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Abstract

Microstrip antennas offer a broad set of advantages such as low profile, light weight, easy fabrication and low
cost. As these are desirable or even critical for a broad range of applications, there has been a large interest
for these antennas in the antenna community. In applications like drones or satellite communications, the
especially stringent constraints on weight and size make microstrip antennas a good option, despite their in-
trinsic performance limitations such as their narrow bandwidth. The radiation pattern of these antennas is
directive which for some of these cases, translates to an insufficient beamwidth if one uses only one antenna.
In the literature, one can find an extensive analysis on gain and bandwidth enhancement of microstrip anten-
nas, but the research on broadening the beam of these antennas is not as popular. In this thesis, we focus on
the beamwidth enhancement of microstrip antennas, and more specifically on antennas for small drones and
satellites.

Most of the work in the thesis is dedicated to the antennas for a drone protected by a carbon fibre superstruc-
ture which enables it to fly indoors. This drone is used for industrial inspections, and to reach places that are
dangerous or inaccessible to humans. In these environments, the reliability of the connection between the
drone and the controller is critical in order not to lose the drone where it cannot be recovered. This is especially
challenging in indoor scenarios and for this specific type of drone, because of the multipath effect and the
perturbation of the propagation of the signal by the conductive cage protecting the drone. The antennas used
should be light, compact and inexpensive, and provide a quasi-isotropic coverage around the UAV. The number
of antennas is limited to two by the transmission system, and therefore, for a reliable connection, the typical
beamwidth of a patch of 70° is insufficient. The antennas should also radiate circularly polarized patterns to
minimise the effect of the cage, the potential cross polarisation losses, and the multipath effect.

In this thesis, we analyse the limitation of the gain at low elevation angles for microstrip patch antennas,
providing an overview and guidance on different techniques to improve the beamwidth. We illustrate some of
these techniques through various designs of compact and light antennas with application for drones. The pro-
posed antennas for the communication with the drone consist of a patch, which naturally radiates in broadside,
combined with several extra parasitic elements excited by the patch that radiate in end-fire. This research re-
sults in a A/3 antenna with a CP and broadened beam. We perform and describe a system validation of the
antenna in a real scenario comparing with the original set of antennas in the drone. The test, based on the SNR
of the link, shows that the reliability of the system is significantly improved compared to the original configu-
ration of the antennas. This is especially remarkable in NLOS, which is precisely the scenario for which the
antennas were conceived.

We extend the research on wide beam microstrip antennas, to the use of parasitic elements to enhance the
beamwidth and achieve broad-beam and/or iso-flux patterns, with applications to pico-satellites. Using passive
elements in an array-like structure allows to increase the low elevation gain and even achieve conical patterns.
This last feature is very convenient for pico-satellites in Low Earth Orbit, where a well-tuned conical pattern
provides uniform coverage on the illuminated region of the Earth.

With this thesis we contribute with an analysis on the different techniques to broaden the beamwidth of mi-
crostrip antennas. It tackles each different approach from a didactic perspective that allows to understand and
identify the main aspects of each design, providing unified guidelines to the beamwidth broadening of patch
antennas. It helps to establish compromises between size, weight, bandwidth and beamwidth for this type of
antennas, which are dependent on the application. We present two examples of these compromises: the an-
tennas designed for the drone, which prioritize having a minimum weight, sacrificing other parameters, and
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the antennas for the satellites that call for broadbeam or conical patterns, and are less restrictive in weight and
size. All the designs presented in this thesis keep a very low-profile, which is not commonly seen in the literature
due to the intrinsic limitations on the beamwidth of patch antennas.

Keywords

broad-beam, wide-beam, microstrip antennas, patch antennas, UAV communications, drone communications,
satellite communications, parasitic elements, isoflux patterns, broadbeam patterns, low profile
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Resumeé

Les antennes microruban offrent de nombreux avantages tels qu’un profil bas, une fabrication facile, un poids
léger et un faible colt. Ces caractéristiques sont tres pratiques pour une large gamme d'applications et par
conséqguent ont attisé un grand intérét dans la communauté des antennes. Pour les applications telles que le
contrdle a distance de drones ou les communications par satellite, les contraintes particulierement strictes de
poids et de taille font des antennes microruban une bonne option, malgré leurs inhérentes limitations telles
que leur bande passante étroite. Le diagramme de rayonnement de ces antennes est directif, ce qui se traduit
dans certains cas, par une largeur de faisceau insuffisante si I'on n'utilise qu'une seule antenne. Dans la littéra-
ture, on peut trouver une analyse trés complete sur 'amélioration du gain et de la bande passante de ces
antennes, ce qui n'est pas le cas pour I'élargissement de leur faisceau.

La majeure partie de cette thése se concentre sur des antennes congues pour un drone protégé par une struc-
ture en fibre de carbone, permettant d'opérer celui-ci dans des environnements complexes. Ce drone est utilisé
pour des inspections industrielles, et pour atteindre des endroits dangereux ou inaccessibles aux personnes.
Dans ces environnements, la fiabilité de la connexion entre le drone et le contréleur est importante afin de ne
pas perdre le drone la ou il ne pourra pas étre récupéré. Ceci est particulierement critique a l'intérieur des
batiments, spécifiquement pour ce type de drone, a cause de |'effet multi-trajets et la perturbation de la pro-
pagation du signal par la cage conductrice protégeant le drone. Les antennes utilisées doivent étre légeres,
compactes et peu colteuses. En outre, elles doivent assurer une couverture quasi-isotrope autour du drone.
Le nombre d'antennes est limité a deux par le systéme de transmission, et donc, pour une connexion fiable, la
largeur du faisceau typique d'un patch, de I'ordre de 70° est insuffisante. Les antennes doivent également
rayonner a polarisation circulaire pour minimiser I'effet de la cage, les pertes potentielles de polarisation croisée
et I'effet multi-trajets.

Dans cette thése, nous analysons la limitation du gain aux faibles angles d'élévation pour les antennes patch
microruban, en fournissant un apercu et des conseils sur les différentes techniques pour élargir leur largeur de
faisceau. Nous illustrons certaines de ces techniques a travers différentes conceptions d'antennes compactes
et Iégéres pour les drones. Les antennes proposées pour la communication avec le drone sont constituées d'un
patch a rayonnement transversal, associé a plusieurs éléments parasites a rayonnement longitudinal, qui sont
activés par le patch. Cette recherche aboutit a une petite antenne, de taille A/3, avec un CP et un faisceau élargi.
Nous effectuons et décrivons une validation des antennes au niveau du systéme de transmission dans une
situation réelle en comparant leur performance avec celle des ‘antennes d'origine du drone. Le test, qui utilise
le rapport signal sur bruit (SNR) de la communication radio entre le drone et la télécommande, montre que la
fiabilité du systéme est considérablement améliorée par rapport a la configuration d'origine des antennes. Ceci
est particulierement remarquable pour des communications sans ligne de vision, ce qui est précisément le
scénario pour lequel les antennes ont été concues.

Nous poursuivons avec la recherche sur les antennes microruban a faisceau large avec I'utilisation d'éléments
parasites pour améliorer la largeur de faisceau et obtenir des diagrammes a faisceau large et/ou coniques, avec
des applications pour pico-satellites. L'utilisation d'éléments passifs dans une structure en forme de réseau
permet d'augmenter le gain dans la direction longitudinale et méme d'obtenir des diagrammes de rayonne-
ment coniques. Cette derniére caractéristique est trés pratique pour les pico-satellites en orbite terrestre basse
(LEO), ol un diagramme conique bien réglé offre une couverture uniforme sur une région ciblée de la Terre.

Avec cette these, nous contribuons a une analyse des différentes techniques pour élargir la largeur de faisceau
des antennes microruban. Nous abordons les différentes approches d'un point de vue didactique afin de



comprendre et d'identifier les principaux aspects de chaque technique, tout en fournissant des lignes direc-
trices unifiées pour I'élargissement de faisceau des antennes patch. Cette démarche permet d'établir des com-
promis, dépendants du type d'application, entre la taille, le poids, la bande passante et la largeur de faisceau
pour ce type d'antennes. Nous présentons deux exemples de ces compromis: les antennes congues pour le
drone, qui privilégient un poids minimum, au détriment d'autres parameétres, et les antennes pour des pico-
satellites qui nécessitent des diagrammes a faisceaux larges ou coniques, et qui sont moins contraignantes en
poids et en taille. Toutes les conceptions présentées dans cette thése conservent un profil tres bas, ce qui n'est
pas courant dans la littérature en raison des limitations intrinseques de la largeur de faisceau des antennes
patch.

Mots-clés

faisceau élargi, antennes microruban, drones, communications satellite, élements parasites, diagramme isoflux,
antennes a profil bas
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Chapter 1: Introduction

1 Introduction

1.1 Overview on broadbeam microstrip antennas and their applications

Microstrip patch antennas offer a large number of mechanical advantages like being lightweight, inexpensive,
low profile and easy to manufacture and conformable. These advantages are critical for many applications,
making them desirable despite their relatively low efficiency and narrow bandwidth. Thus, the antenna com-
munity has devoted several decades to addressing these limitations and increasing the impedance bandwidth
and the efficiency of microstrip patch antennas. They consist of a metallic patch on a dielectric substrate and
a ground plane, as shown in Figure 1. This architecture takes advantage of the easy and mature fabrication
process for printed circuit boards (PCBs).

Directive
4— pattern
Dielectric
substrate
Metallic
patch

Ground
plane

Figure 1. lllustration of a patch antenna and its radiation pattern.

The radiation pattern of patch antennas is directive and its peak gain is pointing the direction normal to the
surface of the board. The more directive the pattern of an antenna is, the narrower is its beamwidth, that is
quantified using the aperture of the beam at half power from the peak, called Half Power Beam Width (HPBW).
In the case of microstrip patches, the HPBW is typically around 70°. [1]
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While a directive pattern is convenient for many applications that require medium or high gain, there are others
that benefit from broader beamwidth patterns, at the expense of lower peak gain, as satellite communications
and remote piloting of Unmanned Aerial Vehicles (UAVs or drones).

1.1.1 Printed antennas for UAVs

The weight is one of the critical aspects of UAVs as it has a direct impact on their battery life, one of their most
limiting factors. Printed antennas are very convenient and commonly used in communications with UAVs
thanks to their reduced weight and cost. They offer other advantages, like their easy integration, as they can
be bent conformally to a surface or integrated in the structure of the UAV [2]. Their low profile is also beneficial
because it reduces the air drag, which ultimately improves the stability of the drone and also their battery life.

In short, the common requirements for drone antennas are to be small, low profile, low weight and to have an
omnidirectional coverage. The latter can be achieved using omnidirectional antennas, or combining several
antennas with sectorial coverage. One example of printed omnidirectional antennas that are highly integrated
in the structure of a UAV is shown in Figure 2, where the printed monopoles are embedded in the wings of the
drone [3].

Wing ribs

Figure 2. Omnidirectional printed antennas embedded in the wings of a UAV [3].

The transmission system and the performance of the antennas are two critical aspects that define the maximum
range that a drone can be flown from a remote controller. The output power and sensitivity of the transmission
system have more influence on the maximum range, while the antennas have a stronger effect on the reliability
of the communication. The latter comes from the fact that the position and orientation of the drone changes
continuously while it flies. A uniform coverage, omnidirectional or ideally isotropic is needed to minimize var-
iance of the gain and maintain the quality of the link as the drone maneuvers. The radiation pattern of the
antennas is very dependent on the structure of the UAV, as its structure and components can modify it. There-
fore, custom antenna designs are sometimes needed for a specific drone, and thus each case should be ana-
lyzed and addressed individually.
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For cases where omnidirectionality is not achieved with a single element, the use of several antennas is to be
considered. Diversity techniques are used to improve the pattern of the antennas, by combining several radi-
ation patterns and switching between them as needed [4]. This approach is broadly used for UAV applications
[5], [6] and for MIMO (Multiple Input Multiple Output) scenarios in general [7].

1.1.2 Isoflux or broadbeam patterns for satellite communications

Microstrip antennas have been very broadly used in satellite communications thanks to their low profile, low
cost and easy integration. In these cases, the link is established between a satellite in orbit and ground stations
or terminals on the surface of the Earth. A scenario where a satellite is required to illuminate a uniform coverage
a specific area on the ground to communicate with several ground terminals is shown in Figure 3. The path
loss to reach each of the terminals increases with the angle seen from the satellite. To grant an uniform cover-
age, microstrip antennas with broadbeam or isoflux patterns [8] have been broadly studied and applied by the

antenna community.

Satellite
. Longer path -
., higher path loss

Shorter
path :

Earth surface

Figure 3. lllustration of the downlink communication of a satellite with some ground terminals, where the coverage of the satellite is
uniform at ground level, radiating more power in directions where the path loss is higher.

Isoflux patterns do not have have their peak directivity in broadside but symmetrically tilted away from this
direction. One example of antennas radiating isoflux patterns is shown in Figure 4, that has its peak at theta =
+40deg [9]. Another antenna with isoflux pattern shown in Figure 5 [10] combines four elements arranged in
a ring shape to provide the desired pattern.
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Figure 4. Antenna using a dielectric cavity (left) to achieve an isoflux pattern (right) [9]

—e—simulation
--=--measurement

Gain (dB)

Figure 5. Top view (left) of the antenna proposed in [10] and its isoflux pattern (right) [10].

1.2 Motivation

1.2.1 Antennas for increased reliability of cage-protected drones

UAVs are revolutionizing many sectors of the industry in the last years, such as industrial inspections, search
and rescue or simply to be used in inaccessible places that may be dangerous for people. However, they are
also sensitive to crashing, as their propellers can break easily if they touch an obstacle, potentially leading to
losing the drone. To tackle this issue, Flyability SA [11] developed a collision tolerant drone protected by a cage
that prevents the drone from crashing. This feature allows to use the drones in scenarios where a more tradi-
tional non-collision-robust drone is risky or even impossible to use.
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Figure 6. Drone protected by a cage, that provides collision resilience [11]

The cage is made of carbon fiber, which offers excellent advantages in terms of mechanical resistance to colli-
sions and weight. Carbon fiber is electrically conductive and, in consequence, the protective cage affects con-
siderably the quality of the radio link, as the antennas are also inside the cage. The degradation occurs in terms
of the range at which the drone can fly, but also of reliability of the link, the latter being especially critical as
these drones are supposed to be flown in inaccessible places. This is of particular importance for drones
operated indoors and beyond line of sight, where obstacles may strongly degrade the quality of the link ab-
ruptly. The use of the carbon fiber-based superstructure for protection of a drone is a development introduced
to the market by Flyability, and as such there has not been much research on this topic and on how to improve
its electromagnetic behavior.

Vi )\

Figure 7. Drone with the antennas placed inside the cage. The waves radiated by the antennas inside of the cage are modified and atten-
uated by the cage, thus reducing the range of operation and the reliability of the link.
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Figure 8. Comparison of the radiation pattern between the isolated dipole (left) and the one enclosed with the protective structure
(right).

In Figure 8, we can get an overview on how the cage is affecting to the propagation of the waves through it. It
shows the pattern of a regular resonant dipole with and without the cage surrounding it. The cage perturbates
the radiation pattern differently in each direction the geometry of the cage. It has a geodesic shape of 40cm
of diameter, made of pentagons as we can see in Figure 9. The pentagons have segments of two sizes: 131Tmm
or 1.07 A, and 115mm or 0.94 A. These are close to one full wavelength in the operating band of the transmission
system: the ISM band at 2.4GHz. When the pentagons are assembled together, they also form larger hexagons
from the larger segments. The different shapes and lengths of the segments lead to the non-uniform distortion

of the pattern shown in Figure 8.

Figure 9. The carbon fiber cage is made of pentagons attached together. In the Figure we can see one of the pentagons highlighted in
green.

The radio link is illustrated in Figure 10. We can summarize the particularities of the collision tolerant drone
protected by the cage from the point of view of the radio link as follows:
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e ltis flown indoors and in unpredicted environments with high multipath effect.

e The cage perturbates the propagation of the waves. The effect is highly dependent on the shape of
the cage. The protective structure cannot be modified as it is critical to the robustness of the UAV.

e The drone uses a transmission system with two antennas using a maximum selection diversity scheme
and operates in the ISM band at 2.4GHz.

Remote controller Radio link

S CCCC—

=3
\_/l
+ Two antennas, « Indoors > Strong multipath effect +  Cage is conductive > global

omnidirectional  and attenuation and perturbation of the

linearly polarized + Harsh and dynamic environment-> wave propagation
Radiation pattern makes no sense
here . Rods in all orientations = polarization

is affected

Figure 10. Radio link from the remote controller to the drone [11].

The work on the antennas for this drone is condensed in the Chapters 4 and 5 of this Thesis.

1.2.2 Antennas with broadbeam patterns antennas for satellite [oT terminals

The satellite Internet of Things (loT) networks are growing very rapidly nowadays, with both traditional and
new satellite companies being involved in its development and deployment to provide connectivity even in the
most remote areas [12].

The size of the Satellite-1oT terminals is directly dependent on the antenna size, which needs then to be reduced
as much as possible. In addition, having a good gain in low elevation angles increase the number of satellites
to which the terminal can connect and is important to reduce the latency of the system. This scenario is de-
picted in Figure 11. Isoflux or broadbeam radiation patterns are required in these cases. Antennas with dual
band operation, usually with a small frequency ratio (FR), are also needed to enable full-duplex communication
between the terminals and the satellites [13]. Some of the existing CP and dual band antennas in the L-band
have a FR of approximately 1.05 are helix antennas (high profile) [14], complex multi-layer structures, such as
stacked-patch [15], or ring-patch structures [16].
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Figure 11. Uplink communication from a ground terminal that is communicating with several satellites in orbit thanks to an extended
broadbeam or isoflux pattern.

Relatively small antennas with broad beamwidth, dual band, CP and low cost are then required for loT satellite
communications. Keeping a low profile with these designs is preferred for these antennas, in applications where
the aerodynamics of the terminal are very important, such as commercial fleet management for land transport
(car, vans), and tracking of drones.

1.3 Antenna requirements

1.3.1 Antenna system and antenna element requirements for the cage protected drone

The goal is to increase the reliability of the radio link by reducing the effect of the cage. This improvement
should be accomplished by using only two antennas as this is a limit set by the transmission system. The
antennas on the remote controller are linearly polarized. Using antenna elements on the drone with circular
polarization or polarization diversity would thus be beneficial to prevent high polarization losses. This also
prevents that the cage degrades significantly one single linear polarization.

Therefore, we want a small circularly polarized, low profile, lightweight antenna, and with a gain variation as
small as possible and no greater than 10dB with the two antennas combined. The transmission system uses a
maximum selection scheme for the antenna diversity, which means that the pattern of the antennas is not
combined, as they do not operate at the same time.

In Table 1 we gather the antenna system requirements for the collision-robust drone:
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Parameter Requirement
Matching impedance 50 Ohm.
Operating frequency range 2.4-2.5 GHz (ISM band).
Matching Better than -10 dB over the operating frequency range.
Number of antenna elements Set to 2 by the transmission system.
Maximum gain variation 10dB.
Antenna element weight 10g.
Antenna element pattern Broad beam, as close as possible to hemispherical, minimizing the
gain variation.
Antenna element polarization Circular polarization to reduce cross polarization losses.
Antenna element size 40x40mm per antenna and 8000mmA* 3.
Antenna positioning Facing one of the apertures in the cage.

Table 1. Requirements for the antennas for the collision-robust drone.

These requirements are used for the work in Chapter 4 and 6.

1.3.2 Requirements for broadbeam antennas for satellite IoT terminals

The requirements for the antennas for the loT terminals are less restrictive in terms of weight than the drones.
The requirements are summarized in Table 2 and are used for the antennas in Chapter 6.

Parameter Requirement
Matching impedance 50 Ohm.
Operating frequency range Dual band: 1.55GHz and 1.65GHz
Matching Better than -10 dB over the operating frequency range.
Antenna element pattern Broad beam or isoflux, cover from -70° to 70°. HPBW broader than

160° are not practically useful
Antenna element polarization RHCP

Table 2. Requirements for satellite antennas in the L band with dual-band and broad beam.

1.4 Organization of the thesis

o Chapter 2. State of the art on broadbeam microstrip antennas.
This Chapter compiles a collection of publications on broad beamwidth microstrip antennas and clas-
sifies them depending on the technique that they use to broaden the beamwidth.

e Chapter 3. On the beamwidth of microstrip antennas and how to increase it.
In this Chapter, we focus on the pattern of patch antennas, starting from the basics and providing
detailed explanation on the physical principle of each of the main techniques to broaden the beam-
width of patch antennas.

e Chapter 4. Compact and lightweight LP and CP broad-beam microstrip antennas: compromises
and explanation through designs and examples.
This Chapter focuses on the technique of using additional elements to increase the beamwidth of very
lightweight and small microstrip antennas. These antennas are designed for their use on the collision-
tolerant drone and serve as an example to illustrate how to establish compromises between beam-
width, bandwidth, size and weight using this technique.
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o Chapter 5. Analysis of the cage and system measurements of the antennas assembled on the
drone
This Chapter contains the analysis of the cage of the drone and the system measurements to validate
the performance of the antennas designed in Chapter 4.

e Chapter 6. Broadening the beamwidth of microstrip antennas using multiple elements for larger
footprint antennas
This Chapter tackles the analyses of the beam broadening using additional radiators for applications
with less limitations on weight and size than drones, like antennas for ground terminals for satellite
communications. Thanks to their bigger size, we can provide a more didactic explanation about this
type of antenna.

e Chapter 7. Conclusions.
This Chapter gathers the final conclusions of the Thesis.

1.5 Research contributions

With this Thesis we contribute to the community with a self-contained overview on microstrip patch antennas
with enhanced beamwidth. While the literature on bandwidth and gain enhancement for these antennas is
mature and consistent, the contributions on broadbeam microstrip antennas are less abundant and mores-
cattered. The techniques that enhance the beamwidth are essentially forcing the antennas against their natural
trend to be more directive. Broadbeam microstrip antennas can be very attractive for many applications, as we
have seen in Section 1.2, and a consistent and complete analysis of the different techniques can be very useful
to the antenna community.

With Chapter 2, we provide a comprehensive compilation and overview on the different techniques to broaden
the beamwidth of microstrip antennas that one can find in the literature. This gives an initial idea on the dif-
ferent types of techniques, how they can be grouped following their principle of operation, and to have an
index on various designs for different frequencies, sizes, and beamwidths.

Having a good understanding about any antenna is crucial to do a successful design, and this is especially
applicable to designs that are less canonical as is the case of broadbeam patches. With Chapter 3, we start
from a detailed explanation about the pattern of patch antennas, focusing on the physical conditions that are
related to their beamwidth. We also explain what are the fundaments behind each of the main techniques used
to increase the beamwidth. The contribution of this Chapter is to provide a didactic manual about the different
techniques that provides the tools to decide what type of design is more suitable for each application, and to
be able to understand what are the key points of each technique.

In Chapter 4, we explain how additional elements can be used to modify the pattern of a patch without in-
creasing its profile. The use of this technique is very versatile and it has many degrees of freedom, depending
on the design requirements. With this Chapter we expand the knowledge on this technique and provide novel
designs with which we can explain how to establish compromises between beamwidth, bandwidth, size and
weight, focusing on the latter.

10
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Chapter 5 focuses on the assessment of the antennas proposed in Chapter 4 through system measurements
that include the effect of the protective cage and the effect of the multipath channel. Thie Chapter gathers
several analyses that can help to set benchmarks to assess the reliability of antennas in indoor environments
and affected by any surrounding structure. Also, it is useful as it gives hints on how to integrate microstrip
antennas in complex structures in general, and for a broad and stable coverage in particular.

To finalize, Chapter 6 focuses on the detailed explanation of the technique using additional radiators to en-
hance the beamwidth of patches. This approach is very versatile but it can also get very complex to understand
and tune due to the several radiators interacting with each other and the many interdependent parameters.
With this Chapter we provide a structured analysis that allows to get a deeper understanding of the main
parameters to tune these designs.

1.6 Teaching and student projects

The contributions to teaching as assistant are the following:

e Microwaves, the basics of wireless communications. 2018-2020
e Rayonnement et Antennes. 2020-2022
¢ Microwave laboratories. 2018-2022

e TP en technologies de I'information. 2018-2022

During the Thesis, the author has assisted supervision of the following student projects:

e Alberto José Moreno Montes: Course 2018-2019. Master project on implantable antennas.
¢ Jonas Miiller: Course 2018-2019. Semester project on implantable antennas.

o Kerem Cekmeceli: Course 2020-2021. Semester project on implantable antennas.

e Gurjot Singh Bhatia: Course 2020-2021. Master project on implantable antennas.

e Robin Bonny: Course 2021-2022. Semester project on broadbeam microstrip antennas

11
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2 State of the art on broad-beam microstrip
patch antennas

2.1 Brief summary on microstrip antennas

A microstrip patch antenna consists of a ground plane and a patch on both sides of a dielectric substrate, which
provides mechanical support and robustness to the structure. The operation of patch antennas consists of a
voltage difference between the ground plane and the patch, as one can see in Figure 12. Their radiation can
be better understood by means of the cavity model, in which we can approximate the patch by a dielectric
substrate enclosed by electric walls (patch and ground plane) and magnetic walls that emulate open circuits
(the slots). In Figure 13, one can observe the equivalent magnetic current densities of the two radiating slots,
and their corresponding E field distribution in the slots.

Z
Y

Feeding
point - —
— E field

Figure 12. Operation of a microstrip patch antenna [1]

From the depiction of the fields in a patch shown in Figure 13, one can observe that the most important part
of the fields lies in the slots below the patch and inside the substrate. Therefore, the electrical properties of the
material used as a substrate, its size and thickness have a strong influence on the operation of the antenna.
The two parameters to consider regarding the material are its permittivity and losses. The permittivity modifies
the electrical size of the antenna, and the substrate losses limit the radiation efficiency. They are quantified by
the relative permittivity, ., and the loss angle tand, respectively. A higher permittivity substrate compresses
the wavelength inside of the material, which allows to decrease the physical size of the antenna keeping the
same resonant frequency. However, as more power density is contained in the substrate, the losses increase,
degrading the radiation efficiency of the antenna [17] and the peak gain. The miniaturization of the antennas
using higher permittivity substrates often permits to decrease the weight of the antenna, what is convenient
for applications where this is critical, as for example antennas on drones. However, this size reduction leads to
narrower bandwidth, accentuating the already limited bandwidth of patch antennas [17].

13
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Figure 13. Cavity model of a rectangular microstrip, where magnetic current densities in the two radiating slots that can be used to com-
pute the total radiated pattern by the patch [1].

