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Antenna Obstruction Cloaking
Theoretical Study of Electromagnetic Cloaking and Anti-Scattering Methods on
Cylindrical Antenna Obstructions @ X-Band
DENNIS LUNDQVIST AND AGNES WILHELMSSON
Department of Electrical Engineering
Chalmers University of Technology

Abstract
This report theoretically investigates different techniques of electromagnetic cloak-
ing and anti-scattering on a cylindrical metallic object, e.g. a cord or a pole, along
the vertical axis obstructing a vertically polarized antenna (i.e. a worst case sce-
nario in terms of scattering) at 9.5 GHz/X-band. Multiple ’shells’ around the pole
obstructions have been designed with different materials and shapes, for simulations
around metallic poles of diameters 5 cm and 10 cm at different distances from the an-
tenna. A total of 4 designed shells have been simulated in Ansys 3D High Frequency
Simulation Software (Ansys HFSS) in order to evaluate their performance in terms
of realized gain and average sidelobe level in the antenna’s forward direction for
different steering angles in the H-plane/azimuth plane. The evaluated shells around
the poles were 1) a layer of thin radiation absorbent material made out of ferrites
(narrowband absorbent), 2) a rhomb made out of PEC, 3) a rhomb made out thick
radiation absorbent material with increasing conductivity (wideband absorbent) and
4) a rhomb made out of PEC (e.g. shell 2) supplemented with a dielectric outer
edge and PEC strips around the circumference of the structure. Additionally, the
project evaluated the requirements of meta-material cloaks and how to design them
in practice. Although meta-materials have been a hot topic the recent years for elec-
tromagnetic cloaking, the thesis concluded after investigation that far more simple
solutions that yield promising results exist. In terms of average sidelobe level in
the antenna’s forward direction shell 2 of the PEC rhomb performed the best, with
the second best realized gain behind shell 4 that successfully guided electromagnetic
waves around the obstruction to the price of average sidelobe level. For solving the
described problem scenario, the thesis recommends to slightly redesign shell 4 such
that its outer dielectric rhomb point tips have a relatively lower permittivity as this
likely will both effectively reduce the average sidelobe level and increase the realized
gain for steering angles in the H-plane.

Keywords: antenna obstruction cloaking, 9.5 GHz, X-band, electromagnetic cloak,
anti-scattering, radiation absorbent, meta-material.
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1
Introduction

In today’s radar systems, antennas are integrated in structures where objects in
the antenna’s vicinity affect its gain, sidelobes and overall performance. Antenna
cloaking is a technique where objects in the antenna’s locality are bypassed through
smart designs to reduce the object’s affect on the antenna’s electromagnetic field.
These designs usually aim to achieve anti-scattering and invisibility cloaking char-
acteristics. The interest in invisibility cloaks has been growing in recent years, as
material manufacturing has become more sophisticated and papers on realizable in-
visibility cloaks have been published [1][2]. An implementation of anti-scattering
is the use of multi-layer structures or absorbent materials for scattering cancella-
tion. When cloaking an object the incident electromagnetic waves are, instead of
being scattered on the obstructed surface, guided around the obstruction with meta-
materials. Meta-materials posses electromagnetic properties which can not be found
in nature, but can be fabricated with the use of dielectrics and metals [3][4]. Previ-
ous works of anti-scattering and invisibility cloaking techniques [1][2][5] have shown
promising approaches to reduce the affect of obstructing objects, where scattering
is reduced and cloaking introduced.

1.1 Background
The specific problem scenario that has been investigated in this project is a cord
or a pole obstructing the view of an array antenna. For instance, obstructing cords
and/or poles are often problematic on ships, as shown in Figure 1.2, and in cases
where they can not be removed it is desirable to remove the obstructions’ negative
impact in terms of loss of realized antenna gain and scattering at the obstruction.
Hence, in order to evaluate advantageous solutions for cloaking of thin cylindrical
obstructions, different techniques have been theoretically investigated for cloaking
of metallic poles of diameters 5 cm and 10 cm at different distances from an antenna.
Figure 1.1 specifies the simulated setup in this report, showing the problem setup
with a metallic pole placed in the vicinity of an array antenna to the left and
an investigated possible solution where some designed material coverage has been
placed around the obstruction to the right. For different cases of material, distance,
angles and antenna tapers, interesting results were the antenna realized gains and
average sidelobe levels for different beam steering angles. In order to investigate a
worst case scenario in terms of scattering at the obstruction, the simulation setup
shown in Figure 1.1 with the vertical pole was evaluated using a designed vertically
polarized array antenna and scanning in the H-plane/azimuth plane. However, for
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1. Introduction

more general results of how to solve the specific problem scenario in practice, the
different cloaking techniques were somewhat evaluated for horizontal polarization as
well. Further, as it was desired to obtain knowledge about the cloaking performances
at X-band frequencies, simulations were made for the frequency 9.5 GHz.

Figure 1.1: Top view schematic of the situations to be analyzed, e.g. an
obstruction without or with material coverage in the vicinity of an array antenna.

Figure 1.2: Visualization of cords/poles mounted on a ship such that an antenna’s
view will be obstructed. The image shows Saab AB’s Visby-Class Corvette K35 [6].

1.2 Purpose
The master’s thesis sought to theoretically examine different possibilities for an-
tenna obstruction cloaking for cylindrical obstructions such as cords and/or poles.
Different solutions were evaluated using Ansys’ electromagnetic simulator “3D High
Frequency Simulation Software” (Ansys HFSS) and “Matrix Laboratory” (MAT-
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1. Introduction

LAB). The work was carried out in collaboration with Saab AB during 15 Jan 2024
to 2 June 2024, and the following stages were included in the thesis:

• Literature study of relevant theory and previous works
• Choice of methods for antenna obstruction cloaking
• Modeling and simulation in Ansys HFSS
• Coding/post-processing of data in MATLAB
• Report writing and presentations

1.3 Goals
The aim of the project was to theoretically analyze different cloaking techniques on
cylindrical objects obstructing an X-band antenna in terms of antenna realized gain
and average sidelobe level as both tapering and lobe steering is applied on an array
antenna, in order to gain knowledge about how to cloak cords and/or thin poles
from an antenna most efficiently in practice.

1.4 Limitations / Demarcations
A limitation of the project is that it was performed with software and simulations
such that the obtained results may not be entirely reliable as no physical measure-
ments were done to verify them. Any demarcations apart from this are described
below.

• The antenna performance was evaluated through analysis of the realized gain
and antenna pattern only in a single plane, e.g. only in the elevation angle
ϕ = 0◦ as the antenna beam was steered in the azimuth plane, because the
analysis would have become complicated and immense if done for all angles/in
3D. Additionally, data was only gathered in one slice/plane as it greatly re-
duced the time of simulation, data export and post-processing. Intuitively,
this demarcation would still allow for the general problem to be evaluated, as
investigation of another elevation angle ϕ ̸= 0◦ mostly would imply that the
obstruction is hit at an angle by a slightly lower realized gain radiation pattern
compared to the main beam at ϕ = 0◦. Hence, relative to the unobstructed or
uncloaked cases the results would likely be similar.

• For analysis of the effect of changing the antenna excitation only a uniform
taper and a Taylor taper were implemented as the aim was to investigate the
performance without and with reduced sidelobes, e.g. and not to calibrate or
fine-tune the antenna to obtain max realized gain or, perhaps, an excitation
null in a desired direction.

• In order to significantly reduce simulation time, simulations were made with
the pole obstruction directly in front of the antenna (e.g. not at an angle)
after which the antenna beam was steered over the pole in MATLAB. More
interesting data could have been collected if the pole was simulated at different
angles (as, for instance, having the pole at a certain angle from the antenna
centre vs steering the beam away from the pole by the same angle will not

3



1. Introduction

yield the same results due to the changing antenna pattern as the beam is
steered), however it was determined that the general idea would be obtained.
To specify, simulating the pole at different angles in Ansys HFSS would require
new simulations, whereas steering of the beam in MATLAB could be done in
an instance.

• For calculations of the average sidelobe level for different steering angles in the
H-plane, only the antenna diagram in the forward direction, i.e. for the angles
−90◦ ≤ θ ≤ 90◦, was used as it was determined that it would be sufficient
to analyze the behaviour around the obstruction. However, more interesting
results could have been obtained if the simulated data had been exported for
the full H-plane. Instead, the report investigates the results for the full H-
plane only for some simulated data in order to visualize the effect in the back
direction.

1.5 Ethical considerations
This master’s thesis mainly focused on the functionality and performance of antennas
and their use in radar systems. Radar systems are today in widespread service in
the arms, cars and geoscience industries, to name a few. As radar systems are used
for both defensive and offensive purposes in the arms industry, one could argue
for positive and negative consequences from an ethical viewpoint, in the case of
further development. From a sustainability perspective, obstruction cloaking can
prevent changes or reconstruction of the surrounding environment of an antenna,
and thereby save resources.

1.6 Project overview
In this report, Chapter 2 describes the relevant theory for the project, including the
fundamentals of antennas and radiation absorbents as well as a short introduction of
the implemented software Ansys HFSS. Next, Chapter 3 details the methodologies
of the different stages of the project, including the design of a 1 × 21 waveguide
element array antenna in Ansys HFSS and the setup of the implemented antenna and
obstruction environment for simulation of metal pole obstructions with diameters
5 cm and 10 cm at the distances 1 m, 2 m, 3 m, 4 m, 5 m, 10 m, 20 m and
30 m from the array antenna without and with cloaking shells placed around the
obstructions. Further, Chapter 3 details the designs of the different implemented
shells employed for electromagnetic cloaking and anti-scattering and a description
of the extensive amount of MATLAB code that was written for post-prossesing and
presentation of the many variations of simulated embedded array antenna realized
gain radiation patterns in order to obtain the results of interest. Lastly, Chapter 4
analyzes the results of the different designed shells and compares them to each
other, the uncloaked case and the unobstructed case, and Chapter 5 presents the
final conclusions of the thesis.
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2
Theory

In this chapter, theory relevant for the project is explained. More specifically, Sec-
tion 2.1 describes the fundamentals of antennas, Section 2.2 describes the relevant
theory for the implemented radiation obstruction cloaking and anti-scattering tech-
niques in this project, and Section 2.3 gives a short introduction of the used simu-
lation software Ansys HFSS.

2.1 Antenna fundamentals

Antennas transmit or receive electromagnetic waves propagating at the speed of
light. Electromagnetic waves are created by accelerating electrically charged elec-
trons and they transport energy in terms of electromagnetic radiation or light. Ra-
diation refers to the part of an electromagnetic field that radiates into infinite space,
decreasing inversely in intensity by the square law of power. There is a link between
electromagnetic waves and electricity and magnetic waves and magnetism. For in-
stance, electromagnetic waves can be induced and formed by a changing magnetic
field (and vice versa), or electricity and magnetism can be static, e.g. like the en-
ergy making a persons hair stand on end as a balloon is rubbed on it, or the energy
that makes a magnet stick to the refrigerator, respectively. The electromagnetic
waves move similar to mechanical waves, e.g. like waves in water with crests and
troughs, however they differ as they do not require a physical medium to propagate
and instead move through air, solid materials and vacuum. This is possible as the
electromagnetic radiation is a stream of the mass-less particles called photons, such
that the momentum is carried through physical media. For instance, visible light
is a small part of the electromagnetic spectrum and it has both particle-like and
wave-like properties [7].

In this section, the fundamentals of antennas are explained, including the basics
about radar, frequencies and applications in Section 2.1.1, the definitions of an an-
tenna’s radiation pattern, sidelobes, grating lobes and beamwidth in Section 2.1.2
and the theory of an antenna’s far field and near field in Section 2.1.3. Further, Sec-
tion 2.1.4.1 specifies an antenna’s coordinate system and mathematically describes
how to perform lobe steering and beamforming on an array antenna. Additionally,
Section 2.1.5 defines an antenna’s realized gain and Section 2.1.6 gives examples of
typical antenna designs and details how an open-ended waveguide antenna can be
designed.

5



2. Theory

2.1.1 Radar, frequencies and applications
Radar (Radio Detection and Ranging) is a means to detect surrounding objects us-
ing radio waves. Through implementing one transmit and one receive antenna, or
iteratively transmitting and receiving using the same antenna, reflected/returned
radio waves pulsed/sent in a specific direction can be measured and information can
be gained about the distance to adjacent objects, and through measuring multiple
echos knowledge can be obtained of the velocities and directions of objects [8]. Mul-
tiple frequency bands of the electromagnetic spectrum are used for different radar
applications. The implemented radio wave frequency depends on the specific re-
quirements of an application, as there is a trade-off between resolution and detection
range. As the radio wave frequency is increased, the range resolution of the radar
is increased (e.g. its ability to distinguish between adjoining objects is improved),
whereas the detection range is decreased due to attenuation in the atmosphere (neg-
atively affecting higher frequency signals more). Hence, lower frequency radars are
generally more suitable if a long detection range is required, whereas higher fre-
quency radars are better implemented for more precise measurements (however, the
required range resolution can be very application specific). Further, lower frequency
signals can penetrate/travel through thicker surfaces than higher frequency signals,
which also makes lower frequency radars suitable for applications requiring obstacle
penetration (and vice versa) [8].

Table 2.1: IEEE classification of microwave frequencies [9].

Name Bandwidth
HF-band 3–30 MHz

VHF-band 30–300 MHz
UHF-band 300–1000 MHz

L-band 1–2 GHz
S-band 2–4 GHz
C-band 4–8 GHz
X-band 8–12 GHz

Ku-band 12–18 GHz
K-band 18–27 GHz
Ka-band 27–40 GHz
V-band 40–75 GHz
W-band 75–110 GHz

mm-band 110–300 GHz

Another reason for implementing a higher frequency radar is to decrease the re-
quired antenna size. For instance, given that an L-band antenna has the same gain
as an X-band antenna, the lower frequency L-band antenna will have a larger phys-
ical size. Hence, not only is it required to select radar frequency band to obtain
the desired range resolution, but also to obtain an acceptable antenna size for its
intended application. There are many denoted radar frequency bands ranging from
the frequency 3 MHz to 300 GHz, as described by Table 2.1, that are used for dif-
ferent applications. In the frequency range of several hundred megahertz (MHz),
the radars have long detection ranges and good obstacle penetration and, hence,
are often used for surveillance and air defence. Instead, higher frequency bands
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2. Theory

such as the X-band (8–12 GHz) allows for higher range resolutions and can pene-
trate thin walls, and are thus more suitable for precision applications and simple
industrial applications. The highest radar frequencies are often referred to lie in the
mm-band (110–300 GHz) as the radars implementing those higher frequencies only
can detect objects within millimeter (mm) distances from the radar, although they
yield very fine resolution.

2.1.2 Radiation pattern, sidelobes, grating lobes and beam
widths

The radiation pattern defines the variation of the power radiated by an antenna
with respect to the angle from the from the antenna center in far field. That is, it
visualizes the radiation from the antenna as a function of angular coordinates, dom-
inating at greater distances from the antenna unlike the near field radiation which
behaviours dominate closer to it. By studying an antenna’s radiation pattern it can
be visualized where it transmits or receives power. Figure 2.1 shows an example of
an antenna radiation pattern in both 2D and 3D, from which the main lobe and
the sidelobes of the antenna radiation can be seen, especially by studying the 2D
plot in Figure 2.1a obtained as a slice in the xz-plane from the 3D visualization (at
elevation angle ϕ = 0◦, following the notation in this report). Sidelobes are cre-
ated as the contributions from each element in an array antenna are added, and are
typically referred to as unwanted radiation in undesired directions, unlike the field
strength in the main lobe which is designed to be larger. For array antennas with
element spacing of more than (or less than) half a wavelength, some sidelobes will
become significantly larger in amplitude and approach the level of the main beam
due to spatial aliasing. The grating lobes, as they are denoted, can generally be
said to be copies of the main beam, and they can be avoided at the antenna design
stage through element spacing of half a wavelength.

a) 2D. b) 3D.

Figure 2.1: Polar radiation pattern plot in 2D for a slice in the xz-plane (for the
elevation angle ϕ=0◦) and in 3D (for all elevation angles ϕ).
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2. Theory

The main lobe and the sidelobes of an antenna pattern are more clearly defined in
Figure 2.2 of the relative realized gain [dB] for the slice ϕ = 0◦, showing the main lobe
in blue and the sidelobes in red. Additionally, Figure 2.2 shows the average sidelobe
level (ASLL) [dB] which is simply defined as the average of the realized gain for all
azimuth angles θ of interest outside of the main lobe. Further, Figure 2.2 shows how
the 3 dB beamwidth θ3dB [◦] is defined, which is simply the width of the main beam
as the power of the main lobe has decreased with 3 dB, e.g. the 3 dB beam width θ3dB
is where the main beam has decreased to half its power in natural values. Typically,
as a taper is applied to an array antenna, the width of the main beam increases
as the average sidelobe level of the excitation is suppressed/decreased. Hence, the
desired average sidelobe level needs to be determined such that the beamwidth is
acceptable for a specific application, and vice versa.

Figure 2.2: Rectangular relative realized gain plot for the slice in the xz-plane
(for elevation angle ϕ = 0◦) showing how the average sidelobe level ASLL [dB] and

the 3-dB beamwidth θ3dB [◦] are defined.

2.1.3 Far field and near field
Electromagnetic fields created by a radiating structure (e.g. an antenna) can be
categorized into three different field regions. These field regions are the reactive
near field, the radiating near field (Fresnel) and the far field (Frauenhofer) which
are visualized in Figure 2.3. The boundary or difference between the near field and
the far field is loosely defined. However, by defining the radiated electromagnetic
waves with a Poynting vector S⃗ as

S⃗ = E⃗ × H⃗∗

2 (2.1)

where E⃗ is the electrical field and H⃗ is the magnetic field (and where ’×’ denotes
the cross product and ’∗’ denotes the complex conjugate), the difference between the
regions can be seen as the imaginary part and the real part of the Poynting vector
are dominant in the near field and far field, respectively. The reactive near field is
only in the immediate surroundings of the antenna, typically within a wavelength
or two from its center, in which the fields change very quickly, do not propagate and
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2. Theory

lose energy very rapidly. Instead, in the radiating near field region, the radiated
waves propagate and the angular field distribution depends on the distance R from
the antenna centre. Lastly, in the far field region the radiating electromagnetic fields
dominate and, in order to simplify calculations, the waves can often be assumed to
move as plane waves. The extent RNF1 [m] of the reactive near field region for an
antenna can be calculated by

RNF1 < 0.62 ·
√

D3

λ
(2.2)

where RNF1 [m] is the distance between the center of the antenna to the outer
boundary of the region, D [m] is the largest dimension of the antenna in meters
(e.g. its length) and λ [m] is the wavelength of the radiated electromagnetic waves.
Similarly, the region RNF2 [m] of the radiating near field and the region RF F [m] of
the far field can be calculated as

0.62 ·
√

D3

λ
< RNF2 <

2D2

λ
(2.3)

and

RF F >
2D2

λ
(2.4)

respectively [10].

Figure 2.3: Visualization of the three different field regions.
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2.1.4 Array antennas, lobe steering and beamforming

An array antenna is an antenna with elements spread out in one or more dimensions.
As it is implemented, the direction of the main beam of the antenna can be steered
through applying phase shifts between the elements in the array. Additionally, it is
possible to shape the antenna beam through modifying the power along the array
as desired. Both phase and amplitude modification can be applied electronically
on array antennas, in which case the system often is referred to as an actively
electronically steered array (AESA). In this section, the coordinate system of an
antenna and the polarization of electromagnetic waves are explained, followed by
the theory for phase and amplitude modification of array antennas in order to steer
the main beam and to shape the radiation pattern, respectively.

2.1.4.1 Coordinate system

Figure 2.4 shows how the coordinate system of an antenna is defined. For ϕ = 0◦,
the steering angle ∅ of the main beam is simplified to ∅ = θ, i.e. the beam is steered
solely in the xz-plane, as visualized in Figure 2.5. As azimuth angles correspond to
scanning angles in the horizontal plane, the angle θ can be referred to as azimuth
angle and the angle ϕ can be referred to as elevation angle if the coordinate system
is rotated such that the xz-plane is parallel to/is aligned with the horizontal plane
(which is the chosen rotation of the coordinate system in this project, explained
more thoroughly in Section 3.1.2).

Figure 2.4: Definition of the angles ϕ and θ for an antenna lobe.
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Figure 2.5: Visualization of the antenna lobe steering angle ∅ of
−90◦ ≤ ∅ = θ ≤ 90◦ in the xz-plane as the angle ϕ = 0◦. As ϕ = 0◦, the steering

angle ∅ = θ is defined to be zero as the center of the antenna beam aligns with the
z-axis, and ∅ is defined to increase and decrease as antenna beam moves towards

the positive and negative x-axis, respectively. The equivalent illustrations show the
situation from two different views.

2.1.4.2 Polarization

Polarization is a measurement of the alignment of the electromagnetic field, for an-
tennas defined as the direction of the electromagnetic field as energy is radiated
from it. An antenna receiving polarized electromagnetic waves must employ the
same polarization as the signal/as that of the transmit antenna, which can be re-
sembled with throwing a Frisbee at a picket fence, i.e. in one direction it will go
through and in another it will be blocked [7]. Hence, it is important to consider the
intended orientation of an antenna to be used and, especially, which polarization it
should work in and should be designed for. Electromagnetic waves can be linearly or
circularly polarized, or anywhere in between, and the desired polarization depends
on the application of the antenna system. For instance, linearly polarized antenna
systems are cheap to manufacture and typically used for television and communi-
cation between stationary users (e.g. two communicating senders/receivers), while
circularly polarized systems often are used for communication between moving users
as a circularly polarized antenna can receive a circularly polarized signal indepen-
dent of the rotation of the sender (distinct from linearly polarized antennas and
signals). Figure 2.6 visualizes the propagation of electromagnetic waves with linear
and circular polarization, which further can be modified and rotated in the coordi-
nate system depending on the application. For the circular polarization shown in
Figure 2.6, it should be noted that the actual electric field is a superposition of the
visualized linearly polarized fields (e.g. it rotates circularly).
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Figure 2.6: Visualization of the propagation of linearly and circularly polarized
electromagnetic waves. The x-axis represents time passed as the waves propagate,
the shown linear polarization is vertical and the shown circular polarization is right

handed (e.g. the wave rotates to the right over time, with a 90◦ phase shift
between the points where the wave lies horizontally and vertically in the

coordinate system).

2.1.4.3 Phase and power control of antenna arrays

Figure 2.7 visualizes an array antenna with M × N elements, where the steering
angle ∅ of the main beam is equal to the azimuth angle θ due to an antenna setup
of the main beam centered at elevation angle ϕ = 0◦, as described in Section 2.1.4.1.
For beamforming, it is trivial that the same array vector A⃗vec of length N should
be applied to all the M rows of elements in an antenna. That is, for an M × N
antenna the array vector should be of length N and should be applied to all M
rows (or vice versa, depending on the orientation/definition of the element matrix).
Through modifying the array vector A⃗vec in phase and amplitude and applying it
to the antenna elements, it is possible to both steer the direction of the main beam
and control the gain and sidelobe level of the antenna excitation. As beamforming
is explained in this section for a transmitting (Tx) antenna, it follows that similar,
or reverse, methods can be used for a receiving (Rx) antenna.

12
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Figure 2.7: Visualization of an array antenna with elements n = 1, 2, 3, 4, ..., N
for which each element’s amplitude An [W1/2] and phase φn [rad] can be controlled

such that the desired steering angle and radiation pattern is obtained.

As visualized by Figure 2.7, the amplitude vector A⃗ and the phase vector φ⃗ of an
M × N antenna are

A⃗ = [A1, A2, A3, A4, ..., AN ] [W1/2] (2.5)
and

φ⃗ = [φ1, φ2, φ3, φ4, ..., φN ] [rad] (2.6)
respectively, for M rows, where Pn and φn for elements n = 1, 2, 3, 4, ..., N
are the amplitude [W1/2] (e.g. the square root of the power [W]) and phase [rad]
values for element n, respectively. There are multiple known/popular methods for
selecting the antenna amplitude vector A⃗. For instance, the amplitude vector can be
selected as a uniform taper, e.g. with amplitude 1 W1/2 for all elements, or it can be
designed as a type of Taylor taper [11] allowing the sidelobe levels to be suppressed
while keeping a high gain (though, with some loss in the main beam due to the
suppression of sidelobe levels). For lobe steering, the phase of each element can
be obtained through a linear phase shift across the elements. In order to steer the
antenna main beam to the steering angle ∅ [rad], the required difference in phase
∆φ can be calculated as

∆φ = 2πd

λ
· sin (∅) [rad] (2.7)
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where d [m] is the element spacing in the array antenna and λ [m] is the wavelength,
after which the required phase for element n can be calculated as

φn = ∆φ · (n − 1) (2.8)

for all N elements. Further, having obtained/selected both the amplitude An [W]
and phase φn [rad] of element n, an initial element value Avec,n of the antenna array
vector can be obtained as

Avec,n = An · exp (j · φn) (2.9)

after which the array vector A⃗vec can be obtained after amplitude normalization.
The scalar for amplitude scaling can be obtained as

Ascale =
( N∑

n=1
|An|2

)−1/2
(2.10)

such that the relation

A⃗vec = [Avec,1, Avec,2, Avec,3, Avec,4, ..., Avec,N ] ⊙ Ascale [W1/2] (2.11)

where ’⊙’ denotes elementwise multiplication can be used to calculate the values of
the antenna array vector A⃗vec. By using the element amplitude and phase values in
the antenna array vector A⃗vec an array antenna’s radiation pattern can be controlled
in practice. However, it is also possible to apply beamforming in theory on simulated
embedded antenna radiation patters (e.g. an array with radiation pattern solutions
for each antenna element). For an array with N embedded antenna radiation pattern
complex scalar values as

E⃗vec = [Evec,1, Evec,2, Evec,3, Evec,4, ..., Evec,N ] [W1/2] (2.12)

for a certain polarization, azimuth angle θ and elevation angle ϕ, the resulting
amplitude and phase values for one θ value and one ϕ value can be calculated
by summation of the product of the two arrays in Equations (2.11) and (2.12).
For more information on post-processing beamforming, please refer to the explicit
beamforming MATLAB code in Appendix A.6.

2.1.5 Realized gain
The directivity D of an antenna defines the concentration of radiated power in a
particular direction, whereas the gain of an antenna defines the concentration of
input power in a particular direction. In an ideal case, the realizable gain of an
antenna would be equal to its directivity (as steering is not applied). This, however,
is not possible due to an antenna’s gain being a combination of directivity and
electrical efficiency (and there will in practice always be some electrical losses). The
maximum directivity Dmax of an antenna can be calculated as

Dmax = 4π

λ2 A (2.13)
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where λ [m] is the wavelength and A [m2] is the area of the antenna. By introducing
some loss variables, the realized gain of an antenna can be understood as

Grealized = ϵradϵgrt cos (∅)ϵpolϵillDmax (2.14)

where the maximum directivity Dmax is multiplied with the radiation efficiency
ϵrad, the grating lobe efficiency ϵgrt, the cosine scalar of the steering angle ∅, the
polarization efficiency ϵpol and the illumination efficiency ϵill [12]. For instance, if the
efficiencies in Equation (2.14) together make up a scalar of 0.5 in natural values, it
would cause a 10 log10(0.5) = 3.0 dB decrease in gain from the maximum directivity
to the antenna realized gain.

