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Abstract

A radome is a structural, often waterproof, enclosure in front of an antenna to
protect it from external environmental disturbance. The vital role of a radome is
to protect the antenna from the effects of the surroundings with minimal impact
on the antenna performance. The radome is designed to be transparent to radar
and radio waves. The geometry of the radome causes several effects on the elec-
tromagnetic performance. Thus, a radome must be designed attentively to certify
that it has least impact on radiation and electrical performance of the enclosed
antenna. The methodology used in this project is to measure the distortion effect
by evaluating the Bore Sight Error (BSE), which shows the deviation of the direc-
tion of the antenna main lobe when the radome is introduced around the antenna.
The approach used in this thesis is a full wave simulation of a two-dimensional
radome and an antenna capable of steering its beam, computed using the Comsol
Multiphysics software. The radome is designed for a 24 GHz antenna with differ-
ent geometries and various parameters.

Keyword: radome, boresight error (BSE), radar, antenna, 24 GHz antenna,
phased array antenna, flat radome, curved radome.
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Popular Science Summary

In the modern society, we are using electromagnetic waves to transmit and receive
information and energy wireless daily and maybe most of us never think about
it. Some everyday examples are smartphones, car remote controls, some kids toys
etc. To use these, we need a device to convert electric current to electromagnetic
waves, which is called an antenna. An antenna is designed to send and receive
electromagnetic waves sometimes thousands of kilometers around the earth or
even in space. It can be implemented in radar systems to detect an object’s range,
direction and velocity. The radar antenna needs protection from the surrounding
environment such as rain, wind, dust.etc. The protection device is called a radome.
The radome should be as transparent as possible to electromagnetic radiation to
induce less impact on electromagnetic waves. However, transparency is not easily
achievable since the radome needs to be structurally strong at the same time.
For example, the radome must be robust to resist powerful mechanical conditions
such as rain and wind and should simultaneously be light weight. For different
purposes, there are different factors to design and manufacture a radome and
all these requirements can not be fully satisfied at the same time. This means
that the electrical transparency will be affected, that is to say, the radome will
to some extent change and effect the antenna performance. By considering the
radome design purposes, there are some important parameters to evaluate the
radome effect on antenna performance such as how much deviation will accrue
when the radome is in place or how much antenna power will be lost or how much
distortion happens in the radiation pattern. In this study we explain how the
radome geometry can affect the antenna. By using Comsol Multiphysics software,
different geometries for the radome are simulated and their effect on different
antenna models is investigated to define the impact of this type of radome on
these antenna. A certain radome material and frequency are considered to study.
In this thesis, deviation of propagation and power loss of antenna are important.
In other words, a change of propagation direction means that the object appears
to be in a different direction than it really is, and a power loss means that we may
have smaller range of detecting the objects. Therefore, the deviation and gain
were calculated in different designs to study the radome effect on antenna.

v



vi



Table of Contents

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Thesis goal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 The outline of this thesis . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Fundamentals of Radomes 3
2.1 Radome definition . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Radome effects on antenna performance . . . . . . . . . . . . . . . . 4
2.3 Radome Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3 Implementation of Radome 9
3.1 Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.2 Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.3 Antenna configuration . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.4 Evaluation method . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

4 Flat radome geometry 13
4.1 Flat radome effect on a single-port antenna . . . . . . . . . . . . . . 14
4.2 Flat radome effect on an array-dipole antenna . . . . . . . . . . . . 19

5 Curved radome geometry 21
5.1 Curved radome effect on a single-port antenna . . . . . . . . . . . . 21
5.2 Curved radome effect on an array-dipole antenna . . . . . . . . . . 26

6 Discussion and conclusion 29

7 Future Work 33

A Radiation pattern plots 35

vii



viii



List of Figures

2.1 Radome configurations: a) electrically thin, b) half-wave, c) A-sandwich,
d) B-sandwich, e) C-sandwich, f) multilayer. . . . . . . . . . . . . . 4

2.2 Reflection-transmission through a dielectric slab at normal incidence.
Only the first two internal propagations are indicated. . . . . . . . . 6

2.3 Reflection-transmission through a dielectric slab at an oblique incident
angle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.1 Two different geometries for radomes. . . . . . . . . . . . . . . . . 10
3.2 Array dipole antenna. . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.3 Graphic representation of Boresight error. . . . . . . . . . . . . . . . 11

4.1 Figure shows D and R that are changed to evaluate different designs. 13
4.2 Different edge shapes for the flat radome. . . . . . . . . . . . . . . . 14
4.3 BSE of different alternatives of flat radome (single-port antenna) in

z-component. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.4 BSE of different alternatives of flat radome (single-port antenna) in

x-component. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.5 Gain of different alternatives of flat radome (single-port antenna) for

z-component. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.6 Gain of different alternatives of flat radome (single-port antenna) for

x-component. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.7 Reflection coefficient of different alternatives of flat radome (single-

port antenna) for z-component. . . . . . . . . . . . . . . . . . . . . 18
4.8 Reflection coefficient of different alternatives of flat radome (single-

port antenna) for x-component. . . . . . . . . . . . . . . . . . . . . 18
4.9 BSE of different alternatives of flat radome (14-array-dipole antenna)

for z-component . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.10 BSE of different alternatives of flat radome (14-array-dipole antenna)

for x-component . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

5.1 Geometry and parameters D and R for curved radome designs. . . . . 21
5.2 BSE of different alternatives of curved radome (single-port antenna)

in z-component. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

ix



5.3 BSE of different alternatives of curved radome (single-port antenna)
in x-component. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

