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palavras-chave

resumo

Antenas microstrip, alimentagédo por fenda, agregado de antenas,

polarizacéo circular

Apesar das tecnologias de comunicacbes estarem em rapido
desenvolvimento, ainda ha muitas regides remotas que ndo sao
abrangidas por servicos de telecomunicagcbes. Constelacbes de
satélites LEO estdo a ser usados para abordar este problema, com o
objetivo de providenciar servicos de comunicacao globais continuos
e de alta capacidade. As comunicacdes satélite sdo usualmente feitas
perto da banda Ka, com frequéncias mais altas para o uplink e mais
baixas para o downlink. A antena desenvolvida nesta dissertacao foi
projetada para operar a 20GHz, podendo ser implementada para as
comunicagOes downlink. Adicionalmente, antenas com polarizacao
circular sdo uteis em comunicacles satélites pela versatilidade de

serem capazes de receber outras polarizacdes.

7

A antena proposta é uma patch quadrada com alimentacdo por
acoplamento através de fenda, em dois pontos ortogonais, integrada
com um acoplador hibrido em quadratura e mais tarde incluida num
array 2x2. Esta antena tem a possibilidade de ter polarizagéo circular

esquerda ou direita consoante a escolha do porto de alimentagéao.

As estruturas apresentadas foram modeladas progressivamente por
simulagéo, em varias fases, e por isso a evolu¢cdo dos resultados
puderam ser analisados a medida que a antena ficava mais complexa.
Depois a antena projetada foi fabricada e foram efetuadas medicdes

para validacao.
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Although communications technologies are in rapid development,
there are still many remote regions that aren’t covered by
telecommunication services. LEO satellite constellations are being
used to address this issue by aiming to provide continuous and high-
capacity global communication services. Satellite communications are
usually made using frequencies near the Ka band, with higher
frequencies for the uplink and lower frequencies for the downlink. The
antenna developed in the course of this dissertation was chosen to
operate at 20GHz, enabling its implementation for downlink
communications. Furthermore, circular polarized antennas are useful
in satellite communications for versatility by being able to receive other

polarizations.

The proposed antenna is a dual-fed square patch, with aperture
coupled feed, incorporated with a quadrature hybrid coupler as the
feed and later included in a 2x2 array. This antenna has the possibility

of being left or right circularly polarized by choosing the feeding port.

The structures presented were modeled progressively by simulation,
in several stages, and so the evolution of the results could be analyzed
as the antenna got more complex. After designing the antenna it was

later fabricated, and measurements were taken for validation.
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1 Introduction

1.1 Background

“Telecommunication is a technology that eliminates distance between continents,

between countries, between persons.’T1]

Technological evolution has been greatly accentuated in recent years, giving rise to new
technologies and services, especially in the field of wireless communications. For
centuries mankind has tried to find and develop new ways to communicate with one
another at a distance in more efficient and practical ways. Starting with the use of
messengers and smoke signals, to the telegraph, to the telephone and radio
transmission, this long-distance communication has been made easier and more

accessible to all.

The genesis of modern telecommunications occurred in the nineteenth century, with the
discovery of electromagnetism. In 1820, the electromagnetic field due to electric current
was discovered by Hans Oersted [2]. By 1864, James Maxwell had compiled the well-
known Maxwell equations, mathematical formulas for the propagation of
electromagnetic waves (at this point still not proven [1]). Between 1886 and 1889,
Heinrich Hertz provided the basis for radio transmission by proving the existence of
electromagnetic radiation. This work was followed up by Marconi who was successful

in radio transmission of a signal, thus inventing the radio [3].

After the invention of the radio, countless advances have been made in this field to
achieve the systems we have today. Nowadays, telecommunications have become an
essential part of society, the economy, and science. However, the requirements for
wireless systems also became stricter as the technology advanced and the need to

improve them has motivated even more investigations in this field.



Antennas are a fundamental (and one of the most critical) element of radio systems
since they allow the transition between a guided wave and a ‘free-space’ wave, and
vice-versa [4]. They greatly influence the radiated waves and therefore must be
designed to fulfill the requirements of the system presents. There are various types of
antennas, with different shapes, configurations, complexity, and characteristics. Simple
radiating elements can also be grouped in arrays to improve parameters such as gain
and directivity when the radiation requirements can’t be achieved with individual

elements.

In this dissertation, the focus will be on microstrip antennas, which became popular in
the 1970s for airborne applications, such as airplanes, missiles and spacecrafts [4].
Nowadays they continue being widely used for government and commercial
applications due to their versatility and low cost [5]. Since their invention, the demand
has increased rapidly and thus the necessity to enhance their performance has also
risen. In order to reduce their overall size and performance characteristics, different
configurations have been developed such as non-contacting excitation methods [6]—[8],
multilayer designs [9], irregular patch shapes [10], [11], different materials [10], [12] and
aggregation in arrays [13]. It is expectable that the demand for microstrip antennas will

continue to grow, being incorporated in more and more applications.

Even though communications technologies are in rapid development, there are still
many remote regions, for example, that aren’t reached by telecommunication services
[14]. To assure the distribution of services to these locations, many projects have started
targeting LEO (Low Earth Orbit) satellite constellations development to address this
problem. The goal is to achieve continuous and high-capacity global communication
services [15]. Usually, satellite communications occupy frequencies near the Ka band,
with higher frequencies for the uplink and lower frequencies for the downlink. This is
because emitting at a higher frequency requires more power, so it is logic that the
satellite emits at a lower frequency due to low power requirements which aren’t as strict
in ground stations. The antenna proposed in this dissertation was chosen to operate at
20GHz, allowing its implementation for downlink communications. On the other hand,
the use of a circularly polarized antenna also has advantages because it provides

versatility (it is compatible with other polarizations) [16].



1.2 Objectives

The purpose of this dissertation is the development of a circularly polarized aperture
coupled microstrip square patch antenna, using a quadrature hybrid coupler for the
feed. This allows the selection of which circular polarization is obtained at a given time
— LHCP (Left Hand Circular Polarization) or RHCP (Right Hand Circular Polarization) -

as well as improved bandwidth.

This antenna will then be incorporated into a 2x2 array, with half-wavelength spacing
and 90° progressively rotated elements. The array should have enhanced gain and

wider circular polarization bandwidth compared to the individual element.

The use of the electromagnetic simulation software CST Studio Suite will facilitate a
more accurate design of the structures proposed, enabling the monitoring of the

antenna’s estimated measurements as it is developed.

1.3 Outline

This document is divided into five main chapters. The first, and current, chapter is a brief
introduction to the motivation and objectives of this dissertation. Chapter number two
contains relevant theoretical background, essential to the understanding of the work
done. An explanation of antennas’ main principles of functioning is given, several types
of antennas are presented and described, and the main antenna parameters explained.
In chapter 3, the microstrip antennas are singled out and their method of design is
described. Simulations are also presented as a method for antenna design and
modelling. In chapter 4 the implementation of the antennas design in the previous
chapter is introduced and the corresponding results displayed and discussed. Finally,
chapter 5 sums up the dissertation’s conclusions and what future work may still be in

order.






2 Antenna theory

An antenna is essentially “a means for radiating or receiving radio waves” [17]. This
device is therefore an indispensable part of any wireless system since it makes the
bridge between the guided and free-space transmission, as is depicted in Figure 1. The
existence of variable currents in the antenna causes electromagnetic waves to radiate
from it into the free-space. Thus, a good antenna design is vital for an appropriate

system performance.

<

e Transmission line Antenna Radiated free-space wave

Figure 1: Antenna as a transition device [5].

Antennas are currently used in multiple applications like cellular phones, GPS
television, vehicles, radar, satellites, WiFi, Bluetooth technology, RFID devices, WiMAX,
etc [18]. Nevertheless, as the spread and usage of antennas keep growing, so do the

constraints and requirements of the communication systems. The engineering of better



and more efficient antennas for these systems is essential for the expansion and

effectiveness of tomorrow’s communications.

To make the analysis and modelling of antennas easier to understand and predict,
several numerical methods have been developed. These will be addressed in section

2.2 for microstrip antennas in particular.

2.1 Figures of merit

The antenna performance can be rated according to its main parameters. Depending
on the application, some may be more relevant than others and therefore more crucial

to enhance in order to have a better antenna for said application.
Radiation pattern

An antenna’s radiation pattern is essentially a graphical representation of its
radiation properties in the far-field region, as a function of the direction. These
properties include power flux density, radiation intensity, field strength, directivity,
phase, and polarization [5].

Some of the most common patterns are shown in Figure 2:

= |sotropic, when the antenna radiates equally in all directions. This is a
hypothetical ideal concept.