2.1.6 Typical antenna designs
Typical antenna designs that are used in array antennas are wire antennas, slot
antennas, waveguide antennas, microstrip/patch antennas, horn antennas and re-
flector antennas [13]. Relevant theory regarding waveguide antennas is described in
Section 2.1.6.1 as this antenna type was utilized in the project.

2.1.6.1 Open-ended waveguide antenna

A rectangular open-ended waveguide has a shell made of metal of width a and height
b, which can be filled with a material with any permittivity ϵ = ϵr · ϵ0. However,
the metallic shell is often assumed to be a perfect electric conductor (PEC) as for
the ideal case, e.g. to reduce simulation time in many software environments, and
it is often filled simply with air or vacuum. Further, the operating frequencies of a
waveguide can be adjusted by changing the value of the width a, but also through
utilizing various methods of altering the shapes and sizes of the walls. In waveguides
either transverse electric (TE) or transverse magnetic (TM) modes can be created.
The first mode that propagates in a rectangular waveguide is TE10 which has the
lowest cut-off frequency fcmn (e.g. the fundamental mode is the one with the lowest
cut-off frequency). More generally, the cut-off frequency fcmn of a rectangular open-
ended waveguide with width a and height b can be calculated as

fcmn = c

2π
√

ϵr

√(
m · π

a

)2
+

(
n · π

b

)2
(2.15)

where c is the speed of light in vacuum, ϵr is the relative permittivity, and m and n
specify the waveguide mode. From Equation (2.15) it can be seen that the width a
controls the dominant mode and that the height b only starts to matter at the higher
modes TE01, TE11 and TM11 [14]. A method used to tune the input impedance and
power throughput is placing ridges in the waveguide [14]. By placing two ridges of
an arbitrary size in the waveguide, the cut-off frequency of the waveguide can be
lowered such that the electromagnetic waves start to propagate earlier. Further, this
enables the impedance to be better matched and to be made more constant over
a wider bandwidth, and makes it possible to obtain a higher power throughput at
the operating frequency fc. The added ridges to the waveguide, however, do reduce
the total amount of power that the waveguide can operate with. Figure 2.8 shows
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a rectangular waveguide with width a, height b, permittivity ϵ and permeability µ.
Additionally, the added ridges in dashed lines in Figure 2.8 visualize how the inside
of a waveguide can be modified in order to lower the cut-off frequency and obtain
better matching, bandwidth and power throughput.

Figure 2.8: Visualization of an open-ended waveguide antenna, and (in dashed
lines) added ridges to it.

2.2 Radiation obstruction cloaking and anti-scattering
techniques

In this section, the relevant theory for the implemented radiation absorbent cloaking
and anti-scattering techniques is explained, including the basics about refraction, re-
flection and diffraction of electromagnetic waves in Section 2.2.1, the general theory
regarding the conventional narrowband and wideband absorbents in Section 2.2.2
as well as examples of both types that were implemented in the project, and lastly
the mathematical requirements for coordinate transformation using meta-materials
for bending electromagnetic waves around cylindrical obstructions in Section 2.2.3.

2.2.1 Refraction, reflection and diffraction
Refraction is when electromagnetic waves are bent as they travel at an angle from
one medium into another with a different refractive index, and it is what makes
for instance lenses, glasses, prisms and rainbows possible. The change of refractive
index causes the light to change speed and, thus, also change the angle/direction.
Figure 2.9 shows how light is refracted as it travels with the velocity v1 and the
incidence angle θ1 (<θc) from a medium with the refractive index n1 into a substrate
with refractive index n2. As can be seen in Figure 2.9, the change of medium and
refractive index causes the light ray to change velocity to v2 and to bend to the
refraction angle θ2 from the normal plane perpendicular to the medium interference
plane [15].
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Figure 2.9: Visualization of refraction and reflection of a light ray moving from
one medium into another, or diffraction/bending of the light ray as it hits the edge

of the different medium object.

The refraction angle of a light ray as it travels from one medium to another can be
calculated with Snell’s law

sin (θ1)
sin (θ2)

= n2

n1
= v1

v2
(2.16)

where θ1 is the incident angle of the light ray (from the normal, as defined in Fig-
ure 2.9), θ2 is the reflection angle (again, defined from the normal), n1 and n2 are
the refractive indices of the two mediums, respectively, and v1 and v2 are the light
ray’s velocities in the two different materials. As shown in Figure 2.9, refraction
and reflection occurs when the incident angle θ1 is smaller than the critical angle
θc (θ1 < θc). The critical angle depends on the two mediums. For air and water
as the two mediums, for instance, the critical angle is θc =48.6◦. At the critical
angle, the refracted wave lies in the incident plane, or equivalently is perpendicular
to the normal plane with the refraction angle of θ2 = 90◦, and after the critical angle
there will be total internal reflection, i.e. no light rays will refract into the second
medium as everything is reflected back in the first one. Further, as visualized by the
rightmost case in Figure 2.9, as a light ray hits the edge of a medium of different
refractive index, diffraction/bending around it will occur.

2.2.2 Conventional radar absorbent materials
A radar absorbent material (RAM) is a material specifically designed to absorb
electromagnetic radiation. Electromagnetic absorbents are application oriented and
work for a specific bandwidth and, generally, the two different types are resonant
or narrowband absorbents and broadband absorbents. The conventional radar ab-
sorbent materials are either based on the Salisbury screen absorbent or the Dallen-
bach layer absorbent, both operating by absorbing incident electromagnetic energy
and converting it to heat, or on their multi-layer counterparts [16][17]. Both the
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Salisbury screen absorbent and the Dallenbach layer absorbent are resonant ab-
sorbents that are simple in their structure, low-cost and highly efficient, but they
yield relatively narrow working bandwidths because of the frequency-dependency
as a specific wavelength is required for the desired resonance in the layered ma-
terial. However, more broad frequency ranges can be employed as the absorbents
are designed with multiple layers. Instead, broadband absorbents are more or less
frequency-independent (e.g. they often have a lower limit set by their thickness,
after which they are somewhat frequency independent) and effective over a broad
range of frequencies, however they are relatively less efficient than the narrowband
absorbents over a shorter range and, especially, they are much thicker than the
equivalent resonant absorbents. In this section, the concepts of narrowband and
wideband radiation absorbents are explained, and examples of both types of ab-
sorbents that were implemented in this project are given.

2.2.2.1 Narrowband radiation absorbents

In this section, the two conventional types of electromagnetic resonant narrowband
absorbents are described more in detail, and an example is given of a narrowband
absorbent made out of ferrites (later used in this project). Synoptically, the differ-
ence between the Salisbury screen and the Dallenbach layer is that the Dallenbach
absorbent employs a lossy homogeneous layer on the metal to be cloaked while
the Salisbury absorbent employs an inhomogeneous screen with a low loss/lossless
dielectric in between.

2.2.2.1.1 Salisbury screen and Dallenbach layer absorbents

A Salisbury absorbent is an inhomogeneous structure that consists of a resistive
screen placed in front of a dielectric spacer (ideally) without losses over a metallic
surface to be cloaked [17]. It was one of the early electromagnetic absorbents for
radar applications and is a resonant absorbent that converts electromagnetic radi-
ation in a narrow band of frequencies into heat through destructive interference of
the incident wave and the reflected radiation from the metal surface, phase shifted
by 180◦ because of the quarter wavelength space between the screen and the metal.
Figure 2.10 visualizes the Salisbury absorbent with the Salisbury resistive screen
placed a quarter wavelength from the metallic surface with a low loss/lossless spacer
in between such that the waves reflected from the metal in total travel half a wave-
length from and back to the Salisbury screen. The resistive screen is typically much
thinner than the wavelength of the desired incident waves to absorb, and the spacer
between the first and second incident plane can be air or another dielectric with a
low dielectric constant and a low relative admittance [18].
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Figure 2.10: Visualization of the Salisbury
screen absorbent.

Figure 2.11: Visualization of
the Dallenbach layer absorbent.

A Dallenbach absorbent is a homogeneous absorbing layer placed on the metallic
surface to be cloaked such that electromagnetic radiation in the desired frequency
range is converted to heat through destructive interference. Its absorption perfor-
mance directly depends on the electromagnetic properties and thickness of the lossy
layer [17]. Figure 2.11 visualizes the Dallenbach absorbent with the Dallenbach
layer with a thickness of a quarter wavelength placed on the metal such that the
waves in total travel a half wavelength before being cancelled through destructive
interference. That is, as the electromagnetic waves hit the Dallenbach layer, some
is reflected and some is transmitted through the incident plane and reflected on the
metal. Further, as the Dallenbach layer is designed to be a quarter wavelength in
thickness the waves reflected back from the metal surface to the incident plane of
the Dallenbach layer are phase shifted with 180◦ such that destructive interference
occurs and the electromagnetic radiation (that is not reflected at the first incident
plane) is cancelled out [19]. Generally, for a single layer material the electric wave-
length λr inside it can be calculated as

λr = c

fc
√

ϵr

(2.17)

where c is the speed of light in vacuum, ϵr is the relative permittivity of the material
and fc is the center frequency. Hence, it can be understood that the Salisbury screen
absorbent and the Dallenbach layer absorbent can employ a dielectric spacer and
an absorbing layer, respectively, of thicknesses smaller than a quarter wavelength of
the signal to be absorbed.
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2.2.2.1.2 Ferrite material absorbents

An example of a Dallenbach layer is a ferrite electromagnetic wave absorbent, where
a quarter wavelength thick single layer of ferrite with magnetic loss properties is
applied to the surface to be cloaked. Ferrite absorbents can for example be made
out of sintered ferrite, rubber ferrite, resin ferrite, or a mix of ferrite and dielectrics
(e.g. for higher frequency applications). The term ferrite comes from the Latin word
for iron “Ferrum” as they are known as magnetic materials [20]. Further, ferrites
are usually manufactured by using ceramic processing techniques and as they are
easily molded and shaped they are very flexible in their application areas [21]. An
example of a ferrite absorbent material is FGM-125 [22] manufactured by Eccosorb,
which is evaluated in Section 3.3.1.

2.2.2.2 Wideband radiation absorbents

With the use of multi-layer electromagnetic wave absorbents, e.g. absorbents with
two or more layers where each layer has its own material constants and thickness,
multiple types of wideband radiation absorbents can be realized [23]. An example
of a two layer wideband absorbent is an absorbent constructed of an outer layer
of ferrite and an inner layer (e.g. the layer closest to the surface to be cloaked)
of dielectric material. Such an absorbent can yield a wideband solution of large
magnetic and dielectric losses compared to an absorbent consisting of just a quar-
ter wavelength layer of ferrite, as described in Section 2.2.2.1.2. Another method
of creating a wideband absorbent is constructing a multi-layer absorbent with in-
creasing conductivity throughout the absorbent, the theory for which is explained
in Section 2.2.2.2.1.

2.2.2.2.1 Absorbent with increasing conductivity

An example of a wideband radiation absorbent is a multi-layered absorbent with in-
creasing conductivity going into the absorbent. Such an absorbent was implemented
in this project through layering sheets with different conductivity, which layers are
visualized in Figure 3.17 in Section 3.3.3. The resulting layered material acts as an
absorbent as the field attenuation increases into the material along with the conduc-
tivity. Attenuation is a function of the permittivity ϵ, the conductivity σ and the
frequency fc. According to the wave propagation theory and Maxwell’s equations,
the attenuation constant α for an electromagnetic plane wave can be calculated as

α = 2πfc

(
µϵ

2
(√

1 +
( σ

2πfcϵ

)2
− 1

))1/2
[Np/m] (2.18)

where fc is the frequency of the wave, ϵ = ϵr · ϵ0 and µ = µr · µ0 are the permittivity
and permeability of the medium, respectively, and σ is the electrical conductivity.
Hence, as the attenuation factor α in Equation (2.18) will become large rapidly as
the conductivity σ increases but the values of the frequency fc, permittivity ϵ and
permeability µ stay constant, it can be understood that the attenuation factor α
can be controlled by modifying the conductivity σ as desired (e.g. increasing σ
throughout a medium will yield an increasingly lossy material).
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2.2.3 Meta-material radiation cloaking

The Virtual Institute for Artificial Electromagnetic Materials and Metamaterials
(the METAMORPHOSE VI AISBL, in short) defines meta-materials as “an arrange-
ment of artificial structural elements, designed to achieve advantageous and unusual
electromagnetic properties” [24]. Simply put, meta-materials are artificially made
out of usual materials that can be found in nature such that they obtain unusual
but advantageous properties. Through changing sub-wavelength details of electro-
magnetic materials, as supposed to their chemical composition, meta-materials with
properties that are difficult or impossible to find in nature can be created [25].
Meta-materials that have not yet been found in nature are materials with relative
permittivity ϵr < 1 and/or relative permeability µr < 1, which in theory can yield
a variation of useful properties. For instance, if the relative permittivity ϵr and
the relative permeability µr are simultaneously negative (e.g. ϵr < 0 and µr < 0),
the result will be a left-handed orthogonal material (as opposed to the regular right-
handed one) with negative refractive index n bending waves as shown in Figure 2.12.
Instead, if they are non-simultaneous the result will be evanescent waves with an
exponential decay of the wave vector due to the wave number k becoming complex.
Further, a meta-material with the properties 0 < ϵr < 1 and 0 < µr < 1 will yield
a right-handed orthogonal system (as regular), however with an increased phase
velocity vp. This can be seen through studying the relations

vp = 2πfc

k
= c

n
(2.19)

and

k =

−2πfc

c

√
ϵrµr if ϵr < 0 and µr < 0

+2πfc

c

√
ϵrµr otherwise

(2.20)

where vp is the phase velocity, fc is the frequency of the wave, k is the wave number, c
is the speed of light in vacuum, n is the refractive index, ϵr is the relative permittivity
and µr is the relative permeability. With the use of different kinds of meta-materials,
different types of electromagnetic cloaks with exotic properties can be constructed.
For instance, electromagnetic cloaks using meta-materials can be achieved through
coordinate transformation, visualized in Figure 2.13, which is described more in
detail in Section 2.2.3.1.
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Figure 2.12: Visualization of
negative refraction of a

left-handed material, which can
occur if the relative

permittivity ϵr and the relative
permeability µr of the material

hit by the incident ray
simultaneously are negative
over a range of frequencies.

Figure 2.13: Top view visualization of
coordinate transformation, where the incident

rays (shown as in far field, as a plane wave
front) are bent around a cylinder obstruction of
radius a because of a controlled refractive index

n in the meta-material of thickness (b − a)
around it. The lines show the direction of power

flow, i.e. the Poynting vector, and the
coordinate system specification refers the

illustration to the rotation used in this project.

2.2.3.1 Coordinate transformation/ray bending

The coordinate transformation technique means to guide electromagnetic waves
around the obstructing object, e.g. a cylindrical or spherical volume, through the
use of the controlled ray bending properties of meta-materials. This technique is
beneficial as it, if successful, makes the cloaked object entirely invisible in the elec-
tromagnetic spectrum [26]. Hence, even though it is difficult to obtain the required
material properties in practice, previous works suggest that it is possible to obtain
coordinate transformation cloaks for cylindrical obstructions both for vertically and
horizontally polarized electromagnetic waves at radar frequencies [25][27].

In order to steer electromagnetic waves around a cylindrical obstruction of radius
a within a cloaking shell of radius b (defined from the centre of the cylindrical
obstruction such that the cloak thickness is b − a) as defined in Figure 2.13 using
coordinate transformation, all the electromagnetic fields in the region r < b have
to be compressed into the cloak region a < r < b. Please note that the cylinder
obstruction is defined to be extended along the z-axis throughout this section, while
Figure 2.13 specifies the implemented rotation for the setup in this project. In
theory, this transformation results in the anisotropic permittivity and permeability
requirements
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ϵr = µr = r − a

r
, ϵθ = µθ = r

r − a
, ϵz = µz =

( b

b − a

)2
· r − a

a
(2.21)

within the region a < r < b of the cloaking shell, where the subscripts r, θ and z
denote the radial, azimuth and z-axis alignments, respectively [27]. For TE illumi-
nation where the incident electric field is polarized along the z-axis (e.g. vertical
polarization, following the notation in this report), the only remaining requirements
from Maxwell’s equations are

µr = r − a

r
, µθ = r

r − a
, ϵz =

( b

b − a

)2
· r − a

a
(2.22)

which have been reported to have been achieved in practice by varying the dimen-
sions of split-ring resonators (SRRs) placed in series in rings around cylindrical
obstructions [1]. As can be seen in Equation (2.22), a cloak for vertically (TE)
polarized electromagnetic waves can be achieved through designing a material with
radially changing values of the permittivity in the z-axis and constant permeability
values in the radial and azimuth alignments. Instead, for TM illumination where
the incident magnetic field is polarized along the z-axis (e.g. horizontal polarization,
following the notation in this report), only the requirements

ϵr = r − a

r
, ϵθ = r

r − a
, µz =

( b

b − a

)2
· r − a

a
(2.23)

have to be satisfied.

2.3 Simulation software
For this report, the programming language and numeric computing environment
MATLAB was implemented for post-processing of results obtained using Ansys High
Frequency Simulation Software (Ansys HFSS). In this section, a short introduction
is given of the used simulation software Ansys HFSS which is a 3D electromagnetic
simulation software which makes it possible to design and simulate high-frequency
electronic products such as antenna elements, array antennas and RF or microwave
components [28]. Given that the user has defined a geometry with some material
properties over a specified range of frequencies, and correctly prepared a suitable
solver method, Ansys HFSS’s various finite element method solvers automatically
handle the simulations yielding results that, depending on the implemented method,
can be expected in practice. The software is used worldwide to design for instance
communication systems, satellites and internet-of-things (IoT) products [29]. In
this project, Ansys HFSS’s ’Lattice Pair’ boundary, ’PML’ (perfectly matched layer)
boundary and ’FE-BI’ (finite element boundary integral) boundary functions as well
as its ’IE’ (integral equation) region function were used for simulations. The different
region and boundary implementations each have strengths and weaknesses and they
are thus suitable for different cases. More information about the different Ansys
HFSS implementations can be found in Section 3.2 which describes the methods’
strengths (and weaknesses) and how they can be implemented, and in Appendix B
which details how to employ the different techniques in Ansys HFSS.

23



2. Theory

24



3
Methods

In this chapter, the methodologies of the different stages of the project are de-
scribed. The design of an array antenna intended to work with vertical polarization
for scanning in the H-plane/azimuth plane at 9.5 GHz (X-band) is described in
Section 3.1. Further, Section 3.2 details the antenna and obstruction simulation
in Ansys HFSS implemented for later evaluation of the realized gain and average
sidelobe level for the antenna for a range of steering angles in the H-plane with-
out and with an obstruction in front of it. For analysis of different electromagnetic
cloaking and anti-scattering techniques, the designed shells detailed in Section 3.3
were examined. Lastly, Section 3.4 describes the post-processing of the simulated
array antenna radiation patterns in MATLAB performed in order to evaluate the
different obstruction cloaking solutions.

3.1 Design of an X-band array antenna in HFSS
For later configuration of a 1×21 element antenna, a single open-ended ridge waveg-
uide element was designed and simulated in Ansys HFSS. Section 3.1.1 describes
the design and performance of the constructed ridge waveguide element, and Sec-
tion 3.1.2 shows the obtained realized gain radiation pattern for the designed 1 × 21
element array antenna with uniform taper and with Taylor taper. When designing
the element in Ansys HFSS and metal was required, the material was in most cases
set to be a perfect electrical conductor (PEC) such that the simulations in Ansys
HFSS would be faster (e.g. it is possible to select another material but the large
increase in simulation time is often not worth the small gain in accuracy, and it was
decided that it was not in this case). The antenna element was designed to work
at and around 9.5 GHz (e.g. to be realistic), even though simulation results would
only be gathered for the single centre frequency fc = 9.5 GHz. More specifically,
the antenna element was designed for a low insertion loss IL (within 0.5 − 1 dB
of the minimum insertion loss) and for a high return loss RL (more than 10 dB
return loss for the working bandwidth of the element), which was achieved through
studying the active S-parameters obtained from the Ansys HFSS simulations of the
element. Further, as the antenna element was designed with TE polarization, with
its incident electric field polarized along the z-axis, the array antenna was extended
in the x-dimension such that the highest gain and otherwise best performance would
be achieved as the beam was steered in the H-plane/azimuth plane. This intended
working rotation of the designed waveguide element is specified by Figure 3.1 in
Section 3.1.1. Further, as described above, Section 3.1.2 shows the rotation and size
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of the antenna (designed and selected such that the best realized gain was obtained
for ϕ = 0◦) as it visualizes the obtained realized gain as a polar 3D plot over the
1 × 21 element antenna for the two different tapers.

3.1.1 Waveguide antenna element
In order to design an array antenna out of waveguide elements about the centre
frequency 9.5 GHz, the single open-ended ridge waveguide element in Figure 3.1
was designed in Ansys HFSS. The waveguide element was designed to operate with
the TE10 mode and the procedure for producing the waveguide element followed the
theory in Section 2.1.6.1. That is, the dimensions for the waveguide element were
chosen using Equation (2.15), after which ridges [14] were added and their dimen-
sions tuned (simply by trial and error) in order to obtain the desired functionality
about the frequency 9.5 GHz. In Ansys HFSS, the element was set to be fed from
a waveport at the bottom of the open-ended waveguide. Further, PEC boxes were
added to the sides of the waveguide element (e.g. the black boxes that can be seen
in Figure 3.1) such that the elements would be spaced by half a wavelength (λ/2)
in all directions if the design was extended into a matrix (e.g. later array antenna
designs were simplified at this early stage). To specify, an element spacing of λ/2
was desired as it does not introduce periodically repeating peaks/copies of the main
lobe of the antenna excitation, i.e. grating lobes, as described in Section 2.1.2. Fur-
ther, the actual waveguide was set to be a PEC, as well as the ridges added inside in
order to move the working frequency of the element, as described in Section 2.1.6.1.
Other than this, the inside of the waveguide was set to consist of vacuum.

Figure 3.1: Definition of the designed ridge waveguide antenna element’s
dimensions, further specified in Table 3.1.
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The defined dimensions in Figure 3.1 are specified in Table 3.1, where the subscript
’e’ refers to the inside dimension of the waveguide, ’r’ refers to a ridge dimension
and ’g’ refers to the PEC boxes added to properly space the elements in an array.

Table 3.1: Specification of the designed ridge waveguide antenna element’s
dimensions.

Variable Le Lr We Wg Wr Wb He Hg

Value [mm] 15.0 1.67 7.00 8.00 1.17 0.50 30.0 5.00

Figure 3.2a shows the relative S-parameters for the designed open-ended ridge waveg-
uide antenna element for different steering angles ∅ = θ in the H-plane/azimuth
plane, obtained through simulating the element as an infinite array in Ansys HFSS
using Lattice Pairs and a Flouqet port such that the results would be comparable
with a larger array antenna (e.g. an antenna with multiple elements such as the de-
signed waveguide). As can be seen by the lower curves in Figure 3.2a, the waveguide
element yielded a rather high return loss RL=|S11 [dB]| of more than 10 dB within
the frequency range 9.15–9.95 GHz (e.g. there were low reflections at the antenna’s
in-port), while still offering approximately the minimum insertion loss IL=|S21 [dB]|
(e.g. the relative output effect of the element was high), as can be seen by the top
curves of S21. The designed waveguide element was not evaluated for more steering
angles than ∅ = θ = 30◦ at this stage because it was decided that this steering range
was sufficient for a realistic antenna design. Additionally, only positive steering an-
gles were evaluated at this stage due to the antenna element’s symmetric design,
e.g. the corresponding negative steering angles would yield approximately the same
result.

a) With ridges. b) Without ridges.

Figure 3.2: Reflected effect ratio [dB] showing the insertion loss IL=|S21 [dB]| and
return loss RL=|S11 [dB]| of the designed waveguide antenna element, with and
without ridges, obtained through infinite array antenna simulations in HFSS. To

specify, for an effective antenna element it is desired that S21 and S11, respectively,
are large and small (e.g. for a low insertion loss and high return loss, respectively).
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In order to visualize the effect of the added ridges inside the open-ended waveguide,
Figure 3.2b shows the relative S-parameters for the element without ridges. As can
be seen by the lower S11 curves, the return loss at the in-port was sufficiently high
without the ridges, however the top curves of S21 suggested that the insertion loss
was quite high as well and, hence, that the relative output effect of the designed
element would be very low in the desired frequency range.

3.1.2 Designed array antenna - performance and coordinate
system specification

By extending the designed open-ended ridge waveguide described in Section 3.1.1 the
1 × 21 element array shown in Figure 3.3 was created. It was decided to design the
array antenna with 21 elements such that the resulting main beam was thin enough
in relation to the thickness of the pole obstructions (e.g. to ensure that easily
comparable results would be obtained), however such that the resulting antenna
was small/short enough such that it was possible to simulate in the antenna and
obstruction simulation described in Section 3.2 with regards to simulation time and
required computer power (e.g. required RAM). Figure 3.3 visualizes the realized
gain of the antenna for different tapers both in 3D for the slice ϕ = 0◦ which
was exclusively investigated in this project due to the set limitations and (as an
overlay, in order to see the general performances of the antenna) for all ϕ. The
TE10 mode waveguide elements were rotated in the array such that the highest gain
was achieved, which was for the ϕ-polarization. Hence, with the antenna elements
placed along the x-axis and the direction of the electric fields inside the elements
along the y-axis, the antenna was designed to operate with vertical polarization
(here equivalent to ϕ-polarization) for scanning in the H-plane, e.g. for steering
angles ∅ = θ in the azimuth plane. That is, the excitations in the slice ϕ = 0◦

shown in Figure 3.3 will be steered in the xz-plane as the antenna is steered in the
H-plane/azimuth plane. Hence, for a worst case scenario of a pole obstruction in
front of the antenna, a metallic pole should be (and was) placed aligned with the
y-axis at a positive z-coordinate such that the pole lies at steering angle ∅ = 0◦ in
the H-plane/azimuth plane in front of the antenna yielding short circuits along the
pole and the largest amount of scattering. Distinct from this, having a horizontally
polarized antenna with the same setup of the pole would yield much less scattering
as the horizontally polarized waves would go around the pole somewhat with ease,
relatively.
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a) Uniform taper excitation. b) Taylor taper excitation.

Figure 3.3: Realized gain of the designed 1x21 element waveguide antenna, shown
as a 3D polar plot in the Modeler Window in Ansys HFSS for the elevation angle
slice ϕ = 0◦ and (as an overlay) for all ϕ, as a uniform taper and a Taylor taper is

applied, respectively. For the uniform taper and Taylor taper excitations, the
realized gain in the main beam were 18.29 dB and 17.54 dB in the slice ϕ = 0◦,

respectively, as shown in figure 3.4.

