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Abstract

The radome, a portmanteau of the words radar and dome, is a protective dielec-
tric cover to protect a radar from its surrounding environment. The surrounding
environment can be rain, wind, sand, dust and whatever else that might harm
the radar. Radomes come in many different shapes, materials and thicknesses,
where each of these parameters are decided based on the need for the given radar
application. The challenge is that the protective radome decreases transmission
and increases reflection of the electromagnetic wave; especially for larger angles of
incidence which limits the effective field-of-view.

In this project we present methods to more easily design and optimize multi-
layered radome structures that decrease reflections and increase transmission for
a larger range of angles of incidence. Our method is to combine transmission line
calculations and optimization algorithms with finite element method simulations
software, where the transmission line calculations can considerably speed up and
simplify an initial design. The optimization is performed for all angles of incidence
of interest simultaneously, as well as the possibility to optimize for both transverse
electric and transverse magnetic polarization. The design method can be used with
any material and at frequencies for mmWave applications to achieve a goal of de-
signing radomes that have reflectance below −25 dB up to 50◦ angles of incidence.
In our thesis we found, for flat multilayer radome structures, that the transmission
line calculations are very consistent with the finite element method simulations.
Furthermore, measurements of prototype radomes have been performed in order
to validate the simulated structures and the viability of the design procedure.
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Popular Science Summary

A radar utilizes electromagnetic waves to send and sense signals. Exactly in the
same way as our ears, eyes and tongue are sensors and our voice and body language
are transmitters to the outside world. In both the human case and the radar
case, the essential sensory system needs protection from the environment around
us. For example, our eyes have eyelids and our vocal cord is hidden inside our
throat. Without the eyelids, our eyes would dry out and potentially be damaged
from dust. In the same way, the delicate antennas, that act as receivers and
transmitters of electromagnetic signals of the radar, also need protection from for
example humidity, dust, wind and even birds [1]. This is where the radome, a
combination of the words radar and dome, steps in.

The radome has the simple but very important function to protect the radar.
However, the radome should be as transparent as possible to the electromagnetic
waves which are received and transmitted; as well as being sufficiently robust in
order to protect the radar. This is a difficult give and take balance that a radome
designer needs to keep in mind; the solution in a given situation is not trivial. The
development and broader usage of radars within for example surveillance and the
automotive industry has increased dramatically since World War II [2]. Radars
have become more mainstream and considerably cheaper as well as used for much
shorter ranges. Due to this, the need for the radar to be able to “see” within
wide angles has increased. Just as you will see more reflections on a window when
the light hit at certain angles, the radar will also experience reflections from the
radome at some angles. During this project we have developed general design
methods to decrease these reflections at wide angles. Our focus has been on
sandwich radomes, which is as its name implies, a radome with multiple layers
of different materials. This means that, using these methods, a radome designer
will be easier able to design and optimize a radome for wide angles for a given
problem. What has been especially interesting is that with our suggested method,
an initially, relatively simple and potentially cheap design with low reflections for
a wide range of angles can be quickly calculated without the need for slow and
calculation intensive simulation software.
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Populärvetenskaplig Sammanfattning

En radar använder elektromagnetiska vågor för att kunna skicka och motta sig-
naler. Precis på samma sätt som att våra öron, ögon och tungor är mottagare
och vår röst och vårt kroppsspråk är sändare av signaler till världen omkring oss.
För både människan och för radarn så behövs det skydd mot omgivningen. Till
exempel, har våra ögon ögonlock och vår röst är dold inne i halsen. Utan ögonlock
skulle ögonen torka ut och potentiellt bli skadade av dammpartiklar. På samma
sätt behöver de känsliga antennerna, som fungerar som mottagare och sändare
av information, också ett visst skydd från till exempel vatten, damm, vind och
även fåglar [1]. Det är här radomen, som är en kombination av de engelska orden
radar och dome, kommer in i bilden. Radomen har den enkla, men mycket viktiga,
uppgiften att skydda radarn. Men radomen måste vara så transparent som möjligt
för de elektromagnetiska vågorna, samtidigt som den måste vara tillräckligt robust
för att skydda radarn. Detta är en svår ge och ta balans som en radomdesigner
behöver ha i åtanke. Utvecklingen och de bredare användningsområden av radar,
inom till exempel säkerhetsövervakning samt bilindustrin, har ökat dramatiskt
sedan andra världskriget [2]. Radar har blivit vardagliga produkter, billigare och
används idag för mycket kortare avstånd. Av den anledningen har behovet för
att radarn kan ”se” för bredare vinklar ökat. Precis på samma sätt som att man
kommer se fler reflektioner på ett fönster när ljuset träffar vid vissa vinklar, kom-
mer en radar också uppleva reflektioner vid vissa vinklar. Under detta projekt
har vi utvecklat generella designmetoder för att minska dessa reflektioner för ett
brett vinkelintervall. Vårt fokus har varit på så kallade sandwich-radomer, som
är precis som namnet antyder, en radom med flera lager av olika material. Detta
betyder att en radomdesigner, genom att använda dessa metoder, lättare kan des-
igna och optimera en radom for breda vinklar. Det har varit särskilt intressant
att med hjälp av vår föreslagna metod kan en initial, relativt enkel och potentiellt
billig design med låga reflektioner för breda vinkelintervall beräknas utan behov
av långsam och beräkningsintensiv simuleringsprogramvara.
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Chapter 1
Introduction

The history leading to the invention of the radar can be traced back to James Clerk
Maxwell’s early formulation of electromagnetic theory in the 1860’s [3]. Maxwell
theoretically described that electromagnetic waves can be reflected and refracted
by a dielectric medium. However, it was Heinrich Hertz who in 1888 experi-
mentally showed this concept [2], leading to the first invention and patent of an
obstacle detector by Christian Hülsmeyer in 1904 [4, 5]. Since World War II, where
radar was developed for military aircraft detection [2], the development of radar
has increased rapidly. Today radar is widely used within a still growing range of
applications such as industrial surveillance systems [6], the automotive industry
[7], weather stations [8] and even gesture control [9]. However, with the emerging
need for radars also comes the need for improved and versatile enclosures that
protects the delicate electronics in the radar. This enclosure is called a radome.
Historically the early radomes were made for aviation purposes [10, 11] of single
slab materials and often in plywood [12]. However, other designs have been devel-
oped since then [13], together with the requirement of radars for a much broader
range of applications. One of the most simple radome designs, is the so-called
half-wavelength radome [10]. However, this design is limited in its field of view
[14]. Another design, which is the core of this project, is the multilayer radome or a
so called sandwich radome, which consists of multiple layers of different materials
[10].

1.1 Background and Motivation to the Wide-Angle Radome
In our case, we have chosen to develop general design methods for radomes with
low reflection over a wide-angle interval. We will not focus on high mechanical
strength. Additionally, a wide band radome is not a goal in itself, but we will
require that the radome has a bandwidth of at least 1 %. However, our requirement
is to have low reflection and high transmission for a wide range of angles. In this
way, the radar will experience less interference by internal reflections and is able
to “see” in a broader view, both horizontally and vertically, compared to the half-
wavelength radome. Also, the focus has been on flat radomes since we believe that
ideally the flat-shaped radome makes the performance of a radar independent on
where the antennas are located. Furthermore, the focus has been on sandwich
radomes. The motivation behind this is that multilayer radomes has shown to
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2 Introduction

have better performance for wide angles compared to the single slab [15]. Also,
we believe that with more layers it is easier to have some design freedom in order
to fit the design for certain needs.

1.2 Scope
For this thesis, we aim to develop general and easily implementable design methods
for wide-angle radomes for low-cost additive manufacturing. Using calculations
in Python, finite element method simulation software like HFSS and COMSOL
Multiphysics, we aim to simplify the radome design process. In this way, we want
to be able to evaluate and compare different sandwich structures with the single
slab structure, as well as finding methods to do this. In the end we aim to do final
measurements of some of the results to validate simulations. The goal is to have
a reflectance below −25 dB up to 50◦ angle of incidence.

1.3 Previous Work
Much work has recently been done within the field of radome design in order to
increase the performance for different use cases. One of which is the publica-
tion from Qamar et al., 2020 [16] where the goal is to present a design technique
for a multi-layered ultra-wide-band radome for communication systems and dual-
polarized radar usage. In [16] various radome designs are introduced, such as
multiple layered structures with different materials for the different layers. The
goal of this work, as mentioned, was to create a radome with a wide bandwidth
without changing the overall size of the radome. However, we will investigate sim-
ilar structures but with a different goal in mind, that is to investigate a structure
with increased wide-angle performance.

Further, in the paper by Mazlumi, 2018 [17], a design method for a multiple
layered radome structure is proposed. This was done for both normal incidence
to the radome as well as oblique incidence, this is of interest to us since our goal
is to investigate the performance over angles of incidence. The problem with this
article, as compared to our work, is that the design method is only done for one
angle at a time. What we are interested in is the design over several angles simul-
taneously.

The main problem, from our point of view, with these previous works is that
while they investigate similar radome structures the wide angle performance is
not of interest. Also, they do not focus on the development of the B-sandwich
design (see figure 3.2b) which we are interested in. What we can learn from these
is the design methodology for radome structures and then build upon this in order
to investigate a different use case.
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1.4 Thesis Disposition
In Chapter 2 we cover the theory needed for this thesis. First, we go through
theory of basic electromagnetic wave propagation and the theory behind reflec-
tions of electromagnetic waves on dielectric materials together with losses in these
materials. The angular dependence is also described and the differences between
the linear polarization cases, namely TM and TE polarization. Next, we very
briefly discuss the antenna and two-port fundamentals needed for our radome de-
sign theory. In Chapter 3 we introduce the different radome structures used in
this thesis. Chapter 4 covers a description of the calculation, optimization and
simulation methods that we have used, together with our design methodology. In
Chapter 5 we, as a pre-study, present results related to the simple half-wavelength
slab radome for benchmarking. Chapter 6 is the core of our work and here re-
sults related to the multilayer radome are presented. Both concrete results and
more general design methods are investigated, especially related to the A- and
B-sandwich and the honeycomb structure. Chapter 7 covers radome measure-
ment results as well as 3D-printed radomes that we have created. Chapter 8
presents full 2D simulations in COMSOL Mulitphysics. In the end a discussion
and conclusion can be found in Chapter 9 and Chapter 10 respectively.
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Chapter 2
Theory

2.1 Electromagnetic Waves
When energy travels through a medium from point A to B it is often done in
the form of waves, some examples being sound, light and microwaves [18]. The
fundamental difference between these is that sound falls into the category of me-
chanical waves while visible light and microwaves are called electromagnetic (EM)
waves [19]. However, while a mechanical wave requires a medium and molecules
to travel, the EM waves can travel through vacuum.

Electromagnetic waves consist of two parts, an electric field and a magnetic field
and can be described by periodic oscillations between these fields where they are
orthogonal to each other. The radiation of electromagnetic waves occur when
there is a periodic shift in the electric and magnetic fields, such as an electron
moving through a conductive material [19]. The relation between the electric and
magnetic field was written by Maxwell and compiled in Maxwell’s equations for
the time domain shown in 2.1 [20].

∇×E = −∂B
∂t

(2.1a)

∇×H = J +
∂D

∂t
(2.1b)

∇ ·D = ρ (2.1c)

∇ ·B = 0 (2.1d)

In (2.1) the quantities are as follow: E is the electric field intensity [V/m], H is
the magnetic field intensity[A/m], J is the electric current density[A/m2], D is
the electric flux density[C/m2], B is the magnetic flux density [T] and ρ is the
volume charge density [C/m3] [20]. Furthermore ∇ is defined as

∇ = x̂
∂

∂x
+ ŷ

∂

∂y
+ ẑ

∂

∂z
(2.2)

5



6 Theory

where x̂, ŷ and ẑ, are the unit vectors in the x, y and z directions.

If we assume an isotropic material then [14, Ch. 1]

D = ϵE (2.3a)

B = µH (2.3b)

where µ is the permeability and ϵ is the permittivity of the medium in which the
wave propagates. If we further assume a source free region, J = 0 and ρ = 0, and
that the electromagnetic wave is travelling in an isotropic, linear and homogeneous
material as well as assuming that both the electric field E and magnetic field H
has a harmonic time dependence ejωt, we can rewrite the Maxwell equations (2.1)
to [14, Ch. 1]

∇×E = −jωµH (2.4a)

∇×H = jωϵE (2.4b)

ϵ∇ ·E = 0 (2.4c)

µ∇ ·H = 0 (2.4d)

The permeability is defined as [14, Ch. 1]

µ = µ0µr = µ0(1 + χm) (2.5)

where µ0 is the permeability in vacuum, µr is the relative permeability and χm

is the magnetic susceptibility. Throughout this thesis we only consider materials
with no magnetic properties, i.e. χm = 0 and thus µ = µ0. The permittivity ϵ of
a medium, which we throughout this thesis refer to as the dielectric constant, is
defined as [14, Ch. 1]

ϵ = ϵ0ϵr = ϵ0(1 + χ) (2.6)

where ϵ0 is the dielectric constant in vacuum, ϵr is the relative dielectric constant
of the medium or material in which the wave propagates and χ is the electric
susceptibility. The speed of light in a medium is given by [14, Ch. 1]

v =
1

√
µϵ

(2.7)

and the speed of light in vacuum is

c =
1

√
µ0ϵ0

(2.8)

Furthermore, we can define the wavelength λ
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λ =
v

f
(2.9)

The wavelength in vacuum then becomes λ0 = c/f . From here we see that the
wavelength is dependent, not only on the frequency, but also on which medium
the wave is propagating in. The wavenumber k is defined as

k =
2π

λ
= ω

√
µϵ (2.10)

from where the wavenumber in vacuum is k0 = 2π/λ0.

