examining (4.4) reveals a trade-off between the scan rate, calculated as the
frequency derivative of the beam angle radiation, and the scanning linearity,
deduced as the second frequency derivative of the beam angle (see appendix I).
These quantities, when evaluated at the broadside frequency, demonstrate
inverse and direct proportionality relationships with the period d, respectively.
By controlling this parameter, one can adjust the scan rate and the scan
linearity of the structure. As the frequency sweeps from 4.3 to 5.7 GHz, the
main beam steers from —35° to 42° in both structures, with the beam directed
to broadside at 5 GHz. The measured gains for both unidirectional and
bidirectional versions are depicted in Figure 4.29 showing a maximum value of
16.5 dB and 15.5 dB, respectively. The structure with a bidirectional pattern
exhibits a difference between top and bottom gains, particularly in broadside
radiation. This disparity in broadside radiation is primarily attributed to the
open stop band phenomenon. In the rest of the scan direction, it is mainly
ascribed to the dimensions of the top and bottom slots due to manufacturing
tolerances. As expected, an increase on the gain (of 2 dB average) was observed
for the unidirectional antenna compared to the bidirectional one, which shows

that most of the back radiation is recovered by the backing trough.

20 . . .

Gain (dB)

L
1

—v— Meas. Gain (top)
Meas. Gain (bottom)
Meas. Gain (unidir.)

4.5 5.0 5.5
Frequency (GHz)
Figure 4.29 Measured gain (the black line represents the top surface, dark gray

0
4.0 6.0

corresponds to the bottom surface, and light gray indicates the unidirectional

arrangement. ).
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Figure 4.31 Normalized measured (solid lines) and simulated (dotted lines)
radiation pattern in the E plane for (a) the bidirectional LWA and (b) the
unidirectional version. The considered frequencies are 4.3 GHz (red), 4.5 GHz (light
green), 4.7 GHz (dark blue), 5 GHz (black), 5.3 GHz (magenta), 5.5 GHz (cyan),
and 5.7 GHz (dark green). © 2023 IEEE. Reprinted, with permission, from [18].

The simulated and measured normalized radiation patterns in the E-plane

demonstrate good agreement for both the bidirectional structure and the
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unidirectional version. Secondary lobes around -13 dB can be observed in
relation to the main lobe in all beams. This lobe level aligns with a uniform
distribution of the aperture, as anticipated due to the identical nature of all
slots. In the unidirectional scenario, one can observe how the rectangular cavity
efficiently redirects the energy from the slots, transitioning it from the bottom

surface to the top surface.

4.4 Conclusions

In this chapter, a novel periodic leaky-wave antenna with backward to
forward scanning capability is presented. The proposed structure, composed of
30 UCs, achieve an effective suppression of the open stopband for efficient
broadside radiation at 5 GHz without any grating lobes. Furthermore, two
unidirectional versions are analyzed. The rectangular cavity-based design
exhibited superior performance compared to the ground plane-based design in
dealing with the open stopband region. Additionally, the rectangular cavity
design provides a more compact device.

The measured and simulated S-parameters, radiation pattern, and gain are
reported for the unidirectional arrangement based on backing trough and the
bidirectional structure.

In Table 4.1 a frequency scan antenna features comparison is shown. In this
table, the open stopband is considered as rejected with a matching level under
- 10 dB at broadside frequency radiation. This antenna can be configured with
a bidirectional radiation pattern and a unidirectional radiation pattern.

In [35] a LWA based on fully metallic corrugated parallel-plate waveguide
(PPW) technology is proposed. The antenna design includes a corrugated plate,
a smooth plate, and a feeding structure with wideband impedance matching.
The study addresses challenges such as the open stopband effect and proposes
solutions, such as introducing two no-identical elements within a radiating unit.
However, the OSB is mitigated but not eliminated. In [12], a serpentine
waveguide structure, loaded with slots along its broad wall, was employed to
feed an array of patch antennas. The study successfully suppressed the open
stopband by introducing reflection cancellation pillars with optimized size and
placement relative to the slot. Despite this achievement, the presence of grating
lobes was inevitable due to constraints on the width of the serpentine
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waveguide's broad wall. Moreover, the presence of pillars, introduce Ohmic
losses, reducing the radiation efficiency. In [15], a waveguide antenna design
was introduced, allowing for a side-by-side arrangement of multiple antennas
due to its narrower width. This design incorporated cylindrical posts positioned
at the center of the waveguide, resulting in a modest reduction of the open
stopband. The study demonstrated the absence of grating lobes, except for a
minor back-lobe near the cut-off frequency. However, the presence of these
cylindrical posts led to a notable dissipation of power through Ohmic loss,
thereby decreasing the overall radiation efficiency. The design presented in [37]
involves using a CRLH waveguide with air-filled double ridge corrugations
(DRCs). The unit cell of the waveguide consists of a traditional rectangular
waveguide with one broad wall periodically loaded with air-filled short-circuited
DRCs. This structure supports both forward and backward wave propagation
simultaneously. However, the proposed unit cell do not eliminate the OSB, only
managing to mitigate it to -7.5 dB. Additionally, the radiation efficiency and
scan linearity is relatively low.

The proposed structure in this thesis, in both versions, achieves a high-
power handling capability, high frequency scan range with a linear scan
variation, high radiation efficiency, high gain, low loss, and good stability and
reliability. The geometrical arrangement has a narrower lateral profile, which
allows placing several of them side-by-side to either and obtain a pencil beam.
The experimental results show a backward to forward scanning capability from
—35° to 42° for both the unidirectional and bidirectional versions, with a

maximum measured gain of 15.5 dB and 16.5 dB, respectively.
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Table 4.1. Performance comparison with other air-filled FSAs. © 2023 IEEE. Reprinted, with permission, from [18].