By the specified waveguide dimensions in Figure 3.1 and Table 3.1 in Section 3.1.1
the largest antenna length Lant and the antenna area Aant can be calculated as

Lant = 21 · (Le + 2Wb) [m]
Aant = Lant · (We + 2Wb) [m2]

(3.1)

to Lant = 33.6 cm and Aant = 26.9 cm2. Further, using Equation (2.4) and the
antenna length Lant, the array antenna’s far field can be calculated to begin at
approximately a distance of 7 m from the antenna. As can be seen in Figure 3.4,
the designed antenna had a realized gain in the main beam of 18.3 dBi and 17.5 dBi
with uniform and Taylor taper, respectively, as steering was not applied (e.g. in
ϕ = 0◦ and θ = 0◦). Additionally, by studying Figure 3.4 it can be seen that the
Taylor taper excitation yielded a slightly wider beam compared to the uniform taper
as the price for the reduced sidelobe level in the forward direction’s azimuth angle
range.
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Figure 3.4: Realized gain of the 1 × 21 element waveguide antenna with a uniform
taper and a Taylor taper as steering was not applied (e.g. for ϕ = 0◦ and ∅ = 0◦),
constructed of the designed element in Section 3.1.1, and the realized gain of the

single element. The figure also specifies the tapers’ respective highest realized gain,
ASLL and 3 dB beamwidth.

3.2 Antenna and obstruction simulation in Ansys
HFSS

In this section, the general setup of the array antenna and pole obstruction simu-
lation in Ansys HFSS is described, as well as the investigated scenarios (e.g. the
investigated pole diameters and distances). As detailed in Section 3.1.2, the antenna
was designed for scanning in the H-plane/azimuth plane/xz-plane with vertical po-
larization. Hence, with TE illumination where the incident electric field is polarized
along the y-axis, for investigation of a worst case obstruction scenario in terms of
scattering the pole should be (and was) extended along the y-axis as well and placed
in front of the array antenna at a positive value of z. Hence, the array antenna and
the pole obstruction were arranged in Ansys HFSS as described in Figure 3.5. As
specified in Figure 3.5, the pole obstructions were placed only at x = 0, i.e. directly
in front of the array antenna at the azimuth angle θ = 0◦, which was due to the
set limitations of the project described in Section 1.4. Using this Ansys HFSS en-
vironment, simulations were run with all variations of the pole diameters 5 cm and
10 cm and pole distances 1 m, 2 m, 3 m, 4 m, 5 m, 10 m, 20 m and 30 m from the
array antenna. As further described in Section 1.4, for all simulations the realized
gain far field data was exported for the azimuth angles −90◦ ≤ θ ≤ 90◦ and, hence,
the desired results of the average sidelobe level for different steering angles were
calculated for the forward direction. Thus, unless otherwise stated, the calculated
average sidelobe levels throughout the project refer to the results in front of the an-
tenna. For all simulations, the pole was 5 m in length due to this being long enough
such that the pole would have a large enough negative impact on the antenna, but
short enough such that the simulations would not take an unreasonable amount of
time to run or require too much computation power (e.g. computer or server RAM).
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Further, the different designed cloaking “shells” described in Section 3.3 were placed
around the pole obstruction in the same Ansys HFSS environment, for which all the
same simulation variations were performed.

Figure 3.5: General setup of the 1 × 21 array antenna and pole obstruction
simulation in HFSS, with a 5 m long PEC pole centered at x=0, aligned with the

y-axis and at the distance z from the array antenna, and with the antenna
designed for scanning in the H-plane/azimuth plane/xz-plane.

For all simulations in Ansys HFSS, unless otherwise stated, the mesh convergence
was set to a maximum of 0.005 such that errors of less than 10 · log10(0.005) =
−23.0 dB could be expected (which is very close to zero) without the simulation
time or required computation power to become immense. Hence, the obtained sim-
ulation results were reliable and do not stray too much from the true values as
the simulations also were set up with proper methods, e.g. with the use of FE-BI
boundaries and/or IE regions. It was important to implement suitable measuring
methods in Ansys HFSS in order to obtain accurate simulation data, e.g. results
that can be compared to the corresponding outcomes in practice, and to reduce
the required simulation time. In order to perform simulations with the designed
array antenna, the whole antenna and at least a twentieth (1/20) of the simulation
wavelength around it was covered with an air cell (due to it being a requirement for
the FE-BI boundary) after which a FE-BI boundary was assigned to all the faces
of the air box. This method was used because FE-BI boundaries are suitable for
meshing designs containing a mix of components of different materials and varying
sizes. Hence, both accurate and faster meshing was achieved for the array antenna.
Instead, for meshing of the pole obstruction made out of PEC, an IE region was
assigned to all the faces/surfaces of the pole because this method effectively meshes
single large metallic objects. Further, for meshing of the pole obstruction as the dif-
ferent designed shells were added to the model, the implemented method depended
on the material of the shell. For the cases where the shell was not made out of PEC,
an air cell was added around the pole and shell such that at least a twentieth (1/20)
wavelength of air edges was obtained, e.g. as done for the array antenna, after which
the air box faces were assigned a FE-BI boundary. This method allowed for simula-
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tions to be performed with all the shells, however for the cases where the shell was
made out of PEC, the whole structure was simply assigned an IE region yielding
an immensely faster simulation time than if the FE-BI method was implemented.
For detailed descriptions of how to assign FE-BI boundaries or IE regions in Ansys
HFSS, please refer to Appendix B.

3.3 Shell designs for pole obstruction cloaking

In this section, different ’shells’ implemented for antenna obstruction cloaking are
introduced. Section 3.3.1 explains the setup of a thin narrowband radiation material
FGM-125 (shell 1) around the pole obstruction, and Sections 3.3.2 and 3.3.3 intro-
duce a rhomb structure made out of PEC (shell 2) or wideband absorbent material
(shell 3), respectively. In Sections 3.3.2 and 3.3.3, three rhomb point angles 30◦,
37.5◦ and 45◦ were investigated, after which the design with rhomb point angle 45◦

was selected due to it performing among the best in terms of yielding large realized
gain and low average sidelobe level in the far field behind the obstruction and due
to this structure being possible to mesh and simulate in Ansys HFSS for the more
complex design of shell 3. Further, Section 3.3.4 explains how shell 2 of the PEC
rhomb was supplemented with a dielectric outer edge and PEC strips along the cir-
cumference of the structure (shell 4). Lastly, Section 3.3.5 investigates the required
electromagnetic material characteristics of a layered meta-material cloak (shell 5)
and how such a non-practical solution can be realized.

It was chosen to investigate the performance of the narrowband absorbent (shell 1)
as it is a typical absorbent used for radar applications, and as it was not apparent
if adding the absorbent around a thin pole would cause more harm than simply
leaving the obstruction uncloaked. Further, the rhomb shaped shells (shells 2, 3
and 4) were designed due to the intuitiveness that the point of the structures splits
electromagnetic waves propagating toward it and somewhat guides them along its
sides. Hence, it was expected that the rhomb structures would result in decreased
scattering at the obstruction and perhaps in increased realized gain in its direction
as long as the rhomb point was facing the center of the antenna. To specify, though
the problem scenario was only evaluated with the pole directly in front of the array
antenna in this project, had the pole been placed at an angle in front of the antenna
the point of the designed rhomb structures should, of course, be directed towards
the array antenna center, which should yield similar cloaking characteristics. Lastly,
it was chosen to investigate the characteristics of the meta-material cloak (shell 5)
due to it being a hot topic and as previous works have reported its effectiveness,
as described in Section 2.2.3.1. However, as later explained in Section 3.3.5 this
non-practical solution was not evaluated further in the antenna and obstruction
simulation described in Section 3.2 due to it being demanding to simulate in terms
of required computer RAM, due to a practical solution being complex and time
consuming to obtain and because other more simple solutions proved to be effective
(e.g. the other evaluated shell designs).
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a) Vertical polarization (TE wave).

b) Horizontal polarization (TM wave).

Figure 3.6: Specification of coordinate system and
incident waves for simulation of the total real electric

field magnitude by propagating incident waves of
different polarization toward a PEC pole/an

obstruction.

Figure 3.7:
Specification of the

real electric field
magnitude color

scale used for all the
incident wave plots.

Throughout this section, the performances of the different designed shells are vi-
sualized by showing the resulting real electric field magnitudes ℜ(E) as incident
waves hit them. Figure 3.6 defines the simulation setup as a plane wave of ver-
tical polarization and horizontal polarization, respectively, was excited toward the
pole/obstruction. The environment for simulating the resulting electric fields as in-
cident plane waves were propagated against an obstruction was set up using PML
boundaries and a Lattice Pair in Ansys HFSS, which is described in Section B.2
in Appendix B. For all shown electric field plots in this section, the figures show
the total real electric field magnitude as an incident wave of vertical or horizontal
polarization was propagated towards the pole without an angle, unless otherwise
stated. Further, for all incident wave plots the scaling in Figure 3.7 of real electric
field magnitude 0 to 2 [V/m] was used, and for all plots the electric fields are shown
for the phase 0◦ (e.g. simply for snapshots taken at the time t = 0 s).

3.3.1 Shell 1: Thin narrowband radiation absorbent FGM-
125 by EccosorbTM

The first shell investigated was a typical quarter wavelength thin radiation absorbent
material ’FGM-125’ manufactured by EccosorbTM. This absorbent of thickness
3.18 mm was selected due to its absorbent performance at 9.5 GHz. It can be
understood that the absorbent is a type of Dallenbach layer through calculations for
the absorbent’s electrical wavelength, as described in Section 2.2.2.1.1. The relative
permittivity of FGM-125 has been measured to be roughly ϵr ≈ 7.16 at 9.5 GHz,
yielding an electrical quarter wavelength of
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λF GM−125

4 ≈ c

4 · fc · √
ϵr

≈ 2.95 [mm] (3.2)

at 9.5 GHz using Equation (2.17), i.e. a value rather close to the manufactured
absorbent thickness of 3.18 mm as could be expected. Figure 3.9 visualizes the
setup of FGM-125 around the pole obstruction in Ansys HFSS. In order to verify
the absorbent characteristics of FGM-125, the material was added in Ansys HFSS
following the specifications in its data sheet [22] after which its S-parameters were
measured using the Ansys HFSS model visualized in Figure 3.8. Figure 3.8 shows the
absorbent material (in pink) placed in front of a PEC box (in green) corresponding
to the obstruction. Through adding a longer air box and assigning a Floquet Port
to its short end side, and Lattice Pairs on all side faces of sheets covering the whole
model extending the air, absorbent and PEC boxes into infinity on all sides, the
reflected effect from the absorbent could (due to the usage of the Floquet Port and
Lattice Pairs) be accurately and quickly measured through propagating incident
waves with different incident angles toward it. The defined dimensions in Figure 3.8
are specified in Table 3.2, and Appendix B.3 details the setup of the model using
the Floquet Port and the Lattice Pairs.

Figure 3.8: Visualization of the HFSS setup for simulating the reflected effect in
the air box (in transparent white) from the absorbent FGM-125 (in pink) in front

of a PEC box (in green). The defined dimensions are specified in Table 3.2.

Table 3.2: Specification of the FGM-125 absorbent reflected effect simulation’s
dimensions, defined in Figure 3.8.

Variable La Wa Ha Hb Hv

Value [mm] 10.0 10.0 3.18 2.70 80.0

Figure 3.10 shows the resulting S-parameters for the absorbent FGM-125 for the
frequencies 2–18 GHz, which agreed well with the absorbent characteristics given
in the data sheet. The different curves in Figure 3.10 show reflected effect as the
absorbent was hit with a plane wave of ϕ-polarization, i.e. vertical polarization, for
different incident angles. Hence, as lower reflections suggested more absorption by
the material and the reflected effect was lower than −10 dB for the incident angle
range of interest (e.g. a rather high return loss RL of 10 dB), the absorbent could
be expected to work well for scattering cancellation at (and around) 9.5 GHz.
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Figure 3.9: Setup of the
thin radiation absorbent

material FGM-125 of
thickness Ta = 3.18 mm (in
yellow) around the pole (in

green, which is extended
along the y-axis) in the
simulation environment
described in Section 3.2.

Figure 3.10: Reflected effect ratio [dB] of
absorbent FGM-125 simulated in Ansys HFSS

visualizing the reflections at the absorbent
material for different incident angles/steering

angles θ. Lower reflections suggest more
absorption by the material.

Figure 3.11 shows the resulting electric fields as a vertically polarized incident wave
with angle 0◦ was propagated toward the design of shell 1 around the pole ob-
structions of diameters 5 cm and 10 cm, and Figure 3.12 shows the corresponding
results for horizontal polarization. As can be seen by comparing the electric fields
for the simulations without and with shell 1 in Figure 3.11, the FGM-125 absorbent
effectively reduced scattering at the pole surface for both of the pole thicknesses.
However, due to both the increased total radius of the obstruction and the absorbent
characteristics of shell 1, the real electric field magnitude “behind” the obstruction
was reduced somewhat more. That vertical polarization yielded the most scattering
as the propagating incident waves were short circuited along the vertically extended
metallic pole can be seen by comparing Figure 3.11a) with Figure 3.12b) and Fig-
ure 3.11c) with Figure 3.12c), e.g. the results for the 5 cm and 10 cm diameter
poles without shells, respectively, for vertical and horizontal polarization. Further,
through studying Figure 3.12 it can also be seen that shell 1 happened to work well
for horizontal polarization too. This was due to the FGM-125 absorbent yielding
similar results for horizontal polarization as for vertical polarization at 9.5 GHz
(though not shown in the report). That is, the FGM-125 yielded less than −10 dB
reflected effect for all incident angles/steering angles up to θ = 60◦ for horizontal
polarization too at 9.5 GHz (e.g. a rather high return loss RL of 10 dB), like the
absorbent’s vertical polarization results shown in Figure 3.10.
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a) 5 cm pole. b) With FGM-125. c) 10 cm pole. d) With FGM-125.
Figure 3.11: Real electric field magnitude (ℜ(E)) as an incident wave with
vertical polarization hits 5 cm and 10 cm diameter poles, without and with

FGM-125 (shell 1). The electric field magnitude color scale is shown in Figure 3.7.

a) 5 cm pole. b) With FGM-125. c) 10 cm pole. d) With FGM-125.

Figure 3.12: Real electric field magnitude (ℜ(E)) as an incident wave with
horizontal polarization hits 5 cm and 10 cm diameter poles, without and with

FGM-125 (shell 1). The electric field magnitude color scale is shown in Figure 3.7.
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3.3.2 Shell 2: Rhomb made out of PEC

The second shell investigated was a rhomb structure made out of PEC. In order
to investigate which rhomb design performed best in terms of realized gain and
average sidelobe level, initial simulations were made for three different rhomb point
angles 2α = 30◦, 37.5◦ and 45◦, after which the most suitable one was selected
and simulated further (which turned out to be the rhomb design with the point
angle 2α = 45◦, as is described later in this section and shown and motivated in
Section 4.1.2). Figure 3.13 shows how the dimensions of the rhomb were calculated
and defines the rhomb point angle 2α. In order to make the design realistic, the
rhomb structure was designed to have a smallest edge of R1 = 0.5 mm such that
any designed rhomb shell could easily be mounted around the pole obstruction in
practice. Hence, knowing the pole radius Rpole = 25 mm or 50 mm and the smallest
edge R1 = 0.5 mm the required height Habs of the triangle structure and the required
added distance R2 could be calculated for any rhomb point angle 2α. That is, using
basic trigonometrics the relations

sin (α) = Rpole + R1

Habs

→ Habs = Rpole + R1

sin (α)

tan (α) = Rpole + R2

Habs

→ R2 = tan (α) · Habs − Rpole

(3.3)

were used in order to generally calculate the dimensions of the triangles for any
rhomb point angle 2α [rad] such that the rhomb structure could automatically/easily
be modelled in Ansys HFSS for different variations. Figure 3.14 visualizes the PEC
shells simulated in Ansys HFSS, with rhomb point angles 2α = 30◦, 37.5◦ and 45◦,
respectively.
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Figure 3.13: Specification of the
dimensions of the designed rhomb

structure(s) around the pole(s). The
angle α denotes half the rhomb point

angle.

Figure 3.14: Setup of the rhomb
made out of PEC around the pole

(which was extended along the y-axis)
in the simulation environment

described in Section 3.2 for different
rhomb point angles. The dimensions

of the rhombs were calculated as
described by Equation (3.3) and

Figure 3.13 (where α denotes half of
the described rhomb point angles).

Figure 3.15 shows the resulting real electric fields as a vertically polarized incident
wave with angle 0◦ was propagated toward the designs of shell 2 with rhomb point
angles 30◦, 37.5◦ and 45◦, respectively, around the pole obstructions of diameters
5 cm and 10 cm, and Figure 3.16 shows the corresponding results for horizontal
polarization. By studying the electric fields it can be seen that the PEC rhombs
effectively split the electric waves, causing much less back scattering than for the
cases without shell 2, and that the different designs for shell 2 worked for both
vertical and horizontal polarization (as expected, though, the shell did not perform
as well for vertical polarization as it did imply the worst case scenario in terms
in scattering). The back scattering was mostly due to the rhomb point being hit
by the incident wave, and the red areas of higher real electric field magnitude in
Figures 3.15 and 3.16 occurred as the electric waves were being steered/guided by the
rhomb structure such that both constructive and destructive interference occurred
in the forward direction. As can be seen by studying the electric fields “behind” the
obstructions in Figure 3.15 for the different rhomb point angles, the design of shell 2
with the angle 2α = 45◦ yielded a higher electric field for both thickness variations
of the pole obstruction. Through simulations of the three different designs of shell
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2 in the antenna and obstruction simulation environment in Ansys HFSS described
in Section 3.2 for the distance 3 m (selected due to it being a medium distance from
the antenna), it was confirmed that shell 2 with the rhomb point angle 2α = 45◦

yielded the highest or high realized gain and, hence, it was selected as the final
design for shell 2 as it also corresponded to the smallest rhomb structure and, thus,
was the more suitable shape for the slightly more complicated design of shell 3 which
was tough to simulate in Ansys HFSS in terms of computer power (e.g. required
computer or server RAM). To specify, identical rhomb point angles for the different
shells were desired for qualitative comparisons of the results. The obtained results
for the three different designs of shell 2 as they were simulated in the antenna and
obstruction simulation environment with the obstructions at the distance 3 m from
the array antenna are shown in Figure 4.6 in Section 4.1.2.
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a) 5 cm pole. b) + 30◦ PEC rhomb. c) + 37.5◦ PEC rhomb. d) + 45◦ PEC rhomb.

e) 10 cm pole. f) + 30◦ PEC rhomb. g) + 37.5◦ PEC rhomb. h) + 45◦ PEC rhomb.
Figure 3.15: Real electric field magnitude (ℜ(E)) as an incident wave with

vertical polarization hits 5 cm and 10 cm diameter poles, without and with PEC
rhombs (shell 2) with point angles 30◦, 37.5◦ and 45◦, respectively. The electric

field magnitude color scale is shown in Figure 3.7.
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a) 5 cm pole. b) + 30◦ PEC rhomb. c) + 37.5◦ PEC rhomb. d) + 45◦ PEC rhomb.

e) 10 cm pole. f) + 30◦ PEC rhomb. g) + 37.5◦ PEC rhomb. h) + 45◦ PEC rhomb.
Figure 3.16: Real electric field magnitude (ℜ(E)) as an incident wave with

horizontal polarization hits 5 cm and 10 cm diameter poles, without and with PEC
rhombs (shell 2) with point angles 30◦, 37.5◦ and 45◦, respectively. The electric

field magnitude color scale is shown in Figure 3.7.

3.3.3 Shell 3: Rhomb made out of a wideband radiation
absorbent of increasing conductivity

The third shell that was investigated was a rhomb structure exactly as the PEC
rhomb described in Section 3.3.2, but with multiple layers of a wideband radiation
absorbent material with a conductivity gradient instead of the PEC material. As
for the PEC rhomb (shell 2), three different rhomb point angles 2α were inves-
tigated for shell 3, which results’ also played a part in which final rhomb design
was selected. The implemented absorbent of increasing conductivity throughout
the material, which design followed the theory in Section 2.2.2.2.1, was created by
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layering multiple sheets with material permittivity ϵr = 1.8 and permeability µr = 1
(e.g. non magnetic materials) with different conductivity values within the range
σ1 = 0.17 to σ2 = 2.65 S/m (such that the layer closest to the pole had the high-
est conductivity). Hence, the different layers together approximated the continuous
conductivity

σ(zabs) = σ2 − σ1

Habs

· zabs + σ1 (3.4)

throughout the absorbent where zabs denotes the distance into it (from the outer layer
and inwards) in the same length unit as the absorbent height Habs. As described in
Section 2.2.2.2.1, the increasing conductivity throughout the material causes the field
attenuation to increase along with it. The sheets were designed to be of thickness
5 mm for all layers, with an exception for the outer layer which was given a residual
thickness such that the resulting rhomb design would have the triangle heights Habs,
as described in Section 3.3.2.

Figure 3.17: Specification of the
assignment of the rhomb absorbent’s
sheet conductivity σ chosen in the
range 0.17–2.65 S/m for the rhomb

with point angle 2α = 45◦.

Figure 3.18: Setup of the rhomb
made out of the wideband radiation
absorbent material around the pole

(which was extended along the y-axis)
in the simulation environment

described in Section 3.2 for different
rhomb point angles. The dimensions

of the rhombs were calculated as
described by Equation (3.3) and

Figure 3.13 (where α denotes half of
the described rhomb point angles).
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Figure 3.17 exemplifies how the sheet conductivity was selected for each layer for
the designed rhomb with point angle 2α = 45◦ with 13 layers of thickness 5 mm
and one outer residual layer. As exemplified by the joint axis with conductivity
and with length into the absorbent in Figure 3.17, the sheet conductivity for each
layer was selected through dividing the conductivity range into the corresponding
intervals obtained for the layer thicknesses and selecting the middle of each interval.
Hence, the layers’ conductivity for different designed rhombs could easily be obtained
through calculations of the absorbent height Habs (e.g. the height of the triangles)
and the resulting number of absorbent layers. Figure 3.18 visualizes the wideband
absorbent shells simulated in Ansys HFSS, with rhomb point angles 2α = 30◦, 37.5◦

and 45◦, respectively.

In order to verify that the layered absorbent with sheets of increasing conductivity
worked as intended, simulations for obtaining its S-parameters were performed using
the same method as previously for the FGM-125 absorbent in Section 3.3.1. Fig-
ure 3.19 shows the obtained reflected effect ratios for different incident angles of the
vertically polarized plane waves propagated toward the absorbents with thicknesses
Habs as a result of the rhomb angles 2α = 30◦, 37.5◦ and 45◦ for the poles of diameter
5 cm and 10 cm, respectively. That is, the simulations for the S-parameters were
made for different stretches of the conductivity from σ1 = 0.17 S/m to σ2 = 2.65
S/m (e.g. just different thicknesses of the absorbent) before the designed absorbents
were structured/cut out to their corresponding rhomb shapes in order to verify that
the designed gradients worked as intended. As can be seen for all the different
designs of the wideband absorbent, all variations yielded reflected effect ratios of
less than -15 dB (e.g. rather high return losses of 15 dB) for all the evaluated
incident angles at and around 9.5 GHz, suggesting that all designed variations of
the wideband absorbent would effectively absorb vertical illumination at and about
the desired frequency. Of course, as the absorbents were modified in shape the
structures’ absorbent characteristics were somewhat changed, but the performed
simulations enabled simple verification of the designed materials and direct compar-
isons with the corresponding reflected effect of the defined absorbent FGM-125 (e.g.
the absorbents’ characteristics could be compared with Figure 3.10).
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Figure 3.19: Reflected effect ratio [dB] of the wideband absorbents for different
thicknesses (e.g. variations of rhomb point angles 2α and pole diameters)

simulated in Ansys HFSS (using the same method as described for the FGM-125
absorbent in Section 3.3.1) visualizing the reflections at the absorbent material for

different incident angles/steering angles θ. Lower reflections suggest more
absorption by the material.

Figure 3.20 shows the resulting real electric fields as a vertically polarized incident
wave with angle 0◦ was propagated toward the designs of shell 3 with rhomb point
angles 30◦, 37.5◦ and 45◦, respectively, around the pole obstructions of diameters
5 cm and 10 cm, and Figure 3.21 shows the corresponding results for horizontal
polarization. Through studying Figures 3.20 and 3.21 it can be seen that the de-
signed absorbent worked well for both vertical and horizontal polarization. Further,
by studying the electric fields it can be seen that the absorbent rhombs effectively
removed the back scattering that occurred as shell 2 of the PEC rhomb was im-
plemented, and that shell 3 reduced the scatterings from the sides of the rhomb
structure in comparison. However, which can somewhat be seen by comparing Fig-
ure 3.20 with Figure 3.15, e.g. comparing the vertical polarization results of shell
3 and of shell 2, the absorbent rhombs seem to have yielded slight decreases of real
electric field magnitude “behind” the obstructions. Further, as the design of shell 3
with rhomb point angle 2α = 45◦ seemed to obtain the highest electric field mag-
nitude behind the obstructions in Figure 3.20 and as that design performed well
in terms of highest realized gain in the antenna and obstruction simulation at a
distance of 3 m from the array antenna, similarly to the design of shell 2, and as it
also was the less tough structure to simulate in Ansys HFSS, it was determined that
the implemented rhomb point angle would be used for shell 3 as well (and, which is
described in Section 3.3.4, also for shell 4 that too is shaped like a rhomb).
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a) 5 cm pole. b) + 30◦ ABS rhomb. c) + 37.5◦ ABS rhomb. d) + 45◦ ABS rhomb.

e) 10 cm pole. f) + 30◦ ABS rhomb. g) + 37.5◦ ABS rhomb. h) + 45◦ ABS rhomb.
Figure 3.20: Real electric field magnitude (ℜ(E)) as an incident wave with
vertical polarization hits 5 cm and 10 cm diameter poles, without and with

absorbent (ABS) rhombs (shell 3) with point angles 30◦, 37.5◦ and 45◦,
respectively. The electric field magnitude color scale is shown in Figure 3.7.
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a) 5 cm pole. b) + 30◦ ABS rhomb. c) + 37.5◦ ABS rhomb. d) + 45◦ ABS rhomb.

e) 10 cm pole. f) + 30◦ ABS rhomb. g) + 37.5◦ ABS rhomb. h) + 45◦ ABS rhomb.
Figure 3.21: Real electric field magnitude (ℜ(E)) as an incident wave with

horizontal polarization hits 5 cm and 10 cm diameter poles, without and with
absorbent (ABS) rhombs (shell 3) with point angles 30◦, 37.5◦ and 45◦,

respectively. The electric field magnitude color scale is shown in Figure 3.7.

3.3.4 Shell 4: Rhomb made out of PEC with added dielec-
tric border and PEC strips

The fourth shell investigated was the PEC rhomb with point angle 2α = 45◦ (shell 2)
supplemented with an outer edge made out of dielectric material and multiple PEC
strips going around the circumference of the structure. This design was evaluated
due to previous works reporting its effectiveness in steering both vertically and
horizontally polarized electric waves around it [5]. Figure 3.22 shows a slice of
the designed structure, which in reality was extended along the y-axis for the total
simulation pole length of 5 m. The PEC strips were added around the circumference
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of the rhomb structure with thickness Ts = 0.035 mm and width Ws = 2 mm,
as described by Figure 3.22 and Table 3.3 presenting the final design quantities.
According to the previous works implementing the emulated cloak design [5], at
least 2 PEC strips for each wavelength is necessary. As the slice in Figure 3.22 is
of width Wd = 10.5 mm and the design was extended along the y-axis, it can be
seen that it was chosen to design shell 4 with 3 PEC strips each wavelength (e.g.
as λ/3 = (31.6 mm)/3 = 10.5 mm). The initial thickness of the substrate Td was
calculated as

Td = λ

4
√

ϵr − 1 (3.5)

where λ is the wavelength of the electromagnetic wave to be cloaked and ϵr is
the relative permittivity of the substrate [5], after which the thickness was tuned
based on simulation results in order to obtain the most effective design. Using
the material Rogers TMM 4 with relative permittivity ϵr = 4.5 as the dielectric
substrate, the initial thickness was calculated to Td = 4.22 mm, which was later
tuned to Td = 4.45 mm. Different design substrate thicknesses were tested through
simulations in the antenna and pole obstruction setup described in Section 3.2,
from which the design yielding the largest realized gain in azimuth angle θ = 0◦ and
elevation angle ϕ = 0◦ was selected.