Taking the curl of both left hand and right hand side of (2.4a) and (2.4b) we get
if constant material parameter are assumed

∇× (∇×E) = µϵω2E (2.11a)

∇× (∇×H) = µϵω2H (2.11b)

For a vector A then ∇× (∇×A) = ∇(∇·A)−∇2A. Utilizing this together with
the relations in (2.4c), (2.4d) and (2.10), we can finally rewrite (2.11), which gives
us our time harmonic relations as

∇2E = −k2E (2.12a)

∇2H = −k2H (2.12b)

where k is the wavenumber as defined in (2.10). For a plane wave propagating in
the z direction, (2.12) is solved by the ansatz e−jkz [10], which gives the solution
to the electric field E of a wave propagating in the z direction as [10]

E = E0e
−jkz (2.13)

This is a convenient solution to the wave equation that we use in the next section.

2.2 Losses in Dielectric Materials
Whenever a wave is propagating through a lossy dielectric material in a certain
direction z it is both attenuated and phase shifted [10]. The dielectric constant as
stated in (2.6) of a material is in general a complex number and can be written as
[10]

ϵ = ϵ′ − jϵ′′ (2.14)

where ϵ′ is the real part and ϵ′′ is the imaginary part of the dielectric constant.
The relative loss of electric energy is then defined as the loss tangent tan δ

tan δ =
ϵ′′

ϵ′
(2.15)
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such that
ϵ = ϵ′(1− j tan δ) (2.16)

The plane wave in the z-direction (2.13) through the dielectric takes the form [10]

E = E0e
−jkz = E0e

−(α+jβ)z = E0e
−γ (2.17)

where z is the direction of propagation, k = 2π/λ is the wavenumber, α is the
attenuation constant and β is the phase constant, with

α = ω

√
µϵ′

2
(
√
1 + (tan δ)2 − 1) (2.18)

and

β = ω

√
µϵ′

2
(
√

1 + (tan δ)2 + 1) (2.19)

where ω is the angular frequency. Ideally, we do not want any loss of energy in our
material. From here it is possible to see that it is desired to keep the loss tangent
as small as possible. Also, we can define the loss coefficient as γ = α + jβ. In
general, a dielectric material with a thickness d is lossy and the absorption loss of
energy will be proportional to e−γd as can be seen from (2.17) [21].

2.3 TE & TM Polarization
In this thesis we only consider linearly polarized waves. For a linearly polarized
EM wave we can have Transverse Electric (TE) polarized and Transverse Mag-
netic (TM) polarized wave propagating onto the radome surface [14, Ch. 7]. An
illustration of TE and TM polarization is shown in figure 2.1. For TE polarization
(figure 2.1a), the electric field is perpendicular to the plane of incidence and for
TM polarization (figure 2.1b) the electric field is parallel to the plane of incidence
[19]. The electric field and the magnetic field are perpendicular to each other as
shown in figure 2.1.
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θ

ETE

HTE

(a)

θ

HTM

ETM

(b)

Figure 2.1: Illustration of TE & TM polarization onto the radome
at a given angle of incidence θ with TE mode.(a) shows the TE
polarization mode and (b) shows the TM polarization mode.

2.4 Reflections
A much more serious problem than losses when designing radomes is reflections
[22]. When an electromagnetic wave is propagating from one medium (for example
air) to another medium (for example a dielectric material), then a part of the wave
will be reflected at the interface between the two media [14, Ch. 5]. Ideally, we
want a radome where no reflection occurs at the interface between radome and
air. If we approximate the permittivity of air to that of vacuum, then the relative
dielectric constant of air can be written as ϵr,air = 1. With this the air can be
assumed to be an ideal dielectric where the wave impedance Z is real valued and
is given by [14, Ch. 2]

Z =

√
µ

ϵ
(2.20)

Which gives, for the case of air, Zair ≈ 377 Ω. This means that for an arbitrary
dielectric (with no magnetic properties, i.e. µ = µ0) we get

Zdiel =

√
µ0

ϵ0ϵr
≈ 377

√
ϵr
Ω (2.21)

where Zdiel is the impedance of the dielectric. For a radome it is desired to have
minimum reflections at the interface between radome and air which is obtained in
the most simple way if Zair = Zdiel. From (2.20) and (2.21) we clearly see that
it is desired to have a dielectric constant ϵr ≈ 1. However, this is not possible in
reality and we have to consider other techniques to achieve minimum reflection.



2.4.1 The Single Dielectric Slab with Air on Both Sides
The simplest radome can be seen as a single dielectric slab with thickness d, see
figure 2.2. At the first boundary between air and the slab (z = 0) we will get a
loss from left to right due only to the boundary which can be expressed as the
reflection coefficient ρ(z) [21]

ρ(0) =
E−(0)

E+(0)
=
Zdiel − Zair

Zdiel + Zair
(2.22)

where E− is the reflected electric field and E+ is the transmitted electric field at
the boundary. At the second boundary (z = d), going from dielectric to air, we
will get the elementary reflection coefficient

ρ(d) =
Zair − Zdiel

Zair + Zdiel
= −ρ(0) (2.23)

d

ρ(0) ρ(d)

Γ

Zair ZairZdiel

z

Figure 2.2: Single dielectric slab with air on either side.

However, we are interested in the total reflection Γ at the interface between air
and slab due to reflections at both boundaries. In the case when we have air on
either side of the slab we get [14, Ch. 5]

Γ =
ρ(0)(1− e−2jkd)

1− ρ2(0)e−2jkd
(2.24)

where k is the wavenumber in the dielectric slab. From (2.24) we see that we can
cancel the total reflection (Γ = 0) if e−2jkd = 1. Or to express this in another way

d = n
λ

2
= n

λ0
2
√
ϵr,diel

, n ∈ Z (2.25)

where λ = λ0/
√
ϵr,diel is the wavelength in the dielectric and λ0 is the wavelength

in free space. If we consider the lossless case then a hand-waving but more intuitive
way to see this is that since the dielectric is λ/2 thick then the transmitted wave at
the first boundary travels 180◦ to the second boundary and is then reflected back
from the second boundary, where it is phase shifted −180◦ and travels another



180◦ back to the first boundary where it then cancels out the reflection, so that
zero net wave is reflected [22].

2.4.2 The Single Dielectric Slab - General Case
When we do not have air on both sides of the slab, but for example air on one
side and another, infinitely long, dielectric on the other side, then the situation is
a bit different. The impedance on the left side of the slab Z1 is then not equal to
the impedance on the right side of the slab Z2. This case is shown in figure 2.3.

d

ρ(0) ρ(d)

Γ

Z1 Z2Zdiel

z

Figure 2.3: Single dielectric slab with with different media on either
side.

This means that ρ(0) ̸= −ρ(d) and then equation 2.24 can be re-written into
equation 2.26 [14, Ch. 5]

Γ =
ρ(0) + ρ(d)e−2jkd

1 + ρ(0)ρ(d)e−2jkd
(2.26)

from which Γ is zero only if e2jkd = −1 and ρ(0) = ρ(d). The fact that we will
have zero reflection if ρ(0) = ρ(d), i.e.

Zdiel − Z1

Zdiel + Z1
=
Z2 − Zdiel

Z2 + Zdiel
(2.27)

gives finally Γ = 0 if (2.28) is fulfilled [14, Ch. 5]

Zdiel =
√
Z1Z2 and d = (2n+ 1)

λ

4
n ∈ Z (2.28)

Using 2.21 we can see that if Z1 = 377 Ω (impedance of air) then the condition
Zdiel =

√
Z1Z2 is equivalent to that ϵr,diel =

√
ϵr,2.

2.4.3 Reflections at oblique incidence
So far, we have only covered reflections for the normal incidence, i.e. the angle of
incidence θ = 0◦. However, at oblique incidence, when 0◦ < θ ≤ 90◦, the reflections



on the radome will behave differently than at θ = 0◦. At oblique incidence to the
radome, the polarization dependent wave impedance will be [14, Ch. 7]

Zp,m =

Zm cos θm, TM Polarization
Zm

cos θm
, TE Polarization

(2.29)

where p denotes the polarization (either TM or TE polarization) andm = 0, 1, 2, . . .
denotes the medium at which the wave propagates. We can then utilize (2.21) to
rewrite (2.29) related to the polarization dependent relative dielectric constant ϵm.

√
ϵp,m =

{ √
ϵm

cos θm
, TM Polarization

√
ϵm cos θm, TE Polarization

(2.30)

Whenever a plane wave is travelling from one medium with an impedance to
another medium with another impedance, then the angle of refraction will change
according to Snell’s law as can be seen in figure 2.4, where ϵr,0 < ϵr,1 < ϵr,2.

d

θ1

θ0

θ2

ϵr,0 ϵr,2ϵr,1

z

Figure 2.4: A plane wave changing propagation direction when going
from one medium to another. In this figure ϵr,0 < ϵr,1 < ϵr,2.

Snell’s law yields [14, Ch. 7]

√
ϵm+1 sin θm+1 =

√
ϵm sin θm (2.31)

Using trigonometric formulas and Snell’s law we can identify that for the angle
θm+1 we have

cos θm+1 =

√
1− ϵm

ϵm+1
sin2 θm (2.32)

And identifying that, in a multilayer structure as in figure 2.4, (2.32) gives the
relation between any layer with index m and the first incidence angle θ0 as

cos θm =

√
1− ϵ0

ϵm
sin2 θ0 (2.33)



Combining (2.30) and (2.32) we can rewrite the elementary reflection between two
dielectric materials as

ρTM =

√
ϵm+1

ϵm
− sin2 θm − ϵm+1

ϵm
cos θm√

ϵm+1

ϵm
− sin2 θm + ϵm+1

ϵm
cos θm

(2.34)

for the TM polarization case. For the TE polarization case we get

ρTE =
cos θm −

√
ϵm+1

ϵm
− sin2 θm

cos θm +
√

ϵm+1

ϵm+1
− sin2 θm

(2.35)

From (2.34) it can be identified that there is an angle θB that has ρTM = 0 for
the TM polarized case. This angle is called the Brewster angle and is described
as [14, Ch. 7]

tan θB =

√
ϵm+1

ϵm
(2.36)

Using the relation in (2.33) we can identify for θ1 and θ2 in figure 2.4 that

cos θ1 =

√
1− ϵ0

ϵr,1
sin2 θ0, cos θ2 =

√
1− ϵ0

ϵr,2
sin2 θ0 (2.37)

using (2.37) and (2.30) we can retrieve the reflections ρ(0, θ0) and ρ(d, θ0) depen-
dent on the angle of incidence θ0 at each interface in figure 2.4 in terms of dielectric
constants using (2.21) for the two polarization cases as

ρ(0, θ0)TM =

√
ϵr,1
ϵr,0

− sin2 θ0 − ϵr,1
ϵr,0

cos θ0√
ϵr,1
ϵr,0

− sin2 θ0 +
ϵr,1
ϵr,0

cos θ0
(2.38)

ρ(d, θ0)TM =

√
ϵr,2
ϵr,1

− sin2 θ0 − ϵr,2
ϵr,1

cos θ0√
ϵr,2
ϵr,1

− sin2 θ0 +
ϵr,2
ϵr,1

cos θ0
(2.39)

ρ(0, θ0)TE =
cos θ0 −

√
ϵr,1
ϵr,0

− sin2 θ0

cos θ0 +
√

ϵr,1
ϵr,0

− sin2 θ0
(2.40)

ρ(d, θ0)TE =
cos θ0 −

√
ϵr,2
ϵr,1

− sin2 θ0

cos θ0 +
√

ϵr,2
ϵr,1

− sin2 θ0
(2.41)

The previous analysis means that we can transform the general case single dielec-
tric slab to oblique incidence angle as well. In order to get zero reflection Γ for
the case in figure 2.4 we can now change the condition in (2.27) into

ρ(0, θ0)TM = ρ(d, θd)TM TE Polarization (2.42)



ρ(0, θ0)TE = ρ(d, θd)TE TM Polarization (2.43)

We can see from the relations (2.42) and (2.43) with help from (2.38), (2.39),
(2.40) and (2.41) that they are true and angle independent in the case when

ϵr,1 =
√
ϵr,0ϵr,2 (2.44)

which is exactly the same as the condition for the dielectric constants for normal
incidence angle. However, the thickness d of the slab with dielectric constant ϵr,1
changes to [10]

d = (2n+ 1)
λ0

4
√
ϵr,1 − sin2 θ0

, n ∈ Z (2.45)

This now shows that the radome thickness for the zero reflection case is dependent
on the angle of incidence.