Bandwidth Radiation Eff. Scanning . 5 Length
Ref. Type Gain (dB Grating lob 0SB
(GHy) %) angle (°) ain (dB) rating lobes (M)
[35] Corrugated 28~40 >80 42.5-55 9.1-14.1 No Mitigated 9.4
PPW
[12] Array antenna 230~245 60 -24~24.5 29~30 Yes Eliminated 34
Wovern
[15] aveguide 27~34.7 54-90 -38~27 11.5~19 No Mitigated 27.6
LWA
[30] SSDA 9.7~10.3 <60 2316 12~20 No Yes 23.3
See—
[37) aveguide 30.5-40 40~75 29-31 16~19.5 No Mitigated 31
LWA
AA
 SSA/ 43~5.7 83~97 (sim) 42~34 10~15.5 No Eliminated 0.7
Bidirectional
Proposed SSAA
oo 43~5.7 72~93 (sim) -43~36 11.2-16.4 No Eliminated 9.7
Unidirectional
S
[e)
—
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Chapter

Design of Electromagnetic Field
Confinement Devices

In this chapter, two electromagnetic field confinement devices are proposed,
designed, and characterized. One design is based on a uniform structure with
a central slit, while the other design is based on the same periodic structure as
discussed in Chapter 4 but with a different matching network. In this chapter,
design equations are developed based on the peculiarities of each structure. The
periodic structure is designed for RFID applications at an operation frequency
of 867MHz, while the second approach is intended at 4 GHz for high-power
applications such as energy transfer. Finally, the results of the different designs

are analyzed and compared.

5.1 Electromagnetic Field Confinement based on SIW for

RFID applications
An Ultra-High Frequency (UHF) Radio Frequency Identification (RFID)
system is a remote data storage and retrieval system that uses RFID tags,
cards, or transponders. It generally consists of a reader with an antenna that
sends a radio frequency signal to a tag and receives a backscattered signal in

return, allowing for target identification. UHF RFID systems have been widely
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used in logistics, transport, and supply chain applications for tracking and

wireless identification, among other uses.

Database
System that stores
[ and evaluates data.

A 4

RFID reader RFID RFID tag
Adheres to assets

Connected to the antenna, K. o pEEL S
it receives data from the Kk Attt HtEna
RFID tag. \\ 4 '

Antenna

It receives data stored in the
RFID tag and transmits it to
the RFID reader.

Figure 5.1 RFID system cycle.

Current regulations for UHF-RFID impose a maximum level of power
density that can be sent by the reader, limiting the communication range
between far-field RFID reader antennas and passive tags to typically 6-8 m [1].
Although conventional far-field RFID reader antennas have been extensively
studied [1]-[3], they are not suitable for low-range detection. It is difficult to
achieve adequate illumination volume with negligible levels of radiation leakage
beyond it for near-field (NF) applications. As previously mentioned in Chapter
2, some of these applications are: points of sale at shops and stores in desktop
readers [4]-[5], printer encoders [6]-][7], smart shelves [8]-[9], and smart point
readers [10]-[11], among others. To address these limitations, our research group

proposed the use of field confinement devices [12].

5.1.1 Principle of operation
The electromagnetic field confinement device is based on an SIW structure
loaded with a longitudinal slit along the propagation direction (x-axis) located

at the centre of the wide wall, and an exponential tapered transition between
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the access lines and the SIW structure. Figure 5.2 shows a schematic

representation of the structure.

Y Metalized edge
X g Tapered transition

1,

Access line ZY  pe-------->_o yup——

SMA ——
connector \
Slot LT

Figure 5.2 Sketch of the electromagnetic field confinement device (the solid grey

represents the dielectric, and the dashed black line indicates the metallized wall).

Recalling the equation (2.17) developed in Chapter 2.3 [12], which allows
determining the attenuation constant oy of the electric field in the broadside

direction from the guided mode phase constant, we have:

a, = /ﬁz —ko? (5.1)

where £ is the phase constant of the guide mode and ko is the wavenumber in
a vacuum. In rectangular non-magnetic dielectric-filled waveguide the TEpm,

mode phase constant is defined as [13]-[14]

By=m \/ £ Ho (?)2 -~ [(%)2 + (g)z] (5.2)

where a and b are the dimensions of the waveguide width wall and narrow wall

respectively, fis the operation frequency, & is the relative permittivity of the
substrate, and c is the speed of light in vacuum. Considering only the TE10
mode from equation 5.2, and adding the guided mode to equation 5.1, it
becomes possible to determine the necessary SIW structure width to achieve a

desired decay factor at a specified operating frequency.

I

a =
Je =1 @nf/0—ay?

(5.3)
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Finally, the field distribution will determine whether the electric field

experiences exponential decay or follows a Hankel function of the first kind,
order 1 [12].

5.1.2 Device design

The electromagnetic confinement device was designed to achieve 1 dB/cm
decay factor in European RFID EPC Gen 2 protocol. The frequency range in
RFID European regulations is 865.6 - 867.6 MHz. The material used in the
design was Rogers RO3010 laminate, which consists in h = 1.27 mm dielectric
thickness with a relative electric permittivity &= 11.2 and tagé = 0.002,
sandwiched by two copper plates of t = 35 pm thickness.

To feed the electromagnetic field confinement device, a coaxial-to-SIW
transition matching network based on an access line of 50 ) and a taper
transition was designed. The parameters of the exponential taper transition
were obtained using the procedure proposed in [14]-[15]. Subsequently, these
values were optimized through a parameter sweep in CST Studio. The following

equations allow to obtain the width of the transition taper Wi:

601(8h+025Wt) <1
T E AN 77 h
W 1207 a (5.4)
e W W E >1
nh |7+ 1393 + 0.667 In (L + 1.444)]
—0.627Sr+1+8—r8r_1
2 h
i _ 4.38 . 2 ,1+12Wt (5.5)
W, a

where 7 is the impedance of free space, h is the dielectric thickness, a is the
width of the SIW structure, and & is the relative permittivity.
The taper lengths must be chosen as a multiple of a quarter of a wavelength
in order to minimize the return loss. Thus, the parameter L. is given by
A c

L = — =
At T e

(5.6)
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where n is any natural number. Computing equation (5.3) to obtain a decay
factor oy = 1 dB/cm at 867 MHz the value a = 55.84 mm was obtained. This
decay factor corresponds to a characteristic distance d, = 8.7cm. Next, the
length and the width of the access lines were computed with Matlab, yielding
L, = 10 mm and W, = 1.15 m, respectively. Finally, applying (5.4) — (5.6)
the value W; = 21 mm and Ly = 51.3 mm for n = 2 was obtained. The designed
tapered transition follows the function f(x)=e®**). In order to optimize the
parameters of the tapered transition, a parameter sweep simulation under
perfect matching conditions between the access line and the SIW structure was
made. Figure 5.3 shows the return losses of the matching network computed

according [14]-[15] and optimized.

