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Abstract

This study focus on trying to understand what factors regarding bumper
materials and coatings affect the radar transparency at 77 GHz. Dielec-
tric spectroscopy was done at 25 unique samples, consisting of vari-
ous plastic substrates, primers, basecoats and clearcoats with the Free-
spaced method in the 60-90 GHz region. The plastic substrate con-
sisted of Polypropylene-blend with different fillers such as talc, carbon
black and metal flakes. The basecoats analyzed were 2 solid factory
coatings (one black and one white), 5 factory coating containing dif-
ferent effect pigments such as metal flakes, Xiralic, and Mica, 1 factory
PVD coating and 2 aftermarket basecoats. All samples were provided
by a Volvo Cars supplier, however, some samples were repainted with
the aftermarket coatings.

The complex permittivites were calculated for each PP-blend and coat-
ing from the curve fitting of the measured S-parameters from the Free-
spaced method.

Material analysis such as thickness measurements of the plastic sub-
strate and coatings, ATR-FTIR spectroscopy, TGA and DSC were done
at all plastic substrates. The plastic substrates and the coating were
also observed in optical microscope and in SEM.

The calculated permittivities were compared with the results from the
material analyzes and correlations between increased metal content in
the basecoat and higher real permittivity were found. Some relation-
ship between the size of the metal flakes and the radar transparency
could also be observed. Further, correlations between higher real per-
mittivity with higher concentration of talc and carbon black were de-
tected. MATLAB was used to provide an example for optimization
of the plastic thickness for a given basecoat in order to have minimal
reflection at 77 GHz.
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Chapter 1

Introduction

Automotive radar systems have been available in passenger cars for
some time now and were first developed in the early 1970’s [21]. They
have not only been used to increase the comfortability of driving, i.e
Advanced Driver Assistance Systems (ADAS), but also in applications
to increase safety i.e Active Safety (AS). With the progress in Autonomous
Drive, new challenges are presented in terms of ADAS and AS. The
radar-systems should not only be able to perform the fairly easy task
of detecting an obstacle in front of the car on the highways, but must
be able to navigate in more challenging environments such as city traf-
fic. Therefore, a new frequency band (77 to 81 GHz with a wavelength
of∼ 3.70-3.89 mm in vacuum) has been assigned to new ADAS and AS
systems in the European Union to replace the 24 GHz ultrawide band
radar sensors [7]. Even though the new frequency band radar sensors
are considered to be an essential part of future vehicle safety systems
[18], the incorporation of radar sensors into cars is facing some diffi-
culties. Since these radar units are places behind the painted plastic
fascia of the cars, both electromagnetic and design constraints must be
considered [6]. Thus, to increase the radar transparency it is impor-
tant to understand the attenuating and reflective effects of the painted
fascia.

1.1 Aim

The aim with this master thesis work is to investigate how the painted
plastic material affect 77 GHz radar signals. How the composition of
the plastic material and paint affects the reflection of the electromag-
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2 CHAPTER 1. INTRODUCTION

netic wave. Different factors such as i) type and ratio of fillers in the
plastic, ii) level of crystallinity of the plastic, iii) size, amount and ori-
entation of metallic flakes and the other pigments in the paint, iv) us-
age of primer, v) usage of clearcoat, vi) thickness of the different layers
and vii) number of layers, will be analysed. The radar analysis was
performed with Free-space method using horn-antennas.

1.2 Purpose

In order to optimize the strength and quality of radar signal when
transmitting through the car’s bumper it is essential to know what
factors will have an influence on the radar signal. Thus, this Master’s
Thesis work will be a first step of many towards the understanding of
which factors must be controlled when designing the bumper regard-
ing the radar transparency.



Chapter 2

Theoretical background

2.1 Fascia Design

When investigating which parameters that will influence the radar sig-
nal, it is important to know from what material the bumper is made
and which surface treatments are done. The exterior of the car is mainly
made from polypropylene blends with different type and ratio of fillers,
mainly carbon black and talc. When the bumper has been moulded
into the right shape it will proceed to varnishing. The procedure is
usually carried out by first applying one coat of primer, then a basecoat
and lastly, a clear coat, see figure 2.1. Each layer has different purposes
and are essential to achieve the right appearance and durability. How-
ever, each layer will also have an influence on the radar signal.