= Directional, when the antenna radiates more effectively in some direction

than in the others

= Omnidirectional, when in a certain plane the radiation pattern is constant

and in an orthogonal plane is directional

Figure 2: Radiation pattern examples: isotropic, omnidirectional, and directional [19].



Directivity

The directivity of an antenna is defined as the ratio of radiation intensity in a given
direction to the radiation intensity of an ideal isotropic antenna, which radiates
equally in all directions, radiating the same power. By taking U as the radiation
intensity and U, as the radiation intensity of an isotropic source, the directivity will
be:

U, ¢) 4nl(6,)
UO B Prad

D(6,¢) = (2.1)

Where P, is the total radiated power.
Gain

The gain is a similar concept to the directivity but takes into consideration the
antenna’s efficiency which accounts for the losses that occur in the antenna. This
means that it is the ratio of radiation intensity in a given direction to the radiation
intensity of an ideal isotropic antenna, which has no losses associated, fed with
the same power. Thus,

uo,¢) 4nU(6, )
Uuy P

G(O,9) = (2.2)

Bandwidth

The bandwidth of a given antenna is the range of frequencies in which the
antenna’s characteristics are within a certain limit. For example, taking into
consideration the Si11 parameter, which represents how much power is reflected
from the antenna, the bandwidth is defined as the frequency range for which it is
below -10dB. This is analogous with other parameters - such as gain, side lobe
level, radiation efficiency, polarization, beamwidth, etc — by having defined limits
within which the parameter value is acceptable. If an antenna has a large
bandwidth, it is labeled broadband, and if it has a small bandwidth, it is labeled

narrowband [5].

The quality (Q) factor is a popular way to quantify an antenna’s bandwidth. This
factor is defined as the ratio of power stored in the reactive field to radiated power.
Thus, it is a measure of the antenna’s radiation efficiency. The higher the Q, the

less bandwidth the antenna has.



Polarization

The polarization of an antenna in each direction is the same as that of the
electromagnetic wave that it produces when it is radiating. In a linearly polarized
antenna, the electric field remains oriented along a straight line throughout time. In
an elliptically polarized antenna, the electric field traces an elliptical shape. In a
circularly polarized antenna, the electric field traces a circle as a function of time;
this can happen with clockwise rotation and therefore it is Right-Hand Circular
Polarization (RHCP), or it can happen counterclockwise and in that case it is Left-
Hand Circular Polarization (LHCP). These three polarization types (linear, elliptical,

and circular) can be observed in Figure 3.

2 2 7

Linear \I\Circular + Elliptical

Figure 3: Types of polarizations [20].
This also leads to an important concept of Axial Ratio, which is defined as the ratio

of the major axis to the minor axis.

For a receiving antenna to be able to retrieve the maximum amount of energy from
an electromagnetic wave arriving from a source antenna, it should have a
polarization compatible with the polarization of the wave (for example for receiving
a vertically polarized wave, one should use a vertically polarized antenna in the

same direction). When this doesn’t happen there will be less energy received.
Input impedance

The input impedance is the impedance the antenna presents at its terminals. To
achieve maximum power transfer to/from the antenna, the input impedance must
match the antenna feed. This parameter is frequency dependent and therefore the
feed network will be adapted to the antenna at a specific frequency (or band) for

which it was designed.



2.2 Types of antennas

Antennas can take several forms. In this section, an overview of some of them will be

given, emphasizing those more relevant to the purpose of this dissertation.
Wire antennas

Wire antennas are constituted by a conductive wire in which an electrical current
flows. This wire can be straight such as the dipole, a loop (circular, square, ellipse,
rectangle...) or a helix. Wire antennas are very versatile, cheap, and simple to
build and analyze, which explains why they are used in diverse applications such
as automobiles ships, aircrafts, buildings, etc. Some wire antenna configurations

can be seen below in Figure 4.

— -
—

k=

jal Dipole (b Circular (square) loop

Figure 4: Examples of wire antennas [5].

Aperture antennas

Aperture antennas are formed by an aperture where an electromagnetic field
distribution exists. They are most common at microwave frequencies and may
take the form of a waveguide or a horn with a square, rectangular, circular, or

elliptical aperture. Some examples of aperture antennas are shown in Figure 5.

The horn antenna is often used to feed reflectors and lenses, as well as a standard
for calibration and gain measurements. It is a versatile antenna, easy to build and
has large gain, making it preferable for applications such as astronomy and
satellites.



(a) Pyramidal horn

(b) Conical hom

(c) Rectangular waveguide
Figure 5: Examples of aperture antennas [5].
Microstrip antennas

Microstrip antennas have the advantage of being low-profile, simple to
manufacture, inexpensive, robust when mounted on rigid surfaces, and versatile.
This makes them prone to be used in aircraft, spacecraft, satellite, and missile
applications where these characteristics are valued. They can be integrated into

circuits easily and can be designed to fulfill various requirements.

On the other hand, microstrip antennas have low efficiencies and power, high Q
(which makes them more sensitive to frequency variations), low polarization purity
and scan performance, spurious feed radiation and narrow bandwidth. However,
there are techniques that can be employed to avoid these problems: for example,
for wider bandwidths, multiple patches can be stacked, make use of a thicker

substrate, sequentially rotate the elements, etc.

Microstrip antennas consist of a metallic patch above a dielectric substrate, with
a ground plane underneath. This patch can take several shapes such as

rectangular, circular, square, etc.

There are mathematical methods used for the analysis and modelling of microstrip
antennas. The most popular are the Transmission-Line, Cavity and Full Wave
models [5]. The Transmission-Line Model is the easiest but the least accurate and
least versatile. It treats the patch as an array of two radiating slots (see Figure 9).

The Cavity Model is more versatile than the former but also more complex. It treats
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the dielectric substrate as a cavity bounded by electric conductors and magnetic
walls. The Full-Wave Models are very accurate and versatile but the most

complex.

Microstrip Patch

Microstrip Feed

Port
Substrate

Ground

Figure 6: Basic structure of a microstrip antenna [21].

The antenna may be excited using several methods. Variations of these can also
be used and adapted to particular requirements of a given application.

+ Coaxial Probe, shown in Figure 7, is one of the simplest. The patch can be
fed using a coaxial probe with the center pin soldered to the patch and the
outer conductor to the ground. The location of the probe should be at a point
which the patch has the same impedance as the probe (50 Q) to prevent

D -

Conxial ,_———:

Conneetor

losses due to mismatch.

Substrate

Ground Plave

Figure 7: Coaxial probe feed of a microstrip patch antenna.

¢ Microstrip Line — the patch can be connected directly to a microstrip

transmission line, as shown in Figure 6. The matching of this microstrip line to
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the patch can be accomplished in mainly two ways: using quarter-wavelength
transformers to achieve the required impedance (Figure 8) or making an inset

cut to the patch (Figure 9).

Microstrip
Transmission
|,' Lipe
& —— Z=yZR [}

[P

Substrate Ty "'|__
. ]

Groumd plane

Figure 8: Microstrip Line Feed with A/4 transformer [5].  Figure 9: Microstrip Line Feed with recessed line [5].

+ Proximity-coupled Microstrip Line — by placing an open-ended microstrip
line near the patch, the patch can be fed through proximity coupling (Figure
10). The Microstrip Transmission Line can be placed underneath the patch, at
the location in which the patch has the same impedance as the line. The line
can also be placed in parallel and very closed to the edge of the patch. These
methods steer clear of any soldering connection, which can attain better

reliability.

A
A4 Microstrip
i line

Figure 10: Proximity-coupled Microstrip Line feed [5].

s Aperture-Coupled Microstrip Line — Similarly to the proximity coupled feed,
an open-ended microstrip line can be placed on one side of the ground plane
to feed a patch on the other side of the ground plane, which contains a slot
(Figure 11). In addition to the other parameters that are common to other

configurations (dielectric constant, patch shape and size, feed line length and

12



width...), the slot shape, size and position also has a great impact in the
performance of these antennas. Some of the most popular slot shapes are
rectangular, H shape, bowtie, dogbone, hourglass... In [22], Pozar details the

effects each of these parameters has in the antenna’s operation.

Figure 11: Aperture-Coupled Microstrip Line feed [5].

This configuration has the advantage of achieving higher bandwidths and
reducing the leakage radiation from the lines interfering with the patch

radiation.
Circular Polarization techniques

Microstrip antennas usually radiate linearly polarized waves by default. However,
some adjustments may be made to ensure they become circularly polarized.
Circularly polarized antennas are useful because it ensures more flexibility in the

relative positioning of the antennas (source and receiver).