0
— Optimized
Computed
-5
2 0]
< -10
~
s
-20

080 085 090 095 1.00
Frequency (GHz)

Figure 5.3 Reflection coefficient (the black solid line represents optimized
parameters, while the dark grey solid line corresponds to computed parameters).

As can be seen, a reduction of approximately 3 dB in return losses at
operation frequency was achieved. The final design parameters of the

electromagnetic field confinement device are summarized in the following table.

Table 5.1. Dimensions of the electromagnetic field confinement device.

L. W, L, W, L W a Lgiw
Value (mm) 10 1.15 64 9.96 576 1 55.84 596
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The width of the slit (Wi

electromagnetic field in the aperture, prevent mismatching, and be small

1 mm) was chosen to provide enough

enough to minimize perturbation of the propagating TE; mode. Since the
structure can be made arbitrarily large, considering the size constrains of the
milling machine, the SIW length Lgw and the slit length L, were set to 596 mm

and 576 mm respectively.

X

Z

Figure 5.4 Design of the electromagnetic confinement device.

Figure 5.4 illustrates the final design of the electromagnetic field confinement
device. As observed in Figure 5.5, the isolines of the electric field amplitude in
the broadside direction exhibit a flat distribution from 1 cm of the surface.
Therefore, this field uniformity in the z-direction up the slit will implies an
exponential decay factor in the centre of the structure according to (2.16).
However, within 1 c¢m from the surface, a somewhat more cylindrical
dependence becomes apparent. This cylindrical dependence also can be
observed in zdirection from the edge of the device. In these cases, the field
decay will be proportional to the Hankel function of first kind and order 1 [12].

In the case of the US (United States) RFID protocol, the frequency range
is 902-928 MHz. Using the same design and considering 915 MHz, the
computation in (5.1) yields an attenuation constant oy = 1.97 dB/cm,
corresponding to a d, = 4.57 cm. In this case, the electric field isolines also
exhibits flat distribution from 1 cm of the surface in broadside direction, and

the field continues bound to the surface.
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Figure 5.5 Isolines of the field amplitude at 867 MHz. Simulation in CST
Microwave Studio with waveguide ports and open boundary conditions.
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Figure 5.6 Isolines of the field amplitude at 915 MHz. Simulation in CST
Microwave Studio with waveguide ports and open boundary conditions.

In Figure 5.7 is shown that this device features a current distribution that
maximizes the electric field in the y-direction at the center of the structure and
in the z-direction between the slit and the edges of the device. This ensures the
reading of tags oriented along the y-direction and z-direction on the surface of

the structure.
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Figure 5.7 Electric pattern at 867 MHz in the yz-plane.
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Figure 5.8 Electric field in absolute value at 867 MHz. (a) xy-plane. (b) xz-plane
at 10 mm from the surface.

Figure 5.9 Electric field in absolute value at 915 MHz. (a) xy-plane. (b) xz-plane
at 10 mm from the surface.

112



5.1 ELECTROMAGNETIC FIELD CONFINEMENT BASED ON SIW FOR RFID
APPLICATIONS

5.1.3 Measured results

The device was fabricated from a Rogers RO3010 laminate (Figure 5.10).
The manufactured structure has been done by means of a milling machine. The
design was divided into two symmetrical parts and then soldered with tin.
Typically, vias are used to connect conductor traces in different layers of the
substrate, ensuring electrical continuity and allowing the signal to flow through
the structure. However, to metalize the sides of the fabricated prototype, a
conductive silver paint was used. To validate the metallization process, the S-
parameters ware measured with the PNA Network Analyzer N5221A and

compared to the simulated results.

Figure 5.10 Fabricated prototype.

0
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=50 - 1 . - "
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Frequency (GHz)

Figure 5.11 S-parameters (the black solid line represents the simulated reflection
coefficient, the dark grey solid line represents the simulated transmission coefficient,
the black dotted line represents the measured reflection coefficient, and the dark
grey dotted line represents the measured transmission coefficient).

Figure 5.11 shows a high level of agreement between the simulated and
measured scattering parameters. These results shown the effectiveness of the
metallization technique employed, which successfully transforms the

commercial laminate into a substrate integrated waveguide structure. A good
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matching with the reference impedance is appreciated at the operating

frequency (below — 20 dB). The simulated and measured Sz at 867TMHz are
— 2.1 dB and — 3 dB respectively corresponding to an attenuation of 0.035
dB/cm and 0.05 dB/cm.

The electric field measurements were taken by means of an electric field
probe (Narda PMM EP-60) in an anechoic chamber. This probe has a frequency
bandwidth of 100 kHz to 9.25 GHz and is capable of detecting electric fields
within the range of 0.14 to 140 V/m. The structure was excited by means of a
pure tone created by a signal generator, amplified with a power amplifier, and
transferred (1 W) through a coaxial cable ended with a 3.5 mm SMA connector.

The device was terminated with a 50 €2 resistive load.

—

Figure 5.12 Sketch of the measurement setup.
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Figure 5.13 Measured field at 1cm from the surface.
114



5.1 ELECTROMAGNETIC FIELD CONFINEMENT BASED ON SIW FOR RFID
APPLICATIONS
Figure 5.13 shows the electric field measured at different frequencies at a

distance of 1 cm from the surface. As observed, the electric field on the device's
surface ranges from 9 V/m to 7 V/m, showing minimal variation with
frequency.