Figure 2.1: Shows a sketch of how the sturcture looks like and the
approximate layer thickness of a bumper.
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4 CHAPTER 2. THEORETICAL BACKGROUND

2.2 Homogeneous isotropic dielectrics and
conductors

When investigating which parameters that will influence the radar
transparency of a material it is easier to first study the theory for a
homogeneous isotropic dielectric. This means that the property of in-
terest is constant in all positions and does not depend on the direction
in the material. The property of interest is, in this report, the complex
dielectric constant.

2.2.1 Complex dielectric constant

Since radar devices sends out radio waves, which are electromagnetic
waves the complex dielectric constant is one crucial factor since this
is the key parameter that will determine the material’s electrical be-
havior [5]. Maxwell’s equation describes electromagnetic phenomena
and includes both the electric and magnetic flux densities, with other
words the electric displacement,D, and the magnetic induction,B (see
Eq 2.1 and Eq 2.2) [12].

D = εE (2.1)

B = µH (2.2)

Where E and H are the electric and magnetic field intensities respec-
tively, and ε and µ are the permittivity and the permeability of a spe-
cific material. These quantities can be written in relation to the electric
and magnetic susceptibilities of the materials:

ε = ε0(1 + χ) (2.3)

µ = µ0(1 + χm) (2.4)

The susceptibilities give information about the polarization properties
of the material. The permittivity and permeability are often related to
the same quantities in vacuum, ε0 and µ0 and are then referred to as
the relative permittivity, εr, and relative permeability, µ0, see Eq 3 and
4 [12].

εr =
ε

ε0
(2.5)
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µr =
µ

µ0

(2.6)

For simplicity, the dielectrics in this report will be assumed to be non-
magnetic, thus the permeability will be regarded as the permeability
of vacuum, µ0, and the relative permeability will then be 1, according
to Eq 2.6. Leaving the relative permittivity, also known as the complex
dielectric constant which can be written as Eq. 2.7.

εr = ε′r − jε′′r (2.7)

The two parts of the complex dielectric describes two different proper-
ties in the given material. The real part defines the refractive properties
of a material and the imaginary part defines the absorptive properties
of a material [12].

The applied electric field will separate positive from negative charges
thus forming an electric dipole moment. This makes the polarizability
of the molecules in the material important [12]. Usually a material pos-
sesses both dielectric and conductive properties and the conductivity
of the material will influence the dielectric constant according to Eq.
2.8 [13]. The conductive properties are described by Ohm’s law [12].

εc = ε′d − j(ε′′d +
σ

ω
) (2.8)

were the εc is the effective permittivity for a material regardin both the
dielectric properties εd and the conductivity σ.

To describe the power loss of an electric field through a dielectric ma-
terial, the dielectric loss tangent tanδ is introduced and is the fraction
of the imaginary part and the real part of the dielectric constant, Eq 6.

tanδ =
ε′r
ε′′r

(2.9)

A dielectric material is considered to be lossless when tanδ is zero [24].

2.2.2 Power losses

When an electromagnetic wave propagates through a dielectric bound-
ary, two waves will in most cases emerge; one transmitted and one re-
flected wave. The power of the transmitted wave depends on dielec-
tric properties of a material and the power losses can be categorized
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into a) loss due to reflection at the dielectric boundaries and b) loss due
the attenuation in the material i.e absorption [24]. This power losses
will lead to two main problems. The first problem is the decrease in
range and the second problem is that the radar detector will receive the
reflection and give a false indication about obstacles. The suppliers of
the radar sensors often talk about having less than 2 dB loss and -10
dB in reflection. Table 2.1 shows how the decrease in transmission will
affect the maximum range of the radar signal. The scale factor =10

2∗T
40

comes from the radar equation [4].

Table 2.1: Shows how the range decreses with decreasing transmission
of the radar signal.

Two way Loss Scale factor Range
(2*transmission in dB) (dB converted) (%)

0 1.00 100.00
-1 0.94 94.41
-2 0.89 89.13
-3 0.84 84.14
-4 0.79 79.43
-5 0.75 74.99
-6 0.71 70.79
-7 0.67 66.83
-8 0.63 63.10
-9 0.60 59.57

-10 0.56 56.23
-11 0.53 53.09
-12 0.50 50.12

Previous study done by Raik Schnabel et al. shows that the loss due
to absorption is small and increases only slightly with the thickness
of a material and is therefore neglectable compared to the power loss
due to reflection. The same study also shows that the losses are signif-
icantly increased for coated plastic compared to uncoated plastics [24].