Figure 3.22: Setup of the structure made out of a PEC rhomb with point angle
2α = 45◦ (shell 2), an outer dielectric boarder (in purple) and PEC strips around

the circumference (in green), which was extended along the y-axis and placed
around the pole in the simulation environment described in Section 3.2.
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Table 3.3: Specification of the dimensions of the dielectric outer edge and stripes
of shell 4.

Variable Td Ts Wd Ws

Value [mm] 4.45 0.0350 10.5 2.00

To specify, the final design dimensions described in Table 3.3 were obtained by emu-
lating previous works [5] for an implementation at 9.5 GHz, for which it was chosen
to have 3 strips each wavelength, however the substrate thickness Td was tuned
around the calculated value obtained from Equation 3.5 such that cloak showed the
best results in terms of realized gain. Unfortunately, the implemented model failed
to imitate the solution proposed by the previous successful work [5] to its entirety.
Though the final design of shell 4 yielded good results in this report in terms of re-
alized gain and somewhat in terms of average sidelobe level in the forward direction
in the H-plane, as is shown in Section 4.1.4, even better results would have been
obtained if another dielectric material of lower permittivity had been assigned to
the tips of the rhomb points. Likely, had shell 4 been designed properly there would
not have been a need for tuning of the substrate thickness Td either. In more detail,
unnecessary scattering was the result of covering the whole underlying PEC rhomb
with the high permittivity dielectric as the resulting model in fact did not have the
required thickness of Td as described by Equation 3.5 at the point tips (but, instead,
a much thicker layer). Hence, when studying the results of shell 4 it should be kept
in mind that it is very likely that the solution can perform even better in terms of
realized gain and average sidelobe level than obtained with the final design in this
report through some minor design changes. Hence, for implementation of a cloak
such at shell 4, it is recommended to follow the detailed correct/successful design [5].

Figure 3.23 shows the resulting electric fields as vertically polarized incident waves
with angles 0◦, 15◦, 30◦ and 45◦, respectively, were propagated toward shell 4 around
the pole obstructions of diameters 5 cm and 10 cm, and Figure 3.24 shows the
corresponding results for horizontal polarization. Distinct from all other designed
shells, it was chosen to also visualize the results of oblique incidences for shell 4 in this
section due to it performing well in terms of retaining real electric field magnitude
“behind” the obstruction (e.g. better than the other shells, though not shown in the
report). As can be seen more qualitatively in Section 4.1.4, shell 4 did perform well
even for oblique incidences (e.g. from sidelobes hitting the pole from an angle as
the main beam was steered in the H-plane). By studying the electric fields it can be
seen that the PEC strips successfully guided the waves around the circumference of
the structures, and that shell 4 worked for both vertical and horizontal polarization
(though, somewhat better for vertical polarization). Further, it can be seen that the
structures effectively cloaked the pole obstructions even as the propagating waves
reached the cloaks with different incident angles. However, as can be seen by the
red areas in Figures 3.23 and 3.24 the structures did create areas with stronger
real electric field magnitudes around the rhomb, especially at the rhomb points.
Likely, the added dielectric outer border and PEC strips guiding the electric waves
around the structure caused an increased amount of scattering at the PEC strips and
especially at the rhomb points, which will cause losses in terms of realized gain and
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result in higher average sidelobe levels for steering angles in the H-plane. However,
please note that these complications might very well be possible to mitigate through
the described design improvements.

a) 0◦. b) 15◦. c) 30◦. d) 45◦.

e) 0◦. f) 15◦. g) 30◦. h) 45◦.
Figure 3.23: Real electric field magnitude (ℜ(E)) as an incident wave with

vertical polarization in a-d) hits 5 cm and in e-h) hits 10 cm diameter poles with
PEC rhomb with dielectric outer edge and PEC strips around it (shell 4) with the

incident angles 0◦, 15◦, 30◦ and 45◦. The electric field magnitude color scale is
shown in Figure 3.7.
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a) 0◦. b) 15◦. c) 30◦. d) 45◦.

e) 0◦. f) 15◦. g) 30◦. h) 45◦.

Figure 3.24: Real electric field magnitude (ℜ(E)) as an incident wave with
horizontal polarization in a-d) hits 5 cm and in e-h) hits 10 cm diameter poles
with PEC rhomb with dielectric outer edge and PEC strips around it (shell 4)
with the incident angles 0◦, 15◦, 30◦ and 45◦. The electric field magnitude color

scale is shown in Figure 3.7.

3.3.5 Shell 5: Layered meta-material cloak (non-practical
solution)

The fifth shell examined was a theoretical layered meta-material cloak. Due to pre-
vious works reporting meta-material cloaks’ effectiveness in guiding either vertically
and horizontally polarized waves (depending on the design) around cylindrical ob-
structions, as described in Section 2.2.3.1, the theoretical vertical polarization cloak
design described in this section was constructed for investigation of its performance.
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As the theoretical layered meta-material cloak proved to be too heavy to mesh and
simulate in Ansys HFSS (e.g. it required more RAM than was available), shell
5 was not implemented for simulations in the antenna and obstruction setup de-
scribed in Section 3.2. However, it was decided that an investigation of the layered
meta-material was to be done through simulating plane waves incident on the shell
in order to evaluate if it is of any benefit to strive for such a solution in practice.
Hence, shell 5 was analyzed due to it being an interesting electromagnetic cloak
solution, and this section describes both how the layered meta-material cloaks were
theoretically designed for the 5 cm and 10 cm diameter pole obstructions and tools
that can be employed when trying to design a realizable version of the cloak.

The layered meta-material cloak was designed for vertical polarization following the
theory in Section 2.2.3.1 for a selected cloak radius (defined from the centre of the
cylindrical obstruction) of b = 2a where a is the radius of the pole obstruction.
Please note that the tensor component subscript ’z’ in this section (and in the
literature) refers to the cylinder axis, which in this project instead is along the y-
axis (though, for the sake of simplicity, the subscript used in literature is retained
here). As Equation (2.22) implies a very complicated meta-material design due to all
the tensor components being functions of the radius r, it is desirable to simplify the
design. Hence, as the electric field is polarized along the same axis as the cylinder
pole the expression can be simplified to

µr =
(r − a

r

)2
, µθ = 1 , ϵz =

( b

b − a

)2
(3.6)

which for the cloak radius of b = 2a yields a required constant relative permittivity
ϵr = 4 throughout the cloak. As visualized in Figure 3.25 for both cloak designs (e.g.
the cross section is scalable), shell 5 was constructed through adding multiple layers
of theoretical meta-materials around the obstruction. For both pole obstruction
diameters, the layered cloaks were constructed using 20 sheets, for which the layer
material properties were calculated using Equation (3.6) with the values of r being
the smallest radii to each layer (e.g. for each layer the radius to the ring’s inner edge).
Figure 3.26 shows the calculated and implemented values of the relative permeability
throughout the cloaks, compared to the corresponding continuous permeabilities
which were calculated using Equation (2.22). It was decided to obtain the required
material properties through layering sheets in Ansys HFSS instead of employing a
single material with coordinate dependent properties due to the layered design being
more realistic. As can be understood by studying Figure 3.26, implementing more
layers in the cloak implies making the design more accurate. However, designing
the cloak with more layers with different material properties also implies longer
simulation time and an increased difficulty in reconstructing the shell in practice.
Hence, it was decided to use 20 layers for both cloaks (e.g. for the 5 cm and 10 cm
pole, respectively) due to it yielding fine enough approximations of Equation (3.6)
while it still yielded models that were possible to mesh and simulate in Ansys HFSS
in the incident plane wave environment.
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Figure 3.25: Setup of the 20
theoretical meta-material

cylindrical layers with a total
radius thickness of b − a (in

alternating red and blue)
around the pole obstruction
(in green, which is extended
along the y-axis) of radius a

in the simulation environment
described in Section 3.2.

Figure 3.26: Permeability throughout
continuous and layered cloaks for pole

thicknesses 5 cm and 10 cm, respectively,
calculated using Equation (3.6) for µr where

r = r′ + a.

Figure 3.27 shows the resulting electric fields as a vertically and a horizontally
polarized incident wave, respectively, was propagated toward the design of shell 5
around the pole obstructions of diameters 5 cm and 10 cm. As can be seen by
studying the resulting electric fields for the vertical polarization in Figure 3.27a-b),
the electric field was very strong inside the cloak and local maximums were achieved
in front of and behind the cloak. As the material permeability was entered as a
constant value for each layer such that the required tensor gradients described in
Equation (3.6) were not achieved properly (e.g. such that µθ was not achieved), and
such that the required radial gradient µr was only approximately achieved, the cloak
was not expected to function perfectly throughout the theoretical shell 5. However,
the achieved results suggested that a simplified (e.g. less complicated to manufacture
in practice as its electromagnetic properties only vary in one direction) meta-material
cloak such as shell 5 could be implemented to cloak a cylinder obstruction along
the same axis as the electric field is polarized. Further, as shell 5 was designed for
cloaking of vertically polarized waves, its similar cloaking performance for horizontal
polarization was unexpected. As can be seen in Figure 3.27c-d), the shell 5 seemed
to effectively cloak the obstructions for horizontal polarization as well, however with
local minimums or destructive interference in front of and behind the cloak.
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a) 5 cm pole + shell 5. b) 10 cm pole + shell 5. c) 5 cm pole + shell 5. d) 10 cm pole + shell 5.
Figure 3.27: Real electric field magnitude (ℜ(E)) as an incident wave with

vertical or horizontal polarization hits 5 cm and 10 cm diameter poles, without
and with the corresponding design of the approximated theoretical layered

meta-material cloak (shell 5). Figures a-b) and figures c-d) show the results for
vertically and horizontally polarized incident waves, respectively. The electric field

magnitude color scale is shown in Figure 3.7.

3.3.5.1 Split ring resonator cloak (practical implementation)

It is possible to approximately obtain the required electromagnetic material proper-
ties with the use of split ring resonators (SRR). Many previous works have reported
functioning meta-material SRR cloaks for illumination of vertically polarized waves
at radar frequencies, implementing rings with tunable patches [1][4]. With the cor-
rect tuning of the dimensions of the split rings they can act as meta-materials with,
for instance, the relative permeability µr < 1 for a certain frequency. A method for
extracting the values of the relative permittivity ϵr, the relative permeability µr, the
impedance z and the refractive index n of a tuned patch (or a slab of an arbitrary
material) using Ansys HFSS and MATLAB is described in Appendix C. The draw-
backs of the SRR cloak is the difficulty in tuning the patches correctly and the very
narrowband results. Although multiple previous works have reported success when
designing the SRR cloaks for vertical illumination, no cloaking characteristics were
achieved when emulating the literature using SRR cloaks.
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a) Zoom out. b) Zoom in.

Figure 3.28: Visualization of a split ring resonator (SRR) coordinate
transformation cloak, emulated in Ansys HFSS from previous works [1][4].

3.4 Post-processing of Ansys HFSS results in MAT-
LAB

In order to exemplify the attained results after post-processing of the Ansys HFSS
simulation data, Section 3.4.1 describes what type of data was exported and how
the export was performed in order to maintain accurate embedded radiation pattern
solutions after export and in order to simplify the process. Further, Section 3.4.2
describes how beamforming was applied on the exported embedded array antenna
radiation pattern simulation data in MATLAB, after which Section 3.4.3 describes
how the results were produced in MATLAB in order to gain knowledge about the
designed array antenna’s performance for different applied amplitude tapers in terms
of realized gain and average sidelobe levels for different steering angles ∅ in the H-
plane/azimuth plane for the elevation angle slice ϕ = 0◦.

3.4.1 Exporting data from Ansys HFSS to MATLAB
For post-processing of the Ansys HFSS simulation results, each antenna element’s far
field pattern, e.g. embedded antenna simulation data, was exported in *.ffd format
into the MATLAB environment, after which they were converted into a MATLAB
compatible format using the MATLAB functions ’import_hfss_element_patterns()’
and ’readHFSSff()’ shown in Appendix A. The far field element patterns were ex-
ported for each antenna element separately/manually using the button ’Export
Fields’ in the Ansys HFSS tab ’Compute Antenna Parameters’ for the infinite radi-
ation sphere. This (quite time consuming) way of exporting the data was performed
because Ansys HFSS did not allow for them to be automatically exported in an
embedded format (e.g. the export results were incorrect as the ’Export Element
Pattern’ button was used). To specify, the embedded element data was exported
through exporting the fields for all elements separately by, iteratively, setting the
effect of 1 W for one element and the effect of the others to 0 W in the edit sources
tab for the created excitations. Further, as 21 embedded element fields needed to
be exported for each solution, the export process from HFSS was made automatic
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through the use of Ansys HFSS’s script recording tool together with Visual Basic.
More specifically, Visual Basic code was written explicitly for each export, such that
the results were denoted and saved by their correct design variations and element
numbers.

3.4.2 Beamforming in MATLAB
Having exported the embedded HFSS data to the MATLAB folder with the function
’import_hfss_element_patterns()’ (which in turn uses ’readHFSSff()’), the written
MATLAB function ’E2RelGain()’ shown in Appendix A.6 could be applied to obtain
and plot the realized gain radiation pattern of the HFSS simulation in MATLAB.
The MATLAB function ’E2RelGain()’ was written such that a modified array vector
could be input in order to apply beamforming (e.g. lobe steering and/or amplitude
modification) following the detailed theory in Section 2.1.4.3. It properly scales
the data such that the correct simulated realized gain is obtained, and it allows
for the data to easily be plotted both in 2D and 3D, if desired. Additionally, the
written function makes sure that the realized gain is properly normalized over the
array antenna as beamforming is applied. In order to simulate the antenna with a
desired array vector in HFSS, the amplitude simply had to be squared (such that it
corresponded to effect [W]) and input into the edit sources tab for the excitations.
For more information regarding how the array antenna beamforming was applied,
please refer to the mathematical descriptions in Section 2.1.4.3 and the thoroughly
commented MATLAB code in Appendix A.6.

3.4.3 Produced results in MATLAB
For evaluation of the array antenna’s performance for different amplitude tapers in
terms of realized gain and average sidelobe level for different steering angles ∅ in the
H-plane/azimuth plane for elevation angle slice ϕ = 0◦, the realized gain in the de-
sired steering direction ∅ and the average sidelobe level of the realized gain radiation
pattern were for uniform and Taylor tapers calculated for steering angles in the range
∅ = −45◦ to 45◦. This was accomplished in MATLAB by applying beamforming as
described in Section 3.4.2 such that the different amplitude tapered realized gain ra-
diation patterns were steered through all the desired steering angles ∅, for which the
desired calculations were performed. That is, for all steering angles ∅ the antenna
taper’s realized gain in the steering angle direction was calculated, as well as the
realized gain radiation pattern’s average sidelobe level. As described in Sections 1.4
and 3.2, the average sidelobe level for a steering angle was calculated for the forward
direction of the antenna, e.g. for the azimuth angles −90◦ ≤ θ ≤ 90◦, unless other-
wise stated. Appendix A.4 shows the written MATLAB function ’sa_RG_ASLL()’
which returns the complex realized gain and the calculated average sidelobe level
in dB for an input steering angle for uniform and Taylor tapers, and Appendix A.5
shows the written MATLAB function ’sas_MaxRG_ASLL()’ which for an input
range of steering angles returns the realized gains in dB in the desired steering angle
directions as well as the calculated average sidelobe levels for uniform and Taylor
tapers. In order to calculate the average sidelobe level of a radiation pattern, the
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written MATLAB function ’RelGain2AvgSLL()’ shown in Appendix A.7 was/is im-
plemented, which calculates the average sidelobe level as defined in Figure 2.2 in Sec-
tion 2.1.2. Further, Appendix A.8 shows the written MATLAB function ’phase2A()’
which applies a linear phase shift over an input amplitude antenna array vector (for
lobe steering) and Appendix A.9 shows the MATLAB function ’taylortap_lin()’
which was implemented for obtaining a suitable Taylor taper for the array antenna.
The written MATLAB script ’main.m’ which implements all of the described func-
tions is shown in Appendix A.1. Additionally, a written general MATLAB function
’plt_gendata_ref_genpoles_genshells()’ implemented to more simply present/plot
the many calculated result variations is shown in Appendix A.10.
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Results

In this chapter, the performances of the individual designed shells are evaluated
compared to the uncloaked case in terms of realized gain in the desired steering
angle in the H-plane and average sidelobe level in the forward direction (e.g. for the
azimuth angles −90◦ ≤ θ ≤ 90◦) in Section 4.1. Further, Section 4.2 compares the
performances of the shells with each other, the uncloaked case and the unobstructed
case. For a more detailed view of the shell’s performances, please refer to Section 4.1
of the individual analyses. Instead, for the more general view of the shells’ suitability
for the specific described problem scenarios, please refer to Section 4.2 summarizing
the most interesting results of the project.

4.1 Individual shell performances in terms of re-
alized gain and average sidelobe level in H-
plane

In this section, the designed shells are evaluated in terms of realized gain and average
sidelobe level for steering angles in the H-plane. In each shell’s section, two figures
are presented showing the realized gain and the average sidelobe level, respectively,
for the two different antenna tapers as the shell cloaks the 5 cm and the 10 cm
diameter poles, respectively, located at the distances 1 m, 2 m, 3 m, 4 m, 5 m,
10 m, 20 m and 30 m. As described in Section 3.4.1, the average sidelobe levels were
calculated for exported antenna diagrams for the forward direction of the antenna,
i.e. for the azimuth angles −90◦ ≤ θ ≤ 90◦, unless otherwise stated. For simple
comparisons, all figures in this section show the results for the 5 cm and 10 cm poles
in the left and right columns, respectively, and the performances for the uniform
and Taylor tapers in the top and bottom rows, respectively. Additionally, for easier
comparisons, please note that the y-axis of every figure is fixed, such that each
figure’s results can be directly compared by studying the ranges the curves expand
over in the x- and y-dimensions. For visualization of the resulting realized gain
radiation pattern as the antenna is steered in the H-plane, Figure 4.1 exemplifies
the steering of the beam as the antenna is obstructed by 5 cm and 10 cm diameter
poles, respectively, from a distance of 3 m, compared to the realized gain radiation
pattern of the unsteered and unobstructed antenna (in black). As can be seen by
the radiation patterns from the obstructed antenna in the left column of Figure 4.1,
the realized gains in the main beam (e.g. around the desired steering angle) were
reduced and the average sidelobe levels were increased due to the obstruction being
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in its vicinity. Further, as can be seen by studying the rows in Figure 4.1, the excited
radiations’ average sidelobe levels were significantly reduced as Taylor tapering was
applied to the array antenna.

Figure 4.1: Visualization of the realized gain radiation pattern as beamforming
was applied on the array antenna obstructed by 5 cm and 10 cm diameter poles.
The plots exemplify the realized gain radiation pattern steered to the angles 0◦

and 5◦ in the H-plane (in the figure’s left and right column, respectively) and
obstructed by 5 cm and 10 cm poles at 3 m from the antenna with uniform and
Taylor taper (in the figure’s top and bottom row, respectively). Additionally, the
realized gain of the unsteered and unobstructed antenna is shown in black as a

benchmark/reference.

Another interesting thing that can be seen by studying the realized gain in the H-
plane is the resulting oscillating sidelobes that occur as the antenna is obstructed.
The oscillations are the result of the electromagnetic waves hitting the obstruction
and being scattered on its surface such that the waves travel a longer distance and are
shifted in phase. Hence, as the realized gain radiation pattern was measured in far
field in Ansys HFSS, the resulting pattern had more or less oscillation depending on
the scattering characteristics of the obstruction. For instance, as shown in Figure 4.1,
the resulting radiation pattern in far field had a lot of oscillations in it as the antenna
was obstructed by a PEC pole because of much scattering at its surface due to short
circuits along it. Instead, had the pole obstructions been covered in absorbent
material the oscillations would be significantly reduced (due to less scattering at the
obstruction).
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4.1.1 Shell 1: Thin narrowband radiation absorbent FGM-
125 by EccosorbTM

In this section, the narrowband absorbent FGM-125 (shell 1) is evaluated in terms
of realized gain and average sidelobe level for steering angles in the H-plane. Fig-
ures 4.2 and 4.3 show the realized gain and the average sidelobe level in the forward
direction, respectively, for the two different antenna tapers as shell 1 was placed
around the 5 cm and 10 cm diameter poles, respectively, at the distances 1–30 m
(compared to the corresponding results with only the poles in dashed lines of the
same colors as benchmarks). In Figure 4.2 it can clearly be seen that the real-
ized gain was reduced more compared to the benchmark (of only the pole) as the
absorbent FGM-125 was placed around the 5 cm diameter pole than the 10 cm di-
ameter pole. Through comparing the results to the benchmarks (of only the poles,
in dashed lines of corresponding colors) it can be seen that as shell 1 was placed
around the 5 cm diameter pole the realized gain was significantly reduced for all
pole distances, but it reduced the realized gain less as it was placed around the
thicker pole. The larger impact on the thinner pole obstruction could be expected
as the absorbent thickness of 3.18 mm increased the diameter of the obstruction by
25.4 % as the shell was placed around the thinnest pole of diameter 5 cm, whereas
it only increased the diameter of the thicker pole by 12.7 %. That is, shell 1 seems
to have negatively affected the thinner pole in terms of realized gain more due to
it both increasing the obstruction diameter and absorbing the incoming radiation.
More qualitatively, for the 5 cm pole with shell 1 around it, for the distances 1–3 m
the realized gain was reduced by 0.36–0.77 dB and 0.29–0.66 dB for the uniform and
Taylor taper, respectively, at the steering angle ∅ = 0◦ in the H-plane. Instead, for
the pole of diameter 10 cm, the realized gain was only reduced with about 0.1 dB
for the distances 1–5 m for both tapers.
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Figure 4.2: Realized gain in the H-plane as the narrowband absorbent FGM-125
(shell 1) is placed around the 5 cm and the 10 cm diameter pole (in the figure’s left
and right column, respectively) for uniform taper and Taylor taper (in the figure’s

top and bottom row, respectively). The dashed colored curves show the
corresponding results for only the pole obstructions (as a benchmark/reference).

In Figure 4.3 it can clearly be seen that the average sidelobe level was lowered
compared to the benchmark (of only the pole, in dashed lines of corresponding
color) for all pole distances, for both pole thicknesses and for both tapers (as the
resulting full lines all lied below the benchmark dashed lines as the antenna beam
was around the obstruction/the area of interest). Hence, it can be understood that
shell 1 can be a solution if the goal is to reduce the average sidelobe levels in the
forward direction around the antenna obstruction. More qualitatively, for the 5 cm
and 10 cm diameter poles with shell 1 around them, respectively, for the distances of
1–3 m the average sidelobe level was reduced by 3.76–4.12 dB and 3.89–4.04 dB for
the uniform taper, and 3.82–4.47 dB and 3.98–4.04 dB for the Taylor taper at the
steering angle ∅ = 0◦ in the H-plane. Generally, the results in Figures 4.2 and 4.3
suggest that shell 1 is appropriate for reducing the average sidelobe level in the
forward direction around an obstruction to the price of some realized gain. Further,
the results suggest that the FGM-125 absorbent might be best implemented around
a thicker obstruction (e.g. >5 cm) as it might be too costly in terms of realized gain
losses to implement the shell rather than simply let the thin pole obstruction be.
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Figure 4.3: Average sidelobe level in the H-plane as the narrowband absorbent
FGM-125 (shell 1) is placed around the 5 cm and the 10 cm diameter pole (in the
figure’s left and right column, respectively) for uniform taper and Taylor taper (in
the figure’s top and bottom row, respectively). The dashed colored curves show the

corresponding results for only the pole obstructions (as a benchmark/reference).

4.1.2 Shell 2: Rhomb made out of PEC
In this section, the PEC rhomb (shell 2) is evaluated in terms of realized gain and
average sidelobe level for steering angles in the H-plane, and the corresponding
results are shown for shell 2 designed with the rhomb point angles 30.0◦, 37.5◦ and
45.0◦ at 3 m from the array antenna. Figures 4.4 and 4.5 show the realized gain and
the average sidelobe level in the forward direction, respectively, for the two different
antenna tapers as shell 2 was placed around the 5 cm and 10 cm diameter poles,
respectively, at the distances 1–30 m (compared to the corresponding results with
only the poles in dashed lines of the same colors as benchmarks). As can be seen
for both tapers in Figure 4.4, shell 2 effectively increased the realized gain as it was
placed around the 10 cm pole obstruction close to the antenna. This can especially
be seen in the right column of Figure 4.4 showing the results for the thicker pole
obstructions, for which increasingly larger amounts of realized gain was retained as
the obstruction was moved closer to the antenna. The larger increase of realized gain
for the cloaking of the 10 cm diameter pole compared to the 5 cm diameter pole
could be expected due to more of the antenna excitation being steered away from
the obstruction by the rhomb point rather than being scattered at its surface. More
qualitatively, for the pole of diameter 10 cm, the realized gain was increased with
about 0.36–0.76 dB and 0.28–0.98 dB for the uniform and Taylor taper, respectively,
for the distances 1–3 m compared to the benchmark (with only the corresponding
pole) at the steering angle ∅ = 0◦ in the H-plane. For the pole of diameter 5 cm,
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the realized gain increased and decreased for the distances 1–3 m, showing potential
to retain the realized gain.

Figure 4.4: Realized gain in the H-plane as the PEC rhomb (shell 2) is placed
around the 5 cm and the 10 cm diameter pole (in the figure’s left and right

column, respectively) for uniform taper and Taylor taper (in the figure’s top and
bottom row, respectively). The dashed colored curves show the corresponding

results for only the pole obstructions (as a benchmark/reference).

In Figure 4.5 showing the resulting average sidelobe level for the steering angles
in the H-plane in the forward direction for shell 2 it can clearly be seen that the
average sidelobe level was lowered compared to the benchmark (of only the pole, in
dashed lines of corresponding color) for all pole distances, for both pole thicknesses
and for both tapers (as the resulting full lines all lied below the benchmark dashed
lines as the antenna beam was around the obstruction/the area of interest). More
qualitatively, for the 5 cm pole with shell 2 around it, at the distances of 1–3 m
the average sidelobe level was decreased by 4.40–4.78 dB and 4.67–5.19 dB for the
uniform and Taylor taper, respectively, compared to the benchmark (with only the
corresponding pole) at the steering angle ∅ = 0◦ in the H-plane. Instead, for the
pole of diameter 10 cm, the average sidelobe level was decreased with about 5.54–
6.41 dB and 5.89–6.52 dB for the uniform and Taylor taper, respectively, for the
distances 1–3 m. Generally, the results in Figures 4.4 and 4.5 suggested that shell
2 is appropriate for both increasing the realized gain and decreasing the average
sidelobe level in the forward direction of the antenna, especially as the obstruction
is in the close vicinity of the antenna.
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Figure 4.5: Average sidelobe level in the H-plane as the PEC rhomb (shell 2) is
placed around the 5 cm and the 10 cm diameter pole (in the figure’s left and right
column, respectively) for uniform taper and Taylor taper (in the figure’s top and

bottom row, respectively). The dashed colored curves show the corresponding
results for only the pole obstructions (as a benchmark/reference).

