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Palavras Chave

Resumo

antenas lente, impressdo 3D, antena patch, largura de feixe, materiais dielétricos.

A recente evolucdo das radiocomunicacdoes combinada com as inovadoras técnicas
de fabrico, como a impressdo 3D, impulsionaram o desenvolvimento e implemen-
tacdo de antenas com novas estruturas fabricadas com materiais incomuns. Um
exemplo deste tipo de evolucdo sdo as antenas lente.

As antenas lente est3o sempre associadas a uma antena fonte (usualmente uma
antena microstrip patch) e permitem alterar as carateristicas de radiacdo (variar o
ganho ou a directividade) da antena fonte. Assim, as lentes podem ser usadas para
melhorar o desempenho de alguns tipos de sistema radiantes, como por exemplo
o caso dos phased arrays, utilizados para fazer beamforming. No entanto, estes
apresentam algumas limitacdes de cobertura, devido aos seus elementos do array
terem ganho diretivo varidvel na zona de interesse. A utilizacdo duma antena lente
faz com que ocorra a alteracao do diagrama de radiacdo de modo a obter uma
maior largura de feixe podendo ser uma solucdo para referida limitac3o.

Ao longo desta dissertacdo foi estudada a possibilidade de se utilizarem lentes para
aumentar a largura de feixe de uma simples antena microstrip patch. Para isso,
foram estudadas e realizadas simulacdes de vérias estruturas de antenas lente com
uma antena patch (calibrada para os 7.8GHz) com o intuito de determinar qual o
comportamento do conjunto e verificar a possibilidade de tornar mais uniforme o
diagrama de radiacdo no semi-espaco pretendido .

A producido de protétipos de antenas lente com a impressdo 3D requer o conheci-
mento das caracteristicas elétricas dos materiais de fabrico (PLA, PETG e nylon),
mais precisamente sua constate dielétrica. Para tal, foi feita uma caracterizacdo de
varias amostras desses materiais tendo em conta diferentes condicdes de fabrico.
A (ltima etapa foi a fabricacdo, por impressdo 3D, de protétipos de antenas e
lentes, utilizando diferentes materiais e condicdes de fabrico. No total foram fabri-
cadas nove lentes (seis com uma estrutura de um Gnico material e trés com varios
materiais distintos) e sete antenas patch (cinco de polarizacdo linear e duas de
polarizagdo circular).

Finalmente foi feito um estudo comparativo dos resultados obtidos por simulac3o
com as medidas realizadas em camara anecoica tanto para as antenas patch, como
para o conjunto antena lente.
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The recent evolution of radio communications combined with innovative manu-
facturing techniques, such as 3D printing, has driven antennas development and
implementation of new structures made of unusual materials. An example of this
type of evolution are the lens antennas.

Lens antennas are always associated with a source antenna (usually a microstrip
patch antenna) and allow changing the source antenna’s radiation characteristics
(varying the gain or directivity). Thus, lenses can improve the performance of
some types of communication systems, such as phased arrays, which are used for
beamforming. However, they have some limitations in coverage due to the array
elements having low directivity. The use of a lens antenna changes the radiation
diagram to obtain a wider beamwidth and is a potential solution to the problem
of phased arrays.

Throughout this dissertation, was studied the possibility of using lens antennas
to change the radiation beam and increase the beamwidth of a simple microstrip
patch antenna. For this purpose, simulations of several lens antenna structures
were performed with a patch antenna (calibrated for 7.8GHz) to determine the
array's behavior and verify if it is possible to increase the beamwidth.

One of the requirements to produce prototypes of lens antennas with 3D printing is
knowing the electrical characteristics of the manufacturing materials (PLA, PETG,
and nylon), more precisely, their dielectric constant. For that several samples of
these materials were characterized considering different manufacturing conditions.
The last step is the fabrication, by 3D printing, of prototype antennas using dif-
ferent materials and fabrication conditions. Nine lenses (six with a single material
structure and three with several different materials) and seven patch antennas (five
linearly polarized and two circularly polarized) were fabricated.

Finally, was made a comparative study of the results obtained by simulation with
the measurements performed in an anechoic chamber for both the patch antennas
and the lens antenna array.
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CHAPTER

Introduction

This chapter will provide a brief introduction for this dissertation, explaining the motivation

and its contextualization.

1.1 MOTIVATION AND CONTEXTUALIZATION

Radio communications are among the most important technologies of modern life, and
present in mobile phones, cars, television, satellite, and many more. These applications can
be in the frequency range from tens of kHz to hundreds of GHz.

Antennas are fundamental parts of a radio system. These antennas may have different
shapes and construction methods, depending on the technology and frequency they operate.
The current trend in Radiofrequency (RE]) applications (such as Fifth Generation of mobile
communications (BG]) or Radio Detection And Ranging (RADARI)) is to use higher frequencies

due to:

e In most national and international regulations and standards, the electromagnetic
spectrum is already reserved for specific applications. Adding new applications between
reserved frequencies is a very complicated and expensive process. Therefore, it is
preferable to use higher frequency ranges because there are more frequencies available,
and it also allows the use of more bandwidth.

e Superior data rates will require greater bandwidths, so having a higher carrier frequency

allows more bandwidths and consequently a wider communication channel.
o The miniaturization of communication systems (such as smartphones) leading to less

available space for antennas. Therefore, using higher frequencies (lower wavelengths)

will lead to smaller antennas.

These factors create the need for new improved antenna structures that comply with the
demands of those systems because sometimes the traditional antenna (such as patch, horn,
and dipole antennas) do not have the expected performance for these systems.

Phased arrays are one of the most popular solutions. Those arrays consist of several

radiating elements that are arranged and fed in a way that allows the control of its radiation



pattern. However, this control is limited because the angular coverage of the phased arrays
is highly dependent on the radiation pattern of its elements that are not omnidirectional or
isotropic elements (do not radiate equally in all directions). Usually, this type of array uses as
elements microstrip antennas that are directive antennas with beamwidth around 70°.

There are different structures capable of altering the radiation pattern of an antenna, such
as lens antennas. Those lenses (commonly manufactured dielectric materials) work together
with a source antenna, usually a patch or a horn element, and allow to modify of the source
antenna’s radiation properties, for instance, the gain or directivity with or beamwidth [1]. An
example of a lens antenna that provides a broader beamwidth from a simple patch antenna is
the Modified Half Maxwell Fish-Eye (MHMEE]) lens structure proposed in [2].

The use of new unconventional materials (such as dielectric polymers) and new manufac-
turing techniques have promoted the development of new antenna structures. An example of
these new manufacturing techniques in dielectric materials is based on Three Dimensional (3DI)
printers, which have become increasingly common in all applications. They allow the modula-
tion and manufacture of a prototype in a matter of hours at a low cost with a varied choice
of production materials. This manufacturing technique also allows the fabrication of a new
assortment of antennas, which were previously difficult or expensive to build [3].

The use of BDI printed lens antennas, such as the MHMFEE], is a possible solution for the
phased arrays coverage limitations, as combining a simple microstrip element of the array
with the correct lens antenna will result in a wide beamwidth element, thus phased arrays

with better coverage.

1.2 OBJECTIVES AND METHODOLOGY OF THE DISSERTATION

This dissertation explores the use of lens antennas to change the radiation pattern and
other parameters of the source antennas. More specifically, it is intended to explore the
viability of using a lens that significantly increases the beamwidth of a traditional patch
antenna. In particular, the MHMEE] structure that can manipulate the radiation beam and
increase its Half-Power Beamwidth (HPBW]) to more than 160° [2]. This research is a step to
understand if the phased arrays coverage limitations can be solved by adding lens antennas to
array elements. However, this dissertation will only address this concept applied to a single
patch antenna.

The main objective is to design a lens antenna that increases the beamwidth of a patch
antenna and evaluate the possibility of manufacturing using printing. To accomplish
this objective, it will be required to perform an analysis of the lens antennas state of the
art to understand how they work, their characteristics, and the most suitable manufacturing
methods. Simulate the antenna’s structure to ensure that the antenna works as intended
and optimizes its operation. Characterize the dielectric materials used in the lens structure.
The last stage is to manufacture and test the prototypes to ensure that it works as in the

simulations.



1.3

DISSERTATION STRUCTURE

This dissertation is divided into six chapters, each of them addressing a relevant topic of

the dissertation, as described below:

1.4

Chapter 1 — The opening chapter of this dissertation intends to introduce the motiva-
tions and objectives.

Chapter 2 — The second chapter is a research about lens antennas to understand how
they work and which types of lens antennas are best suited to the proposed objectives.
Also, this chapter helps to understand which manufacturing techniques and construction
materials are plausible to fabricate lens antennas.

Chapter 3 — This chapter analyzes lens antenna structures using simulations to
understand if they work as indicated in state-of-the-art and if it is possible to fabricate
using BD] printing.