There are several techniques to increase the bandwidth of patch antennas. One can use substrates with lower
permittivity, thicker substrates, add stacked patches, add extra elements to the antenna, and/or use a feeding
technique that does not rely on contact. Stacked patches, as shown in Figure 14, for example, improve the
bandwidth if they are close, and the gain if they are more distant. There is a transition area where the pattern
is irregular [18].

Top Patch (W2x,W2y)

Substrate (€r2,Tand2,H2)

N

\\
.\\\\\\\\\\\\\\\\\\ B

\\\\:‘\‘\ Substrate (€r1,Tand1,H1)
O

Bottom Patch (W1x,W1y)

Slot (Al,Aw)

Ground plane

Microstrip line (Wit,Ls)

Figure 14. Stacked patches with aperture coupling for higher bandwidth of microstrip patches [19]

Apart from using high permittivity materials, other techniques can be used to miniaturize microstrip antennas
such as cutting slots transversally to the direction of the current. It increases the electrical distance that the
current has to travel from one side of the patch to another [20], which allows to shrink the length of the patch.
An antenna that occupies more volume would have a wider bandwidth [18].

14
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Figure 15. Miniaturized PIFA patch antenna using shorting ground and transversal slots.

Another way of miniaturizing microstrip antennas is by cutting them in half and short circuiting one of its edges
to the ground plane. The resulting antenna is a Planar Inverted F Antenna (PIFA). Since the voltage at the middle
of a resonant patch is zero, this modification does not change the operating frequency of the antenna, but its
size is reduced by half [21]. Depending on the length of the short circuit, the size reduction can be further
tuned. An example of a PIFA is depicted in the Figure 15.

The mechanisms in this Section are well-known, but reminding them is important to use them as a base to
apply the knowledge to broaden the beamwidth of patch antennas. They are addressed more in details in
Chapter 3, as these are also linked to the effective area, size and of course the gain.

2.2 The pattern of patch antennas and their beamwidth

Another characteristic of patch antennas is their directional pattern, which has a maximum in the direction
perpendicular to the surface of the board (broadside direction). The field lines illustrating the radiation of the
patch can be seen in Figure 12. The radiation occurs at two of these slots, while the other pair of non-radiating
edges cancel out and do not contribute to the radiation pattern. The waves launched by the two radiating slots
add up in phase in the direction perpendicular to the surface of the antenna (broadside). The radiation from
the slots and the presence of the ground plane, that blocks the radiation to the lower hemisphere, leads to the
typical directional pattern of a patch antenna, depicted in Figure 16. This directional pattern provides a peak
directivity of around 7-9dBi. A higher peak directivity means inevitably that the power is more concentrated
spatially and therefore the antenna covers a smaller section of space. In terms of antenna parameters this
translates in a narrower beamwidth, which is often quantified using the angular aperture at half power of the
pattern, or HPBW (Half Power Beamwidth). The HPBW of conventional patches is around 70-90°, which may
suffice for some applications where the coverage at low elevation angles is not critical. However, there are
other cases as satellite or mobile communications for which a broad coverage can be required.

15



Chapter 2: State of the art on broad-beam microstrip patch antennas

10 -

Gain [dBi]

A5 ¢

-20 -

m— Phi=0deg
.25 . I . | \ | . I .
-80 -60 -40 -20 0 20 40 60 80

Theta [deg]

Figure 16. Radiation pattern of a patch antenna on an infinite ground plane. Results obtained for a canonical patch with an infinite
ground plane boundary at 2.45GHz using Ansys Electronics Desktop [22].

It is important to distinguish two types of patterns, especially for satellite applications in LEO constellations:
broadbeam or isoflux. The references [9], [23], [24] present isoflux patterns, and they state their utility to
compensate for the path losses and provide a uniform coverage on the illuminated area on the ground. An
isoflux pattern has a local minimum in the broadside direction, as the one we can observe in Figure 17. Strictly,
isoflux patterns are not necessarily broad beam if they have a big null in the broadside direction, but the need
of enhancing the gain at lower elevation angles is the same as for broadbeam designs. Therefore, the tech-
niques used are often similar to achieve both types of patterns. For other applications like GPS localization, the
antennas require also broad 3dB AR beamwidth (120°) to provide a reliable CP coverage in the illuminated

earth area [25].
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Figure 17. Conical or isoflux pattern (top) and AR (bottom) [23]
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There are some parameters in a design of a patch antenna that play a role in its directivity and beamwidth.
These are mainly the ground plane size, the thickness/permittivity of the substrate and the antenna size. Intu-
itively, when the size of the ground plane is decreased, there is a higher portion of the power that radiates in
the lower hemisphere, potentially increasing the beamwidth of the patch but degrading the front to back ratio
(F/B). The radiation pattern for finite grounds also depend on the specific size of the ground and of the spurious
radiation from the edges of the board. The thickness of the substrate controls the effective height of the patch
with respect to the ground. For thicker substrates, the fringing fields are less concentrated to the ground and
therefore the beamwidth is increased [18]. When the permittivity is higher this allows to decrease the size of
the antenna, which is linked to its effective aperture. The effective area of an antenna is proportional to its gain
and its beamwidth as one can see in equation (1.1) [1]. A smaller antenna has a smaller effective area, lower
directivity and in consequence broader beamwidth [1], [26], [27].

A = —Dy (1.1)

In [28] the authors show how the thickness of the substrate does not change significantly the gain or the
beamwidth. Therefore, for large beamwidth improvements other techniques are required, that modify more
substantially the geometry of a canonical patch antenna. These effects are explained more in detail in Chapter
3.

2.2.1 Modifications of the canonical geometry

In this subsection, we gather several techniques found in the literature which modify the canonical structure of
a patch antenna to broaden its beamwidth. Some of the contributions address the broadening of the directivity
pattern, while others focus on the AR beamwidth for CP antennas.

In [29], the authors provide an analysis of conformal arrays and the effect of the substrate bending on the
individual elements of the array (patches). They show how the bending enlarges the beamwidth in one plane.
Enhancing the beamwidth in the two main planes or in a revolution symmetry around the broadside direction
complicates significantly the fabrication and integration of these antennas, and sacrifices their low profile.

A less aggressive modification, that keeps the antenna low profile is presented in [30]. The authors take as a
reference a rectangular patch working at 1.575GHz and with a total size of 0.37Ag x 0.37A¢x 0.016Aq. To achieve
circular polarization, they use a variation of the traditional method of trimming the edges of a rectangular
patch. They subtract circular slots; which diameter increases progressively. The sense of the polarisation can be
changed depending on the sense the radius of the slots grows. With this technique, the authors achieve a 3dB
AR beamwidth of 170° while keeping a low profile, single feeding and with no extra cost or fabrication com-
plexity compared to canonical patches. The antenna total HPBW remains around 100°. The work presented in
[31] also focus on increasing the 3dB AR beamwidth and uses a similar principle. It consists of a CP antenna
with added circular elements on the corners that allow to enhance the 3dB AR beamwidth up to 180°. Other
techniques using defected or modified structures (patch or ground) are used in [24] and [32] where they en-
hance the 3dB AR beamwidth up to 180°.
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Figure 18. Geometry of the design proposed in [30] to achieve broad AR beamwidth

In [33], the proposed antenna uses pins connecting the ground and the patch to excite circular polarization
and increase the beamwidth. The two central pins are used to generate the CP, while the external pins are used

to enhance the 3dB AR beamwidth up to 160°, as one can observe in Figure 20.
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Figure 19. Geometry of the pin-loaded antenna presented in [33].
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Figure 20. AR beamwidth for the two main cuts of the antenna presented in [33] and for various pin radii.

In [34], the authors use conductive posts around a patch to modify its fringing fields and therefore its pattern.
This principle complicates the geometry of the antenna and the fabrication, but the achieved HPBW is of
120deg, what is already an increase of around 30-40° compared to a regular rectangular patch. The same idea
has been used in [35], where they use vertical vias around a patch to increase the beamwidth. This design uses
trimmed corners to achieve circular polarisation, as can be observed in Figure 21. The vias combined with a
parasitic ring lead to a HPBW of 160° and 3dB AR beamwidth of 80°.

Figure 21. CP patch antenna with broadened beamwidth using conductive posts [35].
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In [36] an antenna with a 3D ground structure is presented, which relies on the same principle of modifying
the fringing fields of the patch. It allows to the fringing fields to get redirected to a ground with a different size
and shape. The beamwidth achieved with this a procedure could be used for microstrip antennas that need to
be assembled on a metallic structure if the latter is designed accordingly.

Dielectric Patch

Metal sheet

/

Figure 22. Using 3D ground structures to modify the shape of the fringing fields and extend the beamwidth [36].

The antenna presented in [37] works in two bands and can achieve 180° and 130° degrees in the high and low
frequencies (2.03GHz and 1.45 GHz), respectively. It uses a longer substrate beyond the ground plane that
takes advantage of the surface waves in the substrate to radiate in the end-fire directions.

Square-ring slotted- Square-ring-shaped slots

Ground-plane Coaxial probe

(a)

Figure 23. Geometry of the antenna presented in [38]. Side view (a) and top view (b).

Other technique used in the literature is trimming slots in the patches or in the ground to modify the fields. In
[38] a CP square-slotted ring for GNSS applications is presented. It uses four squared rings slots, leading to a
3dB AR beamwidth of 140. In [39] the authors use a defected ground to get a 3dB AR beamwidth of 220°, and
cut slots on the patch to achieve CP. The antenna presented in [40] uses several slots fed sequentially, as can
be seen in Figure 24. The achieved 3dB AR beamwidth is of 110°.
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Figure 24. Geometry of the antenna presented in [40]

The antenna proposed in [41] consists of patch with a L-shaped slot. The authors focus on enhancing the AR
beamwidth, increasing it to around 100°. The paper also provides a detailed explanation on the functioning
and tuning of the slots.

In [42], the authors propose a fern fractal antenna that provides a HPBW of 100° and a very high 3dB AR
beamwidth of 187°. The antenna geometry is shown in Figure 25, and as one can see the antenna is very
compact as it works at 3.7GHz, even if its profile is relatively thicker.
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Figure 25. Geometry of the antenna presented in [42]. Isometric view (a) and side view (b).

The conclusion that we can draw from this subsection is that to achieve a significant beamwidth enhancement
a big structural change that often requires to sacrifice some of the mechanical advantages of microstrip an-
tennas is required. In the next subsection we explore other options that maintain a lower profile.
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2.2.2 Extraradiators to improve end-fire gain and increase the beamwidth

2.2.2.1  Adding additional virtual radiators to patches / combination of different modes

From the modification of the geometry one can see that increasing the beamwidth of microstrip antennas
while maintaining their low profile and other mechanical advantages is not an easy task. Therefore, in the
literature many authors propose to launch other modes combined with the dominant mode of regular patches
to broaden the beamwidth. These modes could be launched by adding physical elements that support them,
modifying a given geometry to launch two or more modes, or a combination of both.

One of the techniques to improve the gain in low elevation angles is using higher order modes, with which
one can achieve monopole-like radiation patterns. These patterns combined with the broadside radiation pat-
tern of a regular patch can increase the beamwidth. Several contributions take advantage of this effect to
achieve increased [43]-[45]. The use of different modes can be combined with different antenna geometries
to achieve a specific pattern for each radiating element that in total generates a broader radiation pattern. For
example, in [43], the authors explain the behavior and pattern of the first higher order modes of a microstrip
ring antenna, where one can see how the TM21 mode, for example, generates a monopole-like or conical
pattern.
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Figure 26. Microstrip ring and its pattern when exciting modes TM21 and TM41 [43]

The authors in [44] offer a detailed explanation on the manipulation of the modes in a circular patch to launch
the desired modes. It is tuned to work at the TM31 mode, thus generating a monopole like pattern on a
compact and low-profile antenna. The geometry and current distribution for the TM31 modes are shown in
Figure 27.
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Figure 27. Geometry of the antenna (left) and its surface current distribution (right) [44]

To complete the review of monopole-like or conical radiation patterns, it is important to understand how to
excite CP in higher order modes. In [46] we can find an excellent explanation on how to locate the feeding
points for each of the higher order modes and also what phase delay to excite in each feeding point.

67.5"

Four-probe feeds with proper angular and phase arrangements for
exciting different resonant modes with circular polarization.

\

Fig. 1. Magnetic fields under the patch for different arder modes. Heavy dot Fig. 3
indicates the feed probe. E- 3

Figure 28. Magnetic fields under the patch for different order modes (left) and the needed feeding to excite CP for higher order modes
(right). The black dots are the feeding points [46].

These antennas using higher order modes can generate monopole-like or conical (isoflux) patterns that can be
combined with the patches as is presented in the following sub-section.

2.2.2.2  Adding additional physical radiators to patches

In this part we present all the solutions that use physical additional elements to launch modes with radiation
predominant in end fire direction. A CP antenna is presented in [47], which uses a parasitic ring, separated from
the antenna substrate using an annular superstrate. The antenna achieves a HPBW of 170° and 3dB AR beam-
width of 165°. In [35] they use a similar idea, adding a parasitic ring on top of a driven ring, both separated by
a layer of foam to achieve a AR beamwidth of 140° and a power beamwidth of 160° (see Figure 29) .
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Figure 29. AR beamwidth of 140deg using hybrid perturbation method [35]

The antenna in [48] operates at 2.49GHz and uses a central disk and a parasitic ring to achieve a HPBW of 140°.
The antenna uses two layers that are separated by spacers, losing the advantage of having low profile.

10

o

S 10 s "-.

5 Ji .8
i L

E .20 - .“ ,4 \\.i‘

il

(] ' \

i)
J
Ground -30 { m—— . g ‘ \
/

. Feed ! \
< point 40 /! i

¥ T T T T T T T 1
T -200 -150 -100 50 0 50 100 150 200

X Theta (deg)
(a)

Figure 30. Geometry of the antenna (left) and its pattern with and without the parasitic ring (right) [48]

In [49], the authors tackle the beamwidth widening by decreasing the directivity of the antenna. They tune the
equivalent magnetic currents of the several radiating parts of a modified patch to create a destructive interfer-
ence in broadside that favours the radiation in lower elevation angles. The antenna works between 34.1 and
38.9 GHz with a bandwidth of 13.1%, and offers a HPBW between 100° and 125° in the entire band. The ge-
ometry and principle of operation of the modified patch can be seen in Figure 31. From the results in Figure
32 we can see how the design of the active antenna already helps to broaden the beamwidth and decrease the
directivity, and the effect is enhanced with the parasitic elements.
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Wp Wy Whar

Figure 31. Geometry of the antenna proposed in [49], with a modified patch and two parasitic elements (left) and principle of operation
of the modified patch using magnetic currents (right).

8.4dBi 5.7dBi
4.2dBi 2.9dBi
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—11dBi —11dBi
-21dBi —22dBi

Figure 32. Effects of the parasitic patches and the extended ground plane on the antenna directivity (and beamwidth). Radiation pattern
of the standalone antenna (left), pattern with patches (right). Both at 34.5GHz [49].

The antenna in [50] uses a Reactive impedance structure (RIS) that works as a reflector to provide a HPBW of
147° and the AR beamwidth of 180°. It uses parasitic elements following a circle around the main patch. The
effect of the parasitic elements in the beamwidth is clear from Figure 33. This antenna is proposed as a good
candidate for GNSS and CNSS applications.
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Figure 33. Geometry of the antenna (left) and radiation pattern and AR over angle (right) [50]
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In [51], they use parasitic elements (a ring and six patches) to increase the beamwidth in two planes. The ring
optimizes one plane and the patches the other, which allows to control the E and H plane patterns separately.
The antenna is linearly polarised and the HPBW is of 150° - 170°.
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Figure 34. Geometry of the antenna presented in [51] that uses two types of parasitic elements to broaden the antenna beamwidth.
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Figure 35. Comparison of patterns for a regular patch antenna and the proposed antenna in the E- plane (left) and the H-plane (right)
[51]

The design in [52] uses a stacked patch design, with both patches arranged vertically as seen in Figure 36. Using
an analogy with arrays, they tune the interference between the elements to increase the gain at low elevation
angles by 1.2dB. This antenna is proposed for Controlled Reception Pattern Antenna (CRPA).
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Figure 36. Geometry of the antenna presented in [52] (left), and its radiation pattern with and without the parasitic stacked patch (right).

In [53], an antenna composed by four radiators in circular arrangement enhanced AR beamwidth is presented.
They use a Meandered-Line Ring Cavity (MLRC) to reduce the cross polarization in low elevation angles to
achieve a wide 3dB AR beamwidth of 190° and a HPBW of 110°. A very similar antenna in presented in [54],
which does not use the MLRC technique and therefore has a narrower 3dB AR beamwidth of 130°.

The antenna in [55] uses two pairs of asymmetric slots loading the main patch. The slots created between the
smaller patches and the principal patch can be tuned to excite circular polarization and to widen the 3dB AR

beamwidth up to 188°. The geometry of the antenna is shown in Figure 37.
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Figure 37. Geometry of the antenna in [55] (left) and its AR over angle (right).

An antenna consisting of two pairs of crossed dipoles and vertical parasitic elements is presented in [56]. The
parasitic elements increase the vertical section and help to improve the gain in low elevation. The geometry is
shown in Figure 38 and the current distribution on the crossed dipoles at t=0 and t=T/4 is shown in Figure 39.
This antenna provides a 3dB AR beamwidth of 120° and HPBW of more than 110°.
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Figure 38. Geometry of the antenna consisting of crossed dipoles combined with vertical parasitic elements [56]
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Figure 39. Surface current distribution at 1.0GHz and 1.65GHz [56]

We can observe that a common trend for all the designs using additional elements to increase the HPBW:
increasing the profile of the antenna. They usually add air gaps or foam to separate the parasitics or even add
vertical elements that help to increase the vertical component of the fields in low elevation angles and increase

the beamwidth.
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2.3 Comparative tables of contributions

We summarize the main aspects of the papers cited in this Chapter in the following Tables to have a more
compact overview on the State of the Art on microstrip antennas with broad beamwidth.

Modified structure or fringing fields

Paper Technique Frequency Size Polari 3dB AR HPBW
(GHz) zation | beamwidth ©)
)

[30] Patch with progres- 1.52 GHz- 0.37 A x0.37 A x0.16A cP 156 100

sively trimmed cor- 1.65GHz
ners

[31] Patch with added cir- 1.6 GHz 0.373A%x0.373Ax0.016 A CP 180 N/A
cles on the corners

[33] Shorting pins to re- 2.4 GHz 1.6 A x1.6 A x0.02A Ccp 160 -

duce electrical size
and increase beam-

width
[32] Defected patch 1.27GHz 0.25 A x 0.25 A x 0.009 A CcpP 170 110
[34] | Using posts to modify 4.7 GHz 037Ax037Ax0.18 A LP N/A 120
the fringing fields
[35] Vias to increase verti- 2.06 GHz 0.67A x 0.67A x 0.1A CcpP 80 160

cal component of
fields and parasitic
ring.
Hybrid perturbation
for CP
[36] 3d ground structure, 400 MHz 0.42A x 0.42A x 0.3\ CP 89 152
a big cone with small
ground
[37] Larger substrate that Dual band 0.67A x0.67A x 0.02A CcpP 140 130-180
takes advantage of 1.45 GHz @2GHz
the surface waves and | and 2 GHz
stacked patches

[38] Symmetrically cut 1.6 GHz 0.32A x0.32A x0.027A CP 140 N/A
square-ring slots on
the patch
[39] Slotted hexagonal 5GHz 0.5A x 0.5A x 0.026A CcpP 220 N/A

patch with defected
ground structure

[40] Four cross slots se- 3.7 GHz 0.33A x 0.33A x 0.043A CcpP 110 60
quentially fed
[41] Patch with L-shaped 2.3 GHz 0.38A\ x 0.38A x 0.012A CcpP 95 93
slot
[42] Fern fractal patch ex- 3.65 GHz 0.36Ax0.36A%0.22A cp 187 100
citing TM11 and
T™M21
[57] Modified monopole 5.5 GHz 0.56A0x0.50A%0.029A Ccp 94 N/A

Table 3. Summary of the techniques that modify the structure of patches to broaden the beamwidth.
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Additional elements/modes

Paper

[35]

[48]

[49]

[50]

[47]

[51]

[53]

[54]

[52]

[56]

[55]

Technique

Vias to increase vertical
component of fields and
parasitic ring.
Hybrid perturbation for
CP.

Parasitic ring and spac-
ing with air gap
Modified patch and par-
asitic elements to create
destructive interference
in broadside
RIS reflector with an air-
gap and a patch with
parasitic elements
Parasitic ring distant
from the patch using an
annular superstrate
Parasitic patches and
ring. Each element en-
hances the beamwidth
in one plane
Use Meander-Line Ring
Cavity to reduce the
cross pol at low eleva-
tion angles and increase
the ARBW. Radiation
created from crossed
slots
Crossed slots for CP ex-
cited from 4 patches

Uses additional ele-
ments combined verti-
cally
Crossed dipoles with
parasitic elements
Grounded smaller
patches in the same
layer than the patch

Table 4. Summary of the techniques that combine several radiators or modes to broaden the beamwidth.

Frequency
GHz

2.06 Ghz

2.49 GHz

34-39 GHz

2.49 GHz

1.268 GHz

5 GHz

1.2 GHz

1.2 GHz

1.575 GHz

1GHz-2
GHz
1.575 GHz

Size

0.67A x 0.67A x 0.1A

0.57A x 0.57A x 0.11A

Patch
0.57A x0.3\ @39GHz
Parasitics
0.3A x0.3A @39GHz
Diameter of 0.60A
and height of 0.12A

0.34A x 0.37A x 0.18A

0.87A x 0.87A x0.18A

Diameter of 0.26A
and thickness of
0.064\

Diameter of 0.36A
and thickness of
0.064A
0.26A x 0.26A x 0.05A

0.65A x 0.65A x 0.1A
@2GHz
0.21x0.21x0.016A

Polari
zation

Ccp

CpP

LP

CP

Ccp

LP

CP

CcP

CpP

Ccp

CpP

3dB AR
Beamwidth
©
80

N/A

N/A

180

165

N/A

190

131

N/A

120

188

HPBW
)

160

150

100-125

147

169

150 - 170

110

114

165

110

One can observe how using additional elements (Table 4) the achievable beamwidth is broader than for the

techniques that modify the antenna structure (Table 3). From these two tables we can understand the com-

plexity of designing a broadbeam patch antenna with a small footprint, and especially with a very low profile.

The Tables provide a good overview on designs prioritizing the broadening of the beamwidth over the size
[51], and others that provide a good compromise between both [52].
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3 On the beamwidth of microstrip antennas
and how to increase it

In this Chapter, we address the physical limitations of the beamwidth for microstrip antennas, and provide a
short overview on the techniques to enhance the beamwidth. We contribute with a set of guidelines and basic
explanation of each technique, useful for antenna engineers to choose the most suitable to their application.
and have a basic understanding of their operation to implement and adapt their design. These guidelines are
based on various figures of merit: beamwidth (gain), bandwidth, size, thickness and fabrication complexity.

3.1 Physical explanation on the pattern of microstrip patches and their beam-
width

Microstrip antennas are a technology very mature in the antenna community, and therefore there is an exten-
sive amount of contribution in the literature explaining in detail their functioning. It is known that microstrip
antennas are bad end-fire radiators, excepting tapered-slot antennas [58]. In this section, we focus only on the
aspects related to the antenna beamwidth, and more specifically in their limited gain and AR at low elevation
angles. We start with a short reminder on the basics of microstrip antennas, focusing on their principle of
operation as much as it is related to their pattern. We need this as a reference to develop the rest of the
analyses in the Section.

3.1.1 Antenna operation and analysis of pattern shape and effective aperture

We start analysing a basic rectangular patch with two feeding points that can be used to excite circular polar-
ization, as depicted in Figure 40. The orientation of this geometry with respect to the coordinate system is
consistent through the entire thesis, and is used to define the pattern cuts and the polarization directions. If
we stick to feeding the patch at only one of the two feeding points (along the X axis, for example), the antenna
works in a linear polarization that follows the X axis. The radiating and non-radiating slots for that mode are
highlighted in yellow and red, respectively. The corresponding surface currents are shown with green arrows,
and the resulting fields between the patch and the ground with red arrows. If we excite the orthogonal mode,
the operation is the same, but it happens along the Y axis.

Figure 40. Functioning of a rectangular patch in one of its fundamental mode.
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We simulate an antenna that follows the geometry in Figure 40 to see its radiation characteristics and use it as
a reference through the Chapter. We use a substrate of Tmm of thickness and made of Rogers RT5880, with a
relative permittivity of 2.2 and a loss angle of 0.0009. We excite both linear and circular polarization using two
orthogonal lumped ports, feeding them with the same amplitude and a relative phase shift of 90°. The ground
size is around two times the size of the patch.

The two main cuts of the antenna radiation pattern are shown in Figure 41, at Phi=90° and Phi=0° (YZ and XZ
planes) and in linear and circular polarization. We can observe that the HPBW is narrower than 80 © in both
cases, and a bit narrower for the CP antenna. The latter is a consequence of the functioning of a CP antenna,
which launches two modes. We can think of the CP antenna as two separate radiators launching a single mode
combined on the same physical support. When there is more than one radiator, the total pattern is the contri-
bution of all the “virtual” antennas (modes), and as their peak gain is in the same direction (broadside), the
pattern is more directive. The relation of the peak gain (or beamwidth) with the number of modes launched by
an antenna is explained extensively in [27]. We take these values as the reference for the HPBW of a regular
microstrip patch.
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Figure 41. LP (left) and CP pattern (right) in copol, at 2.45GHz.

As we can see from Figure 41, the peak gain of the patches occurs in broadside (theta=0°), which is the direction
at which the effective area is maximum, gain and effective area being directly proportional. Like the gain, the
effective aperture also depends on the point of observation in the far field, depending thus on theta and phi
in spherical coordinate. The relation between directivity and gain is described by equation (1). Following this
reasoning, the effective aperture of patches is much smaller in endfire than in broadside and this directly con-
tributes to the limited gain at low elevation angles. The equation (3.1), describes the relation between the
direcivity (gain) and the maximum aperture A,,, [1].

2

A 3.1
Aen(0,9) = (E) Do(6,9) G0
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Another cause of the directional pattern of microstrip antennas is the presence of the ground plane. An infinite
ground plane does not allow the radiation to propagate towards the lower hemisphere, which increases by a
factor of 2 (+3dB) the gain in the upper hemisphere. Large ground planes are recommended to have a stable
input impedance and to avoid radiation from the ground, but for practical reasons they are usually just a bit
larger than the patch, which results in a less directive pattern.
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Figure 42. Effect of a perfect electric conductor on the fields [1].