Since the bumper has multiple layers of coatings, there will be a lot
of reflection when the radar signal is transmitted through the bumper,



CHAPTER 2. THEORETICAL BACKGROUND 7

which is illustrated in the figure below, Figure 2.2.

Figure 2.2: Shows the reflective boundaries between dielectrics and
objects on the road at normal incidence. The radar transmitter and
receiver, inside the host car, are on the left.

The expression for the reflection and transmission coefficients are de-
rived by following expressions [15]

For normal incidence, the reflection coefficient is

Γ =
η2 − η1
η2 + η1

=

√
µr,2
εr,2
−
√

µr,1
εr,1√

µr,2
εr,2

+
√

µr,1
εr,1

≈
√
εr,1 −

√
εr,2

√
εr,1 +

√
εr,2

(2.10)

and the transmission coefficient is

T =
2η2

η2 + η1
=

2
√

µr,2
εr,2√

µr,2
εr,2

+
√

µr,1
εr,1

=
2
√
εr,1

√
εr,1 +

√
εr,2

(2.11)

Where η is the intrinsic impedance of a material, Eq 2.12

η =

√
µ

ε
(2.12)

The reflection and transmission coefficient can be related by Eq 2.13 if
the absorption losses in a material are absent.

Γ + T = 1 (2.13)
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The reflected waves can either be constructive, if the waves are in
phase, or destructive, if the weaves are out of phase, depending on
the thickness of the media. A reflected wave will be inverted when the
incident electromagnetic wave goes from a media with lower permit-
tivity to one with higher permittivity, and vice versa. Assuming that
media 1 has lower permittivity, the thickness of media 2 should be n · 1

2

wavelength of the refracted wave [24].

d =
nλdiel

2
(2.14)

λdiel =
c0

f
√
εr

(2.15)

were d is the thickness of the thickness of the dielectric, n is a positive
integer, λdiel is the wave length in the dielectric, c0 is the speed of light
in vacuum and f is the frequency of the electromagnetic wave.

This makes it possible to design the bumper with the optimum plastic
thickness. Assuming that the plastic substrate of the bumper has a real
permittivity between 2 and 4 [24] making the wavelength of the elec-
tromagnetic wave at 77 GHz between 1.94 and 2.75 mm in the plastic
subsrate. However, as previously discussed, the bumper of a car will
not only consist of one layer of plastic but three more layers of coatings
with different permittivity, thus making the optimum thickness of the
bumper more complex to predict.

2.3 Polymer, fillers and effect pigments in
coatings

2.3.1 Degree of crystllinity of Polypropylene

Polypropylene (PP), see Figure 2.3, is a thermoplastic and is one of
the most commercially used plastic. PP is mainly produced through
coordination polymerisation and the tacticity of the polymer can be
regulated. PP is semi-crystalline polymer [2] which means that the
polymer will have both amorphous and crystalline regions. Thus, PP
has both a glass transition temperature Tg and a melting temperature
Tm. These two transition temperatures depend on the tacticity of the
polymer [2].
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The level of crystallization depends on, despite from the tacticity, the
following factors [28]:

• Fusion temperature
• Crystallization temperature
• Cooling temperature
• Cooling rate
• Crystallization rate
• Polymer molecular weight
• Polymer branching
• Chain conformation
• Presence of other polymers
• Processing methods
• Shear Figure 2.3: single chain chemical

structure of propylene

To increase the level of crystallinity and the crystallization rate, nu-
cleation agents are sometimes used. Nucleation agents are small in-
soluble particles which are normally added to the melted polymer be-
fore processing. Some examples of nuclear agents are talc and carbon
black [28] [19], which the plastics studied in this report contains. As
discussed before, when an electromagnetic wave reaches the surface of
a material, some of the wave will be reflected and some will proceed
into the material. The propagated wave can be weakened by scatter-
ing in the crystalline phases [26], thus the grade of crystallization is
of interest. Moreover, the level of crystallinity is one factor that will
determine the dielectric properties, such as dielectric constant (εr) and
dielectric loss (tanδ) of the plastic [16] [11] which will determine how
much of the radar signal that will be reflected and transmitted.