Chapter 4 — The fourth chapter presents the characterization of some dielectric materials
compatible with the printing technique to study their dielectric characteristics and
if they can be used to manufacture lens antennas.

Chapter 5 — This chapter describes the manufacture, measurement methods, and result
analysis of the prototype antennas.

Chapter 6 — In the close chapter are the conclusions of the work developed and

suggestions for future work.

CONTRIBUTIONS

Some of the studies done throughout this dissertation provided the opportunity to publish

a scientific article:

V.Coelho, T.Varum, and J.N.Matos, "3D-Printed wide beamwidth lens antennas for
beamforming coverage improvement", submitted and accepted for the 16th European
Conference on Antennas and Propagation (2022 Edition of EuCAP)






CHAPTER

General concepts and state of the

art

This chapter presents state of the art on lens antennas and intends to explain how they work
and which techniques are best suited to fulfill the proposed objectives. Also, it is intended

to understand which manufacturing techniques and construction materials are acceptable to

fabricate lens antennas.

2.1 LENS ANTENNAS

The reflector antennas (such as dish antennas) are the most common method to change the
radiation pattern. These reflector antennas reflect the signals to or from a source antenna (or
feed antenna), allowing the modification of the radiation pattern. However, reflector antennas
are a bit large compared to the feed and require some support for the source antenna, which
can be complex or interfere with the operation of the antenna.

There is another type of antenna that can modify the radiation pattern: the lens antennas.
Just as optical lenses deform light beams, lens antennas can change the beam propagation
of RE waves. In lens antennas, the propagation of electromagnetic waves inside the lens is
based on Snell’s law, just as in optical lenses. The electromagnetic waves propagating inside
the lens will be a refracted version of the incident wave. Therefore, the shape of the lens, the
type of lens material, and the position of the source antenna relative to the lens body are

factors that will influence the propagation of electromagnetic waves [1].

2.2 CLASSIFICATION OF LENS ANTENNAS

The shape, material, and the position of the source antenna relative to its body are all
factors that influence the lens antenna’s performance. So the classification of the lens antenna

is based on these aspects [1].



2.2.1 Position of the source antenna

o Off-Body Fed lenses - when there is a physical separation between the source and lens
antenna, so the electromagnetic waves propagate through the air between the source
and the lens antenna (figure [2.1a). This separation affects the way the radiation beams
focus on the lens[4].

¢ Integrated lenses - when the source and lens antenna are physically connected,
electromagnetic waves propagate directly in the lens (figure .

—— focal point

N

. focal length (F) '
— ]

(a) Off-Body Fed lens antenna (b) Integrated lens antenna

Figure 2.1: Examples of lens antenna types (the green element represents the lens antenna body, and
the grey element represents the source antenna) H

2.2.2 Lens antenna body materials

Most lens antennas are manufactured with dielectric materials, with a specific dielectric
constant arranged inside the lens to have the desired effect on the propagation of the elec-
tromagnetic waves. So, there are homogeneous lens antennas made of a single material with
a uniform dielectric constant throughout the lens body and lens antennas made of different

dielectric constants that vary along the body, i.e., a multi-layer lens structure Eﬂ

2.2.3 The physical shape of the lens body

Lens antennas can have various physical shapes ranging from simple elliptical and hyper-
bolic structures to more complex cylindrical and spherical forms. Figure shows several

examples of lenses.



focal point

n
n
focal length (F) | focal length (F)
(a) Hyperbolic lens antenna (Off-Body Fed (b) Elliptical lens antenna (Off-Body Fed
lens, homogeneous) lens, homogeneous)

ng
(c) Luneburg lens antenna (integrated multi- (d) Hyper-hemispherical lens antenna
layer lens) (integrated, homogeneous lens)

Figure 2.2: Examples of lens antenna structures (darker shades of green represent higher values of
dielectric constants)[1]

2.3 LENS ANTENNAS AS A STUDY INTEREST FOR THIS DISSERTATION

Considering the objectives of this dissertation, multi-layer lenses present a greater versatility,
so they can be analyzed to increase beamwidth. Of these, is the modified structure of the
well-known Half Maxwell Fish-Eye (HMFEE) structure, which will be extensively studied in this
dissertation . Due to the complexity of these structures and the difficulty in understanding and
simulating them, a more ordinary and simple structure will first be developed to understand
better the electromagnetic simulator’s, manufacturing techniques and measurement setup

specifics.

2.3.1 Simple elliptical integrated lens antenna

The elliptical integrated lens is a structure with the source antenna integrated into its
base, and it is made of a single material (single refracting surface) with the shape of a cut
ellipsoid, as shown in figure Its design increases the directivity of the source antenna
but with some limitations since it includes only one material with a single dielectric constant.
Still, this directivity can be improved by inserting an outer layer with a different dielectric
constant value (known as a matching layer). This layer will redirect the peripheral beams,

focusing the antenna radiation even more and making a more directive antenna (figure [2.3bj).



An Simple Elliptical Integrated (SEI) lens antenna design has the following parameter:
dielectric constant (e,), the distance between the source antenna and the center of the lens (L)
and the radius of the lens (small radius a and large radius b), the equation calculates
those lens parameters. The value of the smallest radius of the lens a is responsible for the
antenna directivity [1].

—_ 2 —_— 2 = M = —m— = —

Cp e (g =1b= (2.1)
For the case of an integrated elliptical lens antenna with a matching layer, the dielectric

constant (€,maten) and thickness (h) of this match layer can be estimated using equation

where ¢,1, is the dielectric constant of the lens, €,4; is the dielectric constant of the

propagation medium (usually air) and Ay is the wavelength of the transmitted signal.

Ao

4xe rmatch

Ermatch = VErl X Erair; h = (22)

Source Antenna

S Ant
ource Amtenna (b) Integrated elliptical lens antenna with a

(a) SEI lens antenna matching layer

Figure 2.3: Elliptical lens antenna

2.3.2 Half Maxwell fish-eye

The Maxwell Fish-Eye (MEE]) lens antenna is a spherical integrated antenna with several
layers with different dielectric constants, increasing along its radius from the center to the
surface. Due to the body symmetry, placing a small source antenna its periphery, when the
electromagnetic waves travel from the edge to the center of the lens, they will be transformed
into planar waves, and from planar waves will converge into a focal point at the opposite end
(figure [8].

However, it may be more interesting to only have the conversion into planar waves. For
this, use half of a sphere; this lens antenna is known as (figure [2.5a). The [HMFEE] has
the same operating principles and design as the MFE, with only half of the lens, because, in

this way, it can get a planar wave from a source point (is a tiny source antenna compared to



Source Antenna

Receiver Antenna

Figure 2.4: MFE lens antenna 2D view

the size of the lens antenna). When designing an [HMFE] the only thing needed to know is
the dielectric constant of each of the layers (g,;) of the semi-sphere that can be estimated
through the equation ﬂgﬂ, where r; is the radius of the layer in question, and D is the
diameter of the semi-sphere (figure [2.5D]).
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(a) Distribution of layers of different dielectric con- (b) Propagation of electromagnetic waves inside the
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Figure 2.5: Traditional HMFE Lens Antenna 2D view

2.3.3 Modified structure of a Half Maxwell fish-eye

The IMHMFEE is an integrated multi-layer lens antenna proposed in an article published
2] in the IEEE Antennas and Propagation Society International Symposium by researchers
Zixuan Yi and Qi Zhu. This new model of lens antenna is based on [HMEEL



The has a modified geometry alteration of the [HMFE] obtained by dividing the
half-circle of the [HMEE] (figure into two-quarters and reversing its positions (figure .
The whole structure is obtained by rotating these two-quarter circles around their
union point (figure . This lens has multiple layers, and the most peripheral layer has
a dielectric constant value of 1, which corresponds to the air. The lowest layer (layer 1 in
figure has the highest dielectric constant value (less than 4), and the remaining layers fall
between these values. the calculation of each layer radius is performed using the equation
where D is the diameter of the lens, 7; is the radius of each layer, and &,; is the dielectric
constant of each layer.

. Er2

(a) Distribution of layers of different dielectric con- (b) Propagation of electromagnetic waves inside the
stant lens

Figure 2.6: MHMFE lens antenna 2D view

D Source Antenna

This MHMFETE] structure increases the [ HPBW] of a source antenna, as suggested in ,
where it was possible to obtain a beamwidth of 160° from a microstrip patch. The dimensions
of this structure (diameter, layer radius, and height (H)) have to be adjusted to obtain a lens

optimized for each case.