As described in Section 3.3.2, shell 2 was initially designed with the rhomb point
angles 2α =30◦, 37.5◦ or 45◦, after which the designs were simulated around the
5 cm and 10 cm diameter poles at the distance of 3 m from the array antenna
in the antenna and obstruction simulation. By studying Figure 4.6 showing the
obtained results, it can be seen that the design of shell 2 with rhomb point angle
2α = 45◦ (e.g. the chosen final design) performed best around the 5 cm diameter
pole and well around the 10 cm pole at the steering angle ∅ = 0◦ in the H-plane.
Hence, as the performance was similar between the different rhomb designs with
only marginally better or worse resulting realized gain and average sidelobe level in
the forward direction in the H-plane, it was concluded that any rhomb shape with
a reasonable point angle would yield acceptable results. However, as described in
Section 3.3.3, the rhomb point angle of 2α = 45◦ was selected due to the shape being
possible to mesh and simulate for shell 3 with the more complicated material design
(and identical rhomb point angles for the different shells were desired for qualitative
comparisons).
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Figure 4.6: Realized gain and average sidelobe level (in the figure’s top and
bottom row, respectively) in the H-plane as the PEC rhomb (shell 2) designed
with three different point angles was placed around the 5 cm and the 10 cm

diameter pole (in the figure’s left and right column, respectively) for uniform taper
and Taylor taper (in the figure’s left and right column, respectively) at a distance

of 3 m.

4.1.3 Shell 3: Rhomb made out of a wideband radiation
absorbent of increasing conductivity

In this section, the ABS rhomb (shell 3) is evaluated in terms of realized gain and
average sidelobe level for steering angles in the H-plane, and the corresponding
results are shown for shell 3 designed with the rhomb point angles 30.0◦, 37.5◦ and
45.0◦ at 3 m from the array antenna. Figures 4.7 and 4.8 show the realized gain
and the average sidelobe level in the forward direction, respectively, for the two
different antenna tapers as shell 3 was placed around the 5 cm and 10 cm diameter
poles, respectively, at the distances 1–30 m (compared to the corresponding results
with only the poles in dashed lines of the same colors as benchmarks). As can be
seen for both tapers in Figure 4.7 by comparing the resulting realized gains to the
benchmarks (in dashed lines), shell 3 reduced the realized gain significantly for all
pole distances as it was placed around the 5 cm diameter pole, and reduced the
realized gain for the pole distances further away from the antenna as it was placed
around the thicker pole. Likely, the rhomb structure still performed better than
the uncloaked case as it was very close to the antenna, as the antenna excitation
in the near field was steered to the sides instead of scattered backwards, like in the
unobstructed case. More qualitatively, the realized gain was reduced by 0.40–0.55 dB
and 0.39–0.57 dB at the steering angle ∅ = 0◦ in the H-plane for the uniform and
Taylor taper, respectively, for the distances 1–3 m as shell 3 was placed around the
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5 cm pole. Instead, the realized gain was reduced by 0.08–0.21 dB and 0.03–0.35 dB
for the uniform and Taylor taper, respectively, as shell 3 was placed around the
thicker pole obstruction at the distances 1–3 m compared to the uncloaked case.

Figure 4.7: Realized gain in the H-plane as the wideband absorbent ABS rhomb
(shell 3) is placed around the 5 cm and the 10 cm diameter pole (in the figure’s left
and right column, respectively) for uniform taper and Taylor taper (in the figure’s

top and bottom row, respectively). The dashed colored curves show the
corresponding results for only the pole obstructions (as a benchmark/reference).

In Figure 4.8 showing the resulting average sidelobe level for the steering angles in
the H-plane in the forward direction for shell 3 it can clearly be seen that the average
sidelobe level was lowered compared to the benchmark (of only the pole, in dashed
lines of corresponding color) for all pole distances, for both pole thicknesses and for
both tapers (as the resulting full lines all lied below the benchmark dashed lines as
the antenna beam was around the obstruction/the area of interest). However, as
shell 3 was made of a wideband absorbent material the average sidelobe level in the
forward direction decreased with an unexpectedly low amount. More qualitatively,
for the 5 cm pole with shell 3 around it, at the distances of 1–3 m the average sidelobe
level in the forward direction was decreased by 1.55–2.06 dB and 2.13–2.58 dB for
the uniform and Taylor taper, respectively, compared to the benchmark (with only
the corresponding pole) at the steering angle ∅ = 0◦ in the H-plane. Instead, for
the pole of diameter 10 cm, the average sidelobe level was decreased with about
1.33–2.49 dB and 1.88–2.71 dB for the uniform and Taylor taper, respectively, for
the distances 1–3 m. The unexpectedly low average sidelobe levels for the antenna
diagram in front of the antenna were the result of the absorbent performing well in
the back direction for the azimuth angles −180◦ ≤ θ < −90◦ and 90◦ < θ ≤ 180◦

but showing weak absorbent characteristics for the azimuth angles −90◦ ≤ θ ≤ 90◦

corresponding to the antenna’s forward direction. That this was the case can be seen
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in Section 4.2 which compares the performances of all the shells and, especially, shell
2 and shell 3. Additionally, it is likely that the designed absorbent rhomb yielded
less absorbent characteristics than expected due to the absorbent being structured
into a triangle/rhomb tip, distinct from the rectangle that was simulated in order to
evaluate the designed material’s reflected effect ratio (which showed very promising
results). Further, it is possible that the implemented layered absorbent design could
work well if the conductivity range was increased. That is, larger values for the
conductivity might have been necessary in order to increase the field attenuation
throughout shell 3 due to the absorbent being made “less thick” when it was cut
out into a rhomb shape, such that the absorbent material was not deep enough
to attenuate the undesired antenna excitation sidelobes for the chosen conductivity
range.

Figure 4.8: Average sidelobe level in the H-plane as the wideband absorbent ABS
rhomb (shell 3) is placed around the 5 cm and the 10 cm diameter pole (in the

figure’s left and right column, respectively) for uniform taper and Taylor taper (in
the figure’s top and bottom row, respectively). The dashed colored curves show the

corresponding results for only the pole obstructions (as a benchmark/reference).

Figure 4.9 shows the results of shell 3 designed with the rhomb point angles 2α =30◦,
37.5◦ or 45◦ simulated around the 5 cm and 10 cm diameter poles at the distance of
3 m from the array antenna in the antenna and obstruction simulation. Similar to
the corresponding results for shell 2 shown in Figure 4.6 in Section 4.1.2, the results
for the different rhomb designs varied. However, though the design with the rhomb
point angle 2α = 45◦ did not yield the best results of the three variations of shell 3
in terms of average sidelobe level in the forward direction for both pole diameters
(though only marginal differences) and though it did not perform especially better
than the other designs in terms of realized gain, the design with 2α = 45◦ was
simulated further due to it being the only design that was possible to mesh and
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simulate in Ansys HFSS. For the ABS rhombs with point angles 2α = 30◦ and
37.5◦, only a mesh convergence of 0.05 (instead of 0.005) was achieved due to the
designs requiring too much RAM memory to simulate in Ansys HFSS.

Figure 4.9: Realized gain and average sidelobe level (in the figure’s top and
bottom row, respectively) in the H-plane as the ABS rhomb (shell 3) designed with

three different point angles was placed around the 5 cm and the 10 cm diameter
pole (in the figure’s left and right column, respectively) for uniform taper and

Taylor taper (in the figure’s left and right column, respectively) at a distance of
3 m. For the ABS rhombs with point angles 30◦ and 37.5◦, only the mesh

convergences 0.05 (instead of 0.005) were achieved due to the designs requiring too
much RAM memory to simulate in Ansys HFSS.

4.1.4 Shell 4: Rhomb made out of PEC with added dielec-
tric border and PEC strips

In this section, the DiStrip rhomb (shell 4) is evaluated in terms of realized gain
and average sidelobe level for steering angles in the H-plane. Figures 4.10 and 4.11
show the realized gain and the average sidelobe level in the forward direction, re-
spectively, for the two different antenna tapers as shell 4 was placed around the
5 cm and 10 cm diameter poles, respectively, at the distances 1–30 m (compared
to the corresponding results with only the poles in dashed lines of the same colors
as benchmarks). As can be seen for both tapers in Figure 4.10 by comparing the
resulting realized gains to the benchmarks (in dashed lines), shell 4 very effectively
increased the realized gain in far field. More interestingly, which can be seen for
multiple pole distances in Figure 4.10 by the resulting realized gain curves lying
over the corresponding benchmark results of the uncloaked cases, shell 4 succeeded
in steering the electromagnetic waves around the circumference of the structure, as
studied for the incident plane wave simulations with shell 4 in Section 3.3.4. More
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thoroughly, it can be seen in Figure 4.10 that shell 4 most effectively guided the
electromagnetic waves around itself for the short steering angle range of ±2.5◦ (and
upwards, depending on the pole distance and pole diameter), where the results were
close to the unobstructed case when the pole obstructions were further away from
the antenna. More qualitatively, the realized gain was increased by 0.11–0.88 dB and
0.78–1.13 dB at the steering angle ∅ = 0◦ in the H-plane for the uniform and Taylor
taper, respectively, for the distances 1–3 m as shell 4 was placed around the 5 cm
pole. Instead, the realized gain was increased by 1.36–1.92 dB and 1.92–2.75 dB for
the uniform and Taylor taper, respectively, as shell 4 was placed around the thicker
pole obstruction at the distances 1–3 m compared to the uncloaked case.

Figure 4.10: Realized gain in the H-plane as the DiStrip rhomb (shell 4) is placed
around the 5 cm and the 10 cm diameter pole (in the figure’s left and right

column, respectively) for uniform taper and Taylor taper (in the figure’s top and
bottom row, respectively). The dashed colored curves show the corresponding

results for only the pole obstructions (as a benchmark/reference).

As can clearly be seen by studying Figure 4.8 showing the resulting average sidelobe
level for the steering angles in the H-plane in the forward direction for shell 4,
the average sidelobe level was increased or only slightly decreased compared to the
benchmark for all pole distances, for both pole thicknesses and for both tapers. More
qualitatively, for the 5 cm pole with shell 4 around it, at the distances of 1–3 m the
average sidelobe level in the forward direction was increased by 0.03–0.47 dB and
decreased by 0.00–0.43 dB for the uniform and Taylor taper, respectively, compared
to the benchmark (with only the corresponding pole) at the steering angle ∅ = 0◦

in the H-plane. Instead, for the pole of diameter 10 cm, the average sidelobe level
was increased with about 0.62–2.07 dB and 0.09–0.79 dB for the uniform and Taylor
taper, respectively, for the distances 1–3 m. That is, generally, shell 4 effectively
increased the realized gain to the price of introduced scattering, e.g. a significantly
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increased or remaining average sidelobe level in the antenna’s forward direction in
the H-plane. Please note that, as described in Section 3.3.4, shell 4 was not designed
entirely as proposed by previous successful works [5] and that the solution likely
would have yielded both higher realized gain for a larger range of steering angles in
the H-plane and much lower average sidelobe levels in the forward direction had the
design stage not failed to change the dielectric material at the rhomb point tips to
a dielectric of lower permittivity.

Figure 4.11: Average sidelobe level in the H-plane as the DiStrip rhomb (shell 4)
is placed around the 5 cm and the 10 cm diameter pole (in the figure’s left and

right column, respectively) for uniform taper and Taylor taper (in the figure’s top
and bottom row, respectively). The dashed colored curves show the corresponding

results for only the pole obstructions (as a benchmark/reference).
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4.2 Comparison of shell performances in terms of
realized gain and average sidelobe level in H-
plane

In this section, the performances of the shells are compared in terms of realized gain
and average sidelobe level in the H-plane. Through plotting the results shown in
Section 4.1 as a function of the pole distances (e.g. in 3D), the decrease of realized
gain and the increase of average sidelobe level relative to the unobstructed cases
are shown as color gradients in the xy-plane specifying the pole distance [m] and
steering angle ∅ [◦]. For clear investigations of the shell performances for the four
different antenna obstruction cloaking problem scenarios, this section evaluates the
variations described in Table 4.1, in their given order.

Table 4.1: The four different antenna obstruction cloaking scenarios.

Scenario Pole diameter Antenna taper
1 5 cm U
2 10 cm T
3 5 cm U
4 10 cm T

By studying Figure 4.12 showing the shell’s cloaking characteristics for scenario 1
of the 5 cm pole obstruction and uniform antenna taper, it can clearly be seen that
the DiStrip rhomb (shell 4) performed best in terms of realized gain, however worst
in terms of average sidelobe level, whereas the PEC rhomb (shell 2) performed best
in terms of average sidelobe level and second best in terms of realized gain. Ad-
ditionally, it should be noted that the DiStrip rhomb worked especially well for
the rather narrow steering angle range of about ±2.5◦ for pole distances of more
than 3 m from the antenna. Please note that (though not demonstrated in this
report), shell 4 would very likely have yielded the high realized gain improvement
for a wider range of steering angles and, especially, lower average sidelobe levels in
the forward direction had the cloak been properly designed, as described in Sec-
tions 3.3.4 and 4.1.4. Further, through comparing the results of the shells with the
results for only the pole, it can distinctly be seen that the absorbent FGM-125 (shell
1) and the absorbent ABS rhromb (shell 3) both yielded larger decreases of realized
gain than the uncloaked obstruction, and that the DiStrip rhomb (shell 4) yielded
a larger increase of average sidelobe level.
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a) Relative decrease in realized gain.

b) Relative increase in average sidelobe level.

Figure 4.12: Decrease in realized gain and increase in average sidelobe level as a
result of the 5 cm pole with different shells in front of the antenna with uniform
taper, relative to the unobstructed case (e.g. such that 0 dB corresponds to the
ideal case/no obstruction). The colorbar specifies the figure’s realized gain range

and the y-axis specifies the pole distance in a logarithmic scale.

As described in Section 4.1.3, the unexpected unabsorbent characteristics suggested
by the results for the ABS rhomb were due to the average sidelobe level being
calculated for only the forward direction of the antenna. Instead, by exporting
plotting the antenna diagram in the full range of the H-plane it can be seen that
the ABS rhomb yielded lower sidelobes than the PEC rhomb in the back direction.
This can be seen in Figure 4.13 exemplifying the absorbent characteristics of shell
3 in the back direction and the lack of it in the forward direction, through which
it can be understood why a PEC rhomb outperformed the absorbent rhomb of the
same design dimensions in terms of average sidelobe levels. In order to clearly
detail the calculated average sidelobe level results, Figure 4.13 shows the calculated
average sidelobe levels for shell 2 and shell 3 around the 5 cm pole compared to
the unobstructed case, calculated for the full range in the H-plane and only for the
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forward range (shown in dashed and dotted lines, respectively). By studying the
calculated average sidelobe levels, it can be seen that the average sidelobe level was
higher for shell 3 for only the forward direction compared to the full angle range
in the H-plane due to it not showing absorbent characteristics within the azimuth
angle range −90◦ ≤ θ ≤ 90◦ but outside it, whereas the result for shell 2 happened
to remain somewhat unchanged.

Figure 4.13: Comparison of the resulting antenna diagram as shell 2 and shell 3
were placed around the 5 cm pole at the distance of 3 m. The dashed and dotted

lines mark the average sidelobe level of the full azimuth angle range
−180◦ ≤ θ ≤ 180◦ and the azimuth range −90◦ ≤ θ ≤ 90◦ for the forward
direction, respectively, for the antenna diagrams of corresponding colors.

By further studying Figures 4.14, 4.15 and 4.16 showing the results for the scenarios
2, 3 and 4, respectively, it can be seen that the same general results were obtained
for the 5 cm and the 10 cm diameter poles for the two tapers as described previously
for scenario 1 of the 5 cm pole with uniform taper in Figure 4.12. Hence, it was
concluded that shell 4 of the DiStrip rhomb performed best in terms of increasing
the realized gain in the desired steering angle H-plane, but worst in terms of average
sidelobe level in the forward direction of the H-plane. Instead, it was concluded
that shell 2 of the PEC rhomb performed best in terms of decreasing the average
sidelobe level in the forward direction of the H-plane and second best in terms of
realized gain, whereas shell 3 failed to show the desired absorbent characteristics for
the azimuth angles θ corresponding to the H-plane in front of the antenna.
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a) Relative decrease in realized gain.

b) Relative increase in average sidelobe level.

Figure 4.14: Decrease in realized gain and increase in average sidelobe level as a
result of the 10 cm pole with different shells in front of the antenna with uniform
taper, relative to the unobstructed case (e.g. such that 0 dB corresponds to the
ideal case/no obstruction). The colorbar specifies the figure’s realized gain range

and the y-axis specifies the pole distance in a logarithmic scale.
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a) Relative decrease in realized gain.

b) Relative increase in average sidelobe level.

Figure 4.15: Decrease in realized gain and increase in average sidelobe level as a
result of the 5 cm pole with different shells in front of the antenna with Taylor
taper, relative to the unobstructed case (e.g. such that 0 dB corresponds to the
ideal case/no obstruction). The colorbar specifies the figure’s realized gain range

and the y-axis specifies the pole distance in a logarithmic scale.
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a) Relative decrease in realized gain.

b) Relative increase in average sidelobe level.

Figure 4.16: Decrease in realized gain and increase in average sidelobe level as a
result of the 10 cm pole with different shells in front of the antenna with Taylor
taper, relative to the unobstructed case (e.g. such that 0 dB corresponds to the
ideal case/no obstruction). The colorbar specifies the figure’s realized gain range

and the y-axis specifies the pole distance in a logarithmic scale.
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Table 5.1: Summary of the shells’ performances relative to the uncloaked case.
Two arrows mark the best performing scenario for each category.

Scenario Shell RG ASLL∗

1 5 cm pole
U taper

S1
S2
S3
S4

↘
↗
↘

↗↗

↘
↘↘
↘
↗

2 10 cm pole
U taper

S1
S2
S3
S4

↘
↗
↗

↗↗

↘
↘↘
↘
↗

3 5 cm pole
T taper

S1
S2
S3
S4

↘
↗
↘

↗↗

↘
↘↘
↘
↗

4 10 cm pole
T taper

S1
S2
S3
S4

↘
↗
↗

↗↗

↘
↘↘
↘
↗

∗For the angles −90◦ ≤ θ ≤ 90◦ in the H-plane.
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Four different techniques of electromagnetic cloaking and anti-scattering on a ver-
tically aligned metallic cylindrical obstruction of diameter 5 cm or 10 cm at the
distances 1–30 m from a vertically polarized 9.5 GHz/X-band antenna have been
investigated in terms of realized gain (RG) and average sidelobe level (ASLL) in the
H-plane/azimuth plane in front of the antenna. The four designed and evaluated
shells were 1) a thin layer of a narrowband absorbent, 2) a rhomb made out of PEC,
3) a rhomb made out of a wideband absorbent material and 4) a PEC rhomb (e.g.
shell 2) supplemented with a dielectric border and PEC strips along the circum-
ference of the structure. Additionally, the report investigated the possibilities of
designing a theoretically layered meta-material cloak in practice. Though obtain-
ing cloaking characteristics using meta-materials has been a hot topic the recent
years and promising results have been suggested at X-band frequencies, the thesis
concluded after evaluation that there exist much easier and less time consuming
solutions that yield very effective results. As summarized by Table 5.1 which com-
pares the performances of the shells compared to the uncloaked cases, cloaking the
pole obstructions with the PEC rhomb (shell 2) yielded a large decrease in average
sidelobe level, on average a decrease of 4.75 dB and of 6.17 dB from the uncloaked
case at the distances 1–5 m for the 5 cm and 10 cm pole, respectively, with Taylor
taper, and at the same time increased the realized gain in far field. Instead, shell 4
effectively guided the electromagnetic waves around the circumference of the struc-
ture yielding an increase of realized gain, on average an increase of 0.74 dB and of
2.04 dB from the unobstructed case at the distances 1–5 m distance for a 5 cm and
10 cm pole, respectively, with Taylor taper. The conclusion drawn was that the de-
scribed project problem scenario is best solved with shell 2 if the goal is to decrease
the average sidelobe level and increase the realized gain, or with shell 4 if the aim
is to increase the realized gain as much as possible. Finally, the thesis recommends
to redesign shell 4 such that the point tips of the outer dielectric edge are made
of a material with a relatively lower permittivity as it likely will both significantly
reduce the average sidelobe level and increase the realized gain for steering angles
in the H-plane such that it proves to be the best solution for the described problem
scenario.
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A
MATLAB code

In this section, the MATLAB script main.m which was used to post-process all the
simulated Ansys HFSS data is shown, as well as all its used MATLAB functions.
Additionally, the initial data loading code of main.m specifies the performed an-
tenna and obstruction simulations, including each result’s implemented method and
obtained accuracy.

A.1 Script main.m

1 %% Script for import, post−processing and plotting of simulation data from HFSS
2
3 % Load data:
4 element_list = 1:21;
5 % Reference (no obstruction):
6 data_WG21x1 = import_hfss_element_patterns(element_list,'

WG_21x1_NoPole_NoAbs_AutoMesh_0dot005conv_FEBI_20240318_E_');
7 % Pole diameter 5 cm:
8 % Pole @ 1 m, 2 m, 3 m, 4 m, 5 m, 10 m, 20 m & 30 m:
9 data_5cm5mP_1m = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_NoAbs_AutoMesh_0dot005conv_1000mmZ_FEBIandIE_20240320_E_');
10 data_5cm5mP_2m = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_NoAbs_AutoMesh_0dot005conv_2000mmZ_FEBIandIE_20240320_E_');
11 data_5cm5mP_3m = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_NoAbs_AutoMesh_0dot005conv_3000mmZ_FEBIandIE_20240320_E_');
12 data_5cm5mP_4m = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_NoAbs_AutoMesh_0dot005conv_4000mmZ_FEBIandIE_20240318_E_');
13 data_5cm5mP_5m = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_NoAbs_AutoMesh_0dot005conv_5000mmZ_FEBIandIE_20240320_E_');
14 data_5cm5mP_10m = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_NoAbs_20mmMesh_0dot005conv_10meterZ_FEBIandIE_20240327_E_');
15 data_5cm5mP_20m = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_NoAbs_20mmMesh_0dot005conv_20meterZ_FEBIandIE_20240402_E_');
16 data_5cm5mP_30m = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_NoAbs_20mmMesh_0dot005conv_30meterZ_FEBIandIE_20240402_E_');
17 % Pole + FGM125 @ 1 m, 2 m, 3 m, 4 m, 5 m, 10 m, 20 m & 30 m:
18 data_5cm5mP_1m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_FGM125_20mmMesh_0dot005conv_1000mmZ_FEBIandFEBI_20240318_E_');
19 data_5cm5mP_2m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_FGM125_20mmMesh_0dot005conv_2000mmZ_FEBIandFEBI_20240318_E_');
20 data_5cm5mP_3m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_FGM125_20mmMesh_0dot005conv_3000mmZ_FEBIandFEBI_20240318_E_');
21 data_5cm5mP_4m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_FGM125_20mmMesh_0dot005conv_4000mmZ_FEBIandFEBI_20240318_E_');
22 data_5cm5mP_5m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_FGM125_20mmMesh_0dot005conv_5000mmZ_FEBIandFEBI_20240318_E_');
23 data_5cm5mP_10m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_FGM125_20mmMesh_0dot005conv_10meterZ_FEBIandFEBI_20240410_Linux_E_');
24 data_5cm5mP_20m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_FGM125_20mmMesh_0dot005conv_20meterZ_FEBIandFEBI_20240411_Linux_E_');
25 data_5cm5mP_30m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_FGM125_20mmMesh_0dot005conv_30meterZ_FEBIandFEBI_20240411_Linux_E_');
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26 % Pole + RombPEC @ 3 m, 30 deg & 37.5 deg:
27 data_5cm5mP_3m_RombPEC30deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombPEC30deg_20mmMesh_0dot005conv_3meterZ_FEBIandIE_20240415_Linux_E_');
28 data_5cm5mP_3m_RombPEC37dot5deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombPEC37dot5deg_20mmMesh_0dot005conv_3meterZ_FEBIandIE_20240415_Linux_E_');
29 % Pole + RombPEC45deg @ 1 m, 2 m, 3 m, 4 m, 5 m, 10 m, 20 m & 30 m:
30 data_5cm5mP_1m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_1meterZ_FEBIandIE_20240429_Linux_E_');
31 data_5cm5mP_2m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_2meterZ_FEBIandIE_20240429_Linux_E_');
32 data_5cm5mP_3m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_3meterZ_FEBIandIE_20240429_Linux_E_');
33 data_5cm5mP_4m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_4meterZ_FEBIandIE_20240429_Linux_E_');
34 data_5cm5mP_5m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_5meterZ_FEBIandIE_20240429_Linux_E_');
35 data_5cm5mP_10m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_10meterZ_FEBIandIE_20240429_Linux_E_');
36 data_5cm5mP_20m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_20meterZ_FEBIandIE_20240429_Linux_E_');
37 data_5cm5mP_30m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_30meterZ_FEBIandIE_20240429_Linux_E_');
38 % Pole + RombABS @ 3 m, 30 deg & 37.5 deg:
39 data_5cm5mP_3m_RombABS30deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombABS30deg_30mmMesh_0dot05conv_3meterZ_FEBIandFEBI_20240515_Linux_E_');
40 data_5cm5mP_3m_RombABS37dot5deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombABS37dot5deg_30mmMesh_0dot05conv_3meterZ_FEBIandFEBI_20240515_Linux_E_');
41 % Pole + RombBAS45deg @ 1 m, 2 m, 3 m, 4 m, 5 m, 10 m, 20 m & 30 m:
42 data_5cm5mP_1m_RombABS45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombABS45deg_20mmMesh_0dot005conv_1meterZ_FEBIandFEBI_20240507_Linux_E_');
43 data_5cm5mP_2m_RombABS45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombABS45deg_20mmMesh_0dot005conv_2meterZ_FEBIandFEBI_20240507_Linux_E_');
44 data_5cm5mP_3m_RombABS45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombABS45deg_20mmMesh_0dot005conv_3meterZ_FEBIandFEBI_20240507_Linux_E_');
45 data_5cm5mP_4m_RombABS45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombABS45deg_20mmMesh_0dot005conv_4meterZ_FEBIandFEBI_20240507_Linux_E_');
46 data_5cm5mP_5m_RombABS45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombABS45deg_20mmMesh_0dot005conv_5meterZ_FEBIandFEBI_20240507_Linux_E_');
47 data_5cm5mP_10m_RombABS45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombABS45deg_20mmMesh_0dot005conv_10meterZ_FEBIandFEBI_20240507_Linux_E_');
48 data_5cm5mP_20m_RombABS45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombABS45deg_20mmMesh_0dot005conv_20meterZ_FEBIandFEBI_20240507_Linux_E_');
49 data_5cm5mP_30m_RombABS45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombABS45deg_20mmMesh_0dot005conv_30meterZ_FEBIandFEBI_20240507_Linux_E_');
50 % Pole + RombDiPEC45deg @ 1 m, 2 m, 3 m, 4 m, 5 m, 10 m, 20 m & 30 m:
51 data_5cm5mP_1m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_1meterZ_FEBIandFEBI_20240506_E_');
52 data_5cm5mP_2m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_2meterZ_FEBIandFEBI_20240506_E_');
53 data_5cm5mP_3m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_3meterZ_FEBIandFEBI_20240506_E_');
54 data_5cm5mP_4m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_4meterZ_FEBIandFEBI_20240506_E_');
55 data_5cm5mP_5m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_5meterZ_FEBIandFEBI_20240506_E_');
56 data_5cm5mP_10m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_10meterZ_FEBIandFEBI_20240514_E_');
57 data_5cm5mP_20m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_20meterZ_FEBIandFEBI_20240514_E_');
58 data_5cm5mP_30m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_5cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_30meterZ_FEBIandFEBI_20240514_E_');
59 % Pole diameter 10 cm:
60 % Pole @ 1 m, 2 m, 3 m, 4 m, 5 m, 10 m, 20 m & 30 m:
61 data_10cm5mP_1m = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_NoAbs_30mmMesh_0dot005conv_1000mmZ_FEBIandFEBI_20240315_E_');
62 data_10cm5mP_2m = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_NoAbs_30mmMesh_0dot005conv_2000mmZ_FEBIandFEBI_20240315_E_');
63 data_10cm5mP_3m = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_NoAbs_30mmMesh_0dot005conv_3000mmZ_FEBIandFEBI_20240315_E_');
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64 data_10cm5mP_4m = import_hfss_element_patterns(element_list,'
WG_21x1_10cm5mPole_NoAbs_30mmMesh_0dot005conv_4000mmZ_FEBIandFEBI_20240315_E_');