Wave propagation

A T 77 direction

Z E1 —— E1 far field component

Theta

I

Figure 43. A patch antenna showing two arbitrary E field components in Far Field

To better understand the effect of the ground, let us remember the boundary conditions of a perfect electric
conductive (PEC) plane, shown in Figure 42. A PEC plane forces the E fields immediately next to its surface to
be 0. Let us apply this to a patch, depicted in Figure 43, radiating two arbitrary orthogonal E field components
in the far field. If we focus on the component E2, which would be the E field in far field radiated by an antenna
polarized along the X axis. In low elevation, and for reasonably large ground planes, the horizontal component
(parallel to the ground) of the E field is diminished due to the boundary conditions of the ground plane, re-
ducing in consequence the amplitude of the horizontal component of the E field in far field as well. This effect
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is very clearly observed in patches on an infinite ground plane, as the horizontal E field component is zero, as
seen in Figure 44. The copol in phi=90° is parallel to the ground for the antenna with polarization along the X
axis, and therefore the E-field at theta=90° is zero. At phi=0°, the copolarization is perpendicular to the ground
plane, which results in an increased gain in low elevation and better beamwidth. These are for the extreme case
of an infinite ground plane, but even for smaller grounds, this is contributing to the poor gain in low elevation
angles.
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Figure 44. Radiation pattern, in copol, for the two main cuts of a patch on an infinite ground plane.

Grasping the concept of the maximum aperture in relation to the the physical area of an antenna is visually
intuitive. However, the definition of the maximum aperture given in equation (3.1) is a simplified version, as it
does does not include the contributions of the mismatch losses, polarization, and efficiency, which also affect
the effective aperture. The mismatch losses and the efficiency are not relevant to the shape of the pattern, only
to its absolute value. However, polarization is critical as it is needed even to define the type of pattern that
characterizes an antenna.

Let us consider two antennas like the one in Figure 43, operating in linear polarization and pointing at each
other. Even if the two are well aligned, if their polarizations are orthogonal, no signal is received in the receiving
antenna. This clearly states the importance of the polarization in the pattern, and how the polarization should
be included in the pattern to really illustrate the way the antenna distributes its radiation in space. Equation
(3.2) includes the two parameters that can change the shape of the pattern: the polarization and the directivity.
This applies to any kind of antenna, not only microstrip.

Aerr(8,9) =11 = IT12) (£) Do(6, 918, (8, 9) - 80l (3-2)

where 7 is the efficiency, (1 — |I'|?) accounts for the mismatch losses, &,,(8, @) is the polarization of a wave
impinging on the antenna and &, the polarization of the antenna.
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Using a copol — xpol patterns is sufficient to fully characterize the performance of a LP antenna. In the case of
CP antennas, to obtain a more complete characterization, the axial ratio (AR) is used to quantify the purity of
the polarization. The requirements on the purity of the CP are specified by a threshold, which is usually of 3dB
but depends on the application. Therefore, to characterize spatially a CP antenna (of any kind), we need not
only the directivity pattern but also the dependence of the axial ratio on the angle, usually quantified by the
axial ratio beamwidth.

We use the same reference antenna as in Section 3.1.1 to show the CP patterns and AR aperture for the two
main antenna cuts. The results are shown in Figure 45.
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Figure 45. Radiation pattern in Copol (left) and its corresponding AR aperture (right) for the two main cuts of the antenna example used
in Section 3.1.1

The AR beamwidth of microstrip antennas is limited in low elevation angles. To understand the cause of this
effect, we can refer to Figure 43. For a CP antenna, the two perpendicular E field components in far field, E1
and E2, are of the same magnitude and have a relative phase shift of 90°. If we observe these components in
broadside, each orthogonal mode launched from the antenna can be easily tuned to fulfill these conditions.
However, in low elevation angles, both componts are smaller due to the limited effective aperture. The E1
component will tend to increase for a reasonably large ground plane due to the boundary conditions of the
metallic plane, while the E2, parallel to it, will be decreased. For smaller grounds, this effect will be less extreme
but still will occur. This is a problem for a broad axial ratio beamwidth, as it is then difficult that the two polar-
izations in endfire are equal in amplitude for all observation angles.

The limit of the AR beamwidth is linked to the directivity beamwidth, but the different nature of these two
parameters calls for different ways of enhancing the respective beamwidths. This is noticed in the literature,
where usually the proposed techniques are very different to improve the directivity beamwidth or the AR
beamwidth. In this thesis we focus mainly on the directivity beamwidth.

3.1.2 Fundamentals of the beamwidth of canonical microstrip antennas: summary

Below, a few conclusions on the beamwidth of microstrip antennas are summarized:
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e The antenna volumetry: The ratio between the area of a microstrip antenna seen from broadside and
endfire is in the range of 50. This is one of the reasons for the lower gain at low elevation angles.

e The ground plane effect:
o The ground plane being a quasi-perfect electric conductor sets a limit to the amount of power
the antenna can transfer to the horizontal component of the E field in far field in low elevation
angles.

o The size of the ground plane plays a key role in the beamwidth, increasing the peak gain in
broadside.

o Different types of beamwidths for CP antennas: For CP antennas thera are two beamwidths to be
considered: the directivity beamwidth and the AR beamwidth. To improve the AR beamwidth in low
elevation angle one should balance the two orthogonal components of the E field in far field, which
are also affected by the boundary conditions of the ground. As this condition is not inherently linked
to the directivity beamwidth, one could increase the AR beamwidth using techniques that do not in-
crease the directivity beamwidth.

3.2 Analysis of the main parameters of a patch regarding its pattern

In this Section, we analyse the effect of the main parameters of a patch that affect their pattern. One of them
is the ground plane size, which has a strong effect on the pattern (sidelobes, peak gain and back radiation).
The thickness and permittivity of the substrate are also analysed as they are directly linked to the antenna
effective aperture, and therefore to its gain and pattern.

For all the analyses in this Section, we use variations of a canonical rectangular antenna, to be coherent with
Section 3.1. The results are specific realizations that help to quantify and illustrate the different effects of the
parameters under analysis. We do not show the geometry in each of the individual analyses for the sake of
brevity, but we specify the changes made to the geometry in each case.

3.2.1 Effect of the ground and substrate size

Following the premises explained in Section 3.1, the size of the ground plane is the cause of the directive
pattern and the low gain in low elevation angles and thus its size is an important parameter regarding the
pattern. For finite ground planes, the radiation from the edges of the PCB contributes in the total pattern, and
it changes thus periodically with the ground size due to this effect depending on the interference with the
radiaton from the patch [59] [60].

In the results from Figure 46 we can observe that the back radiation is lower for the smaller ground plane which
might seem counterintuitive. From the ripples on the radiation pattern for the largest ground plane at phi=90°,
we can see how there is another radiation mechanism other than the patch that causes these effects. The cause
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is the waves radiated from the board edges that come from the surface waves trapped in the substrate. These
waves are diffracted by the ground and radiated by the edge, thus changing the shape of the pattern depend-
ing on the interference of the radiation from the edges and form the patch.

RT5800. Copol at phi = 0deg cut RT5800. Copol at phi = 90deg cut
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Figure 46. Radiation patterns for the two main cuts, phi=0° (left) and phi=90° (right) of a pach antenna.

The spurious radiaton caused by the PCB edges occurs because of the surface waves in the substrate. Their
decay is slower than for waves propagating in free space: inversely proportional to the distance, and not to the
square of the distance as in free space. The surface waves are then not sufficiently attenuated when theyreach
the edges of the board. As their magnitude is non-negligible, the radiation from the edges interferes with the
radiation of the patch, modifying the radiation pattern depending on the size of the board and the permittivity
of the substrate. The latter also changes the propagation speed of the surface waves and therefore the phase
shift between the radiation from the two radiating mechanisms: the patch and the edges of the board; therefore
modifying their interference and shape of the total pattern [61]. Also, the low losses of the substrate (in the
case of the results in Figure 47, the loss angle of 0.0009 for Rogers RT5880) are very low to sufficiently attenuate
the surface waves.

Surface waves are usually an inconvenient for microstrip antennas, but if one wants to design a broadbeam
antenna (standalone), they can be used to enhance the beamwidth, taking advantage from radiation on the
edges of the substrate. The size of the ground plane allows to slightly change the shape of the pattern, but it
is very often a parameter the that is limited or set by the design requirements.

3.2.2 Effect of the substrate thickness

To increase the effective aperture of a patch seen from low elevation angles, one logical step is to increase the
height of the substrate. The height of the patch, electrically, also depends on the substrate permittivity. We
perform then the analysis using various substrate thicknesses from two commercial PCB materials with a low
and high permittivity of 2.2 (RT5880), and 9.2 (TMM10), respectively.

First of all, changing the thickness of an antenna will have an important effect on the latter's bandwidth [62].
Therefore, even if it is not related to the beamwidth, it is important to get an overview of the compromise
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bandwidth/beamwidth that we can make changing the substrate thickness. An increase of the height of a patch
antenna leads to a broader bandwidth, and this is in line with the results obtained in Figure 48 and Figure 49.
Changing the thickness moves slightly the resonant frequency, and this effect has been corrected for these
simulations to perform a coherent comparison. The bandwidth is more limited as expected for higher permit-
tivity materials, and the difference is less significant for thicker substrates.
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Figure 48. Reflection coefficient in magnitude (left) and Smith Chart (right) for various substrate heights. The substrate is Rogers RT5880.
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Figure 49. Reflection coefficient in magnitude (left) and Smith Chart (right) for various substrate heights. The substrate is Rogers TMM10.

Focusing on the radiation characteristics of the antenna, it is interesting to visualize the changes in the distri-
bution of the fields for various thicknesses and the same antenna footprint. We can see this in Figure 50, where
we compare the fields of a patch antenna on a substrate made of Rogers TMM10 for two different thicknesses
of Tmm (0.0084,) and 5mm (0.044,). We can observe that the shape of the fields is similar, with a couple of
subtle differences: more power diffracted/reradiated at the edges of the thicker PCB, and a larger portion of
the fields remains inside the substrate. The latter is a logical consequence of a thicker substrate, and has to be
addressed carefully as it could increase the losses in a lossy substrate and diminish the antenna efficiency.
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Figure 50. Side view of the E fields in complex magnitude in the two radiating slots of a patch with Tmm thickness (left) and 5 mm thick-
ness (right). The substrate is Rogers TMM10, with a relative permittivity of 9.2. The fields are shown in the E-plane, to see the behaviour
of the radiating edges of the patch.
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We do not show the field distribution for the low permittivity substrate as it is too similar for the two thicknesses
to be able to spot any difference. This is already a hint that the radiation pattern almost does not change when
changing the thickness of a substrate with low permittivity, at least for thicknesses that are reasonable from
the low-profile geometry and the commercially available panels. This can be confirmed from the results of the
radiation patterns for the two substrates and various thicknesses are shown in Figure 51. We show only one of
the two cuts, at Phi=90°, as the behavior in Phi=0° is very similar. We can observe that the pattern is practically
the same for the three variations of the thickness in both cases, but the change is almost negligible for the low
permittivity substrate. The biggest change is between the two substrates, as higher permittivities lead to
broader beamwidths, with better endfire gain and higher back radiation.
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Figure 51. Radiation pattern of a patch antenna using RT5880 (left) and TMM10 (right) for various substrate thicknesses.

We can summarize the effect of the substrate thickness on a microstrip antenna as follows:

e Thicker substrates increase the bandwidth but can diminish the efficiency as a larger portion of the
fields are confined inside the substrate.

e Thicker substrates can widen the beamwidth, but thiss effect is modest, and almost negligible for low
permittivity substrates.

e Substrates with higher permittivities increase the beamwidth and the effect of the substrate height is
then more sensitive. However, the back radiation is also increased, what further decreases the peak
gain.

3.2.3 Effect of the substrate permittivity on the beamwidth. Relation to the effective area of
an antenna

In this Section we analyse the influence of the substrate permittivity on the beamwidth, comparing results
coming from several substrates. Following the results in Section 3.2.2, a high permittivity substrate increases
the beamwidth. One of the reasons is the smaller antenna footprint thanks to the higher permittivity. The size
reduction of the four patches in this Section are shown in Figure 52. For all the four cases we keep the same

41



Chapter 3: On the beamwidth of microstrip antennas and how to increase it

substrate thickness of Tmm. These antennas have been adjusted to be resonant at the same frequency for a
fair comparison, and their reflection coefficients are shown in Figure 53., from which we can see how the band-
width is narrower for the higher permittivity substrates but the difference is not as large as for changing the
physical thickness. An extended analysis of the effect of the permittivity on the radiation of patch antennas can
be found in [63] and [64].

RT5800, eps_r = 2.2

TMM4, eps r = 4.5

TMM6, eps_r=6  TMM10, eps_r = 9.2

Figure 52. Top view of four patches using different substrates. The substrate thickness is of Tmm in all the cases. Antennas designed and
simulated using Ansys Electronics Desktop [22].
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Figure 53. Reflection coefficient in magnitude (left) and Smith Chart (right) for various substrates with different permittivities.

The complex magnitude of the E field for the antennas with the highest and lowest permittivities, 2.2 and 9.2,
are shown in Figure 54. We can observe how the radiation in the lower hemisphere and in the endfire direction
are significantly higher for the higher permittivity patch. This is coherent with the variation of the radiation
pattern with the permittivity, that is shown in Figure 55.
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Figure 54. E-field complex magnitude for the lowest (left) and highest (right) permittivity substrates at phi=90° cut, where we can see the
behaviour of the radiating edges.
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We can see how the beamwidth increases in direct relation to the increased permittity. As a higher pemittivity
means a smaller antenna for the same resonant frequency, the physical area of the antenna is smaller and so
is its effective aperture. This comes in line with the rule of thumb of higher effective aperture — higher gain, or
smaller aperture — broader beamwidth [27]. For all the permittivity variations we have not changed the thick-
ness, and then the ratio of the broadside to endfire effective aperture seen from far field is smaller for higher
permittivity substrates. This also contributes to decrease the difference between the gain seen in broadside
and endfire and thus leads to a smoother gain decay with angle and broader beamwidth.
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Figure 55. Radiation patterns in phi=0deg (left) and phi=90deg (right) cuts for the antennas in Figure 52.
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Figure 56. Variation of the gain (left) and HPBW (right) with the various substrate permittivities.
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Another radiation mechanism that contributes to the higher endfire radiation using higher permittivity sub-
strate is the effect of surface waves. These are reradiated from the edges of the board and contribute as well
to a higher back radiation. This effect is more present in higher permittivity substrates as the permittivity dif-
ference between the air and the substrate is higher, trapping a higher ratio of the total power in form of surface
waves. The effect of surface waves radiated by the edges of the board can be seen in Figure 54, where the
diffraction on the edges is visible.
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To summarize, the use of higher permittivity substrates:
e Decreases the antenna bandwidth.
e Reduces the antenna size.
e As the size is smaller, the achievable peak gain is also smaller, and the beamwidth larger.
e The smaller broadside to end-fire effective aperture ratio helps to obtain a broader beamwidth.

e The effect of reradiation an diffraction from the edges of the board is more significant, and it contrib-
utes to a broader beamwidth but also to a higher back radiation.

3.3 Techniques to increase the beamwidth changing the antenna geometry

We have seen how we can change the shape of the radiation pattern of a microstrip antenna by changing
some of its main parameter, like the properties and geometry of its substrate and the size of its ground plane.
In this section, we present some techniques that modify the canonical geometry of a microstrip antenna to
increase its beamwidth.

3.3.1 Bending the substrate

One of the options to increase the beamwidth of a microstrip antenna is to bend its substrate. The principle is
the same than for increasing the substrate thickness: to increase the antenna vertical section for a better effec-
tive aperture seen from endfire. To illustrate the effect of the bending, we use a design as an example, made
with RT5880 substrate with a thickness of 1.57mm as an example. This design is shown in Figure 57. In Figure
58 we can see the top a side view of the design, from which we can already observe that the ratio between
the effective aperture seen in broadside and endfire has changed from 35 to only 3.4. This means that the
broadside gain should be lower and the endfire gain higher compared to the planar case. Bending the antenna
also increases the impedance banwidth by a factor 2. This is thanks to the antenna occupying more efficiently
the space in the minimum sphere that can enclose it [65]. The antennas in this Section have been simulated
using Ansys Electronics Desktop [22].

Figure 57. Regular patch (left) and bent patch (right). The bending radius is of 200 mm.
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Figure 59. Reflection coefficient in magnitude (left) and Smith Chart (right) of a bent patch and a regular planar patch.

We can observe the effect of bending the substrate on the radiated fields in the Figure 60. The cut does not
include the radiating edges, as the pattern is enhanced in the plane that does not include them. We can observe
how the E field is much more uniformly distributed in the space for the bent antenna. This is coherent with the

results of the radiation patterns in Figure 61. The HPBW is increased from 90° to 120° at phi=90° thanks to the
bending.

E Field [¥/m]
1168, BAEE0
591. 5163
318.8831
174, B4ES
91. 9789 o o -

49, 4639 '/_‘\“
26,5972 \\
14, 3824 -

7. 6918

4, 1358

2. 2248
1.1959
9. 8431
0. 3458
0. 1568
0. 1008

Figure 60. E field complex magnitude distribution for the planar (left) and bent patches (right). At 2.45GHz.
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Figure 61. Radiation pattern phi=0 (left) and phi=90 (right)

Here we summarize the main aspects of this technique:

e We lose the advantage of having a low-profile geometry.

e More complicated to integrate the feeding structure underneath (depending on the bending radius).

¢ Only enhancing the pattern in one plane.

e The bending might not be a problem for some substrates that can be bent. Higher permittivity sub-

strates like ceramics cannot be bent, however, and this should be considered in the design depending

on the application and requirements.

e Significantly improved beamwidth in the plane of the bending, with a conceptually simple design.

e This geometry might be useful for certain applications, where a cylindrical bending and improvement

in one plane could even be useful for the antenna integration.

3.3.2 Using 3D ground structures

Following the same idea of increasing the vertical section of the antenna, several works in the literature propose

the use of 3D ground structures to enhance the beamwidth [66]-[68]. As the radiating mechanism of the
patches rely on the fringing fields radiated by the radiating edges of the patch, a 3D ground changes the shape
of the fringing fields to increase the vertical aperture of the antenna and improve its low elevation gain.

An example of a structures that uses 3D ground structures is proposed in [66] and is shown in Figure 62. With
this antenna, the authors achieve a HPBW superior to 140° in the two main patterncuts. It uses a parasitic patch
to increase the bandwidth. As we can observe, this kind of antenna has a profile several times larger than a

regular patch.
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Figure 62. Example of a broadbeam microstrip antenna using 3D ground structure [66]

To illustrate the operation of this kind of antennas and their potential to increase the beamwidth, we propose
a geometry using the same principle of redirecting the fringing fields to. It consists of a a multilayered ground
structure that mimicks a 3D ground, and we compare it to the same antenna removing the extra layers of
ground. Both structures are shown in Figure 63.

Figure 63. Proposed geometry mimicking a 3D ground structure using several substrate layers. Both use a substrate RO3210 with a per-
mittivity of 10.2 and a loss angle of 0.003. Each substrate layer has a thickness of 5mm. Antenna designed and simulated using Ansys
Electronics Desktop [22].

In Figure 64 we show the reflection coefficient of the two structures, where we can observe how the 3D ground
antenna has improves significantly the bandwith. This occurs because we are increasing the thickness of the
ground and the fields are less confined in the cavity patch/ground, leading to a smaller Q factor.
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Figure 64. Refflection coefficient of the simple ground antenna and the layered ground antenna.
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We can observe that the fields are more detached from the ground next to the antenna when we add the extra
layers, and the back radiation is smaller. The closest ground to the patch is small enough to allow the fringing
fields to get attached to the other layers of the ground, which leads to the more distributed E fields in the near
field. The back radiation is reduced thanks to the larger ground plane surface compared to the patch. The lower
back radiation is one advantage of this technique compared to the bent patch or to using high permittivity
substrates. In Figure 66 we can observe the patterns, where at phi=90°, the plane orthogonal to the antenna

polarization, the HPBW is increased from 113° to 144°.
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Figure 65. Complex magnitude distribution of the E field.
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Here we gather some of the conclusions of using 3D ground structures to increase a microstrip antenna’s
beamwidth:

e The substrates should be thick.
e Very good beamwidth enhancement.
e |t also enhances the bandwidth.

e The technique leads to structures significantly heavier and bigger than a regular patch and broadbeam
patches using other techniques. It loses some of the main advantages of microstrip antennas: low
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Figure 66. Radiation patterns for the cuts at phi=0° (left) and phi= 90° (right).

profile and low weight.
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e |t offers a very good radiation performance as it enhances the beamwidth, bandwidth and low back
radiation. For applications where volume or weight is not a problem, this approach is a suitable choice.

3.4 Using additional radiating elements for improved low elevation gain

The techniques we have seen in the previous Sections are based on modifying the geometry of the antennas
without major conceptual changes in their functioning. Another approach to modify the behaviour of an an-
tenna is to add more radiators that enable certain improvements with respect to the standalone antenna that
are otherwise not possible or very difficult to achieve. For example, it is a common practice to use parasitic or
stacked patches to extend the beamwidth of a single patch or to achieve multiband operation.

In [69], the authors summarize the idea of using additional elemnts along a patch to obtain the desired en-
hanced vertical section of the antenna. The idea is that the overall pattern consists not only on the patch
contribution but also on these additional elements, as one can see in Figure 67. This antenna exhibits a HPBW
of 236° in the E plane (where the vertical walls are located) and 130° in the H plane at 9GHz, clearly showing
the potential of this approach. A similar approach is used in [56], where the authors combine a set of crossed
dipoles instead of patches.
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Figure 67. Additional radiating elements/current distributions for enhanced vertical effective aperture [69].
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We can think of this type of antennas like an array with different individual elements and that are not necessarily
all fed directly. The patterns of each elements should not have their maxima in the same direction like in usual
arrays, as this will increase the peak gain and therefore decrease the beamwidth. The individual elements added
to the patch open a huge set of possible geometries, and these should be chosen depending on the constraints
of the application.

We summarize the approach of using additional elements to patch antennas as follows:

e These designs are also more complex and delicate. They require a careful design of the polarization of
the patch and the individual elements together to achieve the desired polarization for the total pattern.
This is especially critical for circularly polarized antennas.
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e The type of the additional elements, position and feeding plays a key role on the total pattern. This
adds a new layer of complexity to the design. If one chooses a compatible coplanar additional element,
we can keep the advantage of the low profile and low weight. Also, depending on the extra element
we can improve the bandwidth

This type of antennas offers a broad set of possibilities, depending on the various radiating elements, how they
are excited, their individual patterns, etc. Depending on the individual element, one can adjust not only the
bandwidth but also the beamwidth. This type of technique is very open, as it depends on the type of additional
radiator that is used. We devote the Chapters 6 of this Thesis to beam broadening using this type of technique,
more specifically using additional elements coplanar to the patch that help to keep the low-profile and mini-
mize the weight of the antenna.

3.5 Summary and compromises on improving the beamwidth

Our objective with this Chapter is to provide a summary and an overview on the techniques to increase the
beamwidth of microstrip patch antennas and the basic knowledge to decide which approach is better for a
given design or application.

We can summarize the content very briefly as follows:
o Causes to the narrow beamwidth:
o Presence of the ground plane.
o Low effective area seen from endfire.
o Solutions:
o Use a smaller ground and high permittivity substrates.
o Decrease the ratio of effective area seen from broadside and endfire.
* Increase the vertical section of the antenna by using 3D ground or bent structures.
» Use additional radiators to complement the pattern of the patch.

The choice of the approach to increase the beamwidth will very much depend on the application and its specific
requirements. There are then other parameters that are important to address to have a complete overview:
size, weight and bandwidth, among others.

For our application, the most restrictive constraint for the antennas is the low weight and small size. Techniques
like using high permittivity substrates (reduced antenna size) could be an acceptable option in terms of beam-
width, but would not offer a sufficiend bandwidth. Using 3D ground structures increases too much the profile
and the weight and is not an option for compact antennas. Our conclusion is that the most suitable approach
amongst all presented in this Chapter are the antennas using into additional radiators as it seems the most
versatile technique for low profile and light antennas. We devote the Chapter 4 of this thesis to the analysis,
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design, and validation of antennas using coplanar additional elements for compact size, light weight and en-

hanced beamwidth.

Mechanical

Bandwidth

Beamwdith

Remarks

Higher permittivity

substrate

Thicker substrate

Smaller ground

Bending patch

3D ground

Additional ele-
ments

Excellent, very small

Heavier

Better (smaller)

Inconvenient to fab-
ricate

Heavier but small
footprint

Depends on the ad-
ditional radiator. Big-
ger than regular
patch

Reduced bandwidth

Improved

No changes

Better than a regular
patch

Better than a regular
patch

Can be improved de-
pending on the ad-
ditional element

Good beamwidth
enhancement

Slightly improved
but only for high
permittivty subsrates

Depends on ground
size and surface
waves

Very good but only
in one plane

Very good beam-
width enhancement
and low back radia-

tion

Excellent beamwidth
improvement

Back radiation
More expensive sub-
strates

Too thick substrates
can increase the sur-
face waves and de-
crease the efficiency

Back radiation

Back radiation

Requires thicker an-
tenna and smaller
ground

More complex, re-
quires good
knowledge of the
patch and elements

Table 5. Comparative table of advantages and disadvantages of the different approaches.
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4 Compact and lightweight LP and CP broad-
beam microstrip antennas: compromises and
explanation through designs and examples

In this Chapter, we describe the process of designing compact and lightweight, low-profile and broad-beam
microstrip antennas using additional elements. We do it for various designs operating in linear and circular
polarization. For these designs we apply the guidelines and knowledge from Chapter 3, and they serve to focus
on the practical compromises to be made for a specific set of requirements. We present several designs of
broad-beam microstrip antennas, focusing on the use of additional elements, both in linear and circular polar-
ization. The use of additional elements allows to maintain a low-profile, while enhancing the beamwidth and
the bandwidth.

We divide the Chapter in two groups of patches with additional elements: LP and CP antennas. We start with
LP antennas as they are simpler to analyze and understand, and thus more useful to explain the techniques
and designs proposed in the following sections. In Section 4.1, we summarize the requirements of our appli-
cation, as the work in the rest of the Chapter is carried out in the search of an antenna that meets the require-
ments. In Section 4.2 we present an antenna that we use to understand the potential of using additional ele-
ments to increase the beamwidth. The antennas in Sections 4.3 and 4.4 are devoted to refining the same prin-
ciple for smaller sizes and lower weight to meet the requirements of our application. We structure the work in
these two Sections in three steps: explanation of the concept of operation, a specific design example to assess
guantitatively the beamwidth widening, and the results from fabricated prototypes to validate the designs. The
antennas in this Chapter have been designed and simulated using Ansys Electronics Desktop [22].