2.3.2 Fillers of Polypropylene

One of the main reasons to add fillers to polymeric materials is to de-
crease the material cost per unit volume. However, fillers may also
have positive effects on the material such as increasing strength, sur-
face hardness and heat resistance. The effect the filler has on the ma-
terial depends on various factors e.g. the chemical composition of the
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filler, particle distribution and size and the amount of fillers added to
the polymeric material [1].

The fillers that are used in this Master Thesis work us Carbon Black
and talc, thus these are the only fillers that will be discussed here.

Carbon Black

The two processes to produce Carbon Black (CB) are incomplete com-
bustion and thermal decomposition, and these processes can be per-
formed through different methods. Oil furnace, lampblack and chan-
nel are a few methods to perform incomplete combustion while acety-
lene decomposition is an example of thermal decomposition [20]. CB is
characterized by three main categorize; i) particle size, ii) structure and
iii) surface chemistry. The characteristics of the produced CB depends
on which manufacturing process is used. Previous research shows that
CB acts as a nuclear agent in Polypropylene thus increasing the crys-
tallization rate with increased CB content. However, the same article
also states that a high content of CB causes constraint on PP crystal-
lization [10]. This filler can be a more or less conductive compound
depending its characteristics. Factors that will enhance the electrical
conductivity are high structure, i.e. long and branched aggregates of
CB particles, small particle size and high porosity [19]. Thus, the addi-
tion of CB in the PP-blend should influence the dielectric constant of
the material.

Talc

The chemical composition of pure mineral talc is Mg3Si4O10(OH)2
however, impurities such as calcite, chlorite and magnesite and quartz
are often encountered [22]. Talc is used as a filler, with variation of size,
in different plastics. Talc is a polar mineral and this should have an ef-
fect on the dielectric properties of the finished product when adding
it to PP. It has been shown that the dielectric constant and the di-
electric loss are depended on the impurity content of the talc [17].
Thomas Apeldorn et al. have studied highly filled polyethersulfone,
polyphenylensilfide, polyetherimide and polyetheretherketone and shown
that the dielectric constant increased with increased talc level. The
crystallinity was slightly increased for the semi-crystalline polymers
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since talc also acts as a nucleating agent. However, this difference in
crystallinity had little effect on the dielectric properties [3].

2.3.3 Metal flakes

One type of effect pigments commonly used to achieve a sparkling ef-
fect are metal flakes. Different shapes and sizes of the metal flakes are
added into the basecoat depending on the desired effect. Metal flakes
are sometimes added into the plastic as well to achieve a more metal-
lic appearance. However, these type of effect pigments pose a poten-
tial threat to existing and future automotive radar systems. Previous
study shows that the electric susceptibility, χ, increases with increasing
metal content in the basecoats. The report claims that the reason to this
change in dielectric properties is due to interfacial polarization which
occurs in heterogeneous system that consist of dielectric phases and
conducting phases [23]. The same study also shows that a basecoat
which contains 4.4 % metal flakes had an ε′r of 53 at 76.5 GHz.
The orientation of the flakes is one possible factor that might have an
effect on the propagated electromagnetic wave. The coatings are in
some cases applied under static electricity and in other cases not. This
should influence the orientation of the flakes since the electrostatics
should make the flakes oriented perpendicular towards the plastic sur-
face.

The metal flakes investigated in this report are different sizes and shapes
of aluminum flakes. More about this under in chapter 3.



Chapter 3

Sample material

All the samples used in this project were produced by a supplier to
Volvo. All the thicknesses mentioned in this chapter are estimations
from the supplier. The name of the plastic substrates and the coating
will not be written out in this report due to confidentiality.

3.1 The Polypropylene blends and coatings

To investigate if different fillers will affect the radar signal, 8 different
PP-blends will be tested. Each PP-blend has a different composition
of fillers regarding amount and type, see table 3.1 below. Worth to be
mentioned is that PP6 contains metal flakes which have the tendency
to reflect electromagnetic radiation and PP7 are design to be radar ab-
sorbing.

The first coating on the plastic is the primer and three different primers,
see table 3.2, will be tested. The choice of primer mainly depends on
the type basecoat that will be applied as a second step. Pr3 is not really
a primer and is only used in combination with the BC7 basecoat sys-
tem. This basecoat consists of two components; one that contributes
with the coverage and the with colour but also contains some effect
pigments, and the other component consists of the effect pigments
that give a pearl effect. Since the equipment are designed to only
paint three layers, one way to circumvent this is to replace the stan-
dard primer with the Pr3 primer which consists of a mixture of BC7.1

and an adhesion promotor (CPO).