5.4 Gain of different alternatives of curved radome (single-port antenna)
in z-component. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5.5 Gain of different alternatives of curved radome (single-port antenna)
in x-component. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5.6 Reflection coefficient of different alternatives of curved radome (single-
port antenna) in z-component. . . . . . . . . . . . . . . . . . . . . . 25

5.7 Reflection coefficient of different alternatives of curved radome (single-
port antenna) in x-component. . . . . . . . . . . . . . . . . . . . . . 25

5.8 BSE of different alternatives of curved radome (14-array-dipole an-
tenna) in z-component. . . . . . . . . . . . . . . . . . . . . . . . . . 26

5.9 BSE of different alternatives of curved radome (14-array-dipole an-
tenna) in x-component. . . . . . . . . . . . . . . . . . . . . . . . . . 27

A.1 Radiation pattern plots of different alternatives of flat radome (single-
port antenna) beam-steering angle 70 degree in z-component. . . . 36

A.2 Radiation pattern plots of different alternatives of flat radome (single-
port antenna) beam-steering angle 70 degree in x-component. . . . 37

A.3 Radiation pattern plots of different alternatives of flat radome (array-
dipole antenna) beam-steering angle 70 degree in z-component. . . 38

A.4 Radiation pattern plots of different alternatives of flat radome (array-
dipole antenna) beam-steering angle 70 degree in x-component. . . 39

A.5 Radiation pattern plots of different alternatives of curved radome
(single-port antenna) beam-steering angle 70 degree in z-component. 40

A.6 Radiation pattern plots of different alternatives of curved radome
(single-port antenna) beam-steering angle 70 degree in x-component. 41

A.7 Radiation pattern plots of different alternatives of curved radome
(array-dipole antenna) beam-steering angle 70 degree in z-component. 42

A.8 Radiation pattern plots of different alternatives of curved radome
(array-dipole antenna) beam-steering angle 70 degree in x-component. 43

x



List of Tables

3.1 Parameters of the radome and antenna design. *The PML is a ficti-
tious layer absorbing all outgoing waves, whereas the far field surface
is where the fields are recorded and subsequently transformed to far
field data by Comsol. . . . . . . . . . . . . . . . . . . . . . . . . . . 9

4.1 Table of different values for two parameters D and R (Flat radome).
d = 2λ and r = λ. . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

5.1 Table of different values for two parameters D and R (curve radome
with a single-port antenna) d = 2λ and r = λ. . . . . . . . . . . . . 21

xi



xii



Chapter 1
Introduction

Radio Detection and Ranging (RADAR) system is an electromagnetic system used
to detect objects by means of radio waves. A radar determines observation angle,
velocity, and range of objects and it can be used to detect aircrafts, ships, motor
vehicles, etc. The location and speed of an object are determined when radio
waves are sent by a transmitter and the reflected signal is collected from the
object by the receiver. Radome is a portmanteau word of radar dome, and is a
mechanical device to protect the antenna against environmental conditions such
as wind, rain, ice, freezing rain, etc. The radome needs to be transparent at the
operating band of the radar to minimally attenuate the electromagnetic signal
transmitted or received by the antenna. In order to design a radome, geometrical
shape (such as a nose cone, flat slab or spherical structure), material, mechanical
properties and effects of the radome on the transmitted or received signals should
be considered depending on the application of interest [1]. The definition of a
suitable geometry shape is a critical part of a radome’s design. In addition to
shape design, to find an efficient radome design, other parameters such as thickness
of the radome, the permitivitty and the radome wall distance from the antenna
should be considered. The presence of the radome to an antenna system causes the
loss and distortion of the radiation pattern and will change the radiation pattern
from the look angle of the antenna. The degradation effect studied in this project
is that of Bore Sight Error (BSE). BSE is an important parameter in evaluating
the radome performance. The motivation of the thesis is to design a radome that
minimizes the affect of the radome on antenna performance and optimizes the
angle accuracy of a radar system.

1.1 Background

The study of radomes was intensified in 1940 due to the development of microwave
radar on higher speed aircraft [2]. Some examples of using radomes on the equip-
ment are military radar, telecommunication, microwave, civil and military, flight
simulation, weather radar, security camera etc [3]. A simple radome is made from
a flat dielectric slab, one-half wavelength in thickness. In one study, the thick-
ness of radome layer was adjusted to optimize the radome performance [4]. They
used simulation to find the best thickness profile to reduce the maximum BSE as
much as possible. In another approach, a genetic algorithm in combination with a
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2 Introduction

ray tracing method was used to optimize the BSE when the thickness of the skin
and the core layer of the radome were optimization parameters [5]. The material
properties of the radome were also investigated to improve the electromagnetic
performance of the radome [6]. In this thesis, the radome shape and geometrical
designs are parameters to optimize the radome performance.

1.2 Thesis goal

This project aims to investigate, design and evaluate different shapes of radomes
to analyze and find the best geometry to keep minimum signal attenuation or
signal losses and also minimize BSE and distortion of the radiation pattern when
covering a 24 GHz antenna. The simulation was done in this thesis by Comsol
Multiphysics. The outcome of the project is to propose a design guideline for
the radome to get sufficient beam and decrease BSE and also the radome should
cause minimum attenuation and affect the antenna signal performance as little as
possible. This guideline shows how changing parameters of the radome geometry
affects the antenna performance.