Circular polarization can be accomplished by having two orthogonal modes
excited with 90° phase difference between them. This can be achieved by either
modifying the shape of the patch or having at least two feeds (as shown in Figure
12). When two feeds are used, they must have the same amplitude and a 90°
phase difference between them. When geometrical deformation is used, with a
single feed, a slot or segment of the patch is truncated in order to separate the
generated mode into two orthogonal modes [23]. The position of the feed will

determine whether the circular polarization is right or left.

13



Q

F
{a=1) Dual fed paich

T [
@] |

(o=2) Singly fed patch

Figure 12: Examples of circularly polarized microstrip antennas [23].

Furthermore, in order to achieve the dual feed with equal amplitude and 90° phase
difference, a 3dB hybrid can be employed. This hybrid ensures that one of the
output ports is in phase with the input and the other has a 90° phase difference,
in addition to both having a 3dB loss from the input. By feeding one input port or
the other, one can choose if the circular polarization is oriented left (LHCP) or right
(RHCP).

In place of a 3dB hybrid, a simple offset line can also be implemented (Figure 13),
ensuring the proper phase difference. However, while the use of a hybrid
increases complexity, it also allows the possibility of changing from LHCP to

RHCP (and vice-versa) by simply switching the input port.

RHCP LHCP RHCF LHCP

coffset
line

Figure 13: Dual fed CP patches [23].

2.3 Antenna arrays

For certain applications, a single antenna element may not be able to achieve the
required radiation characteristics. In these cases, several antennas may be aggregated
into arrays, some examples are shown in Figure 14. An array is a geometrical

arrangement of several identical antennas. When the array elements are placed along
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an axis, it is labeled a linear array; when they are placed along a plane, it is labeled a
planar array; and when they are placed along a circumference it is labeled a circular

array.

Similarly, to individual elements, the arrays also need to be designed so as to achieve
the requirements of the system, for example the radiation from all the elements adding
up in a desired direction and cancelling out in another. This can be useful to separate
users in a cellular system, improve the systems performance in terms of error rate and
reduce the interference between terminals, by directing the main lobe towards the user
and nulls towards of the interference. There are several variables that affect the array’s
performance, such as type of feed (series or parallel), number of layers (single or

multiple), substrate thickness, dielectric constant, array size, patch shape and spacing.
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Figure 14: Antenna array examples [5].

While it is possible to build arrays of different antenna types, microstrip antennas are
very popular in array configurations due to the ease of integration in arrays and low

fabrication cost [24].
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3 Design and simulations

To have a first design to simulate and tune the dimensions of the antennas, some
approximate equations were used for the calculation of these parameters. Firstly, the

calculation of the patch width is done using the expression [5]:

c 2

o — (3.1)

w

In the Transmission Line Model, fringing makes the line look wider electrically
compared to its physical dimensions. Because some waves travel in the substrate
and some in the air, the effective dielectric constant will be somewhat smaller than

the dielectric constant of the substrate [5].

&e+1 & -1 1

freff = T T 1ok (3.2)
N w

Due to the fringing effect, the patch has an extended effective length. The calculation

of the extension AL on each side of the patch is done with the following expression:

(epery +03) (0 +0.264)

L
— =0.412 (3.3)
h (e — 0.258) (% +0.8)
The real length of the patch is then
L d 2AL
=5 —" 3.4
Zﬁ”\/ greff ( )

Before starting the design of this antenna, several patch antenna configurations were
simulated to get acquainted with the various feeding methods, patch shapes and slot
shapes (in the aperture coupled feed). The first antennas were modelled for 2.4GHz
due to the simplicity to design for lower frequencies, and the latter antennas then

transformed for 20GHz. These designs can be seen in the figures below:
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Figure 15: Microstrip line fed Figure 16: Coaxial fed Figure 17: Microstrip line fed
rectangular patch (2.4GHz), with rectangular patch (2.4GHz). rectangular patch (2.4GHz), with
' inset feed.

quarter-wavelength transformer.

For these antennas, the dielectric substrate used for the simulations was the FR-4. This
material has a dielectric constant of € = 4.3 and was simulated as loss free. It has a

substrate thickness of h = 1.6 mm.

Each of these antennas was designed by calculating the theoretical dimensions first
and then using simulation to fine-tune these dimensions for the desired operating
frequency. For this purpose, the Smith Chart is a great tool to allow insight into which
part (imaginary or real) of the antenna’s impedance is still not matched and therefore
which dimension should be changed to achieve impedance matching (as some
parameters have more influence in the resistance and some in the reactance of the

antenna).

For the structure in Figure 15 the dimensions are shown in Table 1.

Parameter Value (mm)
Patch length (L) 28.7
Patch width (W) 38.39

Length of the A/4 transformer (L_transf) 18.51
Width of the A/4 transformer (W_transf) 0.05

Width of 50Q line (W0) 3.07
Table 1: Dimensions of microstrip line fed rectangular patch (2.4GHz), with quarter-wavelength transformer.

For this antenna, the following results were obtained:
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S-Parameters [Magnitude in dB]
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Figure 18: Si11 of the microstrip line fed rectangular patch with quarter-wavelength transformer.

The Si; parameter has a value of -19.5dB at 2.4GHz, which is the desired operating
frequency. To achieve this, the use of the Smith Chart for the matching was essential
(Figure 19). The length of the patch was adjusted until the desired operating frequency
was achieved and the length and width of the quarter-wavelength transformer tuned

until the antenna was matched to the 50Q characteristic impedance of the system.

S-Parameters [Impedance View]

O 1.95 (0.0193, -6.15) Ohm
® 2.95 (0.627, 57) Ohm
Frequency / GHz

Q 2.399000 ( 57.274819, -8.730684 ) Ohm

Figure 19: Smith Chart representation of the S11 of the microstrip line fed rectangular patch with quarter-
wavelength transformer.

Ideally, the Smith Chart would show the impedance point being at the center of the chart
at the operating frequency, meaning the antenna is impedance matched at that

frequency. As shown in Figure 19 the antenna has an impedance of (57.2 — 8.7i) Q,

which is close to the center of the chart (50Q) as desired.

For the structure in Figure 16, the dimensions are shown in Table 2.
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Parameter Value (mm)

Patch length (L) 28.9
Patch width (W) 38.4
Position of the coaxial probe (Yf) 4.8

Table 2: Dimensions of the coaxial fed rectangular patch (2.4GHz).

For this antenna, the Si1 obtained is depicted below:

S-Parameters [Magntude in dB]

— 1,1

2.6

= 209 4348 .25 2.3 2.35 2.4 2.45 2.5 2.55

Figure 20: Si11 of the coaxial fed rectangular patch.

The S1; of the coaxial fed antenna (Figure 20) has a value of -43.5dB at 2.4GHz, which
is the desired operating frequency. To achieve this frequency, the length of the patch
was adjusted and the position of the coaxial feed, which is centered in the patch,
changed until the matching was verified. For this purpose, the Smith Chart (Figure 21)

was used to have information regarding the antenna’s impedance at the operating

frequency.

S-Parameters [Impedance View]
© 1.95 (0.138, 16.2) Ohm

® 2.95 (0.505, 27.5) Ohm
Frequency / GHz

Gi 2.399000 ( 50.333939, 0.583289 ) Ohm

Figure 21: Smith Chart representation of the Si1 of the coaxial fed rectangular patch.
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As can be seen in Figure 21, the antenna is matched to 50Q at 2.4GHz, having an

impedance of (50.3 + 0.6i) Q.

For the structure with the inset feed (Figure 17), the dimensions are shown in Table 3.

Parameter Value (mm)
Patch length (L) 29.2

Patch width (W) 38.39

Gap between line and patch (A) 0.8

Inset portion of line (YO0) 12

Width of 50Q line (WO0) 3.07

Table 3: Dimensions of the microstrip line fed rectangular patch (2.4GHz), with inset feed.

This antenna presented the following results:

S-Parameters [Magnitude in dB]
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Figure 22: S11 of the antenna with inset feed.

— 51,1

B

The antenna with recessed microstrip line feed presented an Si1 value of -43.6dB at the
target operating frequency of 2.4GHz. To achieve this operating frequency, the length
of the patch was adjusted, and the length of the inset feed changed until the matching

was verified, using the Smith Chart representation of the impedance (Figure 23).
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S-Parameters [Impedance View]

0 1.95 (0.297, 29.1) Ohm
® 2095 (1.3, -43.6) Ohm
Frequency / GHz

q 2.403000 ( 49.893638, -0.650724 ) Ohm

Figure 23: Smith Chart representation of the Si1 of the antenna with inset feed.

