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Resumo

Uma antena RLSA (Radial Line Slot Array) é desenvolvida para aplicacoes de 5G e Satellite-
on-the-move (SOTM). Estas antenas sdo altamente directivas, de baixo custo, baixo per| e podem
ser circularmente polarizadas. A direccao do feixe em elevagdo e azimute € essencial para a proxima
geracdo de comunicagdes de ondas milimétricas, sendo o requisito fundamental que molda a RLSA
desenvolvida.

Neste trabalho, prevé-se uma antena composta por um transmit array (TA) e uma RLSA, baseada
no conceito de Risley prism. O grau adicional de liberdade proporcionado pela correc¢ao de fase do TA,
permite explorar novos layouts de RLSA. Comecando com um RLSA emitindo um feixe colimado vertical
e um feixe colimado inclinado, e terminando com um novo arranjo de slots no RLSA, que gera uma onda
de sa’da em forma sub-esférica. O Ultimo desenho proporciona uma nova forma de implementacgao
baseada no Risley prism - que & um aspecto inovador deste trabalho.

Um prot6tipo RLSA foi fabricado com uma espessura total de 11,609 mm e um didmetro de
abertura de 15 o a 30 GHz. A largura de banda de operagao é bastante grande para este tipo de antena
[28.4, 30.1 GHz], principalmente devido a cavidade de alimentacdo optimizada, que foi desenvolvida por
ser mais facil de fabricar do que as solugdes convencionais. A simulagcdo numérica mostra que a antena
tem um bom desempenho em termos de X-pol (< -15 dB), SLL (< -10 dB) e alcance de varrimento (até

53 no plano zenite, com perda de varrimento abaixo de 3 dB).

Palavras-chave: 5G-NR, CP-RLSA, Risley Prism, SOTM, Varrimento de feixe.
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Abstract

A Radial Line Slot Array (RLSA) antenna is developed for 5G and Satellite-on-the-move (SOTM)
applications. These antennas are highly directive, low-cost, low pro le and can be circularly polarized.
Beam steering in elevation and azimuth is fundamental for next generation of millimeter wave communi-
cations, being the key requirement that shapes the developed RLSA.

In this work, an antenna composed of a transmission array (TA) is predicted, based on the Risley
prism concept. The additional degree of freedom provided by the phase correction of the TA, allows
exploring new RLSA layouts. Starting from a RLSA design for boresight beam and a tilted beam collima-
tion cases and ending with a new RLSA slot arrangement that generate an offset spherical-like out-going
wave. The last design provides a new form of implementation based on the Risley prism — which is one
innovative aspect of this work.

A RLSA prototype was fabricated with a total thickness of 11.61 mm and an aperture diameter of
15 o at 30 GHz. The operation bandwidth is quite large for this type of antenna [28.4, 30.1 GHz], mostly
due to the optimized feed cavity that was developed for this antenna, which proved to be much easier
to fabricated than conventional solutions. Numerical simulation shows that the RLSA together with the
TA provide good performance in terms of X-pol (< -15 dB), SLL (<-10 dB) and scanning range (up 53

degrees in zenith with scan loss below 3 dB).

Keywords: 5G-NR, Beam Steering, CP-RLSA, Risley Prism, SOTM.
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Chapter 1

Introduction

1.1 Motivation

Sharing information between different parts of the world is a quick task, once optical ber allows
higher rates. However, for moving platforms and remote areas, these type of connections cannot be
easily made, thus a working solution is required to work via satellite. To have wireless data rate com-
munications, as optical bers, a migration to the higher frequencies spectrum is necessary for more
available bandwidth. A good frequency band is the millimeter waves (mm-waves) that are used in the
fth generation - new radio (5G-NR) and also for Satellite-on-the-move (SOTM) applications. To have a
strong connection with low latency, SOTM broadband and 5G users should connect with Low Earth Orbit
(LEO) and Medium Earth Orbit (MEO) satellites. LEO satellites orbit 500 to 2 000 km from Earth, while
MEO satellites orbit between 2 000 and 35 800km [1]. One of the rms investing in satellite constella-
tions is SpaceX with the Starlink project. Starlink's purpose is to deliver high-speed internet across the
globe by forming a satellite web around the Earth [2]. These satellites operate in Ku (12-18 GHz) and
Ka (26.5-40 GHz) frequency bands [3]. SpaceX and OneWeb have already launched a set of satellites
into space and plan to launch more.

The utilization of mm-waves is a challenge for communications via satellite, as a result of the
attenuation made by the atmosphere on these frequencies, thus high-gain antennas are the indicated
ones to overcome this problem. Other challenge is to maintain the connection while the 5G users and
SOTM are moving, then the antenna also must have the capability to steer the connection in a wide
area. Satellite communications usually utilize parabolic antennas or phased arrays, which both perform
good coverage and ef ciency. However, parabolic re ectors occupy a substantial volume, and it is a
challenge to re-align them to a satellite when the user is moving. On the other hand, phased arrays
have a considerable energy consumption, are expensive and perform poorly when the gain is high.
Therefore, mm-wave applications need a more reliable solution. An alternative solution to circumvent
the cited problems is a low pro le, low weight and low-cost antenna.

In this dissertation, an appealing solution is proposed, such as Radial Line Slot Array (RLSA) an-
tennas, as shown in Fig. 1 (a), which have a planar pro le and highly directive radiation characteristics.
RLSA belongs to a class of slotted waveguide antennas formed by two separated plates. A probe-like
feed, placed in the bottom plate, excites a radial TEM travelling wave that leakage through the slots
crafted in the upper plate. Therefore, slot size, position, and orientation have a strong in uence on an-
tenna performance. For a better performance, uniform radiation is desired, however the re ections at

the edge must be as minimum as possible, to achieve the highest working frequency bandwidth.



(a) (b)
Fig. 1: Example of: a Radial Lne Slot Array - RLSA (a); a Transmit Array - TA (b)

Although RLSA is a better solution than parabolic antennas and phased arrays, it also has dif -
culties keeping up with the movement of users. Therefore a transmit array (TA) is used above the RLSA.
Fig. 1 (b) shows a TA structure. By rotating the leaky-wave antenna and the TA against each other, it
allows to steer the beam in a wide area. The aim of this dissertation is to obtain a high-gain, low-pro le,
and low-cost antenna, with the capability of beam steering, to allow communications via satellite using
mm-wave. Hence, the set scans a pencil beam shape directed in a selected direction, depending on
the rotation of the elements, with high directivity and better sidelobes level (SLL) compared to current
solutions.