4.1 Summary on the antenna system constraints and requirements

The final design presented in this Chapter responds specifically to the needs of our application, which require-
ments we briefly remind here. The drone is protected by a carbon fibre cage, as shown in Figure 68, which
makes it collision resilient and enables it to be used in many unprecedented scenarios. Carbon fibre is very
light and robust, but also electrically conductive, and it is the material used by all the rods composing the
protective structure. The cage perturbates significantly the antenna performance.
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I »

Figure 68. The signal radiated by the antennas inside of the cage is being attenuated by the cage, thus reducing the strength of the sig-
nal being emitted and therefore range of operation.

The proposed solution is to bring the antennas closer to the cage, to illuminate a smaller Section, which should
reduce its effect on the antenna performance. This drone is flown indoors and in complex environments, where
its position with respect to the controller is unknown and the multipath effect is significant. Therefore, we
propose using a CP antenna, which should be more resilient to the polarization changes due to the different
rods. Also, using CP on the antenna elements assures that the polarization mismatch with the linearly polarized
antennas on the controller is maximum of 3dB.

The antenna requirements are summarized as follows:

1. Matching: better than -10 dB over the operating frequency range
2. Operating frequency range: 2.4-2.5 GHz (ISM band)

3. Pattern: As close as possible to hemispherical, as only 2 antenna elements can be used to
cover the entire space. This is important to guarantee a maximum gain variation around the
drone of 10dB.

4. Polarization: Circular polarization.
5. Weight per antenna: 10g max.

6. Size: Ideally 40x40mm max per antenna and a max volume of 8,000mm? per antenna element.

Among these parameters, the weight is of critical importance, which inevitably sets a strong limitation in size
as well. The antenna system should cover one hemisphere of the space with a gain variation in any direction
around the drone smaller than 10dB, and ideally as small as possible. This implies using antennas with hemi-
spherical patterns, which for microstrip antennas requires to broaden their typical beamwidth of approximately
70° in circular polarization. Ideally, as the cage changes the pattern of the antennas, it would be preferable to
avoid its effect to have a better control on the pattern of our designs and also a better directivity. However, for
our application it is not possible to remove this effect as the antennas must remain inside the cage and pro-
tected from potential collisions.
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4.2 LP broadbeam patch using higher order modes

This antenna, reported more in detail in [70], condenses the concept of combining end-fire and broadside
radiators. We investigated in the literature for end-fire radiators that could be integrated in the same layer as
the patch, to maintain the low profile. In [46] the authors explain the behavior of higher order modes excited
on circular patches. They address the topic from the theoretical point of view, providing insights on the distri-
bution of the fields for the different modes, at which elevation the peak gain occurs, and all this for different
substrates. In [43] they present also higher order modes excited in circular rings, providing a monopole-like
radiation pattern with a null in the direction broadside to the antenna and higher gain at low elevation angles.

In this section we use this last idea, along the work in [44] to combine in the same plane a circular patch
operating in its fundamental mode, TM10, and an additional radiation element, a ring, that operates in a higher
order mode. We take advantage of the naturally larger size of the ring to operate in a higher order mode to
place it surrounding a central disk. We proposed the design in Figure 69, which explains this idea [70]. The
geometry uses a circular disk and a ring, and a single coaxial feeding connected to the central disk. The ring is
excited from the patch by a shorting strip. This short-circuiting strip has a very important effect on the antenna
parameters, as it controls the contribution to the input impedance and the radiation for both elements. One
can control the coupling between the two radiators by varying the width of the short connecting the two, or
the separation between the patch and the ring. This antenna uses a Rogers Duroid 5880 substrate with 6.35mm
of thickness, a relative permittivity of 2.2 and a loss tangent of 0.0009.

Figure 69. Geometry of the hybrid antenna using higher order modes. The antenna size is 140x140x6.35mm*3 [70].
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Figure 70. Geometry and main dimensions of the geometry proposed in Figure 69 (left), and the current distribution (right) [70].
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Ring_;_w Disk_ diam | Gap_w | Feed x  Strip.w Sub_w
24.5mm 52mm T mm 7mm 3mm 130mm

Table 6. Dimensions of the geometry in Figure 70.

The distribution of the surface currents on the antenna are shown in Figure 70, in which one can distinguish
the TM10 mode excited in the central circular disk, and the TM31 mode excited in the ring. The patterns of the
two separate elements, the patch and the ring, operating at their respective modes, are shown in Figure 71.
The radiation of the disk follows a typical broadside radiation from a patch, while the ring operating in the
TM31 mode has a null in broadside and a peak around 55°. The combination of these two patterns, with
complementary radiation patterns, leads to an enhancement of the beamwidth in the optimized cut of up to
160°, as one can observe in Figure 72. In Figure 73, we show the co-pol and cross-pol patterns. In the op-
timized plane we can observe that the cross polar discrimination (XPD) is not very large at some angles (around
45°), because of the arrangement of the currents in the ring.
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Figure 71. In this figure we show the Phi = 90° pattern cuts (in copol) of the disk (left) and the ring (right). These two patterns comple-
ment each other to broaden the beamwidth.
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Figure 72. Reflection coefficient (left) and gain pattern over for the lower, center, and higher frequency of the band [70].
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Figure 73. Gain in Copol and Xpol for the antenna proposed in Figure 69. Phi = 0° (left) and Phi = 90° (right) [70].

Involving several elements and using the coupling between several elements to launch other modes provides
interesting advantages to modify the pattern of a patch antenna. However, making the two radiators operate
at the same frequency is not a simple task, as they are connected and operating together. As this design has
many intercorrelated variables, an antenna of this type is more difficult to understand and to tune than a
regular patch. This is especially true in designs intended for circular polarisation, where the purity of the modes
is critical to achieve a stable CP. Ideally, the impedance bandwidth and the pattern should remain the same
and stable over the frequency band, so that the total pattern of the total antenna is stable within this band. For
the antenna presented here, the resonances of the two radiating elements are not exactly at the same fre-
quency, but their resonances are tuned to be close together, and that is why, in Figure 72 we observe what
seems to be a single resonance. One would need to separate the resonances as much as possible for a better
impedance bandwidth, which would compromise the stability of the patterns, as one element dominates more
in the lower part of the band, and the other in the upper part. This effect is easy to see in Figure 72,
where the pattern is perfectly balanced at the center of the band, with a very flat pattern, and it tends to the
shape the ring’s or patch’s pattern as we move away from it.

To better illustrate how some parameters affect the matching and the pattern, we show in Figure 74 and Figure
75 a few variations of the width of the strip connecting the two radiators, and the thickness of the substrate.
These control how the two radiators are contributing to the input impedance and the total pattern.
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Figure 74. Effect of varying ustrip_W on the reflection coefficient (left) and the radiation pattern @2.45GHz (right).
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By varying the width of the line, we can see how we can fine tune the matching and slightly the shape of the
pattern, depending on which element dominates the other. In Figure 75, we can observe how thinner substrates
lead to two clearly separated resonances when we look at the reflection coefficient. We then observe the radi-
ation pattern at the lower, middle and higher frequencies of the band, for a slightly thinner substrate, but that
still remains matched in the band of interest (4mm instead of 6.35mm). We see how it is more unstable, as the
two radiating elements are not contributing equally over the band as their individual bandwidth is too narrow.
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Figure 75. Effect of substrate thickness on the reflection coefficient (left) and how a thinner substrate leads to a more unstable radiation
pattern over frequency (right), for a thinner substrate (4mm instead of 6.35mm).

Finally, we compare the performance of this antenna to a regular patch that serves as a reference for the typical
performance of an antenna of the same type as the proposed, and a dipole, as a reference for omnidirectional
coverage. The patterns in the two main cuts are shown in Figure 76, and the values of their HPBW and peak
gain are gathered in Table 7. The proposed antenna establishes a good intermediate point between the two
extremes, providing a HPBW of 160° in its optimized plane. One remark is that the peak direction of the ring
is around 55°, and is lower closer to end-fire. Using this additional element can indeed be used to increase the
beamwidth following the principle of increasing at end-fire. However, as its radiation pattern is not purely end-
fire, and the potential to increase the beamwidth when combined with the patch is limited. This could be,
however, an advantage, if we do not need to increase too much the beamwidth and it is more important to
keep a low back radiation.
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Figure 76. Gain in copol of the proposed antenna, a regular patch, and a dipole at cuts Phi = 0 (left) and Phi = 90 (right) [70].
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Antenna 3dB beamwidth (deg) Peak gain (dBi)
YZ cut XZ cut YZ cut XZ cut
Dipole 360 76 2.3 2.7
Proposed 159 115 44 5.2
antenna
Patch 70 68 8.5 8.5

Table 7. Comparison of the HPBW and peak gains for the YZ and XZ pattern cuts at 2.45GHz for various antennas

While this antenna using higher-order modes shows an excellent potential to increase the beamwidth, it is
clear that it is not suitable for the requirements of our application. Its pattern is relatively unstable in frequency
and is optimized only in one cut, it is only capable of radiating in linear polarization, and the most important:
it exceeds significantly the size and weight requirements. We started thus looking for end-fire radiators that
can be integrated with the patch, and that are potentially more compatible with CP.

4.3 Compact broadbeam LP patch antennas using ground slots

4.3.1 Concept of increasing the beamwidth using slots with end-fire patterns

To enhance the beamwidth using additional radiators, the radiation pattern generated by these has a strong
impact on the achievable total beamwidth, as we could point out for the patch with a higher order mode ring
in Section 4.2. The work in this Section focuses on finding radiators with a peak gain in end-fire, that does not
much increase the antenna footprint. Apart from geometries using higher order modes, we found works like
the one presented in [4], where they use Substrate Integrated Waveguide (SIW) antennas for end-fire radiation.
Using this technology requires to add vias, complicates the fabrication and make it more expensive.
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Figure 77. Standalone vivaldi antenna (left) and its corresponding pattern with good end-fire gain. The size is of 50x50mm and it oper-
ates at 2.4GHz.
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Vivaldi antennas are simpler end-fire radiator and can be embedded in a single layer of substrate along with
the patch. The geometry of a generic Vivaldi is shown in Figure 77. These antennas offer a much wider band-
width as the ring operating in higher order modes. This means that if these are used as additional radiators to
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a patch, the bandwidth of the antenna will be increased, and their pattern will be stable with frequency. In
addition, these can easily be integrated in the structure, in a geometry as the one presented in Figure 78.

Combining four Vivaldi antennas, that are mainly radiating towards the lower elevation angles, we can generate
an array that radiates a monopole-like radiation pattern if the elements are fed properly. This pattern has the
desired shape to be combined with the patch, as the effect of the slots is to increase the gain in low elevation
and decrease it in broadside. However, feeding several radiating elements with the right amplitudes and phase
shifts, and especially in a small size, can be challenging.

dB(GainTotal)
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Figure 78. Combination of 4 Vivaldi antennas fed with microstrip lines (left) to achieve the desired monopole-like radiation pattern
(right).

As all these radiators should be integrated together with a patch, five radiating elements have to be fed. The
size of the radiators is therefore very important as they take much valuable space for the feeding network. Also,
the ground should be sufficiently large to act as a good reference ground. Vivaldi antennas, due to their pro-
gressive aperture take a lot of surface off the metal, and are thus not suitable. We decided to reduce a Vivaldi
to a simple rectangular slot that follows the same radiation principle and provides similar pattern, but with a
narrower bandwidth. This evolution of the design is shown in Figure 80. These antennas still provide a band-
width that largely covers the ISM band, as seen in Figure 81. We also observe and confirm that the broad
bandwidth translates to a very stable pattern along the entire band of operation.
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Figure 79. Slot antenna (left) on the same ground as the Vivaldi in Figure 77 and its corresponding radiation pattern (right).
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Figure 80. Evolution of the Vivaldi antennas to simple rectangular slots (left) to achieve the desired monopole-like radiation pattern
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Figure 81. Matching (left) and radiation pattern stability over frequency (right) of the slots from the design in Figure 80.

In the design depicted in Figure 82, we combine four slots with a patch to illustrate this technique. The substrate
used in this design is FR4 and the thickness is Tmm. The size is of 70x70mm, the length of the slots is 15mm
and the size of the patch is 26.5x26.5mm? The slots are fed using lumped elements and the patch with a coaxial
feed. All elements are fed in phase. The polarization of the patch is along the X axis, a same as the polarization
of the slots to the left and right sides of the patch. In the plane at Phi=90° or YZ, where the polarizations are
aligned and the slots are combined to the patch, the pattern shows a very broad beamwidth of 220° in co-
polarization. The slots contained in the plane XZ (along the X axis) have a polarization orthogonal to that of
the patch. This explains the directional pattern in co-pol for that cut, which has a HPBW in the vicinity of 90°,
not very different from a regular patch. In practice, these slots could be removed to gain some space with no
significant change to the pattern. By applying this technique to a linearly polarized patch, it is only possible to
optimize the beamwidth in one plane, but the potential to increase it is excellent.

While the performance looks very promising, as the size could still be shrunk using a higher permittivity sub-
strate, there are a few problems to address. First of all, it is very complex to feed 5 elements in a small surface
with the right phase shift, and even more complicated to achieve CP. Also, while the slots have a good fre-
quency stability, the bandwidth of the patch is still limited and this can be a problem as we need to use a higher
permittivity substrate.
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Patch and slots @2.45GHz
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Figure 82. Adding a patch in the gap between the slots to combine their patterns providing a beamwidth of 220°.

4.3.2 Design of a LP patch antenna with slotted ground for a quantitative assessment of the
performance

4.3.2.1  Description of the design and quantitative assessment of its bandwidth and beamwidth.

We analysed the behaviour of the patch to learn how we could feed this type of antenna and the slots together.
The voltage difference created at both ends of the patch create a current flow in the patch and the ground,
and an E field between the patch and the ground. The latter is ultimately the responsible of the radiation of a
patch antenna. As the current also flows in the ground plane, if we place ground slots sufficiently close to the
patch, the voltage difference between either side of the slots generates an E-field along the slot in the same
polarisation as the patch. We use the antenna in Figure 83 to illustrate this effect, and we can observe in Figure
84 how the slots are excited passively from the patch.

Figure 83. Patch antenna with ground slots. The substrate is Rogers TMM10 with a permittivity of 9.2, and a thickness of 1.27mm. The
lateral size of the antenna is 47.8x47.8mm?, and the dimension of the slots is of 14mm.
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Figure 84. E fields of the LP antenna with slots in Figure 83. E-field vector (left) and complex magnitude (right).

For the architecture proposed in Figure 84, we can enhance the beamwidth significantly in the plane where the
slots are placed. The effect on the beamwidth can be seen in Figure 85, where the pattern is quasi-omnidirec-
tional with a HPBW of 190°.
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Figure 85. 3D LP pattern (left), and the co-pol cut in the YZ plane (right) with a HPBW of 190°.

Another of the advantages of such design is the effect of the slots on the antenna bandwidth. In Figure 86, we
compare the bandwidth of exactly the same patch with and without slots. The bandwidth is increased by around
5 times thanks to the slots, due to the broad beamwidth of the slots. This is very desirable advantage of this
technique, as we can choose a high permittivity and thin substrate to reduce the size and weight of the antenna.
Also, we should remember that a good bandwidth for the modes that we combine in an antenna is important
if we want to have a stable pattern over frequency.

This method has the disadvantage of increasing the back radiation but the advantages of having a simple
feeding, enhanced beamwidth and bandwidth, and smaller footprint.

By controlling some parameters like the length of the slots and their proximity to the patch, one can tune how
much the slots contribute to the radiation pattern and therefore how much the beamwidth is enhanced.
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Figure 86. Bandwidth of a single patch (red) and the patch with slots 5% (yellow), for exactly the same size. The bandwidth is increased
by x5 times

4.3.2.2  Analysis of the main parameters of a patch with a pair of ground slots

The objective here is to understand the effect of all main parameters, and their impact on the various figures
of merit of the antenna. We use as a reference the patch with a pair of slots shown in Figure 83.

We can observe how the changes in the impedance are not significant when we change the width of the slots
as seen in Figure 87. The changes in the pattern are negligible from the results in Figure 89.
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Figure 87. Effect of the slot width on the input impedance (left) and the radiation pattern (right). The variations are for a slot length of
14mm, a separation patch-gap of Omm and a patch size of 19.8mm. These results refer to the antenna in Figure 88.

In Figure 90, we can see a spot where the two impedances are optimized to be matched for a slot length of
14mm. In fact, that point has a broad bandwidth that covers the entire band, thanks to the broader beamwidth
of the slots. We can see in the Smith Chart how the impedance for the optimized values is significantly lower
compared to the single patch. That means that for these antennas the feeding point of the patch should be
moved closer to the edges of the patch. The pattern for various slot lengths is shown Figure 91
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Figure 89. Radiation pattern cuts at phi=0° (left) and phi=90° (right) for various slot widths. The variations are for a slot length of 14mm,
a separation patch-gap of 0Omm and a patch size of 19.8mm.
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Figure 90. Effect of the slot length on the input impedance. The variations are for a slot width of Tmm, a separation patch-gap of 0Omm
and a patch size of 19.8mm.
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Figure 91. Radiation pattern cuts at phi=0° (left) and phi=90° (right) for various slot lengths. The variations are for a slot width of Tmm,
a separation patch-gap of 0Omm and a patch size of 19.8mm.

We can observe in Figure 92 the effect of the gap between the patch and the ground slots on the reflection
coefficient. The input impedance of the antenna decreases when the slots are closer to the patch, and increase
when they are further, converging to the usual input impedance of a standalone patch. This can be in some
cases beneficial, as the impedance of the patch can be decreased closer to 500hm and use a simple microstrip
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line to feed it. This would further decrease the size of the antenna, as there would be no need to for a quarter
wavelength transformer between the connector and the antenna, which would require a larger footprint.
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Figure 92. Effect of the slot-patch gap in the reflection coefficient.
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Figure 93. Effect of the slot-patch gap on the pattern. The variations are for a slot length of 14mm, a slot width of Tmm and a patch size
of 19.8mm.

In Figure 93, we can observe how the beamwidth broadens when the slots are closer to the patch, as their
contribution is more significant, and more directional when they are more distant from the patch. In Figure 94
we observe the effect of the substrate thickness. The resonant frequency does not move, but we can observe
how the selected thickness, 1.27mm is the one that offers a sufficient bandwidth (>83MHz) to cover the band
of interest.
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Figure 94. Reflection coefficient for various substrate thicknesses. The variations are for a slot length of 14mm, a separation of 0Omm
and a patch size of 19.8mm.
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Figure 95. Radiation pattern cuts at phi=0° (left) and phi=90° (right) for various substrate thicknesses. The variations are for a slot
length of 14mm, a separation of Omm and a patch size of 19.8mm.

Some of the consequences of this design are a more sensitive design, the strong null at phi = 90°, and the
back radiation. These are to the advantage of having a small and light antenna with a good bandwidth, a good
beamwidth in the enhanced plane and a simplified feeding.

4.3.3 Prototype of a LP patch with ground slots

We fabricated and measured the antenna in Figure 96 to validate the proposed technique. We adjusted slightly
the design using Rogers TMM 10i with a relative permittivity of 9.8 and a loss angle of 0.002, which makes the
antenna smaller. The antenna size is 45.2x45.2x1.27mm?, the slots are 13mm and patch is 19.2x19.2mm. Among
all the thicknesses available for this substrate, we selected 1.27mm, as the immediately thinner of 0.762mm
does not provide sufficient bandwidth to cover the band of operation. This design allows us to solder directly
a connector on the antenna to measure directly the input impedance of the antenna itself without a matching
network. The fabricated prototypes are shown in Figure 96.

Figure 96. Geometry of the antenna prototype. The dimensions are 45.2x45.x1.27mm?, with a Rogers TMM 10i substrate. The length of
the slots is 13mm and the sides of the squared patch are 19.2mm.
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Figure 97. Fabricated LP patches. Top view (left) and bottom view (right).

The impedance bandwidth of this antenna covers the entire band of interest thanks to the interaction of the
patch with the slots, which have a broader bandwidth. The sufficient bandwidth that we see here also makes

us think that such antennas could be used in CP, as each of the two modes excited on the CP patches have a
sufficient bandwidth separately.
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Figure 98. Measured and simulated S11 of the LP patches prototypes. Its bandwidth is of ~100 MHz, broader than the 83.5 MHz required
in the band.

We measured the pattern and gain of the prototypes in the anechoic chamber and using the setups shown in
Figure 99. As these antennas have a very broad beam and the ground slots are radiating, we have found that
using a plastic slab to assemble them on the support can have an effect on the accuracy of the measurement.
We avoid the use of the support by using tape to suspend the antennas in the middle of the support. We also
add ferrites to the cable to eliminate any potential effect of cable currents on the measurements.
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Figure 99. Measurement of the LP prototype in the anechoic chamber. The support introduces reflections that are ultimately seen in the
measurement of the pattern as ripples.

The measured gain of 5.2dBi and 4.1dBi at the lower and upper frequencies, respectively, as we can see in
Figure 100. The HPBW of this prototype is 190° in simulation for the optimized plane (phi = 90°), and we
observe that the envelope of the pattern in simulations and measurements are very similar despites a ripple
effect on the measurements, that from our experience is based on the measurement setup.
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Figure 100. Measurement and simulation results in the phi=0° cut (left) and phi=90° cut (right). The HPBW is of 190° for the optimized
plane. The patterns are shown @2.45GHz, and the peak gain is 4.6dBi

To summarize, combining a patch with ground slots, we can improve the bandwidth of the patch, and increase
its beamwidth in a compact size and weight. However, antennas of the type presented in this Section only
optimize the pattern in one plane, and in linear polarization. As the antennas in the drone require CP radiation
and a broad pattern in all cuts, we devote the following Sections to developing this idea to meet the require-
ments.
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4.4 Compact broadbeam circularly polarized patch antennas using ground slots

4.4.1 Concept. Broadbeam CP patches combining patches with ground slots

In this Section we use the ground slots to enhance the beamwidth in two planes and in circular polarization. A
CP patch can be seen as the combination of two modes with the same amplitude that are shifted 90deg in
phase, and placed perpendicular to each other. Following this idea, the patch with two slots from Section
4.3.2.2, is modified adding another pair of slots, one for each of the polarizations, resulting in the structure in
Figure 101.
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Figure 101. Patch with four ground slots and two lumped ports that excite circular polarization in the antenna.

To excite circular polarization in the patch, we use two lumped ports between the ground and the patch. One
of the ports has a delay of 90deg with respect to the other. That means that at a phase of Odeg, ideally the
current is purely horizontal or vertical along the patch, and only one pair of slots is excited. At 90deg and its
multiples, the orthogonal polarization in the patch dominates and the corresponding pair of slots is active, as
shown in Figure 102. Thanks to this behavior, this structure is compatible with exciting circular polarization,
and the slots are coherently fed with the patch. This is important as it eliminates potential phase misalignments
between the various radiating elements if we had to feed all of them.

From the distributions of the E fields and the currents in Figure 102, we observe that the slots are alternately
activated depending on the mode that is excited on the patch (coming from port 1 or port 2). The combination
of the two orthogonal modes in a patch allows to excite circular polarizations with patterns with revolution
symmetry for regular patch antennas. For this type of modified antenna, due to the different interaction of the
slots with the patch depending on the polarization, we need to analyze the patterns for each of the separate
modes to understand how they can combine to radiate a CP pattern. In Figure 103 we show the pattern when
we activate only port 1 on the antenna. In this case the antenna is equivalent to having a linearly polarized
patch with its beamwidth enhanced in only one plane. If both ports are activated, the pattern in the enhanced
plane combines with the non-enhanced pattern from the orthogonal polarization. The deep null from the non-
optimized plane then reduces the beamwidth of the orthogonal mode and results in a limit to the achievable
beamwidth of the total CP pattern.
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Figure 102. lllustration of the E field (red) and the current in the ground (black) in the antenna at different phases. The ports are marked
with green circles.
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Figure 103. Pattern of the antenna from Figure 101 when exciting only one of its linear polarizations (current density along X axis. These
results are obtained for an antenna of 47.1x47.1x1.27 made of TMM10. The patch is 19.5x19.5mm and the slot length 11.5mm.
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In Figure 104 we can see the pattern in CP for the antenna from Figure 101, with the two ports activated. This
solution offers a CP with enhanced beamwidth, small size and reduced weight, broad beamwidth and only two
feeding points. As for the linearly polarized patch with two slots, the drawback is a stronger backwards
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radiation. It is also important to note that higher gain (and narrower beamwidth) is expected for a CP antenna,
as the antenna launches two modes [27] instead of only one.
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Figure 104. Pattern of the antenna from Figure 101 when exciting CP on it. These results are obtained for an antenna of 47.1x47.1x1.27
made of TMM10. The patch is 19.5x19.5mm and the slot length 11.5mm.

As the maximum tolerated gain variation around the drone is 10dB, and given the strong restrictions on size
and weight, this solution offers a good compromise between performance and mechanical constraints.

4.4.2 Design of a CP patch antenna with slotted ground for a quantitative assessment of the
beamwidth improvement

The proposed technique has several degrees of freedom, and many parameters that are interdependent. In
this Section we analyse the performance of this technique and try to understand its potential to increase the
beamwidth. We take as a reference the geometry in Figure 105, which has a reduced ground for lower weight
and improved beamwidth. We keep using two lumped ports to feed the antenna.
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Figure 105. Antenna with optimized geometry to reduce its size and increase the beamwidth in both planes and circular polarization. The
size of the antenna is of 48.2x48.2x1.27mm?, patch_w = 19.8mm, there is no gap between the patch and the slots, the corners are
trimmed with a chamfer distance of 20mm and the feeding of the ports is located at 8.5mm from the center of the patch
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To understand how the addition of the slots improves the beamwidth, we compare the performance of the
geometry in Figure 105 with the exact same antenna without the slots. The gain patterns for these two varia-
tions are shown in Figure 106, where we can see that the HPBW is increased in the range of 15-20deg. As a
direct consequence of the broader beam, the gain decreases from 3.1dBi to 2.5dBi.
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Figure 106. Realized gain patterns in copol and crosspol for the two main cuts, for the antenna without slots (left) and with slots (right).
Results at 2.45GHz.
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Figure 107. Reflection coefficient in magnitude (left) and in the Smith Chart (right).