In figure 5.14 a comparison between the measured and theoretical
attenuation constant is shown. The analytical result was inferred using
equations (5.1) and (5.2) considering only the TEi, mode, & = 11.2 and
a = 55.84 mm. The measured results were obtained by determining the slope
of the fitting of the measured normalized electric field (until the electric field
drops to 1.8 V). It can be observed that there is a strong correlation between

the measured decay factor and the analytical one.

0.0
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@® Measured
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wn
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Figure 5.14 Attenuation constant in broadside direction (grey dots represent

e
oo
=

measured results, while the black solid line represents analytical results).

Figure 5.15 shows the normalized electric field expressed in dB. The electric
field was measured from 1 cm away from the surface until the measured electric
field dropped below 1.5 V. The experimental results show a very good
agreement with the analytical results. Furthermore, when the electric field
drops below -12 dB, the attenuation starts to decrease. However, at that point,
the field level is already very low compared to the surface level and becomes

negligible for RFID applications. Considering that commercial RFID tags
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typically require a field strength of 1-2V/m to activate, this design could be
used in some applications with a detection distance of up to 14 cm at 867 MHz
(Europe) and up to 7 cm at 915 MHz (United States).

— 0] N ' ' ' ' Theo (860 MH2)
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o -2 % Theo (880 MHz)
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2 j
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oo MesouMEA] %% | | \
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Distance y-axis (cm)
Figure 5.15 Normalized electric field (symbols represent measured results, while
solid and dotted lines represent theoretical results).

With this design, the power density undergoes a reduction of a factor of
two for every 3 cm of distance in the European protocol, and for every 1.5 cm
of distance in the United States protocol. Through the redesign of the device or
an increase in supplied power (while considering the different protocols
restrictions), the detection range can be extended or reduced based on the
specific application requirements.

To validate that the structure does not radiate, the far-field measurement
setup was used. Figures 5.16 and 5.17 depict the measured gain of the structure
in the xy-plane and zy-plane at 867 MHz and 915 MHz, respectively. In both
cases, the gain consistently remains below -15 dB, indicating that the structure
has a negligible level of radiation for both the European RFID protocol and the
American RFID protocol.
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Figure 5.16 Gain measured in the xy-plane (the black line represents the results at
867 MHz, while the dark grey line represents the results at 915 MHz).
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Figure 5.17 Gain measured in the zy-plane (the black line represents the results at
867 MHz, while the dark grey line represents the results at 915 MHz).
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5.2  Electromagnetic Field Confinement based on Waveguide
International Commission on Non-Ionizing Radiation Protection (ICNIRP)
establishes guidelines and directives for protecting against non-ionizing
radiation. Established exposure limits, as outlined in [17]-[18], delineate the
maximum permissible levels of electromagnetic fields to which humans can be
exposed. Compliance with these limits is essential for the commercialization of
any product utilizing this technology. Therefore, effective control of the
evanescent waves holds significant potential for applications in this field. In
this context, the use of rectangular waveguides emerges as a highly interesting
technology, particularly due to their capability to handle high powers, and low
losses [14], [19]. The theory developed in [12] provides a framework that can be
effectively applied in the implementation and control of evanescent waves in

rectangular waveguides.

9.2.1 Principle of operation

The proposed electromagnetic field confinement device is based on a
periodic serpentine rectangular waveguide loaded with transverse rectangular
slots and a transition between a coaxial cable and the waveguide. Figure 5.18

shows a schematic representation of two consecutive unit cells.

Unit Cell a

Slot, d Slot, 2 b t:

bt"

Yl Sloty Slot,

Figure 5.18 Sketch of the unit cells.

As can be observed, the proposed unit cell is the same as used in the last
chapter to design the main LWA. In this serpentine arrangement, the effective
phase constant of each of the nth space harmonics on the aperture can be

written as
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where S, is the guide phase constant in the rectangular waveguide, L is the
serpentine length, d is the distance of two consecutive slots and ng is the
number of the space harmonic, named as such to distinguish it from the
subindex of the TEm, mode. The guide phase constant in the rectangular

waveguide is defined as [13]-[14].

5= Jowr— (2" + ()

where a and b are the dimensions of the waveguide width wall and narrow wall

2
(5.8)

respectively and ko is the wavevector.
Cousidering only the TEiy mode from equation 5.8, and adding the effective
guided mode to equation 5.1, it becomes possible to predict the attenuation

constant in broadside direction at a specified operating frequency.

( (JU«»Z—[(%2:(%"YDLHnnsh\z_koz
\ )

It is important to clarify that the equation (5.9) do not consider the phase

|
|
a, = (5.9)

shift introduced by the slots placed in the unit cell. Accurate way to obtain the
decay factor is by means of simulation. In this scenario, the transmission
coefficient phase —¢,,, derived from simulating a unit cell under perfect

matching conditions, will be equivalent to SgL.

— 21N 2
ayz\]( (¢21‘|('i n h)) — ky? (5.10)

Whit the equation (5.10) it is possible to control ay for a specific application
requirement only manipulating the distance between slots and the width of the
wide wall. Analyzing equations (5.9) and (5.10), it can be deduced that a
specific attenuation constant can be achieved at two different frequencies,
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provided that the structure operates in the surface wave mode ((ﬁff 2 koz) > 0)
and ng, < 0. Under these conditions, the phase constant at the aperture can be

either positive or negative.

@y = \/(ﬁﬁ )2 —ko" = \/(—ﬁ% )2 = ko (5.11)

For negative values of B,‘llz, the structure will operate in the second

quadrant, whereas for positive values of ﬂ,‘fz, it will be in the first quadrant.

9.2.2 Device design

The electromagnetic field confinement device was designed based on the
same structure as in Chapter 4. The unit cell was designed to obtain broadside
radiation at 5GHz as reference. The periodic structure was composed by 30-
unit cells. This proposed unit cell confines the electromagnetic field both on the
top and bottom surfaces. However, a unidirectional version was also analyzed.
In this case, the slots on the bottom surface were suppressed by metallization.