Once again, Figure 23 shows the antenna is matched to 50Q at 2.4GHz, having an
impedance of (49.9 — 0.7i) Q.

The first structures to be designed were the simplest, with direct contact feeding
methods. Then, the more complex structures, with coupling feeding methods were
developed. Note that the separation of the several layers is only for clarity, in reality all
the layers are together. At this point, the dielectric substrate was changed to Rogers
RO4350B. This material has a dielectric constant of € = 3.66 and electric loss tangent
of tan(d) = 0.0037. The dimensions are substrate thickness of h = 0.76 mm and copper
thickness of t = 17um.

Figure 24: Proximity coupled line fed rectangular ~ Figure 25: Proximity coupled line fed circular patch
patch (2.4GHz). (2.4GHz).

Regarding the structure of Figure 24, the proximity coupled line fed rectangular patch
antenna, the dimensions are presented below in Table 4.
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Parameter Value (mm)

Patch length (L) 31.8
Patch width (W) 41.8
Portion of line under patch (Ls) 13
Width of 50Q line (WO0) 1.7

Table 4: Dimensions of the proximity coupled line fed rectangular patch (2.4GHz).

For this antenna, the Si1 results obtained are shown below:

S-Parameters [Magnitude in dB]
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Figure 26: S11 of the proximity coupled line fed rectangular patch.

At 2.4GHz, the Si1 (Figure 26) has a value of -26.7dB. The length of the patch was
manipulated to achieve the desired frequency and the length of the feed line adjusted
until the antenna was matched to the impedance of the system (50Q), using the Smith
Chart to simplify this process (Figure 27).

S-Parameters [Impedance View]

O 2.2 (1.67,-14.6) Ohm
® 25999999 (1.68, 4.19) Ohm
Frequency / GHz

01 2.401850 ( 54.747535, 0.737465 ) Ohm

Figure 27: Smith Chart representation of the Si1 of the proximity coupled line fed rectangular patch.

The figure above (Figure 27) shows the antenna is matched to 50Q at 2.4GHz, having
an impedance of (54.7 — 0.7i) Q.
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After, the same structure with a circular patch was designed (Figure 25). Its dimensions

are shown in Table 5.

Parameter Value (mm)
Patch radius (a) 18.6
Portion of line under patch (Ls) 4.2

Width of 50Q line (WO0) 1.7

Table 5: Dimensions of the proximity coupled line fed circular patch (2.4GHz).

The results obtained for this antenna are below:

0 S-Parameters [Magnitude in dB]
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Figure 28: S11 of the proximity coupled line fed circular patch.

The S11 (Figure 28) at 2.4GHz is -29.7dB. The radius of the patch was tuned to achieve
the desired operation frequency and the length of the feed line adjusted until the
antenna was matched to the impedance of the system (50Q2), using the Smith Chart to

simplify this process (Figure 29).

S-Parameters [Impedance View]

O 2.2 (21.5, -228) Ohm
® 2.5999999 (3.62, -68.8) Ohm
Frequency / GHz

G)1 2.402400 ( 47.720269, 2.262827 ) Ohm

Figure 29: Smith Chart representation of the Si1 of the proximity coupled line fed circular patch.

The Smith Chart (Figure 29) shows the antenna is matched, having an impedance of
(47.7 + 2.3D)Q.
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Then, the aperture coupled line fed antennas were also tested, with circular,

rectangular, and square patches and with three slot shapes: rectangular, H and bowtie.

4k -k

Figure 30: Aperture coupled line fed circular patch  Figure 31: Aperture coupled line fed rectangular patch
(2.4GHz) with rectangular slot. (2.4GHz) with rectangular slot.

Figure 32: Aperture coupled line fed square patch Fi 33: Apert led line fed tch
(2.4GHz) with rectangular slot. lgure ss. pe(rzufeﬁ%]?,v?th Il—?iloet square pate

Figure 34: Aperture coupled line fed square patch (2.4GHz) with bowtie slot.

Since the patch had already been calculated, the transmission line must be
dimensioned. The feed line should be aligned with the center of the slot and the patch
for maximum coupling [22]. Its width defines the characteristic impedance and must
match the rest of the system. The impedance is defined to be 50Q and therefore the
width of the line must be WO = 1.1 mm. This width of the feed line affects the coupling
to the slot — the thicker the line, the stronger the coupling to the slot. The calculation
software TxLine is used to reach this result. The length of the part of the transmission
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line after the slot, Ls, is usually slightly smaller than 4,/4 which has the value %" =

2.1mm. It is used to tune the excess reactance of the slot coupled antenna. When the
length Ls is reduced, the impedance locus in the Smith Chart representation of the

antenna’s impedance moves in the capacitive direction (down). This means this length

should be adjusted until the impedance is purely real at the design frequency (see
Figure 35).

Figure 35: Smith Chart of a parametric analysis of the length of the stub on an aperture coupled antenna [25].

Finally, the dimensions and position of the slot must be calculated. The length of the
aperture should be 0.14 < La < 0.24, but no larger than required for the impedance
matching, and the width about one tenth of the length. The slot length affects the
resonant frequency, determines the coupling level and controls the size of the locus in
the Smith Chart representation of the antenna’s impedance (see Figure 36). Thus, 1.5 <
La < 3 mm and Wa = La/10.
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Figure 36: Smith Chart of a parametric analysis of the length of the slot on an aperture coupled antenna [25].

Regarding the antenna of Figure 30, the dimensions are shown in Table 6.

Parameter Value (mm)
Patch radius (a) 16.75

Slot length (La) 14.2

Slot width (Wa) 1.42
Position of slot (Ya) -5

Portion of line after slot center (Ls) 16

Width of 50Q line (WO0) 1.7

Table 6: Dimensions of the aperture coupled line fed circular patch (2.4GHz) with rectangular slot.

For this antenna, the Sy is shown in the following figure:
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S-Parameters [Magnitude in dB]
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Figure 37: Si1 of the aperture coupled line fed circular patch with rectangular slot.

The Si1 (Figure 37) has a value of -25dB at 2.4GHz, which is the desired operating
frequency. To achieve this, the use of the Smith Chart for the matching was
indispensable (Figure 38). In aperture coupled structures there are many parameters
that influence the performance of the antenna and so, after designing the antenna with
the theoretical values of the dimensions, only the most relevant parameters were
adjusted, leaving those that have less influence in the performance constant. To this
purpose, the parameter sweep function of CST was employed. The radius of the patch
and slot length were adjusted until the desired operating frequency was achieved, and
simultaneously the length of the feeding line and the length of the aperture were tuned

until the antenna was matched to the 50Q characteristic impedance of the system.

S-Parameters [Impedance View]

O 2.2 (1.2, -21.3) Ohm
@ 2.5999999 (0.909, 0.499) Ohm
Frequency / GHz

Gi 2.399600 ( 55.696637, 1.708680 ) Ohm

Figure 38: Smith Chart representation of the Si1 of the aperture coupled line fed circular patch with rectangular
slot.

As can be seen in Figure 38, the antenna is matched to 50Q at 2.4GHz, having an
impedance of (55.7 + 1.7i) Q. This tool is fundamental to the design of this type of
structure. The length of the feeding line mainly influences the imaginary part of the
impedance (reactance), and the size of the slot affects the real part of the impedance

and the resonance frequency.

28



The same structure with a rectangular patch was then simulated (Figure 31). The

dimensions for this antenna are shown in Table 7.

Parameter Value (mm)
Patch length (L) 26.6

Patch width (W) 41.8

Slot length (La) 17.2

Slot width (Wa) 1.72
Position of slot (Ya) 0

Portion of line after slot center (Ls) 17

Width of 50Q line (WO0) 1.7

Table 7: Dimensions of the aperture coupled line fed rectangular patch (2.4GHz) with rectangular slot.

The obtained results are shown below:

) S-Parameters [Magnitude in dB]
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Figure 39: Si1 of the aperture coupled line fed rectangular patch with rectangular slot.

— 511

dB

The rectangular patch with aperture coupled feed presented an Si: value of -41.6dB
(Figure 39) at the target operating frequency of 2.4GHz. To achieve this operating
frequency, the same process as in the previous antenna was used, using the Smith

Chart representation of the impedance (Figure 40).
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S-Parameters [Impedance View]

O 2 (1.68, -53.2) Ohm
® 238 (1.41, 39.1) Ohm
Frequency / GHz

Gi 2.402400 ( 50.546416, 0.630821 ) Ohm

Figure 40: Smith Chart representation of the Si1 of the aperture coupled line fed rectangular patch with
rectangular slot.