65 data_10cm5mP_5m = import_hfss_element_patterns(element_list,'
WG_21x1_10cm5mPole_NoAbs_30mmMesh_0dot005conv_5000mmZ_FEBIandFEBI_20240315_E_');

66 data_10cm5mP_10m = import_hfss_element_patterns(element_list,'
WG_21x1_10cm5mPole_NoAbs_30mmMesh_0dot005conv_10meterZ_FEBIandIE_20240327_E_');

67 data_10cm5mP_20m = import_hfss_element_patterns(element_list,'
WG_21x1_10cm5mPole_NoAbs_30mmMesh_0dot005conv_20meterZ_FEBIandIE_20240327_E_');

68 data_10cm5mP_30m = import_hfss_element_patterns(element_list,'
WG_21x1_10cm5mPole_NoAbs_30mmMesh_0dot005conv_30meterZ_FEBIandIE_20240327_E_');

69 % Pole + FGM125 @ 1 m, 2 m, 3 m, 4 m, 5 m, 10 m, 20 m & 30 m:
70 data_10cm5mP_1m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_FGM125_30mmMesh_0dot005conv_1000mmZ_FEBIandFEBI_20240320_E_');
71 data_10cm5mP_2m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_FGM125_30mmMesh_0dot005conv_2000mmZ_FEBIandFEBI_20240320_E_');
72 data_10cm5mP_3m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_FGM125_30mmMesh_0dot005conv_3000mmZ_FEBIandFEBI_20240320_E_');
73 data_10cm5mP_4m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_FGM125_30mmMesh_0dot005conv_4000mmZ_FEBIandFEBI_20240320_E_');
74 data_10cm5mP_5m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_FGM125_30mmMesh_0dot005conv_5000mmZ_FEBIandFEBI_20240320_E_');
75 data_10cm5mP_10m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_FGM125_30mmMesh_0dot005conv_10meterZ_FEBIandFEBI_20240410_Linux_E_');
76 data_10cm5mP_20m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_FGM125_30mmMesh_0dot005conv_20meterZ_FEBIandFEBI_20240410_Linux_E_');
77 data_10cm5mP_30m_FGM125 = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_FGM125_30mmMesh_0dot005conv_30meterZ_FEBIandFEBI_20240410_Linux_E_');
78 % Pole + RombPEC @ 3 m, 30 deg & 37.5 deg:
79 data_10cm5mP_3m_RombPEC30deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombPEC30deg_20mmMesh_0dot005conv_3meterZ_FEBIandIE_20240423_Linux_E_');
80 data_10cm5mP_3m_RombPEC37dot5deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombPEC37dot5deg_20mmMesh_0dot005conv_3meterZ_FEBIandIE_20240423_Linux_E_');
81 % Pole + RombPEC45deg @ 1 m, 2 m, 3 m, 4 m, 5 m, 10 m, 20 m & 30 m:
82 data_10cm5mP_1m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_1meterZ_FEBIandIE_20240429_Linux_E_');
83 data_10cm5mP_2m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_2meterZ_FEBIandIE_20240429_Linux_E_');
84 data_10cm5mP_3m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_3meterZ_FEBIandIE_20240429_Linux_E_');
85 data_10cm5mP_4m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_4meterZ_FEBIandIE_20240429_Linux_E_');
86 data_10cm5mP_5m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_5meterZ_FEBIandIE_20240429_Linux_E_');
87 data_10cm5mP_10m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_10meterZ_FEBIandIE_20240429_Linux_E_');
88 data_10cm5mP_20m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_20meterZ_FEBIandIE_20240429_Linux_E_');
89 data_10cm5mP_30m_RombPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombPEC45deg_AutoMesh_0dot005conv_30meterZ_FEBIandIE_20240429_Linux_E_');
90 % Pole + RombABS @ 3 m, 30 deg & 37.5 deg:
91 data_10cm5mP_3m_RombABS30deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombABS30deg_30mmMesh_0dot05conv_3meterZ_FEBIandFEBI_20240515_Linux_E_');
92 data_10cm5mP_3m_RombABS37dot5deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombABS37dot5deg_30mmMesh_0dot05conv_3meterZ_FEBIandFEBI_20240515_Linux_E_');
93 % Pole + RombBAS45deg @ 1 m, 2 m, 3 m, 4 m, 5 m, 10 m, 20 m & 30 m:
94 data_10cm5mP_1m_RombABS45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombABS45deg_30mmMesh_0dot005conv_1meterZ_FEBIandFEBI_20240510_Linux_E_');
95 data_10cm5mP_2m_RombABS45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombABS45deg_30mmMesh_0dot005conv_2meterZ_FEBIandFEBI_20240510_Linux_E_');
96 data_10cm5mP_3m_RombABS45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombABS45deg_30mmMesh_0dot005conv_3meterZ_FEBIandFEBI_20240510_Linux_E_');
97 data_10cm5mP_4m_RombABS45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombABS45deg_30mmMesh_0dot005conv_4meterZ_FEBIandFEBI_20240510_Linux_E_');
98 data_10cm5mP_5m_RombABS45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombABS45deg_30mmMesh_0dot005conv_5meterZ_FEBIandFEBI_20240510_Linux_E_');
99 data_10cm5mP_10m_RombABS45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombABS45deg_30mmMesh_0dot005conv_10meterZ_FEBIandFEBI_20240510_Linux_E_');
100 data_10cm5mP_20m_RombABS45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombABS45deg_30mmMesh_0dot005conv_20meterZ_FEBIandFEBI_20240510_Linux_E_');

III



A. MATLAB code

101 data_10cm5mP_30m_RombABS45deg = import_hfss_element_patterns(element_list,'
WG_21x1_10cm5mPole_RombABS45deg_30mmMesh_0dot005conv_30meterZ_FEBIandFEBI_20240510_Linux_E_');

102 % Pole + RombDiPEC45deg @ 1 m, 2 m, 3 m, 4 m, 5 m, 10 m, 20 m & 30 m:
103 data_10cm5mP_1m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_1meterZ_FEBIandFEBI_20240506_E_');
104 data_10cm5mP_2m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_2meterZ_FEBIandFEBI_20240506_E_');
105 data_10cm5mP_3m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_3meterZ_FEBIandFEBI_20240506_E_');
106 data_10cm5mP_4m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_4meterZ_FEBIandFEBI_20240506_E_');
107 data_10cm5mP_5m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_5meterZ_FEBIandFEBI_20240506_E_');
108 data_10cm5mP_10m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_10meterZ_FEBIandFEBI_20240513_E_');
109 data_10cm5mP_20m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_20meterZ_FEBIandFEBI_20240513_E_');
110 data_10cm5mP_30m_RombDiPEC45deg = import_hfss_element_patterns(element_list,'

WG_21x1_10cm5mPole_RombDiPEC45deg_AutoMesh_0dot05_30meterZ_FEBIandFEBI_20240513_E_');
111
112 %% Rearrange data:
113 diam_poles = [5, 10]; % Pole diameters [cm]
114 dist_poles = [1, 2, 3, 4, 5, 10, 20, 30]; % Pole distances [m]
115 data_ref = data_WG21x1;
116 data_5cm5mP_poles = [data_5cm5mP_1m; data_5cm5mP_2m; data_5cm5mP_3m; data_5cm5mP_4m; data_5cm5mP_5m;

data_5cm5mP_10m; data_5cm5mP_20m; data_5cm5mP_30m]; % rows: different pole distance
117 data_10cm5mP_poles = [data_10cm5mP_1m; data_10cm5mP_2m; data_10cm5mP_3m; data_10cm5mP_4m;

data_10cm5mP_5m; data_10cm5mP_10m; data_10cm5mP_20m; data_10cm5mP_30m]; % rows: different pole
distance

118 data_poles = [data_5cm5mP_poles, data_10cm5mP_poles]; % cols: different pole diameter, (pole distances,
pole diameters)

119 legend_shells = ["S1","S2","S3","S4","S2’","S3’"];
120 % Shell 1: FGM−125
121 data_5cm5mP_FGM125_poles = [data_5cm5mP_1m_FGM125; data_5cm5mP_2m_FGM125; data_5cm5mP_3m_FGM125;

data_5cm5mP_4m_FGM125; data_5cm5mP_5m_FGM125; data_5cm5mP_10m_FGM125; data_5cm5mP_20m_FGM125;
data_5cm5mP_30m_FGM125];

122 data_10cm5mP_FGM125_poles = [data_10cm5mP_1m_FGM125; data_10cm5mP_2m_FGM125; data_10cm5mP_3m_FGM125;
data_10cm5mP_4m_FGM125; data_10cm5mP_5m_FGM125; data_10cm5mP_10m_FGM125; data_10cm5mP_20m_FGM125;
data_10cm5mP_30m_FGM125];

123 data_poles_FGM125 = [data_5cm5mP_FGM125_poles, data_10cm5mP_FGM125_poles];
124 % Shell 2: RombPEC
125 data_5cm5mP_RombPEC_poles = [data_5cm5mP_1m_RombPEC45deg; data_5cm5mP_2m_RombPEC45deg;

data_5cm5mP_3m_RombPEC45deg; data_5cm5mP_4m_RombPEC45deg; data_5cm5mP_5m_RombPEC45deg;
data_5cm5mP_10m_RombPEC45deg; data_5cm5mP_20m_RombPEC45deg; data_5cm5mP_30m_RombPEC45deg];

126 data_10cm5mP_RombPEC_poles = [data_10cm5mP_1m_RombPEC45deg; data_10cm5mP_2m_RombPEC45deg;
data_10cm5mP_3m_RombPEC45deg; data_10cm5mP_4m_RombPEC45deg; data_10cm5mP_5m_RombPEC45deg;
data_10cm5mP_10m_RombPEC45deg; data_10cm5mP_20m_RombPEC45deg; data_10cm5mP_30m_RombPEC45deg];

127 data_poles_RombPEC = [data_5cm5mP_RombPEC_poles, data_10cm5mP_RombPEC_poles];
128 % Shell 3: RombABS
129 data_5cm5mP_RombABS_poles = [data_5cm5mP_1m_RombABS45deg; data_5cm5mP_2m_RombABS45deg;

data_5cm5mP_3m_RombABS45deg; data_5cm5mP_4m_RombABS45deg; data_5cm5mP_5m_RombABS45deg;
data_5cm5mP_10m_RombABS45deg; data_5cm5mP_20m_RombABS45deg; data_5cm5mP_30m_RombABS45deg];

130 data_10cm5mP_RombABS_poles = [data_10cm5mP_1m_RombABS45deg; data_10cm5mP_2m_RombABS45deg;
data_10cm5mP_3m_RombABS45deg; data_10cm5mP_4m_RombABS45deg; data_10cm5mP_5m_RombABS45deg;
data_10cm5mP_10m_RombABS45deg; data_10cm5mP_20m_RombABS45deg; data_10cm5mP_30m_RombABS45deg];

131 data_poles_RombABS = [data_5cm5mP_RombABS_poles, data_10cm5mP_RombABS_poles];
132 % Shell 4: RombDiPEC
133 data_5cm5mP_RombDiPEC_poles = [data_5cm5mP_1m_RombDiPEC45deg; data_5cm5mP_2m_RombDiPEC45deg;

data_5cm5mP_3m_RombDiPEC45deg; data_5cm5mP_4m_RombDiPEC45deg; data_5cm5mP_5m_RombDiPEC45deg;
data_5cm5mP_10m_RombDiPEC45deg; data_5cm5mP_20m_RombDiPEC45deg; data_5cm5mP_30m_RombDiPEC45deg];

134 data_10cm5mP_RombDiPEC_poles = [data_10cm5mP_1m_RombDiPEC45deg; data_10cm5mP_2m_RombDiPEC45deg;
data_10cm5mP_3m_RombDiPEC45deg; data_10cm5mP_4m_RombDiPEC45deg; data_10cm5mP_5m_RombDiPEC45deg;
data_10cm5mP_10m_RombDiPEC45deg; data_10cm5mP_20m_RombDiPEC45deg; data_10cm5mP_30m_RombDiPEC45deg];

135 data_poles_RombDiPEC = [data_5cm5mP_RombDiPEC_poles, data_10cm5mP_RombDiPEC_poles];
136 % Shell 2', RombPEC @ 3 m, 30 deg, 37.5 deg & 45 deg
137 FillOut = data_5cm5mP_3m_RombPEC45deg;
138 data_5cm5mP_RombPEC_3poles3m = [data_5cm5mP_3m_RombPEC30deg; data_5cm5mP_3m_RombPEC37dot5deg;

data_5cm5mP_3m_RombPEC45deg; FillOut; FillOut; FillOut; FillOut; FillOut];
139 FillOut = data_10cm5mP_3m_RombPEC45deg;

IV



A. MATLAB code

140 data_10cm5mP_RombPEC_3poles3m = [data_10cm5mP_3m_RombPEC30deg; data_10cm5mP_3m_RombPEC37dot5deg;
data_10cm5mP_3m_RombPEC45deg; FillOut; FillOut; FillOut; FillOut; FillOut];

141 data_3poles3m_RombPEC = [data_5cm5mP_RombPEC_3poles3m, data_10cm5mP_RombPEC_3poles3m];
142 % Shell 3', test of angles:
143 FillOut = data_5cm5mP_3m_RombABS45deg;
144 data_5cm5mP_RombABS_3poles3m = [data_5cm5mP_3m_RombABS30deg; data_5cm5mP_3m_RombABS37dot5deg;

data_5cm5mP_3m_RombABS45deg; FillOut; FillOut; FillOut; FillOut; FillOut];
145 FillOut = data_10cm5mP_3m_RombABS45deg;
146 data_10cm5mP_RombABS_3poles3m = [data_10cm5mP_3m_RombABS30deg; data_10cm5mP_3m_RombABS37dot5deg;

data_10cm5mP_3m_RombABS45deg; FillOut; FillOut; FillOut; FillOut; FillOut];
147 data_3poles3m_RombABS = [data_5cm5mP_RombABS_3poles3m, data_10cm5mP_RombABS_3poles3m];
148 data_poles_shells = [data_poles_FGM125, data_poles_RombPEC, data_poles_RombABS, data_poles_RombDiPEC,

data_3poles3m_RombPEC, data_3poles3m_RombABS];
149
150 % Select/define the desired data:
151 pol = 2; % Phi polarization (=vertical!)
152 fc = 9.5*10^9; % Frequency [Hz]
153 N = length(element_list); Nx = N; % Number of elements in one direction (e.g. 31x3 array then N=93 and

Nx=31)
154 phi_plot = 0; % The phi values [deg] for plot, e.g. [0, 10, 20, 30];
155 phi_slice = 0; % One value of phi [deg]
156 taylor_nn_sl = [3, 31]; % [nn, sl] for TAYLORTAP_LIN(length,nn,sl)
157 % length: number of elements, nn: number of equally large sidelobes before the attenuation is increased,

sl: number of dB the first sidelobe should be attenuated
158 % Default matlab colors:
159 mat_blue = [0, 0.4470, 0.7410];
160 mat_red = [0.8500, 0.3250, 0.0980];
161 mat_yellow = [0.9290, 0.6940, 0.1250];
162 mat_purple = [0.4940, 0.1840, 0.5560];
163 mat_green = [0.4660, 0.6740, 0.1880];
164 mat_lightblue = [0.3010, 0.7450, 0.9330];
165 mat_winered = [0.6350, 0.0780, 0.1840];
166 mat_colors = [mat_blue; mat_red; mat_yellow; mat_purple; mat_green; mat_lightblue; mat_winered];
167 % Default matlab colors, somewhat lighter:
168 mat_blue_old = [122, 202, 255]/255;
169 mat_red_old = [255, 165, 126]/255;
170 mat_yellow_old = [255, 226, 158]/255;
171 mat_purple_old = [198, 132, 212]/255;
172 mat_green_old = [197, 235, 148]/255;
173 mat_lightblue_old = [200, 238, 255]/255;
174 mat_winered_old = [224, 123, 142]/255;
175 mat_colors_old = [mat_blue_old; mat_red_old; mat_yellow_old; mat_purple_old; mat_green_old;

mat_lightblue_old; mat_winered_old];
176
177 %% Calculate realized gain and ASLL for steering_angle [deg], for U taper and specified T taper
178 steering_angle = 0; % Steering angle [deg]
179 % Calculate realized gain and ASLL for steering_angle [deg], for uniform taper and taylor taper:
180 [RG_data_ref_U,RG_data_ref_T, ASLL_data_ref_U, ASLL_data_ref_T] = sa_RG_ASLL(data_ref,pol,fc,phi_slice,

phi_plot,steering_angle, N, Nx, taylor_nn_sl);
181 % Initialize for further calculations, (rows: pole distances, cols: theta values)
182 init_poles = zeros(length(data_ref.ax1),length(dist_poles),length(diam_poles)); % Assumes the same theta

resolution of the exported data (which we do have though)
183 init_poles_shells = zeros(length(data_ref.ax1),length(dist_poles),length(diam_poles),length(

legend_shells)); % Assumes the same theta resolution of the exported data (which we do have though)
184 RG_data_poles_U = init_poles; RG_data_poles_T = init_poles; % (RG, pole distances, pole diameters)
185 ASLL_data_poles_U = init_poles; ASLL_data_poles_T = init_poles;
186 RG_data_poles_shells_U = init_poles_shells; RG_data_poles_shells_T = init_poles_shells;
187 ASLL_data_poles_shells_U = init_poles_shells; ASLL_data_poles_shells_T = init_poles_shells;
188 for k=1:length(dist_poles) % Go through all pole distances
189 % Calculate realized gain and ASLL for steering_angle [deg], for uniform taper and taylor taper:
190 for d=1:length(diam_poles) % Go through all pole diameters
191 % Poles:
192 [RG_data_poles_U(:,k,d),RG_data_poles_T(:,k,d), ASLL_data_poles_U(:,k,d), ASLL_data_poles_T(:,k,

d)] = sa_RG_ASLL(data_poles(k,d), pol,fc, phi_slice, phi_plot, steering_angle, N, Nx,
taylor_nn_sl);

193 % Poles + shells:
194 for s=1:length(legend_shells) % For all types of shells (pole+shell)
195 % d+2*(s−1) such that each struct is found correctly!
196 [RG_data_poles_shells_U(:,k,d,s),RG_data_poles_shells_T(:,k,d,s), ASLL_data_poles_shells_U

(:,k,d,s), ASLL_data_poles_shells_T(:,k,d,s)] = sa_RG_ASLL(data_poles_shells(k, d+2*(s
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−1)), pol, fc, phi_slice, phi_plot, steering_angle, N, Nx, taylor_nn_sl);
197 end
198 end
199 end
200 disp("Calculations of realized gain and ASLL for steering angle "+steering_angle+"° complete!"))
201
202 %% Calculate realized gain and ASLL for steering_angles [deg], for U taper and specified T taper
203 steering_angles = −45:1:+45; % Steering angles [deg]
204 select_MRG_at_sa = true; % true/false
205 [RGmaxdB_data_ref_U, RGmaxdB_data_ref_T, ASLLdB_data_ref_U, ASLLdB_data_ref_T] = sas_MaxRG_ASLL(data_ref

,pol,fc,phi_slice,phi_plot,steering_angles, N, Nx, taylor_nn_sl,select_MRG_at_sa);
206 % Initialize for further calculations, (rows: pole distances, cols: theta values)
207 init_poles_ = zeros(length(steering_angles),length(dist_poles),length(diam_poles));
208 init_poles_shells_ = zeros(length(steering_angles),length(dist_poles),length(diam_poles),length(

legend_shells));
209 RGmaxdB_data_poles_U = init_poles_; RGmaxdB_data_poles_T = init_poles_; % (RGmaxdB, pole distances, pole

diameters)
210 ASLLdB_data_poles_U = init_poles_; ASLLdB_data_poles_T = init_poles_;
211 RGmaxdB_data_poles_shells_U = init_poles_shells_; RGmaxdB_data_poles_shells_T = init_poles_shells_;
212 ASLLdB_data_poles_shells_U = init_poles_shells_; ASLLdB_data_poles_shells_T = init_poles_shells_;
213 for k=1:length(dist_poles) % Go through all pole distances
214 % Calculate realized gain and ASLL for steering_angle [deg], for uniform taper and taylor taper:
215 for d=1:length(diam_poles) % Go through all pole diameters
216 % Poles:
217 [RGmaxdB_data_poles_U(:,k,d),RGmaxdB_data_poles_T(:,k,d), ASLLdB_data_poles_U(:,k,d),

ASLLdB_data_poles_T(:,k,d)] = sas_MaxRG_ASLL(data_poles(k,d),pol,fc,phi_slice,phi_plot,
steering_angles, N, Nx, taylor_nn_sl,select_MRG_at_sa);

218 disp("For pole diameter "+diam_poles(d)+" cm: Pole @ "+dist_poles(k)+" m solved! ("+k+"/"+
length(dist_poles)+")")

219 % Poles + shells:
220 for s=1:length(legend_shells) % For all types of shells (pole+shell)
221 % d+2*(s−1) such that each struct is found correctly!
222 [RGmaxdB_data_poles_shells_U(:,k,d,s),RGmaxdB_data_poles_shells_T(:,k,d,s),

ASLLdB_data_poles_shells_U(:,k,d,s), ASLLdB_data_poles_shells_T(:,k,d,s)] =
sas_MaxRG_ASLL(data_poles_shells(k, d+2*(s−1)),pol,fc,phi_slice,phi_plot,
steering_angles, N, Nx, taylor_nn_sl,select_MRG_at_sa);

223 disp("For pole diameter "+diam_poles(d)+" cm: Pole + shell @ "+s+" @ "+dist_poles(k)+
" m solved! ("+k+"/"+length(dist_poles)+"), ("+s+"/"+length(legend_shells)+")")

224 end
225 end
226 end
227 disp("Calculations of realized gain and ASLL for steering angles "+min(steering_angles)+" to "+max(

steering_angles+"° complete!"))
228
229 %% Plot results of the antenna without obstruction and with obstructions, with uniform taper and Taylor

taper
230 close all; clc
231
232 % Select what to plot:
233 % Tapers to plot:
234 uniform_taper = 1; taylor_taper = 0; % true/false
235 % Plot ref, poles or shells:
236 ref = 1; % true/false
237 poles_plt = 1; % true/false
238 shell1_plt = 0; % true/false
239 shell2_plt = 0; % true/false
240 shell3_plt = 0; % true/false
241 shell4_plt = 0; % true/false
242 shell2prim_plt = 0; shell3prim_plt = 0; % true/false
243
244 % Distances to plot:
245 % Poles: % Poles+S1: % Poles+S2: % Poles+S3: % Poles+S4:
246 p1m = 1; p1m_s1 = 1; p1m_s2 = 1; p1m_s3 = 1; p1m_s4 = 1; % true/false
247 p2m = 1; p2m_s1 = 1; p2m_s2 = 1; p2m_s3 = 1; p2m_s4 = 1; % true/false
248 p3m = 1; p3m_s1 = 1; p3m_s2 = 1; p3m_s3 = 1; p3m_s4 = 1; % true/false
249 p4m = 1; p4m_s1 = 1; p4m_s2 = 1; p4m_s3 = 1; p4m_s4 = 1; % true/false
250 p5m = 1; p5m_s1 = 1; p5m_s2 = 1; p5m_s3 = 1; p5m_s4 = 1; % true/false
251 p10m = 1; p10m_s1 = 1; p10m_s2 = 1; p10m_s3 = 1; p10m_s4 = 1; % true/false
252 p20m = 1; p20m_s1 = 1; p20m_s2 = 1; p20m_s3 = 1; p20m_s4 = 1; % true/false
253 p30m = 1; p30m_s1 = 1; p30m_s2 = 1; p30m_s3 = 1; p30m_s4 = 1; % true/false
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254 % Select angles to plot @ 3 m for S2' and S3':
255 p3m_s2prim_30deg = 1; p3m_s3prim_30deg = 1; % true/false
256 p3m_s2prim_37dot5deg = 1; p3m_s3prim_37dot5deg = 1;% true/false
257 p3m_s2prim_45deg = 1; p3m_s3prim_45deg = 1;% true/false
258 % Pole diameters to plot:
259 p5cm_dp = 1; p10cm_dp = 1; % true/false
260
261 th = data_ref.ax1; % Theta values for reference data (for plt it is assumed that all the data has the

same resolution/theta values)
262 dist_poles_plt = [p1m, p2m, p3m, p4m, p5m, p10m, p20m, p30m]*poles_plt; % Distances to plot (true/false)
263 diam_poles_plt = [p5cm_dp, p10cm_dp]; % Diameters to plot (true/false)
264 dist_shell1_plt = [p1m_s1, p2m_s1, p3m_s1, p4m_s1, p5m_s1, p10m_s1, p20m_s1, p30m_s1]; % Distances to

plot (true/false)
265 dist_shell2_plt = [p1m_s2, p2m_s2, p3m_s2, p4m_s2, p5m_s2, p10m_s2, p20m_s2, p30m_s2]; % Distances to

plot (true/false)
266 dist_shell3_plt = [p1m_s3, p2m_s3, p3m_s3, p4m_s3, p5m_s3, p10m_s3, p20m_s3, p30m_s3]; % Distances to

plot (true/false)
267 dist_shell4_plt = [p1m_s4, p2m_s4, p3m_s4, p4m_s4, p5m_s4, p10m_s4, p20m_s4, p30m_s4]; % Distances to

plot (true/false)
268 angl_shell2prim_plt = [p3m_s2prim_30deg, p3m_s2prim_37dot5deg, p3m_s2prim_45deg, 0, 0, 0, 0, 0]; %