12
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Table 3.1: Describes the different Polypropylene blends tested in this
paper.

Plastic Composition Comment
substrate

PP1 100 % PP
PP2 PP, 30 % Talc (large, flate flakes) Never received this sample

and unknown % CB
PP3 PP, 15 % (fine-grained)

and unknown % CB
PP4 PP, 15 % (fine-grained)

and 0.5 % CB
PP5 PP, 20 % (fine-grained)

and 0.6 % CB
PP6 PP, 20 % (fine-grained) and Assuming high reflection

unknown % metal flakes
PP7 PP, composition unknown Radar absorbing material
PP8 PP, 15 % and unknown % CB
PP9 PP, 20 % and unknown % CB
PP10 Composition unknown

Table 3.2: Describes the composition of the different basecoats used in
this paper.

Primer Thickness Comment
Pr1 4 µm
Pr2 4 µm
Pr3 30-35 µm CPO mixed with basecoat BC7, 1,

contains effect pigmentations.
Pr4 -

The third layer of the bumper consist of basecoat which contains the
pigmentation thus giving the bumper the descried appearance. The



14 CHAPTER 3. SAMPLE MATERIAL

seven different basecoats that will be tested contains different types
and amount of effect pigmentation, and some does not contain any
(solid basecoat), see table 3.3. BC1, BC3 and BC5 all contain effect pig-
mentation of aluminium with different shapes and sizes. Silver Dollar
(SD) refers to flat, round particles with smooth edges were as Corn
Flakes (CF) refers to flat particles with uneven edges and have sim-
ilar appearance as a corn flake cereal, therefor the name. What the
effect pigments Xiralic and Micra consist of are not clear. The BC8 is
quite special since the coating is done with a technique called Physical
Vapour Deposition (PVD). A solid metal is vaporized into a plasma
which can be deposited as a coating.
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Table 3.3: Describes the composition of the different basecoats used in
this paper.

Basecoat Expected Composition Comment
thickness

BC1 15 µm 6.24 % Al Effect pigment
(SD 24 µm & CF 8-29 µm

BC2 30 µm Solid white
BC3 15 µm 6.41 % Al Effect pigment

(SD 4-26 µm)
BC4 15 µm Xirallic 0.2 % Effet pigment

(2-30 µm)
BC5 15 µm 0.7 % Al (CF 18-53 µm 0,1 %, Effect pigment

SD 11-32µm 0.5 %,
SD 4-21 µm 0,1 %)

Mica 5-25 µm 0.5 %,
Mica 5-40µm 0.4 %)

BC6 10 µm Solid black
BC7,2 10 µm Effect pigment: No metal

content but other unknown
effect pigmentation

BC8 - Unknown metal PVD-coating
BC9 - The same colour as CB1,

different supplier.
Composition might differ.

BC10 - The same colour as CB3

different supplier.
Composition might differ.

Lastly, the bumper is finished off with a layer of clear coat (CC). In
this project, four different type of CC will be tested, see table 3.4. The
first one (CC1) is a shiny standard clear coat, the second (CC2) have
a more matte finish and (CC3) is a shiny standard clear coat form an-
other supplier, mainly used in aftermarket treatments. Lastly, CC4 are
the clear coat used with the PVD-coating.
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Table 3.4: The different basecoats used in this paper.

Clear coat Thickness
CC1 40 µm
CC2 40 µm
CC3 -
CC4 -

3.2 Sample matrix

To properly investigate the effect the different material and layers have
on the radar signal a sample matrix where made, see table A.2. The
different PP-blends will be tested without coating, hopefully making
it possible to draw conclusions about the effect the filler have. Fur-
ther, when testing the contribution of the different coating mainly one
PP-blend (PP8) will be used since this factor should be kept constant.
Sample 20 to 24 are tested to evaluate how much the radar signal is
affected if the bumper is repainted at a workshop.
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Table 3.5: Describes the prepared samples that will be tested in this
paper. The Matrix shows if the sample is coated and if so, with what
type of coating.