The antenna is matched at 2.4GHz, having an impedance of (50.5 + 0.6i) Q. The length
of the feeding line mainly influences the imaginary part of the impedance (reactance),
and the size of the slot affects the real part of the impedance and the resonance
frequency.

Next, the same structure was simulated with a square patch (Figure 32).

Because a square patch is needed, and not a rectangular one, the width of the patch is

made to be equal to the length, since it is the latter that defines the resonant frequency.

The dimensions of this antenna are shown in Table 8.

Parameter Value (mm)
Patch length (L) 25.5

Slot length (La) 16

Slot width (Wa) 1.6
Position of slot (Ya) 0.2

Portion of line after slot center (Ls) 16

Width of 50Q line (WO0) 1.7

Table 8: Dimensions of the aperture coupled line fed square patch (2.4GHz) with rectangular slot.
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In Figure 41 is the Si1result:

S-Parameters [Magnitude in dB]
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Figure 41: S11 of the aperture coupled line fed square patch with rectangular slot.

The square patch with aperture coupled feed presented an Si: value of -37.5dB at the
target operating frequency of 2.4GHz. To achieve this operating frequency, the same
process as in the previous antennas was used, using the Smith Chart representation of
the impedance (Figure 42). Taking -10dB as the limit, the bandwidth is approximately
19.2MHz.

S-Parameters [Impedance View]
O 2 (1.36, -58.4) Ohm
® 2.8 (0.977, 35.2) Ohm
Frequency / GHz

Gi 2.400800 ( 48.740214, 0.365010 ) Ohm

Figure 42: Smith Chart representation of the S11 of the aperture coupled line fed square patch with rectangular
slot.

The figure above (Figure 42) shows the antenna is matched to 50Q at 2.4GHz, having
an impedance of (48.7 + 0.4i) Q.

Following, the previous structure (aperture coupled line fed square patch with
rectangular slot) was designed to replace the slot with an H-shaped slot (Figure 33) and
bowtie slot (Figure 34).

The dimensions of the antenna of Figure 33 are shown in Table 9.
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Parameter Value (mm)

Patch length (L) 25.1
Slot length (La) 12.5
Slot width (Wa) 1.6
H slot height (Lh) 6.25
Position of slot (Ya) 1
Portion of line after slot center (Ls) 16
Width of 50Q line (WO0) 1.7

Table 9: Dimensions of the aperture coupled line fed square patch (2.4GHz) with H slot.

The results regarding the S11 of the structure with the H slot are shown below:

S-Parameters [Magnitude in dB]
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Figure 43: S11 of the aperture coupled line fed square patch with H slot.

As shown in Figure 43, the S11 has a value of -21.7dB at the target operating frequency
of 2.4GHz. Taking -10dB as the limit, the bandwidth is approximately 17.3MHz.

S-Parameters [Impedance View]
O 2 (1.11, -58) Ohm
® 2.8 (0.945, 35.7) Ohm
Frequency / GHz

Gi 2.402400 ( 42.403765, -0.714175 ) Ohm

Figure 44: Smith Chart representation of the Si1 of the aperture coupled line fed square patch with H slot.
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The Smith Chart (Figure 44) shows the antenna is matched, having an impedance of
(45.9 + 0.61)Q.

The dimensions of the antenna of Figure 34 are shown in Table 10.

Parameter Value (mm)
Patch length (L) 26.2

Slot length (La) 12.5
Bowtie slot outer width (Wa) 5.5

Bowtie slot inner width (Wai) 1

Position of slot (Ya) 0

Portion of line after slot center (Ls) 16

Width of 50Q line (WO0) 1.7

Table 10: Dimensions of the aperture coupled line fed square patch (2.4GHz) with bowtie slot.

For the structure with the bowtie slot, the results are as following:

S-Parameters [Magnitude in dB]
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Figure 45: S11 of the aperture coupled line fed square patch with bowtie slot.

As shown in Figure 45, the S11 has a value of -45.3dB at the target operating frequency
of 2.4GHz. Taking -10dB as the limit, the bandwidth is approximately 19.5MHz.
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S-Parameters [Impedance View]

© 2 (1.3, -60.2) Ohm
® 2.8 (0.824, 33.9) Ohm
Frequency / GHz

q 2.403200 ( 50.541712, -0.039505 ) Ohm

Figure 46: Smith Chart representation of the S11 of the aperture coupled line fed square patch with bowtie slot.

The Smith Chart (Figure 46) shows the antenna is matched, having an impedance of
(50.5 — 0.041)Q.

The aperture coupled structures were then adapted to the operating frequency of
20GHz, to meet the prototype’s requirements. From the slot shapes shown above, the
one chosen to be used in the prototype was the H shape for improved coupling and
convenience, and the patch shape was chosen to be square to simplify the feeding in

two orthogonal points later on.

The design of the prototype was completed in several cumulative steps to attempt a

more precise and simplified process.

The first step of the design was the modelling of a square microstrip antenna for 20GHz
with an aperture coupled feed. In order to design a square patch antenna, the

Transmission Line Model was used for the calculations of approximate dimensions.

The dielectric substrate chosen to be used for this project was the Rogers RO4350B
due to its availability for use in the prototype, as well as compatibility with the
requirements. This material has a dielectric constant of € = 3.66 and electric loss tangent
of tan(d) = 0.0037. The dimensions are substrate thickness of h = 0.508 mm and copper
thickness of t = 17um. With higher substrate thickness, wider bandwidths and less
coupling can be achieved. The dielectric constant affects mainly the bandwidth and
radiation efficiency. The same substrate was used for both layers (above and below the

ground plane).
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3.1 Design of the single-fed patch antenna

The calculated values in Table 11 were the starting point for the CST simulations. The
antenna was designed and simulated, and the values adjusted in order to obtain the

desired results.

Parameter Value (mm)
Patch length (L) 2.7

Slot length (La) 1.3

Slot width (Wa) 0.3

H slot height (Lh) 0.9
Position of slot (Ya) 0

Portion of line after slot center (Ls) 0.37

Width of 50Q line (W0) 1

Table 11: Dimensions of the single-fed patch antenna.

Figure 47: Top view of the single-fed antenna. Figure 48: Bottom view of the single-fed antenna.

In Figure 47 and Figure 48 is seen the front and back view of the antenna designed,
with the ground plane in red outline (the H in the center is the ground slot).
Predominantly, the slot and stub length need to be adjusted for proper matching to the

patch.
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The main results that need to be taken into consideration are the Si1 and the gain. The
S11 represents the reflection coefficient of the antenna. It can be represented in a Smith
Chart, which should be matched (= 1, at the center of the Smith Chart) at the operating
frequency or in a graph of dB in function of frequency, which should be minimum near
the operating frequency. The gain can be represented in two 2D graphs or in a 3D

graph, with the units being dBi.

Figure 49 and Figure 50 represent the results of the antenna’s simulated Sii, in
rectangular and Smith Chart representation, respectively. The antenna is found to be
well matched at the target frequency, 20GHz, with an Si1 of -31.2dB. Additionally, a
bandwidth of about 621MHz can be verified, which corresponds to 3% of the center

frequency.
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Figure 49: S11 in dB of the single-fed antenna.
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Figure 50: Smith Chart of the single-fed antenna.
The gain is presented in Figure 51 and Figure 52. The maximum value of the gain is
5.66dBi, in the direction of the z-axis. This shape shown in Figure 51 is the one expected
for a patch antenna, with the maximum value of the gain above the patch, with the main

lobe centered with the axis (Figure 52), and minimum below the antenna.
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Figure 52: 1D radiation diagram of the single-fed antenna.

3.2 Design of the dual-fed patch antenna

After confirming that the results matched the requirements, the next step was the design
of an antenna with dual feed. The dimensions were kept the same at first and then tuned
as needed and are shown in Table 12.
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Parameter Value (mm)

Patch length (L) 3.41
Slot length (La) 1.6
Slot width (Wa) 0.25
H slot height (Lh) 0.57
Position of slot (Y1=-X2) -1.35
Portion of line after slot center (Ls) 0.9
Width of 50Q line (WO0) 1

Table 12: Dimensions of the dual-fed patch antenna.

The feeding points are orthogonal and centered in the patch axes. At this point, the

antenna became circularly polarized because of the orthogonal feeds.

9%

Figure 53: Top view of the dual-fed antenna. Figure 54: Bottom view of the dual-fed antenna.
Once again the dimensions had to be ajdusted until the results were acceptable. The
transmission lines had to be bent and chamfered in order to have the correct length
without overlapping. In this case, the ports must be simulated as simultaneous

excitation, with a 90° phase shift.