Figure 5.20 depicts the phase of the transmission coefficient for the unit cell
described in 5.19. The simulation was conducted using CST Studio 2014, with
two waveguide ports placed at each end of the unit cell to achieve perfect
matching conditions. For comparison purpose, the simulation was carried out
in three different scenarios: with 2 slots, with one slot, and without slots.

Afterward, the attenuation constant in the broadside direction was calculated.

Figure 5.19 (a) Unit cell cross section layout. Metallization is highlighted in light
gray and the absence of metallization in dark gray. Dimensions are: a = 60 min,
b= 31 mm, d =1942 mm, h= 20.2 mm, I, = 11 mm, , = 10, s; = 2.0lmm,
se = 1 mm, s3 = 20.35 mm, g = 2 mm, t = 0.1 mm. (b) 3D view of the unit cell.
120



5.2 ELECTROMAGNETIC FIELD CONFINEMENT BASED ON WAVEGUIDE

-100 —— Bidirectional

% ----------- Unidirectional
-150 Q... — — - Without Slots
-200 NG

.'°-."_'~.
N

Phase of S, (°)

-250 &S
-300

30 32 34 36 38 40 42
Frequency (GHz)

Figure 5.20 Phase of the transmission coefficient under perfect matching condition
(solid black line represents 2 slots per UC, black dotted line represents 1 slot per
UC, and black dashed line represents no slots).
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Figure 5.21 Theoretical electromagnetic field attenuation (the black line represents
2 slots per UC, the black dotted line represents 1 slot per UC, the black dashed
line indicates no slots, and the gray line corresponds to the solution obtained using
equation 5.9).
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In Figure 5.21 the attenuation constant was derived from (5.10) using the

phase obtained in the simulation (Fig. 5.20). However, for the purely theoretical
case, the equation (5.9) was used with the following parameters: a = 60 mm,
L =71.83 mm, d = 19.42 mm, ns = —1, m = 1. These parameters determine
broadside radiation at 5 GHz, without considering the phase contribution
introduced by the slots. As can be observed, each slot introduces an
approximately 10-degree of phase shift. Additionally, the phase shift is not
constant with frequencies. This variability arises because the slot introduces a
greater phase shift to the guided signal as the wavelength approaches the
dimensions of the slot. Hence, as it is demonstrated, this factor influences the

control of ay.
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Figure 5.22 Electric pattern at 4 GHz in the xy-plane.

This device showcases a field distribution that maximizes the electric field
in the x-direction in most of the space surrounding the structure.

In figures 5.23 and 24, a more cylindrical dependence of the isolines is
present within a few centimeters from the surface (z-axis = 0). In this area, the

field induced by high-order Floquet modes exhibits a higher decay ratio
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compared to the field generated by the n — 1 mode, given their shorter
wavelengths [12]. Beyond these ~ 3 cm, a flat dependence is observed. This
enables the approximation of electric field attenuation using an exponential

expression.

z

Figure 5.24 Isolines of the field amplitude at 4 GHz. Simulation in CST Microwave
Studio with waveguide ports and open boundary conditions.
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Figure 5.25 Electric field in absolute value at 4 GHz. (a) xy-plane. (b) xz-plane
at 5 mm from the surface.
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Figure 5.26 Electric field in absolute value at 3.8 GHz. (a) xy-plane. (b) xz-plane
at 5 mm from the surface.
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Figure 5.27 Electric field in absolute value at 3.6 GHz. (a) xy-plane. (b) xz-plane
at 5 mm from the surface.

In Figures 5.25 — 5.27, the electric field magnitude is shown at frequencies
of 4, 3.8, and 3.6 GHz on the surface of the structure. As observed, as the field
approaches the light cone (4.1 GHz), the surface field magnitude increases. This

is attributed to the fact that the attenuation constant tends to zero as it
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approaches the radiative operating mode. Theoretically, it can be deduced from
Equation 5.1, as the guided mode phase constant approaches ko, the field decay
constant decreases. It can also be noted how the field remains entirely confined
to the surface of the device without significant radiation.

To analyze the structure in the surface operation mode, a matching network
was designed to enable the transition from the coaxial cable to the waveguide,
covering the frequency range from 3.6 to 4.1 GHz. To achieve this, the
dimensions of I, and h, were calculated to obtain maximum efficiency, i.e., 1o/4.
Subsequently, the values were adjusted through simulation. Then, a transition
between h; and b was implemented, experimenting with various configurations
to minimize the size of the matching network. Finally, a transition based on a
step impedance with Z1/Z, = Zy/Z, = 0.5 and a stepped impedance with a
length of 2/, was used (Figure 5.28). The parameters were optimized by means
of CST Studio 2014.

Figure 5.28 Matching network cross section layout. Metallization is highlighted in
light gray and the absence of metallization in dark gray. Dimensions are: hy = 30
mm, hs = 10.5 mm, h, = 15 mm, |y = 125 mm, lp = 35 mm, lz = 40 mm, 1, = 15

mim.
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Figure 5.29 S-Parameters of the matching network.
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The results in Figure 5.29 were obtained through a simulation under perfect
matching conditions, using two waveguide ports. The first port was located at
the coaxial cable, and the second port was positioned at the end of the
waveguide, similar to the approach taken in the design of the matching network
for the leaky wave antenna. A bandwidth was achieved with reflection losses
below -10 dB, ranging from 3.6 to 4.1 GHz. Finally, the design was modified to

make it modular, as depicted in Figure 5.30.

Figure 5.30 Designed matching network prototype.

9.2.3 Fabricated prototype and measured results

The matching network was manufactured by an external company, using
CNC technology. The structure was crafted from 6063 aluminum alloy, and the
SMA connector (RS Pro straight panel mount SMA connector, jack, solder
termination, RS Stock No: 546-3181) within the waveguide was modified as
depicted in Figure 5.28. The periodic structure comprises 30 unit cells divided
into two parts along the center of the xy-plane. Once all the parts were
assembled, adhesive aluminum tape was added on the outside of the transition
between the matching network and the unit cells to minimize reflection losses.
Additionally, aluminum adhesive was applied to the bottom surface of the
fabricated prototype to evaluate its unidirectional version.