2.5 Antenna Fundamentals
2.5.1 Antenna Radiation
For this thesis, we consider radome design for frequencies in the range between
20-60 GHz. We are in the Fresnel zone [20, 23] if

0.62

√
D3

λ
≤ r ≤ 2D2

λ
(2.46)

where D is the largest dimension of the antenna. Throughout this thesis we assume
that the radome is in the Fresnel zone.

2.5.2 Gain and Directivity
The directivity is given by the maximum value of the directivity function D(θ, ψ),
where θ and ψ are spherical coordinates [20], which gives the power in a specific
direction in relation to the power from a theoretical isotropic antenna which has
uniform radiation in all directions. For example, if the directivity of a certain
antenna D = 2 (corresponding to a magnitude of 3 dBi), then it means that the
antenna has a maximum power which is twice that of the power of an isotropic
counterpart in the same direction. The directivity is usually measured in decibel
and denoted dBi. With the directivity we can see that if the directivity for an
antenna increases this means that the antenna has a more focused and directed
signal. At the same time we can define the gain parameter G for an antenna,
which compared to the directivity D, is the directivity of power taking losses due
to mismatch into account. This means that G < D and we can define the radiation
efficiency η in equation (2.47) [20].

η ≡ G

D
(2.47)



What we can see here is that since the relation between the gain and the directivity
is given by the antenna efficiency η this is a constant factor which is angular
independent.

2.5.3 S-Parameters
The scattering parameters (S-parameters) describe the relation in input and out-
put of power of waves between electrical ports [24].

A schematic of a two-port is shown in figure 2.5, where we have one port (Port 1)
on the left side and a another port (Port 2) on the right side.

S21

S12

S11 S22

a1

b1

b2

a2

Port 1 Port 2

Figure 2.5: A schematic of a two port with scattering parameters
S11, S21, S12 and S22 as well as incident waves a1, a2 and
reflected waves b1, b2.

From Port 1 we have an incident wave a1 and a reflected wave b1 and from Port
2 we have an incident wave a2 and a reflected wave b2. We can then see the S-
parameters S11 and S22 as a measure of reflected power from Port 1 and Port 2
respectively and see S21 and S12 as a measure of transmitted power for Port 1 and
Port 2 respectively [24]. For this thesis, we assume that the radomes are reciprocal
and symmetric, which means that S11 = S22 and S21 = S12 [25]. Although non-
reciprocal radomes have been shown to be possible [26, 27], we only consider
designs for symmetric and reciprocal radomes. Thus we consider S11 as a measure
of reflection and S21 as a measure of transmission on our radome. S-parameters
are complex valued and S11 and S21 are defined as [24]

S11 =
b1
a1

∣∣∣∣
a2=0

(2.48a)

S21 =
b2
a1

∣∣∣∣
a2=0

(2.48b)

We can then define the reflected power as

Reflected Power = 20 · log|S11| [dB] (2.49)

and the transmitted power as

Transmitted Power = 20 · log|S21| [dB] (2.50)

The relations in (2.49) and (2.50) are used in order to measure the performance
of the radome designs in terms of reflection and transmission.



2.6 Boresight Error
The boresight error is determined as the difference in the mechanical and optical
axis of the antenna. The bore-sight error (BSE) is introduced when either the
antenna radiation is not aligned with the mechanical axis or when the radome
affects the radiation. Since the wave has a longer travel path at higher angles the
discrepancy between the electrical and mechanical axis can increase giving angular
errors. This is important to minimize since angular distortions can affect how the
antenna perceives object and give false information on where the object is located
[22, 28].



Chapter 3
Radomes

As mentioned earlier, the main objective with this thesis is to present a radome
design method. In this chapter the radome designs that we focus on will be pre-
sented and described further in detail.

The dielectric material is a very important factor since this determines how well
the transmitted wave can pass through the radome. Ideally, for a simple single-
slab radome, we want a minimal difference of the dielectric constant between the
surrounding air and the radome. For air the relative permittivity is approximately
1 and most polymers used for radomes have an ϵr value of about 2 to 6 for a specific
frequency range [29]. In order to have a radome material that is close to the ϵr of
air we would need to use materials, such as Styrofoam, that are in general softer
and has a lower mechanical robustness. When choosing a material there will be a
trade-off between the electrical optimization and the mechanical demands.

3.1 The Half-Wavelength Radome and its Challenges
The simplest method to design a radome with theoretically zero reflection is to
aim for a radome with a half wavelength thickness and air on both sides. However,
the problem is that theoretically zero reflection is only true for normal incidence
to the radome, if a flat radome as shown in figure 3.1 is assumed.

Antenna

d = λ/2

Figure 3.1: Simple schematic of a rectangular radome with a half
wavelength thickness and a single antenna in the center.
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The reason is that waves propagating at angles away from the boresight angle will
have a longer travel distance through the radome and therefore experience more
reflection at higher angles [22]. For optimal transmission, if angles away from the
normal incidence is to be taken into consideration, then we need to modify (2.25)
[10]

d = n
λ0

2
√
ϵr − sin2 θ

(3.1)

where 0◦ ≤ θ ≤ 90◦ is the angle of incidence of the plane wave. We see that if
θ = 0◦ (normal incidence) then this equation simplifies to (2.25).

A solution to satisfy (3.1) could be to make the radome successively thicker at
higher angles. Another solution is to make a perfect half-sphere radome, with
a half wavelength thickness, which means that the wave will travel a half wave-
length regardless of angle [22]. In both of these cases we assume that the antenna
is placed in the center. However, in most cases there are multiple antennas, a so
called antenna array [9, 22, 30], which means that the antennas will not be placed
in the center. Another consideration with half-wavelength radomes is that they
are narrow banded and the band narrows even more with increasing multiples of
half wavelengths thickness [10] (i.e. n > 1 in equation 2.25). On the other hand,
making the radome thicker will also make it more durable.

3.2 Variations in Radome Design
There are other approaches than the half-wavelength design that can be imple-
mented in order to design a radome with high transmission, which we have inves-
tigated throughout this thesis. There are different techniques such as sandwich
designs, frequency selective surface structures or meta-material implementations.
With these methods it is possible to utilize other structural changes than the thick-
ness in order to increase the overall performance of the radome.

Meta-materials are one of the design solutions to minimize the reflections intro-
duced by the radome. A meta-material is a non-natural material often in the form
of a dielectric material with periodic structures embedded [31, 32]. One use of
metamaterials is to create a honeycomb structure [33] [34] which has an effective
dielectric constant given by the Maxwell-Garnett approximation (3.4) [35].

The third option for designing a radome is to use what is called a sandwich
structure which consists of multiple layers. There are different types of sandwich
structures called A, B, C and multi-layered which can be seen in figure 3.2.



A-Sandwich

ϵr,core

ϵr,skin

ϵr,skin
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B-Sandwich

ϵr,core
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(c)

Multi-Layered
(d)

Figure 3.2: Various designs of the sandwich radome with layers with
different dielectric constants.

With an A-Sandwich design, seen in figure 3.2a, better strength to weight ratio
can be achieved by using a lighter material with low relative dielectric constant
as the inner layer, hereby referred to as the core material. This design has seen
wide usage within the aerospace industry as a preferable strength to weight ratio
can be achieved [36]. What we also see is that with a sandwich design such as
the A-type we have a core with low ϵr,core which minimizes losses since it is close
to that for air and often a thin high dielectric skin is used in order to protect the
softer core material. Even though the dielectric constant is usually quite large in
order to have a robust material, the skin will act as a thin-wall radome and with a
thickness of around λ/10 or less the losses and reflections will be very small [10].
In the case of the half wavelength radome it is possible to calculate the optimal



thickness at which we get zero reflection Γ at normal incidence for the sandwich
design. If the dielectric constants of the core and skin of the A-Sandwich together
with a predetermined thickness of the skin is known, it is possible to calculate
the optimum thickness of the core at a certain operating frequency that will give
theoretically zero reflection at a certain angle θ. In order to calculate the optimal
thickness of the core for an A-sandwich design we can look at (3.2) as suggested
in [17]

e2jδ2 =
(ρ0,1 + e2jδ1ρ1,2)(1 + e2jδ1ρ0,1ρ1,2)

(ρ0,1 + e−2jδ1ρ1,2)(1 + e−2jδ1ρ0,1ρ1,2)
(3.2)

where
δi = k0di

√
ϵr − sin2(θ), i = 1, 2 (3.3)

and k0 = 2π/λ0 is the free space wavenumber, di is the thickness of layer i and
layer 2 is the core layer. ρ0,1 is the elementary reflection between air and the
skin layer 1 as defined in (2.22) and ρ1,2 is the reflection between skin layer and
core layer. First we solve δ2 from (3.2). Then we can use δ2 in order to solve the
optimal thickness of the core, d2, from (3.3) [17].

In figure 3.2b we see an illustration of the B-Sandwich design. The B-Sandwich
can be considered as an inverted A-sandwich, i.e. that the skin has a lower dielec-
tric constant than the core. With the B-Sandwich, we do not necessarily need a
thin skin and we have more freedom in the choice of core thickness [37]. With a
B-Sandwich we also have the possibility to utilize (2.28) in order minimize reflec-
tions, this since the skin has a lower dielectric constant than the core. (2.28) is then
fulfilled if the relative dielectric constants have the relationship ϵr,skin =

√
ϵr,core

and the thickness of the skin is dskin = (2n+ 1)λ/4.

The C-Sandwich seen in figure 3.2c consists of five layers and is two A-Sandwiches
stacked on each other. The advantage of the C-Sandwich compared to the single
A-Sandwich is that it will have zero reflection at both the frequency at which each
isolated A-Sandwich has zero reflection, as well as at the frequency at which the
reflection from each A-Sandwich has opposite phase which gives maximal destruc-
tive interference [37].

At last we define the multi-layered sandwich design seen in figure 3.2d. This design
can be an arbitrary number of layers with many different dielectric constants in
any order. For example it can be a stack of more than two A-Sandwiches or a
stack of B-Sandwiches.

3.3 Honeycomb Core
An alternative method of creating an A-sandwich structure with a low dielectric
core material is to create a structure that is partially filled with air instead of
using a softer low dielectric material. One of the more common ways of solving



this within e.g aerospace engineering [36] and RF engineering [38] is the use of
honeycomb structures as a core. With a honeycomb structure it is possible to either
use a separate honeycomb material as the core or construct the sandwich radome
in such a way that the whole structure consists of the same material but the layers
of the lower dielectric constant material of the sandwich being partly filled with
air. With the latter case we have a lot more freedom when designing our prototype
since the effective dielectric constant of the honeycomb can be approximated with
the Maxwell-Garnett mixing formula. The Maxwell-Garnett mixing formula, with
only one inclusion, is given by [35]

ϵeff = ϵm
2δ(ϵi − ϵm) + ϵi + 2ϵm
2ϵm + ϵi − δ(ϵi − ϵm)

(3.4)

In (3.4) the effective dielectric constant of the structure ϵeff is calculated from the
dielectric constants of the inclusion ϵi, the medium ϵm and the filling factor δ. If
we know the effective dielectric constant for a certain A-Sandwich design, we can
then calculate δ from (3.4).
In the case of the honeycomb design, the air ϵair, would correspond to ϵm and the
dielectric material to fill with ϵdiel, would correspond to ϵi. The filling factor is
the volume fraction of the inclusion material compared to that of the medium.
A honeycomb can be constructed from hexagons. An illustration of a hexagon is
shown in figure 3.3, where we see the dimensions a, b and twall, where a is the
length of the side, b = a

√
3/2 and twall is the thickness of the wall. The orange

wall is the dielectric material and the white area inside is air.

b

a

a

aair

bair

twall

ϵm = ϵair

ϵi = ϵdiel

Figure 3.3: Honeycomb structure with a solid wall, a and b indicate
the sizes in the x, y direction. The length in x direction a is
equal to that of the length of the side.

The area A of the entire hexagon is calculated as



A =
3
√
3

2
a2 (3.5)

The inner hexagon which is the area filled with air has a side aair and bair =
aair

√
3/2 which means that the area filled with air Aair is

Aair =
3
√
3

2
a2air (3.6)

The dielectric material area (orange in figure 3.3) is then

Adiel = A−Aair (3.7)

Since the height (direction into the paper) is the same for both the air filled
honeycomb and the outer honeycomb then the filling factor δ is given by

δ =
Adiel

A
= 1− a2air

a2
(3.8)

Assuming that we know the filling factor equated from (3.4), and have decided a
side of the honeycomb a then we can calculate the side of the inner honeycomb
aair as

aair = a
√
1− δ (3.9)

Finally the thickness of the wall twall is given by

twall = b− bair =

√
3

2
(a− aair) =

√
3

2
a(1−

√
1− δ) (3.10)

This means that, knowing the relative dielectric constant of the core ϵr,core = ϵeff
in our honeycomb we can first utilize (3.4) to calculate the filling factor δ. Then we
can specify the side a of our honeycomb and finally use (3.10) to equate the wall
thickness twall for our honeycomb. In this way we can achieve a honeycomb design
with low dielectric core and a high dielectric skin. Since ϵeff is only dependent on
the filling factor, if ϵi and ϵm are kept constant, we see that if the honeycomb side a
in figure 3.3 increases then ϵeff is the same but the thickness of the wall is increased.