The ne details that are present on the antenna aperture are in the order of millimeters and
microns, hence some dimensions are minuscule. A tiny imprecision when fabricating the model can
generate deviations in the results. To overcome the problem, good accuracy is needed during the

process. Although the structure is low-pro le, it must be robust and low-cost.

1.2 State of the Art

The rst concept of RLSA was introduced by K. Kelly, in 1958, which describes a series of annular
antennas capable of producing different radiation patterns with linear or circular polarization. These
antennas have a complex feeder and operate at 9 GHz [4]. In 1963, K. Kelly and F. Goebels designed a
class of antennas that can operate using circular, linear, or elliptical polarization through an adjustment
in the feed. These prototypes are composed of crossed slots and work in the X-band (8GHz-12GH) [5].
Circular polarization is more appealing because it is less in uenced by multipath fading effects.

In 1985, Ando et al. developed a double layer circularly polarized (CP-RLSA), as shown in Fig.
2 (a), for receiving direct broadcast from a satellite (DBS) and presented mathematical equations to
distribute the slots spirally on the upper plate of the antennas. The operating frequency was 12 GHz
[6]. The linear or circular polarized RLSA antennas have their pairs of slots arranged concentrically. In
each pair, both slots have the same length and are orthogonal. In 1988, Sasazawa et al. published
a double layer RLSA with circular polarization capable of achieving an aperture ef ciency of 60% for a

diameter of 62.5cm working at 11.6 GHz [7]. In the same year, Ando et al. presented a double-layered



linearly-polarized (LP-RLSA) used for broadcasting communications at 12 GHz [8]. Fig. 2 (b) presents
the double layer LP-RLSA developed. Recently, Koli et al. presented a double layer CP-RLSA with the
upper layer lled with a dielectric material [9] and another with the upper layer partially lled with air and

a dielectric material [10]. The prototypes show a directivity of 26.4 dBi and 27 dBi, respectively, working
at 20 GHz. A double layer RLSA permits a uniform aperture illumination and reduces the power loss.

However, it has problems dealing with the remaining power, leading to low ef ciency and gain.

(a) (b)

Fig. 2: Double layer CP-RLSA (a). Taken from [6]. Double layer LP-RLSA (b). Taken from [8].

In 1990, Ando et al. innovated and introduced a single-layered CP-RLSA, which is much simpler
in structure, facilitating the fabrication process and lowering the cost overall. However, it has some
disadvantages compared to a double layer RLSA, such as the power loss is high and the aperture eld
is steeply tapered. To overcome these problems, the authors propose new techniques to improve the
antenna performance. The rst one consists of non-uniform slots, i.e, slot length, and their spacing may
vary over the aperture to realize uniform illumination. The other one consists of adding a matching spiral
to radiate the residual power at the perimeter of the antenna to suppress re ections at the feeder. In
this prototype with 60 cm in diameter working at 12 GHz, a gain of 35.4 dBi is achieved, leading to
an aperture ef ciency of 65% [11]. In 1991, Takashi et al. designed a single layer CP-RLSA working
at 12 GHz for DBS applications. Antenna ef ciency between 70 and 84% is obtained for diameters
between 25 and 60cm by adopting non-uniform slots and lling the waveguide with a dielectric material
to suppress grating lobes. For the 60cm antenna diameter the gain is 36.7 dB [12]. LP-RLSA tends
to have large re ections, to decrease them, in 1992, Ando et al. published a design where re ection
canceling slots are added to the conventional ones. The antenna works at 12 GHz, with a diameter of 40
cm and 60 cm, the antenna ef ciency obtained is 48% and 54%, respectively [13]. In 1993, Ando et al.
proposed a single-layered CP-RLSA without any dielectric to be more attractive in terms of fabrication
cost and resistance. At 11.55 GHz the gain was 33.5 dB and ef ciency of 61% for a 50 cm diameter [14].
In 1995, Takashi et al. proposed a beam tilting RLSA, the center of the spiral is biased to radiate in the
main beam direction. A tilt of 20° and 50 cm diameter is designed with 33.7 dBi gain and 67% ef ciency

[15]. The beam tilt technique is interesting because it permits the choice of the desired direction.



Fig. 3: Single layer CP-RLSA. Slot distribution to perform beam tilt. Taken from [15].

In the late 90s, two Australian researchers, Davids and Bialkowski, began investigating RLSA for
DBS application. To be accurate, the authors compared a standard LP-RLSA with two methods to reduce
cumulative re ections, working in Ku-band. Those methods consist of adding re ection cancelation slots
and using beam tilted, which has shown good results [16—18]. In 1999, the same authors published a
model that predicts the radiation pattern for both polarizations. This research considers antennas at
Ku-band with 12.5 GHz as center frequency, 55 cm diameter, and 20° beam squint [19]. In 2000,
the researchers presented an algorithm to design a single-layered RLSA by choosing its polarization,

frequency, antenna diameter, feeding structure, return loss improvement techniques, etc [20].

Starting in 2000, researchers focused on computational solutions to nd an ideal design. In 2001,
M. Sierra-Castafier et al. proposed an analysis method, which has been validated with measurements
and Method of Moment (MoM), and designed several CP-RLSA prototypes for TV-DBS working at 12.1
GHz [21]. Two years later, in 2003, the same authors suggested a method for medium and high gain
CP-RLSA antennas by determining the position and length of the slot pairs by a systematic design to
optimize the co-polar to cross-polar ratio [22]. The central frequency is 12.1 GHz. The researchers also
presents a new CP-RLSA design with a 10° tilted beam, diameter of 48 cm and working at 12.1 GHz.
The antenna achieves a directivity of 30.7 dBi and has a good copolar-to-crosspolar ratio [23]. In 2004,
M. Ando, M Sierra-Castarfier et al. presented a concentric array RLSA. The feeder is analyzed by the
MoM exciting the radial waveguide through a crossed slot. The antenna designed with the crossed slot
feeder has 14 cm diameter, directivity is 21.8 dBi with 70% aperture ef ciency at 10 GHz [24]. In 2006,
M.Albani et al. developed a computational method based on MoM formulation for the full-wave analysis.
A CP-RLSA is obtained with a gain of 31 dBi, 70.4% aperture ef ciency, working at 18 GHz [25]. In
2012, the same authors presented a computational method that reduces the distortion of the radiation

pattern. The three prototypes present a good performance, working at 22 GHz [26]. In 2014, the same



researchers published a project where a linear polarized wave is obtained by superimposing a Right
Hand Circular Polarization spiral (RHCP) and a Left Hand Circular Polarized spiral (LHCP) [27].