Figure 55 and Figure 56 represent the results of the antenna’s simulated Sii. The

antenna is found to be well matched at the interest frequency, 20GHz, with an S11 of -
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20.2dB. Additionally, a bandwidth of about 630MHz can be verified, which corresponds

to 3% of the center frequency.

The S»;1 parameter (Figure 56) should also be taken into account here since it gives
information on the interference between ports, ensuring the interference has a low

enough value to not be a problem. The Sz1 at 20GHz is -9dB.
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Figure 55: S11 of the dual-fed antenna.
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Figure 56: Sz1 of the dual-fed antenna.

The gain is presented in Figure 57 and Figure 58. The maximum value of the gain is
6.87dBi in the direction of the z-axis. In Figure 58 it can be noted that there is a slight

shift of 2° in the direction of the main lobe.

Because of the dual feed, the antenna now presents circular polarization. This circular
polarization is left because of the phase simulated in each port (0° in port 1 and 90° in
port 2, the port at the bottom of Figure 54 and the other one, respectively) and could be

inverted by interchanging these phases.

39



dBi

6.87
-1.61
-10.1
-18.6

>
-33.1

Frequency = 20 GHz

Main lobe magnitude = 6.3 dBi
Main lobe direction = 1.9 deg.
Angular width (3 dB) = 84.4 deg.
Side lobe level = -7.4 dB

180

Theta / Degree vs. dBi

Figure 58: 1D radiation diagram of the dual-fed antenna.

It is important now to look at the Axial Ratio (Figure 59), to understand if the antenna is
actually circularly polarized. For this to be true, the Axial Ratio needs to be smaller than
3dB at the operating frequency.
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Figure 59: Axial ratio of the dual-fed antenna.

At this point we have a dual-fed antenna working at 20GHz, with minimum Si; at this
frequency and acceptable S»; and with an axial ratio of 2dB (Figure 59), which means
the polarization is circular. The maximum gain is also slightly higher than in the previous
structure (Figure 51).

The next step in the designing procedure would be the insertion of a quadrature hybrid
coupler for the feeding of the patch. Yet, this also had to be simulated to fine-tune the

dimensions.

3.3 Design of the antenna fed by the hybrid coupler

The quadrature hybrid coupler is a device that splits the input signal into two output
signals of equal amplitude (-3dB) and 90° apart in phase. To achieve this, its center

segments should have a length of A/4 and the horizontal thicker lines in Figure 60 have

an impedance of Z,/v2 = 35.4Q while the rest of the lines have impedance Z, = 50Q.

Zo/N2
Z . o £y
(Inpot) (1) 4 @) (Ouipur)
= r
A L]
e ! -
2 2 | \ Z,
i : ;
| | !
= Ji=1
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J possim T
2y N Ly
ZyN2

Figure 60: Quadrature Hybrid Coupler.

In order to achieve this, each line segment was measured (impedance and phase shift)
with ports on either side and its dimensions tuned. These dimensions are shown in
Table 13.
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Parameter Value (mm)

Length of 50Q segments 2.2
Length 35Q segments 2.25
Width of 50Q segments 1
Width of 35Q segments 1.1

Table 13: Dimensions of the hybrid.

The structure obtained is depicted in Figure 61.

Figure 61: Quadrature Hybrid Coupler designed.

Simulating this structure with ports of the 4 ends, the analysis of the Si1 (Figure 62)
gives information about the losses that occur at the operating frequency; the S»1 (Figure
63) describes the interference between the two input ports; the S31 and S41 quantify
the losses (Figure 64) and phase shifts (Figure 65) between the input and the outputs.
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Figure 63: Interference between the two inputs of the hybrid.
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Figure 64: Magnitude in dB of the outputs of the hybrid.
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Figure 65: Phases of the outputs of the hybrid.

According to Figure 62, at the desired frequency, the quadrature hybrid coupler is well
matched (Si1 of -24dB), with the two inputs with low interference (-22dB, as shown in
Figure 63), the magnitude of the outputs of about -3dB (Figure 64) and the phase
difference of the outputs of 90° (Figure 65). This means it should function properly to

the required effect.

Afterwards, both designs were integrated so as to use the hybrid to feed the dual-fed
antenna, as shown in Figure 66 and Figure 67. By implementing the hybrid coupler to
feed the antenna, this allowed for the orientation of the polarization (LHCP or RHCP) to

be chosen by choosing which port of the coupler is fed by the input.
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Figure 66: Top view of the dual-fed antenna with

QHC. QHC.

This structure was then simulated, and small adjustments made to perfect the

operation.

Figure 67: Bottom view of the dual-fed antenna with

wanted
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Figure 68: S11/S22 of the antenna fed by the QHC.

—s1,1

The S1: of the antenna is equal to the Sz> since it is symmetrical. As shown in Figure 68
this structure allows for a large bandwidth (about 6.6GHz, which is more than 30% of

the center frequency) and has a Si1 of -20.5dB at the operating frequency.
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Figure 69: S21/S12 of the antenna fed by the QHC.

The S is also the same as the Si> because, again, there is symmetry in the antenna.

At the operating frequency, 20GHz, the S2; has a value of -16.4dB. This value is low

enough to be satisfactory.

The gain and Axial Ratio of this antenna is shown in Figure 70 and Figure 71,

respectively. The gain has a maximum value of 5.96dBi and the Axial Ratio is 2.1dB at
20GHz.

dBi I

Figure 70: 3D radiation diagram of the antenna fed by the QHC.
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Figure 71: Axial ratio of the antenna fed by the QHC.
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Thus, when the hybrid coupler is added to the structure the gain decreases slightly in
relation to the one shown in Figure 57 and the axial ratio remains similar to the single

fed antenna, which can be seen in Figure 59.

3.4 Design of the array

The next stage was the aggregation of 4 antennas into a 2x2 array with A/2 distance
between elements. Due to the hybrid coupler dimensions, it became clear that it was
impossible to display the elements all in the same orientation, even after reducing the
segments of the hybrid that don’t affect the operation. For this reason, and taking into
consideration the possible configurations of the feed lines of the array, a sequentially

rotated configuration of the elements was selected (Figure 72 and Figure 73).

oo ¥

Figure 72: Top view of the array without feed lines.  Figure 73: Bottom view of the array without feed lines.

Before starting the routing of the array feedlines, it is helpful to simulate the array with
the ports directly at the inputs of the hybrid couplers. This simulation is done in the

simultaneous mode, with the phase shifts required for the compensation of the rotation
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of the array elements. The S11 parameter corresponding to both circular polarizations

are shown below, in Figure 74 for the right polarization and Figure 75 for the left.
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Figure 74: Si1 of the array simulated without feedlines (in the RHCP mode).
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Figure 75: S11 of the array simulated without feedlines (in the LHCP mode).

The first graph, in Figure 74, shows the Si: of the right polarized configuration, which is
-16.9dB at 20GHz and has a bandwidth of about 6.5GHz which corresponds to 32% of
the operating frequency. The Si; of the left polarized antenna is -17.7dB at 20GHz and

has a bandwidth of 6.4GHz, which is 32% of the center frequency.

The gain of the antenna in the RHCP configuration can be seen in Figure 76 and Figure

78 and the gain of the antenna in the LHCP configuration in Figure 77 and Figure 79.
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Figure 76: 3D radiation diagram of the RHCP array without feedlines.

Figure 77: 3D radiation diagram of the LHCP array without feedlines.
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Figure 78: 1D radiation diagram of the RHCP array without feedlines.
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Figure 79: 1D radiation diagram of the LHCP array without feedlines.

has a maximum gain of 10.5dB and no shift in the main lobe direction.

starting to increase, even before the addition of the feed lines for the array.
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For the RHCP configuration, the antenna has a maximum value of gain of 10.3dBi and

the direction of the main lobe is shifted by 2°. For the LHCP configuration, the antenna

Even though the array should remain symmetrical, the results are different for one
polarization and the other (RHCP and LHCP). In spite of this, the results are still good,

and the gain has increased from the individual elements. However, the back lobe is also




In Figure 80 and Figure 81 are presented the Axial Ratio graphs as a function of
frequency. Our goal for the prototype is that the Axial Ratio is kept below 3dB for a large
bandwidth around the operation frequency (20GHz).
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Figure 80: Axial ratio for the RHCP.

Directivity, Theta=0, Phi=0.0_1

40 : : :

35 A

30 1-

25

20

15

10

5
9 . | . . : .
g (19.71,3) 18 19 20 21 22 23 24
8 (22.406, 2.9966 ) Frequency / GHz

Figure 81: Axial ratio for the LHCP.