The measurement setup consisted of a PNA Network Analyzer N5221A and
an electric field measurement probe, specifically the Narda PMM EP-600 probe.

For all electric field measurements, a power of 0.1 W was applied to the
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structure through the Network Analyzer. The following image depicts the

matching network and the assembled prototype.

*ﬁg;uf{:}‘fgm — L .
(b) -

Figure 5.31 Full view of the device. (a) xz-plane. (b) xy-plane.

Figure 5.32 (a) Fabricated matching network prototype.

Figures 5.33 and 5.34 shown the comparison between the measured and the
simulated S-parameters. Empirical results very similar to those expected
through simulation can be observed. The simulated and the measured insertion
losses in bidirectional version are below — 1.9 and — 2.1 dB respectively. These
measured losses, manly attributed to metal losses, correspond to an attenuation
of 0.036 dB/cm. In the unidirectional version, the simulated and measured
insertion losses are below — 2 dB, corresponding to an attenuation of 0.035
dB/cm. In general, empirical S-parameters are very similar to those expected
through simulation. These results shown a significant potential to incorporate

additional unit cells into the device, thereby expanding the illumination area.
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It can also be observed that there is an increase in insertion losses from 4 GHz

due the transition between the surface wave mode to the radiative wave mode.
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Figure 5.33 S-parameters of the bidirectional electromagnetic field confinement

device (the solid line represents measured data, while the dotted line corresponds

to simulated results).
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Figure 5.34 S-parameters of the unidirectional electromagnetic field confinement

device (the solid line represents measured data, while the dotted line corresponds

to simulated results).

In Figures 5.35 and 5.36, the absolute value of the electric field measured

with the electric probe at various positions from the top and bottom surfaces
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of the device is depicted. It can be observed that in both cases, the trend is
exponential. However, the initial samples deviate slightly from the theoretical
trend. This is attributed to the contribution of high order space harmonics [12].
Nevertheless, above 3 cm away from the surface, the field decay matches the
theoretical trend. The results obtained at 4.085 GHz indicate that even near
the limit of the surface operation mode (4.1 GHz), the prediction of electric

field attenuation is still working correctly.
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Figure 5.35 Electric field in y-axis on top surface (the symbols represent measured
data, while the solid line corresponds to theoretical predictions).
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Figure 5.36 Electric field in y-axis on bottom surface (the symbols represent
measured data, while the solid line corresponds to theoretical predictions).
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In Figure 5.37, the electric field at a distance of 0.1 cm from the surface of

the device is depicted for both configurations. This value was employed to

normalize the electric field decay illustrated in Figure 5.38.
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Figure 5.37 Measured electric field at 0,1 cm from the surface of the
electromagnetic field confinement device.
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In Figures 5.39 and 5.40, a comparison is presented between the measured
attenuation constant and the theoretical analysis at different frequencies for

both bidirectional and unidirectional arrangements.
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Figure 5.39 Attenuation constant in bidirectional arrangement (black squares
represent measurements on the top surface, gray dots represent measurements on
the bottom surface, and the black line corresponds to the theoretical prediction).
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Figure 5.40 Attenuation constant in unidirectional arrangement (gray squares
represent measured data, while the black line corresponds to the theoretical
prediction).
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The results were obtained by measuring the electric field level using an
electric field probe from the surface until the signal dropped below 0.2 V/m.
Afterward, the results were normalized, and the slope of the line was
determined. The theoretical prediction was calculated using the same method
as employed in Figure 5.22. The obtained results showcase a high degree of
accuracy. Even as the frequency approaches the light cone, the attenuation in
the broadside direction consistently aligns with the theoretical predictions.

Figure 5.41 shows the radiation pattern at different frequencies in the

bidirectional arrangement.
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Figure 5.41 Measured radiation pattern in E plane at different frequencies
(xy-plane).

As the frequency approaches the light cone, the radiation pattern exhibits
a main low lobe (0.2 dB at 4.09 GHz) near the endfire direction (x-axis). This
is due to the transition process between the surface wave mode and the radiative
mode. However, in the other directions, the radiation remains below - 7.5 dB.

To minimize this additional radiation, some approaches can be considered. The
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first approach involves increasing the length of the structure by adding more
unit cells. This approach is proposed because leakage radiation is mainly
attributed to the finite characteristics of the structure, which introduces a
windowing effect on the transmitted signal. This can be inferred through the
analysis of the Fourier transform of the spatial functions involved. In this
scenario, the functions under consideration are the sinusoidal transmitted signal
and the finite length of the structure, portrayed as a rectangular pulse. The
Fourier transform of a rectangular pulse result in a Sinc(kL) function, while the
Fourier transform of the travelling wave corresponds to a delta function. This
leads to a Sinc function placed at the effective phase constant in the reciprocal
space (see Appendix II). In a Sinc function, the width of the lobes increases
inversely proportional to the pulse length. The higher the value of the Sinc(kL)
function within the light cone in the evanescent mode, the greater the leakage
radiation. If the structure is very short, it's possible that even part of the main
lobe of the sinc function is within the light cone. By increasing the length of
the structure (by adding more unit cells), the width of the Sinc function will
decrease, reducing the leakage radiation of the evanescent wave.

The second approach involves reducing the radiation resistance of the slots
by reducing the size of the slots or increasing the depth. Another solution could
modify the aperture distribution. Also, it can be considered the use of a RF
absorbent structure to eliminate the backfire radiation when frequency
approximates the light cone [20], [21]. Furthermore, it can be observed that
below 3.9 GHz, the gain is consistently below -10 dB across all directions,
effectively ensuring the preservation of the electromagnetic field confined to the

surface of the device.

5.3 Comparison and conclusions

When dealing with electromagnetic field confinement devices, the main
objective is the correct prediction of the field decay. Additionally, other
important requisites to consider are the insertion losses and the confinement
capacity. Table 5.1 provides a comprehensive comparison of features for various
electromagnetic field confinement devices. The table includes assessments of

each structure's power-handling capability, operational capacity in radiative
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mode, operating frequency, size in terms of wavelength, signal losses during
propagation, confinement capacity (gain), presence of Floquet modes, and
electric field patterns.