Due to the qualities of RLSA antennas, such as small aperture, high gain and easy to install, they
have been studied in Wi-Fi and point-to-point communications. Some articles [28-30] have shown the
use of RLSA in the 2.4 GHz and 5 GHz band. The structural stability of RLSA made it possible to adpat it
to space uses, where [31] present a conventional RLSA design based on MoM with 4 layers of dielectris
material. RLSA is also studied for 5G applications due to the narrow beam produced by these type of
antennas [32, 33]. In 2021, Afzal et al. developed a CP-RLSA without dielectric material, with 17.2 cm
diameter and gain of 21.5 dBi at 28 GHz [34].

Lately, Koli et al., have been studying in depth to improve the performance of the RLSA. In 2018,
they presented a highly directive CP-RLSA with 40.2cm diameter with a gain of 36.7 dBI, working at
21.2 GHz [35]. One year later, in 2019, they published a small aperture CP-RLSA with a diameter of 18
cm, directivity of 22.4 dBi, an aperture ef ciency of 40%, working at 11 GHz [36]. In 2020, they made
a comparison between a CP-RLSA with the waveguide fully and partially lled with dielectric materials.
The results showed when the waveguide is partially lled with air, it has an aperture ef ciency of 55.5%
and directivity of 31.7 dB, while the one fully lled with dielectric material obtain an aperture ef ciency of
38% and directivity of 30.1 dBi. Both models have a diameter of 24 cm and work at 20 GHz [37]. Later
they presented a solution with the waveguide fully lled with air. The antenna has a directivity of 36.3
dBi, an aperture ef ciency of 56%, with 40 cm diameter, working at 20 GHz [38]. Morales et al. using
the technique described in [26] and the theory described in [22], developed an optimization technique to
control the amplitude and phase of the elds radiated by the slots [39].

Recently, Afzal et al. proposed a beam steering of xed high-gain antennas, where two rotating
metasurfaces are placed above the resonant cavity antenna in the near eld region. By rotating both
metasurfaces, the beam can be steered in any direction [40]. In 2022, the authors published a prototype
where the resonant cavity antenna is a CP-RLSA. The metasurfaces do not interfere with the electrical
eld magnitude emitted through the RLSA but with the phase distribution. The system has a maximum
gain of 30.9 dBi and can steer its beam up to 40.6° [41]. Z. Zhang implements the Risley prism concept
and can steer the beam using just a single prism. The leaky-wave antenna can rotate in conjunction

with the upper lens [42], as showns in Fig. 4.

Fig. 4: A rotatory system formed by a RLSA and a TA above it. Taken from [42].



The structure that this dissertation proposes is an optimization of the antenna presented in [43]
and has the same logic presented in [42], that is the implementation of the Risley Prism concept using
a planar antenna and one TA. On the contrary of [42], our RLSA do not radiates a plane wave, but a
wave that was already investigated in [44], then the TA does a compensation on the wave emitted by
the RLSA. Therefore, with this novel approach presented in [44], it is possible to improve the antenna

performance, especially in SLL, as shown in Chapter 3.

1.3 Work Highlights

Three CP-RLSA antennas are designed to work at the Ka band, especially in [28, 32] GHz band,
two of them radiate a plane wave, where one is a boresight beam and the other is tilted by an offset
angle ¢ = 24 . The third is a new design fabricated with a different phase distribution, i.e, the wave
emitted from the RLSA is a non-collimated beam to be compensated with a companion TA. There are
two fundamental steps, one is the improvement of the antenna performance, through an optimization
of the feed structure, formed by a small cavity and an open-ended coaxial cable. The second is the
evaluation of the Risley Prism concept consisting of an assembly between the RLSA and a TA, which is
placed above the RLSA.

Related to the rst step, an analysis of Geometric Optics/ Physical Optics (GO/PO) is made to
study mainly the unit radiators position, orientation, and dimensions. Furthermore, a full-wave analy-
sis is made in the Frequency Domain to evaluate the in uence of certain parameters on the antenna
performance. Finally, in the second step also a GO/PO analysis is used but directed for phase distribu-
tion studies to apply the Risley Prism concept. GO/PO analysis was done using Wolfram Mathematica
scripts named KH3Dslot and RLSA_TA [45], for the rst and second steps, respectively. Meanwhile, the
full-wave analysis were performed through CST STUDIO Suite [46].

The antenna proposed in this dissertation consists of an RLSA fed through a cavity, that radiates
a sub-spherical wave with a speci ¢ phase distribution. Then TA does a phase correction on the wave
and from the set RLSA+TA a directive beam is emitted, with a lower sidelobe level (SLL) than traditional
designs. Also, the RLSA and TA can rotate independently, producing a wide beam scanning range,
radiating in diverse directions, depending on their relative angle of rotation. The RLSA has a total
diameter of 160 mm and a total height of 11.61 mm. The TA has a diameter of 150 mm, while its height
is 3.233 mm [44]. The vertical spacing, d, between the TA and RLSA corresponds to 5 mm, thus the
height of the assembly RLSA + TA is 19.8 mm. The nal antenna maintains a good performance from
28.4 GHz to 30.1 GHz with a wide scanning ranging from [0 ;53 ] in the zenith and [0 ;360 ] in the

azimuth plane and a SLL lower than -10 dB.

1.4 Outline

This dissertation is divided in ve chapters. Chapter 1 includes an introduction highlighting the

motivation, objectives, and challenges behind this thesis. In addition, it presents a description of the



literature related to this type of antenna and the solution proposed by the researchers in the eld. Ba-
sic concepts and physical principles are covered in Chapter 2 along with methods and reasoning for
designing all RLSA antenna parameters. In Chapter 3 is the design and evaluation process, where all
the results obtained throughout this work are revealed and analyzed. Computer results and nal manu-

facturing setup are included. Finally, Chapter 4 summarizes the work, addresses the main conclusions,

and presents a brief discussion of future developments and their issues.






Chapter 2

Formulation and Methods

This chapter starts with the basic concepts and physical principles that are fundamental to under-
standing the developments of the RLSA. The second subsection explains the analytical formulation and
methods of the antenna to have the required behavior. The third section explains the methodology used

throughout this dissertation.