Sample Plastic Primer Base Clear Base Clear Base Clear
substrate coat 1 coat 1 coat 2 coat 2 coat 3 coat 3

S1 PP1 - - - - - - -
S2 PP2 - - - - - - -
S3 PP3 - - - - - - -
S4 PP4 - - - - - - -
S5 PP5 - - - - - - -
S6 PP6 - - - - - - -
S7 PP7 - - - - - - -
S8 PP8 - - - - - - -
S9 PP8 Pr1 - - - - - -

S10 PP8 Pr1 BC1 - - - - -
S11 PP8 Pr1 BC1 CC1 - - - -
S12 PP8 Pr1 BC1 CC1 BC1 CC1 - -
S13 PP8 Pr1 BC2 CC1 - - - -
S14 PP8 Pr1 BC3 CC1 - - - -
S15 PP8 Pr1 BC4 CC1 - - - -
S16 PP8 Pr1 BC5 CC1 - - - -
S17 PP8 Pr1 BC6 CC2 - - - -
S18 PP8 Pr1 BC7,2 CC1 - - - -
S19 PP10 Pr4 BC8 CC4 - - - -
S20 PP8 Pr1 BC1 CC1 BC9 CC3 - -
S21 PP8 Pr1 BC1 CC1 BC9 CC3 BC9 CC3

S22 PP8 Pr1 BC3 CC1 BC10 CC3 - -
S23 PP8 Pr1 BC1 CC1 BC10 CC3 BC10 CC3

S24 PP9 - - - - - - -
S25 PP9 Pr2 - - - - - -
S26 PP9 Pr2 - CC2 - - - -



Chapter 4

Method and Analysis

4.1 Dielectric constant measurements

An external company was brought in to help with the radar measure-
ments and analysis. The original thought was that the measurements
would be done cutting the samples in tiny pieces so they would be able
to fit into a waveguide. However, since the opening of the waveguide
were too narrow the measurements were decided to be performed us-
ing the Free-space method with horn antennas. The free space method
has been described by Pfeiffer and Bieble in [23] and is a method for
determining the complex dielectric constant. Further advantages with
the free-space method is the ability to measure heterogeneous material
since this method measures the dielectric constant over a larger area.

4.1.1 Free-space method - Experimental setup

The sample holder made from Styrofoam was placed between the two
antennas, see figure 4.1. Styrofoam was chosen since it has a low per-
mittivity, thus the electromagnetic wave will have similar behavior in
the Styrofoam as in air. The two antennas were attach to two exten-
ders which in turn were connected to a Vector Network Analyzer. In
order to minimize reflection and influences from the surrounding due
to antenna sidelobes, all metal parts close to and between the antennas
were covered with radar absorbing material. In those cases when the
sample had any form of coating, the sample was placed on the sample
holder so the coated surface was facing antenna number 2. The radi-
ated wave from an antenna can be regarded as planer in the far field

18
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Figure 4.1: The experimental setup from the Free-spaced measure-
ments. Nor shown in the figure are the Vector Network Analyzer that
were connected to extenders and the radar absorbing material cover-
ing all metal close to and between the two antennas.

region. The far field region is decided with following equation:

Rfar =
2D2

λ
(4.1)

Where D is the aperture size of the antenna and λ is the wavelength
of the emitted wave. For the antennas used in this experiment and
with the operating frequency between 60 and 90 GHz, the far field
distance is from 31 to 54.1 cm. Thus, the total distance between the
two antennas (distance A in figure 4) should be between 62 and 108.2
cm. However, the experiment was limited to the length of the cables
between the extenders and the Vector Network Analyzer making the
maximum distance between the antennas 81 cm. Further measure-
ments were done at an intermediate distance at 45.8 cm.

The measurements were done one time at two plates from each sam-
ple (one plate for S19, thus 49 plates in total), at the two distances. The
measurements were also done once without any sample plate and at
one sample-sized metal plate at each distance in order to normalize
the S11 and S21 parameters.
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Uncertainties with the setup

Although, the antenna direction and alignment was carefully mea-
sured and the equipment was, to the best of the ability, secured to the
tables and the floor, there were some difficulties keeping the exact dis-
tance between the antennas and between the antennas and the sample.
Additionally, some uncertainties come from the attachment procedure
of the sample to the Styrofoam. Since this were done by using a small
amount of masking tape the placement of the samples might, even so
slightly, change from sample to sample. Lastly, the sample plates were
not perfectly flat thus providing with further irregularities.

4.1.2 Free-space method - Theory and analysis

To calculate the complex dielectric constant for each sample, the trans-
mission line theory is used.