Angles to plot (true/false)
269 angl_shell3prim_plt = [p3m_s3prim_30deg, p3m_s3prim_37dot5deg, p3m_s3prim_45deg, 0, 0, 0, 0, 0]; %

Angels to plot (true/false)
270 % Obey to above overwrite:
271 dist_shell1_plt = dist_shell1_plt*shell1_plt; % Unchanged if plt is true, all set to false if plt is

false
272 dist_shell2_plt = dist_shell2_plt*shell2_plt; % Unchanged if plt is true, all set to false if plt is

false
273 dist_shell3_plt = dist_shell3_plt*shell3_plt; % Unchanged if plt is true, all set to false if plt is

false
274 dist_shell4_plt = dist_shell4_plt*shell4_plt; % Unchanged if plt is true, all set to false if plt is

false
275 angl_shell2prim_plt = angl_shell2prim_plt*shell2prim_plt; % Unchanged if plt is true, all set to false

if plt is false
276 angl_shell3prim_plt = angl_shell3prim_plt*shell3prim_plt; % Unchanged if plt is true, all set to false

if plt is false
277 dist_poles_shells_plt = [dist_shell1_plt; dist_shell2_plt; dist_shell3_plt; dist_shell4_plt;

angl_shell2prim_plt; angl_shell3prim_plt]; % (shells, dist_poles)
278
279 % Select what type of calculated data to plot:
280 plttitle_Data_types = ["Realized gain in H-plane for steering angle Ø=0°", "Realized gain in H-plane",

"ASLL in H-plane"];
281 plttitle_Data_type = plttitle_Data_types(1);
282
283 if plttitle_Data_type == plttitle_Data_types(1) % RG
284 pltxylabel = {'Azimuth angle θ [◦]','Realized gain [dBi]'}; xplt = th;
285 yplt_data_ref_U = 20*log10(abs(RG_data_ref_U)); yplt_data_ref_T = 20*log10(abs(RG_data_ref_T));
286 yplt_data_poles_U = 20*log10(abs(RG_data_poles_U)); yplt_data_poles_T = 20*log10(abs(RG_data_poles_T

));
287 yplt_data_poles_shells_U = 20*log10(abs(RG_data_poles_shells_U)); yplt_data_poles_shells_T = 20*

log10(abs(RG_data_poles_shells_T));
288 elseif plttitle_Data_type == plttitle_Data_types(2) % MRG
289 pltxylabel = {'Steering angle in H−plane ∅ [◦]','Realized gain [dBi]'}; xplt = steering_angles;
290 yplt_data_ref_U = RGmaxdB_data_ref_U; yplt_data_ref_T = RGmaxdB_data_ref_T;
291 yplt_data_poles_U = RGmaxdB_data_poles_U; yplt_data_poles_T = RGmaxdB_data_poles_T;
292 yplt_data_poles_shells_U = RGmaxdB_data_poles_shells_U; yplt_data_poles_shells_T =

RGmaxdB_data_poles_shells_T;
293 elseif plttitle_Data_type == plttitle_Data_types(3) % ASLL
294 pltxylabel = {'Steering angle in H−plane ∅ [◦]','Realized gain [dBi]'}; xplt = steering_angles;
295 yplt_data_ref_U = ASLLdB_data_ref_U; yplt_data_ref_T = ASLLdB_data_ref_T;
296 yplt_data_poles_U = ASLLdB_data_poles_U; yplt_data_poles_T = ASLLdB_data_poles_T;
297 yplt_data_poles_shells_U = ASLLdB_data_poles_shells_U; yplt_data_poles_shells_T =

ASLLdB_data_poles_shells_T;
298 end
299 % Plot the selected data!
300 figure()
301 plt_gendata_ref_genpoles_genshells(plttitle_Data_type,pltxylabel,yplt_data_ref_U,yplt_data_ref_T,

yplt_data_poles_U,yplt_data_poles_T,yplt_data_poles_shells_U,yplt_data_poles_shells_T,xplt,N,Nx,
uniform_taper,taylor_taper,diam_poles,diam_poles_plt,ref,dist_poles,dist_poles_plt,
dist_poles_shells_plt,legend_shells)
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A.2 Function import_hfss_element_patterns()

1 % Reads in exported (embedded) far field element patterns calculated with
2 % HFSS. The embedded data is exported using the tab 'Compute Antenna
3 % Parameters', either by manually exporting embedded solutions of the data
4 % with the 'Export fields' option, or by letting HFSS create the embedded
5 % solutions (which however will/might yield numeric rounding errors). For
6 % the latter option, it is important that the first created antenna element
7 % (e.g. the first element in the source list in the edit sources tab)
8 % has the effect 1 W and all others 0 W, otherwise the embedded data will
9 % become incorrectly scaled.

10 function [data] = import_hfss_element_patterns(element_list,filename_prefix_text)
11 % INPUT
12 % element_list : list of the number if elements, e.g. 1:N where N is the
13 % number of elements
14 % filename_prefix_text : string if the file name prefix (excluding the element
15 % number), e.g. 'exported_HFSS_embedded_element_data_E_'
16 % OUTPUT
17 % data : struct with MATLAB readable data
18 % EXAMPLE
19 % data = import_hfss_element_patterns(1:N,exported_HFSS_embedded_element_data_E_)
20 % will read the file for each element:
21 % exported_HFSS_embedded_element_data_E_1.ffd
22 % exported_HFSS_embedded_element_data_E_2.ffd
23 % :
24 % exported_HFSS_embedded_element_data_E_N.ffd
25 % and, further, create a struct 'data' with:
26 % data.ax1 = theta axis
27 % data.ax2 = phi axis
28 % data.f = frequency
29 % data.E = E−field, on the form E(element,ax1,ax2,polarisation,frekvens)
30 % Read in calculated rE−field for all embedded element files (*.ffd):
31 data.f = [];
32 for nr_e = element_list
33 filename = [filename_prefix_text num2str(nr_e) '.ffd'];
34 disp(['Reading file : ' filename]);
35 tmp = readHFSSff(filename);
36 if isnumeric(tmp)
37 error(['File ' filename ' does not exist!']);
38 end
39 if isempty(data.f)
40 data.f = tmp.Frequency;
41 else
42 if length(data.f) ~= length(tmp.Frequency)
43 error(['File ' filename ' contains a different number of frequencies than previous file(s)!'

]);
44 else
45 data.f = tmp.Frequency;
46 end
47 end
48 data.ax1 = tmp.ThetaValues(:);
49 data.ax2 = tmp.PhiValues(:).';
50 data.E(nr_e,:,:,1,:) = permute(tmp.Eth,[2 1 4 3]);
51 data.E(nr_e,:,:,2,:) = permute(tmp.Eph,[2 1 4 3]);
52 end
53 % Recalculate to realized gain:
54 for nr_e = element_list
55 data.E(nr_e,:,:,:,:) = sqrt(2*pi*abs(data.E(nr_e,:,:,:,:).^2/376.7)).*exp(1i*angle(data.E(nr_e

,:,:,:,:)));
56 end
57 % Note that the realized gain for an element array has to be scaled/normalized by
58 % multiplying it with A_scale = sqrt(1/(sum(abs(A_vec).^2))) where A_vec is the (possibly complex)
59 % beamforming vector at the read and beamforming stage!
60 return

VIII



A. MATLAB code

A.3 Function readHFSSff ()

1 % Reads the contents of a HFSS far field data file (*.ffd):
2 function data = readHFSSff(HFSSffdfile)
3 % INPUT
4 % HFSSffdfile : HFSS far field data file (*.ffd)
5 % OUTPUT
6 % data : the far field data in a MATLAB compatible/readable format
7 % More specifically, the data is stored in a structure according to:
8 % data = struct('Frequency',[],'Eth',[],'Eph',[],'ThetaValues',[],'PhiValues',[]);
9 %

10 % Both data.Eth and data.Eph will be matrices of the size nPh x nTh x nFr
11 % where nTh and nPh are the numbers och theta and phi angles respectively
12 % nd nFr is the number of frequencies
13 % Eth <=> theta component (a+ib format)
14 % Eph <=> phi component (a+ib format)
15 % plot(abs(data.Eth(1,:))) − plots a theta cut for first phi angle
16 % plot(abs(data.Eth(:,1))) − plots a phi cut for first theta angle
17 %
18 % Example: data = readHFSSff('test.ffd')
19 %
20 % Initiate data structure
21 data=struct('Frequency',[],'Eth',[],'Eph',[],'ThetaValues',[],'PhiValues',[]);
22 fid=fopen(HFSSffdfile,'r');
23 if fid == −1 % The function returns −1 if the specified file does not exist
24 data = −1;
25 return
26 end
27 % Get theta, phi and frequency info from file
28 thInfo=textscan(fid,'%f %f %f\n',1);
29 phInfo=textscan(fid,'%f %f %f\n',1);
30 frInfo=textscan(fid,'%s %d\n',1);
31 % Theta values, phi values no frequencies, no theta points, no phi points
32 thDeg=linspace(thInfo{1},thInfo{2},thInfo{3});
33 phDeg=linspace(phInfo{1},phInfo{2},phInfo{3});
34 nFr=frInfo{2};
35 nTh=thInfo{3};
36 nPh=phInfo{3};
37 % Get the data
38 for ii=1:1:nFr
39 allFr=textscan(fid,'Frequency %f\n',1);
40 freq(1,ii)=allFr{1};
41 allData=textscan(fid,'%f %f %f %f',nTh*nPh);
42 reimData(:,:,ii)=cell2mat(allData);
43 end
44 data.Eth=reshape(complex(reimData(:,1,:),reimData(:,2,:)),nPh,nTh,nFr);
45 data.Eph=reshape(complex(reimData(:,3,:),reimData(:,4,:)),nPh,nTh,nFr);
46 data.Frequency=freq;
47 data.ThetaValues=thDeg;
48 data.PhiValues=phDeg;
49 fclose(fid);

A.4 Function sa_RG_ASLL()

1 % Convert imported element patterns from HFSS (converted using
2 % 'import_hfss_element_patterns.m' with 'readHFSSff.m') to realized gain
3 % and ASLL for a desired steering angle [deg] and slice of phi.
4 function [RelGain_data,RelGain_data_T, ASLLdB_data, ASLLdB_data_T] = sa_RG_ASLL(data,pol,fc,phi_slice,

phi_plot,steering_angle, N, Nx, taylor_nn_sl)
5 % INPUT
6 % data : the data exported from HFSS using 'import_hfss_element_patterns' and 'readHFSSff'
7 % pol : the desired polarization (1 (phi) or 2 (theta))
8 % fc : the single (centre) frequency you want to obtain the results for
9 % phi_slice : the slice of phi the ASLL should be calculated for
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10 % phi_plot : the value(s) of phi the realized gain should be calculated for
11 % steering_angle : the single steering angle the realized gain should be beamformed/steered to
12 % N : number of elements in the antenna
13 % Nx: number of elements in one direction (used such that calculations/beamforming is correctly applied

on matrixes of elements, e.g. for 31x3 antenna)
14 % (E.g. (N)x(N/Nx) antenna array, for 21x1 then N=Nx=21 whereas for 31x3 then N=93 and Nx=31)
15 % taylor_nn_sl : specifications of nn and sl for Taylor taper
16 % OUTPUT
17 % RelGain_data : the calculated realized gain for uniform taper steered to steering_angle [deg]
18 % RelGain_data_T : the calculated realized gain for Taylor taper steered to steering_angle [deg]
19 % ASLL_data : the corresponding calculated ASLL for the uniform taper realized gain
20 % ASLL_data_T : the corresponding calculated ASLL for the Taylor taper realized gain
21 plot1 = false; plot2 = false; % Do not plot the resulting realized gain
22 relative = false; % Relative ASLL not desired
23 plot0 = false; % Do not plot the ASLL calculation results
24 th = data.ax1; % Theta values for the realized gain
25 main_dir = steering_angle; % The steering angle of the realized gain data, specified to be used
26 % for plot0 in RelGain2AvgSLL(), however not used bc plot0 is set to false
27 A_mag = ones(1,N); % Obtain magnitude vector for uniform taper
28 A_mag_T = taylortap_lin(Nx,taylor_nn_sl(1),taylor_nn_sl(2)); % Obtain magnitude vector for Taylor taper
29 % The magnitude vector is desired to be an array and not matrix, but the
30 % same beamforming vector should be applied to each row of the antenna,
31 % e.g. for 31x3 antenna the 31 element vector should be repeated three
32 % times in an array
33 if not(N/Nx==1) % Fix Taylor taper if the antenna is a matrix of elements
34 A_mag_T_temp = A_mag; % Required temporary save
35 for i=1:N/Nx
36 A_mag_T = [A_mag_T,A_mag_T_temp]; % Repeat the taper
37 end
38 end
39 A_vec = []; A_vec_T = []; % Initialize beamforming vector for uniform and Taylor tapers
40 for n=1:Nx:N % Steer in main_dir direction
41 % (n:n+Nx−1) such that the phase shift is applied to the correct
42 % elements even if the antenna is a matrix of elements, e.g. 31x3
43 A_vec = [A_vec, phase2A(A_mag(n:n+Nx−1),main_dir)];
44 A_vec_T = [A_vec_T, phase2A(A_mag_T(n:n+Nx−1),main_dir)];
45 end
46 RelGain_data = E2RelGain(data,pol,fc,A_vec,phi_plot,plot1,plot2);
47 ASLLdB_data = RelGain2AvgSLL(RelGain_data,th,relative,phi_slice,main_dir,plot0);
48 RelGain_data_T = E2RelGain(data,pol,fc,A_vec_T,phi_plot,plot1,plot2);
49 ASLLdB_data_T = RelGain2AvgSLL(RelGain_data_T,th,relative,phi_slice,main_dir,plot0);
50 end

A.5 Function sas_MaxRG_ASLL()

1 % Calculate max realized gain and average side lobe level for all steering
2 % angles in the array steering_angles, for uniform and Taylor tapers.
3 function [realized_gain_dB_max,realized_gain_dB_max_T, avg_SLL_dB, avg_SLL_dB_T] = sas_MaxRG_ASLL(data,

pol,fc,phi_slice,phi_plot,steering_angles, N, Nx, taylor_nn_sl, select_MRG_at_sa)
4 % INPUT
5 % data : the data exported from HFSS using 'import_hfss_element_patterns' and 'readHFSSff'
6 % pol : the desired polarization (1 (phi) or 2 (theta))
7 % fc : the single (centre) frequency you want to obtain the results for
8 % phi_slice : the slice of phi the ASLL should be calculated for +
9 % phi_plot : the value(s) of phi the realized gain should be calculated for

10 % steering_angles : the steering angles the realized gain should be beamformed/steered to
11 % N : number of elements in the antenna
12 % Nx: number of elements in one direction (used such that calculations/beamforming is correctly applied

on matrixes of elements, e.g. for 31x3 antenna)
13 % (E.g. (N)x(N/Nx) antenna array, for 21x1 then N=Nx=21 whereas for 31x3 then N=93 and Nx=31)
14 % taylor_nn_sl : specifications of nn and sl for Taylor taper
15 % select_MRG_at_sa : true/false, if the max realized gain [dB] should be selected from the actual

steering angle or from the maximum value of the solution (e.g. from any steering angle such that
the steering is allowed to be slightly off)

16 % OUTPUT
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17 % realized_gain_dB_max : the calculated max realized gain [dB] for uniform taper steered to
steering_angles [deg]

18 % realized_gain_dB_max_T : the calculated max realized gain [dB] for Taylor taper steered to
steering_angles [deg]

19 % avg_SLL_dB : the corresponding calculated ASLL for the uniform taper max realized gain
20 % avg_SLL_dB_T : the corresponding calculated ASLL for the Taylor taper max realized gain
21 plot1 = false; plot2 = false; % Do not plot the resulting realized gain
22 relative = false; % Relative ASLL not desired
23 th = data.ax1; % Theta values for the realized gain
24 realized_gain_dB_max = []; avg_SLL_dB = []; % Initialize
25 realized_gain_dB_max_T = []; avg_SLL_dB_T = []; % Initialize
26 for a = 1:length(steering_angles) % For all steering angles
27 main_dir = steering_angles(a); % Select steering angle [degrees]
28 A_mag = ones(1,N); % Obtain magnitude vector for uniform taper
29 A_mag_T = taylortap_lin(Nx,taylor_nn_sl(1),taylor_nn_sl(2)); % Obtain magnitude vector for Taylor

taper
30 if not(N/Nx==1) % Fix Taylor taper if the antenna is a matrix of elements
31 A_mag_T_temp = A_mag; % Required temporary save
32 for i=1:N/Nx
33 A_mag_T = [A_mag_T,A_mag_T_temp]; % Repeat the taper
34 end
35 end
36 A_vec = []; A_vec_T = []; % Initialize beamforming vector for uniform and Taylor tapers
37 for n=1:Nx:N % Steer in main_dir direction
38 % (n:n+Nx−1) such that the phase shift is applied to the correct
39 % elements even if the antenna is a matrix of elements, e.g. 31x3
40 A_vec = [A_vec, phase2A(A_mag(n:n+Nx−1),main_dir)];
41 A_vec_T = [A_vec_T, phase2A(A_mag_T(n:n+Nx−1),main_dir)];
42 end
43 Realized_Gain = E2RelGain(data,pol,fc,A_vec,phi_plot,plot1,plot2);
44 Realized_Gain_T = E2RelGain(data,pol,fc,A_vec_T,phi_plot,plot1,plot2);
45 if select_MRG_at_sa % If the max realized gain should be selected at the current steering angle
46 realized_gain_dB_max = [realized_gain_dB_max, 20*log10(abs(Realized_Gain(find(main_dir==th),find

(phi_slice==phi_plot))))]; % Select the realized gain value at the desired th
47 realized_gain_dB_max_T = [realized_gain_dB_max_T, 20*log10(abs(Realized_Gain_T(find(main_dir==th

),find(phi_slice==phi_plot))))]; % Select the realized gain value at the desired th
48 else % If the max realized gain should be selected at any steering angle (e.g. it can be slightly

off)
49 realized_gain_dB_max = [realized_gain_dB_max, max(20*log10(abs(Realized_Gain(:,find(phi_slice==

phi_plot)))))];
50 realized_gain_dB_max_T = [realized_gain_dB_max_T, max(20*log10(abs(Realized_Gain_T(:,find(

phi_slice==phi_plot)))))];
51 end
52 % Check avg side lobe level for the solution:
53 AvgSideLobeLvl = RelGain2AvgSLL(Realized_Gain(:,find(phi_slice==phi_plot)),th,relative,phi_slice,

main_dir,false);
54 AvgSideLobeLvl_T = RelGain2AvgSLL(Realized_Gain_T(:,find(phi_slice==phi_plot)),th,relative,phi_slice

,main_dir,false);
55 avg_SLL_dB = [avg_SLL_dB, AvgSideLobeLvl];
56 avg_SLL_dB_T = [avg_SLL_dB_T, AvgSideLobeLvl_T];
57 end
58 end

A.6 Function E2RelGain()

1 % Convert imported element patterns from HFSS (converted using
2 % 'import_hfss_element_patterns.m' with 'readHFSSff.m') to realized gain
3 % and plot (2D and/or 3D) if desired. An embedded element pattern referrs to
4 % the pattern of one element obtained as it's effect is set to 1 W whilst all
5 % other elements' effect is set to 0 W.
6 function Realized_Gain = E2RelGain(data,pol,fc,A_vec,phi_plot,plot1,plot2)
7 % INPUT
8 % data : the data exported from HFSS using 'import_hfss_element_patterns' and 'readHFSSff'
9 % pol : the desired polarization (1 (phi) or 2 (theta))

10 % fc : the (centre) frequency you want to obtain the results for
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11 % A_vec : amplitude vector, possibly modified in amplitude in phase
12 % phi_plot : vector of the phi values (degrees) you want to plot, e.g. [0, 10, 20, 30]
13 % plot1 : true/false, if you want to plot realized gain in 2D or not
14 % plot2 : true/false, if you want to plot realized gain in 3D or not
15 % OUTPUT
16 % Realized_Gain : the realized gain, for the phi values that were selected
17 th = data.ax1; % Theta values [degrees]
18 phi = data.ax2; % Phi values [degrees]
19 f = data.f; % Frequency values [Hz]
20 A_scale = sqrt(1/(sum(abs(A_vec).^2))); % Array scaling factor
21 for i=1:length(th) % For all theta
22 for j=1:length(phi_plot) % For all (desired) phi (e.g. select not all/a few for fast computation)
23 % Sum field of all N elements for all theta and all (desired) phi values
24 export_vector = data.E(:,i,find(phi==phi_plot(j)),pol,find(f==fc)); % Extract imported data
25 export(i,j) = sum(A_vec.*export_vector.')*A_scale; % Apply beamforming with A_vec, sum and scale
26 end
27 if plot2==true && not(length(phi_plot)==length(phi)) % In case a 3D plot is desired
28 for j_=1:length(phi) % For ALL phi (slightly slower computation for all phi)
29 % Sum field of all N elements for all theta and all phi values
30 export_vector2 = data.E(:,i,j_,pol,find(f==fc)); % Again, extract imported data
31 export2(i,j_) = sum(A_vec.*export_vector2.')*A_scale; % OBS, .' for nonconjugate transpose
32 end
33 end
34 end
35 Realized_Gain = export; % To return
36 if plot1==true % Plot 2D?
37 figure(1)
38 for idx=1:length(phi_plot) % Plot result of the selected phi values
39 plot(th,20*log10(abs(export(:,idx))),'LineWidth',1); hold on; grid on; % 2D rectangular
40 end
41 legend("ϕ = "+phi_plot+"◦",'Location','southwest');
42 xlabel('Azimuth angle θ [◦]'); ylabel('Realized gain [dBi]'); title('Realized gain')
43 end
44 if plot2==true % Plot 3D?
45 Realized_Gain = export2; % In case more data was collected, return it all
46 figure(2)
47 PatternPlotOptions(Transparency=0.1);
48 colorbar;
49 caxis([−62.5 25]);
50 %patternCustom(20*log10(abs(export2.')),th,phi,"CoordinateSystem","polar",Slice="phi",SliceValue=0);

% 2D polar
51 patternCustom(20*log10(abs(export2.')),th,phi); % 3D polar
52 end
53 end

A.7 Function RelGain2AvgSLL()

1 % Calculate the average sidelobe level (ASLL) of the realized gain for one
2 % slice of phi.
3 function AvgSideLobeLvldB = RelGain2AvgSLL(Realized_Gain,th,relative,phi_slice,main_dir,plot0)
4 % INPUT
5 % Realized_Gain : array of realized gain
6 % th : the theta values for the array (e.g. data.ax1)
7 % relative : true/false for relative ASLL or not
8 % phi_slice : the phi value, only required for specification in plot!
9 % main_dir : direction [deg] the beam is steered into, only required for

10 % specification in plot!
11 % plot0 : true/false, if the result should be plotted or not
12 % OUTPUT
13 % AvgSideLobeLvl : scalar of the average sidelobe level
14 mat_blue = [0, 0.4470, 0.7410]; mat_red = [0.8500, 0.3250, 0.0980]; % Plot colors
15 if not(size(Realized_Gain,2)==1) % Make sure only an array of realized gain is input
16 disp('The size of RelGain should be (th,1), e.g. only for one phi value!')
17 end
18 % Find max value. This should be equal to main beam. But with beamforming
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19 % this might not be the case (e.g. low gain in desired direction if
20 % nulling), so let's also overwrite with our desired direction...
21 [max_val,max_idx] = max(Realized_Gain);
22 % From the maximum idx, loop through all gain values in both directions
23 % until a minimum is found, then you know the width of the main lobe from
24 % null to null
25 RG_left = 20*log10(abs(flip(Realized_Gain(1:max_idx,1)))); % Max and left side of it
26 RG_right = 20*log10(abs(Realized_Gain(max_idx:end,1))); % Max and right side of it
27 null_idx_r = []; null_idx_l = []; % Initialize
28 for r=1:length(RG_right)−1 % Loop through right side and find null idx
29 if RG_right(r+1)>RG_right(r)
30 null_idx_r = r−1;
31 break; % Breaks out of for−loop (bc idx found)
32 end
33 end
34 if isempty(null_idx_r) % If no right side lobes
35 null_idx_r = length(RG_right)−1; % Last idx
36 end
37 for l=1:length(RG_left)−1 % Loop through left side and find null idx
38 if RG_left(l+1)>RG_left(l)
39 null_idx_l = l−1;
40 break; % Breaks out of for−loop (bc idx found)
41 end
42 end
43 if isempty(null_idx_l) % If no left side lobes
44 null_idx_l = length(RG_left)−1; % Last idx
45 end
46 % Remove main lobe from original vector (with the realized gain)
47 % Also store it for plot to check that it was removed correctly
48 RG_mainlobe = Realized_Gain((max_idx−null_idx_l):max_idx+null_idx_r,1);
49 th_mainlobe = th((max_idx−null_idx_l):max_idx+null_idx_r,1);
50 RG_sidelobes_l = Realized_Gain(1:(max_idx−null_idx_l));
51 RG_sidelobes_r = Realized_Gain(max_idx+null_idx_r:end);
52 th_sidelobes_l = th(1:(max_idx−null_idx_l));
53 th_sidelobes_r = th(max_idx+null_idx_r:end);
54 RG_sidelobes = [RG_sidelobes_l;RG_sidelobes_r]; % Array of the sidelobes
55 AvgSideLobeLvldB = mean(20*log10(abs(RG_sidelobes))); % in dB
56 if not(relative)
57 if plot0
58 figure()
59 plot(th_mainlobe,20*log10(abs(RG_mainlobe)),'LineWidth',1,'Color',mat_blue); hold on; grid on;
60 plot(th_sidelobes_l,20*log10(abs(RG_sidelobes_l)),'LineWidth',1,'Color',mat_red); hold on;
61 plot(th_sidelobes_r,20*log10(abs(RG_sidelobes_r)),'LineWidth',1,'Color',mat_red); hold on;
62 plot(th,ones(1,length(th))*AvgSideLobeLvldB,'- -','LineWidth',1,'Color',mat_red)
63 xline(main_dir,'- -g','LineWidth',1); hold on;
64 xlabel('Azimuth angle θ [◦]'); ylabel('Realized gain [dBi]'); title(

"Average side lobe level ASLL = "+AvgSideLobeLvldB+" dBi for ϕ ="+phi_slice+"◦");
65 end
66 end
67 if relative
68 RG_mainlobe_rel = RG_mainlobe/max_val;
69 RG_sidelobes_l_rel = RG_sidelobes_l/max_val;
70 RG_sidelobes_r_rel = RG_sidelobes_r/max_val;
71 AvgSideLobeLvl_rel = mean(20*log10(abs(RG_sidelobes/max_val)));
72 if plot0
73 figure()
74 plot(th_mainlobe,20*log10(abs(RG_mainlobe_rel)),'LineWidth',1,'Color',mat_blue); hold on; grid

on;
75 plot(th_sidelobes_l,20*log10(abs(RG_sidelobes_l_rel)),'LineWidth',1,'Color',mat_red); hold on;
76 plot(th_sidelobes_r,20*log10(abs(RG_sidelobes_r_rel)),'LineWidth',1,'Color',mat_red); hold on;
77 plot(th,ones(1,length(th))*AvgSideLobeLvl_rel,'- -','LineWidth',1,'Color',mat_red); hold on;
78 xlabel('Azimuth angle θ [◦]'); ylabel('Relative realized gain [dBi]'); title(