2.1 Basic Concepts and Physical Principles

2.1.1 Radial waveguides and propagation modes

In a parallel plate waveguide (PPW), electromagnetic waves propagate in the direction and
equiphases are constant cylindrical surfaces [47]. Fig.5 shows an example of a radial waveguide that
is formed by two parallel metal plates separated at a distance h and excited with an eletromagnetic (EM)

source at the center.

Fig. 5: Radial waveguide: two parallel plates separated by h with EM source at the center. Taken from

[47]

In the region between the plates exist Transverse Electric (TE) and Transverse Magnetic (TM)
modes that need to be examined. The best option is to use the Hankel functions, also called a Bessel
function of the third kind, which is a linear combination of Bessel functions of the rst and second kinds.
The variations in the direction of the radial waves are represented by the rst and second order of
Hankel functions, Hr(nl)(kg ) and H,(ﬁ)(kg ), respectively [47]. For large inside the PPW, the elds

asymptotic dependence with is of the form L e iKs |



2.1.2 Risley Prism

The Risley prism consists of a rotating pair of wedge prisms, separated by air, that can be used
to direct beams. As a consequence of the bulky and heavy dielectric wedges, they were replaced by
more compact solutions, such as transmit arrays (TA), which have a concentric circular geometry and
can rotate independently. A TA is a phase-shifting surface (PSS), a thin at structure that introduces a
phase shift to an electromagnetic wave that propagates through it. The capability of rotation allows to
steer the main beam in a speci ed direction.

The original concept of Risely Prisms, as shown in 6 (a), involves three layers of lenses fed by
a primary source located at the focus. The lower lens collimates the spherical wave from the feed.
The subsequent lenses steer this beam in azimuth and elevation, depending on their rotation angles.
However, this implementation is more complex than the one presented in Fig 6 (b). This one shows
that it is possible to collimate the incident spherical wave and tilt the output plane wave with an offset
elevation angle o, utilizing just one prism, TA;. The second prism, T A,, re-tilts the plane wave coming
from the rst prism with the same offset elevation angle ¢ [42]. Each prism from the original concept

has been replaced with a planar antenna like a TA or an RLSA.

@) (b)

Fig. 6: Different con gurations of the Risley Prism concept. Taken from [42]. (a) System with a feed
horn, a collimating lens and two at prisms. (b) System with a feed horn and the Flat Prism #1 is the

combination of the collimating lens and a at prism.

Based on the most conventional approach of the concept, Fig.6 (b), there are some notions we
need to understand for further implementation. Fig.7 illustrates the rotation angles for Risley Prism.

On the azimuth plane we have the rotation angle 1 and ; ofthe rstand second TA, respectively,
with respect to the x-axis. is the in-plane angle between the the azimuth of the TA tilted beam, and the

x-axis. The rotation angle can take values from 180 to 180 . The azimuth angle of the combined beam

from the two TAs is = % which corresponds to the mean of the rotation angles, while = —--2
de nes the elevation angle of the combined beam [48]. Meanwhile, grp is the theoretical zenith angle

of the Risley Prism concept. For a generic con guration, the phase distribution over the antenna, for a

10



plane wave, is given by [44]:

out (X;¥) = ko sin g[(cos 1+cos )x+(sin 1+sin 3)y] 2.1)
2.1
= ko sin gp [COS X +sin y ]

where the output zenith angle, rp , depends on the offset angle ( and the differential rotation angle

re () = jarcsin(2 sin ¢ cos )j (2.2)

Fig. 7: Rotation angles, 1 and », seen from the azimuth plane. Taken from [48].

2.2 Radial Line Slot Array

The RLSA structure consists of a circular PPW fed at the center of the lower waveguide to realize
a stable symmetric inner eld. One common feed approach is to use a coaxial cable to excite an outward
traveling wave that propagates between the parallel plates in the radial direction. The mode inside the
waveguide excites the slots on the upper plate that radiate part of the propagating power, as expected
from a leaky wave antenna. Fig. 8 shows the wave behaviour inside the waveguide. Slot arrangement
on the top plate in uences the antenna performance determining the polarization and radiation pattern
shape. RLSA antennas can be designed for both linear and circular polarization. This subsection
presents the studies of the conditions that this type of structure must satisfy to obtain the desired results

and its slot arrangement.

Fig. 8: The travelling wave inside the PPW is radiated through slots in the top plate. Taken from [34]
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2.2.1 Parallel Plate Waveguide - PPW

When developing a RLSA antenna the height of the waveguide has to be chosen carefully be-
cause it de nes which modes operate inside the waveguide. The operation of the RLSA requires
monomodal operation with the fundamental cylindrical mode TM{.,, corresponding to the condition for
the height, h, [26]:

h< (2.3)

g9
2
where g is the guided wavelength.

The radiation pattern of array antennas often has radiation in unwanted directions, these lobes are

known as sidelobes. One way to suppress the grating lobes is by inserting a dielectric material between

the parallel plates, improving the overall performance of the antenna [16].

As the waveguide is lled with a dielectric material, the wavelength propagating inside the PPW
does not correspond to the free-space wavelength, . Expression (2.4) relates the guided wavelength
to the wavelength in the vacuum [39], and the relative electrical permittivity, ., which is a property of the

chosen dielectric material.

g= B= (2.4)

r

The radius of the RLSA is also an important parameter. Fig. 9 shows the behavior of the power
in the RLSA. For a better performance, the aim is to achieve Pgy 0 at the perimeter of the RLSA.
The larger the radius, the RLSA will have more elements and more power escapes through them. Con-
sequently, the antenna will have less residual power at the end of the PPW. Therefore the energy that
arrives at the edge must be absorbed or radiated to not spoil the antenna performance. On the other
side, aperture antennas with a small radius tend to have poor return loss performance. The antenna

radius is chosen according to the desired directivity.

Fig. 9: Power conservation along the waveguide. Taken from [39]

The perimeter of the antenna can be either left open or terminated with an absorbent material
to reduce re ections on the feeder. Along with the radius, the frequency in uences the quantity and

dimensions of the slots.
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2.2.2 Feeder Structure

The feed generates a radially outward traveling TEM wave in the waveguide feeding the antenna.
The most studied structures are represented in Fig. 10, where (a) presents a double-layer structure and
a single layer structure is shown in (b). Both structures are composed of a coaxial cable inserted at the
center in the lower plate of the waveguide. The coaxial cable termination can be with a cone shape, Fig.
10 (a), with a disk head, Fig.10 (b) or without any termination. There are several types of coaxial cables,
with different materials and diameters. They are usually formed by a central core, a metallic shield,
and a dielectric insulator between them. Although they are fed in the same way, both structures work
differently. Another element that can be added in both structures is an absorbing material to reduce the

re ections, improving the feeding process.