I | :
D Pa}h Ante4

(a) MHMFE 3D view (b) MHMFE lens antenna and patch antenna
Figure 2.7: MHMFE lens antenna 3D view

2.4 MANUFACTURE OF LENS ANTENNAS

There are several ways to manufacture lens antennas, depending on the lens’s type, shape,

and materials. Though, the most common manufacturing methods are injection manufacturing
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(with molds), subtractive manufacturing (using Computer Numerical Control (CNC)), and
additive manufacturing (BDI printers) (figure . All these methods have their advantages

and disadvantages for the manufacture of lens antennas [10].

el | aLM\\\ ate

(a) Molding technique (b) Subtractive manufacturing

Figure 2.8: Examples of manufacturing methods H

The most exciting technique for manufacturing lens antennas is additive manufacturing,
or, as it is commonly known, printing. This manufacturing technique is a low-cost method
for manufacturing parts in small quantities, as in prototyping, and allows the manufacture of
unique parts made of various materials inter-linked and parts with the most varied shapes.
However, the term printing covers various types of additive manufacturing the ISO/ASTM
52900 Standard [11], considers the existence of seven technologies (figure [12].

Material Extrusion Vat Polymerization Powder Bed Fusion Material Jetting Binder Jetting Direct Energy Deposition Sheet Lamination

S © © S &

Figure 2.9: Additive manufacturing technologies

Material extrusion is a manufacturing method that dispenses the molten material through
an orifice (known as a nozzle). All the printers in Instituto de Telecomunicagdes (IT)) use this
manufacturing method, specifically the Fused Deposition Modeling (EDM)) technology. The
build material comes in filament rolls, which are fed into a heated extruder that melts the
material and passes it through a nozzle, depositing it in layers to obtain the desired part .
Considering this, some parameters influence both the physical structure and the dielectric

properties:

e Material - The material is the first thing to consider when making a part, as it dictates
the main characteristics of the print (such as extruder temperature) and the part.
o Layer height - As the name implies, this is the height of each layer of material deposited.

This height is primarily influenced by the size of the nozzle used and must be smaller
than the size of the nozzle (e.g., for a 0.4mm nozzle, the ideal layer height is around
0.2/0.3mm) [13].
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e Thickness/number of the top and bottom layers - The base layer is crucial
because it makes adhesion between the construction base and the part, while the top
layer ensures its integrity. The thickness of these layers is a multiple of the layer height,
i.e., two base/top layers have a thickness equivalent to twice the layer height.

o Thickness/number of the outer shell - The walls are, as the name implies, the most
peripheral part of the part between the top and bottom, the nozzle size dictates the
thickness .

e Infill - The infill is the part between the outer shell, base, and top. It is usually
neither totally filled nor empty, so it is filled with a percentage of material arranged in

a predefined pattern (rectangular, triangular, honeycomb, and many others) [15].

Top Layers

Infill

Outer Shell

Bottom Layers

Figure 2.10: Diagram of an FDM manufactured part

There are two available printers for use: the Creality Ender 3 (CE3]) (personal) and the
Ultimaker 3 Extended (UM3E]) (from [T)). They are both virtually similar, working the same
way, with a difference in filament gauge used (1.75mm for and 2.85mm for [UM3E]).
However, the allows printing on two different materials simultaneously.

2.5 USE OF DIELECTRIC MATERIALS IN LENS ANTENNAS

Dielectric materials can be considered insulating materials, i.e., they have high electrical
resistivity. However, when exposed to a sufficiently high external electric field allows some
electric current flow . There are several types of dielectric materials such as air, porcelain,
glass, and plastics. For the intended application, the most interesting are the plastic polymers
compatible with [FDMIl Table [2.1] shows a list of the most popular dielectric filaments in [FDM]
(Nylon, Polyethylene Terephthalate Glycol (PETGI) and Polylactic Acid (PLA]) and some of
their electrical properties. Still, these values are not precise because the filament dielectric
characteristics depend on their color , manufacturer, or even the characteristics of the
printing (such as the spacing of layers [19], the amount and shape of the infill [20], amount of
material used , among others ) These various degrees of freedom mean that it is more

appropriate to measure the materials to obtain dielectric constant and loss tangent values .
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Table 2.1: Electrical properties of some filaments (values for 1MHz)

Filament Dielectric Loss
constant | Tangent
Nylon 3.24 [24] | 0.037 [24]
Polyethylene Terephthalate Glycol (PETG) 2.40 [25] | 0.02 [25]
Polylactic Acid (PLA) 2.70 [26] | 0.008 [26]

2.5.1 Measurement of the dielectric constant of dielectric materials

As previously mentioned, several parameters can affect the dielectric constant of a given
material, in this case, of a part manufactured by FDMl To manufacture the intended lens
structure, it requires some precision in the value of the dielectric constant of the material
used, and it was decided to perform measurements to characterize and estimate the dielectric
constant of the available materials.

There are several methods for doing this type of material characterization, such as resonant
and non-resonant methods [27] [28]. However, some of these characterization methods can be
too complex (specialized techniques/equipment required, several material samples). Therefore,
the Single Microstrip Line Characterization (SMLC]) method [29] was chosen, which is a more
straightforward method than those previously mentioned, requiring only a sample of the
material to be characterized, with a conductive line and ground plane (copper tape) placed
over it, and a Vector Network Analyzer (VNA]) to measure the resonance frequency of the
material. A detailed description of how to characterize materials with the method can
be found in appendix A.

2.6 MICROSTRIP PATCH ANTENNAS

The lens antennas are always associated with another traditional antenna, the source
antenna responsible for emitting/receiving the signal. In this case, the most suitable antenna
to test this concept is the microstrip patch antenna, which is extremely easy to design and

manufacture, is very versatile, and has a beamwidth of 60°/70°.

2.6.1 Shape

A patch antenna is a type of microstrip antenna with a reduced profile compared to other
antennas. This type of antenna usually has a structure similar to the one shown in figure [2.11
Comprising of a ground plane, a substrate, and a radiating element called the patch, where
the ground plane and the patch are made of a conductive material (copper) and the substrate
of a dielectric material.

The patch structure can have several shapes influencing the radiation pattern’s shape,
antenna polarization, and antenna gain. The most common shapes are the rectangular patch
and the circular patch, and these patch shapes provide Linear Polarization (LP).

The design of a rectangular patch involves discovering two main dimensions (figure :
the length (Wpaien) and the width (Lpgtcn). The following formulas allow calculating those

dimensions. €, is the dielectric constant of the substrate, f, is the resonance frequency of the
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Figure 2.11: Diagram of the rectangular patch antenna

antenna, sby, the thickness of the substrate, e,¢.y is the effective dielectric constant, and c is
the speed of light [30].

c 2
W, = — X
patch 2fr e+ 1
. _a‘r—i-lxer—lx 1
reef = 79 2 \/1+12><wa

patch (25)
Wpatch
(erees +0.3)(Wezten 1 0.264)
(Erees — 0.258) (V2L 4+ 0.8)

C
Lpateh = ————= —2AL

2fr\/5reef

When designing a circular patch, it is enough to calculate the radius of the microstrip

ALpatch = O.412Sbh X

circle (apatch), taking into account with the same parameters as before, the equation 130]

can be used to determine this value .

F

Apatch =
2xsb yil
VU 5280 x (In 2407 41.7726) 26)

8791 x 10°

X e

2.6.2 RF signal feed

A fundamental feature of these antennas is the feed, which can be done in several ways
depending on the patch format and application. However, the Microstrip line feed and
probe/coaxial feed are the most used. The Microstrip line feed consists of a line extending
from the edge of the substrate to the patch. This line’s width and length must be adjusted to
allow the best matching antenna impedance. The probe feed method uses a coaxial connector
or cable directly connected through a hole drilled from the patch to the ground plane (the
position of this feed point determines the impedance matching between the system and

antenna).
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2.6.3 Antenna polarization

Usually, patch antennas have [LPl However, to have a different polarization, such as
Circular Polarization (CPJ), it is enough to change the shape of the patch or position the
feed in a strategic position. Figure shows an example of a square patch antenna with
This antenna is an adaptation of a square patch antenna W = L in which two of the
corners of the squares are cut off. These cuts are associated with the position of the feed,
which makes the antenna have a So with the structure of figure 2.124], if the feed is at
the point indicated as feeding point 2, we have Right Hand Circular Polarization (RHCDJ),
and if it is at feeding point 1, we have Left Hand Circular Polarization (LHCP]) [30] [31].

Wpatch

'Yl‘a
z

Qpatch

L
patchl o Feeding point 1

Feeding point 2 ] Feeding point
.( dimg,, é

(a) Square patch antenna with CP (b) Circular patch antenna with CP

Figure 2.12: Examples of patch antennas with circular polarization

In figure there is another example of an antenna with [CPl in this case, a circular
patch antenna with two cutouts on the diagonal of the circumference with a given opening
(Ay) and depth (Aa). The position of these cutouts will define the direction of circular

polarization. For example, if the cutouts and feed are in the positions indicated in figure

2.12b| the antenna will have [LHCP] [32].
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CHAPTER

Simulation of antenna lens

This chapter analyzes lens antenna structures using simulations to understand if they work as

indicated in state-of-the-art and if it is possible to fabricate using[3D printing.