The design of our honeycomb unit cell should be such that the unit cell is λ/4
or smaller since we can then assume that the unit cell is effectively a homogeneous
structure [39]. It is also preferable that the wall thickness is thin since we then
get a low filling factor which reduce the effect on performance.



Chapter 4
Radome Design Method

In order to implement and test the theory to find optimum radome designs previ-
ously introduced, we need tools. We believe that radome design is an optimization
problem, thus some optimization method is needed. Also, methods to calculate
and simulate the radome S-parameters are needed. As mentioned in chapter 1.2 we
want to do the calculations in Python and validate the result with finite element
method simulation software like HFSS and COMSOL Multiphysics.

4.1 Multilayer Analysis with Transmission Line Theory
Sandwich structures can be analyzed using transmission line theory as suggested in
[37]. When using transmission line theory each layer can be seen as a transmission
line in cascade with the other layers. Having cascaded transmission lines, it is
convenient to use ABCD parameters [24]. If we are able to calculate the ABCD
parameters then we can also calculate the reflection S11 and the transmission S21

from the relations [24].

S11 =
A+B − C −D

A+B + C +D
(4.1)

S21 =
2

A+B + C +D
(4.2)

Assuming that all dielectric layers have no magnetic properties, i.e the relative
dielectric constant µr = 1, then for a m-layer radome, where i = 0, 1, 2, ...,m−1,m,
with air on either side we can get the ABCD parameters from [37]

[
A B
C D

]
=

 cos ξ1 jZ̄TM,TE
1 sin ξ1

j
sin ξ1

Z̄TM,TE
1

cos ξ1

 cos ξ2 jZ̄TM,TE
2 sin ξ2

j
sin ξ2

Z̄TM,TE
2

cos ξ2

 . . .
. . .

 cos ξm−1 jZ̄TM,TE
m−1 sin ξm−1

j
sin ξm−1

Z̄TM,TE
m−1

cos ξm−1

 cos ξm jZ̄TM,TE
m sin ξm

j
sin ξm

Z̄TM,TE
m

cos ξm


(4.3)
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where

Z̄TM
i =

√
ϵr,i − sin2 θ

ϵr,i cos θ

is the impedance of the TM polarized wave normalised to the impedance in air,

Z̄TE
i =

cos θ√
ϵr,i − sin2 θ

is the impedance of the TE polarized wave normalised to the impedance in air,
and

ξi =
2πdi
λ0

√
ϵr,i − sin2 θ

In the special case of an A-Sandwich and a TE wave (4.3) simplifies to

[
A B
C D

]
=

 cos ξ1 jZ̄TE
1 sin ξ1

j
sin ξ1
Z̄TE
1

cos ξ1

 cos ξ2 jZ̄TE
2 sin ξ2

j
sin ξ2
Z̄TE
2

cos ξ2


×

 cos ξ1 jZ̄TE
1 sin ξ1

j
sin ξ1
Z̄TE
1

cos ξ1

 (4.4)

and in the special case of the single slab we get

[
A B
C D

]
=

 cos ξ1 jZ̄TE
1 sin ξ1

j
sin ξ1
Z̄TE
1

cos ξ1

 (4.5)

Combining (4.1) and (4.2) with (4.3) we can calculate the reflection and transmis-
sion for any arbitrary multilayer dielectric structure versus for example frequency.
We can then use an optimization algorithm to minimize (4.1) or maximize (4.2).

4.2 Optimization Algorithms
When optimizing multidimensional problems, like the function (4.3) for multilayer
sandwiches, optimization algorithms are of great help. An example of a two-
dimensional sandwich radome problem with multiple local minima is shown in
figure 4.1 which represents a C-sandwich radome with fixed dielectric constants,
where the maximum reflection of the TE or TM (whichever is largest) is calculated
as a function of thickness of skin and core.
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Figure 4.1: Example of a two-dimensional problem with multiple lo-
cal minima, suitable to be solved with the Differential Evolution
algorithm.

In many situations, including radome design, the problem has many more dimen-
sions than the example in figure 4.1. When considering optimization problems
with many parameters, other optimization methods than brute force search al-
gorithms are needed. For a brute force search, all possible solutions are iterated
through. This means that for a brute force search algorithm with a parameters
and n possible steps of each parameter, the time complexity will be O(na). The
advantage with the brute force search is, however, that we are guaranteed to find
the global minimum, which makes it suitable when we are only optimizing for a
few parameters or the number of steps are very limited.

The Differential Evolution Algorithm is a metaheuristic nature inspired genetic
algorithm, that was invented by Rainer Storn and Kenneth Price in 1997 [40].
Metaheuristic means that, in contrast to the brute force algorithm, it only does
a partial search [41], which can decrease the computation time dramatically. It
therefore has a very different approach and is much more suitable when optimizing
for global multi-dimensional problems. Furthermore, the advantage with the Dif-
ferential Evolution Algorithm compared to other algorithms for multidimensional
problems is that it does not require the problem that should be optimized to be
differentiable since it does not use the information of derivatives [42]. Also, the
likelihood that the optimization ends up in the global minima has been reported
high [40], which makes it a very reliable algorithm as well as higher efficiency than



other evolutionary algorithms has been reported [40]. However, the Differential
Evolution Algorithm is stochastic [42] and one is not entirely guaranteed to end
up in the absolute global minimum. This means that the optimized result might
differ from one time to another.

The basic idea of the Differential Evolution Algorithm is that, given a base popu-
lation where each individual of the population represents a possible solution to the
problem, this population experiences an amount and certain types of mutations.
The mutated population then represents the children and the base population rep-
resents the parents. Then the parents and their children are compared and in this
way the child might replace a parent only if it is "fitter" (more optimized) than
the parent [43]. In Python it is possible to use
scipy.optimize.differential_evolution. In order to increase the probability
to end up in a global minimum one can increase the population size, increase the
degree of mutation and decrease the amount of recombination [44]. The population
size should be directly proportional to the dimension [42]. The recombination value
decides the amount of mutated individuals in the population that are allowed to
continue to the next generation [44]. Increasing the probability with a solution at
the global minimum with this method is of course at the cost of computation time.

A simple high level example of how a Differential Evolution algorithm could be
implemented is as follows, which is based on the Differential Evolution Algorithm
implemented by [43]: Each individual in the population has initially a random
set of parameters that gives a certain solution to the function that we want to
optimize. For each candidate j from the population, we can then pick three other
randomly chosen individuals (a, b and c) from the population and do a mutation
on individual a as a result of the difference between individuals b and c times
some mutation constant. The amount of mutation is decided upon the mutation
constant which gives a larger or smaller degree of mutation as mentioned earlier.
Then a crossover between the mutated individual and candidate j is done. Lastly
the crossover result is compared with candidate j. If the crossover result is better
than candidate j then candidate j is replaced with the crossover result. A flow
chart to illustrate this is shown below.



Population

Check if
crossover

better
than can-
didate j

Pick next candidate j

Pick three random candidates from population

Do mutation from the three random candidates

Do crossover between candidate j and mutation

Next candidate in population

When we have gone through the entire population, where some of the individuals
now have mutated towards a better result, then we do the same procedure again
on the entire population, and some individuals will then mutate again towards an
even better result. This is iterated until the result converges or we have reached
a maximum defined number of iterations.

4.2.1 Optimization and Transmission Line Theory
When optimizing the reflection (4.1) through (4.3) of a radome for wide angles,
then we need to optimize for all the angles simultaneously, i.e. that we cannot
necessarily just focus on one angle of incidence during the optimization and hope
that the other angles of interest will fullfill our requirements. Instead, let us say



that we have an m-layer radome with the parameters ϵr,0, ϵr,1, ..., ϵr,m−1, ϵr,m and
d0, d2, ..., dm−1, dm. Then for each set of parameters, if our radome needs to have
low reflection for n angles then our numerical optimization method is to evaluate
each angle θk, k = 0, 1, 2, ..., n− 1, n. We can then optimize for the angle θk that
has the worst power reflection in dB. Let us consider an optimization algorithm
with I iterations, where each iteration is i = 0, 1, 2, ..., I − 1, I. This means that
the worst reflection to optimize for at iteration i for TE polarization is

WTE(i) = max(20 · log |STE
11 (θk)|), k = 0, 1, 2, ..., n− 1, n (4.6)

For TM polarization the worst reflection at iteration i becomes

WTM(i) = max(20 · log |STM
11 (θk)|), k = 0, 1, 2, ..., n− 1, n (4.7)

Which gives the optimized result FTE

FTE = min(WTE) (4.8)

if we want to optimize for TE polarization only. And if we want to optimize for
TM polarization only then the optimized result becomes

FTM = min(WTM) (4.9)

It can be useful to be able to optimize for TE and TM polarization simultaneously.
In that case the worst reflection at iteration i is either TE or TM polarized. We
can then define the worst reflection at iteration i as

WTE,TM(i) = max(WTE(i),WTM(i)) (4.10)

In this case the optimized result FTE,TM becomes

FTE,TM = min(WTE,TM) (4.11)

We can see with an m-layer radome in (4.3) that if m is large and each layer
has its own unique ϵr,i and di, then will the space to optimize for be very large,
thus the Differential Evolution algorithm is a good choice. However for a very
few layers m with for example fixed ϵr,i then a brute force search can be a better
choice since the compute time will be reasonable and we are guaranteed to find
the global minimum.

4.3 Finite Element Method
In order to validate the results from our optimizations done in python we require
an electromagnetic simulation software. For this project we have chosen to use
Ansys HFSS and COMSOL Multiphysics. HFSS has different solver methods and
we have chosen to use the FEM-solver [45] in order to build up our model and
simulate the electromagnetic properties. The FEM solver works in such a way
that it divides the whole structure, such as the radome, into smaller parts called
“finite elements” and reconnects them via nodes. For a 2D system these elements



are often triangular and for a 3D system the shape can vary and be for exam-
ple tetrahedrons and hexahedrals [46]. The division of these elements is done via
what is called a “mesh” [46] which controls how many elements there are and can
be adjusted in roughness. A more rough mesh means fewer elements and faster
computing time but also a less accurate result.

In order to produce a solution the FEM solver calculates the differential equation
for the boundary value [47], in our case for electromagnetism, in each individual
element and this is then combined in order to create a solution for the whole sys-
tem. This method can be applied to a variation of different problems and is not
limited to electromagnetism but also for e.g acoustics, fluid dynamics and thermal
conduction in order to calculate for example air flow and heat transmission.

4.4 Methodology
We define our radome design methodology for a certain radome type as follows:

• Investigate a type of radome that seems promising for wide-angle use based
on previous work in order to develop a design methodology for that type of
radome.

• With a certain radome type we can narrow the number of parameters and
boundaries for our calculation of the radome performance.

• Measure the relative permittivity for the material used in the additive man-
ufacturing process.

• Calculate in Python with help from chosen theory and do an optimization
in order to find the best performance.

• Validate the optimized result in HFSS.

• Full simulation with COMSOL Multiphysics.

• If materials are available do a measurement for final validation.

Often the last step is difficult to implement due to eventually high prototype ex-
penses and/or long production time from the vendors. In order to produce a
prototype with the time and resources that are available to us we therefore chose
to focus on production via additive manufacturing.

We first simulated and optimized the radome designs with the Python and HFSS
simulations in order to find an optimized structure. This was done for the half-
wavelength, A-sandwich, honeycomb core radome and the B-sandwich designs.
Due to limitations in time and resources we could not produce a B-sandwich
prototype, this was then evaluated with a full simulation of the antenna gain in
COMSOL Multiphysics. This is investigated in chapter 8.

The prototypes that were produced were done via 3D-printed fused filament fab-
rication [48] with polylactic acid (PLA) as the material of choice. The prototype



that was produced first is a 24 GHz half-wavelength radome that was used as a
benchmark and then a N = 2 honeycomb core A-sandwich design was produced.
These were used in order to validate the simulated results as compared to the
measurement performed where the transmission coefficient S21 was compared.

4.4.1 Measurement Setup
In figure 4.2 we have the measurement set-up that was used in order to investigate
the performance of our prototype, the results was with an Anritsu Vector Network
Analyzer (VNA). A distance of 10 cm between the horn opening and the radome
was chosen since this gave the most accurate result when comparing different
measurement distances.

(a)

Figure 4.2: Measurement set-up in an isolated room. The VNA was
used in order to measure the S-parameters with horn antennas
at 20 dB gain at a distance of 10 cm from the radome.



Chapter 5
Simulations of Half-Wavelength

Radomes

In this chapter we present a conventional half-wavelength radome design for 24
GHz and its behaviour at different polarizations and angles of incidence. These
simulations are used as a benchmark for the alternative radome designs that are
presented in chapter 6.