(a)
(b)
Fig. 10: Feed structure of the RLSA. (a) Double Layer structure. Taken from [6]. (b) Single Layer

structure. Taken from [20].

The double-layer structure has the coaxial cable connected in the lower layer, which is empty. The
wave travels towards the edge of the antenna and then turns in the direction of the center, in the upper
layer. This is then lled with a slow wave structure and an absorber at the center. The drawbacks of this

type of structure are its complexity and height.

In a single-layered RLSA, the coaxial cable is directly in contact with the dielectric material inside
the PPW. In order to obtain the best power transfer, some adjustments need to be made, such as the
height of the cable inside the waveguide and its type of termination [38]. This type of structure can
achieve small heights, less than 2 mm, thus controlling the height of the cable within the waveguide is a

challenge.

Instead of having a coaxial cable inserted into the dielectric, as the single-layer structure, we
propose to insert it inside a small open-end cavity that couples the coaxial feeding to the lower plate,
where the dielectric is. Therefore, the cable adjustment can be more precise. Fig. 11 shows the structure
proposed. The cavity is a circular aperture to carry radial waves. Two important parameters when sizing
the cavity are its radius and height. Relatively to the radius, its maximum is de ned by the position of
the rst slot. While the height follows the same rule as (2.3), to allow only the fundamental cylindrical
mode TM{,, . The cavity is lled with air, thus the free-space wavelength propagates inside it. Another
important parameter is the height of the coaxial cable inside the cavity, which depends on the height of
the cavity. The smaller the height of the coaxial cable inside the cavity, the less energy is supplied to the

antenna. Otherwise, if the height is larger, re ection problems become more noticeable.
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Fig. 11: Feeding structure utilized.

The dimensions of the cavity are represented in Fig. 11. Relatively to the size of the cavity we
have r_cavity which is the radius of the cavity and h_cavity is the height. Related to the coaxial cable, its
diameter is represented by d_cableand the height inside the waveguide is given by h_cable The variable

w is the thickness of the walls.

2.2.3 Aperture distribution

The slots are designed to couple with the radial currents owing over the upper plate. Satisfying
the condition in (2.3), the outward traveling wave can be represented through the magnetic eld inside
the PPW. If kg 1, the magnetic eld is given by [38]:

S

H()=HP (k) kzge o 324 (2.5)

where kg =2 = ¢ is the wave number in the radial waveguide and is the radial position.

Each radiator is made up of a pair of slots. The slots in a pair are placed in order to perform
circularly polarized wave, to accomplish it there are three conditions. To begin with, the eld must have
two orthogonal linear components. Furthermore, the two components must have the same magnitude,
and lastly, the components must have a time-phase difference of odd multiples of =2 radians [49].
Relative to the above conditions, each slot produces a linear component. These components have
the same magnitude if both slots have the same length and width. Relatively to the phase difference

condition, the following equation needs to be satis ed [6]:
arg(H? (kg 2))  arg(H? (kg 1) = 5 (2.6)

where ; and , are the radial distance between the middle of the slots and the center of the aperture.

The argument of the Hankel function of the second kind of order one is described in (2.5). Therefore,
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solving the previous equation we obtain the minimum distance between two orthogonal slots [38],

2 1= (2.7)

9
4

If a slot makes a 0° angle with the radial direction, its pair makes a 90°. In this situation, one slot
will extract maximum radiation while the other is not radiating. To prevent this, the slots form a 45°
angle with their radial direction to enable the best radiation extraction in a pair. The sign depends on the
sense of the polarization, positive for LHCP and negative for RHCP. Fig. 12 shows how LHCP (a) and
RHCP (b) are achieved. L and W corresponds to the slot length and width, respectively.

@ (b)

Fig. 12: Two orthogonal slots: LHCP (a) and RHCP (b)

Further to the 90 phase difference between the excitation between the slots in a pair, achieving
circular polarization further requires that the slot pairs are distributed along a given spiral line. The
phase eld distribution of every slot pair should be added in phase in the beam direction to maximize
the directivity [22]. If the slots are concentric arrayed, i.e, the slots are equally distant from the centre,
then they radiate in phase not compensating the phase difference. In addition, if two circularly polarized
components have a phase difference of 90°, the junction of both produce linear polarization [27].

Slot pair density over the aperture isdenedas S S . S s the radial spacing between slot
pairs while S is the azimuthal distance between adjacent slot pairs [6]. Every azimuthal rotation adds
a phase factor, e / , which is a compensation to feed in phase all the slots [6], therefore S is de ned
as the guided wavelength, 4. S is de ned arbitrarily. Fig. 13 illustrates the described distances in the

spiral.

Fig. 13: Slot density - S is the radial distance and S is the azimuthal distance.
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Analytically, to design a spiral, the pair of slots are placed according to the position of the previous

one. Fig. 14 presents the logic behind the slot arrangement.

Fig. 14: Parameters for the slot arrangement.

The following equations describe the process presented in the gure above [6]:
3= arg(H{? (kg 3))  arg(H{ (kg 1)) (2.8)
S2= 2+ 2 2, 3c0s 3 (2.9)

The parameter 3 is the rotation angle between the rst slot of the previous pair, and the rst slot
of the actual one. The radial distance of the rst slot of the actual pair corresponds to 3, while 4 to the
second slot. If k 1, according to [6], the equation (2.8) can be simpli ed to:

()= 1+ 5 (2.10)

An expansion can be made for (2.10) as stated by [43] to obtain the angle of rotation for each slot
pair for an arbitrary arc length. The parameters ; and » are the inclination angles with the radial direc-

tion, . For an arbitrary angular interval between them, the corresponding arc length can be calculated

through the integral below [43]:
z z

2 2

arclen = 1d o+ 2—9 d (2.11)

Solving in order to , using a simple quadratic formula, we obtain the following expression [43]:

q
2(1)= kg 1+t (kg 1)2+2kgarclen+2ky 1 1+ 2 (2.12)

where arclenis the azimuthal distance between two radiating slot pairs, thus corresponding to the afore-
mentioned variable, S . This value will be the same for consecutive slot pairs along the spiral. Since

the distance is correlated to the guide wavelength, an arbitrary constant, , is de ned to control S .
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Therefore [43],
arclen= -2 (2.13)