Figure 4.2: Two of the S-parameters measured with the Free-spaced
method.

In the free-spaced measurement described above, so called scattering
parameters, the S-parameters are measured for a normally incident
plane wave. The S-parameters used in this analysis is the S11 and S21

since this represents the reflection and the transmission of the wave,
see figure 5.1. The normalization of the measured transmission was
done by dividing the measured transmission for each sample with the
measured transmission without any plate attached to the Styrofoam,
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(Eq 4.2):

Snorm21 =
S11

Sempty11

(4.2)

The normalization of the measured reflection was done in a similar
way. The measured reflection for each sample were divided with the
measurements on the sample sized metal plate, (Eq 4.3):

Snorm11 =
S11

−Smetal11

(4.3)

A transmission-line ABCD matrix is given by [23]:[
A B

C D

]
=

N∏
i=1

[
cos(φi) jZw,isin(φi)
jsin(φi)
Zw,i

cos(φi)

]
(4.4)

In the matrix above, Zw,i is the wave impendence which is described
through the line impedance for E and H polarization (Eq. 4.5 and 4.6)
and φi is the phase difference through the material (Eq 4.7).

ZE
w,i = Z0

cosθi√
εr,i

(4.5)

ZH
w,i = Z0cosθi

√
εr,i (4.6)

where the impedence od free space Z0 is 377 Ω.

φi = di
2π

λ0

√
εr,icosθi (4.7)

Were λ0 is the free space wavelength, di is the layer thickness and εr,i is
the dielectric constant of the ith layer. The incident angle of the electro-
magnetic wave is given by θi, which is equal to 0 in these calculations
since the measurements were made with normal incidence on the in-
terface.

The ABCD matrix was used to relate the electric and magnetic fields
at the input and output. Since the wave, in the free-space case, prop-
agate from air, into the sample and back into the air on the other side,
the relationship will have following appearance [8]:[

E1

H1

]
=

[
Aair1 Bair1

Cair1 Dair1

] [
Asample Bsample

Csample Dsample

] [
Aair2 Bair2

Cair2 Dair2

]
(4.8)
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The ABCD−matrix is a product of all the layers for the specific sam-
ple. Further, the reflection and the transmission are observed in free
air, thus the Zw,i = Zw,0 and the S11 and S21 parameters are related to
the ABCD matrix as [23]:

S11 =
A+ B

Zw,0
− CZw,0 −D

A+ B
Zw,0

+ CZw,0
(4.9)

S21 =
2

AZw,0 + B
Zw,0

B + CZw,0 +D
(4.10)

The thicknesses of each layer were later measured and the method
for this is described in chapter 4.2.1. Thus, the only unknown left are
the permittivites of each layer. The permittivities were found through
curve fitting to the measured S11 and S21 curves, one layer at a time.

4.2 Material analysis

The material analysis was performed at the Surface Treatment Cen-
tre and the Material Centre at Volvo Car Corporation in Torslanda,
Gothenburg.

4.2.1 Layer Thickness Measurements

The thickness of the plastic substrates and the thickness of the coat-
ings must be determined in order to calculate the complex dielectric
constant. There are many ways available for determining the coat-
ing thickness of the samples. One non-destructive way is through the
usage of ultrasound measurements and one destructive way is by ob-
serving a cross-cut of the samples through an optical microscope.

QuintSonic7

The QuintSonic 7 is an ultrasonic measuring tool used to determining
coating thicknesses at different types of substrate, in this case plastic.
The ultrasonic wave will be reflected at the interfaces between the in-
dividual coating layers [9].

However, the tool was considered to be quite inconsistent thus making
it unusable in this project.



CHAPTER 4. METHOD AND ANALYSIS 23

Measuring the plastic substrate

The thickness of the plates without any coating (S1, S3− S8 and S24)
where measured with help of a caliper. The plates had some thickness
variation, not only between plates from different samples but also be-
tween two plates from the same sample. Further, thickness variations
were also observed at different point at the same plate. Therefore, the
thickness was measured at five positions for each plate. An average
thickness for each plate were calculated as well as the worst percent-
age deviation from this average value.

Optical microscope

To observe the crosscut of the sample in the optical microscope Olym-
pus Provis AX70, the samples had to be cast into epoxy and then the
surface was polished. All the coated plates and one of each sample
of the uncoated plates used in the free-spaced measurement were cut
into smaller pieces with the dimension 15x25 mm in order to fit the
mold. The small sample pieces were then attached together with a
small amount of thin double-sided tape in four blocks, see figure 4.3.