5.1 Multiples of the Half-Wavelength Slab
As has been shown in (2.25) we have, in theory, zero reflection at normal incidence
to the radome if the thickness of the radome d is integer multiples n of half the
length of the guided wavelength in the dielectric material. As a first study, a half
wavelength slab was simulated in HFSS for a frequency of 24 GHz for a plane
wave at normal incidence (i.e. θ = 0◦) to the slab. This was done to check if
the model that was set up in HFSS was correct. Note that since θ = 0◦, TE and
TM polarization gives the same result. A slab made of Poly(methyl methacrylate)
(PMMA), commonly known as Plexiglas, with a relative permittivity ϵr,Plexiglas =
3.4 and a loss tangent tan δ = 0.001, was chosen. The simulated result for the
reflection S11 and transmission S21 is shown in figure 5.1. Here n is the multiple
of the half-wavelength thickness, as previously mentioned in (2.25).
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Figure 5.1: In (a) the reflection S11 is plotted at 24 GHz for the
half-wavelength slab of Plexiglas with ϵr,Plexiglas = 3.4. With an
increase in integer n we see a smaller bandwidth and lower gain.
In (b) the transmission S21 is plotted for the same data and we
see the same result that the bandwidth and gain decrease with
a higher n.

As expected it is evident that we have highest transmission and lowest reflection
at the design frequency of 24 GHz. Also, at closer inspection it is interesting to
see that the bandwidth narrows at higher orders n. However, as has been shown
in (3.1), the thickness d for which we should have minimum reflection changes
with an angle θ of the plane wave. In order to see how the reflection is affected



by the angle of incidence, a simulation for the reflection S11 was done in HFSS
for a sweep of angles of incidence from 0◦ to 80◦. The reflection versus frequency
result for a TE polarized wave is shown in figure 5.2a and the TM polarized case
is shown in figure 5.2b. We see for the TE case that the frequency for which we
have minimum reflection increases as we increase θ. The reason is that the more
the angle of incidence diverge from the normal, the further we stray away from
the half-wavelength condition (2.25). However, for the TM case we see a decrease
again which is due to the Brewster angle [14, Ch.7]. Also, a plot at the exact
frequency of 24 GHz for the angle versus the reflection for both polarization cases
is shown in figure 5.2c. We see clearly the Brewster angle for the TM polarized
wave at around 60◦ which is verified using (2.36). From here it is very clear, for
the TE case, that already at angles above 20◦ we have quite high reflections.
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Figure 5.2: Reflection plots for a 24 GHz single half wave slab. ϵr =
3.4, tan δ = 0.001. (a) shows the TE polarization theta sweep,
(b) shows the TM polarization and (c) shows TE and TM at
24GHz over the theta.



Chapter 6
Sandwich Results

In this chapter we investigate the performance of different sandwich structure
radomes as shown in figure 3.2. The purpose of this is to compare the performance
with different types of sandwich structures to see if we can achieve a wide-angle
radome. As mentioned previously our goal for the sandwich design is to keep the
reflection below −25 dB for angles of incidence up to 50◦, both for the TE and
TM polarizations.

For the sandwich designs there are some limitations on the dielectric constant,
this since for radome design we use polymers, PCB materials or ceramic materi-
als. These materials range from 2 to 9 in dielectric constant with some exceptions
where they go down to 1.05 and up to around 12 [22, 16].

6.1 The A-Sandwich Optimized for Normal Incidence
As a first comparison between the single half-wavelength slab and the A-Sandwich,
(3.2) was used to calculate the optimum core thickness of an A-Sandwich for an
angle at normal incidence. In order to make a somewhat fair comparison between
the half-wavelength slab simulated in figure 5.2 we modelled an A-Sandwich struc-
ture with a skin with a relative dielectric constant ϵr,skin = 3.4 and a core with
a relative dielectric constant ϵr,core = 1.5. Choosing a skin thickness dskin = 0.5
mm and utilizing (3.2) and (3.3) we got an optimum core thickness dcore = 2.3
mm. The A-Sandwich radome was simulated in HFSS with the result shown in
figure 6.1. Figure 6.1a shows the reflection for a TE polarized plane wave versus
frequency for angles from 0◦ to 80◦. Figure 6.1b shows the reflection versus angle
of incidence at exactly 24 GHz for both the A-Sandwich together with the half-
wavelength slab that was plotted earlier in figure 5.2. The angles of incidence were
swept at a step size of 10◦.
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Figure 6.1: Reflection plot of an A-Sandwich 24 GHz simulation in
HFSS. It has a skin with ϵr,plexiglass = 3.4, dskin = 0.5 mm,
and a core with ϵr,core = 1.5, dcore = 2.3 mm.

It can be seen from figure 6.1b that at exactly 24 GHz it is still better to use
a half-wavelength slab. However, comparing figure 6.1a with figure 5.2a we see
that the bandwidth is broader for all angles for the A-Sandwich. This means that
the A-Sandwich could potentially, at some angles, have better performance than
the half-wavelength slab at frequencies diverging by a few hundred MHz from
the operating frequency. This can bee seen in figures 6.1c and 6.1d, where the
reflection has been plotted at 23.5 GHz and 24.5 GHz respectively. This means
that instead of optimizing only for θ = 0◦ it can be beneficial to utilize the broader
bandwidth of the A-Sandwich.



6.2 Stacks of Multiple A-Sandwiches for Improved An-
gular Performance

It is clear from the previous section that it is needed to optimize for all angles of
incidence of interest in order to achieve a satisfying result with low reflection for a
broad range of angles of incidence. Utilizing the broader band of the A-Sandwich
compared to that of the half-wavelength slab might be a path to choose for a wide
angle design. Further, we now investigate the A-sandwich design optimized for
larger angles of incidence.

As has been shown, we can use (4.3) together with (4.1) and (4.2) to calculate
reflection and transmission for a flat arbitrary multilayer radome design. In [16] it
has been shown that designing a radome by a multiple N of A-Sandwiches stacked
upon each other should obtain a very broad frequency band. Our motivation in
investigating this method is that a broad frequency band should give low reflec-
tions for wide angles as well. An illustration of this design method is shown in
figure 6.2. This means that we have three different thicknesses of materials:

• External skin with thickness dskin,ext and dielectric constant ϵr,skin
• Internal skin with thickness dskin,int = 2dskin,ext and dielectric constant

ϵr,skin

• Core with thickness dcore and dielectric constant ϵr,core

We have chosen to focus on the TE polarization since this is worse for larger angles
of incidence than the TM polarization due to the lack of Brewster angle [16]. Each
A-Sandwich in the stack has one core and this means that we have N number of
cores in a N stack A-Sandwich. Since we consider TE polarization, then we can
use (4.4) and define for a N = 1 core A-sandwich

[
A B
C D

]
1

=

 cos ξ1 jZ̄TE
1 sin ξ1

j
sin ξ1
Z̄TE
1

cos ξ1

 cos ξ2 jZ̄TE
2 sin ξ2

j
sin ξ2
Z̄TE
2

cos ξ2


×

 cos ξ1 jZ̄TE
1 sin ξ1

j
sin ξ1
Z̄TE
1

cos ξ1

 =M

(6.1)

This means that for a N number of cores we get[
A B
C D

]
N

=MN (6.2)
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Figure 6.2: Schematic of N = 2 A-Sandwich radome.

In order to retrieve the ABCD parameters for any arbitrary N order A-Sandwich
(or B-Sandwich) and plot the resulting reflection and transmission, we wrote a
Python function. This function utilizes (6.2) to retrieve the magnitude of S11

and S21 in decibel for any N -order stack of A-Sandwiches over a chosen range
of frequencies and range of angles. With help from this function, it is easier
to calculate and make quick estimations of the reflections and transmissions for a
certain design compared to that of using FEM solvers in HFSS or other simulation
software. In order to verify that our Python function and HFSS agree, a 4-stack
of the A-Sandwich of the type plotted in figure 6.1 was both calculated in Python
using transmission line theory as well as simulated in HFSS. In this design we
have a N = 4 A-Sandwich with ϵr,core = 1.5, ϵr,skin = 3.4, dskin,ext = 0.5 mm,
dskin,int = 1.0 mm and dcore = 2.3 mm. The result of the comparison for the TE
polarized plane wave is shown in figure 6.3.



20 21 22 23 24 25 26 27 28
f [GHz]

−70

−60

−50

−40

−30

−20

−10

S 1
1 [

dB
]

θ = 0 ∘  - HFSS
θ = 0 ∘  - Python

(a)

0 10 20 30 40 50 60 70 80
θ [Deg]

−100

−80

−60

−40

−20

0

S 1
1 [

dB
]

24 GHz
HFSS
Python

(b)

Figure 6.3: A comparison between Python calculation (dashed line)
and HFSS simulation (solid line) for TE polarized plane wave
for a N = 4 A-Sandwich with ϵr,core = 1.5, ϵr,skin = 3.4,
dskin,ext = 0.5 mm, dskin,int = 1.0 mm and dcore = 2.3 mm.
(a) The reflection versus frequency for θ = 0◦. (b) reflection
versus angle of incidence θ.

In figure 6.3a we see the reflection simulated in HFSS and calculated in Python
versus frequency for θ = 0◦. In figure 6.3b we see the reflection in HFSS and
Python versus angle of incidence at 24 GHz. It is clear that the results are very
close to each other, but the Python calculation is more optimistic than the HFSS
simulation at the extreme values. The reason for the difference in the results is that
we have different solver methods, the transmission line theory and the FEM-solver
where the transmission line is an exact solution. In both the Python calculation



and the HFSS simulation the step size of the frequency was 0.05 GHz and the step
size of the angle of incidence was 1◦. In the next section we discuss the qualitative
result of this N = 4, A-Sandwich using Python. Concluding that the Python
function we wrote using transmission line theory agrees well with HFSS, we chose
to analyze the wide angle behaviour of the multiple stacks A-Sandiwch using this
Python function.

In figure 6.4a, the reflection for TE polarized plane wave versus angle of incidence
for different number of N -stacks A-Sandwiches as well as for the half-wavelength
slab for comparison is shown. It is clear from this plot that we need a stack of
N = 4 in order to compete with half-wavelength slab.
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Figure 6.4: Reflection of an N -stack A-Sandwich radome calculated
in Python with ϵr,core = 1.5, ϵr,skin = 3.4, dskin,ext = 0.5 mm,
dskin,int = 1.0 mm and dcore = 2.3. (a) The reflection versus
frequency for different angles. (b) reflection versus angle of
incidence θ for a N =1,2,3,4 and 10 stack A-Sandwich (solid
lines) as well as the half-wavelength slab (dashed line) with
ϵr = 3.4 for comparison.

In figure 6.4b we have plotted the reflection versus frequency for angles between 0◦
to 80◦ for the N = 4 stack A-Sandwich. Here we clearly see the broad bandwidth
for angles of incidence up to 40◦, this explains the improved wide angle behaviour
compared to that of the half-wavelength slab since the bands of each angle overlaps,
to some extend, with each other.



6.2.1 Optimizing the N A-Sandwich
As has been shown previously we can see that by stacking multiple A-Sandwiches,
where each of them are designed for minimum reflection at normal incidence angle,
we get a broader bandwidth. As a result we also get less reflections for wider an-
gles up to around 40◦ for a N = 4 stack A-Sandwich. However, in order to achieve
a better result we chose to see if we could optimize the N -stack A-Sandwich for
multiple angles simultaneously.

In many cases we are limited by the choice of dielectric constants for the ma-
terials in our radome. From this our approach is that, given some predefined
dielectric constants for the two materials, we can calculate the optimal order N
of the A-Sandwich stack together with optimal thicknesses of core and skin layers,
where dskin,int = 2dskin,ext as previously defined. Since only four parameters are
considered, namely order N , thickness of the skin dskin,int = 2dskin,ext, thickness
of the core dcore and angle of incidence are considered, a simple brute force search
algorithm was used in Python. This means that, given some boundaries on the
parameters and a certain step size, each possible result is evaluated, which guaran-
tees the best result is found (within the boundaries and limited by the step size of
course). Given an array of thicknesses, order N and angles θ, the algorithm finds
the lowest maximum reflection for a specified frequency over the range of angles
as specified in (4.8), (4.9) and (4.11). The optimization is done on a function
utilizing (6.2).

We chose to evaluate N -stack radomes with real materials. First a radome with
a core of Rohacell 71HF and a Rogers Duroid 5880 was evaluated. By doing the
brute force search over a range of angles from 0◦ to 60◦, N going from 1 to 10 and
at a frequency of 24 GHz we found a design optimized for TE polarization, giving
N = 2, dskin,ext = 0.45 mm (dskin,int = 0.9 mm) and dcore = 2.9 mm. In order to
verify the correctness of the result the optimized N = 2 sandwich was simulated
in HFSS as well as plotted using (6.2). The result can be seen in figure 6.5. Even
though the sandwich was optimized for TE polarization as defined in (4.8), we
chose to plot the reflection of the TM polarized wave as well with both calculation
in Python and simulation in HFSS. First of all, it is clear that the transmission
line theory used in the Python calculation is still matching well with the HFSS
simulation. It is also evident that for the N -stack A-Sandwich it is a good strategy
to optimize for TE-polarization since we clearly see that even though we optimized
for the TE polarized wave, the TM polarized wave still experience less reflections.
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Figure 6.5: Reflection for an N = 2 sandwich with a dcore = 2.9 mm
of Rohacell 71HF ϵr = 1.09, loss tangent tan δcore = 0.0002,
dskin,ext = 0.45 mm of Rogers Duroid 5880 with an ϵr = 2.2
and tan δskin = 0.0009 at 24GHz. Both TE and TM polarized
wave is plotted from both the result in Python and simulation
in HFSS. The sandwich was optimized at 24 GHz for as low
reflection as possible for angles going from 0◦ to 60◦.