2.2.4 Beam tilt distribution

By changing the distribution of the slots, it is possible to tilt the planar wave instead of a boresight
one. The coordinates of each pair given by ( i; i) and the phase difference between slot pairs is
described by [15]:

i(kg kosin gcos ;) (2.14)

where kqy and ko are the guided and free-space wavenumbers, respectively, inside the PPW. The param-
eter ¢ corresponds to the angle of inclination of the spiral, i.e., the zenith angle. To generate the biased

spiral we have the following [43]:

s( )= kg ko sin o cos
. 1 (2.15)
1 P2 cos
The relation between 4 and ¢ is described in (2.4) and ko and kg corresponds to:
ko= 2 A kg= 2 (2.16)
0 g

As Fig.15 illustrates, when the beam is tilted, the right side of the RLSA has fewer slots than the
left side. Due to the proximity of the slots on the left, we must ensure that they do not overlap, while on

the right they must not be further apart.

@ (b)

Fig. 15: Slot arrangement for: Broadside Beam (a) and Beam Tilted (b)
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2.2.5 Sub-spherical wave distribution

The slot distributions presented in the previous subsections transform a spherical wave into a
plane wave, emitting a collimated beam, either perpendicular to the antenna plane or tilted relative to
the normal. In this subsection, we propose a new approach based on the Risley-Prism concept, such
that a RLSA antenna is used in conjunction with a TA on top, emitting a plane wave. The TA placed
above the RLSA does not interfere with the electrical eld magnitude emitted through the antenna, but
with the phase distribution. As the TA changes the phase of the wave, to have a plane wave escaping
through the antenna, the type of wave emitted through the RLSA is neither plane nor spherical, we will
de ne it as sub-spherical wave. Similar to what happens in Fig. 6 (b), but in our case, the feed horn plus

the rst prism corresponds to an RLSA antenna and the TA; is a lens that will make a phase correction.

| .
Remembering that the distribution of the electric eld is given by E(x;y) = jEje ! , wherejEjis
the eld amplitude and is the phase distribution [44]. Therefore, inside the PPW a cylindrical wave is

propagating, then the phase distribution corresponds to:

ppw (5 )=ko r (2.17)

In a traditional Risley prism design, the output phase distribution of the RLSA should be a plane
wave tilted by the angle . In our study, however, we propose to add a spherical wave to the tilted plane
wave of the RLSA, centered at a virtual focus F2. In order for the RLSA + TA to function as a Risley
prism, the TA output phase is required to generate a plane wave with the same tilt o as the RLSA.
But it is also required to compensate for the extra spherical term that was introduced in the RLSA. At
this point, the introduction of a spherical wave in one step and its removal it in the next step may seem
pointless. However, it will be shown ahead that this degree of freedom may be used in practice to reduce
the side lobe level of the RSLA+TA. Therefore, the desired output phase distribution of the RLSA is:

q
ot 105 )= Ko 2+ FZ+ cos sin o (2.18)

In order to generate this phase distribution at the outer surface of the RLSA, we must open the
slots at the speci c radial distances where the phase inside the PPW given by equation (2.17) equals the

outside phase distribution given by (2.18). This condition is expressed by the transcendental equation

e J oout 1 e i pPw :0 (219)

that must be solved with respect to the pair (; ). The solution of this equation de nes a spiral
line, as shown in Fig 16, where the slots are open. We see that by introducing the spherical wave degree
of freedom, the spiral arms become more spaced than in Fig 15 (b), therefore we will have fewer slots

for the same area.
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Fig. 16: Set of point where the desired phase wave is equal to the phase inside the PPW

At this stage, we still do not have a plane wave. The T A, will be responsible for that, tilting the
wave coming form the RLSA by an offset angle o and nally producing a collimated beam. We already
know the phase delay of the upper TA, hence the desired phase wave presented in (2.18) was obtained

based on that [44]. The phase delay of the upper TA, for a rotation angle  is given by:

1A 2(XY) = out 2(XY) in; 2(XY) )
h p i (2.20)
ko X2+ y2+(Fo+ )2+sin g(cos ,x+sin »y) + Ko (F2+ d)

where d is the distance between the RLSA and the TA, which is minimal.

Remember that, the relation between the Cylindrical coordinates and Cartesian coordinates is:

:pX2+y2

= arctan X
X

(2.21)

The phase delay distribution of the incident wave in T A, is known through the phase delay distri-
bution of the wave emitted from TA;. In other words, in. 2(X;V;2Z) = our1(X;y;Z2 + d). Since F,  d,
the phase delay distribution of T A, is described by [44]:

q_—
A 2(XY) = Ko X2+ y2+ F2+sin o(cos 2x+sin ,y) + koF» (2.22)

Therefore, ou 2 corresponds to the phase distribution from the whole set and represents the

Risley Prism concept, written in (2.23),

out(XiY)= ou2= im2t TA2
(2.23)
= ko sin gp [cOS +sin y]

At this point, we must obtain a plane wave from the set, RLSA+TA, which forms a pencil shape

with high directivity and better SLL compared to current studies, as shown in Chapter 3.
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2.3 Methodology

Numerical methods are based on GO/PO analysis using KH3Dslot [45], which is a Wolfram Math-
ematica script. This script is responsible for placing the slots on the upper plate of the antenna. It uses
expressions (2.10-2.16) to distribute the slots, either for the pair of slots following a normal spiral or a
biased spiral, depending on the study that is done. When a subspherical wave is desired, KH3Dslot
utilizes (2.19). There are several turns of the spiral for this solution, once an initial value had been
founded, the set of points is placed as shown in Fig. 16. Interpolation is performed on the set of points,
then KH3Dslot is treating a continuous function being easier to manipulate through what is desired, such
as the offset angle .

The connection between KH3Dslot and CST software [46] is made with a VBA macro, that reads
a output le with the slot position information from KH3Dslot and places it on the RLSA model. A full
wave analysis of the model is made, such as return loss, radiation patterns of the directivity, co and
cross polarization.