Concerning the advantages of the EMFCD based on air-filled waveguide,
the main ones are their ability to handle high power and their low losses.
Compared with the SIW device and [12], this design achieves low insertion
losses. This enables the design of longer devices, expanding the illumination
area, and be used in applications that require high power. Another advantage
is that generates higher levels of electric field in the surface. As proven, with
90% less power supplied compared to the Substrate Integrated Waveguide
device, it achieved almost two times higher electric field levels. Furthermore,
this design has frequency scanning capability.

On the other hand, the key advantage of the EMFCD based on SIW is its
simple and cost-effective design. Furthermore, being a uniform structure, it
avoids the appearance of space harmonics, allowing only the fundamental mode
to be present. Additionally, it demonstrates superior confinement capabilities
due to significantly lower gain when compared to the waveguide design. As
demonstrated, as the frequency approaches the light cone, the gain of the
waveguide device increases from —10 dB to 0.2 dB. In contrast, the SIW design
maintains a constant gain below — 15 dB.

In this chapter, two novel electromagnetic field confinement devices are
presented and characterized. One design based on SIW technology was designed
for RFID applications, whereas the second, geared towards high-power
applications such as energy transfer, operates between 3.6 - 4.2GHz. Specific
design equations are developed for each structure. Both devices demonstrate an
innovative approach to control the decay of the evanescent mode.
Experimental results support the effectiveness of the proposed designs, opening

opportunities for future enhancements and practical applications.
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Table 5.1. Performance comparison of different Electromagnetic field confinement devices.

5.3 COMPARISON AND CONCLUSIONS

. . Hich
Operation Floquet Length Electric field Losses ig Gain intive
Ref. | Topology Frequency modes (M) pattern (dB/cm) power (dB) it
m 1
(GHz) (cm) (direction) ¢ capacity capacity
[12] CRLH 0.75-1 4 0.9 7 ~0.15 no <-20 Yes
5.1 SIW 0.84 -1 no 1.72 y ~(.05 no <-15 No
. < 0.2
5.2 | Waveguide 36-4.1 3 7.8 X ~0.036 yes <-10 Yes
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Chapter

Conclusions and future work

Conclusions

In this thesis, it has been proposed, analyzed and characterized leaky wave
antennas and electromagnetic field confinement devices on different
technologies and working principles. Furthermore, different microwave devices
have been prototyped with 3D printing and diverse metallization process have
been explored.

The thesis is structured into five chapters, in addition to this concluding
chapter. After introducing the motivation and overarching objectives in
Chapter 1, most relevant aspects discussed in each chapter and their
conclusions are outlined below:

An overview of leaky wave antennas and electromagnetic field confinement
devices is carried out in Chapter 2. This chapter presents various types of
LWAs, along with the limitations and challenges associated with different
topologies. It also explores potential applications and the current state of the
art. Additionally, it details the concept of EMFCDs, their potential
applications, market scope, and the theoretical development that has been used
to delve into new designs for different scenarios.

Chapter 3 explores the use of 3D printing for making prototypes of
microwave devices. The chapter looks into whether different materials and ways

of metallization can be used to prototype different microwave devices using
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planar and waveguide technology. The chapter examined if 3D printing can be
practical for different radiofrequency (RF) devices. Furthermore, the chapter
includes the characterization of the conductivity of various materials, such as
silver paint (o= 5.6%¥10° S/m), nickel spray (1.05%10%), aluminium adhesive tape
(0= 4.72%¥10° S/m), and the Electrifi 3D printing material (¢ = 2.88 S/m). Both
silver paint and aluminium tape yielded good results in terms of electrical
conductivity. However, in the case of the Electrifi material and nickel spray,
very low conductivity levels were obtained. An improvement in conductivity
was also obtained by applying a galvanization process to both silver paint and
nickel spray, increasing the electrical conductivity by 10% and 100%,
respectively. Practical experimentation is conducted with a stepped impedance
filter and a functional horn antenna, both manufactured using PLA. While the
actual results might not have matched the original plans, this work forms a
solid foundation for the following chapters. Important materials like aluminium
tape and silver paint are used to reduce reflection losses and add metal coatings
to the Substrate Integrated Waveguide (SIW) structure.

In Chapter 4 a novel periodic leaky-wave antenna with backward to
forward scanning capability is presented. The proposed arrangement, composed
of 30 UCs, along with the proposed design approach, successfully suppresses
the open stopband, a common issue to deal in periodic LWAs that degrades the
radiated beam around the broadside direction. Furthermore, the proposed air-
filled structure has a narrower lateral profile, which allows placing several of
them side-by-side to obtain a pencil beam. This proposed configuration achieves
an efficient broadside radiation at 5 GHz with a high radiation efficiency
without any grating lobes. Moreover, two unidirectional versions are analyzed
by mean of software simulation. The backing trough design exhibited higher
performance compared to the unidirectional ground plane-based design in terms
of degradation of open stopband. Within this context, both antenna versions
(with unidirectional and bidirectional radiation pattern) have been designed,
fabricated, and characterized. Furthermore, a modular matching network based
on coaxial to waveguide transition was designed to achieve an efficient power
transmission between 4.2 to 6 GHz. The simulated results showed a radiation
efficiency between 83 to 97 % and 72 to 93% for the bidirectional and
unidirectional versions. The measured and simulated S-parameters, radiation

pattern, and gain were reported and compared. The experimental results
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showed a backward to forward scanning capability from —35° to 42° for both
the unidirectional and bidirectional versions. The scanning angle demonstrated
a high linearity dependency with frequency. The maximum measured gain was
15.5 dB in the bidirectional configuration and 16.5 dB in the unidirectional
version.