6.3 B-Sandwich
Another sandwich design that we have chosen to focus on is the B-sandwich de-
sign. In figure 6.6 a plot of the reflection at 24 GHz versus angle of incidence
calculated with transmission line theory in Python of a B-sandwich with N = 2
is shown. The B-sandwich was optimized to minimize the maximum reflection for
TE polarization only over the angles of incidence going from 0◦ to 50◦ as defined
in (4.8). The optimization for the B-Sandwich was done using the Differential
Evolution optimizer scipy.optimize.differential_evolution as mentioned in
section 4.2 with the constraints that ϵr,skin =

√
ϵr,core, dskin,int = 2dskin,ext and

tan δ = 0.001. The optimization gave dskin,ext = 1.52 mm, dcore = 1.45 mm,
ϵr,skin = 2.6336 and ϵcore = 6.94, resulting in a reflection less than −47.7 dB up to
a 50◦ angle of incidence. The boundaries in the optimization for the thicknesses
were between 0.3 mm and 10 mm and the boundaries for ϵr,skin was between 2 and
9.
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Figure 6.6: Reflection versus angle of incidence of an N = 2 B-
sandwich optimized for TE polarization with differential evolu-
tion algorithm with ϵr,skin =

√
ϵr,core, dskin,int = 2dskin,ext and

tan δ = 0.001. Resulting in dskin,ext = 1.52 mm, dcore = 1.45
mm, ϵr,skin = 2.6336 and ϵr,core = 6.94.

The result shown in figure 6.6 shows that for a B-sandwich it is not enough to
optimize for TE polarization only since the TM polarization will be worse. For
clarity, in order to show that it is enough to optimize for TE polarization for an
A-sandwich, we have done a optimization with the differential evolution algorithm
for the N = 2 A-sandwich as well where again dskin,int = 2dskin,ext and tan δ =
0.001. Obviously for an A-sandwich, the constraint is that ϵr,skin > ϵr,core, which
was set as a constraint in the optimizer. The boundary for ϵr,core was between
1.09 and 9 and the boundary for ϵr,skin was between 2 and 9. The boundaries
for the thicknesses were the same as for the B-sandwich case. This resulted in
an A-sandwich with dskin,ext = 2.31 mm, dcore = 3.76 mm, ϵr,skin = 7.51 and
ϵr,core = 1.09. The result for the reflection at 24 GHz versus angle for the A-
sandwich optimized for TE polarization is shown in figure 6.7. Here we see that
even though we optimized for TE polarization, the TM polarization still experience
less reflections.
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Figure 6.7: Reflection versus angle of incidence of an N = 2 A-
sandwich optimized for TE polarization with differential evolu-
tion algorithm with ϵr,skin > ϵr,core, dskin,int = 2dskin,ext and
tan δ = 0.001. Resulting in dskin,ext = 2.31 mm, dcore = 3.76
mm, ϵr,skin = 7.51 and ϵr,core = 1.09.

Concluding that an optimization for both TE and TM polarization simultaneously
was needed, a differential evolution optimization for a B-sandwich for both polar-
izations simultaneously was performed as defined in (4.11). Here we use the same
set-up, boundaries and constraints as the B-sandwich plotted in figure 6.6 but with
the difference that the optimization was done in order to push down the maximum
reflection over the angles of incidence 0◦ to 50◦ for both polarizations. This means
that the maximum reflection is either TE or TM polarization, whichever has the
highest value. The result of the reflection versus angle of incidence at 24 GHz is
plotted in figure 6.8.
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Figure 6.8: Reflection versus angle of incidence of an N = 2 B-
sandwich optimized for TE and TM polarization simultaneously
with the differential evolution algorithm with ϵr,skin =

√
ϵr,core,

dskin,int = 2dskin,ext and tan δ = 0.001. Resulting in dskin,ext =
1.92 mm, dcore = 1.19 mm, ϵr,skin = 2.97 and ϵr,core = 8.82.

We see that in this way we are able to keep both the TE and TM polarization
reflections low. The cost is that the TE polarization gets worse as compared to
the case in 6.6, but the reflection is still under -30 dB for both polarizations. From
this we wanted to optimize the B-sandwich further and investigate whether the
N = 2 sandwich is better as an A- or B-sandwich. In order to find the optimal
N = 2 sandwich we had to change a few things in the optimization. First, we had to
loosen the constraints such that the dielectric constants of the skin and core are not
dependent on each other. Secondly, by making the internal skin thickness, dskin,int,
independent on the external skin thickness, dskin,ext. The thickness boundaries for
dskin,int, dskin,ext and dcore were still between 0.3 mm and 10 mm. The dielectric
constant boundaries for ϵr,core between 1.09 and 9 and ϵr,skin were between 2 and
9. The result is shown in figure 6.9.
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Figure 6.9: Reflection versus angle of incidence of an N = 2 sand-
wich optimized for TE and TM polarization simultaneously with
the differential evolution algorithm with tan δ = 0.001. Result-
ing in a B-sandwich with dskin,ext = 1.80 mm, dskin,int = 3.55
mm, dcore = 1.84 mm, ϵr,skin = 2 and ϵr,core = 8.6.

We can see, first of all, that the optimization in figure 6.9 results in a B-sandwich,
noticing that the B-sandwich outperforms the A-sandwich. We can also see that
the result becomes slightly better than the result in figure 6.8 when making dskin,int
and the dielectric constants independent parameters during optimization. How-
ever, the difference is small, which indicates that the ϵskin ≈ √

ϵcore rule of thumb
and keeping dskin,int = 2dskin,ext is a good design method to obtain low reflection
for a B-sandwich.

6.3.1 TE & TM Angular Dependence
Another use case that we have not taken into consideration so far is a radome
where we optimize for TE and TM differently. This might apply to, for example,
a rectangular radome where the elevation is not of the same importance as the
azimuth. With this in mind, in figure 6.10 we have plotted two simulations for the
N = 2 sandwich where TE and TM was optimized for either 50◦ or 30◦. In figure
6.10a the TE mode is optimized for up to 50◦ and the TM mode for 30◦. In figure
6.10b we have the opposite case where TM is optimized up to 50◦ and TE for 30◦.

Figure 6.11 shows the optimization when taking only TE & TM into consider-
ation respectively. Figure 6.11a shows the case for TE up to 50◦ and figure 6.11b
shows the TM mode optimized for up to 50◦. From this we can see how the two
different optimizations are affected when optimizing over angles of incidence.
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Figure 6.10: In (a) we have TE optimized for 50◦ and TM for 30◦.
Here we get ϵr,core = 6.92, ϵr,skin = 2.03, dskin,ext = 1.72 mm,
dcore = 4.33 mm and dskin,int = 3.42 mm. In (b) we have
TM optimized for 50◦ and TM for 30◦ with: ϵr,core = 5.59,
ϵr,skin = 2.40, dskin,ext = 1.93 mm, dcore = 1.78 mm and
dskin,int = 3.92 mm. The loss tangent for every material here
is δ = 0.001.
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Figure 6.11: In (a) we have only optimized for TE up to 50◦. Here
we get ϵr,core = 5.89, ϵr,skin = 2.16, dskin,ext = 2.38 mm,
dcore = 0.82 mm and dskin,int = 4.81 mm. In (b) we have only
optimized for TM up to 50◦ with: ϵr,core = 8.84, ϵr,skin = 2.95,
dskin,ext = 1.69 mm, dcore = 1.63 mm and dskin,int = 7.28
mm. The loss tangent for every material here is δ = 0.001.

6.4 The Optimized Multilayer Radome
So far we had restrictions on only having two different and alternating materials in
our sandwich radome. Since we want to have a symmetric radome then an m-layer
radome can have a maximum of (m+1)/2 different materials and thicknesses. The



N = 2 B-sandwich in figure 6.9 have m = 5 layers but only two different materials,
even though there is a possibility to have three different materials. Utilizing the
Differential Evolution optimization algorithm
scipy.optimize.differential_evolution in Python, we wanted to investigate
an optimum radome with m = 7 layers with the possibility of four different materi-
als and four different thicknesses. This radome is neither defined as a B-sandwich
nor A-sandwich. Instead it is a multilayer radome as defined earlier. A schematic
of a 7-layer sandwich radome is shown in figure 6.12. Here we see that we have
four different thicknesses and four different dielectric constants.

ϵr,1 ϵr,2 ϵr,3 ϵr,4 ϵr,3 ϵr,2 ϵr,1

d1

d2

d3

d4

d3

d2

d1

Figure 6.12: Schematic of an example of a 7-layer symmetric radome
with a maximum of four different dielectric constants and four
different thicknesses. The thicknesses are arbitrary and not to
scale.

The result of the reflection versus angle of incidence calculated with transmission
line theory in Python for a multilayer sandwich radome with 7 layers optimized
with the Differential Evolution algorithm for both TE and TM polarization up to
50◦ is shown in figure 6.13. With this method we were able to achieve a radome
with a reflection under −41.6 dB up to 50◦ angle of incidence. The obtained values
from the optimization for each layer is shown in table 6.1. Each layer had a loss
tangent of tan δ = 0.001. The boundary for each thickness was between 1 mm and
12 mm and the boundary for each relative dielectric constant was between 1.5 and
9.
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Figure 6.13: Reflection versus angle of incidence for TE and TM
polarized waves calculated with transmission line theory for a
7-layer radome optimized with the Differential Evolution algo-
rithm.

Material Rel. Dielectric Constant Thickness
1 ϵr,1 = 1.50 d1 = 2.87 mm
2 ϵr,2 = 5.63 d2 = 4.04 mm
3 ϵr,3 = 8.99 d3 = 3.20 mm
4 ϵr,4 = 5.73 d4 = 4.07 mm

Table 6.1: The obtained values for each of the four materials for a
7-layer radome from an optimization with the Differential Evo-
lution algorithm.

6.5 Tolerances
When optimizing a sandwich structure, an issue might be to which extent it is
allowed for the thicknesses of each slab in the sandwich and the dielectric constants
of each material to vary. In for example figure 6.9 we might have found the
optimized sandwich, but if the thicknesses and the dielectric constants are not
allowed to vary too much without degrading the performance, then it might be
difficult to fabricate such a radome. In order to give an indication of the limitations
for the optimized B-sandwich in figure 6.9, we have plotted in figure 6.14 how the
maximum reflection varies with external skin dskin,ext and core thickness dcore in
proximity to the global minima that was obtained. And in figure 6.15 we have
plotted how the maximum reflection varies with relative dielectric constants ϵskin
and ϵcore. We see from figure 6.14 that the minimum is when dskin,ext = 1.80
mm and dcore = 1.84 mm as shown earlier in figure 6.9. dskin,int is kept constant



at 3.55 mm. However, we see that the maximum reflection quickly increases as
the thicknesses diverge from their optimized values. A variation in thickness above
approximately 0.05 mm will degrade the maximum reflection to values higher than
−25 dB.
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Figure 6.14: 2D plot of the maximum reflection of TE and TM
polarized wave as function of dcore and dskin,ext.

In figure 6.15 we see that the relative dielectric constant of the external skin ϵcore
can vary quite a lot and still keep a maximum reflection below −25 dB while
diverging approximately 0.3 from 8.6. However, the relative dielectric constant of
the skin ϵskin is much more sensitive to variations and can not diverge more than
0.1 from 2.0.
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Figure 6.15: 2D plot of the maximum reflection of TE and TM
polarized wave as function of ϵcore and ϵskin.

More interestingly, however, is that we see that in order to obtain minimum re-
flection, then, for this specific design, ϵcore is a linear function of ϵskin such that

ϵcore = kϵskin +m (6.3)

where k and m are constants. This means that keeping the thicknesses constant we
can still vary the dielectric constants if we follow (6.3) where k and m easily can be
obtained from the plot in figure 6.15. In this particular case ϵcore = −4.91ϵskin +
18.39. This is a great advantage since we can, after an optimization, utilize (6.3)
to find relative dielectric constants that are more close to available materials.

6.6 Summarized results
Within this chapter we have done optimizations on a few radomes designs which
have increased performance over angles of incidence up to 50◦ as compared to the
conventional half-wave radome. In figure 6.9 we have shown the optimal N = 2
B-sandwich design, in figure 6.7 the optimal N = 2 A-sandwich is shown, in
figure 6.13 is the 7 layered multi-layer design and lastly in figure 6.10a we can see
one of the N = 2 B-sandwich design where the two polarizations were optimized
differently for a maximum angle of incidence. For convenience and comparison we
have summarized these four plots (figures 6.9, 6.7, 6.13 and 6.10a) in figure 6.16.
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Figure 6.16: (a) N = 2 B-sandwich optimal design as in figure 6.9.
(b) N = 2 optimized A-sandwich as in figure 6.7. (c) 7-Layered
multi-layer radome as in figure 6.13. (d) N = 2 B-sandwich
optimized for 50◦ TE and 30◦ TM as in figure 6.10a.



Chapter 7
3D-Prototyping & Measurements

In this chapter we present the process used in order to produce the prototypes as
well as the measurement results.