The biggest improvement is in the bandwidth, as for the exact same size and thickness, it increases from 16MHz
to 310MHz (see Figure 107). We should notice that the reflection coefficient is for one of the two ports of the
circular polarization. When using a feeding network to deliver the power to the two ports from a single con-
nector, the total bandwidth is likely to be broader. In that case, a broader bandwidth only means that there is
less power coming back to the port from the antenna, in part due to the losses in the feeding network. There-
fore, it is worth to verify the stability over frequency of antenna radiation, to confirm that this broad bandwidth
is usable in practice with a stable pattern and gain. In Figure 108 we show the realized gain for the antenna
with and without slots. The latter shows a very stable pattern in the entire band, with HPBW broader than 124°
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and peak gain higher than 2.3dBi. The antenna without slots has a less stable pattern, due to its narrow band-
width.
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Figure 108. The realized gain pattern of the antenna without slots (left) and with slots (right). Both are obtained for the cut at Phi = 90°,
the performance at Phi = 0° is equivalent. Results at 2.45GHz.
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Figure 109. AR of the antenna without slots (left) and with slots (right). Results at 2.45GHz.

In Figure 109, we can observe the AR for the antenna with and without slots. The axial ratio aperture for the
latter is broad thanks to the ideal feeding using the lumped elements and the small size of this antenna thanks
to the high permittivity substrate. For the antenna with slots, the AR aperture is narrower, due to the more
complex combination of the several radiators in all the directions of the space, which is compensated by the
broader pattern, which results in a total a wider beamwidth. Other types of additional radiators can be explored
for applications where the AR beamwidth is more important.

The narrower AR beamwidth and the higher back radiation are the downsides of using these additional ele-
ments. However, these disadvantages are not as important for our application as the broad total beamwidth
the light weight and small size. This type of antenna offers a good compromise for our application.
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4.4.3 Prototypes. CP patch with ground slots with feeding network

4.4.3.1  First prototype and cable currents

In this Section, we summarize the fabrication and measurements of a first prototype following the idea of the
CP patch with four slots described in Section 4.4.2 We maintain the shape of the ground squared to add align-
ment holes and to reduce the number of degrees of freedom of the design. We should remember that as a
direct consequence of the densely packed radiators (one patch and four slots), the design of the feeding net-
work is no easy task, as the footprint should be small and should not be close to the slots. Options like a hybrid
coupler would provide an excellent frequency stability, but it would require too much space. As the individual
bandwidth of the two feeding points covers with a large margin the band of interest, we can use a simpler
feeding network, like a T-junction power divider with a delay line in one of its arms to get the needed phase
shift. We would like to mention that from all figures of merit, we prioritize weight over beamwidth, as long as
the pattern of the two antennas combined still complies with the required gain margin of 10dB around the
drone. The design of first prototype is shown in Figure 110.

Figure 110.Geometry of the first prototype, including two substrate layers of Rogers TMM10.
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Figure 111. Top layer (left) and bottom layer (right) for the prototype.

To realize the design depicted on Figure 111, we fabricate the two PCBs separately and glue them together, as
seen in Figure 112. The ground plane is included in both PCBs for a stable performance of the two separate
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boards. The alignment of the two boards when assembled to avoid that the ground plane in one of the boards
short circuits the slots on the other. This would unbalance the antenna and change the pattern or the polari-
zation. We drill holes in the corners for a good alignment during the gluing process.

Figure 112. Gluing of the two PCBs (feeding network and antenna) together.

The next step is to solder a connector on the PCB. We prepared the feeding network PCB with copper pads
connected to the ground through vias to properly ground the shield of the SMA connector. To diminish the
proximity and potential effects of the connector on the slots, we chose an edge mount connector due to its
small lateral size compatible with the total thickness of the antenna of 1.7mm. We consider the thickness of
the two substrates (1.27mm and 0.381mm) and the copper layers at the connector pad (0.035mm x 3 =
0.105mm). Once we soldered the connector to the socket the fabrication of the prototype is completed, with
the results depicted in the Figure 113. The total weigh of this prototype, including the connector, is 10.85g,
which is very close to the requirement of 10g per antenna.

Figure 113. Fabricated prototype. Feeding network (left) and patch (right)

In the Figure 114, we see that the reflection coefficient is below the threshold of -10dB for the entire band of
interest. However, we observe an shift down in frequency as compared to simulations. During the measure-
ments, we could detect the appearance of cable currents, especially critical at lower frequencies in the range
between 2.2 and 2.4 GHz. This phenomenon is a well-known effect that occurs to electrically small antennas,
which can explain the presence of the cable currents along with the proximity of the radiators to the connector.
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Figure 114. Reflection coefficient measurement setup (left) and results (right)

The radiation characteristics of the antenna were tested in the anechoic chamber. The most remarkable varia-
tion with respect to simulations is a shift of the AR minimum in the broadside direction of the antenna. As one
can see in Figure 115, the AR is shifted down in frequency and is different for vertical and horizontal cuts. This
shift does not occur in simulations and is not typical of patch antennas. It potentially comes from the asym-
metrical design of the patch and the contribution of the cables to the radiation. We use this prototype as a
starting point to debug these problems and produce a refined prototype.
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Figure 115. Axial ratio simulated and measured in both cuts

4.4.3.2  Prototype debugging. Addressing cable and ground currents

To debug and minimize the cable currents, we did several tests and variations in simulation on the first proto-
type to reduce the effect of the cable on the operation of the antenna. For the sake of simplicity, we only show
a few of these tests.
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One of the variations is to move the cable to the bottom of the PCB and away from the slots, as depicted in
Figure 116. This allows to minimize the effect of the connector position on the pattern and its polarization. To
assess the effect of the cable currents, we analyze the complex magnitude of the current density in the ground
plane. We see in Figure 117, that indeed the cable changes the distribution of the currents in the ground and
therefore also the excitation of the slots.

Figure 116. Modified design with the cable underneath the antenna
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Figure 117. Complex magnitude of the current density at 2.35GHz with lumped port (left) and a cable with length of 20mm (right)

To continue our tests, we added a magnetic boundary on the cable shield, which artificially removes any the
cable currents on the radiation. The reflection coefficient for different cable lengths with and without the mag-
netic boundary is shown in Figure 118. We can observe how the lower frequencies are very affected by the
cable currents without magnetic boundary while this effect does not occur if we use a magnetic boundary. This
confirms that the origin of the discrepancies between simulated and measured results from the prototype were
due to the cable currents, and we explored various solutions to remove them.
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Figure 118. Effect of the cable in the lower frequencies without (left) and without (right) an H boundary on the cable for various cable
lengths
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Figure 119. Design of antenna using bazooka balun on the coaxial cable (left) and its AR (right)

One of the practical solutions to diminish the cable currents is the implementation of a bazooka balun, that
forces an open circuit at the interface between the cable and the antenna. The balun prevents the currents to
circulate on the coaxial shield. We see in Figure 119 [1] . Indeed, the variation of the reflection coefficient
depending on the cable length is reduced by the balun, maintaining a reasonably stable AR below the thresh-
old. These results prove that a bazooka balun could be a potential solution to the cable currents. It would,
however complicate the fabrication and add weight to the cable.

After the research on the cable currents, we decided to tune very carefully the feeding network and the antenna,
to move the AR minimum to the band of interest and to bring the cable currents down in frequency and away
of out band of interest.

4.4.3.3  Final prototype and validation

For the design of the final prototype, we gathered all the insight obtained through several iterations of proto-
types and a thorough analysis in simulations. The adjustments made and considerations for the final prototype
are the following:
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e We optimize the feeding network separately. The substrate used for the feeding network is very thin
(0.381Tmm) and therefore the impedance of the microstrip line is low. We change the connector for
another with a smaller centre pin

e Due to the discrepancy in radiation characteristics in the two planes of the antenna, we modified the
feeding network in order to bring the connector away from the slots. By doing this, the two perpen-
dicular modes of the antenna are affected in a similar measure by the presence of the connector. This
keeps the AR minimum in the same range of frequency for the two perpendicular planes of the an-
tenna.

e One cannot define properly a port for electrically small antennas. Since the cable is included in the
final antenna to be assembled on the drone, we decided to include the cable at its actual length to the
antenna design. A system test of the antenna and the cable will be performed in Chapter 5.

e We considered the frequency shift of the AR seen in the previous prototypes in the design and com-
pensated for it. We created two designs adjusting the AR minimum to slightly different frequencies to
ensure to get more samples and compare them.

e We add a socket for the connector on one antenna corner, so that it can eventually be used to attach
the antenna to the support on the drone.

e The ground shape has an effect on the potential improvement of the beamwidth enhancement. Trim-
ming the corners increases the beamwidth and reduces the size. However, we should not trim it too
much if we want to minimize the cable currents.

e We realized that the measurement support has a strong effect on the measurements, as it is very close
to the antenna and is. A reflected wave in the backwards cross pol is reflected to the front in the
coherent circular polarization.
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Figure 120. Design of the final prototype. Top (left) and bottom view (right).
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The results from the simulations are shown in Figure 121. The impedance bandwidth is around 400MHz (16%)
and the pattern is very stable in frequency, with a gain of 3.5dBi and a HPBW between 114° and 117° in its
three main pattern cuts. The AR in frequency and angle is also satisfactory and as expected from the results in
Figure 122.
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Figure 121. Simulation result. Reflection coefficient (left) and pattern (right) of the final designs.
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Figure 122. Simulation results. AR vs freq (left) and vs angle (right).

This antenna is composed of two layers of TMM 10 substrate: one for the antenna and another for the feeding

network, of thicknesses 1.27mm and 0.381Tmm, respectively. We glue the two layers together, and we connect
the feeding network and the patches by passing two pins through the substrates and soldering on either side.
The resulting prototype is shown in Figure 123. For this antenna, we keep an SMA connector to measure the

response of the antenna with the lab equipment.

Figure 123. Final prototype of the circularly polarized broad beam patch antenna
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The size of the antenna is 43.7x43.7x1.7mm?3, which slightly exceeds the requirements of 40x40mm?, but, as the
corners are trimmed its volume is 3250mm? and it complies with a broad margin with the maximum require-
ment of 8000m?, thanks to its very low profile. The weight of the antenna and the connector is 13.16g, were
4.2g are due to the connector and 9g for the antenna. As mentioned, this connector is temporary and a smaller
one can be used, or the cable could be directly soldered to the antenna. This what would allow this antenna to
comply with the weight limitation as well, even if it is close to it with the SMA connector.

Size mm3 Volume mm? Weight (g)
Requirements 40x40x5 8000mm?3 10
Prototype 43.7x43.7x1.7 3250mm?3 13.16 with connector and

9 (without connector)

Table 8. Mechanical requirements and actual values of the prototype.

In Figure 124 we can observe how f antenna is matched over a bandwidth of 250MHz, including the band of

interest.
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Figure 124. Measured and simulated S11 of the final prototype. Bandwidth ~250MHz > 100 MHz

We measure the antenna in the anechoic chamber (see Figure 125). For the measurements we use tape to
suspend the antenna and avoid using plastic support, as we could find that the setup affects the measurements
due to the broad beam and the back radiation. In Figure 126 we can see the results for the gain and the patter.
The pattern is broader than for a regular patch, for the three plane cuts of the pattern in which we measured
the antenna. The shape of the pattern is not monotonously decreasing from broadside as it is for the simula-
tions due to the effect of the support, but the variation of the gain in the range from -90° to 90° is in all the
cuts less than 10dB.
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,///

Figure 125. Final prototype of the CP broad-beam antenna in the measurement setup in the anechoic chamber.
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Figure 126. Measured pattern (left) and gain (right) of the final prototype. HPBW of 90°, and 6dB beamwidth of 150°. Gain of 2.1dBi
@2.4 GHz, 3.2dBi @2.46 GHz and 3.1dBi @2.48 GHz. The gain variation with two antennas combined is of 6dB, below the maximum re-
quired of 10dB.

The AR in frequency is broad compared with regular CP patches [71], and the angular aperture below 6dB
covers up to 140° for the three cuts that we have measured. We can observe how the 3dB AR beamwidth is
larger than 120° in all the three samples. The AR bandwidth is also broad with a good margin.
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Figure 127. Measured axial ratio of the final prototype vs frequency (left) and vs angle (right). The AR bandwidth is of 200MHz and the
AR is below 6dB for 120-140°.
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We compare the results from the prototype to the normalized patterns of typical patches to assess how much
we it reduces the variation in the upper hemisphere to the antenna. In Figure 128 we can see the normalized
pattern for three cases:

e A regular patch antenna with a 5880 substrate with permittivity of 2.2 and a thickness of 1.27mm.

e A regular patch antenna with a TMM 10 substrate with permittivity of 9.2 and a thickness of 1.27mm.
This one is physically smaller, and as we can observe, the beamwidth is broader than for the previous
antenna. While its beamwidth is acceptable, its bandwidth is insufficient as the permittivity is very high.
This is explained in detail in Section 4.3.2.1 for LP antennas and in Section 4.4.2.

e The measurement for the fabricated prototype CP antenna with four slots and including feeding net-
work.

== =|Mleasurement proposed antenna.
=== Simulation regular patch 5880.
Simulation regular patch TMM10.

Normalized realized gain [dBi]

15— ‘ :
-90 -70 -50 -30 -10 10 30 50 70 90

Theta [deg]

Figure 128. Comparison of the pattern of three antennas: proposed antenna (measured), and two regular patches using a substrate with
a permittivity of 2.3 and 9.2.

The three results in Figure 128 the patch using a low permittivity substrate has the narrowest beamwidth
among the three. For an antenna that has been miniaturized using a high permittivity substrate, the beamwidth
is already very enhanced, as its effective aperture is smaller. The measurement of the proposed prototype adds
the slotted ground technique to the miniaturized effective aperture to further increase the beamwidth.

We can conclude that the results are satisfactory for the standalone prototype, as the gain variation in one
hemisphere is considerably diminished compared to the case of a regular patch, and meets the electrical and
mechanical requirements for our application.

To assess the effect of the proximity of the cage to the antennas, we performed tests of the patches including
the effect of the cage during the refining phase of the prototypes. In terms of reflection coefficient, the antenna
remains matched as long as we keep it at a distance larger than 3cm from the cage (avoiding near field cou-
pling). The pattern measurements in the anechoic chamber do not provide meaningful results as the phase
center of the antenna is modified by the cage and the measurement is then not well defined. This is especially
critical for axial ratio measurements, as this parameter is especially sensitive.
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The measurements in the chamber only provide a qualitative check of the beamwidth, that only allows us to
discard significant changes in the shape of the pattern that would invalidate the required hemispherical cov-
erage of the antennas with less than 10dB variation. The characterization of these antennas should therefore
consider not only the effect of the cage and antenna positioning, but also the multipath channel between the
drone and the remote controller. The validation of these antennas becomes then a more complex problem,
that can be seen an antenna and propagation characterization, and to define a quantitative benchmark on the
performance of these antennas should be done at system level. The system measurements to validate the
performance of the antennas is presented in Chapter 5.

4.5 Conclusions from this chapter. Broad-beam LP and CP low profile antennas

We summarize here some conclusions extracted from the designs, fabrication and measurements of the an-
tennas presented in this Chapter.

e Using additional elements is an effective solution to increase the beamwidth of microstrip patch an-
tennas.

e We present a technique that makes use of slots as additional elements integrated in the antenna struc-
ture and passively activated by the patch, which is the only element that is connected to a feeding.

e One of the main advantages of using the ground slots is that this technique provides a very good
bandwidth, that helps to achieve a better frequency stability for a smaller size.

e For linearly polarized designs using the passively activated slots, we can enhance significantly the
beamwidth (more than 180°), but only in one plane.

e Forcircularly polarized designs using the passively activated slots, the achievable beamwidth is around
1300°.

e The patches with ground slots, both in LP and CP, are robust to fabrication tolerances thanks to the
coherent feeding of all the slots by the patch.

e With the presented technique we can increase the beamwidth and the bandwidth, but not the AR
beamwidth due to the several elements contributing to the radiation.

e As expected for designs of broad beam microstrip antennas, the patch + slotted ground technique
also increases the back radiation.

e The size of the ground should be considered carefully to avoid or minimize cable currents.

e The measurement setup for very broad-beam antennas should be carefully done and verified to get
reliable measurements.

We also summarize in Table 10 and Table 9 the main antennas presented in this Chapter, to get an overview
of their advantages and disadvantages, in terms of beamwidth, bandwidth and size.
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CP antennas Substrate Size Bandwidth | HPBW Remarks
and CP
gain
Canonical patch Rogers 84x84x1.2 30 MHz 75°
5880 7mmA3 -
(2.2) 7.6dBi
Patch miniaturized with high permittiv- | TMM 10 | 48.2x48.2x 21 MHz 104° Using ideal
ity substrate 9.2) 1.27mmA - feeding with
Section 4.4.2 3 3.2dBi lumped ports
Size smaller due
to trimmed cor-
ners
Ideal CP + slotted ground TMM 10 | 48.2x48.2x | 310 MHz 120° Using ideal
Section 4.4.2 9.2) 1.27mmA - feeding with
3 2.5dBi lumped ports
Size smaller due
to trimmed cor-
ners
Real CP + slotted ground TMM 10 | 43.7x43.7x | 410 MHz 110 - Size smaller due
Section 4.4.3.3 9.2) 1.7mm 115° to trimmed cor-
- ners
3dBi

Table 9. Comparison of all the CP antennas presented in the Chapter
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LP antennas Substrate Size Bandwidth HPBW and Remarks
(e_n CP gain
Regular patch Rogers 5880 | 84x84x1.2 30 MHz 90°
(2.2) 7mmA3 -
7-9dBi
Circular patch + higher order | Rogers 5880 | 140x140x 120 MHz 159° Single feeding
mode ring (2.2) 6.35mm~ -
Section 4.2 3 4.4-5.2dBi
Patch with slots TMM10 47.8x47.8 100 MHz 220° Single feeding
Sections 4.3.2 and 4.3.3 (9.2) mm~2 -
4.7dBi Validated by meas-

urements

Tunable pattern
(and gain)

Table 10. Comparison of all the LP antennas presented in the Chapter
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5 Analysis of the cage and system measure-
ments of the antennas assembled on the
drone

In this Chapter, we focus on understanding the effect of the geodesic cage surrounding the drone on the
antenna performance. This is structured in two parts which are intrinsic to the application: understanding the
effect of the cage and evaluating the performance of the antennas with realistic system measurements. The
goal is to provide a general qualitative understanding of the effect of the cage, and to validate the reliability
of the antennas in LOS and NLOS environments, which is the most critical parameter for our application.

5.1 Analysis of the cage effect using canonical antennas and MoM

The wavelength at the frequency of operation of 2.45GHz is 122.5mm, and thus the diameter of the geodesic
cage, of 400mm, is electrically large. To simulate the full cage, we use a Method of Moments (MoM) solver that
simulates linear wires faster than other full-wave simulators (e.g Finite Element Methods), that discretize the
geometries and therefore their complexity increases rapidly with the electrical size of the structures. The MoM
solver that we use is Numerical Electromagnetic Code 2, NEC2 [72, p. 2]. We use this solver as a core, and control
it using a MATLAB code that generates the input files and parses the output files. We also use as a support
4NEC2, a NEC2 distribution that adds a GUI to the solver and is very useful to debug and visualize the geom-
etries and the results.

5.1.1 Analysis of the cage effect using canonical antennas and MoM

To analyse the effect of the cage on the radiation pattern, we place a canonical antenna, a resonant dipole, in
the center of the cage, enclosed completely by the geodesic structure, as we can see in Figure 129. The dipole
is oriented along the X axis, which means that there is a zero in the radiation pattern in this direction and it is
omnidirectional in the YZ plane. We can see in Figure 130 the radiation pattern of the dipole when it is enclosed
inside the cage. We observe that the pattern is not omnidirectional as it would be for the standalone dipole,
with ripples that are caused by the interaction of the radiation with the pentagons and hexagons, given their
different rod lengths. We observe that the gain is higher in the directions where there are pentagons in the
structure, showing how each part of the cage affects the propagation of the waves.
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Figure 130. 3D radiation pattern of the resonant dipole along the X axis, centred in the cage (left) and moved 170mm from the centre,
towards the cage and along the Y axis (right)

To assess the effect of the cage for different antenna positions, we move the antenna closer to the cage along
the three different cartesian axes. In Figure 131, we use 2D plots for a clearer representation of the patterns,
where we compare the pattern of the dipole moving along the Y axis inside the cage. The YZ plane is repre-
sented at Phi=90°, at the centre of each plots. We can see how the closer to the cage, the greater the variation
in Phi=90°, due to the higher gain in the direction to which the antenna is approaching the cage. We can also
observe the peaks of gain directed to the pentagons.
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Figure 131. Gain of the dipole without cage (a), at -17cm from the centre (b), at -8.5cm from the centre (c), and at the centre (d). We are
displacing the dipole in the hemisphere contained from theta 0° to 180°

To quantify how much the gain varies, we define as a figure of merit the gain variance, as the difference be-
tween the maximum and the minimum gain along the direction of max gain of the standalone dipole (at
Phi=90°). We can observe in Figure 132 that the gain variance is smaller when the antenna is at the centre of
the cage, which comes from the fact that there is no focusing of the power towards one side of the cage. The
gain variance is very similar when we move the dipole along the Z or Y axis. This is because these two axes are
both perpendicular to the length of the dipole (direction of maximum gain), and thus the variation only de-
pends on the different geometry of the cage along the two directions. The gain variance is smaller when we
move the dipole along the X axis. The radiation of the antenna in this direction is minimum as there is the null
in its pattern, and the interaction with the cage will be smaller as the dipole gets closer to it. We should note
that the very small value in the blue trace in Figure 132 occurs because the dipole touches the cage and the
simulation it is not valid.
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Figure 132. Gain variance computed moving the resonant dipole along the X, Y and Z axes of the cage, from its centre.

Let us now visualize the effect of the cage on the fields, looking at the near fields, which are represented in
Figure 133, in the plane that contains the dipole. We can see how the dipole interacts more with the side of
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the cage that is closer to it, and less with the opposite side. The magnitude of the fields induced in the segments
of the cage is more significant as the antenna is closer to the cage. This effect is more significant in Figure 133
because all the cage segments are in the same plane as the dipole. The cage leads to the modification of the
pattern of the dipole, transforming it into a directional pattern. Also, we observe how the interference pattern
inside and outside the cage is very different in both cases, depending on the relative position of the antenna
and the cage, and how the rods are excited.
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Figure 133. Near field plot of the dipole centred inside the cage (left) and at 12cm from the centre (right)

5.1.2 Analysis of a sector of the cage using a directional antenna

Once we have seen the effect of the entire cage, we analyse only one sector of the cage. Using only a portion
of the cage allows us to use a Finite Element Based Simulator, provides a simplified vision of the effect of the
cage, which allows us to modify it, understand, and isolate the effect of each change. The objective is to gain
insight on the interaction between an antenna and the cage, and also on how the waves propagates through
the structure. As we we use a section of the cage, we use a directional antenna to illuminate the sector. In this
case, we decide to use a Yagi as it a natural modification of the dipole to make it directional and is also linearly
polarized.

In Figure 134 and Figure 135, we can see the distribution of the E field of the Yagi, and the effect of modifying
the entire or parts of the cage with a perfect H boundary. We can see how adding a H boundary on the full
cage significantly improves the transmission of the power from inside towards outside of the cage, which
comes from the fact of forcing an open circuit boundary condition around the rods. This can also be seen when
we add the H boundary to one of the rods, but the fields in the rest of the PEC rods remains as in the case with
all the cage using PEC.
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Figure 134. Fields distribution on the XY plane for a Yagi (left) and a Yagi with a portion of cage (right)
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Figure 135. Fields distribution on the XY plane for a Yagi and full cage with H boundary (left) and with PEC cage and H boundary only on
the rod parallel to the Yagi, in black (right)

We understand that modifying one rod allows to modify the transmission through the cage, but ultimately the
contribution of all the rods generates an interference pattern outside and inside the cage that alters the prop-
agation of the waves. From the results in Figure 134 and Figure 135, we can grasp that the propagation of the
waves through the structure is complex. Not only are the rods reradiating, creating an interference pattern that
changes the pattern, but also a part of the power is reflected back to the antenna. It is therefore important to
understand how the cage reflects power back into the drone and how it perturbates the pattern and the po-
larization of the waves that manage to propagate through the structure.

5.2 Analysis of the power transferred through the cage and the polarization of
the radiated wave using infinite periodic array theory

The radiation pattern of an isotropic antenna is, by definition, a sphere, as it radiates equally in all directions of
the space. If we take as a source an isotropic antenna and place it inside that sphere, the radiated wave from
the antenna arrives with same amplitude and phase to each part of a sphere surrounding the antenna. If we
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assume that the cage is perfectly spherical, we can approximate the problem of the propagation through the
cage by treating the cage as an infinite periodic array. This approximation is reasonable to get a qualitative
assessment of the waves transmitted through the cage or reflected by it.

Isotropic
antenna

P ~Wavefront
Cage ~

Figure 136. lllustration of a cut of the cage with an isotropic antenna in its center. We can assume that the waves have the same ampli-
tude and phase when they arrive to the cage.

5.2.1 Definition of the experiment

To define the periodic structure, we need to separate it in planar irreducible unit cells, which are the minimum
unit of the periodicity of the structure. An electrically large structure would support several transmitting modes,
and therefore we need to reduce the size of the structure as much as possible. These cells can have various
geometries, but it is mandatory that the faces along the dimension where there is repetition of the structure
are parallel. To specify this repetition in ANSYS Electronics Desktop, we define Master and Slave boundaries on
both sides of the cell to indicate the software how to generate the lattice of the structure [73]. A phase delay
between the Master and Slave boundaries can mimic various angles of incidence in the structure of the im-
pinging wave.