1.3 The outline of this thesis

This thesis is outlined as follow. Chapter 2 provides a literature review of radomes,
important antenna parameters and error measures which are affected by enclosing
the antenna with a radome. The calculation of basic radome parameters is pre-
sented at the end. In Chapter 3, all parameters and geometries for the design of a
suitable radome for this thesis are explained. Furthermore, an evaluation method
for these designs is described. Chapter 4 presents the methodology of different
alternative designs of flat radome geometry with changing two parameters of dis-
tance between antenna and top of radome and edge of radome in ground plane
for two different antenna models: a single-port antenna and a 14-array-dipole an-
tenna. Chapter 5 presents a radome design which is named curved radome in this
thesis with similar antennas model as used in Chapter 4 for evaluation. Discussion
and conclusions are presented in Chapter 6. At the final chapter, some possible
future work in this field is outlined.



Chapter 2
Fundamentals of Radomes

2.1 Radome definition

A radome is a dome-shaped housing for supporting a radar antenna. While the
radome protects the antenna from the environment, it also causes transmission
interference. The influence of the radome cover on radiation characteristics can be
reduced with an efficient radome design [7] [8]. Minimum reflections at the surface
of the cover and maximum transmission are desirable. Some important definitions
of radome and antenna which should be known to design are explained briefly in
this chapter.

2.1.1 Radome material

Choosing the radome material depends on the application and should usually be
waterproof and electrically isolating [9]. Two main electromagnetic properties of
radome materials are the dielectric constant ε (permittivity), which often increases
when the density of the material increases, and the loss tangent tan δ, which
expresses the ratio of the loss of electric energy. Thus, by considering the radome
weight, the permittivity should be as small as possible, and considering the radome
insertion loss, the loss tangent should be as small as possible. The dielectric
constant is one of the most important parameters in order to calculate the optimal
thickness.

2.1.2 Radome configuration

There exist several different configurations for radomes: single-layer (electrically-
thin and half-wave) and multilayer (A-sandwich, C-sandwich, and others) config-
urations. For a single layer structure, the layer thickness in an electrically-thin
radome is less than 0.1λ and for half-wave radome equals 0.5λ at the frequency of
interest. In a multilayer radome, there are different configurations consisting of a
combination of two or more layers with different dielectric constant. All different
structures are shown in Figure 2.1 [10].

3



4 Fundamentals of Radomes

Figure 2.1: Radome configurations: a) electrically thin, b) half-
wave, c) A-sandwich, d) B-sandwich, e) C-sandwich, f) multi-
layer.

2.1.3 Insertion Loss

Insertion loss is the amount of total power loss due to reflection and absorption
by the radome when the electromagnetic wave propagates through the radome
material. Insertion loss depends crucially on tan δ [11].

2.2 Radome effects on antenna performance

To design and analyze a radome, an antenna and radome should be considered
together as a system. The influence of the radome on the antenna performance,
such as gain, sidelobe level, beamwidth, polarization, etc, needs to be investigated.

2.2.1 Boresight Error (BSE)

Introducing a radome to an antenna causes distortion of the electromagnetic wave-
front through the dielectric material and it makes an angular deviation of the
main beam from boresight of the intended angle which is known as boresight er-
ror (BSE) [12]. BSE is one of the most important parameters to determine the
radome performance and is necessary to determine the required manufacturing
tolerance [13].

2.2.2 Gain

The gain of an antenna is defined as the ratio of the power density of an antenna’s
radiation pattern when it propagates in the direction of the strongest radiation to
that of a reference antenna. In this thesis, the reference antenna is an isotropic
radiator, which is a fictitious antenna radiating equally in all directions [14] [15].

2.2.3 Sidelobe Degradation

By introducing the radome, the antenna sidelobes will change because of distortion
and transmission effects. The radome may make extra sidelobes for some low
sidelobe antennas [13].
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2.2.4 Pattern and polarization distortions

Another effect of the radome on the antenna performance is deviation or change
of the main lobe’s direction and shape. Change in direction is BSE, change in
amplitude is gain and change in shape is mostly beam width. It also may cause
an increase in side lobes and cross-polarization.

2.3 Radome Calculations

Manufacturing a radome with good transparency to the desired radio frequency is
possible by using a material with a low dielectric constant (relative permittivity).
Using materials with low relative permittivity causes a reduction in reflection.
This is due to the different impedance of the free space and the dielectric material.
These types of material have minimum effects on radiation pattern and insertion
loss. The impedance of a material is stated by (2.1) [16]:

Z =

√
µ

ε
=

√
µ0µr
ε0εr

(2.1)

where:
Z = impedance
µ = permeability
µ0 = permeability of free space
µr = material relative permeability
ε = dielectric constant
ε0 = dielectric constant of free space
εr = relative dielectric constant of material

As previously mentioned, there are different styles of constructing a radome
wall known as solids and sandwiches style which can be chosen with different ma-
terials.