The RHCP (Figure 80) maintains a large band (more than 5GHz) of circular polarization,
however the LHCP (Figure 81) has degraded a bit, having circular polarization in a band
of almost 3GHz.

The routing of the feedlines without overlapping the lines of both the polarizations
proved to be the biggest challenge. The rotation of the antenna elements needed to be
compensated by tuning the phase shift of the array feeding lines. The RHCP, which
corresponds to the right inputs of the hybrid couplers (in the perspective of Figure 73),
requires the elements to have sequentially a phase shift of -90° (for example 0°, -90°,
180°, 90°). On the other hand, the LHCP, which corresponds to the left inputs of the
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hybrid couplers, requires the elements to have a phase shift of 90° (for example 0°, 90°,
180°, -90°).

The use of 50Q lines would take up too much space and increase the interference
between lines so the use of thinner lines was preferred. For the transformation to 100Q
lines, quarter-wavelength transformers were used. To design a quarter-wavelength
transformer, a line of M4 length must be used, with proper width to achieve an
impedance of

Zy =\ZZip
Where Z;,, is the impedance at the input of the transformer and Z, the impedance at the
output. Thus, Z; = 70.7Q, W1 =0.6 mm and L70 = 2.3 mm.

10041

14 m 2001

041

Figure 82: Feeding Lines of the array.

When two 100Q lines join, the joined impedance because they are in parallel is again
50Q. At those points, the quarter-wavelength transformers calculated previously are
again used to obtain 100Q lines, which are easier to use. When all the lines meet in the
end, a 50Q line segment is placed to connect to a port. The U-shaped indentations seen

in Figure 82 have the purpose of facilitating the tuning of the phase shift imposed by the
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line lengths. By increasing the height of these indentations, the phase-shift imposed by
the line will also increase, until the needed values are achieved. All the corners of the

lines were chamfered in an attempt to improve the efficiency of this feed network.

The results of the simulation of this prototype will be presented and discussed in the

next chapter to ease the comparison with the measurements.

After the designing of the antenna prototype, the structure had to be prepared for
fabrication and so some holes for the connectors and Teflon screws had to be added.

The resulting design is shown in Figure 83 and Figure 84.

O
.
° & )
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@
]
Figure 83: Prototype to fabricate (top view). Figure 84: Prototype to fabricate (bottom view).

Lastly, a study of the behavior of the array with the implementation of copper vias
around the patches was done. The purpose of this experiment was to try to reduce the

mutual coupling in the array and improve the radiation efficiency [26].
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Figure 85: Array with vias around the patches.

This study was done by taking the structure depicted in Figure 72 and Figure 73 and
simulating it with and without the addition of the vias around the patches. These copper
vias in Figure 85 connect the top of the substrate with the ground plane, with the
purpose of suppressing surface waves, improving radiation efficiency and reducing

coupling [26].

Ports were added to each input of the quadrature hybrid couplers (see Figure 73). Then
by comparing two analogous inputs of adjacent patches, the interference between ports

was compared in the two cases (with and without vias).
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Figure 86: Comparison of the S1,3 with vias (red) and without vias (black).

Taking for example ports 1 and 3 (which correspond to two right arm inputs of the

hybrids feeding adjacent patches), the result of the comparison is shown in Figure 86.
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Taking then non-adjacent patches (patches diagonal to one-another), but still analogous

ports, the results of the coupling of port 1 and port 5 are shown in Figure 87.
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Figure 87: Comparison of the S1,5 with vias (green) and without vias (blue).

While it can be noted that in both cases the values are lower for the structure with vias,

it is not significant enough to proceed with the addition of this technique to the prototype.
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4 Implementation and results

4.1 Simulation results

The structure with the feeding lines depicted in Figure 82 was simulated and is shown

below in Figure 88 and Figure 89.

OO _
@ 0

Figure 88: Antenna array top view, with the Figure 89: Antenna array bottom view, with the ground slots
ground slots delineated in red. delineated in red.

This antenna array is the sequential evolution of the structures so far presented. Each
individual element has been designed and simulated in the previous chapter and then
aggregated into a 2x2 array, with sequentially rotated elements. After the routing of the

array feed lines, this array presented the following results:
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Figure 90: Si1 of the antenna array, In the RHCP mode.

In comparison with the previous stage, in Figure 74, one can already state that the
addition of the array feeding lines has greatly degraded the performance of the antenna

prototype. While, before, the band had well defined boundaries (always well below the
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—10dB limit inside the band), and had good performance all throughout the band, in this
version the Si1is very irregular, and many times comes close (or even above) the -10
dB limit.

It is fundamental to also analyze the gain and axial ratio to understand if the rest of the
requirements can be met with this antenna array.

In Figure 91 and Figure 92, the gain for the RHCP configuration of the antenna is shown.

Figure 91: Radiation diagram for the RHCP mode.
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Figure 92: 1D representation of the gain of the RHCP mode.
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The radiation diagram has also worsened. The magnitude of the main lobe decreased
almost 3 dB (from 10.3dB in Figure 76 to 7.4dB) and has deviated 18° from the center.

The back and side lobes have remained at an acceptably low level.

Afterwards, the other port was simulated in order to see the results for the left
polarization (LHCP). While the two should be symmetrical (which would make the
results similar for both polarizations), it is expectable that they should diverge since the
lines feeding the array are completely different for each port.
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Figure 93: S11 of the antenna array, In the LHCP mode.

Once again, when comparing Figure 93 with Figure 75, the S11 of the antenna operating
in the left polarization mode has a very reduced bandwidth. Because -10 dB is the limit
used to measure bandwidth, and the graph in Figure 93 is very irregular, getting several
times close and above this limit, the bandwidth of more than 6GHz achieved in the

previous stage (Figure 74) has severely diminished.
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Figure 94: Radiation diagram for the LHCP mode.

Farfield Gain Abs (Phi=90)

farfield (f=20) [2]
Phi=90 30

30 Pphi=270

Frequency = 20 GHz

Main lobe magnitude = 8.8 dBi
180 Main lobe direction = 4.0 deqg.
Angular width (3 dB) = 52.7 deqg.
Theta / Degree vs. dBi Side lobe level = -8.8 dB

Figure 95: 1D representation of the gain of the LHCP mode.

The main lobe has decreased from 10.5dB in the previous stage of Figure 77 and Figure
79, assumed a more irregular shape and has a 4° deviation from the center. This should
also impact the axial ratio of the antenna. The back lobe has also changed shape but

hasn’t changed much in terms of magnitude.

Now looking at the S»1 in Figure 96, one can verify that the ports don’t have much

correlation with one another in the operating frequency band, assuming a value of

—20dB.
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Figure 96: Correlation between both ports of the antenna.

Finally, it is important to analyze the Axial Ratio of both configurations (RHCP in Figure

97 and LHCP in Figure 98) to confirm that the circular polarization is ensured.
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Figure 97: Axial ratio of the RHCP configuration.

The axial ratio corresponding to the RHCP configuration has a very irregular pattern. At
the center frequency it has a value of 1.58dB which means the polarization is circular.
However, where there was a band of circular polarization of more than 5GHz before
(Figure 80), now there is a bandwidth of less than 2GHz.
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Figure 98: Axial ratio of the LHCP configuration.

For the left polarization, another very irregular pattern takes place in the axial ratio graph
as a function of frequency. At the center frequency the circular polarization is ensured,
with a value of 2.26dB (< 3dB), but the bandwidth in which the antenna radiates

circularly has been reduced from almost 3GHz in Figure 81 to about 1GHz in Figure 98.

The initial specifications of the project stated that the antenna designed should have a
wide bandwidth and a circular polarization in this bandwidth. Even though the results
obtained in the simulations don’t perfectly fit the requirements, the prototype continued
for fabrication.
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4.2 Measurements

The prototype antenna of Figure 83 and Figure 84 was constructed and is shown in
Figure 99 and Figure 100. Due to the limitations of the manufacturing tools available,
the production of the antenna was made in two separate modules. One of them with the
patches and top substrate and the other with the ground plane, bottom substrate and
feeding network. These two parts were united with Teflon screws, which fit into the holes
already included in the design of Figure 83. The SMA connectors, model 292-04A-6,
were also attached to the ends of the board, connecting to the transmission lines that
feed the array. These lines had to be tapered so that they would fit the connector’s

maximum width (Figure 84).

Figure 99: Top view of the produced prototype. Figure 100: Bottom view of the produced prototype.