We analyse the geometry of the cage to define the cell, and we realise that we cannot use the cage’s pentagons
as not all its faces are parallel to each other. We can, however, use the hexagons that are created from putting
various pentagons together. As for the analysis the cells should be planar, we generate an approximation of
the cells within a plane and taking the longest size of the rods: 131Tmm ~ 1.07A @2.45GHz. In Figure 138, we
can see the final cell with parallel faces that we define for the experiment, and the assignment of one set of
Master-Slave boundaries. We also assign the scanning Phi and Theta, that controls the incidence of the wave
impinging on the cell. In our case we want to consider the incidences from all Phi angles, but only a small range
of vertical incidence (in theta), from 0° (perpendicular incidence) to 40°. As the incidence angle in theta in-
creases, the projection of the field on the structure is smaller and after a certain value of Theta_scan, the struc-
ture seen by the propagating fields changes significantly.
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Figure 137. Simplification of a simplified hexagon to a smaller cell with parallel segments
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Figure 138. Definition of the cell on ANSYS Electronics Desktop (left), and definition of one pair of master/slave boundaries (right)

As we want to analyse the transmission and reflection of the waves through the structure, we define two Flo-
guet ports as shown in Figure 139. As the cell is in the order of a full wavelength, and especially longer along
its diagonal, a considerable set of modes is supported by the structure in our case. For an electrically smaller
cell, the modes that propagate through the structure should be only the fundamental modes, and the attenu-
ation of other higher order modes is not zero and they vanish.
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Figure 139. Definition of the Floquet ports and calculation of the 10 first modes analysed in the structure

The Floquet modes are depicted in Figure 140. We can see that some of them are equivalent but simply have

a different phase, like the pairs 4-6, 5- 8 and 3-7.
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Figure 140. Modes modes excited by the two Floquet ports of the periodic structure.

Knowing the field distribution of these modes is important as it is needed to understand and interpret the

results of the following sections.

5.2.2 Transmitted power through the structure. Perpendicular incidence

We analyse the transmission coefficient from port 1 to port 2 (S21) for each mode in Figure 141. We can see
that below 2.5GHz only modes 1 and 2 are transmitted through the structure as the transmission coefficient,
is close to 0dB. Their behaviour is equivalent in terms of S21, what comes in line with their similar field distri-

bution (see Figure 140).
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Figure 141. S21 for all 10 ports at a perpendicular incidence Theta scan=0°
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While the modes 1 and 2 have a cut-off frequency off the graph and below 2 GHz, all the other Floquet modes
have a cut off frequency of around 2.5 GHz. We observe that above that frequency, the S21 for Modes 1 and 2
is more unstable. In our case, as we use PEC, there is no power lost or dissipated in the structure. Therefore,
the power of one mode can be reflected back to the port, and we would see that in the S11; or it can be
transmitted to the other port, and this can be seen in the S21. This means that the power is conserved as there
is no dissipation. This is expressed in the next equation:

1S111% + 152412 =1 (5.1)

The condition of Equation (5.1) remains true within the same mode if there is no intermodal transmission. We
can use it to assess if the structure modifies the waves in one mode and “transfers” part of its power into
another mode. For example, if there is power transmitted from mode 1 to mode 2, that would mean a change
of polarisation of the propagating wave that travels through the periodic structure.

We apply then the Equation (5.1) to the results of our analysis for the Mode 1. We can see in Figure 142 how
there is no intermodal transmission below 2.5GHz. After 2.5GHz, the power of mode 1 transfers to other modes.
We can see little reflections when the sum of S112 and S212 decreases. In some parts of the frequency spectrum
the power transferred to other ports is as high as 30%. It is therefore important to understand this effect.
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Figure 142. |S11|%, |S211% and |S11|% + |S31]% for mode 1

To assess how the power from mode 1 transfers to the other modes, we compute the ratio of the transmitted
power to mode 1 in port 2 from all the modes in port 1. The result is depicted in Figure 143. We can see that
the power is not transmitted to a single mode, but it is divided among various modes. We should notice the
maximum transmission from mode 2, which is of approximately -35dB, lower than any of the other modes.
That means that the portion of the power that changes the polarisation is very little for perpendicular incidence.
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Figure 143. Intermodal transmission. It describes the power received in port 2 in mode 1 from all the other ports.

5.2.3 Transmitted power for non-perpendicular incidence

We have analysed until now the effect of the structure on a perpendicular wave incidence angle. That is a very
specific case, and in practice the waves arriving to the cage impinge on its surface at broader incidence angles.
In this section, we have done the analysis for an angle of incidence of 20° and 40°, and the results are in Figure
144 and Figure 145, respectively.

The main effect of the non-perpendicular incidence that we observe is that the modes that had an equivalent
cut-off frequency are now moved up and down in frequency. These distinct trends are caused by the different
imprints of the E field on the structure depending on the incidence. For higher incidences, the projection of
the E field on the structure is different and therefore the electrical size of the structure varies. This effect
changes depending on the incidence and on the orientation of the specific mode and becomes more significant
as we increase the angle of incidence. We can observe that some of the modes that have a cut off frequency
of 2.5 GHz for a perpendicular incidence, have their cut-off frequency increased above 3 GHz as their max in
the range between 2 and 3 is very small.
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Figure 144. S21 for all 10 modes at an incidence of Theta_scan=20°
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Figure 145. S21 for all 10 modes at an incidence of Theta_scan=40°

We use the Equation (1) to compare the effect of the various angles of incidence. A

s we can see in Figure 146,

as the angle of incidence increases, the intermodal transmission effect becomes more significant and also at

lower frequencies, including the band between 2.4-2.5 GHz.
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Figure 146. |S11|? + |S21|% of mode 1 for various angles of incidence

5.2.4 Conclusions

For the real structure of the cage, the analysis is more complicated because the cage “cells” are not flat. Also,
the antennas are not in the center, and there are rods with different lengths (for shorter rods, the cut off

frequency moves to higher frequencies). However, this simplified analysis provides
propagation of the waves through the cage, that we can summarize as follows:
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e The cage supports several modes propagating through it. Due to the several segments in different
orientations, part of the power radiated from the antennas (their fundamental mode) is transferred to
other modes, which contributes to the perturbation of the pattern.

e For incidence angles that are not perpendicular, the ratio of the usable power for a given polarization
(mode) diminishes, becoming especially critical at lower frequencies, including the operating band of
the transmission system.

5.3 System measurements. Validation of CP broadbeam patch with ground slots

In this Chapter we present the system measurements used to validate the performance of the lightweight CP
broadbeam patch antennas designed in Chapter 4. We start defining the measurement setup, describing the
placement of the drone and the controller, then the process is described step by step and the definition of the
figures of merit to be used as benchmarks are given. We use the dipoles originally used in the drone as a
reference, and we compare these with the proposed CP patches for different assemblies, which allows us to
draw conclusions on the performance of each antenna, each positioning and of the effect on the cage and the
environment in each case.

5.3.1 Definition of the system measurements

5.3.1.1  Description of the measurement: environment and placement of the controller and drone

The system measurements are made from point to point of the communication system, using both the drone
and the remote controller. We place both on stands of around 1m of height to reduce the effect of the ground
on the measurements. We create two setups, for LOS and NLOS conditions, which are described in Figure 147
and Figure 148 respectively. In both cases, we keep the controller facing the shortest path to the drone and
place their two antennas (linearly polarized) in V-shape of polarisation diversity.

For the LOS setup, we place the remote and the drone at a distance of around 15m in a corridor full of metallic
cupboards and metallic ceiling. In such a narrow environment, we expect to receive signal from reflected paths
which are comparable to LOS.

In NLOS scenarios, the channel is more unpredictable as it relies on multiples reflections that arrive to the
receiver with similar amplitudes and there is not a direct path. It is then more difficult to extract specific con-
clusions from the measurements of the SNR. However, we can see more easily which antenna performs better,
as the differences between setups is more remarkable, as expected. This is the most representative scenario
for our application, and also where the reliability is more degraded due to the multiple signals received with
similar amplitude as there is not a clear direct path between the controller and the drone. It is for this scenario
that we conceived the antennas presented in Chapter 4.

101



Chapter 5: Analysis of the cage and system measurements of the antennas assembled on the drone

Metallic
obstacles

Remote
controller ~|

-
-

_Remote
‘f ==~ " controller
A \\
\ /
N
)(\V'- ~._ Propagation
S/ 4---° path

\

_.- Direct path

& --- Walls

Drone
_--" pos1

Drone
--~ pos2

Metallic
obstacles\

~ < _Propagation
b-- path

Drone pos 1

fl’
_-
-

Drone pos 2

-
-
-

-

Corridor .(

Figure 148. Setup NLOS. Remote controller inside a laboratory (left) and sketch of the measurement scenario (right).

5.3.1.2  Description of the procedure

With the controller and the drone put in place, we can start the measurements. The transmission system allows
us to register the signal strength of each antenna and the total SNR of the radio link. We use the latter as a
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single-value indicator of its quality, which already accounts for the two antennas combined. We start recording
uninterruptedly the SNR on the drone, and then proceed as follows:

1. We rotate the drone in the three main axes of rotation (yaw, roll, and pitch), for 8 angles (0°, 45°, 90°,
135°, 180°, 225° and 270°) and for each angle we keep the drone steady for 10 seconds (see Figure
149We calculate the average SNR in these 10 seconds, which gives us one set of 8 SNR values for each
of the rotation axes and 24 in total for each measurement.

Figure 149. Drone prepared for measurements, with the three axes of rotation.

2. We repeat the measurements again moving the drone to another position a few wavelengths away
(indicate by Drone Pos 2 in Figure 20.). We calculate the average for each rotation in the two positions
to minimize the effect of potential fading effects caused by the multipath effect, as indicated in Figure
147 for LOS and Figure 148 in NLOS.

With this procedure we have a set of 8 values of SNR per rotation angle, and a total of 24 for a full measurement
(3 rotation angles x 8 values).

5.3.1.3  Definition of the metrics

To assess the quality of the radio link we need to define metrics that allow to quantify the performance of the
radio link. We propose two metrics of different nature that help us provide a quantitative measure of the
reliability and quality. These two combined provide a good overview of the performance of each combination
of antenna and positioning in the drone.

We define the reliability metrics as follow:

1. We calculate the average SNR value from the 8 rotation angles of each rotation axis, providing us 3
values. This gives an idea of the rotation axis that has the lower average SNR.

2. We take the lowest SNR from these averages and use it as a worst-case threshold to calculate the
probability of the SNR being above it in all the measured positions. This gives us a single value (a
probability) for each setup (antenna + position on the drone) and allows us to compare them quanti-
tatively.
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3. In some cases, the worst-case threshold is very low and does not allow to distinguish which setup is
more reliable. To solve this, we increase the thresholds in steps of 1dB until we can distinguish which
setup is better. Using this adjusted threshold is meaningful, as it shows how the system performs for
SNR levels where the quality of the link is most unstable.

The reliability metrics allow us to quantify the reliability of the link and compare with other antenna types and
assemblies in the drone. We propose a second metric that complements the previous, and that gives infor-
mation about the improvement of the average SNR for each case. These two should be interpreted together
to get a complete assessment of the performance of a specific setup. This new indicator, is a relative measure,
that tells us how a given setup of antenna and orientation compares to another in terms of SNR. To calculate
it, we calculate the average SNR difference, for each separate rotation axis and in total. This gives us an ap-
proximated value of the improvement in SNR for each rotation axis separately and of the entire system specif-
ically. We do all these calculations always in natural units and transform then again to logarithmic units. With
this indicator, we get an average increase (or decrease) of SNR. Using the Friis’ formula we can translate that
change of SNR to how much the range coverage would increase or decrease if the setup was in free space.
The dependence of the increased EIRP (transmitted power or antenna gain) with the distance from the Friis’
formula in free space is described by the relations between the increase of EIRP with distance [1]. In Figure 150
we can observe that relation between EIRP (in dB) and the relation between the ratio of EIRP and distance is
described by equations (5.2)-(5.4).

P
EIRP(dy) = P, - Gty = L g (5.2)
Gr: ( @ pi- do)z)
P.
EIRP(dl) = Ptl ) th = A (5.3)
Gr ( @i dl)_Z)
EIRP,(d;)
EIRP;atio_aist = EIRP:)(di)' (5.4)
2.5
3
g
g 2
3
% 15+
o
:
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Increment of EIRP [dB]

Figure 150. Ratio of increased distance in free space for an increment of EIRP (transmitted power, antenna gain or both).
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The actual performance of the system will vary with respect to the measurements in this test, depending on
the specific scenario. It is possible that the performance is better if the environment is more reflective, favouring
a better reception, or it could be worse if the opposite happens. As the channel is unknown and will be very
different for every flight, we find that the free space equivalent improvement indicator (FSEII) is a reasonable
benchmark to understand and compare the performance of the various setups of the test.

Both the reliability metrics (worst-case and adjusted threshold) and the FSEIll provide a good overview on the
performance of each measurement setup (antenna + positioning).

5.3.1.4  Definition of the setups: Antenna type and positioning on the drone.

In this Section we describe the measurement assemblies, which has two variables: the antenna and the place-
ment on the drone. We measure a total of 10 combinations in this Chapter, using three antennas: omnidirec-
tional bowtie dipoles (DPP) used originally in the drone, and the broadbeam LP patches (LPP) and CP patches
(CPP) fabricated and measured in Chapter 4. We should remember that the goal is to characterize and validate
the CPP, and we use the BD and LPP antennas as a comparative reference. The description of the three antennas
used in this test is summarized in Table 11, including three proposed abbreviated names that will simplify the
naming of each setup.

(Antenna name) (BD) (LPP) (CPP)
Antenna type Bowtie dipoles LP patches designed CP patches patches de-
and fabricated in Chap- | signed and fabricated in
ter 4 Chapter 4
Polarisation Linear Linear Circular
Gain within band 2 dBi 53 @2.4GHz 2 - 3.2 -2.7 dBi (lower
4.6 dBi @2.45GHz middle and higher part of
42 @2.48GHz the bands, respectively)
Pattern Omnidirectional Covers half space in one Sectorial in 2 planes
plane
HPBW 360 deg 180 deg 90-120 deg
Weight 249 79 99

Table 11. Comparison of all antennas included in the test

We describe each of the antenna assemblies in Figure 151 to Figure 160, providing a little description for each
one, and an abbreviated name including the name of the antenna and a descriptive label for the assembly on
the drone. For example, the setup in Figure 151 uses the original bowtie dipoles (BD) in the original orientation
and positioning in the drone (labelled Orig), and the setup is called BD-Orig.
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Setup BD-Orig
Dipoles in original position and orientation, on inner frame

Description: This position and orientation is important as that was the original setups of the antennas on
the drone and it serves as a reference. The dipoles were placed in V shape for polarisation diversity in the
centre of the cage, on the inner frame.

Dipoles

Transceiver and
electronics

Figure 151. Antennas in original orientation and position, on inner frame

Setup BD-Sup
Dipoles on support

Description: This is the position and orientation of the antennas in the drone. It came as part of an analysis
and optimisation performed during the project. The antennas are placed in V shape for polarisation diversity
and separated for spatial diversity.

Facing the controller

<

Side view

Antenna

Figure 152. Dipoles on support
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Setup CPP-Sup
CP Patches on support

Description: To cover one hemisphere each, the patches are placed on opposite sides of the cage. They are
attached to the inner frame and are in front of one of the apertures. We leave a clearance from the cage
avoid that near fields interacts with the segments.

As these antennas are circularly polarised, we do not need to rotate one with respect to the other for polar-
ization diversity.

Facing the controller

A

Side view
Qage

Side view

Antenna

Antenna

Figure 153. CP Patches on support.

Setup BD-Opt
Dipoles optimal position and orientation

Description: The dipoles are placed on the upper and lower halfs of the cage. We place them here to
minimise the effect of the inner frame. The two dipoles are rotated for enhanced polarisation diversity.

Facing the controller

<

» l»“- "‘ev‘ : 2N ] . .
ﬁ" e "3 Side view

| ‘t"bd‘. .

Side view

\'m

Antenna

Figure 154. Dipoles optimal position and orientation.
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Setup LPP-Opt
LP patches optimal orientation

Description: These two antennas are placed in the same position as the dipoles. These are linearly polarised
as the dipoles, but they cover only one hemisphere in the optimised plane. We place them orthogonal to
each other for polarisation diversity and to cover apertures of 180deg in azimuth and elevation angles. This
placement should reduce the risk of having a deep zero towards the top and/or bottom of the cage.

Facing the controller

<
Side view
Cage
' . - .
o Side view
Antennef
>
"~ -Antenna

Figure 155. Positioning and orientation of the LP patches inside the cage for the tests.

Setup CPP-Opt
CP patches optimal orientation

Description: The antennas are placed in the same position as the dipoles and the LP patches. They cover a
narrower sector and have lower gain, but they radiate circularly polarised waves.

Facing the controller

ﬂk

Side view

Side view

= Antenna

-Antenna

Figure 156. Positioning and orientation of the CP patches inside the cage for the tests.
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Setup BD-Ins
Dipoles inside of cage

Description: The dipoles are placed inside the cage and orientated orthogonally to each other for polarisa-
tion diversity.

Facing the controller

d
|

Side view

Side view

Antenna

Figure 157. Dipoles inside cage.

Setup BD-Out

Description: The dipoles are placed outside of the cage, in the same orientation as in the setup BD-Ins.

Facing the controller

4—__

Side view

T
.- "\
% _

Ante‘nna

Figure 158. Dipoles outside cage.
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Setup CPP-Ins
Patches inside of cage

Description: The patches are placed inside the cage. As these are circularly polarised, we do not need to
rotate them for polarisation diversity and both have the same orientation on both sides of the cage.

Side view

Facing the controller

dl
|

Side view

..
Antenna

Figure 159. CP Patches inside cage.

Setup CPP-Out
CP patches outside of cage

Description: The patches are placed outside of the cage, along the same radial distance from the center of
the cage as the Setup D-Out. To place the antennas outside of the cage, we use foam to separate them
enough and avoid any potential near field coupling with the segments nearby. We confirmed by measuring
in the VNA that the foam and tape do not change the reflection coefficient.

Side view

N oam

Antenna

rs

Facing the controller

‘—

Side view
_Foam /AN
D’@

Antenna

Figure 160. CP Patches outside cage.
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5.3.2 Positioning of the antennas on the drone and comparison between dipoles and CP
patches

In this Section we analyse first the results for the dipoles and patches in the positions proposed. These are not
necessarily optimal, and they have been defined taking into each type of antenna and their radiation charac-
teristics. We compare the setups D-Orig (Figure 151), D-Sup (Figure 152) and CPP-Sup (Figure 153). We
divide the analysis in two scenarios using these three setups: LOS and NLOS.

53.2.1  Line of Sight (LOS) measurements and results

The test scenario is an environment with several reflective surfaces that favours multipath and resembles a real
use case. For the measurement in LOS, we expect to receive reflected paths which are comparable to the main
path in power, as the corridor is very narrow. We can see in Figure 161 the results of the averaged SNR for
each rotation angle. The dipoles in the original orientation are more unstable in the PITCH rotation, as the SNR
experiences two strong drops around 90° and 270°. At these two angles, the antennas are both contained in
the horizontal plane, from which we can assume that the fields received are more vertically polarised than
horizontally. In ROLL, there is a smaller drop but still significant at 90°, which is when the battery and the inner
frame are shadowing the antennas. The big drop at 90° for this antenna setup could be explained from the
fact that the front module of the camera blocks the LOS at this orientation.

We can extract some other conclusions for the setup BD-Sup as well. For the rotation in pitch, we can see a
similar effect to what occurs for the dipoles in original orientation: two drops at around 90° and 270°. On the
support and at these rotations the dipoles are also almost horizontal, but not completely, which explains why
the dipoles the drop is smaller in this case.

There are two angles for which we see a similar effect for BD-Sup and for CPP-Sup: Roll at 90° and 270°. At 90°
we have all the inner frame and the bottom of the cage occluding the LOS, and the CP patches have a lower
gain in that point as it is the minimum gain plane of the two patches, what explains why they have a minimum
also at 270°. Something similar happens with the dipoles, as these are almost parallel to the LOS direction at
these rotations and this is the zero of their radiation patterns.

YAW rotation ROLL rotation PITCH rotation
60 - - - - 60 60
——BD-Orig ——BD-Orig ——BD-Orig
~——BD-Sup ~———BD-Sup ~——BD-Sup
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Figure 161. Average SNR over two measurements in the YAW, ROLL and PITCH rotation in LOS for the Setups BD-Orig, BD-Sup and CPP-
Sup.
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The results in Figure 161 do not provide a quantitative measurement of the reliability of each setup. We depict
the reliability metrics in Figure 162. We can see that for the worst-case threshold the performance of the CPP-
Sup and BD-Sup is not very different. This is what we expected for LOS as we have a direct path, which also
makes LOS much less critical to optimize than NLOS. For our case, the reliability metric for the adjusted thresh-
old is shown on the right part of Figure 162. As we cannot see a significant difference between the various
setups, we can conclude that indeed this equivalent behaviour is due to the LOS.

LOS LOS
y Threshold: average worst case 51.5 dB + 0.0dB y Threshold: average worst case 51.5 dB + 3.0dB
I BD-Orig I BD-Orig
[ BD-Sup M [ BD-Sup
0.8 - |[CCICPP-Sup 0.8 [IcPP-Sup
206 [ 2061
3 3
[ ©
Qo Q
<) o
o 04F o041
] i hﬂ
0 0
YAW ROLL PITCH YAW ROLL PITCH
Rotation axis Rotation axis

Figure 162. Reliability metrics for the worst-case threshold (left) and the adjusted threshold (right) for the three antenna setups in LOS,
for the Setups BD-Orig, BD-Sup and CPP-Sup.

The results in Figure 162 allow us to spot if there is a problem with a specific rotation angle, and then with the
help of the results in Figure 161 we can assess whether it is a problem of a specific angle and find an explanation
for it. It is, however, useful, to gather all the probabilities in Figure 162 in a single value, which gives as a
quantifier of the overall reliability of each antenna setup. The total reliability metrics are shown in Table 12 and
as we expected from the previous results, all three setups show a similar reliability. However, we can notice
that the CP patches are slightly better for both thresholds.

Disposition of the dipoles Probability Probability
Threshold worst case Threshold: worst case +
3dB margin
Dipoles original (BD-Orig) 0.67 0.27
Dipoles support (BD-Sup) 0.65 0.23
CP patches support (CPP-Sup) 0.75 0.34

Table 12. Global probabilities for worst case threshold and worst case + margin in LOS, for the Setups BD-Orig, BD-Sup and CPP-Sup.

We gather in Table 13 the results of the free space equivalent improvement indicator (FSEI) of the proposed CP
patches in comparison to the dipoles in the original orientation and to the dipoles on the support. We can
notice that even if there is not a significant difference between the antenna setup as the measurements are in
LOS, the variation of SNR is always positive in dB for all the cases, what means that, in average, the CP patches
perform better than the dipoles in all cases.
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Compared to original dipoles (BD-Orig) Compared to dipoles on support (BD-Sup)
Average SNR im- | Free space equivalent im- Average SNR im- Free space equivalent im-
provement provement indicator provement provement indicator
(FSEII) (FSEII)
YAW 0.35dB 5% 2.20dB 29%
ROLL 1.00 dB 10% 1.25dB 15%
PITCH 3.80 dB 55% 1.45 dB 18%
TOTAL 2.00 dB 25% 1.65 dB 20%
Table 13. Average SNR improvement for the CP patches (setup CPP-Sup) compared to the dipoles in the setups D-Orig and D-Opt, and
FSEII.

To validate the consistency of the assessment in LOS, we repeated some measurements in a larger place (a
parking). In that case, there are yet multiple reflected paths, but their effect is less important than in the narrow
corridor. The results from these new measurements were consistent with the conclusions that we present in
this Section.

To summarise, the performance in LOS is not criticaly compromised as all the antenna setups receive a good
SNR thanks to the direct path. In terms of FSEIl, the CPP-Sup performs 25% and 20% better than the BD-Orig
and BD-Sup, respectively. We can use the measurements in LOS to learn from the antenna positioning and to
detect the effects of the drone structure. These conclusions can also be useful useful to understand the per-
formance in NLOS, where the reliability is critical as the radio link is less stable and predictable.

The fact that we can spot some of the effects of the geometry that we intuitively expected, reinforces that the
tests are meaningful, and we can extract consistent conclusions. This leads us to conclude that here we can
identify features of the radiation that we would see in a radiation pattern, and therefore the LOS measurements
can help us to understand the weak points of an assembly or an antenna setup.

53.2.2  Non-Line of Sight (NLOS) measurements and results

The results of the average SNR for the three setups under tests are shown in Figure 163. There is a clear differ-
ence of the results of the dipoles in original orientation with respect to the dipoles and patches in the support.
That is something that we expected from our research on the cage: many segments of the cage interact with
the antennas and affect the propagation.

If we compare the CPP-Sup and BD-Sup, we can see that, especially in pitch, the SNR of the CPP-Sup is superior
and more stable for most angles. In roll their performance is very similar, except for at 0°, where CPP-Sup is
superior to BD-Sup. There is a big drop for both setups at a rotation of 90°-135°. In yaw, CPP-Sup has a better
SNR, excepting at 270°, where BD-Sup shows a large SNR peak. This is a localised peak, and CPP-Sup is more
constant along all the rotation, being at a first glance the most reliable of all the setups in yaw.
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Figure 163. NLOS. Comparison of SNR for the Setups BD-Orig, BD-Sup and CPP-Sup.
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Figure 164. Comparison of reliability indicator for the Setups BD-Orig, BD-Sup and CPP-Sup.

In Figure 164, we can appreciate from the reliability metrics that CPP-Sup is consistently better than BD-Sup
and BD-Orig in all the three axes of rotation. The global results are gathered in Table 14, where we can notice
the remarkably worse performance of BD-Orig for both thresholds. For the worst-case threshold, we can see
that CPP-Sup performs slightly better than BD-Sup, but it is for the modified threshold that we see a larger
improvement of 20%. The fact that CPP-Sup maintains a greater probability for a higher threshold speaks also
about their stability. If the probability decreases fast as the threshold ramps up, that means that the setup has
a larger variability. In fact, we get a similar reliability with CPP-Sup as we would get with CP-Orig, but for a SNR
4dB higher. This is very positive, as the CPP suffer from 3dB of polarisation loss by default, and their gain is
1dB lower than for the BD.

NLOS
Disposition of the dipoles Probability Probability
Threshold worst case Threshold: worst case +
4dB margin
Dipoles original (BD-Orig) 0.58 0.02
Dipoles support (BD-Sup) 0.85 0.31
CP patches support (CPP-Sup) 0.92 0.50

Table 14. Global probabilities for worst case threshold and worst case + margin in NLOS, for the Setups BD-Orig, BD-Sup and CPP-Sup.
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In Table 15, we can see the results of the FSEIl for CPP-Sup compared to BD-Orig and BD-Sup. In terms of
FSEIl, CPP-Sup improves by 70% and 29% compared to BD-Orig and BD-Sup, respectively.

NLOS
Compared to BD-Orig Compared to BD-Sup
Average SNR Free space equivalent im- Average SNR Free space equivalent im-
improvement provement indicator improvement provement indicator
(FSEII) (FSEIN)
YAW 3.9dB 57 % 0.8 dB 10 %
ROLL 3.6 dB 52 % 24 dB 32%
PITCH 5.8 dB 95 % 3.1dB 43 %
TOTAL 4.6 dB 70 % 2.2dB 29 %

Table 15. CPP-Sup compared to BD-Orig and BD-Sup.