When the incident wave strikes on the surface of the dielectric, it is partially trans-
mitted and a part of it is reflected back. Since a half-wave wall solid (monolithic)
radome is studied in this thesis, reflection at normal incidence of a half-wave thick
radome is shown in figure 2.2. In this figure, the electromagnetic wave radiated by
the antenna enters the left wall of the radome. It is partially transmitted and par-
tially reflected, where the transmitted wave travels a phase distance of 180◦ and
hits the right radome wall, where it is partially transmitted and partially reflected
with a phase shift of 180◦. The reflected wave travels phase distance 180◦ inside
the radome, and the process is repeated at the left wall. Summing up all internal
reflections, it is seen that the transmitted waves at the right wall have the same
phase and add constructively to maximum total transmission, whereas the waves
at the left wall add destructively to yield zero total reflection. Figure 2.3 shows
how a half-wave dielectric slab effects on EM waves that are incident to a radome
wall with an oblique angle. During the transmission of an incident EM wave from
the boundary, there exist reflection at the free-space/dielectric boundary and at



6 Fundamentals of Radomes

Figure 2.2: Reflection-transmission through a dielectric slab at nor-
mal incidence. Only the first two internal propagations are in-
dicated.

the dielectric/free-space boundary. Multiple reflections and transmissions are not
shown in this figure. A transmission without reflection can be achieved in the
classical half-wave wall by constructive cancellation of reflected energy from each
of the two boundaries [17]. The well-known half-wave thickness expression is for

Figure 2.3: Reflection-transmission through a dielectric slab at an
oblique incident angle.

constant thickness radome:
λ0 =

c0
fc

(2.2)

t =
λ0

2
√
εr

(2.3)

When considering the angle of incidence, the optimum thickness of the radome is
given by (2.4) [18]:

t =
λ0

2
√
εr − sin2 θ

(2.4)
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where,
c0 = speed of light
fc = resonating frequency
λ0 = free space wavelength
t = radome wall thickness
εr = relative dielectric constant of radome material
θ = angle of incidence

After selecting material and calculating optimal thickness, designing the radome
geometry is the next important stage to evaluate the impact of the radome on the
antenna performance. As it is known, different shapes have different effects on
wave propagation properties. Also different values for distance between antenna
and radome cause different alternatives for each shape with different impacts on
antenna performance boresight error, reflection coefficient, gain, etc.
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Chapter 3
Implementation of Radome

Radomes can be manufactured in many shapes and sizes depending on the par-
ticular application. In this thesis, two geometries (Figure 3.1) were considered
to evaluate the impact of radomes on antenna performance based on EM simu-
lations. In this chapter, parameters and methodology of radome design for these
alternatives are explained.

3.1 Parameters

The radome wall structure which is used in this design is the half-wave single layer
wall due to its simplicity and having good RF performance. Table 3.1 shows all
the parameters and expression of calculations in this thesis work.

Description Parameter Expression Value
Design frequency f0 24 GHz
Design wavelength λ0

c0
f0

0.012427 m
Air permittivity ε0 1
Radome permittivity εr 2.83
Radome loss tangent tan δ 0.0076
Thickness of radome t λ0

2
√
εr

0.0036934 m
Width of antenna w 7λ0 0.086986 m
Width of planar part of radome W w 0.086986 m
Distance from antenna to radome d 2λ0 0.024853 m
Radius of radome transition r λ0 0.012427 m
Distance to far field surface* R-ff 6λ0 0.07456 m
Inner radius of PML* R-pml1 7λ0 0.086986 m
Outer radius of PML R-pml2 8λ0 0.099413 m

Table 3.1: Parameters of the radome and antenna design.
*The PML is a fictitious layer absorbing all outgoing waves,
whereas the far field surface is where the fields are recorded
and subsequently transformed to far field data by Comsol.

9



10 Implementation of Radome

3.2 Geometry

Two different geometries (flat and curved) for the radome are designed. The shapes
of these two geometries are presented in Figure 3.1. Different parameters for these
two shapes were defined for each sub-geometry such as changing the distance of
the antenna from the top and and edges of radome.

(a) Flat (b) Curve

Figure 3.1: Two different geometries for radomes.

3.3 Antenna configuration

Two different antenna models are implemented. A single port was a good choice
as a planar antenna in the first step due to its simplicity. The waves of the electric
field (E) for a single port antenna which is supposed to radiate in different angles
from 0 to 75 degree were generated by the equation (3.1):

E = e−jkx sin(θ) (3.1)

The evaluation is based on applying equation (3.1) in the antenna aperture to
the z-component or x-component to propagate wave in a single port design. To
design the second alternative of antenna an array dipole antenna is considered. An
antenna array is composed of two or more antenna elements that can be placed
in different geometries such as linear, circular, spherical and etc [19]. In a linear
antenna array, antenna elements are placed along one axis. The antenna array
generates a beam that can be controlled by changing the geometry and also by
other parameters, such as inter-element spacing, excitation amplitude and exci-
tation phase of the individual element [20]. In this thesis this array antenna is
designed in fourteen half wave dipole elements with half-wavelength separation
between elements and quarter-wavelength height from ground-plane. The steer-
ing angle of the array antenna was calculated by changing the phase from the
equation (3.2).

α = −jkxsin(θ) (3.2)

Figure 3.2 shows a fourteen dipole array antenna.
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Figure 3.2: Array dipole antenna.

3.4 Evaluation method

After defining the parameters and antenna models, radomes were designed and
simulated in Comsol Multiphysics for different alternatives. Then, some impor-
tant parameters such as BSE, reflection coefficient and gain of these designs were
calculated and compared by plotting in Matlab. Far field data was automatically
computed in Comsol by selecting the far field boundaries and was available as a
function of the angle in post processing. A refined mesh was defined at the far field
boundary in order to improve the resolution in BSE. As mentioned before, BSE is
one of the most important parameters to study how a radome effects on antenna
performance. Additionally, radiation pattern in a steering angle were also plotted
to see the effect of the radome on the main lobe and side-lobes of two antenna
models. Figure 3.3, shows the BSE concept in case of a radome attached antenna
and presents deviation of detected angle from actual angle [21]. To compute the
BSE from Comsol data, the peak direction of the main lobe was evaluated with
and without the radome by introducing a Comsol operator finding the maximum
of an entity along the far field surface.