Finally, to analyze the Risley Prism results of the RLSA+TA, set, RLSA_TA [45] is used together
with the KH3D_near program, also based on GO/PO and a Wolfram Mathematica script. Nearby elds
are extracted from CST with a cut in a given z-plane. Then the script reads the elds and calculates the
phase distribution of the wave radiated from the RLSA, .. ». Finally, it uses the phase correction of TA;
(2.22) to obtain the nal phase distribution (2.23), thus producing the Risley Prism concept. KH3D _near
calculates the near and far- eld radiation of the set using the vector form of the Stratton-Chu integral
formula, allowing for a 3D far eld directivity radiation pattern of view of the beam emitted.

One disadvantage of using Mathematica scripts, especially RLSA_TA, is that it approximates the
results, overestimating them. In other words, the full wave results in the CST software are calculated
taking into account all directions within the simulation box. When a cut in CST is made in a plane and
evaluated in RLSA_TA, the le has only the eld information in that plane, truncating other directions,
thus getting better results. Also, Mathematica does not consider the interaction between the RLSA and
the TA,.
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Chapter 3

Design and Simulation Results

An in-depth study is carried out on the components of the RLSA antenna and its dimensions.
The KH3Dslot is a Wolfram Mathematica script that is responsible for the distribution of the slots and
their dimensions. Several hypotheses are tested before being entered into the CST STUDIO Suite for
full wave analysis. Finally, RLSA_TA is also a Wolfram Mathematica script, which calculates the beam

produced by the RLSA and a TA above it.

3.1 Conductive structures optimization

Circular PPW is examined rst using CST as slots have not yet been entered. The rst design is
nished with a are and lled with Duroid 5880, which is a dielectric material, its thickness and termina-
tion are analyzed. Also the height of the coaxial cable in the waveguide is analyzed. To nalize the base

structure, an optimization of the feed cavity radius and height is made.

3.1.1 Circular structure with dielectric substrate

Initially, we started to study a model with a short radius and a conical are at the perimeter of
the waveguide, to have faster simulations Without the are, the working principle is disobeyed, since an
in-ward wave is created modifying the eld's distribution, and increasing the re ections. Therefore, a
are is used so that the radiated energy at the end of the PPW, on plane XY, will not affect the radiation
patterns observation for z > 0. Fig. 17 illustrates the model used in the following studies.

Upper and bottom plates are considered perfect electrical conductors and start with a thickness
of 0.1 mm. With the are, the structure has a total radius of 86.5 mm and a total height of 12.5 mm.

The bottom of the antenna is fed with a coaxial cable, where the inner and outer conductors are
made of copper and the dielectric that surrounds the core is PTFE, with a relative permittivity equal to
2.1. Table 1 indicates the speci cations of the chosen coaxial cable, which is de ned as EZ-86. The

cable height of the inner conductor inside the waveguide is denominated by h_cable

Table 1: Speci cation of the coaxial cable EZ-86

EZ-86 Measures [mm]
Core diameter 0.51
Dielectric diameter 1.676
Shielding diameter 2.2
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Fig. 17: PPW model plane view: (a) XY plane, (b) XZ plane

Previous studies [43] have already analyzed the in uence of the radius on the amount of energy
that is re ected at the feed. They concluded that, if the radius increases, S ;.1 has more frequent dips.
The desired behavior for the re ection coef cient is to have a stable curve at and around the working
frequency in order to obtain a good antenna gain. The working frequency has an important role, since it

determines directly the slot length, hence the number of slots on the upper plate will be affected.

In this work, we have an antenna with a diameter of 150 mm, r_ppw = 75 mm, with a dielectric

inside the waveguide. The in uence of the dielectric is the next step to discuss.

The use of a dielectric in the waveguide has been studied, some researchers are looking for a
dielectric-free solution [38]. However, with a dielectric, the guide wavelength decreases and the distance
between points with the same phase will be closer, so the slots are closer together, allowing for more

radiator units on the top plate of the antenna.

The investigation group did a previous study on the use of a dielectric material inside the waveg-
uide. A hollow waveguide and two dielectric materials such as Duroid 5880 with = 2:2 and FR-4 with
r = 4:2 were compared [43]. They conclude that the use of dielectric material has a great in uence
on internal re ections and on improving directivity. In this project we continue with the Duroid 5880

dielectric since it was the solution with the best performance.

This section studies two terminations for the dielectric to work correctly with the are. The rst has
a rectangle prism form, then after, a triangle prism form is attached to the rst one prism. To optimize
the dielectric measures, in order to obtain better results, two important parameter are analyzed. Fig. 18
present the parameters, w_die, which is the width of the triangle prism, while and |_die is the dielectric
length that goes beyond the PPW perimeter. The cable height inserted in the dielectric, h_cableand the

dielectric thickness, represented by H_ppw are also studied.
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Fig. 18: Termination shape of the dielectric substrate

There are three available standard heights for the dielectric substrate, such as 0.787 mm, 1.575
mm and 3.175 mm. For now, we use the middle one to analyze the best termination. Starting to analyze
S1:1 without a triangle shape termination, w_die = 0. We consider the r_die, h_cable, H_ppw and w_die
are kept constant, 75 mm, 1.25 mm, 1.575 mm and O mm, respectively. Fig. 19 shows the in uence of

|_die on internal re ections.

Fig. 19: S;.1 for I_die = 2 mm (red), |_die = 3 mm (green) and I_die = 4 mm (blue). PPW with a constant

r_die = 75 mm, H_ppw = 1.575 mm, h_cable=1.25 mm and w_die = 0 mm.

As clearly illustrated in Fig. 19, the curve with the fewest dips is for a dielectric length outside the
PPW equal to 3 mm. The next step is to investigate whether in fact the termination of the triangle offers
better solutions. The PPW dimensions r_ppw, h_cable and H_ppw are kept constant as per the study
above, 75 mm, 1.25 mm and 1.575 mm, while a scan for w_die is done with | _die equal to 3 mm. Fig. 20

illustrates the Si.; results for this test.
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Fig. 20: S;.; for w_die = 0 mm (red), w_die = 1 mm (green) and w_die = 2 mm (blue). PPW with a

constant r_die = 75 mm, H_ppw = 1.575 mm, h_cable=1.25 mm and |_die = 3 mm.

From Fig. 20 it can be seen that all terminations have a good return loss, however the solution
with w_die = 0 mm has less noticeable dips, so the best ending is indeed without a triangle shape on
the perimeter of the dielectric. From now on, the next simulations will be calculated with w_die equal to
0 mm and | _die equal to 3 mm.