3.1 SIMULATION PROCESS

3.1.1 Simulation tool

The simulation of lens antennas requires specialized software, so it was considered to use
different tools, more precisely, the CST Studio Suite [33] or ILASH [34]. The ILASH is a tool
developed by colleagues from the [[T] from other universities and allows the design, analysis
and optimization of integrated lens antennas. However, it only allows very limited simulations,
for example, it only allows simulations of lenses with one or two layers with the circular and
symmetrical geometry, and it also does not have much freedom in the design of the source
antenna, which is a bit limiting for the intended application.

The ultimate goal is to develop a multi-layer antenna, and the simulator that meets these
requirements is the CST Studio Suite. This tool allows the creation of lenses with several
layers and geometric shapes, designing the source antenna with the desired specifications,
and a more extensive and rigorous analysis of the results obtained. For this reason, the CST

Studio Suite was the tool used in all simulations

3.1.2 Source antenna

It is essential to design a good source antenna when simulating lens antennas because this
influences their performance. Therefore, the source antenna will be a patch antenna with a
resonance frequency of 7.8 GHz, [LP| square patch, and coaxial feed. This antenna is simple
to design and manufacture with reasonable dimensions and has the potential to increase the
[HPBWI Furthermore, the coaxial feed method makes the antenna less influenced by the lens
structure than other feeding methods, such as the Microstrip Line Feed method.

This patch antenna used a Rogers RO4725JXR substrate (with a dielectric constant of
2.55, height 0.78mm, and copper height 0.018mm), a square shape, and dimensions calibrated
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for the desired resonance frequency. As the simulations and testing progressed, the antenna
dimensions were updated to keep the resonance frequency at 7.8GHz with a good impedance

matching.

3.2 SINGLE ELLIPTICAL INTEGRATED LENS ANTENNA

The main objective of simulating the lens antenna is to ensure that the CST Studio
Suite allows this kind of simulation and learn how to use the simulator and analyze the results.

Designing an lens antenna is simple. It is just a matter of calculating the three main
parameters (small radius a, large radius b and the position of the source antenna relative to
the antenna center L) with equation Table shows the antenna parameters for three
different cases. This type of lens antenna increases the directivity of the source antenna, and
this directivity can be adjusted with the small radius (a). Therefore, with these three different
cases, it is expected that each one of them will have a different directivity level than is higher
than in the case without the lens.

In CST Studio Suite, there is no direct method to draw an ellipsoid, but it can be created

by deforming a sphere using the process described in appendix B.

Table 3.1: SEI antenna lens parameters

SEI lens antenna
Lens dielectric constant &, = 2

a = 20mm
Case 1 b = 23.09mm
L =11.55mm

a = 30mm
Case 2 b= 34.64mm
L =17.32mm

a = 40mm
Case 3 b=46.19mm
L =23.09mm

Patch antenna
Total area 100mm x 100mm
Patch dimensions | 10.496mm x 10.496mm

3.2.1 Simulation results

The results (figure show that increasing the small radius (a) of the lens antenna
the main lobe tends become narrower (reduce the beamwidth). Thus the antenna is more
directive, and these are the expected results for an lens antenna. A side effect of this
antenna is the appearance of the secondary lobes alongside the main lobe. This effect is due to
the lens antenna having difficulties compensating for side beams. The integrated elliptical
lens antenna with a matching layer solves this problem as the matching layer can help reduce

these secondary lobes because it redirects the side beams in the direction of interest.
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Figure 3.1: Simulation results of the SEI lens antenna using a patch antenna as source

3.3 SIMULATION OF THE MODIFIED HALF MAXWELL FISH-EYE LENS ANTENNA

The design of an [MHMEE] is constructed iteratively, i.e., layer by layer starting with the
largest radius layer (assuming the example of a 10-layer lens starting with layer 10), following

the steps in appendix C.

3.3.1 Simulation results

The figure [3.2 shows the results of using an [MHMFEE] lens with different diameters (table
height of H = %) Increasing the lens antenna’s diameter leads to the appearance of two
side lobes with a valley between them. This effect is not desirable because it does not make the
antenna gain uniform across the entire beamwidth. Varying the height (H = 0.1 x Ao = 3.85,
H =0.3x X\ =11.55 and H = 0.5 x A\g = 19.25) of the lens antenna does not significantly
improve this problem, as shown in the figure (in this case the diameter of lens was
D =1.2 x \g = 46.20).

Table 3.2: Radius of the MHMFE lens antenna layers

D(mm) | "2 "3 "4 5 "6 r7 s T9 10

1‘??8%58\0 2.39 | 5.65 | 7.24 8.8 10.43 | 12.02 | 13.66 | 15.25 | 16.87 | 18.42
1i2%390 262|622 796 | 9.71 | 11.48 | 13.23 | 15.02 | 16.78 | 18.55 | 20.26
156%2(?0 2.86 | 6.78 | 8.69 | 10.59 | 12.52 | 14.42 | 16.38 | 18.30 | 20.24 | 22.10
1‘557%72\0 3.58 | 8.48 | 10.86 | 13.25 | 15.65 | 18.04 | 20.49 | 22.875 | 25.30 | 27.63
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Figure 3.2: Simulation results of MHMFE lens antenna using patch antenna for different lens
diameters

Gain(dBi)
Gain(dBi)

—Lens antenna D =1.2), —Lens antenna D =1.2),
—D=1.2), H=0.1); 15 —D =123, H=0.1),
—D =123, H=0.3),; —D=1.2),H=03),
~—D=1.2), H=0.5), D =1.2),, H=0.5);

20 40 60 80 100 120 140 160 180 ) 0 20 40 60 80 100 120 140 160 180
Theta(®) Theta(®)

(a) Radiation pattern for ¢ = 0° (b) Radiation pattern for ¢ = 90°

Figure 3.3: Simulation results of MHMFE lens antenna using patch antenna for different lens heights

Another possible variation on the lens body is the layers’ dielectric constant values, which
will also vary the radius of the layers. These layers should have a dielectric constant starting
at a higher value (less than 4) and ending close to 1 (air). Therefore, where simulated three
possible cases (table with a different dielectric constant ( for lens diameter of 100mm).

In figure [3-4] the radiation pattern tends towards better results for lower dielectric constant
values, such as case 3. However, those low dielectric constant values lead to a small spacing

between the last layers (approximately 1mm for the first layers). These tiny distances are not

an ideal situation.

Table 3.3: Layer radius of MHMFE lens antennas for different dielectric constant values

Layer [i=1]i=2]i=3]i=4]i=5[i=6]i=7]i=8]i=9]i=10
Case 1

Eri 388 [ 339 [ 3.07 | 2.73 | 239 | 2.07 | 1.77 [ 1.51 [ 1.28 | 1.09

ri(mm) | 6.19 | 14.68 | 18.81 [ 22.94 | 27.1 | 31.23 | 35.47 | 39.61 | 43.81 | 47.84

Case 2
Eri 2.8 2.61 | 242 | 223 | 204 | 1.85 | 1.66 | 1.47 | 1.28 1.09
ri(mm) | 22.09 | 24.39 | 26.72 | 29.12 | 31.63 | 34.29 | 37.16 | 40.3 | 43.81 | 47.84
Case 3
Eri 1.8 1.72 | 1.64 | 1.56 | 1.48 | 1.41 1.33 | 1.25 | 1.17 1.09

r;(mm) | 35.03 | 36.21 | 37.44 | 38.72 | 40.05 | 41.44 | 42.91 | 44.45 | 46.09 | 47.84
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Figure 3.4: Simulation results of the MHMFE lens antenna using the patch antenna as a source,
using the dielectric constants in table [3.3]

For this reason, the relationship between the dielectric constant and the layers’ radius
was ignored to obtain better results and structures. Thus, the lens antenna were redesigned
(assigning an acceptable layers radius and reducing the number of layers to five), also the
patch antenna was recalibrated for this new lens antenna.

After several tests, the best results were achieved using 5-layer lens antennas with the
dimensions described in table and the results of figures and Compared to the
case without a lens, the radiation [HPBW] increases significantly, in the plane ¢ = 0° from 66°
(without lens) to 128° (with lens) and in the plane ¢ = 90° increases from 60° (without lens)
to 168° (with lens). Despite not obtaining the promised beamwidth greater than 160° in both
planes (vertical and horizontal), the results are satisfactory. This discrepancy is caused by the
different behavior of each plane when interacting with the lens. After the characterization of
the dielectric materials, the simulations must be redone, considering the materials’ dielectric

constants.