7.1 Honeycomb Prototype
In this project we are investigating a honeycomb design which consists of a single
material, in our case 3D printed PLA, where the solid parts and the honeycomb
are printed and then assembled. The PLA used is the material measured in table
7.1. Unfortunately, we performed this investigation before the measurement of the
dielectric constant as tabulated in table 7.1 and assumed a relative dielectric con-
stant of ϵr = 2.7 and loss tangent tan δ = 0.001, which showed not to be entirely
exact.

Nevertheless, with the 3D-print honeycomb method we do not need a separate
honeycomb material for our prototype and with this reduce the amount of adhe-
sive layers in the sandwich structure.

We simulated the results of our N = 2 A-sandwich honeycomb design in HFSS and
compared this to that of the conventional radome with the same measurements
and dielectric constants. In figure 7.1 we have used HFSS to simulate two designs
of the honeycomb. One with a 2 mm side wall and one with a 3 mm side as well as
the conventional A-sandwich radome, which consists of a solid core with the same
effective dielectric constant. The effective dielectric constant was calculated via
the Maxwell-Garnett equation (3.4). We simulated two different side lengths of
the honeycomb unit cell for the 3D-printed model since we had a preferable design
at a wall length of 2 mm, however due to limitations in the printing process we
had to use a wall length of 3 mm when producing the prototype.

In the results from figure 7.1 we see that the honeycombs perform slightly worse
than the conventional radome but we still have good performance over the angle of
incidence θ for both honeycomb designs. The advantage of using the honeycomb
radome instead of a conventional design is that we can control our own effective
dielectric constant of the core and we are then not dependent on finding a specific
material with low dielectric constant.
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Figure 7.1: HoneycombN = 2 A-sandwich compared to the conven-
tional design. dskin,ext = 0.3 mm, dcore = 2.6 mm, dskin,int =
0.6 mm and we have ϵr,skin = 2.7 and ϵr,core = 1.345.

In figure 7.2 below we can see the printed honeycomb prototype which consists
of the three pieces mentioned above and in this model we have a skin of 0.3 mm,
a core of 2.6 mm, a filling factor of 28.5%, wall size of 3 mm and according to
equation (3.10) this then gives the unit cell twall = 0.4 mm. The parts consists
of two plates with the skin and honeycomb structure and one plate which is the
middle section that has a thickness of 2 times that of the skin.



(a) (b)

Figure 7.2: 3D-printed honeycomb A-sandwich radome.(a) Shows
the skin and honeycomb core component and. (b) shows the
middle skin part which is 0.6 mm thick.

In order to produce the finished radome prototype we need to use an adhesive to
combine our pieces and for this we use 3M scotch-weld 76 which has a dielectric
constant of 2.32 [49] and an assumed thickness of around 0.05 mm. The reason
why we did not print the whole radome in one piece was due to that, with this unit
cell size, the threads from the middle layer would bend down into the honeycomb
cavities.

Before we used the adhesive on our radome we first tested it out on other 3D-
printed PLA pieces shown in figure 7.3a and figure 7.3b so that we could assess
the functionality of the adhesive. This test showed that the adhesive gave a fairly
thin layer that held together well, even though it could be torn apart but this is
outside of the use case for our prototype. When a honeycomb layer was applied
onto a surface that had been sprayed with the adhesive and pressed against it we
saw that the adhesive forms a thin layer over the cavities of the honeycomb and
does not enter. The adhesive was not evenly spread over the whole surface of the
PLA samples which might be due to the adhesive being distributed on each of the
samples when we tore them apart.

With the radome pieces we sprayed the adhesive onto the middle section and
attached the outer honeycomb section, gave it time to dry and then repeated for
the other piece. We chose to apply the spray adhesive to the middle section since



it would most likely affect the performance negatively if the adhesive was used on
the honeycomb structure since it would enter the honeycomb cavities.

In figure 7.3 below we see the results from the adhesive test as well as the fi-
nal result of the radome. In figure 7.3b it can be seen that as we mentioned earlier
the adhesive does not enter the cavities on the test plate and we assume that
the same will apply for the final radome. In figure 7.3c and figure 7.3d the final
radome is shown. Here it can be seen that the radome is solid and holds together
well. However, it can be seen that one side of the radome is slightly bent; this
is due to the bending that occurred in the 3D-printing process. Overall the ad-
hesive worked well for the radome and we take the bend into consideration when
performing measurements.
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Figure 7.3: Results from the adhesive test as well as the final radome
results. Figure (a) shows the flat side which was glued together
with (b), we see a mostly uniform layer of the adhesive. In (b)
we see the honeycomb test part, here we see that the adhesive
does not enter the cavities. Figure (c) and (d) shows the final
radome from figure (7.2) glued together.



7.2 Measurement Results
In this section we present the results from the performed measurements of the 3D-
printed 24GHz half-wave and honeycomb radome. The measured results are pre-
sented with the transmission S21 as compared to the previously simulated results
which are presented in power reflection S11. This since, due to our measurement
method, the reference value is that of full transmission and thus to normalize with
a reference we need to use the transmission. In the data for the measurements
we first used a reference measurement without the radome. A measurement was
then performed with the radome. In the end the measured S21,dut parameters
with the radome was normalized to the measured S21,ref parameters without the
radome as S21 = S21,dut/S21,ref . We also performed a fast Fourier transform on
the data to change it from frequency domain to time domain from where we could
do time-gating analysis [50].

7.2.1 Half-Wavelength Prototype
The setup described in section 4.4.1 was used in order to measure both the printed
honeycomb as well as a half-wave radome. We also used these measurements in
order to calculate the real dielectric constant and loss tangent of our PLA. These
values are shown in table 7.1.

Rel. Dielectric Constant loss tangent
ϵr = 2.62 tan δ = 0.007

Table 7.1: The measured relative dielectric constant ϵr and loss
tangent tan δ of the PLA material.

7.2.2 Half-Wavelength Measurement
A 3D-printed PLA half-wavelength radome was also made, as seen in figure 7.4,
which we used in order to further validate the measurement results with a simple
structure; the half-wave prototype was used to measure the dielectric constant of
PLA in 7.1. In figure 7.5 we see the measured transmission for the 3D-printed
half-wave radome compared with the HFSS simulation.



Figure 7.4: Half-wavelength radome prototype, thickness of 3.8mm,
3D printed with PLA.
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Figure 7.5: Transmission of the measured half-wavelength slab
compared to transmission of the same slab in a HFSS simu-
lation. The thickness of the slab is 3.8 mm. ϵr,skin = 2.62 and
tan δ = 0.007.

7.2.3 Honeycomb Radome
The honeycomb radome transmission measurement was measured with the setup
shown in figure 4.2. As mentioned earlier the measured relative dielectric constant
of the PLA material turned out to be 2.62 with a losstangent of 0.007. However,
the relative dielectric constant was previously assumed to be 2.7. In figure 7.6 we
have plotted the transmission of the measured honeycomb that we designed as well



as the comparison with the transmission of the honeycomb in a HFSS simulation
with the dielectric constant and losstangent that we measured from the single slab.
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Figure 7.6: The transmission of the measured glued N = 2 Hon-
eycomb A-sandwich compared to HFSS simulation. dskin,ext =
0.3 mm, dcore = 2.6 mm, dskin,int = 0.6 mm. For the measured
sample we have ϵr,skin = 2.62 and tan δ = 0.007.



Chapter 8
Finite Radome Simulations

In order to further validate our design method and simulations full wave antenna
simulations are needed since here we can investigate, for example, reflections from
the substrate, corner effects from the radome as well as the impact from our
antenna device.

8.1 Models
The simulations were performed with a 2-dimensional model in COMSOL Mul-
tiphysics where lumped ports were used as a source and the radome was build
over this and then swept for several angles. The models can be seen in figure 8.1.
In figure 8.1a the half-wavelength radome is simulated in COMSOL Multiphysics,
this with a dielectric constant of 3.4 and a thickness of 3.39 mm. In figure 8.1b the
B-sandwich is modelled, this corresponds to the simulated B-sandwich in figure
6.9. The simulation is performed over angles of incidence from 0◦ to 50◦ degrees at
24 GHz. The height of the radome is 12.5 mm over the port, which corresponds to
one free space wavelength. The width of the radome is such that there is a gap of
6.25 mm between the ports and the radome, this corresponds to half a free space
wavelength. The COMSOL Multiphysics model as well as the dimensions were
based on the previous master’s thesis by Atefeh Mousavi [28]. Worth to mention
is that the first half-circle in figure 8.1 shows the far-field domain border.
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(a)

(b)

Figure 8.1: COMSOL Multiphysics models used for antenna simu-
latons. (a) shows the half-wavelength radome model and (b)
illustrates the B-sandwich COMSOL Multiphysics model. The
half-wavelength radome is that of the plexiglass halfwave in
chapter 5 and the B-sandwich model corresponds to figure 6.9.
Here the radomes are the green colored sections, in (b) different
colors are used for the different dielectric materials.

8.2 Simulation Results
In order to analyse the designed radomes’ performance the maximum gain for
each angle of incidence is compared in the case of no radome and in the case with
the radome present. In figure 8.2 below we have the maximum gain plotted for
each angle θ for the cases of no radome, the half-wavelength radome and the B-
sandwich. The half-wavelength radome in this case is the plexiglass radome shown
in figure 5.1 and the B-sandwich is shown in figure 6.9.
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Figure 8.2: Maximum Gain for each angle of incidence. (a) shows
the case for no radome, (b) is the half-wavelength and (c) shows
the B-sandwich gain. Both polarizations are plotted in each
case.



In figure 8.3, the gain difference between the case with and without a radome
present is compared for both the half-wavelength and the B-sandwich radomes.
Figure 8.3a shows the TE polarization case and figure 8.3b shows the TM-polarization
case. We also included transmission simulations from HFSS for a flat radome for
comparison.
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Figure 8.3: The normalized gain plots for the COMSOL Multiphysics
simulations compared to the HFSS simulations. In (a) the
TE polarization for the half-wavelength and B-sandwich respec-
tively is shown. In (b) the TM polarization for both radomes
are shown.

Another factor which can be investigated for the radome performance when analysing



antenna radiation is the bore-sight error (BSE). In figure 8.4 below the BSE for
both polarizations for each radome is shown, the BSE here is the absolute differ-
ence between the angle of incidence and the bore-sight angle.
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Figure 8.4: Boresight Error (BSE) plotted for each simulated
radome. (a) shows the case for the TE polarization and (b)
shows the TM polarization.





Chapter 9
Discussion

9.1 A-Sandwich
From the A-sandwich designs that we optimized and simulated we can see that our
goal of having a reflectance below −25 dB for up to 50◦ degrees can be achieved;
this can be seen in figure 6.5 and figure 6.7. With the A-sandwich design we also
saw that it was only needed to optimize for the TE polarization as the performance
of the TM polarization followed automatically. From the results it was noticed that
for up to 50◦ degrees as seen in figure 6.5 the optimal design was with N = 2 cores.

If we compare the A-sandwich design optimized at normal incidence with the
traditional half-wavelength radome as shown in figure 6.4, we see that in order
to have better performance than the half-wavelength radome over a sweep for the
angle of incidence we need exactly four cores; more cores are not necessarily prefer-
able. The N = 4 sandwich is better since when we increase the number of cores
we also increase the bandwidth of our radome [16]. The downside of this design
is that with an increase in radome thickness we also introduce more losses which
lowers the overall power reflection. This might explain why it is not advantageous
to go over four cores, which means that there is a balance between increasing the
bandwidth and avoid to many losses when increasing N

One important factor that we have not considered for the A-sandwich when analysing
the results is the structural benefits of the A-sandwich. Depending on the use case
an A-sandwich can be preferable due to the beneficial strength to weight ratio
even if the electromagnetic performance might be slightly worse. Examples of this
would be in for example aerospace engineering where A-sandwiches with honey-
comb or porous material cores are used [36].

9.2 Honeycomb Simulations & Prototype Manufacturing
In figure 7.1 we can see the HFSS simulations of our honeycomb structures. What
we see from this is that compared to the conventional solid core structure with the
same relative dielectric constant we could design a honeycomb core with around a
−10 dB decrease in performance at its maximum value.
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Even if the performance of the honeycomb core is worse than that of the con-
ventional we chose to produce this as the prototype due to our limitations. In the
scope of our project it was not feasible to get a hold of low dielectric core materials
such as Rohacell 71HF. Therefore, we chose to produce the honeycomb core which
had a low relative dielectric constant and we could print the whole radome with
one material. This is beneficial since we do not need to consider multiple materials
as well as that we can tune the dielectric constant of the core. Possibly this can
reduce the manufacturing cost.

One drawback when designing the honeycomb with our method is that in the
Python optimizations using transmission line theory we cannot take the honey-
comb structure itself into consideration, we can only optimize the solid core case.
However, as we just saw in figure 7.1, the honeycomb is similar in performance to
the conventional solid core case; especially if we reduce the honeycomb unit cell
size in figure 3.3.