The next step is to evaluate the in uence of the cable height inside the waveguide. The radius
and height of the PPW are kept constant, 75 mm and 1.575 mm, respectively. Fig. 21 illustrates the

re ection coef cient for different cable heights.

Fig. 21: S;.; for h_cable= 0.5 mm (red), h_cable= 1 mm (green) and h_cable= 1.5 (blue). PPW with a

constant r_die = 75 mm and H_ppw = 1.575 mm.

From the image above, it is clear that the cable height must be reached through several simula-
tions to nd the best value. The cable should not be too exposed inside the waveguide to avoid re ection
problems, but it cannot have a smaller height either, as we have less power feeding the antenna.

Lastly, we vary the height of the PPW with the available thicknesses. Considering = 2:2, through

the equation (2.4) we get 4 = 6:74. Therefore, all thicknesses respect the condition (2.3), allowing only
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the fundamental cylindrical mode. The results Si.1 in Fig. 22 are calculated with r_ppw = 75 mm. Note
that, we cannot have a h_cable greater than H_ppw, therefore for each thickness an adjustment is made

in h_cable

Fig. 22: Sy.; for H_ppw = 0.787 mm and h_cable= 0.7 mm (red), H_ppw = 1.575 mm and h_cable= 1.25

mm (green) and H_ppw = 3.175 mm and h_cable= 2 mm (blue). PPW with a constant r_die = 75 mm.

From Fig. 22 it is clear that for a greater distance between the waveguide plates, less energy is
re ected in the feed. However, the best result for our model and with better S ;.; is the one with H_ppw

equal to 1.575 mm. This value is used for the following studies.

3.1.2 Feed cavity

A cavity feed structure is proposed because it is dif cult to control the height of the coaxial cable
inside the waveguide, when is inserted directly into the dielectric. As we analyzed in Fig. 21, a small
change on h_cable can change signi cantly the re ections, then with the cavity it is possible to precisely
t the coaxial cable inside it, without having unwanted results.

Therefore, this subsection focus on the optimization of the feed cavity that is inserted on the
bottom plate of the RLSA. It is a circular cavity, then its radius, r_cavity needs to be adjusted. Another
important parameter is the height, h_cavity, since the cavity is hollow, the guide wavelength inside is the
free space wavelength, hence according to (2.3) the height must not be higher than 5 mm.

Fig. 23 illustrates the cavity structure and its main parameters. The hole in Fig. 23 (b) is where
the EZ-86 coaxial cable is inserted, which has 2.2 mm diameter.

It was made several simulations with multiple combinations to nd the best results, since a slightly
change in one of three parameters changes the results. We show only the in uence of the radius and
height, since the cable height was already studied. Several simulations were made, and the best results

occur for h_cable= 2.7 mm, r_cavity =5 mm and h_cavity =3 mm.
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(@)
(b)

Fig. 23: Feeding cavity: connection with RLSA (a) and outside structure (b)

To show the in uence of the cavity radius and height, we show some results that were obtained
during the simulations. For faster simulations the PPW radius considered is r_ppw = 40 mm. Fig. 24
illustrates the S;.1 curves for different r_cavity, while h_cavity and h_cable are kept constant, 3 mm and

2.7 mm, respectively.

Fig. 24: S;.; for r_cavity =5 mm (red), r_cavity = 4.9 mm (green) and r_cavity = 5.1 mm. Cavity with a

constant h_cavity = 3 mm and h_cable= 2.7 mm.

From Fig. 24 it is clear that a small change in radius has a noticeable difference in the S;.1 curve.
For higher r_cavity, the re ected energy is higher, and its minimum is shifted to the left. Meanwhile, Fig.

25 shows the in uence of the height of the cavity, with r_cavity = 5mm and h_cable= 2.7 mm.
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Fig. 25: S;.; for h_cavity = 3 mm (red), h_cavity = 2.9 mm (green) and h_cavity = 3.1 mm. Cavity with a

constant r_cavity =5 mm and h_cable= 2.7 mm.

The cavity height mainly in uenced the height of the re ection coef cient minimum. Fig. 25 shows
that the higher the height, the lower the re ection coef cient. However, we want the cavity to be as low
as possible, so it does not take up too much volume.

The best solution we found is presented in Table 2 and the re ection coef cient is illustrated in
Fig. 26 for r_ppw = 75 mm, which shows that we have a return loss greater than 10 dB across the entire

frequency band.

Table 2: Feed cavity measures

Dimensions [mm]

r_cavity 5.0
h_cavity 3.0
h_cable 2.7
d_cable 2.2

Fig. 26: S1.1 for r_ppw = 75 mm with r_cavity = 5 mm, h_cavity =3 mm and h_cable= 2.7 mm.
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3.2 Aperture design - Plane wave

The slots are placed on the top RLSA plate. To place it, the topics addressed in subsection 2.2.3
and 2.2.4 for a boresight beam and a beam tilted with ¢ = 24 , respectively. The slots interfere with
the elds inside the waveguide, and this can cause more energy to be re ected in the feed. A RLSA
that produces a collimated beam is studied, because it is easier to get a better idea of the behavior
of the antenna, in terms of working frequency, main lobe direction, gain, total ef ciency. KH3Dslot is
responsible to place the slots correctly, while CST does a full wave analysis. The slots are distributed to
achieve RHCP as co-pol.

A are is placed at the edge to minimize the re ections at the feed and inside the PPW. As seen
in [43], the magnetic and electric elds are greater when we have a slot length equal to - and we also

use a slot width equal to 5.

Table 3: Slot dimensions

Dimensions [mm]

Slot length - Lg 3.371
Slot with - Ws 0.3371

Once the best distribution has been found for an RLSA that produces a collimated beam, a com-
parison is made when it is a broadside beam, ¢ = 0 , and the beam is tilted, ¢ = 24 . Fig. 27
illustrates the re ection coef cient curve for both cases. Both results have a return loss greater than 10

dB, across the entire frequency band.

Fig. 27: Sy.; for a beam tilted with: =0 (red)and o =24 (green)

The working frequency band for both cases is [28.5; 29.9] GHz, with the best result occuring in
29.5 GHZ when =0 and 29 GHz for ¢ =24 . Each frequency for which the frequency stay within
1.1 dB with respect to the maximum is considered a good result. Also, X-pol < -15 dB, to guarantee
the circular polarization and SLL < -10 dB to not interfere negatively on the antenna performance, once

sidelobes must be at least 10 times lower then the measured directivity in one frequency. Once a depth
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