Table 3.4: Parameters of the MHMFE lens antenna for the best case

5-Layer Lens

Layer 1 2 3 41 5
Dielectric constant | 1.9 | 1.675 | 1.45 | 1.225 1
Layer radius (mm) | 10 20| 30 40 | 50

Lens diameter 100mm

Pat

ch antenna

Total area

100mm x 100mm

Patch dimensions

11.11mm x 11.11mm

21



180

150

s,,(dB)

-50 -
—Without lens antenna
—With lens antenna
-60 1 | I 1 I
7.5 7.55 7.6 7.65 7.7 7.75 7.8 7.85 7.9 7.95 8

Frequency (GHz)

Figure 3.5: Reflection coefficient of the 5-layer MHMFE lens antenna
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Figure 3.6: Radiation pattern of the 5-layer MHMFE lens antenna
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CHAPTER

Characterization of dielectric

materials

This chapter presents the characterization of some dielectric materials compatible with the
printing technique to study their dielectric characteristics and if they can be used to

manufacture lens antennas.

4.1 RESULTS OF CHARACTERIZATION OF KNOWN MATERIALS (ROGERS RO4725JXR)

Before starting to characterize printed materials with unknown characteristics, the
method should be evaluated for its effectiveness. For this, was characterized a substrate
with well-described characteristics, the Rogers RO4725JXR. Three different samples (with
a certain length L, width Wj, height h and line width W;) were put under test (table [4.1]),
assessing the conditions % <1 and % > 1 and the case of different sample widths.

The manufacture datasheet claims that the Rogers RO4725JXR with a substrate thickness
of h = 0.78mm, dielectric constant of ¢, = 2.55, and loss tangent of tan(d) = 0.0026 (values
for 10GHz) [35]. The table shows the dielectric constant and loss tangent values obtained
by the method. For the case of % > 1 (Samples 1 and 3) the dielectric constant values
are relatively close to the datasheet value. However, in the case of % < 1 (Sample 2), there
is a considerable discrepancy. All the loss tangent values have considerable differences and
are not plausible. Therefore, to determine the dielectric constant, it is better to have samples
for the case of % > 1, for more realistic dielectric constant values, and due to the significant

discrepancies in the loss tangent values, it will be better to consider the datasheet values.

Table 4.1: Characterisation of Rogers RO4725JXR samples

Samples | L (mm) | W, (mm) | W; (mm) | &, | tan(d)
Sample 1 20 40 11210 | 0.087
Sample 2 20 25 0.7 |4.69 | 0.071
Sample 3 20 25 1] 232 1.78
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4.2 RESULTS OF THE CHARACTERIZATION OF 3D PRINTED MATERIALS

Were characterized three common materials for manufacturing with 3D printing [PLA]L
[PETG] and nylon. This study requires the test of several samples (figure of each material
with different infill and wall thicknesses (for [PLAl and [PETG] only) to understand how the
material’s dielectric constant varies with the amount of material in the parts. Table [£.2] shows
the dielectric constant for several [3D]l samples. These values are within the expected range and
are similar to datasheet values (table . As the material volumetric percentage decreases,
the dielectric constant also decreases due to the increased percentage of air in the sample.
However, the dielectric constant does not drop much beyond 1.8 because the volumetric
percentage of material cannot be reduced below 16% because the sample becomes too fragile
and unviable to manufacture structures. A more detailed analysis of the results acquired can

be seen in appendix D.

Printed on CE3 Printed on UM3E
PLA Samples PETG Sample PLA Samples  PETG Sample Nylon Sample

HIL

Figure 4.1: Material samples for characterization

IFBW 10k
Output Power -15.0 dBm

Normal Dol

(a) Setup for measuring the samples (b) Example of sample measurement in the VNA

Figure 4.2: Setup for measuring the samples
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Table 4.2: Characterisation of the 3D printed samples

Printer

Material

Infill

Creality Ender 3

PLA

0%

1.92

10%

1.96

20%

2.31

35%

2.13

50%

2.18

100%

2.79

0% - Thin walls

1.85

10% - Thin walls

2.07

20% - Thin walls

2.07

30% - Thin walls

2.29

PETG

0%

2.10

10%

2.11

20%

2.25

35%

2.25

50%

2.28

100%

2.50

Ultimaker 3 Extended

PLA

0%

2.10

10%

2.14

20%

2.15

35%

2.27

50%

2.25

100%

2.63

0% - Thin walls

1.95

10% - Thin walls

2.01

20% - Thin walls

2.06

30% - Thin walls

2.26

PETG

0%

2.14

10%

2.20

20%

2.28

35%

2.35

50%

2.35

100%

2.71

Nylon

0%

2.65

10%

2.49

20%

2.84

35%

2.72

50%

2.73

100%

3.34
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CHAPTER

Prototypes and experimental

measurements

This chapter describes the manufacture, measurement methods, and result analysis of the

prototype antennas.

5.1 PROTOTYPE ANTENNAS

From the simulation results in chapter [3|and the characterization results (chapter [4)), it is
noticeable that the initially designed antennas are not feasible with the available materials,
so the lens antennas must be redesigned to be fabricated with the available materials. In
addition, the patch antennas also have to undergo some minor changes to accommodate a
50€2 SubMiniature version A (SMA]) connector.

A prototype lens antenna (figure was fabricated (to test the fabrication technique
and measurement setup for a more straightforward design). In the case of the MHMEE] lens

antenna, several prototypes were fabricated in two different ways:

e Single material lens antennas - the entire lens is made of the same material, varying
the infill of each layer to obtain different dielectric constants. Two samples of 5, 4, and
3-layer lens antennas were made. Both samples are identical, just changing the material
and printer used (one on the printer with Tucab PLA Green filament, and the
other on the [UM3FE] printer Filamentive PLA Grey). Each set of samples has a patch
antenna for feeding. For simplicity, the lens antennas will be called by the name of the
printer where they were manufactured (figure [5.2a)).

¢ Multi-material lens antennas - the lens manufactured using different solid materials
for each layer. Due to material limitations, manufacturing was only possible for the
lenses with a 4-layer (Nylon, PETGl and and a 3-layer (Nylon and on
the printer. Each antenna lens has three possible choices of patch antenna (LPI
square patch, square patch (figure [5.2b), and circular patch (figure [5.17))).
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The topmost layer of all lens antennas corresponds to an air layer, included in the simulation

but not physically printed.

Figure 5.1: SEI Lens antenna prototype

3 - Layers
Multi-material
M

5 — Layers Single

3 - Layers S}agle
4 — Layers Single

y .
el the
E

(a) Single material lens antennas and patch antennas  (b) Multi-material lens antennas and patch antennas

Figure 5.2: MHMFE Lens antennas prototypes

5.2 MEASUREMENT SETUP

To evaluate the performance of the manufactured antennas, it is necessary to measure
some parameters such as reflection coefficient, impedance, and radiation pattern to compare
them with the values obtained by simulation. The reflection coefficient and impedance of the
antenna can be measured using any [VNAl However, to measure the radiation pattern, it is
necessary to measure the antennas in an anechoic chamber using two antennas (the antenna
under test and a standard antenna) where the antenna under test has to be rotated 180° in
the horizontal direction, and the S2; parameter is measured using a In the University
of Aveiro, there are two anechoic chambers available for use (one in the Departamento de
Eletrénica, Telecomunicagoes e Informética (DETT) (figure and other on the [T] (figure
5.3al)), unfortunately, the measurement equipment is inoperative in both. For that reason, a
measurement setup for the anechoic chamber of the [Tl was improvised.

The improvised measurement setup was built using: a stepper motor, a motor controller,
Arduino to rotate the antenna under test, and a[VNA] (Keysight FieldFor N9918A) to measure
the S1 parameter. In the anechoic chamber, the test antenna and standard antenna are

separated at a distance greater than the farfield distance, with the standard antenna mounted
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in a fixed position and the antenna under test mounted on the stepper motor so that it can
be rotated (both antennas must be level and aligned).

The whole measurement system is controlled by a computer, which sends commands to an
Arduino, through a serial port, to rotate the stepper motor (about 9° per iteration from 0° to
180°) and communicates via local area network with the VNA] Keysight FieldFox N9918A (the
VNA’s communication code is based on the one provided by the manufacturer [36]). Each
measurement’s sequence returns the radiation pattern and a text file with this data.

This semi-automatic measurement setup allows for better repeatability and accuracy than
a manual method of rotating the antenna manually for each measurement (it also allows
faster and more efficient acquisition). However, it still has a very high measurement error due
to setup problems. As the work progressed, this setup proved to be too unstable for more
precise measurements, so the [DETT anechoic chamber was used because it already has a more

sophisticated measurement setup.