Figure 3.3: Graphic representation of Boresight error.
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Chapter 4
Flat radome geometry

In this chapter, results of simulations and plots for the flat radome geometry en-
closing two types of antennas; single-port antenna and 14-array dipole antenna
are shown. The BSE for both antenna types and gain and reflection coeffi-
cient for single-port antenna are plotted in two polarizations, z-component and
x-component and for different beam-steering angles from 0 to 75 degree. For the
flat radome geometry, two parameters including distance of the antenna from the
top of the radome (D) and from the edge of the radome on the ground plane
(R) are changed to study the influence of these two parameters on the radiation
pattern. These two distances are shown in Figure 4.1. Another factor that was
implemented in our design is the shape of the radome’s edge. Two geometries are
considered as is shown in Figure 4.2. By changing these three parameters, nine
alternatives (summarized in Table 4.1) were designed and simulated. Boresight
error, gain and reflection coefficient are calculated to compare different designs
and geometries.

(a) Flat radome with a one port an-
tenna.

(b) Flat radome with a 14-array-
dipole antenna.

Figure 4.1: Figure shows D and R that are changed to evaluate
different designs.

Code FR1 FR2 FR3 FR4 FR5 FR6 FR7 FR8 FR9
D d d d d/2 d/2 d/2 d/4 d/4 d/4
R r r/2 r/2 r r/2 r/2 r r/2 r/2

Table 4.1: Table of different values for two parameters D and R
(Flat radome). d = 2λ and r = λ.

13



14 Flat radome geometry

(a) Geometry of the flat radome edge
A

(b) Geometry of the flat radome edge
B

Figure 4.2: Different edge shapes for the flat radome.

4.1 Flat radome effect on a single-port antenna

Figures 4.3 and 4.4 present BSE for nine different designs. Each colour shows a
constant distance of the antenna from the top of the radome. For beam-steering
angles below 40 degree BSE is below 0.5 for nine designs. For beam steering angle
larger than 40 degree, the curves have different BSE at different steering angles.
The dashed green curve (D=d, R=r) has two minima at 44 degree and 50 degree.
The BSE increases from zero to 5.0 when steering angle increases from 50 to 60
degree. The solid green curve has nearly similar behaviour as dashed green curve.
When D decreases to d/2, the red curves show similar pattern while there is sig-
nificant difference when r is varying. The lowest BSE for D=d/2 is for R=r/2 and
B edge. When D decreases to d/4, the BSE tends to increase gradually when the
beam steering angle increases.

By looking at BSE values in the Figure 4.4, we can see beam-steering angles
below 40 have the same behaviour as the z-component and the BSE stays below
0.5, then starts to increase. The BSE of the green and red curves have a peak
around 2 and 1.5, respectively, and then green curves go down below 1 and red
curves below 0.5. Black curves have their BSE value below 1 until steering angle
58 degree then increase to 5 when the steering angle reaches 70 degree.

Figures 4.5 and 4.6 show the gains in z-component and x-component when
there is no radome in place and when there is a radome with different designs.
In Figure 4.5, similar to BSE, for beam-steering angle below 40 degree, all curves
follow similar pattern. The blue curve indicating no radome present around the
antenna has higher gain which confirms expectations. The gain decreases when
the steering angle increases and minimum gain is 13 dB when there is not any
radome present. After 40 degree, gains are different for different radomes. Two
parameters of D and R are changing but as can be seen from the Figure 4.5, the R
variations have no effect on the gain for z-component, while changing D has impact
for the steering angle higher than 40 degree. The gain difference of the antenna
with and without radome is maximum 2 dB for z component. Figure 4.6 presents
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Figure 4.3: BSE of different alternatives of flat radome (single-port
antenna) in z-component.

the gain of the antenna in the x-component polarization. It is obvious that all the
curves follow the antenna gain which is shown with blue curve. Neither R nor D
variations affect the gain in this component. The gain of ntenna without radome
drops in x-component more than z-component when beam-steering angle increases.

Figures 4.7 and 4.8 show the reflection coefficient (S11) versus the beam steer-
ing angle. Reflection coefficient is very low at z-component and for x-component at
low angles. It means that the antenna is well matched and there is not a reflection
from the radome back to the antenna unless for high angles in x-component. By
looking at Figure 4.7 it is obvious that the only parameter that has an influence
(z-component) is the distance between the antenna and the top of the radome (D),
while the distance between the edge of the radome to the antenna (R) has no im-
pact on the reflection coefficient. The blue curve presents the reflection coefficient
when the radome is not enclosed. When D=d is equal to 2λ, the green curves have
different reflection coefficient at different angles. At 22 degree and 48 degree and
above 68 degree the reflection coefficient is similar to the case without the radome
present. When D=d/2 equal to λ, the S11 is at maximum for 52 degree steering
angle and it decreases for degree above 52. For D=d/4 equal to λ/2, the reflection
coefficient increases proportional to the steering angle and reaches to above -10 dB
for steering angle above 60 degree. As is shown in Figure 4.8 all curves almost fol-
low blue curves which presents reflection coefficient of the antenna without radome
for the x-component with a difference around 2 dB from 5 degree to 40 degree.
The curves have the same reflection coefficient to the blue curve after 40 degree.



16 Flat radome geometry

Figure 4.4: BSE of different alternatives of flat radome (single-port
antenna) in x-component.