The cross-polarization losses between a LP and a perfectly circularly polarized antenna are 3dB, which is very
convenient to prevent higher losses that would compromise the reliability of the system. The CPP antennas
under test do not have a perfect CP, with an axial ratio under 4dB in the frequency band. The CPP should
experience cross polarization losses of around 3dB, which could vary depending on the alignment of the main
component of the polarization. As the CPP antennas are penalized by the cross-polarization losses, they offer
margin for improvement in the downlink (drone to controller), which is the most critical as it carries the video
signal which requires a higher data rate. To exemplify this, we add 1dB to the measured SNR, which gives an
idea about how much the performance could improve when we slightly increase the transmitted power. The
results are shown in Figure 165. We do not see remarkable differences for the reliability metric by comparing the
worst case in Table 14 and Table 16, and that shows how this metric might be misleading. The results for the
adjusted threshold show an increase from 0.5 to 0.63.

NLOS NLOS (power transmitted +1dB)
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Figure 165. Comparison of reliability indicator before (left) and after adding 1dB to the measurements (right), for the Setups BD-Orig,
BD-Sup and CPP-Sup.

The FSEIl improves from 70% up to 90% for the CPP-Sup compared to BD-Orig. It increases from 29% to 45%
percent compared to the BD-Sup. The results are shown in Table 17.

115



Chapter 5: Analysis of the cage and system measurements of the antennas assembled on the drone

NLOS in downlink (+1dB added)

Disposition of the dipoles Probability Probability
Threshold worst case Threshold: worst case +

4dB margin
Dipoles original (BD-Orig) 0.58 0.02
Dipoles support (BD-Sup) 0.85 0.31
CP patches support (CPP-Sup) 0.96 0.63

Table 16. Global probabilities for worst case threshold and worst case + margin in NLOS +1dB, for the Setups BD-Orig, BD-Sup and CPP-
Sup.

NLOS in downlink (+1dB added)

Compared to BD-Orig Compard to BD-Sup
Average SNR Free space equivalent im- Average SNR Free space equivalent im-
improvement provement indicator improvement provement indicator

(FSEI) (FSEIN)
YAW 49dB 76 % 1.8 dB 23 %
ROLL 4.6 dB 70 % 34 dB 48 %
PITCH 6.8 dB 120 % 4.1dB 60 %
TOTAL 5.6 dB 90 % 3.2dB 45 %

Table 17. CPP-Sup compared to BD-Orig and BD-Sup adding +1dB of extra transmit power thanks to lower gain of the patches.

5.3.2.3  Conclusions of the proposed antenna system

In conclusion, in LOS the SNR for all the antenna setups is very similar, but this is not critical as we have a direct
path and stable radio link. However, the CP patches (CPP) perform better, especially in terms of Free Space
Equivalent Improvement Indicator (FSEIl), where they are 25% and 20% better than the dipoles in their orig-
inal assembly (BD-Orig) and the dipoles on support (BD-Sup), respectively. The measurements of LOS can
help us understand how to improve the positioning and orientation of the antennas, as we can spot the main
effects of the structure on the propagation of the waves as we rotate the drone.

The NLOS scenarios are the more unpredictable also more critical to the application. It is in NLOS where we
see more differences between the different antenna setups that we have tested. While we can already signifi-
cantly improve the performance of the dipoles by adjusting their position and orientation, we see from the
results that the circular polarisation of the CPP is key to further enhance the performance. To get a com-
plete overview on the performance of the CPP, we use both the reliability metric and the FSEIl. The CPP im-
prove the reliability metric compared to BD-Sup by 20%, being as reliable as BD-Orig but for an in-
creased SNR of 4dB. The Free Space Equivalent Improvement Indicator (FSEII) shows that CPP-Sup is in
average 70% better than BD-Orig and ~30% compared to BD-Sup. If we increase can increase the trans-
mitted power of the air unit by 1dB to compensate for the polarization losses, the downlink improves up to
a FSEll of the CPP-Sup compared to BD-Sup from 30% to 45%, and the reliability for the adjusted thresh-
old metric from 0.56 to 0.63. The downlink is the most critical as it carries the video feed, and is what degrades
first during a flight, as it carries more information and usually uses a less robust modulation.

NLOS in downlink (+1dB added)

Disposition of the dipoles Probability
Threshold: worst case + 4dB margin
Dipoles original orien. 0.02
Dipoles support 0.31
CP patches support 0.63

Table 18. Final conclusions on the reliability of the dipoles and the CP patches
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NLOS in downlink (+1dB added)
Free space equivalent improve-
ment indicator (FSEII)
CP patches compared to original dipoles +90%
CP patches compared to dipoles on support + 45%

Table 19. Final conclusions on the free space equivalent distance improvement of the CP patches compared to the dipoles

In this Section, we have summarised the results for the proposed antenna setups, but we add in the following
sections a detailed report of all the measurements that we have performed and that provide useful information
to the performance of the antennas and the effect of the cage.

5.3.3 System measurements. Comparison of dipoles, LP patches, and CP patches: effect of the
polarization

With the measurements in this Section, we aim to assess how the proposed CP patches (CPP) compare to other
broadbeam linearly polarized patches (LPP). We use the LP antenna designed, fabricated designed in Chapter
4. The setups used are: BD-Orig (Figure 151), BD-Opt (Figure 154), LPP-Opt (Figure 155), CPP-Opt (Figure
156). We test these antenna setups in LOS and NLOS.

533.1  Line of Sight (LOS) measurements and results

The results of the average SNR per axis of rotation for the four antenna setups are shown in Figure 166. We do
not analyse here the setups 1, 2 and 4 as we analyse them already in other sections. We can see from the results
how the average SNR of LPP-Opt clearly resembles the behaviour of BD-Opt, especially in the pitch rotation.
That means that their channels are very similar, including their radiation characteristics and their interaction
with the cage. We can also observe this effect also in Figure 166 and Figure 167, how their reliability indicators
are very similar.
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Figure 166. Comparison in LOS: average SNR over two measurements in the YAW, ROLL and PITCH rotation for BD-Orig, BD-Opt, LPP-
Opt, CPP-Opt.
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LOS LOS
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Figure 167. Comparison in LOS. Comparison of reliability indicator for BD-Orig, BD-Opt, LPP-Opt, CPP-Opt.
Setup LOS Probability Probability
Threshold worst case | Threshold: worst case +
margin
Dip Original orien. (BD-Orig) 0.67 0.40
Dip Optimal pos. and orien. 0.69 0.13
(updown) (BD-Opt)
LP patches (LPP-Opt) 0.69 0.19
CP patches (CPP-Opt) 0.65 0.27
Table 20. Comparison in LOS. Global probabilities for worst case threshold and worst case + margin in LOS, for BD-Orig, BD-Opt, LPP-
Opt, CPP-Opt.
LOS CPP Opt compared to BDD-Opt
LPP-Opt compared to BDD-Opt
Average SNR im- | Free space equivalent Average SNR im- Free space equivalent
provement distance improvement provement distance improve-
ment
YAW +04dB +5% +04dB +5%
ROLL +13dB + 16 % +1.7dB +22%
PITCH +0.3dB +4 % +09dB +11%
TOTAL +0.7dB +8% +1.0dB +12%

Table 21. Comparison of LPP-Opt and CPP-Opt to BDD-Opt in LOS. Average SNR improvement and (FSEII).

As for all the tests in LOS, we can see how the performance does not change significantly from one setup to
another. Yet, we could confirm here that the CP of the CPP-Opt slightly improves the performance, as we
compare it with other LP patches (LPP-Opt) that in fact have a better gain.

5.3.3.2  Non-Line of Sight (NLOS) measurements and results

We can distinguish from the reliability metrics in Figure 169 and in Table 22 that, while the BD-Orig and CPP-
Opt are different, the results from BD-Opt and LP-Opt are similar. For BD-Orig, and as we have seen in the
other analyses in this report, these results confirm that the BD-Orig is the least reliable in NLOS due to the
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position of the antennas in BD-Orig. The positioning of the BD-Opt, LPP-Opt and CPP-Opt is the same with
respect to the cage, and therefore it is the circular polatization of CPP-Opt what improves the performance
compared to BD-Opt and LPP-Opt. Therefore, the similar performance of BD-Opt and LPP-Opt comes from the
fact that they are linearly polarised.
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Figure 168. Comparison in LOS: average SNR over two measurements in the YAW, ROLL and PITCH rotation for various positions and
orientations
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Figure 169. Comparison in NLOS. Comparison of reliability indicators for BD-Orig, BD-Opt, LPP-Opt, CPP-Opt.

Setup NLOS Probability Probability
Threshold worst case | Threshold: worst case +
2dB margin
Dip Original orien. (BD-Orig) 0.56 0.17
Dip Optimal pos. and orien. 0.92 0.46
(updown) (BD-Opt)
LP patches (LPP-Opt) 0.73 0.42
CP patches (CPP-Opt) 0.90 0.75

Table 22. Comparison in NLOS. Global probabilities for worst case threshold and worst case and adjusted thresholds, for BD-Orig, BD-
Opt, LPP-Opt, and CPP-Opt.

We compare the CP patches and LP patches to the same setup to see how these two behave differently. In
Table 23, we can see that in terms of free space equivalent distance improvement, both the CP and LP patches
improve the performance compared to the dipoles up-down the cage. However, and as we can anticipate from
the results in Table 23, the performance using the LP patches improve only by 6% while it grows 18% for the
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CP patches. We also need to consider that the peak gain of the LP patches is higher than the dipoles, so the
transmitted power should be decreased to maintain the EIRP and comply with the certification limits. This
would lead to a further degradation of the performance using the LP antennas compared to the results in Table
23.

NLOS
LP patches up-down compared to dipoles CP patches up-down compared to dipoles up-
up-down down
Average SNR Free space equivalent dis- | Average SNR im- Free space equivalent
improvement tance improvement provement distance improvement
YAW 0dB 0% 1.2 dB +15%
ROLL -0.2 dB -23 % 0.6 dB +75%
PITCH 1.5dB +19% 2.3 dB +30%
TOTAL 0.5dB +6 % 1.4dB +18 %

Table 23. Comparison of LPP-Opt and CPP-Opt to BDD-Opt in NLOS. Average SNR improvement and (FSEII).

5333 Conclusions

This experiment shows the importance of using polarization diversity and circular polarisation in NLOS and
multipath scenarios. The CP is the key advantage of the patches, and this is especially true as they present
other limiting factors inherent to the restriction on the number of antennas: they have lower gain and narrower
beam than the LP patches and dipoles.

5.3.4 System measurements: Comparison of antennas inside and outside the cage: effect of
the cage

We have seen in previous Sections that using CP antennas is beneficial for the reliability of the radio link. This
benefit can come from two sources: the cross polarisation between the antennas of the controller and the
drone is diminished, and that the circular polarisation is more resilient to the effect of the cage. The latter effect
could be generated from the fact that a CP antenna can “listen” in two orthogonal polarisations. We expect
that these two are modified by the cage similarly as we have many cage segments around the antenna for
many different rotations.

With the tests in this Section, we expect to understand to what extent the better performance of the CP patches
is due to a better resilience to the effect of the cage. The measurement setups used in this Section are BD-Ins
(Figure 157), BD-Out (Figure 158), CPP-Ins (Figure 159) and CPP-Out (Figure 160), and consist on placing the
BD and the CPP patches along exactly the same radial distance inside and inside the cage, as sketched in Figure
170. We analyse only the results in NLOS for the sake of brevity, as we have confirmed repeatedly for all the
tests that in LOS the differences between antenna setups are not significant.
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Affected
by cage

=

Unobstructed

Figure 170. Sketch of the interaction of the antennas inside and outside the cage, and their placement for the tests. The cage cross sec-
tion shows the various pentagions highlighted with different colors.

In Figure 171, we can see that BD-Out have a better SNR for most angles than the BD-Ins. The average SNR of
the CPP-Out is more unstable than CPP-Ins, which could come from a shadowing at some rotations of the cage
as we rotate, that is especially noticeable in yaw.
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Figure 171. Comparison in NLOS: average SNR over two measurements in the YAW, ROLL and PITCH rotation for various positions and
orientations

It is not obvious to glimpse in Figure 171 if SNR is better for CPP-Ins or CPP-Out. We can spot clearer differ-
ences using our reliability metric, in Figure 172 and Table 24. Especially for the worst-case threshold, the relia-
bility of CPP-Ins and CPP-Out is almost identical, while the change is more remarkable for the BD. In fact, the
reliability of CP-Ins is as good as BD-Out.

NLOS NLOS
Threshold: average worst case 35.2 dB + 0.0dB y Threshold: average worst case 35.2 dB + 2.0dB
m I BD-Ins
[ BD-Out
081 08 [CIcPP-ins
I CPP-Out
206 N 206
3 3
® ®
Qo Qo
< <
0 04r 004
0.2 02
0 — — 0
YAW ROLL PITCH YAW ROLL PITCH
Rotation axis Rotation axis

Figure 172. Comparison in NLOS. Comparison of reliability indicators for BD-Ins, BD-Out, CPP-Ins, CPP-Out.

121



Chapter 5: Analysis of the cage and system measurements of the antennas assembled on the drone

NLOS Probability Probability
Threshold worst case Threshold: worst case +

2dB margin
Dipoles in cage (BD-Ins) 0.56 0.17
Dipoles outside of cage (BD-Out) 0.63 0.31
CP patches inside cage (CPP-Ins) 0.71 0.33
CP patches outside cage (CPP-Out) 0.73 0.44

Table 24. Comparison in NLOS. Global probabilities for worst case threshold and worst case + margin, for BD-Ins, BD-Out, CPP-Ins, CPP-
Out.

While the difference is not enormous, these results suggest that indeed the BD are a bit more affected by the
cage than the CPP. We can then consider the changes in terms of FSEIl to obtain a clearer picture. In Table 25,
we calculate the FSEIl of the BD-Out compared to BD-Ins and CPP-Out compared to CPP-Ins. We see that the
overall improvement of the BD is 20 % against the 13 % of the CPP, confirming that the BD are more affected
by the cage. In yaw, which is the most important rotation axis in a drone, CPP change significantly less (5%)
than BD (19%).

NLOS
BD-Out compared to BD-Ins CPP-Out compared to CPP-Ins
Average SNR | Free space equivalentim- | Average SNR im- | Free space equivalent im-
improvement provement indicator provement provement indicator
(FSEII) (FSEII)
YAW 1.5dB 19 % 0.4 dB 5%
ROLL 1.4 dB 17 % 1.7 dB 22 %
PITCH 1.9dB 24 % 1.0dB 12 %
TOTAL 1.6 dB 20 % 1.1dB 13 %

Table 25. Average change of SNR and FSEIl, comparing BD-Out to BD-Ins and CPP-Out to CPP-Ins. The bigger the change, the more
significant the effect of the cage.

The results in this section have shown consistently that the CPP are more resilient to the effect of the cage than
the BD. Along with the reduced cross polarisation losses thanks to their CP, the better resilience of the patches
to the cage contributes to the better reliability of the CPP that we have observed throughout the tests.

5.3.5 Conclusions

We can extract the following conclusions from this Chapter:

e The antenna closer to the cage suffers a focusing effect, thus only one sector of the cage is significantly
interacting with the antenna. Using a directional antenna allows to minimize the sector of rods inter-
acting with it, but then more antennas are needed.

e The effect of the several cage rods leads to power reflected back to the antenna and power transferred
to other modes.
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The positioning of the antennas is very important due to the effect of the structure. A closer placement
of the antenna to the cage leads to a stronger iteration of that sector of the cage but a clever posi-
tioning can improve significantly the reliability of the link (using several antennas).

In LOS scenarios, the choice of the antenna system does not affect significantly the reliability of the
system as there is a direct path between the drone and the controller.

In NLOS, the reliability of the radio link is more unstable, and it is in this case when the CP patches
perform consistently better than the LP dipoles. The proposed CP patches (CPP) improve the reliability
of the link compared to the dipoles in their original assembly (BD-orig) by 70%. They also im-
prove the average SNR of the system in all the NLOS configurations that we have tested. We can
translate this SNR increase to the equivalent distance that the range would increase in free space,
improving the downlink up to 90% when compared to BD-Orig.

From all the tests we could also understand the importance of using the CP for a better reliability in

NLOS indoors (multipath environments), and also for a better resilience to the effect of the cage. It
shows more resilience to the structure and to cross polarization losses.
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6 Broadening the beamwidth of microstrip an-
tennas using multiple elements for larger
footprint antennas

This Chapter has the goal of extending the use of additional elements for larger footprints, for applications
where the size and weight are not as critical as they are for drones. A larger antenna allows more degrees of
freedom and to explore the potential of different additional radiators. Also, it is more straightforward to un-
derstand the separate contributions of each element, which ultimately allows to provide a more structured and
formal overview of the use of additional radiators in a more general scope.

The Chapter starts by refreshing the basics of array theory, and uses this as a starting point and reference to
understand the functioning of patches as additional radiators. We use parasitics identical to the active antenna,
which simplifies the formulation of the problem and allows to understand the effect of each element. This
allows to provide guidelines and a more didactic explanation about the technique. We provide the mentioned
detailed explanation with guidelines to use this approach to design LP and CP antennas with a single-feeding.

We finalize by presenting an antenna using parasitic elements for a specific application in satellite communi-
cations. This new application works requires dual band operation and a different frequency band (1.5-1.56GHz
for downlink and 1.6-1.66 GHz for uplink). These changes present new challenges and compromises to be
made between bandwidth, beamwidth and AR beamwidth, and gives a more realistic example of an antenna
for a specific application. To be consistent with the rest of the Thesis, we use the ISM band at 2.4GHz for the
analysis and explanations in Sections 6.1 and 6.2, and we modify it for the antennas in Section 6.3, according
to the new frequency band required by the application.

6.1 Basic array theory as an analogy to increase the beamwidth with additional
elements

In this Section, we tackle the broadening of the beamwidth of microstrip antennas using additional elements
starting from basic array theory. We start with an illustration of the simplest array possible, using only two
patches. If we combine two of these arrays side by side, we can generate a broadened or even isoflux pattern
using an array of three elements. To finalise, we disconnect two of the patches in the 3-element array, resulting
in a single fed patch antenna with parasitic elements, that still follows the same principle as the array to gen-
erate a broad-beam radiation pattern.
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6.1.1 Basic two-elements array. Directing the beam towards a given direction.

Using antennas in arrays allows to radiate patterns that are not achievable using a single element. Among its
advantages, the pattern can be more directive, or it can point to a direction different than the peak of its
individual elements. The total pattern created by any array of identical antennas can be separated into two
contributions: the array factor and the antenna individual pattern. One simple architecture of are 1D arrays
with linear phase delay between its elements, which allow to generate an array factor that directs the beam in
a given direction and in the plane along which the elements are located. The pointing of the array is controlled
by the phase and magnitude at which the elements are fed, and their separation.
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Figure 173. Two elements array, pin-fed with lumped ports (left), and illustration of the pointing of the radiation pattern when using a
linear array with a phase delay between elements (right)

A simple array of two patches is shown in Figure 173. These are fed with lumped ports, exciting a mode on the
patches with polarization along the X axis. If we feed both antennas with the same amplitude but with a given
phase delay between each other, the pattern is tilted in the plane YZ following the idea shown in Figure 173.
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Figure 174. Radiation pattern in of a two-element patch array in the two main cuts at phi = 0deg (left) and phi = 90° (right). The results
are at @2.45GHz.
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In Figure 174 we show how the pattern generated by the two patches for different phase delays allows to tilt
the gain in the plane XZ (Phi = 90°). These patches use FR4 as substrate. This means that the use of arrays
allows us to some extent to increase the gain in low elevation angles for patch antennas.

6.1.2 Three element patch arrays to tune the beamwidth

A common use of arrays is to increase the directivity in a given direction. In arrays of patches, as the pattern of
the elements has its peak in broadside, the achievable gain decreases as the pointing angle increases. Depend-
ing on the requirements, it might be needed to increase the number of elements to radiate the desired pattern.
A 3-element array as the one in Figure 175 that is fed with a progressive phase delay, generates a pattern tilted
to one direction as happens for the 2-element array, but with better gain in the main beam.
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Feedihé

Figure 175. Array of three patches. The substrate is made of FR4 and its thickness is of 2.4mm.

Let us see the array from the perspective of several elements that interfere with each other to provide a certain
array factor. Based on that idea, we can think of a 3-element array as the one shown in Figure 175, as the
combination of two 2-element arrays side by side sharing the central patch. If we take the latter as a reference,
and add the same phase delay to the lateral patches as described in Section 6.1.1, two beams directed in
opposite directions are generated, as shown in Figure 176. The combination of both radiation patterns gener-
ates two lobes pointing to symmetric elevation angles (theta), and create a broadbeam or isoflux pattern when
the separation between elements and the phase delay are properly tuned.
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Figure 176. Patterns generated by the combination of Patch 1 and 2 in absence of patch 3 (red) and by the combination of Patch 2 and 3
in absence of Patch 1 (blue).
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In Figure 177 we show the results for the two main cuts of the radiation pattern of the 3-element array and for
different delays between the elements. We can observe how, for the plane YZ ( phi = 90° ) there are two lateral
lobes that increase the HPBW up to 149° for a delay between elements of 135°. The feeding of the three
patches to obtain these results is shown in Table 26.

PATCH 1 PATCH 2 (CENTRE) PATCH 3
AMPLITUDE (W) | 0.1 1 0.1
PHASE (DEG) \ +Delay 0 +Delay

Table 26. Feeding of the three patches to obtain the results of Figure 177.
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Figure 177. Radiation pattern of the 3-element array for its two main cuts at phi=0deg (left) and phi=90deg (right). This is made for the
two lateral antennas with a 10% of the power of the central patch.
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Figure 178. Normal S11 and Active S11 to show coupling

Another important aspect in arrays is the mutual coupling between the elements. As the antennas share the
same substrate, the surface waves launched from each element propagate inside the substrate and affect the
others. The power of the surface waves decays more slowly than the waves propagated in free space and thus
they should be treated carefully. The effect of mutual coupling for the 3-element array can be seen through
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the Active S-parameters in Figure 178. The reflection coefficient using traditional S parameters is the same for
all the three antennas as they are identical, and the different Active S-parameters show that each of the three
antennas are affected by the other two.

In conclusion, arrays can be used to change the shape of the radiation pattern with a proper feeding and
spacing between the elements. A feeding network is required to feed the three elements as desired, and the
effect of the surface waves should be addressed to obtain the expected results. While mutual coupling in arrays
is usually negative and complicates the design, surface waves can also be used as an advantage as, for example,
exciting parasitic elements with a single-fed patch.

6.1.3 Patch antenna with two parasitic elements for broad beamwidth

An evolution of the 3-element array of patches consists of disconnecting the two lateral patches and feeding
only the central patch, as shown in Figure 179. This cannot be considered an array as there is only one feeding
point, and it should be taken as an antenna with parasitic elements. However, it follows the same idea to
increase the beamwidth using two pairs of elements with a symmetric phase delay, which is provided by the
distance between elements. In this case, the surface waves in the substrate excite the parasitic patches, and the
phase delay is controlled by the separation between the elements, as shown in Figure 180.

' .
, Parasitic

Figure 179. Total radiation pattern for a patch with parasitic elements designed to achieve broad beamwidth. The pattern results from
combining the effect of the two sub-antennas (patch + parasitic elements).

Figure 180. Central patch antenna is active and the two lateral patches are identical but not fed.

This design change leads to the following consequences compared to the 3-elements array:
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e The feeding is simpler, consisting of a single point feeding as a coaxial cable.

o The needed phase shift between elements is delivered to the two parasitic patches directly by the
coupling between the elements as they are all at the same distance between each other. It is important
to mention that the patches can be arranged only along the axis orthogonal to the polarization of the
antenna, as seen in Figure 181.

e The amplitude and phase of the parasitic elements is dependent on the separation between the ele-
ments. This simplifies the design but decreases its degrees of freedom.

e As the two parasitic elements are not fed, the matching is easier to tune, and it only changes slightly
the matching of the central patch.

Separation
12mm = 0.098A
E plane
patches E 3
H plane
patches

Figure 181. Different arrangement of the patches and the dependence with the element separation.

In Figure 182, we can see the results of the radiation pattern for the patch with parasitic elements for a set of
different separations. The effect described in Figure 179 is clearly visible as there are two symmetric lobes
around the broadside directions. This type of antenna allows then to achieve HPBW in the range of 140°.
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Figure 182. Phi = 0° (left) and Phi = 90° (right) pattern cuts for a patch with parasitic elements identical to the patch placed along the Y
axis.

The example presented in this Section is for an ideal case and for a specific variation of the antenna with
parasitic elements, where we do not modify parameters like the geometry of the latter. The technique requires
a deeper and more detailed understanding to design the patch antenna and the parasitic elements.
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6.2 Broadbeam patch using parasitic elements - concept and design rules

In this Section we explain more in detail how to use parasitic elements to increase the beamwidth of patch
antennas, and to provide a quantitative assessment of the performance achievable using this technique. We
also explain how a different type of the additional element and their individual patterns are another aspect to
consider. For example, while the use of patches allows to increase the beamwidth to a certain level, using
parasitic elements without a ground plane below them can provide a broader beamwidth thanks to the differ-
ent individual pattern of the additional elements. We also show how this technique can be used to design CP
antennas. The work in this Section uses the contribution in [74].

6.2.1 Description and analysis of the beamwidth enhancement

To start, we define the geometry of the parasitic elements and its parameters that we use throughout the
Section. In this example we use patches without ground for a broader beamwidth. The pattern of the additional
elements is therefore more omnidirectional, and contributes to improve the radiation in the end-fire direction.
This technique is applicable for similar antennas with other types of parasitic elements. We can see the geom-
etry in Figure 183 and the specific values of its parameters in Table 27. The antenna beamwidth is optimized
the plane YZ (Phi=90°) by placing the parasitic elements along the Y axis.

Figure 183. Example of a rectangular patch with parasitic elements to enhance the beamwidth in the YZ plane [74]

Groundy, Gapw Pad,, Pad,
50 mm 10 mm 20mm 30mm
Sub, Sub,, Feed,o | Patchy,
110 mm 60 mm 7mm 28.2mm

Table 27. Values used in the example
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To feed the antenna a lumped port is used, connected only to the central patch, and the lateral patches are
passively activated by the central patch. The reflection coefficient of the antenna is shown in Figure 184. The
bandwidth covers the entire 2.4-2.48 GHz ISM band, and the effect of the parasitics is negligible in the reflection
coefficient if they are placed sufficiently separated from the patch.