(a) Measurement Setup in IT (b) Measurement Setup in DETI

Figure 5.3: Measurement Setup

5.3 SIMPLE ELLIPTICAL INTEGRATED LENS ANTENNA

As was done in the simulation an lens was developed to test the manufacturing
technique and measurement setup. This lens was made of [PLAl and has the dimensions
described in table [5.1]

The lens antenna is used to improve the directivity of the source antenna, as concluded
by simulation. Figures and and table shows that this is precisely what happens;
the [HPBWI decreases, using the lens. The reflection coefficient has the expected behavior

of varying the resonance frequency, with the presence of the lens.
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Table 5.1: SEI lens antenna parameters

SEI lens antenna

Lens dielectric constant e = 2.63
Small radius a = 40mm
Large radius b=43.24

Distance from the lens center

to the source antenna L =16.44
Patch antenna
Total area 44mm x 44mm
Patch dimensions 10.63mm x 10.63mm

Table 5.2: HPBW for the SEI lens antenna with LP square patch antenna

HPBW
Lens ¢ =0° ¢ =90°
Without | With | Without | With
SEI lens | Simulation 81° 34° 79° 29°
antenna | Measurement 80° 27° 77° 35°

5.3.1 Results for the simple elliptical integrated lens antenna

—Simulation —Simulation
—Measured —Measured

7.2 74 7.6 7.8 8 8.2 8.4 8.6 7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6
Frequency (GHz) Frequency (GHz)

(a) Reflection coefficient without lens antenna (b) Reflection coefficient with lens antenna

Figure 5.4: Characteristics of the SEI lens antenna
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(a) Simulation results for ¢ = 0° (b) Measurement results for ¢ = 0°
90 90
-10 -10
-20 -20
150 30 150 30
-30 -30
-40 -40
180 -50 0 180 -50 0
—Without lens antenna —Without lens antenna
—With lens (7800MHz) =—With SEI lens antenna (7800MHz)
(c) Simulation results for ¢ = 90° (d) Measurement results for ¢ = 90°

Figure 5.5: Normalized radiation pattern of the SEI lens antenna

5.4 MODIFIED HALF MAXWELL FiSH-EYE LENS WITH A LINEARLY POLARIZED PATCH
ANTENNAS

5.4.1 Results for the single-material lens antennas

Both lenses are compared to sample simulation because their dimensions are equal, and
the layers’ dielectric constants are very similar, providing equal simulation results. Comparing
the results obtained by simulation and the measurement of the Reflection coefficient (figures
and shows that the lens’s presence significantly impacts the resonance frequency
and impedance of the patch antenna causing the patch antenna resonance frequency to drop,
as well as the impedance to vary significantly (both in simulation and measurement). In the
simulations, the patch and lens antennas have a resonance frequency of 7.8 GHz, although
there is a slight deviation in resonance frequency. These deviations are due to imperfections
in the characterization of the materials used and in the manufacturing method.

Figures and and table [5.3] show that the lens antenna caused deformations
on the radiation pattern (compared to the system without a lens). However, this variation is
minimal, and one does not have a large beamwidth as expected.

These differences are largely caused by the infill (as can be seen in the figure sometimes
the filling pattern is not regular, which can cause differences in signal propagation inside the
lens, and the constant transition between air and material can have unexpected refraction
and reflection effects. The simulator assumes that the layers are uniformly filled with a

homogeneous material, i.e., it does not consider the fact that the layers have different infills,
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hence there are many differences between the simulated and measured values.

Side view Top view

Source
Antenna

Figure 5.6: Example of the infill pattern of each layer (from top and profile view)

Table 5.3: HPBW for the single material MHMFE lens antennas

HPBW
Lens ¢ =0° ¢ = 90°

Without | With | Without | With

3-Layers Simulation 70° 142° 126° 136°
Single-material CE3 2 81° 17 1267
UMS3E 72° 90° 117° 126°

4-Layers Simulation 94° 158° 116° 136°
Single-material CE3 81° 126° 117° 117°
UMS3E 81° 135° 117° 117°

5-Layers Simulation 84° 154° 110° 153°
Single-material CE3 72° 117° 126° 126°
UMS3E 72° 99° 126° 117°
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Single material 3-layer lens antenna

Table 5.4: 3-Layers single material lens antenna parameters

3-Layer single material lens

n-layer 1 2 3
Dielectric constant | 2.26 | 2.01 1.00
Layer radius (mm) 10 | 19.7 22
Lens diameter 44mm

Patch antenna
Total area 8mm x 88mm
Patch dimensions 10.715mm x 10.715mm

0 0
5
10

5
-5
» 20

-10
25
-30

s,,(dB)
14(dB)

—Simulation

—Simulation Measured (CE3 lens)
5 —Measured . | | —Measured (UM3E lens)
) 7.2 74 7.6 7.8 8 8.2 8.4 8.6 8.8 9 A 7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 9
Frequency (GHz) Frequency (GHz)
(a) Reflection coefficient without lens antenna (b) Reflection coefficient with lens antenna

Figure 5.7: Characteristics of the single material 3-layer lens antenna

20
120 60
-10
150 30
-20
180

° —Without lens antenna
=—Without lens antenna ——With lens antenna printed on the CE3
=—With lens antenna —With lens antenna printed on the UM3E
(a) Simulation results for ¢ = 0° (b) Measurement results for ¢ = 0°
90
120 60
10 150 30
150 30
20
180 0
180

0 —Without lens antenna
—Without lens antenna ~—With lens antenna printed on the CE3
=—With lens antenna —With lens antenna printed on the UM3E

(¢) Simulation results for ¢ = 90° (d) Measurement results for ¢ = 90°

Figure 5.8: Normalized radiation pattern of the single material 3-layer lens antenna
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Single material 4-layer lens antenna

Table 5.5: 4-Layers single material lens antenna parameters

4-Layer single material lens
n-layer 1 2 3 4
Dielectric constant | 2.25 | 2.15 | 2.01 | 1.00
Layer radius (mm) 9 13 22 25
Lens diameter 50mm

Patch antenna
Total area 50mm x 50mm
Patch dimensions 10.705mm x 10.705mm

o o
2 2.
o o

-10 -

25 —Simulation
—Simulation —Measured (CE3 lens)
, —Measured —Measured (UM3E lens)
-15 -30
7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 9 7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 9

Frequency (GHz) Frequency (GHz)

(a) Reflection coefficient without lens antenna (b) Reflection coefficient with lens antenna

Figure 5.9: Characteristics of the single material 4-layer lens antenna
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10 150 \ 30
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\

|

|
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/

-20
180 > 0
180 0 =—Without lens antenna
—Without lens antenna ——With lens antenna printed on the CE3
—With lens antenna —With lens printed on the UM3E|
(a) Simulation results for ¢ = 0° (b) Measurement results for ¢ = 0°
90
120 60
10 150
150 30
-20
180 —w 0
180 0 Without lens antenna

—Without lens antenna

~—With lens antenna printed on the CE3
—With lens antenna

=—With lens antenna printed on the UM3E|

(c) Simulation results for ¢ = 90° (d) Measurement results for ¢ = 90°

Figure 5.10: Normalized radiation pattern of the single material 4-layer lens antenna
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Single material 5-layer MHMFE lens antenna

Table 5.6: 5-Layers single material lens antenna parameters

5-Layer single material lens
n-layer 1 2 3 4 5
Dielectric constant | 2.27 | 2.15 | 2.06 | 2.01 | 1.00
Layer radius (mm) 4 8 12 22 25

Lens diameter 50mm
Patch antenna
Total area 80mm x 80mm
Patch dimensions 10.63mm x 10.63mm
0
5
g
(I):
-10
—Simulation 30 _;ig:zl:::in(csa lens)
A5 ~——Measured 35 ——Measured (UM3E lens)
7.2 74 7.6 7.8 8 8.2 8.4 8.6 8.8 9 7 7.2 74 7.6 7.8 8 8.2 8.4 8.6 8.8 9
Frequency (GHz) Frequency (GHz)
(a) Reflection coefficient without lens antenna (b) Reflection coefficient with lens antenna

Figure 5.11: Characteristics of the single material 5-layer lens antenna
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180
180 0

30
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=—Without lens antenna With lens antenna printed on the CE3
=——With lens antenna ——With lens antenna printed on the UM3E
(a) Simulation results for ¢ = 0° (b) Measurement results for ¢ = 0°
20
90
120 60
-10 150
150 30
-20
180 — 0
180 0 —Without lens antenna
—Without lens antenna ~—With lens antenna printed on the CE3
—With lens antenna —With lens printed on the UM3E

(¢) Simulation results for ¢ = 90° (d) Measurement results for ¢ = 90°

Figure 5.12: Normalized radiation pattern of the single material 5-layer lens antenna
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5.4.2 Results for the multi-material lens antennas

The lens antennas with multiple materials are more complex than the lens antennas of
a single material due to the use of multiple materials with different physical and printing
characteristics. Therefore, as the printer allows the manufacture of two different
materials simultaneously, the 3-layer lens antenna was manufactured in one piece (one
extruder with Nylon and another with [PETG]). However, the 4-layer lens antenna requires a

different approach using two different manufacturing methods:

e Version 1 — Manufacture the layers individually and glue them together in one piece
(with an adhesive layer added between layers).

o Version 2 — Manufacture the most peripheral layers (PLAland [PETG]) and manufacture
the missing layer (Nylon) separately. The two parts are press-fit together.