The radiation pattern plots of beam-steering angle in 70 degree in z-component
and x-component, for some curves (FR1, FR4, FR5, FR6, FR9) are plotted in
Figure A.1 and A.2 in Appendix A.
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Figure 4.5: Gain of different alternatives of flat radome (single-port
antenna) for z-component.

Figure 4.6: Gain of different alternatives of flat radome (single-port
antenna) for x-component.
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Figure 4.7: Reflection coefficient of different alternatives of flat
radome (single-port antenna) for z-component.

Figure 4.8: Reflection coefficient of different alternatives of flat
radome (single-port antenna) for x-component.
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4.2 Flat radome effect on an array-dipole antenna

In this section, all the radome design settings are similar to the previous design
as explained in Table 4.1 but for a 14-array-dipole antenna which is shown in
Figure 4.1b. For array-dipole antenna BSE are plotted in Figures 4.9 and 4.10 for
nine different alternatives in both z-component and x-component. In Figure 4.9
the BSE is below 0.5 for all curves at beam-steering angles below 40 degree. For
beam-steering angle larger than 50 degree, curves have different BSE. There are
peaks at 60 degree for green curves where D=d, solid red curve and dashed red
curve when D=d/2 and in 62 degree for star-red curves. Then BSE of all these
curves drop and reach below 1 for BSE in 70 degree of beam-steering angle. Black
curves follow BSE value below 1 till 48 degree then start to increase more linearly
than other curves. In Figure 4.10 BSE of different alternatives of the flat radome
enclosing an array-dipole antenna for the x-component polarization are plotted.
All curves follow each other and BSE is below 0.5 util 40 degree of beam steering
angle. Then the green curves and red curves when D=d and D=d/2, respectively,
show a high peak and low peak between 50 and 60 degree of beam steering angle,
and start to increase again and reach to BSE between 2.6 and 4 for 74 degree of
beam-steering angle.

Figure 4.9: BSE of different alternatives of flat radome (14-array-
dipole antenna) for z-component

Gain or reflection coefficient results are not presented for the array-dipole
antenna due to the difficulty of handling many ports in Comsol. Therefore, it was
decided to only extract far field data for array-dipole antenna model. Radiation
pattern plots of flat radome effects on array-dipole antenna for beam-steering angle
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Figure 4.10: BSE of different alternatives of flat radome (14-array-
dipole antenna) for x-component

70 degree for z-component and x-component are shown in Appendix A. These plots
are for FR1,FR4,FR5,FR6 and FR9 designs.



Chapter 5
Curved radome geometry

For the curved radome geometry, six designs were simulated by changing two
parameters (D) and (R) shown in Figure 5.1 and summarized in Table 5.1.

(a) Curved radome with a single-port
antenna.

(b) Curved radome with a 14-array-
dipole antenna.

Figure 5.1: Geometry and parameters D and R for curved radome
designs.

Code CR1 CR2 CR3 CR4 CR5 CR6
D d d d/2 d/2 3d/2 3d/2
R r r/2 r r/2 r r/2

Table 5.1: Table of different values for two parameters D and R
(curve radome with a single-port antenna) d = 2λ and r = λ.

5.1 Curved radome effect on a single-port antenna

Figure 5.2 shows BSE of a curved radome enclosing a single-port antenna versus
steering angles for the z-component polarization. The green curve is for D=d
while the solid green curve represents the R=r and the dashed green curve shows
the R=r/2. For D=d, the BSE value is low when R=r/2 and more significant
for steering angles higher than 62 degree. When D is reduced to d/2, The BSE
has higher value for R=r and it increases when R is increased to r/2. When
D=3d/2 (purple curve), the BSE has the average lower value for D=3d/2 and is
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maximum between 50 and 60 degree. BSE is very low at 66 degree. For steering
angle higher than 70, the BSE increases for all designs except when D=d and
R=r/2. The purple curves which correspond to the largest distance between the
antenna and the radome have BSE less than 1.5 for beam-steering angles below
70 degree. This design also has nearly zero BSE for 64 and 66 beam-steering angle.

By looking at Figure 5.3 all curves follow each other and the BSE value in-
creases gradually in six designs. However, BSE is lower than 1 until 40 degree and
it increases to 3.5 for red curve which has the higher BSE after 50 degree. Purple
curve has lowest BSE below 1.5 for the entire range.

Figure 5.2: BSE of different alternatives of curved radome (single-
port antenna) in z-component.

Figure 5.4 shows the gains at z-component polarization for different curved
radome designs including when there is no radome present (blue curve). All curves
almost follow the gain of the unenclosed antenna with a small fluctuations in gain
values.

With regard to Figure 5.5 it is obvious that all curves follow the blue curves
(no radome) which means that gain in x-component is the same as the antenna
gain without radome for all beam-steering angles.

The reflection coefficient for all of the alternatives for z-component are shown
in Figure 5.6. It is clear that all curves with the same D and different R have almost
same behaviour but with different values. However, the differences between solid
line and dashed line for red curves and green curves are higher than for the purple
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Figure 5.3: BSE of different alternatives of curved radome (single-
port antenna) in x-component.

curves. Among different designs, red curves (D=d/2) has highest reflection for
steering angles more than 40 degree. Green curve has a drop at reflection after
60 degree. Figure 5.7 shows all curves almost follow blue curves which presents
reflection coefficient of the antenna without radome for the x-component with a
small difference until 50 degree. Then all curves have same reflection coefficient
to the blue curve. After beam steering angle 40 degree, all curves have reflection
coefficient around -10 db and 0 same as antenna behaviour.
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Figure 5.4: Gain of different alternatives of curved radome (single-
port antenna) in z-component.