"Relative average side lobe level ASLL = "+AvgSideLobeLvl_rel+" dBi for ϕ ="+phi_slice+"◦")
;

79 end
80 AvgSideLobeLvldB = AvgSideLobeLvl_rel;
81 end
82 end
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A.8 Function phase2A()

1 % Apply phase shift to magnitude vector for antenna beamforming
2 function A_lin_phase_shift = phase2A(A,steering_angle)
3 % INPUT
4 % A: amplitude/magnitute vector for antenna array
5 % steering_angle : the angle the vector should be steered to (linearly)
6 % OUTPUT
7 % A_lin_phase_shift : linearly phase shifted antenna beamforming array
8 N = length(A); % Number of elements in one direction
9 d_phase = rad2deg(pi*sin(deg2rad(steering_angle)))*ones(1,N); % Array with phase shifts

10 for k=1:N % For all elements
11 A(k)=A(k)*exp(1j*deg2rad(−d_phase(k)*(k−1))); % Apply its phase shift
12 end
13 A_lin_phase_shift = A; % A_vec
14 end

A.9 Function taylortap_lin()

1 % Calculate excitations for a linear group antenna with equal distances between the antenna elements
2 function excitation=taylortap_lin(length,nn,sl)
3 % INPUT
4 % length: Number of antenna elements
5 % nn : number of equally high sidelobes before the attenuation is increased
6 % sl : Number of dB the first sidelobe should be attenuated with
7 % Example:
8 % taylortap_lin(21,3,31) : Calculates the excitation for 21 elements where
9 % the first 3 sidelobes on each side are attenuated with 31 dB in relation

10 % to the main lobe, after which the following sidelobes are attenuated
11 % further with sin(x)/x
12 % OUTPUT
13 % excitation : the resulting excitation (as described above)
14 [m,q]=meshgrid(1:(nn−1),1:(nn−1)); % Suitable help matrixes for the calculation
15 % Check if the number of elements is odd or even and assign to N
16 if mod(length,2)==1 % If odd
17 N=(length−1)/2;
18 else % If even
19 N=length/2;
20 end
21 % See Villeneuves Taylorpatterns for discrete arrays:
22 ny=10^(sl/20);
23 uo=cosh(1/(length−1)*log(ny+sqrt(ny^2−1)));
24 phi=2*acos(cos((2*q−1)*pi/(2*(length−1)))/uo);
25 omega=nn*pi/(length*acos(1/uo*cos((2*nn−1)*pi/(2*(length−1)))));
26 phiprim=omega*phi;
27 % Help functions used for calculation of E:
28 A=sin(m*pi/length−phiprim/2).*sin(m*pi/length+phiprim/2);
29 B=sin((m−q)*pi/length).*sin((m+q)*pi/length);
30 % Remove zero elements in B:
31 zero_elements = find( B==0 );
32 B(zero_elements) = 1;
33 % Calculate E:
34 E=length*(−1).^m(1,:).*prod(A)./(sin(m(1,:)*pi/length).*sin(2*m(1,:)*pi/length).*prod(B));
35 % Help functions used for calculation of E0:
36 C=(sin(phiprim/2)).^2;
37 D=(sin(q(:,1)*pi/length)).^2;
38 % Calculate E0:
39 E0=length*prod(C(:,1))/prod(D);
40 % Create suitable matrixes of m and E:
41 M=ones(length,1)*m(1,:);
42 E=ones(length,1)*E;
43 % Calculate the excitation (different dependent on if the number of elements is even or odd)
44 if mod(length,2)==1 % If odd
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45 [p]=meshgrid(−N:N,1:nn−1);
46 excitation=1/length*(E0+2*sum((E.*cos(p'.*M*2*pi/length))'));
47 else % If even
48 [p]=meshgrid(−(N−1):N,1:nn−1);
49 excitation=1/length*(E0+2*sum((E.*cos((p'−0.5).*M*pi/N))'));
50 end
51 % Normalize the excitation:
52 excitation=excitation/max(excitation);

A.10 Function plt_gendata_ref_genpoles_genshells()

1 % A general shell/almost GUI that can be used to plot combinations of
2 % different/desired types of calculated data for different antenna setups.
3 % The shell can be used or modified as desired but the intended setup is to input:
4 % 1) One antenna + no obstruction reference (e.g. antenna result without obstruction)
5 % 2) A general number of antenna + obstruction references (e.g. antenna result with poles in front of it

)
6 % 3) Any amount of shells with the same general number (e.g. for the same amount of pole distances) of

antenna + obstruction + shell solutions (e.g. antenna result with poles with shell in front of it)
7 function plt_gendata_ref_genpoles_genshells(plttitle_Data_type,pltxylabel,yplt_data_ref_U,

yplt_data_ref_T,yplt_data_poles_U,yplt_data_poles_T,yplt_data_poles_shells_U,
yplt_data_poles_shells_T,xplt,N,Nx,uniform_taper,taylor_taper,diam_poles,diam_poles_plt,ref,
dist_poles,dist_poles_plt,dist_poles_shells_plt,legend_shells)

8 % INPUT
9 % plttitle_Data_type(1) : string which first letter should be capitalized, denoting what type of data is

input (e.g. "Realized gain"). The string is only used to specity the data type in the plot title.
10 % pltxylabel{1:2} : Vector with two strings used only for xlabel (pltxylabel{1}) and ylabel (pltxylabel

{2})
11 % yplt_data_ref_U(length(realized gain)) : Array of uniform taper reference data to be plotted on yaxis
12 % yplt_data_ref_U(length(realized gain)) : Array of Taylor taper reference data to be plotted on yaxis
13 % yplt_data_poles_U(:,k,d) : Multiple dim. matrix of uniform taper pole data to be plotted on yaxis. The

matrix is of size (length(realized gain), length(dist_poles), length(diam_poles))
14 % yplt_data_poles_T(:,k,d) : Multiple dim. matrix of Taylor taper pole data to be plotted on yaxis. The

matrix is of size (length(realized gain), length(dist_poles), length(diam_poles))
15 % yplt_data_poles_shells_U(:,k,d) : Multiple dim. matrix of uniform taper pole+shell data to be plotted

on yaxis. The matrix is of size (length(realized gain), length(dist_poles), length(diam_poles), nr
of shells)

16 % yplt_data_poles_shells_T(:,k,d) : Multiple dim. matrix of Taylor taper pole+shell data to be plotted
on yaxis. The matrix is of size (length(realized gain), length(dist_poles), length(diam_poles), nr
of shells)

17 % xplt(:) : Array of data to be plotted along the xaxis (e.g. theta values or steering angles)
18 % N: number of elements in the antenna (used for specification in plot text)
19 % Nx: number of elements in one direction (used for specification in plot text, used such that

calculations/beamforming is correctly applied on matrixes of elements, e.g. for 31x3 antenna)
20 % (E.g. (N)x(N/Nx) antenna array, for 21x1 then N=Nx=21 whereas for 31x3 then N=93 and Nx=31)
21 % uniform_taper : single true/false, if uniform taper solutions should be plotted or not
22 % taylor_taper : single true/false, if Taylor taper solutions should be plotted or not
23 % diam_poles() : array of the solutions' pole diameters with unit cm (e.g. [5, 10];)
24 % diam_poles_plt() : array of trues/falses of the same length as diam_poles controlling which pole

diameter(s) should be plotted
25 % ref : single true/false, controlling if the reference (e.g. antenna without obstruction should be

plotted)
26 % dist_poles() : array of the solutions' pole distances with unit m (e.g. [1, 2, 3, 4, 5, 10, 20, 30];)
27 % dist_poles_plt() : array of trues/falses of the same length as dist_poles controlling which pole

distance(s) should be plotted
28 % dist_poles_shells_plt() : array of trues/falses of the same length as dist_poles controlling which

pole+shell distance(s) should be plotted
29 % legend_shells() : array of string(s) specifying the type(s) of shell(s), e.g. absorbent "FGM125",

which will be included in plot legend text
30 % Default matlab colors:
31 mat_blue = [0, 0.4470, 0.7410];
32 mat_red = [0.8500, 0.3250, 0.0980];
33 mat_yellow = [0.9290, 0.6940, 0.1250];
34 mat_purple = [0.4940, 0.1840, 0.5560];
35 mat_green = [0.4660, 0.6740, 0.1880];
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36 mat_lightblue = [0.3010, 0.7450, 0.9330];
37 mat_winered = [0.6350, 0.0780, 0.1840];
38 mat_pink = [1, 0.6667, 0.8980];
39 mat_colors = [mat_blue; mat_red; mat_yellow; mat_purple; mat_green; mat_lightblue; mat_winered; mat_pink

];
40 % Default matlab colors, somewhat lighter:
41 mat_blue_light = [122, 202, 255]/255;
42 mat_red_light = [255, 165, 126]/255;
43 mat_yellow_light = [255, 226, 158]/255;
44 mat_purple_light = [198, 132, 212]/255;
45 mat_green_light = [197, 235, 148]/255;
46 mat_lightblue_light = [200, 238, 255]/255;
47 mat_winered_light = [224, 123, 142]/255;
48 mat_pink_light = [255,211,242]/255;
49 mat_colors_light = [mat_blue_light; mat_red_light; mat_yellow_light; mat_purple_light; mat_green_light;

mat_lightblue_light; mat_winered_light; mat_pink_light];
50 % Desired plot variations:
51 lw_diam_poles = [1, 1.5]; % Linewidth for 5 cm and 10 cm pole diameter plots
52 ls_shells = {'- -','- .',':'}; % Linestyle for the different shells
53 figure() % Plot results
54 set(gcf,'Color','w');
55 if uniform_taper == true % If uniform taper should be plotted
56 legend_taper_type_U = "uniform (U)"; % For plt title
57 legend_poles_U = []; % Initialize (this will become a string)
58 legend_poles_shells_U = []; % Initialize (this will become a string)
59 legend_poles_polesshells_U = []; % Initialize (to store diam_poles in correct order)
60 if ref % If the reference should be plotted
61 plot(xplt,yplt_data_ref_U,'LineWidth',1,'Color','k'); hold on; grid on;
62 legend_ref_U = "U: No obstruction";
63 else % If not, exclude the legend
64 plot(NaN,NaN); legend_ref_U = "";
65 end
66 for d=1:length(diam_poles) % For all pole diameters
67 if diam_poles_plt(d) % If the pole diameter should be plotted
68 for i=1:length(dist_poles) % For all pole distances
69 if dist_poles_plt(i) % If the pole distance should be plotted
70 plot(xplt,yplt_data_poles_U(:,i,d),'LineWidth',lw_diam_poles(d),'Color',mat_colors(i

,:)); hold on; grid on;
71 legend_i = "U: "+diam_poles(d)+" cm diameter pole @ "+dist_poles(i)+" m"; % Create

the legend for distance i
72 else % If not, exclude the legend
73 plot(NaN,NaN); legend_i = "";
74 end
75 legend_poles_U = [legend_poles_U, legend_i]; % Save the legend for distance i
76 end
77 for s=1:length(legend_shells) % For all pole shells
78 for a=1:length(dist_poles) % For all pole distances
79 if dist_poles_shells_plt(s,a) % If the pole shell should be plotted
80 plot(xplt,yplt_data_poles_shells_U(:,a,d,s),'LineStyle',ls_shells{s},'LineWidth'

,lw_diam_poles(d),'Color',mat_colors_light(a,:)); hold on; grid on;
81 legend_a = "U: "+diam_poles(d)+" cm diameter pole + "+legend_shells(s)+" @ "+

dist_poles(a)+" m"; % Create the legend for distance a
82 else % If not, exclude the legend
83 plot(NaN,NaN); legend_a = "";
84 end
85 legend_poles_shells_U = [legend_poles_shells_U, legend_a]; % Save the legend for

distance a
86 end
87 end
88 legend_poles_polesshells_U = [legend_poles_polesshells_U, legend_poles_U,

legend_poles_shells_U]; % For a desired order in legend
89 legend_poles_U = []; legend_poles_shells_U = []; % Clear for next pole diameter
90 end
91 end
92 else
93 legend_taper_type_U = []; legend_ref_U = []; legend_poles_polesshells_U = []; % Required to define a

variable for the implemented plot setup
94 end
95 if taylor_taper == true % If Taylor taper
96 legend_taper_type_T = "Taylor (T)"; % For plt title
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97 legend_poles_T = []; % Initialize (this will become a string)
98 legend_poles_shells_T = []; % Initialize (this will become a string)
99 legend_poles_polesshells_T = []; % Initialize (to store diam_poles in correct order)

100 if ref % If the reference should be plotted
101 plot(xplt,yplt_data_ref_T,'LineWidth',1,'Color','k'); hold on; grid on;
102 legend_ref_T = "T: No obstruction";
103 else % If not, exclude the legend
104 plot(NaN,NaN); legend_ref_T = "";
105 end
106 for d=1:length(diam_poles) % For all pole diameters
107 if diam_poles_plt(d) % If the pole diameter should be plotted
108 for i=1:length(dist_poles) % For all pole distances
109 if dist_poles_plt(i) % If the pole distance should be plotted
110 plot(xplt,yplt_data_poles_T(:,i,d),'LineWidth',lw_diam_poles(d),'Color',mat_colors(i

,:)); hold on; grid on;
111 legend_i = "T: "+diam_poles(d)+" cm diameter pole @ "+dist_poles(i)+" m"; % Create

the legend for distance i
112 else % If not, exclude the legend
113 plot(NaN,NaN); legend_i = "";
114 end
115 legend_poles_T = [legend_poles_T, legend_i]; % Save the legend for distance i
116 end
117 for s=1:length(legend_shells) % For all the pole shells
118 for a=1:length(dist_poles) % For all the pole distances
119 if dist_poles_shells_plt(s,a) % If the pole shell should be plotted
120 plot(xplt,yplt_data_poles_shells_T(:,a,d,s),'LineStyle',ls_shells{s},'LineWidth'

,lw_diam_poles(d),'Color',mat_colors_light(a,:)); hold on; grid on;
121 legend_a = "T: "+diam_poles(d)+" cm diameter pole + "+legend_shells(s)+" @ "+

dist_poles(a)+" m"; % Create the legend for distance a
122 else % If not, exclude the legend
123 plot(NaN,NaN); legend_a = "";
124 end
125 legend_poles_shells_T = [legend_poles_shells_T, legend_a]; % Save the legend for

distance a
126 end
127 end
128 legend_poles_polesshells_T = [legend_poles_polesshells_T, legend_poles_T,

legend_poles_shells_T]; % For a desired order in legend
129 legend_poles_T = []; legend_poles_shells_T = []; % Clear for next pole diameter
130 end
131 end
132 else
133 legend_taper_type_T = []; legend_ref_T = []; legend_poles_polesshells_T = []; % Required to define a

variable for the implemented plot setup
134 end
135 if uniform_taper & taylor_taper
136 legend_taper_type = "uniform (U) and Taylor (T)"
137 else
138 legend_taper_type = [legend_taper_type_U,legend_taper_type_T]; % Either U or T
139 end
140 % Plot the results:
141 legend([legend_ref_U,legend_poles_polesshells_U,legend_ref_T,legend_poles_polesshells_T]); xlabel(

pltxylabel{1}); ylabel(pltxylabel{2});
142 title(plttitle_Data_type+" for "+N/Nx+"x"+Nx+" waveguide antenna with "+legend_taper_type+" taper");

grid minor
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B
Ansys HFSS simulation setups

and meshing methods

In this chapter, Section B.1 details how the implemented antenna and obstruction
simulation described in Section 3.2 was constructed with the use of a FE-BI bound-
ary around the array antenna and a FE-BI boundary or an IE region around the
obstruction. Further, Section B.2 describes the setup for simulating an obstruc-
tion and incident electromagnetic waves in an enclosed environment using the PML
boundary and a Lattice Pair. Lastly, Section B.3 details the simulation setup for
characterisation of any absorbent using the Floquet Port and Lattice Pairs.

B.1 Antenna and obstruction simulation setup us-
ing the FE-BI boundary and the IE region

For simulation of an antenna as an obstruction is located far away from it in vacuum,
a FE-BI boundary can be placed around the antenna and, depending on the material
of the obstruction (e.g. if it is a single structure of PEC or not), an IE region or
a FE-BI boundary can be assigned to/around the obstruction which enables faster
meshing and, thus, a significantly reduced simulation time. Figure B.1 exemplifies
an Ansys HFSS model setup (e.g. the one implemented in this project) for which the
described setup is useful. In this section, an introduction is given of Ansys HFSS’s
IE region and FE-BI boundary, both of which were implemented for the antenna
and obstruction simulations described in Section 3.2.
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Figure B.1: Exemplification of an Ansys HFSS model with an array antenna and
an obstruction located at a large distance (e.g. 1 m) from it in vacuum, for which

the meshing and simulation time can be reduced significantly through the
implementation of a FE-BI boundary around the antenna and an IE region or a

FE-BI boundary around the obstruction.

Implementation of the IE region is effective when meshing a singular large object
made out of PEC/metal. In order to assign an IE region to a structure, the struc-
ture’s surface or all of its faces should be selected, after which “Assign Hybrid”
followed by “IE Region” should be selected after right-clicking in the Modeler Win-
dow. Please note that for this option to appear, the project solution type needs to
be defined as “HFSS with Hybrid and Arrays”. Distinct from the IE region that
can only be applied to a singular PEC structure, the FE-BI boundary can handle
meshing structures that consist of multiple components of different materials and
varying sizes. Hence, a FE-BI boundary is, for instance, useful for meshing and
simulating array antennas or other more complicated arbitrary designs. A FE-BI
boundary is assigned around an object by covering it with an air box, selecting all
the faces of the air box, right-clicking in the Modeler Window and selecting “Assign
Boundary” followed by “FE-BI...”, as exemplified by Figure B.2. When adding the
air box around the object to measure, in order for the software to make accurate
calculations, Ansys HFSS recommends adding extra air space around the object
such that there is at least a twentieth of the simulation wavelength (λ/20) from the
object to the air box edge everywhere.
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Figure B.2: Exemplification of how to assign a FE-BI boundary to all the selected
faces of an added air box around the model to measure/simulate.

B.2 Setup for simulating waves incident on an ob-
struction in an enclosed environment using
the PML boundary and a Lattice Pair

The PML boundary is short for “perfectly matched layer” due to it being a complex
anisotropic fictitious material that fully absorbs all incident electromagnetic waves.
This makes the PML boundary suitable for terminating electromagnetic waves that
travel outside a defined space. As can be seen in the multiple electric field plots
shown in Section 3.3, the electric waves do not reflect on the walls of the enclosing
PML boundary, allowing the scattering at the obstruction to be observed without
interference. This section details how to employ the Ansys HFSS simulation envi-
ronment used to simulate and plot the resulting electric fields as incident waves were
propagated toward an obstruction.

In order to reduce the required simulation time and computer power (e.g. the
required computer or server RAM and CPU performance), the obstruction length
in the y-axis was reduced to a couple of mm (e.g. instead of the full 5 m pole length
employed in this project) after which the obstruction shortened in the y-axis and
its surrounding volume were covered in an air cell and, later, extended into infinity
with the use of a Lattice Pair. Reducing both the simulation time and increasing
the accuracy of the results with the use of the Lattice Pair was possible through
enclosing the simulation environment with boxes and assigning them to be a uniform
PML boundary, and through adding top and bottom sheets covering the upper and
lower xz-planes of the whole model (e.g. including the PML boundary boxes) that
the Lattice Pair sides could be assigned to, respectively. As PML boundaries are
perfectly matched layers the enclosing boundaries were perfect absorbents for the
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incoming electromagnetic waves and, hence, the added PML boundaries did not
introduce scattering at the edges. Hence, the affect that the obstruction had on the
incident waves could be evaluated in a completely enclosed environment.

Figure B.3: Setup of the PML boundaries and the incident plane wave in HFSS
for simulation of the resulting electric fields as incident waves were propagated

towards an obstruction. The figure exemplifies illumination of a wave with incident
angle 0◦ with TM/horizontal illumination where the electric field is polarized along
the x-axis. Instead, for TM/vertical polarization, the electric field vector should be

modified to be aligned with the y-axis/the cylinder axis.

Figure B.3 describes the setup of the PML boundaries enclosing the volume of the
obstruction and its surrounding environment and the setup of the incident plane
wave. For all simulations/shown incident wave plots in this project, the air cell was
designed with the area 400 × 800 mm2 in the xz-plane and with heights ranging
from 5 to 10.5 mm in the y-plane. The simulation environment can be seen in 3D in
figure B.4, which also details how the Lattice Pair, respectively, should be assigned
to the top and bottom xz-plane sheets covering the whole model.
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Figure B.4: Visualization of the set up environment in Ansys HFSS for simulation
of the resulting electric fields as incident waves were propagated toward the

obstruction at (x = 0, y = 0, z = 0). The top image shows the environment as a
whole and the bottom image visualizes how the Lattice Pair sides were assigned to

the top and bottom xz-plane sheets covering the whole model, respectively.

B.3 Simulation setup for absorbent characterisa-
tion using the Floquet Port and Lattice Pairs

This section details how to simulate a material in Ansys HFSS such that the ma-
terial’s absorbent characteristics can be evaluated. Figure B.5 shows the absorbent
material to be characterised (in pink) placed in front of a PEC box (in green) cor-
responding to an obstruction as well as an added longer air box (in transparent
white) in front of the absorbent box. Further, Figure B.5 exemplifies how a Floquet
Port should be assigned to the short end of the air box, and how linked Lattice Pairs
should be placed on each opposite long sides of the model (e.g. including the sides of
the air box, the absorbent box and the PEC box). Using this setup, incident waves
of the desired polarization can be simulated for different incident angles, such that
the measured reflected effect ratio S11 [dB] at the Floquet Port corresponds to the
return loss RL=|S11|. Hence, through viewing the simulated return loss RL=|S11|
for the polarization of interest with respect to the frequency for different incident
angles, the absorbent characteristics can be evaluated as low reflections (e.g. less
than −10 dB) imply high absorption by the material and a high return loss of more
than 10 dB. Figure B.5 exemplifies the simulation of the FGM-125 absorbent, as de-
scribed in Section 3.3.1, for which the defined dimensions are specified in Table B.1,
however it follows that an absorbent of any thickness or material can be simulated
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through extending the absorbent into the negative z-direction and moving the PEC
box along with it, and through defining the desired material properties.

Figure B.5: Visualization of the Ansys HFSS setup for simulating the reflected
effect in the air box (in transparent white) from an absorbent (in pink) in front of
a PEC box (in green), together with specifications of how to employ the Floquet

Port and Lattice Pairs.

Table B.1: Specification of the FGM-125 absorbent reflected effect simulation’s
dimensions, defined in Figure B.5.

Variable La Wa Ha Hb Hv

Value [mm] 10.0 10.0 3.18 2.70 80.0
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C
Meta-material parameter

extraction

This chapter describes how the relative permittivity ϵr and relative permeability µr

of an arbitrary material can be retrieved through the use of both Ansys HFSS and
MATLAB [3][4]. Through simulating a slab of the material in Ansys HFSS such
that its S-parameters S11 and S21 can be obtained (e.g. corresponding to return
loss RL=|S11| and insertion loss IL=|S21|, respectively), the results can be exported
to MATLAB for calculations of the material’s electromagnetic properties. In order
to simulate the material in Ansys HFSS, the material has to be encapsulated by
an air box as exemplified in Figure C.1 for a split ring resonator [1]. Further, the
opposite air box faces aligned with the xz-plane and with the xy-plane need to be
assigned perfect electric boundaries and perfect magnetic boundaries, respectively,
as described by Figure C.2.

Figure C.1: Visualization of how to encapsulate the material in an air box for
later S-parameter extractions and calculations of the material’s electromagnetic

properties. The material exemplified in the figure is an emulated split ring
resonator [1][4].
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a) Perfect electric boundary on air cell faces. b) Perfect magnetic boundary on air cell faces.

Figure C.2: Assignment of boundaries on opposite air cell faces [4].

a) Wave port 1. b) Wave port 2.

Figure C.3: Assignment of wave port 1 and 2 on the opposite air box faces
aligned with the yz-plane on the negative and positive x-axis, respectively [4].

After the Ansys HFSS simulation is finished, the S-parameters S11 and S21 need
to be exported to MATLAB for calculations of the relative permittivity ϵr and the
relative permeability µr. For instance, the S-parameters can be exported through
plotting the desired results in Ansys HFSS, right-clicking in the plot window and
exporting the desired file format (e.g. *.csv ) after selecting the tab “Export...”.
Having exported the required S-parameters to MATLAB, the relative permittivity
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ϵr and relative permeability µr can be obtained through first calculating the mate-
rial’s impedance z and refractive index n. The impedance z of the material can be
calculated as

z = ±

√√√√(1 + S11)2 − S2
21

(1 − S11)2 − S2
21

(C.1)

where S11 and S21 are the simulated and extracted S-parameters. Further, having
obtained the material impedance z from Equation (C.1) the refractive index n of
the material can be calculated as

n = 1
dk0

(
ln (ejndk0) + 2mπ − j ln (eindk0)

)
(C.2)

where m is an integer, d [m] is the largest length dimension in the unit cell and
where

k0 = 2π

(c/fc)
(C.3)

is the wave number in free space (e.g. the wavelength of the signal divided by the
speed of light in vacuum), c is the speed of light in vacuum and fc is the simulated
frequency implemented for the S-parameter solution [4]. Further, the relation

ejndk0 = S21

1 − S11(z − 1)/(z + 1) (C.4)

can be used to calculate the remaining quantity in Equation (C.2). The integer vari-
able m in Equation (C.2) affecting only the real part of the refractive index is used
for compensation of the phase shift inside the simulated material with a modulo
2π due to it being difficult to measure the absolute phase shift in the material [3].
For simulations of the split ring resonator visualized in Figure C.1, the integer was
selected to be m = 0 because the air cell encapsulating the simulated material was
much smaller than the simulated wavelength. The consequence of selecting an un-
suitable value of m is incorrect results of the refractive index and, hence propagating
errors as other quantities are calculated (and, thus, if for some reason larger material
slabs are to be simulated, more thought is required for the selection of this param-
eter). Having calculated quantities for the impedance z and the refractive index n,
the relative permittivity ϵr and the relative permeability µr can be calculated as

ϵr = n

z
(C.5)

and

µr = nz (C.6)

respectively. Figure C.4 shows examples of calculated real and imaginary refractive
index n and impedance z of the material simulated in Ansys HFSS for a range of
frequencies, and Figure C.5 shows the resulting real and imaginary relative permit-
tivity ϵr and relative permeability µr.
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a) Real n and z. b) Imaginary n and z.

Figure C.4: Calculated real and imaginary refractive index n and impedance z
over a range of frequencies for which the S-parameters S11 and S21 were simulated

and exported from Ansys HFSS.

a) Real ϵr and µr. b) Imaginary ϵr and µr.

Figure C.5: Calculated real and imaginary relative permittivity ϵr and relative
permeability µr over a range of frequencies for which the S-parameters S11 and S21

were simulated and exported from Ansys HFSS.
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