The radiation pattern (figures and and table has the anticipated beamwidth
increasing phenomenon. It is possible to observe for the ¢ = 0° (figures[5.14b| and [5.16b))) that

the radiation pattern significantly increases its beam aperture compared to the case of patch
antenna without lens (as observed in the simulation). However, for the ¢ = 90° (figures
and , the same does not happen. Several tests were made to verify this discrepancy of
results, concluding that it was caused by the lens antenna. Therefore, another approach to
achieve the desired results will have to be taken. The significant difference from the original
article is the polarization of the source antenna, so the patch antennas were redesigned to
have a circular polarization. So two patch antennas were created: a square patch antenna
and a circular patch antenna (section [2.6.3).

Table 5.7: HPBW for the multi-material MHMFE lens antennas

HPBW
Lens ¢ =0° ¢ =90°

Without | With | Without | With

3-Layers Simulation 100° 158° 119° 140°
Multi-material | Measurement 81° 135° 117° 54°
4-Layers Simtflation 78° 146° 122° 134°
Multi-material Version 1 72° 145° 117° 27°
Version 2 72° 154° 117° 36°
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Multi-material 3-layer lens antenna

Table 5.8: 3-Layers multi-material lens antenna parameters

3-Layer single material lens

n-layer 1 2
Dielectric constant | 3.3380 | 2.7085 1
Layer radius (mm) 12 179 | 21
Lens diameter 42mm

Patch antenna
Total area 54mm x 5dmm
Patch dimensions 10.69mm x 10.69mm

0

5
-10 w
-15

7

S,,(dB)
S,,(dB)

—Simulation —Simulation
—Measured 2 —Measured
7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 9 T 7.2 74 76 7.8 8 8.2 8.4 8.6 8.8 9
Frequency (GHz) Frequency (GHz)
(a) Reflection coefficient without lens antenna (b) Reflection coefficient with lens antenna

Figure 5.13: Characteristics of the multi-material 3-layer lens antenna
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-10 -10
150 30 150 30
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180 0 180 0
—Without lens antenna —Without lens antenna
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(a) Simulation results for ¢ = 0° (b) Measurement results for ¢ = 0°
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-10 -10
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-20 -20
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—Without lens antenna 0 180 —Without lens antenna 0
—With lens antenna —With lens antenna
(c) Simulation results for ¢ = 90° (d) Measurement results for ¢ = 90°

Figure 5.14: Normalized radiation pattern of the multi-material 3-layer lens antenna
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Multi-material 4-layer lens antenna

Table 5.9: 4-Layers multi-material lens antenna parameters

4-Layer multi-material lens

n-layer 1 2 3 4
Dielectric constant | 3.34 | 2.71 | 2.63 1
Layer radius (mm) 5 10 19 | 21.75
Lens diameter 43.5mm

Patch antenna

Total area

84mm X 84mm

Patch dimensions

10.6mm x 10.6mm

S,,(dB)

—Simulation
Measured (Version 1)
——Measured (Version 2)

25
7 72 74 7.6 7.8 8 8.2 8.4 8.6 8.8 9
Frequency (GHz)

(b) Reflection coefficient with lens antenna

Figure 5.15: Characteristics of the multi-material 4-layer lens antenna
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Figure 5.16: Normalized radiation pattern of the multi-material 4-layer lens antenna
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5.5 MODIFIED HALF MAXWELL FiSH-EYE LENS WITH A CIRCULAR POLARIZED PATCH
ANTENNAS

This test sequence puts under test the use of two circularly polarized patch antennas: a
square patch and a[CP| circular patch (figure . Furthermore, both versions (glued and
press-fitted) of the 4-layer multi-material lens antenna (equal to the one used on previous tests).
The objective of these tests is to determine if in fact the use of antennas is more beneficial
than the use of LP antennas since similar articles have used polarization antennas [2].

~
Square Patch antenna with  Circular Patch antenna
circular polarization  with circular polarization

Figure 5.17: Patch antennas with CP manufactured

It was clear from the start that designing, in simulation, a lens and patch antenna with
was a more time-consuming process due to the many variables that can be adjusted and
the high simulation time. The physical measurements also have to be more precise. Any
deviation in the antennas’ alignment can lead to errors. For this reason, the [DETI anechoic

chamber was used.

5.5.1 Results for the square patch with circular polarization

From figures [5.18| to [5.20| and table [5.11] both the lens antennas have a similar performance
and do not perform as expected. Although the antennas have a good performance in simulation,
the results of the measurements show quite a few discrepancies.

Although the resonance frequency is a little higher, it is still within the expected boundaries.
However, the same cannot be applied to the Axial Ratio, which has a higher frequency but
with a worse performance, which is very close to 3dB leading to a weak of the antenna. So,
to increase the possibility of the lens antenna performing as required, the radiation patterns
were measured at the frequency with the best axial ratio (8GHz for the lens antenna version 1
and 8.11GHz for the lens antenna version 2).

Nevertheless, none of the lens antennas significantly increases the aperture of the radiation
beams compared to the case of the patch without lens antennas. As can be seen from figures
and the measured radiation pattern of the patch without a lens antenna is relatively
similar to the simulation. The radiation pattern of the patch with the lens antennas does not
show any significant improvement, making the radiation pattern more irregular and reducing

the beam aperture, thus being very different from what was expected by simulation.

39



Table 5.10: Square patch with circular polarization dimensions

CP square patch antenna
Total area 84mm x 84mm
Patch dimensions 11lmm x 11lmm
Cut dimension (dim ;) 2.5mm

s, ,(dB)
o
s,,(dB)

25 20 ] —Simulation
—Simulation —Measured (Version 1)
% —Measured 2 —Measured (Version 2)
) 7.2 7.4 76 7.8 8 8.2 8.4 8.6 8.8 9 ) 7 7.2 74 7.6 7.8 8 8.2 8.4 8.6 8.8 9
Frequency (GHz) Frequency (GHz)
(a) Reflection coefficient without lens antenna (b) Reflection coefficient with lens antenna

200 v \/ v V VAN
15 15
o o
) 3
s s
g 10 & 10
s s
5 —Simulation é —Simulation
5 —Measured 5 —Measured (Version 1)
Measured (Version 2)
0 0
7 7.2 74 7.6 7.8 8 8.2 8.4 8.6 8.8 9 7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 9
Frequency (GHz) Frequency (GHz)
(c) Axial ratio without lens antenna (d) Axial ratio with lens antenna

Figure 5.18: Characteristics of the multi-material 4-layer lens antenna with CP square patch antenna

Table 5.11: HPBW for the multi-material 4-layer lens antenna with CP square patch antenna

HPBW
Lens ¢ =0° ¢ = 90°
Without | With | Without | With

Simulation 74° | 121° 120° | 141°
(8GHz)

4-Layers Version 1

Multi-material (8GHZ) 94 33 86 66
Simulation o o o o
(8.110GHz) 74 85 140 140
Version 2 o o o o
(8.110 GHz) 87 25 81 50
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MHMFE lens antenna version 1 + square patch antenna with CP
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120 60 120 60
-10 -10
150 30 150 30
-20 -20
180 r 0 180 0
—Without lens antenna —Without lens antenna
—With lens antenna —With lens antenna version 1
(a) Simulation results for ¢ = 0° (b) Measurement results for ¢ = 0°
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180 i—Wi(hout lens antenna 0 180 —Without lens antenna 0
[=With lens antenna —With lens antenna version 1
(¢) Simulation results for ¢ = 90° (d) Measurement results for ¢ = 90°

Figure 5.19: Normalized radiation pattern of the version 1 lens antenna with CP square patch
antenna (8GHz)

MHMFE lens antenna version 2 + square patch antenna with CP

90 920
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(a) Simulation results for ¢ = 0° (b) Measurement results for ¢ = 0°
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~—With lens antenna ~—With lens antenna version 2
(¢) Simulation results for ¢ = 90° (d) Measurement results for ¢ = 90°

Figure 5.20: Normalized radiation pattern of the version 2 lens antenna with CP square patch
antenna (8.11GHz)
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5.5.2 Results for the circular patch with circular polarization

The circular patch with circular polarization had a very different behavior from the
simulations. For this reason, it was considered that this antenna was not properly designed,

and the results obtained were discarded.
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CHAPTER

Conclusions and Future Work

This chapter presents the conclusions of the work developed and suggestions for future work.