Figure 5.5: Gain of different alternatives of curved radome (single-
port antenna) in x-component.
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Figure 5.6: Reflection coefficient of different alternatives of curved
radome (single-port antenna) in z-component.

Figure 5.7: Reflection coefficient of different alternatives of curved
radome (single-port antenna) in x-component.
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Radiation patterns of curved radome enclosed to single-port antenna are plot-
ted for a certain steering angle in Figures A.5 and A.6 for z-component and x-
component respectively.

5.2 Curved radome effect on an array-dipole antenna

Figure 5.8 presents BSE of different alternatives of curved radome for a 14-array
dipole antenna with changing two parameters as explained in Table 5.1 for z-
component. All curves have BSE less than 1 before 40 degree. The BSE increases
to 1.5 for green curves when D=d and for dashed red curve when D=d/2 and
R=r/2. BSE is near 0.5 for solid line with parameters D=d/2 and R=r between
40 and 50 degree. The BSE value for all designs is below 1 for angle between 50
and 54. The BSE value remains lower than 1.0 for purple curves until 70 degree.
Other designs tends to provide a large BSE value for beam steering angle higher
than 60 degree. By looking at BSE values for x-component in Figure 5.9 we can
see all curves keep BSE value bellow 1 until beam steering angle 42 degree. Then
dashed red curves increase until 3 in 74 degree where red and green solid curves
have maximum BSE value 2 in 74 degree. The green dashed curve has BSE around
1 for most beam steering angle after 42 degree except in 60 degree which has a
small increase until 1.3 for BSE value. Purple curves have BSE value below 1 for
all beam steering angles.

Figure 5.8: BSE of different alternatives of curved radome (14-array-
dipole antenna) in z-component.

Radiation patterns of all curves for curved radome enclosing an array-dipole
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Figure 5.9: BSE of different alternatives of curved radome (14-array-
dipole antenna) in x-component.

antenna are plotted in Figures A.7 and A.8 in Appendix A for z-components and
x-component.
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Chapter 6
Discussion and conclusion

The aim of the thesis is to quantify the effect of the radome on the antenna
performance, focusing on different geometries at 24 GHz, 24.125 GHz and 24.25
frequency and a certain material. There was not any significant deviation in re-
sults for different frequencies. Therefore, the results for 24 GHz are presented in
this thesis. The antenna was modelled in the Comsol Multiphysics software. The
radome was added to the design and wave propagation from the antenna was sim-
ulated in different steering angles in range of 0 to 75 degree in two degree steps.
The degradation of the radiation characteristic of the antenna was evaluated by
calculating the gain loss, boresight error (BSE) and reflection coefficient (S11).
The sidelobe level variation was also assessed which can be represented by distor-
tion of the radiation pattern. In order to minimize the degradation of radiation
which is the golden goal of this thesis, a few geometrical parameters including the
distance of the antenna from the top of radome and from the edge of the radome
on the ground plane were altered. Attempts were made to apply some absorbing
material at the edges of the radome to reduce scattering, but no immediate im-
provement was observed and no further investigation was made.
Two antenna models including a single-port antenna and an array-dipole antenna
were implemented. The first step was to evaluate the distortion of the radiation
pattern caused by the radome on two different types of antenna. To accomplish
that, the BSE was retrieved in z-component and x-component polarization for
the flat radome design and the curved radome, in both cases with two different
antennas enclosed. Figures 4.3 and 4.9 present the BSE for z-component and in-
dicate a very similar pattern for the two antenna models with slight difference in
72 and 4 degree for solid red curves and between 40-50 degree for star and solid
black curves. However, when looking at the BSE values for the x-component in
Figure 4.4 and 4.10, it can be seen that the radome has different effect for the
two antenna models. This difference is significant for steering angle larger than
60 degree. In a similar approach, the BSE was calculated for the curved radome
for single-port and array-dipole antenna. Similar to the flat radome, there is not
a distinction in BSE for z-component while a notable difference in x-component
for angle larger than 70 degree.
The radiation patterns for z-component for steering angle 70 degree are plotted in
figures A.1 and A.3 to provide additional information on wave propagation. Result
from visual diagnosis of radiation pattern coincides with BSE variations meaning
that if there is not any deviation in main lobe, the BSE is very low. The radiation
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patterns show that the more realistic array-dipole antenna has more problems with
sidelobes, and needs to be carefully designed.
What can be discussed at this point is the high BSE for large steering angles.
This significant BSE can to some extent be restrained by radome design. It can
be seen from the BSE plots that parameter variations cause changes in BSE. The
next step is to compare different designs in each radome to evaluate the radome’s
performance on wave radiation from antenna. In this step, the single-port antenna
was selected as source of radiation. The main reason for this selection is that the
radome’s performance can be evaluated using BSE, gain and reflection coefficient.
It is not feasible to calculate the gain for an array antenna, since the model con-
tains a large number of separate ports which cannot easily be combined. BSE of
different designs are plotted for flat radome in Figure 4.3. For the z-component,
when D=d, the BSE value is high for large angles. The optimal design considering
BSE is when D=d/2 and R=r/2 and for the flat radome with more extension in
the Figure 4.2b, when BSE is below 2 in all angles. Interestingly, the designs with
D=d/4 have a smooth increase when the steering angles is getting larger. How-
ever, the BSE is more than 2 for angles above 64 degree. The result for gain at
z-component shows fluctuations in data for the design with D=d and d/2 while
the design with D=d/4 illustrates less variation in gain.