The first step in the measurements of the antenna’s parameters was the measurement
of its Si1 parameters for both polarization configurations. For this purpose, a VNA
(Vector Network Analyzer) was used, after calibration of the equipment. The results
obtained were superimposed with the simulation results for these parameters and are

shown below.
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Figure 101: Comparison of the simulated and measured S11 of the RHCP antenna.

The first port to be measured was the one that imposes right polarization. A 50Q load

was connected to the remaining port to ensure it was matched. The result of this

measurement can be observed in Figure 101, where the blue line is the measured Sii,

and the red line is the simulated.

After, the same was done for the other port, and the results registered (Figure 102).
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Figure 102: Comparison of the simulated and measured Si1 of the LHCP antenna.
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The next step in the procedure was the assembly of a setup (Figure 103 and Figure
104) to allow measurements to be made in the anechoic chamber. The prototype
antenna was attached to a tripod and aligned with an emitting antenna, with the aim of
measuring the reception with the prototype. For each polarization, the S;1 was
measured in the vertical position and then the transmitting antenna, which is linearly
polarized, was rotated to measure the orthogonal position. When this rotation was done,
the antennas had to be realigned. It was done this way for simplicity since the rotation

could have been made in the receiving antenna.

Figure 103: Photograph of the setup in the anechoic  Figure 104: Photograph of the setup in the anechoic
chamber, with the transmitting antenna in the vertical  chamber, with the transmitting antenna rotated.
position.

The results obtained with this setup are shown below:
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Figure 106: S2: of the two positions of the antennas (LHCP).

With the data of Figure 105 and Figure 106, the calculations of the axial ratio can be

made in function of the frequency and also presented in graphs in Figure 107 and Figure
108.
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Figure 108: Axial ratio of the LHCP antenna in function of frequency.

Finally, by measuring the S»; of a reference receiving antenna (see Figure 109) one can
indirectly calculate the gain.
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Figure 109: Measurement of the S of the reference antenna.

The antenna used for this purpose was a broadband horn antenna (LB-180400-KF),
which has a gain of approximately 13dB at 20GHz (see Figure 110)
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Figure 110: Graph of the reference antenna gain.

Then, by using this known gain and both measurements of the S»1 of the antennas, the
gain of the prototype antenna (AUT - Antenna Under Test) can be calculated, at the
operating frequency by the following:

Gayr = Gref - (Sz,1ref - 52,1AUT + PLF) [dB]

This is known as the substitution method. The gain of the RHCP antenna at the
operating frequency is then Grycp verticar = —18dB and Grycp norizontas = —18dB. Thus,

the overall gain, by adding the squared contributions (of the vertical and horizontal
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gains) and doing the square root of the result, would be Gzy-p = —16dB. The gain of
the LHCP antenna is G ycp verticat = —8dB and Gpycp verticar = 1dB, so the overall gain

|S GLHCP = 1dB

In Table 14 is the summary of the comparison between simulated and measured

parameters of the prototype.

Simulation Measurement
Parameter

20.3-21.1 GHz

16.5-21.2 GHz

-10.6 dB (24%) -4 dB (4%)
Gain 7.8dB - -16 dB
. . 19.2-21 GHz ~
Axial Ratio 1.6dB (9%) 0.3 dB ~0
16.8-20.6 GHz 19.5-21.1 GHz
S11 -16.3 dB (19%) -20.8 dB (8%)
Gain 8.8dB - 1dB
. . 19.9-21.1 GHz 20.3-21.3 GHz
Axial Ratio 2.3dB (6%) 8.9dB (5%)

Table 14: Summary of simulated vs measured parameters.
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5 Conclusions and future work

5.1 Conclusions

When manufacturing the antenna of Figure 99 and Figure 100 it was noted that due to
the limited precision of the manufacturing tools and the small distance between the two
slots in each single antenna element, the slots seemed to have merged. This could be
a problem in the performance of the antenna since the distance between slots impacts

the radiation and coupling of the slot.

Shown in Figure 101 is the measured Si1 of the right polarized (RHCP) antenna
compared to the simulated. By analyzing the line corresponding to the measured Sy, it
can be observed that at the project frequency the antenna has an Si: of over —10dB.
This means the prototype isn’t properly radiating as an antenna at 20GHz. The band in
which the Si1is smaller than -10dB is in a slightly higher frequency, between 20.3GHz
and 21.1GHz. This result isn’t satisfactory considering the initial requirements included

the antenna being wideband and operating at the center frequency of 20GHz.

While the simulated results still showed promise in relation to this aspect, the
measurements of the real prototype show that the design should have been more

conservative in terms of margin for errors.

In Figure 102 is the comparison of the measured and simulated S of the left polarized
(LHCP) antenna. In this case the results are better than in the previous. The measured
S11 has acceptable values (<-10dB) around the center frequency, from 19.5GHz to
21.1GHz. Therefore, a bandwidth of about 1.6GHz is accomplished. While this isn’t the

ideal outcome, it is still better than the results obtained for the RHCP configuration.

The next step in the procedure was the measurements of the reception of a signal. With
the measurement of two orthogonal positions in the configurations of Figure 103 and
Figure 104, the axial ratio could then be calculated. This axial ratio (Figure 107 and
Figure 108) has a very irregular pattern. In the simulated antenna, an irregular pattern
was also obtained in the axial ratio graph, although with less variations than the
measured version. This irregular pattern in the simulated axial ratio could be due to
spurious feed radiation, interference between lines or inefficient feed design (for

example in the usage of quarter-wavelength transformers which are frequency-
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dependent). Even though several configurations of the feed line were attempted (using
different characteristic impedance for the lines, different quarter-wavelength
transformers, less corners in the lines...), none of them showed to improve this aspect.
One configuration to try would be the design of the hybrids with a characteristic
impedance of 100Q. It isn’t then very surprising that the axial ratio calculated from the
measurements doesn’t offer better results. Adding to the already described possible
sources of error, the manufacturing and measurement errors also contribute to a poor

outcome.

In the RHCP antenna configuration, the calculated axial ratio (Figure 97) is 0.3dB (<
3dB so circular polarization is confirmed). However, this circular polarization isn’t
assured for a band of frequencies since, as can be seen, the axial ratio has a very

unpredictable behavior.

For the LHCP antenna configuration, the calculated axial ratio (Figure 108) has a very
high value of 8.9dB. This means the antenna isn’t circularly polarized at that frequency,

which was one of the requirements of the project.

The gain of the antenna was then calculated at the center frequency, with the
transmitting and receiving antennas aligned, as described in the previous section (4.2).
This method introduces several errors into the measurements and doesn’t account for
the deviations in the main lobe direction (which have been pointed out to exist in the
simulated results in 4.1). The gain values obtained were much lower than expected,
since the values simulated are in the order of 7-9 dBi and the ones obtained are below
0dBi.

The purpose of this dissertation was the development of a circularly polarized aperture
coupled microstrip antenna, using a quadrature hybrid coupler for the feed. This was
accomplished by simulation in CST and the antenna had the desired performance. The
incorporation of the hybrid coupler allowed for a wider bandwidth and each input

terminal of the hybrid gives a different direction of circular polarization (left or right).

This antenna was then incorporated into a 2x2 array, with half-wavelength spacing and
90° progressively rotated elements. The array should have enhanced gain compared to
the individual element and larger circular polarization bandwidth. This array should
maintain the characteristics of the previously modelled antenna — wide bandwidth and

circular polarization. When simulated without the feedlines, the array had performance
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closer to the desired than after the addition of the feedlines, which leads to believe the
lines are the issue due to spurious feed radiation and interference between the lines.
Perhaps another routing solution, or the avoidance of quarter-wavelength transformers
due to their frequency-dependence, would deliver better results. The problem could also
be related with the fact that the feeding lines of the array don’t have equalized lengths

in all elements.

It was also considered pertinent the study of the impact of vias around the patches in
the array’s mutual coupling. This proved to be unsuccessful since it didn’t appear to

have a significant impact on the results and was therefore discarded.

Overall, even though not all the requirements were fulfilled, pertinent observations and
conclusions could be drawn from this work. The step-by-step building of the final
prototype enabled a more detailed viewing of what happened to the performance of the
antenna as the structures got more complex and thus which sections of the work could

be further explored and optimized.

5.2 Future work

To improve the work done in this dissertation, some suggestions are:

e Look for a configuration of the feeding lines of the array that doesn’t degrade the

overall performance of the antenna and that aren’t so frequency dependent

e Research a technique that reduces the mutual coupling of the array (in

alternative to the addition of vias)
e Make a broadband quadrature hybrid coupler

e Transform the structure into a dual-band antenna by stacking two patches and
designing a dual-band quadrature hybrid coupler, to allow implementation in

different satellites
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