However, the reason why we chose a side-wall length of 3 mm is, as mentioned
earlier, due to limitations of the printing process. The prototype was produced in
PLA with a fused filament 3D-printer [48] which had limited resolution and the
process was shown in chapter 7. The end-product came out well, there were slight
structural errors due to the defect introduced in the printing process which made
it such that the radome was not entirely flat. Also, the adhesive held well together
and as seen in figure 7.3b the adhesive seems to not enter the honeycomb cavities.

An alternative that was discussed when producing the prototype was to print
the whole radome as one piece. This is doable with filament printers but the
threads will slightly bend into the honeycomb cavities. If the unit cell is larger
then the thread will probably bend more. It is possible to produce this but since
we have a relatively large unit cell we chose not to pursue this method.

9.3 Prototype Measurements
The assembly of the prototype came out well, however, there were slight struc-
tural errors due to one of the plates being bent during the printing process. The
thickness of the adhesive has not been measured, however, we made an assumption
that it was around 0.05 mm based on previous work in similar settings [49].

In figure 7.5 we can see the measurement results from the measured 3D-printed
PLA half-wavelength radome. What we can see in the measurement and simu-
lation of the half-wavelength radome is that the peak is slightly shifted from 24
GHz. This shift is likely due to that we initially designed the half-wavelength
radome for a relative dielectric constant of 2.7 while the real value was 2.62; thus
the thickness of the half-wavelength radome is not perfectly optimized at 24 GHz.

The measured honeycomb prototype is plotted in figure 7.6 together with the



simulated honeycomb. Here both have a relative dielectric constant of 2.6 which
was the measured value. The overall behaviour of the transmission is somewhat
close to that of the simulations; albeit shifted in frequency. But it is difficult to
make final conclusions with these measurements because there could be several
sources of error. We believe that the main differences in transmission between the
prototype and the simulations arise from sources of error with the prototype as
well as possible errors in the measurement setup. Our measurement set-up was
far from optimal and a lot of noise and disturbances are introduced.

The first measurement that was performed in an open room had data that was un-
usable as there was too much noise from the environment in order to get a proper
result. We solved this by moving our measurement set-up to a room covered in
absorbing material, however, this does not eliminate the disturbances introduced
due to our set-up itself. Further, since our sample was 20x20 cm2 we could not
have the horns at a too large distance which would give inaccurate results since the
beam will illuminate the edges of the sample. What could be done in the future
in order to make a more precise measurement is to use either a better set-up with
proper alignment and a larger sample or measure via a wave-guide. Further, mea-
surements with rotational tables can be performed in order to investigate oblique
incidences and a prototype can also be produced which can be used for full radome
measurements using a radar device.

Another source of error for our prototype is the additive manufacturing process.
We had assumed beforehand that the PLA had a dielectric constant of 2.7 and
when measured we got 2.62. The printing process itself gave some anomalies since
one of the honeycomb plates was bent a bit, and from the results we could not
identify if this affected the end result. Furthermore, the thickness of the adhesive
and the relative dielectric constant had not been measured. These were assumed
based on previous work [49], but could be both thicker or thinner.

9.4 B-Sandwich
It is interesting to see that some of the best optimized sandwiches has been the
B-sandwich. A possible reason for the difference in performance between the A &
B-sandwich comes from the dielectric constants of the material. In the B-sandwich
we first have a gradually increasing dielectric constant in the layers going from the
air to the core and then a decreasing dielectric constant when going the reverse
direction from the core to air. With this design we get a more smooth tran-
sition between the dielectric layers which is preferred in order to maximize the
performance [51]. The A-sandwich is the reverse case of the B-sandwich where we
go from air to a much larger value of the dielectric constant and then to a low
dielectric core, this then does not give a smooth transition which decreases the
performance as compared to the B-sandwich [51].

A factor for why we chose to focus on the B-sandwich is that the aforementioned
structural benefits of the A-sandwich are not relevant for our use case and thus



not considered. However, for a radome it is not desirable to have a soft (and
potentially) water absorbing material as a skin. Neither is it desirable to have
a honeycomb structure as the skin, since it will accumulate water and dirt and
degrade the performance of the radome. With this we have a few limitations on
the B-sandwich if we were to create a prototype or a design for production. Due
to the mechanical restrictions with the B-type sandwich we realistically need a
skin material that has sufficient mechanical resistance and at the same time has
a low dielectric constant. Since the optimal performance of the B-type radome
consists of an anti-reflective coating where ϵr,skin =

√
ϵr,core we also have a limit

on the ϵr,skin since the it is difficult to have a dielectric constant for the core that
is larger than 6.5. With these restrictions we see that our ϵr,skin has the limits of
2 ≤ ϵr,skin ≤ 2.55 [29].

As shown in (2.28), for zero degree angle of incidence, we would need that ϵr,skin =√
ϵr,core together with dskin = (2n + 1)λ/4 to use the skin material as an anti-

reflective coating [14]. In our case, however, we want not only to minimize reflec-
tion for θ = 0◦ but for a broad range of angles. As a rule of thumb however we have
initially chosen to keep ϵr,skin ≈ √

ϵr,core as this has shown to give good results,
the downside of increasing values of the dielectric constant is that the bandwidth
decrease slightly. It is also important to mention that the theoretical condition
for an anti-reflective coating (2.28) assumes that there are no reflections after the
second layer as it is assumed to be infinite.

The main difference we noticed when designing B-sandwiches as compared to the
other designs was that when we only optimized for the TE polarization the TM
polarization decreased in performance, as shown in figure 6.6. Due to this we
changed our approach of optimization and considered both polarizations at the
same time, which is shown in figure 6.9. Interestingly, from the results we noticed
that for angles of incidence up to 50◦ degrees the N = 2 sandwich design gave the
optimal performance, just as with the A-sandwich.

The final part we investigated with the B-sandwich was how the result would
change if we optimized for different angles in the TE & TM case. The results
can be seen in figure 6.10 and this gave very promising results. In figure 6.10a we
have a minimum power reflection of −45 dB when optimizing up to 50◦ degrees
for the TE case and up to 30◦ degrees for the TM case. This showed that we could
increase the overall performance of the radome if the limitations in TE & TM are
not the same.

Interestingly, in figure 6.10b we have the inverted case where the TM polariza-
tion was optimized for 50◦ degrees and TE optimized for 30◦ degrees instead. We
do not know the exact reasons why this happens, but when looking in figure 6.11
we see that when solely optimizing for TE or TM respectively the B-sandwich
optimized for TE is better than the B-sandwich optimized for TM. From this we
reason that if TM polarization is optimized for a lower angle while TE is opti-
mized at the same time for a larger angle there are more options for the TE which
generally has a higher performance.



9.5 Finite Radome Simulations
COMSOL Multiphysics antenna simulations were performed in order to investigate
the performance of, in this case, the half-wavelength radome and the B-sandwich
radome. This was performed with a 2-dimensional COMSOL Multiphysics model
for each polarization. In figure 8.2 the maximum gain for each angle in a paramet-
ric sweep between 0◦ and 50◦ is shown at exactly 24 GHz. We see, as expected,
that the performance reduces when introducing a radome into the system.

In order to perform a meaningful analysis of the gain we have chosen to plot
the gain difference for each radome at TE & TM polarization. This can be seen
in figure 8.3. What we see here is that for both radomes we generally have a
maximum difference of around -1 dB for both polarizations. The half-wavelength
radome has better performance in general, however, we can see that for the higher
angles of incidence the B-sandwich has a slight increase in performance as com-
pared to the half-wavelength radome.

The results from the COMSOL Multiphysics gain plots are not entirely what was
expected as compared to the simulations. In figure 8.3 this difference can be seen
with the HFSS simulations as compared to the COMSOL Multiphysics simula-
tions. However, the HFSS simulation does not include any parameters relating to
the antenna and the radome geometry. That is to say, in COMSOL Multiphysics
we have edges on the radome, sidewalls and reflections on the substrate. The
difference in performance for the B-sandwich in the COMSOL Multiphysics sim-
ulations as compared to the HFSS and Python simulation most likely occur due
to these factors. Also, the model itself will affect the simulation since the result
is dependent on the dimensions of the radome as compared to that of the source.
The inner height and length are the same for both the half-wavelength radome
and the B-sandwich but the geometries of each radome might interact differently
with the signal.

For antenna applications it is also of interest to investigate the boresight error
that occurs due to the introduction of a radome. This is shown for the COMSOL
Multiphysics simulations in figure 8.4 where 8.4a is the TE polarization and 8.4b
is the TM polarization. From this we can see that the B-sandwich TE mode out-
performs the half-wavelength radome at angles of incidence larger than 30◦ and
for the TM mode the half-wavelength out performs the B-sandwich overall. What
can also be seen from these results is that for the TM polarization is considerably
less effected by the boresight error than the TE polarization.

9.6 Design Method
From what can be seen in the results is that the simulated radome structures
that were developed with the help of Python algorithms, optimizations and HFSS
simulations were shown to be close to that of the measured structures. With the
produced honeycomb prototype we saw, as mentioned, that the results were similar
to that of the simulations. This shows us that our method of design for the hon-



eycomb sandwich structures gives a valid result. This, combined with the results
from the full simulation performed in COMSOL Multiphysics for the B-sandwich
makes it such that we draw the conclusion that our design method is feasible for
every sandwich radome structure. More work can be done in investigating mul-
tilayer structures, especially since from our results we can see that the tolerances
are quite slim when introducing several layers all with different materials.

Also, one important part with our design is that since we focus on the goal of
a reflectance of −25 dB or below, we do not take the transmittance into consider-
ation. With a lossless material we have the condition of R + T = 1 [24] where R
is the reflectance and T the transmittance. With this condition the transmittance
which correlates to our goal of −25 dB should be larger than −0.014 dB. However,
in reality we have losses in the materials which explains why the measured trans-
mittance is lower than that of the lossless case. One could argue that a better
method would have been to focus on the transmittance from the beginning. How-
ever, if the radome is optimized with respect to reflectance, then a well designed
structure is found anyway. This is because transmittance is mostly affected by
material choices rather than structural parameters.

9.7 Future Work
Much work can be done with improving on the results that we have achieved.
Firstly, we had limitation in both time and production on our honeycomb pro-
totype. With an alternative additive manufacturing method, or a more classical
production approach, the size of our unit-cells (figure 3.3) can be made much
smaller. This would make effective dielectric constant of the honeycomb layer
more close to the Maxwell-Garnett approximation (3.4) [39], which would make
the optimization in Python as well as the simulation more true to reality. Future
projects could investigate the improvements within additive manufacturing, such
as using a different technique than fused filament [48] as well as which alternative
materials are available.

One part that can be investigated further is a prototype of the B-sandwich design
which gave the optimal result from our optimizations. It is possible to create a
prototype for this, although the manufacturing should be of very high quality since
we have fairly low tolerances. It could also be interesting to see if it is possible to
create a multi-layer prototype based on an optimization like the one in figure 6.13.
Creating a prototype with several layers which requires very precise values on the
dielectric constant as well as the layer thickness can be quite challenging due to
the tolerances, especially if we have higher dielectric materials. The techniques we
have used can also be combined, such as using honeycomb cores in a multi-layered
stacked structure in order to create a specific dielectric constant.

One area of interest, but not a focus in this work, is frequency selective sur-
faces (FSS) and in some parts meta structures. There has been a lot of work done
previously with for example FSS which can be used to alter the electromagnetic



properties of the structure, the FSS can for example be used as a filter which
only transmits at specific frequencies [52, 53]. FSS can be incorporated into our
radome design in order to for example reduce the reflections at certain angles [54]
or reduce incoming noise from other signals.

Within this project we have chosen to only focus on a flat radome design, this
since we are designing for an arbitrary antenna array and the performance will be
the same independent on where the antenna is positioned. Further work can be
done within this field by investigating different designs of the radome for specific
applications. With our optimizations we can only take the flat radome case into
consideration. Therefore future work could investigate possibilities to find easy
implementable methods to optimize radomes of different shapes as well.





Chapter 10
Conclusion

In this thesis a design method for optimizing, producing and measuring a radome
prototype was shown. With our design method a high performing radome, with
the goal of having less than −25 dB up to an angle of incidence of 50◦ could be
achieved. Additionally, it was shown that for the prototype an A-sandwich with a
porous honeycomb core could be produced with additive manufacturing where the
effective dielectric constant of the honeycomb core could be tuned. Additionally, it
was shown that the optimal performance was given by the B-sandwich design where
high structural integrity could be achieved with a high performance over the span
of angles of incidence up to 50◦. Interestingly, for the B-sandwich case the TE and
TM polarizations had to be optimized simultaneously as we saw a decrease in TM
performance when only optimizing for TE. The results of the honeycomb prototype
could be improved with a more advanced additive manufacturing technique with
higher resolution. It was shown that our measured prototype gave reasonable
results but due to the manufacturing process this would need further investigation.
For the full simulations in COMSOL Multiphysics, it can be seen that our method
for a sandwich radome does not necessarily give a better result than the half-
wavelength radome. But we have to take into consideration that if we change the
dimensions and shape of the radome to another than the one we used in COMSOL
Multiphysics then we also change the result, where the optimized B-sandwich
could potentially give a better result than the half-wavelength slab. Nevertheless,
we believe that using our optimization method is a good first path for choosing
parameters and understanding which radome type can work well.
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