Since there is not a significant coherence between BSE and gain results, one
can consider two scenarios and interpret data for a certain application. For in-
stance, if directionality at high steering angle is the main scope of the application,
FR6 design can be a good choice in parameters. In another scenario, if range
sensitivity is the key, gain plot can provide desired information. However the gain
plot in Figure 4.5 in z-component shows that red and green curves oscillate un-
desirably and further consideration to retrieving a smooth gain variation is needed.

The reflection coefficient was analyzed for various designs in both radomes.
Similar to gain results,the reflection coefficient of the antenna with the flat radome
oscillates in z-components more than x-component. For x-components it tends to
be more linear with small variation in different designs. The reflection coefficient
is typically very small for the single-port antenna model, and only gives hints on
the radome performance. In these designs, gain difference is not very significant
and the most important metric is BSE.

One parameter that was implemented in the flat radome was the design of
different edge geometries. When other parameters are constant and the only al-
ternation is the edge geometry, there is still a significant variation in BSE.

The two scenarios can be considered for the curved radome when six designs
show BSE and gain at different angles. For the curved radome, when D=3d/2,
BSE is below 1.5 for the entire steering angle range for both components. Gain
curves are more reasonable and show smooth decrease for both components. The
reflection coefficient shows similar results to flat radome.

In conclusion, to provide a reasonable design for a radome, the radiation char-
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acteristics comparison of an antenna enclosed in two different geometries is pre-
sented by a series of numerical simulations. The results propose that the best
choice depends on the application that the radome is intended to be used in.
Regarding direction-finding characteristic or range sensitivity, the height of the
radome and the distance from the antenna edge to the radome wall can be se-
lected. Comparing two geometries for one application, the curved radome has
less fluctuation in evaluation parameters and has smoother gain variations. With
respect to BSE, curved radomes CR5 and CR6 seem most promising candidates
due to having a BSE in the order of 1 degree or less for most steering angles.
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Chapter 7
Future Work

In this thesis two designs were considered for the edge of the flat radome. To
extend this work, it will be interesting to investigate further designs for radome
edge. Another area of interest for future work is to examine the effect of using ab-
sorber material in the radome to decrease the effect of the radome on the antenna
performance in beam-steering angle more than 60 degrees, which was only briefly
attempted in this thesis. By improving the agreement of these results, simulation
tools such as HFSS can be used more effective and reliably to study the effect of
these radomes on antenna performance and evaluation of the parameters which
may be theoretically interesting but difficult to implement in practice. More eval-
uation in array-dipole antenna is also a factor that can be assessed to give a better
understanding of this kind of antenna.

33



34 Future Work



Appendix A
Radiation pattern plots
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(a) FR1:70 degree-Z (b) FR4:70 degree-Z

(c) FR5:70 degree-Z (d) FR6:70 degree-Z

(e) FR9:70 degree-Z

Figure A.1: Radiation pattern plots of different alternatives of flat
radome (single-port antenna) beam-steering angle 70 degree in
z-component.
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(a) FR1:70 degree-X (b) FR4:70 degree-X

(c) FR5:70 degree-X (d) FR6:70 degree-X

(e) FR9:70 degree-X

Figure A.2: Radiation pattern plots of different alternatives of flat
radome (single-port antenna) beam-steering angle 70 degree in
x-component.
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(a) FR1:70 degree-Z (b) FR:70 degree-Z

(c) FR5:70 degree-Z (d) FR6:70 degree-Z

(e) FR9:70 degree-Z

Figure A.3: Radiation pattern plots of different alternatives of flat
radome (array-dipole antenna) beam-steering angle 70 degree
in z-component.
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(a) FR1:70 degree-X (b) FR4:70 degree-X

(c) FR5:70 degree-X (d) FR6:70 degree-X

(e) FR9:70 degree-X

Figure A.4: Radiation pattern plots of different alternatives of flat
radome (array-dipole antenna) beam-steering angle 70 degree
in x-component.
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(a) CR1:70 degree-Z (b) CR2:70 degree-Z

(c) CR3:70 degree-Z (d) CR4:70 degree-Z

(e) CR5:70 degree-Z (f) CR6:70 degree-Z

Figure A.5: Radiation pattern plots of different alternatives of
curved radome (single-port antenna) beam-steering angle 70
degree in z-component.
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(a) CR1:70 degree-X (b) CR2:70 degreeX

(c) CR3:70 degreeX (d) CR4:70 degree-X

(e) CR5:70 degree-X (f) CR6:70 degree-X

Figure A.6: Radiation pattern plots of different alternatives of
curved radome (single-port antenna) beam-steering angle 70
degree in x-component.
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(a) CR1:70 degree-Z (b) CR2:70 degreeZ

(c) CR3:70 degreeZ (d) CR4:70 degree-Z

(e) CR5:70 degree-Z (f) CR6:70 degree-Z

Figure A.7: Radiation pattern plots of different alternatives of
curved radome (array-dipole antenna) beam-steering angle 70
degree in z-component.
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(a) CR1:70 degreeX (b) CR2:70 degree-X

(c) CR3:70 degree-X (d) CR4:70 degree-X

(e) CR5:70 degree-X (f) CR6:70 degree-X

Figure A.8: Radiation pattern plots of different alternatives of
curved radome (array-dipole antenna) beam-steering angle 70
degree in x-component.
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