Chapter 5 is dedicated to the analysis of novel electromagnetic field
confinement devices. These devices generate an evanescent wave, in which the
field decay in the broadside direction can be predicted based on design
equations. In subchapter 5.1, an electromagnetic field confinement device
tailored for RFID applications under the European protocol (867 MHz) has
been developed. Design equations were introduced to regulate the attenuation
constant of the field, and a corresponding design procedure was also put
forward, providing a comprehensive approach to controlling the evanescent
wave's characteristics. The device was built on a substrate integrated
waveguide structure, featuring a longitudinal slit along the propagation
direction located at the center of the wide wall. An exponential tapered
transition connects the access lines and the SIW structure. In that chapter, the
simulated electric field generated on the surface of the structure was presented
and analyzed. The radiation pattern, S-parameters, and electric field were
simulated and measured. The electric field measurements were taken using an
electric field probe. This design emphasizes simplicity and cost-effectiveness. In
this design, the measured results closely matched the theoretical ones,
validating the design process and the proposed theoretical equations. On the
other hand, subchapter 5.2 introduced an EMFCD based on air-filled
waveguide. This design used the same periodic structure analized in chapter 4
as LWA, is studied in surface wave mode. The proposed device was based on a
periodic serpentine rectangular waveguide loaded with transverse rectangular
slots and a transition between the coaxial cable and the serpentine. A prototype
was designed, fabricated, and measured with an operation frequency between
3.6 to 4.2 GHz. Two versions (unidirectional and bidirectional) were analyzed.
The design methodology has been demonstrated with accuracy to predict the
field decay in broadside direction. However, the gain of the waveguide device
increases from —10 dB to 0.2 dB as the frequency approaches the light cone.
The measured insertion losses corresponded to an attenuation of 0.035 and
0.036 dB/cm in unidirectional and bidirectional designs respectively. The low
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insertion losses facilitate the possibility of expanding the illuminated area if

needed.

Future Work

Some further work may be conducted in the research lines that have

emerged from this thesis. Among these, it is worth highlighting:
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The possibilities regarding the design of EMFCDs are countless. In the
context, the analysis of new travelling wave structures in order to reduce
the transmission losses, increasing the confinement capability, reduce
the dimensions, among other performances could be an interesting
research line to develop.

Fully design a wireless energy transfer system for high-power
applications based on the air-filled structure proposed in this thesis.
This includes study the possibility of incorporating RF absorbent
material, among other approaches to address leakage in backward
radiation presented near the light cone and the design of a receiver
system.

Study the viability of prototyping with resin and laser 3D printer for
microwave devices. These types of 3D printer offer much resolution than
the traditional. Furthermore, new conductive materials that can be
useful in microwave devices prototypes have emerged in recent years.
Examinate a new unit cell for LWAs that allows the elimination of the
OSB wusing pillars. Investigate the possibility of creating radiation
patterns with low levels of secondary lobes by considering current
distributions generated not only by the width and length of the slots
but also incorporating the depth of the slot.



APPENDIX I

Analyses of the [requency scanning linearity in serpentine

arrangement

The first derivative provides information about the rate and direction of
change of the function at various points, and the second derivative provides
additional information about the concavity and the acceleration of the
function's change. By analyzing the derivate and the second derivate of the
scanning angle at a specific point, one can obtain the parameters that will
directly affect the linearity of the frequency scanning and the scan ratio.

The first frequency derivate of the angle 6 of the main radiated beam in the

serpentine arrangement can be written as

(L [q— (Ke) 4 2mn
29 osent(B5) dsen (d 1-(%) +%a

ok~ ok ak @1

where d is the distance between two consecutive slots corresponds, n is a specific
space harmonic, k. is the cutoff wavenumber, L is the length of the serpentine,

and k is the wavenumber. Solving (A.1) derivate the following result is achieve
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— = (A.2)

By focusing on the frequency where broadside radiation is achieved the

length of the serpentine must be

—21n
L=——+—— (A.3)

k2
k 1 — =<
b kbz

where ki, is the wavenumber in broadside radiation. At k = k,, the second

derivate can be expressed as

a6 3 —2nn< k.* N 1) (4.4)
Oklpcr, | dky? \kp? — k.2 '

In the case of the second frequency derivate of the angle 6 of the main

radiated beam can be written as

F ok? (4-5)
Deriving (A.5) yields the following result
2 . ke
o _ wlily T) we(g) MR
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Finally, in broadside radiation the second derivate will be
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Analyses of the residual radiation in finite EMFCDs

Reciprocal space, also known as k-space, offers a visualization of the
outcomes resulting from the Fourier transform of a spatial function. The
reciprocal space is a space over which the Fourier transform of a spatial function
is represented at spatial frequencies or wavevectors of plane waves of the
Fourier transform. The domain of the spatial function itself is commonly known
as real space.

The transmitted signal and the window function (given the finite nature of

the structure) in real space will be defined as

f(x)=A-eJ*F (A.8)
L
1, |X| < E

fZ(x) = L (Ag)
0, |x| > E

respectively, where A is the signal amplitude, x is the spatial position, L is the
total length of the structure, and f is the effective phase constant of the
propagated signal. The Fourier transform of A8 and A9 are A10 and All

respectively
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X(k) = fmA ce I Be~kx gx = An(5(k —B))  (A.10)

X, (k) = f+mx2(x) e % dx = sinc(kx) (A.11)

The multiplication of these functions will be
X(k)X, (k) = An(sinc(k — B)) (4.12)

Even in the surface mode, a portion of the secondary lobes can enter within
the light cone, explaining the phenomenon of leakage radiation. Furthermore,
near the boundary between the surface mode and the radiative mode, a portion
of the main lobe may enter within the cone of light. Since the width level of
the lobes increase inversely proportional to the width of the rectangular pulse,
it can be deduced that by increasing the total length of the structure, the level
of leakage radiation can be reduced. Figure AP1 shows a representation of three

structures in surface wave mode with different lengths.

1.0
% L
5 0.8 —31
=
-—% 0_5._ 0.5L
< 0.4
S
N 0.2
p—
g 0.0+
o -0.21
Z ]
-0.4 .

=

~
=
=]

Figure AP1 Representation of the same structure with different total length.
Radiation region is highlighted in gray
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