S11[dB]

25 . . . .
2.2 2.3 2.4 2.5 2.6 2.7

Frequency [GHZz]

Figure 184. Reflection coefficient. Bandwidth of 97 MHz [74]

As this design is made to show the concept and validate it with measurements, we use as a substrate a low
cost FR4 with 2.4mm of thickness. This material has a relative permittivity &, = 4.4 and a loss angle tané =
0.02. As our focus is on the shape of the pattern, and the high losses of the FR4 decrease the gain, we use the

directivity as a figure of merit. Using a substrate with lower losses is a safer option for a design that requires
better gain.

With the geometry in Figure 183 and Table 27, we obtain HPBW of 220° in the YZ plane. In Figure 185, we can
see how the directivity drops at the center, and the maximum peak occurs at theta=-55° and 55°. This pattern
is very stable in the frequency band, with very small variations of 0.3dBi at theta=0°.

Directivity in the band
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Figure 185. Directivity for the lower, middle, and upper frequencies within the band [74].

132



Chapter 6: Broadening the beamwidth of microstrip antennas using multiple elements for larger footprint antennas

The parasitic elements are fed by the active patch and therefore in the same polarization, providing a large
cross polar discrimination (XPD) higher than 30dB in the upper hemisphere as we can observe in Figure 186.

Cross polar discrimination
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Figure 186. Cross polar discrimination in the YZ plane. XPD is larger than 30dB in the entire upper hemisphere [74].

We fabricated and measured the antenna in Figure 183 and with the values in Table 27. The simulated and
measured results of the pattern are collected in Figure 187, showing a good agreement in the shape of the
pattern and the HPBW. The ripples in the measurements are caused by the measurement setup, as the antenna
has a broad beamwidth, it is very sensitive to the surrounding elements.
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Figure 187. Fabricated prototype (left) and comparison of normalized pattern in simulation and measurements at the center of the band
and in the YZ plane (right) [74].

The antenna is composed of various radiating elements, and therefore the interaction between elements
should be treated carefully. The most critical parameters to look at are: the distance between the elements
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(gap_w) and the size of the parasitic strips (pad_[ and pad_w). By tuning these parameters, the pattern can be
modified substantially, and the beamwidth can be increased as much as the application requires.

6.2.2 Modifying the pattern by tuning critical parameters: gap_w, pad_w and pad_l

The inter-element separation is critical to change the shape of the radiation pattern, and the contribution of
the parasitic elements to the total radiation also decreases when these are more separated from the active
patch. We can see this antenna as a simplified version of an array of three elements: the separation controls
the amplitude but also the phase shift between elements leading to different total radiation patterns. In Figure
188, we observe how one can achieve isoflux patterns when the separation is small (gap_w = 10mm), and it
evolves to more directive pattern as it increases.

The results for several variations pad_l are collected in Figure 189, in which we can observe how this parameter
has also a strong effect on the shape of the pattern. When it is shorter than the central patch (1/2 on FR4), the
effect on the pattern is less noticeable. When the size is close to 1/2, the pattern has a minimum in broadside

which leads to a very broad HPBW. For longer length values, above 1/2, the back radiation increases and the
pattern is more directional in broadside.

Variation of gap,,

gap,, = 10mm. HPBW = 220°
gap,, = 20mm. HPBW = 205°
gap,, = 30mm. HPBW = 155°

10t
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Figure 188. Gapw sweep [74]
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Figure 189. Pad. (left) and Stripw sweeps (right) [74]
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The parameter pad_w does not have a significant effect on the pattern, as long as it is larger than 10mm, as
seen in Figure 189. This parameter has a direct effect on the antenna footprint, so our recommendation is to
keep it small enough to reduce the size but sufficiently large to enable substantial changes on the pattern.

The size of the ground plane is also an important parameter of importance to the beamwidth of microstrip
antennas in general. In all the results presented in the Section, the ground size remains unchanged. Smaller
ground sizes lead to higher back radiation and the beamwidth is also more prone to increase. The operation
of the parasitic elements depends on the ground size and therefore one should consider it in the design. We
recommend to keep it large enough for a stable and reliable impedance matching.

6.2.3 Compromise between size, performance and compatibility for CP antennas

The technique is useful to improve the beamwidth in one plane, but can also be extrapolated to two orthogonal
planes circular polarization. To this aim, one needs to add another pair of the parasitic pads in the perpendicular
plane, resulting in the geometry shown in Figure 190.

Figure 190. Surface currents on the geometry with additional pads, to excite circular polarisation and extend the beamwidth in the XZ
and YZ planes [74]

In Figure 190, the current density in all the radiating elements when CP is excited in the central patch via two
lumped ports. The pads in the YZ plane are in orthogonal polarization to those in the XZ plane, thanks to the
two orthogonal modes of the CP. Each mode (along X and along Y axes) excites a pair of parasitic elements
and broadens the beamwidth in one axis.

To understand the operation of the antenna in CP, it is important to understand the radiation from the two
separate two orthogonal and linearly polarized modes excited on the geometry. The pattern radiated by one
of the modes (polarization along X axis) is shown in Figure 191. The results show that for the XZ plane, the
beamwidth is not increased and the directivity decreases rapidly with angle. As the CP radiation pattern com-
bines two orthogonal modes, each of them broadening the beamwidth in only one plane, the narrower pattern
of the non-enhanced planes sets a limit to the achievable beamwidth broadening. However, one can tune the
two separate LP modes to radiate isoflux patterns, as the one in Figure 191, to compensate for this effect,
leading to reasonably flat gain for a very broad angle. We observe in Figure 192 that the HPBW of the CP
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antenna is of 200° for both the XZ and YZ planes. The peak directivity is of 2.7dBi, lower than for the linearly
polarized case, as in this case we are broadening the beamwidth in two planes. The XPD is low around 90°,
which also causes the reduced co-pol directivity in these directions, that is compensated in this case also by
the isoflux pattern ot the two orthogonal modes composing the CP radiation pattern.
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Figure 191. Copol of the XZ and YZ cuts with only one mode activated in the geometry of Figure 190 [74]
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Figure 192. RHCP (Copol) and LHCP (Xpol) for the XZ cut (left) and YZ cut (right). The peak directivity is 2.7dBi [74]

6.2.4 Summary of the results

We can summarize this Section as follows:

e We can conclude from the analysis on the circular polarization that with a clever optimization of both

orthogonal planes using conical patterns, one could design antennas with radiating CP patterns with
HPBW as broad as 200°.

136



Chapter 6: Broadening the beamwidth of microstrip antennas using multiple elements for larger footprint antennas

e We present a technique that allows to enhance the HPBW of conventional microstrip antennas to the
range of 200° both in linear and circular polarization.

e We provide guidelines to use and understand some key parameters and obtain very distinct pattern
shapes.

e We also explain in detail the effect of the parasitic elements, and use this knowledge to adapt the idea
to obtain a circularly polarized broadbeam patch antenna. As the beamwidth can be increased sub-
stantially, using this technique opens a broad spectrum of options to establish compromises between
the antenna size, gain, and beamwidth.

e Additionally, the technique does not increase the fabrication or feeding complexity, and it keeps the
low profile that is critical for a broad range of applications.

The analysis in the Section is made for patches with rectangular parasitic pads, operating in a single band and
in the ISM band at 2.4GHz.

6.3 Broadbeam patch using parasitic elements. Modification of the parasitic ele-
ments and dual band operation

In this Section, we extend the analysis of the parasitic elements to broaden the beamwidth of a patch antenna
to a design applied to a specific application. The design consists of a cost-efficient low-profile CP dual-band
loT terminal antenna with improved beamwidth. The latter is a key requirement for Satellite-loT applications
as it has a direct effect on the system latency. Emphasis is placed on simplicity and antenna profile, while
improving the radiation characteristics in both frequency bands.

This design gives us the chance to explain how to tune patches with parasitic elements to operate in dual band
by modifying the shape of the parasitic elements, and to test this technique in the L band (1.5-1.56GHz for
downlink and 1.6-1.66 GHz for uplink) instead of the S band. A dual band design with a small Frequency Ratio
(FR) is obtained with a simple modification of a conventional CP single-fed patch antenna. This Section uses
the work in [75].

6.3.1 Modification of the dual-band CP element

A conventional way of exciting circular polarization for single-fed patch antennas with a small frequency ratio
is to generate two orthogonal degenerate modes of the patch resonator, using various geometric asymmetries
(trimmed corners, diagonal slots, etc.). Using these techniques, the quality of the CP is optimal only in a single
frequency point between the resonance of the two modes, and the impedance matching is widened. If dual
band operation is required, the geometric asymmetry can be accentuated until the antenna resonances are
separated to cover the two desired bands. This reduces the quality of the CP (increases the AR), but allows to
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cover two bands with good impedance matching for a relatively small frequency ratio and zero increase in
complexity. Other dual-band antenna geometries with closely spaced frequencies either use a multi-layered
structures [16] or have a limited achievable frequency ratio [76]. This approach is applicable only to single-fed
patch antennas.

Parasitic elements

Substrate

Figure 193. Proposed antenna geometry without parasitic elements (left) and with parasitic elements (right). The shape of the parasitic
elements is modified and diagonal slots to excite dominant CP and dual band operation.
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Figure 194. Simulated (left) S11 parameter and (right) broadside realized RHCP gain of (gray) a conventional patch antenna (not shown
here), and the proposed antenna: (blue) without and (orange) with parasitic elements.

The antenna in Figure 193 uses parasitic elements to achieve a dominant CP component and a realized gain of
several dBi in broadside in dual band operation. The AR values are around ~15dB and the XPD ranges between
4-5dB for the two frequencies. The low cost and complexity of this technique is preferred over the higher AR
for low-bandwidth Satellite-1oT applications, as the antennas on the satellite side typically radiate very pure CP
and the polarization losses of the remain low (typically 1.5 dB).

To demonstrate the principle, a CP patch antenna is designed on a low-permittivity substrate (e:=3.66, tand =
0.003, h=3 mm) and tuned to the mobile-satellite frequencies of 1.54 and 1.64 GHz (see Figure 193). The S1;
parameter and broadside CP realized gain are shown in Figure 194. The antenna exhibits a broadbeam pattern,
with its peak in broadside and stable radiation patterns in both bands. The following Section describes the
modifications that improve the antenna beamwidth at both frequency bands.
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6.3.2 Beamwidth Improvement - Results

The beamwidth of the antenna should be broadened in both frequency bands and all azimuth angles. To this
aim, four parasitic elements, coplanar to the patch and with trapezoidal shape, are added on the top layer of
the patch substrate. The elements are placed with a 45° angular offset with respect to the polarization of the
two degenerate modes of the active patch. This arrangement allows each of the patch modes to efficiently
couple to all parasitic elements. This presence of the latter slightly improves the antenna matching at both
frequency bands, as seen in Figure 194.

The antenna beamwidth is determined by the shape and size of the parasitic elements, as well as their distance
from the patch. These parameters are optimized to have a stable pattern at two frequencies, necessary for an
efficient two-way communication, and the trapezoidal shape of the parasitic elements improves their frequency
stability. Placing the parasitic elements further away from the patch or making them longer increases the
beamwidth, and can generate even conical radiation patterns. For our application, a HPBW beamwidth broader
than 160° is not practically useful, as the loT terminals usually cannot establish a link with the satellite at ele-
vation angles lower than 10° above horizon. A compromise between the total antenna dimensions, gain, and
pattern broadening is made to have a HPBW of around 150° in the two frequency bands. It is critical to carefully
tune the two resonances created on the patch by the presence of the slot to achieve a stable pattern and
beamwidth in both frequency bands.

The radiation patterns of the antenna, are shown in Figure 195, and the HPBW for the two frequencies and
angular planes is shown in Table 28, also showing the the same antenna without parasitics. The average HPBW
on all planes is of 133° and 146° at 1.54 and 1.64 GHz, respectively.

Frequency 1.54 GHz 1.64 GHz
Angle ¢ 0° 90° 0° 90°
Without parasitic elements 99 97 99 96
|
With parasitic elements [°] 148 160 128 148

Table 28. Antenna beamwidth (in ©).
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Figure 195. Radiation patterns of the proposed antenna at two frequencies and angular cuts (left), and comparison with the antenna
without parasitic elements (right). Note the gain improvement of 1 — 2 dBi at angles 60 — 75°
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6.3.3 Discussion on the results

We present a simple technique to design cost-efficient dual-band patch antennas with a small frequency ratio
and a dominant CP sense, for Satellite-1oT terminals. The slot of the conventional rectangular CP patch antenna
generates two separate resonances enable dual-band operation without increasing the complexity. This tech-
nique is convenient for dual-band CP communication systems with a small FR between both bands, as the AR
of the proposed design deteriorates with the increase of the FR.

Four parasitic elements, placed around the patch antenna and coplanar to it, significantly broaden the antenna
beamwidth at both frequency bands and all angular planes. The disposition around the patch, separation with
respect to it, and their shape is modified to provide the desired compromise between pattern stability and
antenna dimensions. The antenna has an average HPBW in all cuts of 140°, and it serves as a good example to
illustrates the capabilities of the proposed patch antenna modification. The same principle can be applied to
patch antennas having different substrate properties, opening more degrees of freedom to increase the beam-
width.

Despites its mechanical simplicity, the antenna placement and its integration with the loT terminal should be
carefully addressed. The lack of ground plane below the parasitic elements can lead to the perturbation of the
antenna radiation depending on its placement. To address this limitation in the future, parasitic elements with
a ground plane could be used, to the cost of reducing the achievable HPBW. Alternatively, a more elaborated
positioning of the parasitic elements with respect to the patch can be considered, integrating them, for exam-
ple, in a custom antenna radome. Moving the parasitic elements vertically would also increase the vertical
section of the antenna, favouring higher gains in end-fire direction.

This type of antenna is presented as a response to a growing need for antennas with a wide beamwidth in the
field of full-duplex dual-band IoT satellite communication. Improving the beamwidth of these antennas allows
to reduce the time between satellite contacts and consequently, an improvement of the loT message latency.
A low profile of the presented design makes it especially interesting in the Satellite-loT domains where terminal
aerodynamics are crucial, such as commercial fleet management for land transport (cars, vans), and tracking of
drones.

6.4 Conclusions

We can summarize this Chapter as follows:

e A 3-element patch array can be used to radiate a broad beamwidth by feeding the patches symmetri-
cally with respect to the central patch.

e Asingle patch with parasitic elements can increase the beamwidth following the same principle of the
3-element array.

e We provide a set of guidelines and explanation on the how to design broadbeam patch antennas using
parasitic elements, for linear and circularly polarized designs.
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The shape of the parasitic elements is crucial to tune the pattern. Different shapes can be used, for
example, to increase the frequency stability of the pattern which is advantageous for wideband or dual
band designs.

The presented technique allows to generate patterns with HPBW larger than 200° in one plane in linear
polarization and of up to 200° in two planes in circular polarization

The antennas designed with this technique maintain a low profile and low fabrication complexity.

These designs without ground plane need to be well tuned for the axial ratio beamwidth, and to find
a compromise with the directivity beamwidth.

With ground plane the back radiation is better and the AR beamwidth does not change as much as for
the parasitic elements with no ground.
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7 Conclusions

7.1 Summary and conclusions

Patch antennas have a directive pattern, with a typical HPBW of 70° due to the combined radiation of its two
radiating edges in the broadside direction and their ground plane. Their low profile, low weight and easy fab-
rication makes them convenient for many applications despites their limited bandwidth. Therefore, the litera-
ture on increasing bandwidth or gain for patch antennas is very mature, but this is not the case with the broad-
ening of their beamwidth. As their nature is intrinsically directive, increasing their beamwidth means pushing
their limits, which calls for innovative and inventive solutions. These usually require a good understanding of
each technique and of the patches themselves.

In this Thesis, the increase of the beamwidth of microstrip antennas is tackled from a didactive perspective,
which is needed to reach a sufficient level of understanding of each technique that allows to use them to design
broadbeam patch antennas. One can classify the various techniques surveyed in the State-of-the-Art in differ-
ent groups into two large groups: modifying the canonical geometry of patch antennas, or using additional
elements to extend the pattern of the patch. One modification in common to most of the contributions is to
increase the profile of the antennas as much as the mechanical requirements allow, especially if significantly
broadened pattern is needed. Thicker antennas have better bandwidth, and increase their vertical section and
therefore their effective aperture seen from low elevation angles. This helps to increase the achievable gain at
low elevation angles.

From all the techniques, the focus of the Thesis is on using additional elements beside the main patch, which
is, from our experience, one of the options with a better potential and versatility to broaden the beamwidth of
microstrip patches maintaining a low profile. This technique is very versatile as it has many degrees of freedom,
one of the most important being the intrinsic radiation pattern of the additional elements. For a significant
beamwidth improvement, one should use additional elements with good gain in low elevation angles, as, for
example, tapered slot antennas.

A design of a patch antenna with crossed ground slots is presented, which establishes a compromise between
weight (volume) and beamwidth. The designed patch embeds four slots in its ground plane, that are passively
fed by the patch thanks to the currents induced in the ground. With a feeding network that excites CP on the
patch, one pair of slots is activated with each of the two orthogonal modes needed for the CP, radiating a
broadbeam pattern. The slots increase significantly the bandwidth of the patch, which allows to cover the band
of operation with a good margin and to have a good pattern stability over frequency. The increased bandwidth
is key to this design, as we can use a very high permittivity substrate to reduce the size of the antenna, meeting
the size and weight requirements and achieving an enhanced HPBW ranging between 110° and 120°, which is
an improvement of 40°-50° compared to canonical patches. The antenna was measured and fabricated, show-
ing a good performance that complies with the requirements. These antennas operate integrated inside of a
geodesic conductive cage that serves as a collision protector for a drone. As the cage perturbates the perfor-
mance of the antennas, we performed system measurements to validate their reliability. Through these tests,
we can validate the superior performance in terms of reliability of the proposed broadbeam CP patches and
extract useful conclusions on the interaction of the structure of the drone with different types of antennas.
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To continue with the work on broadening the beamwidth of microstrip antennas using additional elements,
we propose several designs with a larger footprint than the antenna for the drone. A bigger footprint allows
to analyse more systematically the potential of this technique, and to provide a set of guidelines for the design
of broadbeam patch antennas using this technique. These antennas can provide very broad patterns (even
isoflux) if they are tuned properly. One of these versions was fabricated and measured, showing a good agree-
ment between simulations and measurements and HPBW of 220°.

We summarize the work and main conclusions of the various Chapter as follows:

e Chapter 2: State of the Art

In this Chapter we provide a survey of the State-of-the-Art on broadbeam patch antennas. We can identify that
there are two types of contributions: optimizing the directivity beamwidth or the AR beamwidth. In our case
we focus on the optimization of the directivity beamwidth. This Chapter helps to have a compilation and over-
view on the different techniques to broaden the beamwidth of microstrip antennas that one can find in the
literature. We provide a comparative table of all the techniques classified in two categories: using modification
of the canonical structure of a patch (and its fringing fields), and using additional radiators.

A common trend of all the antennas is to increase their vertical section or to add vertical posts, to enlarge the
vertical component of the fields and mitigate the effect of the low gain at low elevation angles.

e Chapter 3: On the beamwidth of microstrip antennas and how to increase it

This Chapter offers a thorough analysis of the main categories of the techniques identified in the State of the
Art. Having a good understanding is necessary for a successful antenna design, and this is especially true for
less canonical design as the case of broadbeam patches. We start with a brief explanation on the principle of
operation of patches from the point of view of their pattern, as this serves as reference to understand the rest
of the techniques.

The main conclusions that we can obtain about the beamwidth broadening from this Chapter are the following:

o The antenna volumetry: The ratio between the area of a microstrip antenna seen from broad-
side and endfire is in the range of 50, explaining the fact that the gain is limited in low elevation
angles.

o The ground plane effect:

» The ground plane being a quasi-perfect electric conductor sets a limit to the amount
of power the antenna can transfer to the horizontal component of the E field in far
field in low elevation angles.

» The size of the ground plane plays a key role in the beamwidth, increasing the peak
gain in broadside.
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o Different types of beamwidths for CP antennas: For CP antennas there are two beamwidths
to be considered: the directivity beamwidth and the AR beamwidth. To improve the AR beam-
width in low elevation angle one should balance the two orthogonal components of the E field
in far field, which are also affected by the boundary conditions of the ground. As this condition
is not inherently linked to the directivity beamwidth, one could increase the AR beamwidth
using techniques that do not increase the directivity beamwidth.

o Techniques to improve the beamwidth:

= Use a smaller ground and high permittivity substrate to decrease the ratio of effective
area seen from broadside and endfire.

* Increase the vertical section of the antenna by using 3D ground or bent structures.

» Use additional radiators to complement the pattern of the patch.

The choice of the approach to increase the beamwidth depends on the application and its specific require-
ments. There are then other parameters that are important to address to have a complete overview: size, weight
and bandwidth, among others.

o Chapter 4: Compact and lightweight LP and CP broad-beam microstrip antennas: compromises
and explanation through designs and examples

In Chapter 4, we explain how additional elements can be used to modify the pattern of a patch without in-
creasing its profile. The use of this technique is very versatile and it has many degrees of freedom, depending
on the design requirements. With this Chapter we want to expand the knowledge on this technique and to
provide novel designs with which we can explain how to establish compromises between beamwidth, band-
width, size and weight, putting the focus on the latter.

We summarize here some conclusions extracted from the designs, fabrication and measurements of the an-
tennas presented in this Chapter.

o We present a technique that makes use of slots as additional elements integrated in the an-
tenna structure and passively activated by the patch, which is the only element that is con-
nected to a feeding.

o One of the main advantages of using the ground slots is that this technique provides a very
good bandwidth, that helps to achieve a better frequency stability for a smaller size.

o We present a design and prototype of a LP patch with ground slots, which increases the HPBW
to 220° in one plane.

o We present a design and prototype of a very small CP patch with a HBBW of around 130°.
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o The patches with ground slots, both in LP and CP, are robust to fabrication tolerances despites
the combination of multiple radiators in the same structure. This happens thanks to the co-
herent feeding of all the slots by the patch.

o With the presented technique we can increase the beamwidth and the bandwidth, but not the
AR beamwidth due to the several elements contributing to the radiation.

o As expected for designs of broad beam microstrip antennas, the patch + slotted ground tech-
nique also increases the back radiation.

o The measurement setup for very broad-beam is very sensitive and should be addressed care-
fully to get reliable measurements.

e Chapter 5: Analysis of the cage and system measurements of the antennas assembled on the
drone

Chapter 5 focuses on the assessment of the antennas proposed in Chapter 4 through system measurements
that include the effect of the protective cage. This Chapter gathers several analyses that can help to set bench-
marks to assess the reliability of antennas in indoor environments and affected by any surrounding structure.
Also, it is useful as it gives hints on how to integrate microstrip antennas in complex structures in general, and
for a broad and stable coverage in particular.

We can extract the following conclusions from this Chapter:

o The antenna closer to the cage interacts with a smaller sector of the cage. Using a directional
antenna allows to minimize the sector of rods interacting with it, but more antennas are
needed.

o The effect of the several cage rods leads to power reflected back to the antenna and power
transferred to other modes, which means that the purity of the polarization is degraded.

o A closer placement of the antenna to the cage leads, as is logical, to a stronger integration of
that sector of the cage, but the interaction happens only with a small section. A clever posi-
tioning can improve significant the reliability of the link.

o InLOS scenarios, the choice of the antenna system does not affect significantly to the reliability
of the system as there is a direct path between the drone and the controller.

o In NLOS, the reliability of the radio link is more unstable, and it is in this case when our pro-
posed CP patches perform consistently better than the LP dipoles. The proposed CP patches
(CPP) improve the reliability of the link compared to the dipoles in their original assembly
by 70%. They also improve the average SNR of the system in all the NLOS configurations that
we have tested. We can translate this SNR increase to the equivalent distance that the range
would increase in free space, improving the downlink up to 90% when compared to the
dipoles in their original assembly.
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o From all the tests we could also understand the importance of using the CP for a better relia-
bility in NLOS indoors (multipath environments), and also for a better resilience to the effect
of the cage. It shows more resilience to the structure and to cross polarization losses.

e Chapter 6: Broadening the beamwidth of microstrip antennas using multiple elements for
larger footprint antennas

Finally, Chapter 6 focuses on the detailed explanation of the technique using additional radiators to enhance
the beamwidth of patches. This approach is very versatile but it can also get very complex to understand and
tune due to the several radiators interacting with each other and creating many interdependent parameters.
The objective of the Chapter is to provide a structured analysis that allows to get a deeper understanding of
the main parameters to tune these designs.

We can summarize this Chapter as follows:

o A 3-element patch array can be used to radiate a broad beamwidth by feeding the patches
symmetrically with respect to the central patch.

o Asingle patch with parasitic elements can increase the beamwidth following the same princi-
ple of the 3-element array.

o We provide a set of guidelines and an explanation on how to design broadbeam patch anten-
nas using parasitic elements, for linear and circularly polarized designs.

o The shape of the parasitic elements is crucial to tune the pattern. Different shapes can be used,
for example, to increase the frequency stability of the pattern which is advantageous for wide-
band or dual band designs.

o The presented technique allows to generate patterns with HPBW larger than 200° in one plane
in linear polarization and of up to 200° in two planes in circular polarization

o The antennas designed with this technique maintain a low profile and low fabrication com-
plexity.

7.2 Future work

The antenna system on the drone can be improved with new solutions that take advantage of the already
gained knowledge about the structure. Modifying the cage was not possible during the project, as it is an
essential part of the drone and its material and geometry are optimized for collision resilience. However, we
can envision a more intelligent use of the cage and the antenna system, as making use of the cage (or portions
of it) as radiators, or implementing using more antennas in a MIMO. The latter would allow for a higher
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directivity of each antenna element, increasing the range or saving battery for the same range (less transmitted
power to comply with certification limits).

The antennas with parasitic elements open a very broad range of possibilities and applications. However, they
have many degrees of freedom, which sometimes can make their use very challenging. One direction to go
with these designs is to find a way to simplify their formulation following the same idea as the designs on
Chapter 5. These antennas can also be used to design reconfigurable patterns, where we selectively activate or
deactivate parasitic elements. Also, exploring options with a better integration resilience would be very useful,
even if this comes at the cost of a narrower beamwidth.

The broadbeam patch antennas using higher order modes presented in Chapter 4 were discarded during the
design of the antennas for the drone due to their large size. The idea would be to explore more in that direction
and how to excite circular polarization on them. This is useful for other applications that do not have such a
strong weight restriction as the antennas for the drone.
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