6.1 CONCLUSIONS

After testing several antennas by simulation, it was concluded that the lens antenna
performs very similarly to the simulated one and the structure could manipulate
the radiation pattern, more specifically increase the HPBWI| by about 80%. Furthermore, it
was possible to study the impact on the resonance frequency and impedance of the source
antenna.

The prototype SEI lens antenna has the desired behavior, similar to that observed in
the simulation of the same lens, being able to reduce the HPBWI] by about 40%, making the
antenna very directive. However, some deformations can be observed in the radiation pattern
when compared to the simulation. These variations are caused mainly by the fabrication of
the lens, which is not perfect even though the antenna is very simple to fabricate.

The more challenging task, for the MHMEE] lenses, was to replicate the simulations with
a real antenna. Several prototypes were manufactured using different materials, sizes, and
layers and tested using patch antennas with various dimensions and polarizations. The best
results were obtained for a multi-material lens and a [LP] patch antenna, the HPBW] increased
significantly for ¢ = 0° but not for ¢ = 90°. The single-material MHMFEl and a [[P] patch
antenna also provide a uniform radiation pattern, and slightly increase the [ HPBW] Using
patch antennas as a source proved to be a highly complex design to simulate and measure,
And the results are not reliable enough to draw any accurate conclusions, requiring further
analysis.

The manufacturing method, printing, causes the differences between the simulations
and the prototypes antennas. The simulator considers the lens body as having uniform layers
of material with a clean transition between layers. On the other hand, the printed lens does

not have uniform material (due to material contaminations or other manufacturing defects),
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and sometimes the parts require some hand-fitting (such as sanding or gluing) that may lead
to minor alterations to the structure. Thus, it would be interesting to use a simulator that
considers these to obtain more realistic results.

The method provided a reasonable and easy characterization, although it only was
possible to characterize three materials (PLA] [PETG] and Nylon), limiting the maximum
number of layers that the lens can have. The characterization of more materials
leads to antennas with more layers of different materials, leading to better results. Another
option is to use a different manufacturing method that allows using different materials and a
more precise lens manufacturing.

Concluding, the lens antenna has the potential to increase the over 160°
in both planes. However, the combination of several effects (such as few layers, material
characterization inaccuracies, manufacturing imperfections, and measurement problems) may
have led to underperforming results. Still, this research collected some essential information

that can be a foundation for future work.

6.2 FUTURE WORK

The study done in this dissertation opened several possibilities for the design and man-
ufacture of new [MHMFEE] lens antennas. The next major step will be to characterize more
dielectric materials, such as plastic polymers with different characteristics or other unusual
materials compatible with printing, allowing to manufacture of lens antennas with more
layers and different dielectric constant values.

printing (FDM]) was the chosen technology, because allows for the fastest and easiest
prototyping. However, there are many more manufacturing methods compatible with the
manufacture of lens antennas. A possible future work would be to study and experiment with
new fabrication techniques for lens antennas, which can mitigate some of the problems caused
by BD] printing.

The simulator used is not an accurate representation of reality because, as previously
mentioned, the simulator does not consider some aspects of the real prototype, such as infilling
the layers. It would be interesting to study a way to obtain simulations closer to the actual
system, either by more accurate manufacture of the antennas or by improving the simulations
or using another more realistic simulator. Also, using other types of source antennas would
be interesting future work, potentially using this type of lens in other applications.

Nevertheless, the most crucial future work would be to study the application of

lens antennas in phased arrays to increase the beamwidth.
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Appendix A

CHARACTERIZATION PROCESS OF THE SINGLE MICROSTRIP LINE CHARACTERIZATION
METHOD

This method only requires a sample of the material with a conductive line and ground
plane, a [VNA] and some mathematical calculations. Therefore, to do the characterization of

the dielectric constant of the material, the following steps are followed:

1. A material sample of known dimensions (length L, width W, and height h) with a line
of conductive material (such as copper tape) of width W; is manufactured to be put
under test (figure [1).

2. Measure the input impedance (Z;, = R — jX) at a quarter of the first resonance
frequency (%)

3. With this value, the value of al is discovered using the following equation:

X X
Il = arctanh(—— —=)2 419 6.1
al = arctanh( R+ (R)—i— (6.1)
4. This value will allow calculating the correct resonance frequency f/ = (14{721)

5. The input impedance is measured again (Z;,, = R’ — jX') but for a quarter of the correct
resonance frequency (%)
6. Recalculate the value of al’ (from the equation [6.1]) and calculate the characteristic

impedance for the correct resonant frequency

1+ (tanh (o)), 1+ (tanh(al’))?

Zh=X' = 6.2
0 1z (tanh (al’))? * 72 % tanh (al) (62)
7. Calculate the effective dielectric constant of the material (e,cf¢):
h
erest = (57 % ln(;/l + %))2, para — <1
120 1 (6:3)

W,
)z,para—l>1

Ereff = ( 7 .

X
Wi 41,393+ 0,667 x In (W2 1 1,444)

8. Finally, calculate the dielectric constant of the material(e,):

2 % Ereff + 1 —1
f1412k
- m (6.4)

Ep = i

1 —"_ 12h
[1+53
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The characterization of the tangent of losses (tan(d)) of the material is also done with
an iterative method, which starts from the characteristic impedance (Z))) calculated in the
dielectric constant and applies several calculations until an approximate value of the tangent
of losses is reached. Therefore, the value of the tangent of losses can be obtained through the

following steps:

1. The first approximation of the loss tangent (tan(d))) is calculated from the characteristic

impedance (Z)) calculated on the dielectric constant:
~0,0195 x Zj— 0,274

Z; (6.5)
Zin=1,95 x Z, — 27,4

tan(9)

2. Calculate the value of K and 7 (0, is the conductivity of the line)

aK

V04

arg = 0,475 — 2,105 x tan(d) (6.6)
0,0644

br = ——= 0,203
K tan(d)

K =

+ b

ar
V7
ar =115,6 —1991,0 x tan(d) (6.7)
b, = ﬂ +95,53
tan(d)

3. The new input impedance (Z,,) is calculated (the line width value (W;) must be in

+b,

T =

millimeters)
2y x W,

I =Zinx(1—Kxe 7 ) (6.8)

4. The input impedance is substituted to the new input impedance (Z;, = Z,,) and the
loss tangent is recalculated using the equation |6.5
5. Repeat this step sequence at least four times to have a realistic approximation of the

loss tangent

Conductive Line
(copper tape)

Test Sample ,/I/Vs'

Figure 1: Test sample for the SMLC method
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Appendix B

How TO DESIGN AN SIMPLE ELLIPTICAL INTEGRATED LENS ANTENNA

The first step is to draw a sphere of radius a and centered at (z,y,z) = (0,0, L) with a

material with the desired dielectric constant and radius a (figure [2a). The transformation of

a sphere into an ellipsoid requires an elongation along the z-axis to the desired size of the
large radius (b) (figure [2b]). The final step is to cut the ellipsoid, so all the lens material in
the negative part of the z-axis is discarded (figures [2c|and .

|
(a) Step 1 (b) Step 2

Feed antenna

l
(c) Step 3 (d) Step 4

Figure 2: How to build an SEI lens antenna (2D View)
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Appendix C

How TO DESIGN AN MODIFIED HALF MAXWELL FISH-EYE LENS ANTENNA

Designing an [MHMFEE] antenna lens in CST Studio Suite is an iterative process building

one layer at a time, so each layer is designed as follows:

1. The first step is to draw a ring in the x-plane with an outer radius r1¢, inner radius rg,
center at (y,z) = (R, front) (where front is the distance from the base of the source
antenna to its front the sum of copper height and substrate height for patch antenna).
And a material with the dielectric constant of the respective layer. (figures |3al and

2. In the design of an MHMFEE] only a quarter ring is needed, and two rectangles are drawn
in the same plane as the ring. The first rectangle has the dimensions (Ymin, Ymaz) =
(R,D) and (Zmin, Zmaz) = (—(R + front), R + front) and the second rectangle has
the dimensions (Ymin, Ymaz) = (0, D) and (Zmin, 2maz) = (—(R + front), R + front)
)=(-(R+front),front), as shown in figure The quarter ring is obtained by subtracting
these rectangles from the ring (figure .

3. The last step to obtain the layer is to rotate 360°° around the z-axis, as exemplified in
figures [3¢| and

4. After this, repeat all the steps for the remaining layers.
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Crientation:

Outer radius:
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(b) Step 2
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(f) Step 6
Figure 3: How to build an MHMFE lens antenna
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Appendix D

DIELECTRIC CHARACTERIZATION OF 3D PRINTED MATERIALS
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Figure 4: Results of the Dielectric characterization of the PLA samples
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Figure 5: Results of the Dielectric characterization of the PETG samples
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Figure 6: Results of the Dielectric characterization of the Nylon samples
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