Figure 4.3: Show how the samples were placed into the mold.

After the epoxy had cured during the night, the blocks were taken out
of the molds and the surfaces were sanded and polished with Buehler
EcoMet 250/300 Grinder-polisher.

Block 1, block 2 and block 3 were observed through the optical mi-
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croscope. Each layer of coating was measured at three places and an
average was calculated. Table 8 shows the average thickness of each
layer of coating for each sample plate. However, the primer was, in
nearly all cases, so thin that it was impossible to observe through the
optical microscope. S18_1 and S18_2 were two exceptions since these
plates had a much thicker “primer”-layer. The coated layers at the
plates from sample 15 and 16 were quite hard to distinguish in the op-
tical microscope. However, the layers could be measured when lighted
with an external light source from the side of the sample block.

4.2.2 Basecoat analyses with optical microscope

The effect pigments in the basecoats were observed in the optical mi-
croscope at the same time as the thicknesses of the coatings were mea-
sured. The size and distribution of the pigments were studied. Easiest
to observe were the aluminum. The effect pigments were not only
studied at the crosscut but also from the top of the coated surface.

4.2.3 Scanning Electron Microscopy (SEM)

The casted epoxy blocks were also used in the high vacuum SEM anal-
ysis with both secondary electron (SE) and back scattered electron (BSE)
detectors. Since the surfaces of the specimens were non-conductive
they were coated with a thin layer of graphite. The different plas-
tic substrates were observed, particularly the talc content and particle
size. The basecoats with effect pigments were also observed in more
detail. The metal composition of the PVD coating was analyzed with
Energy Dispersive Spectroscopy (EDS) analysis in the SEM.

The SEM used in this anlysis was a Zeiss EVO Ma15 and the EDS was
a Bruker Quantax 6|60.

4.2.4 Attenuated Total Reflectance-Fourier Transform
Infrared (ATR-FTIR) Spectroscopy

All the uncoated samples and sample 19 were cut into approximately 2
mm thin pieces with a sharp knife and analyzed with a Thermo Scien-
tific Nicolet iS50 ATR-FTIR spectroscope. This was done to find out the
composition of each sample. Each spectrum was analyzed through the
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spectral library available at the Material Center of VCC, both searching
for one and multi component match.

4.2.5 Thermogravimetry (TGA)

With the help form TGA it was possible to find out how much fillers
the samples contained. Empty aluminum sample holders were first
placed into the Mettler Toledo TGA to get weighed. The sample hold-
ers were then filled with around 6-15 mg of small flakes from sample
plate. Some of the samples were analyzed twice due to some insecu-
rities and to test the robustness of this method. All analyzes were run
with a blank sample holder as a reference.

The TGA were set to following program: Under nitrogen gas flow (55.0
ml/min)
[1]: 50.0 to 300.0 ◦C, with a temperature increase of 25.0 ◦C/min.
[2]: Holding 300.0 ◦C during 10.0 min
[3]: 300.0 to 800.0 ◦C, with a temperature increase of 25.0 ◦C/min
[4]: Holding 800.0 ◦C during 20.0 min
Switching the nitrogen gas flow to oxygen gas flow (55.0 ml/min)
[5]: 800.0 to 900.0 ◦C, with a temperature increase of 25 ◦C/min

The sample’s mass change during this program were monitored as a
function of the temperature by the TGA. By analysis the TGA Ther-
mal Curve, the amount of polymer-matrix, CB and inorganic matter
(including talc) could be detected.

4.2.6 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry measurers the heat flow into and out
from a sample upon heating, cooling or under isothermally condition.
Upon heating, the polymer’s chain movability will increase. In the col-
lected DSC curve, depending on the polymer’s history, a peak may be
visible above the Tg and before the Tm. The integral under this peak is
referred to as Cold Crystallization, Hc(J/g) and is an exothermic crys-
tallization process [25]. Further will the DSC curve also contain a peak
around the Tm for semi-crystalline polymers. The integral of set peak
is the heat of melting Hm(J/g) for that specific specimen.
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Through this measurement the percentage crystallinity of a sample can
be calculated, Eq 4.11.

%Crystallinity =
Hm −Hc

H∗m
· 100 (4.11)

Where H∗m (J/g) is a reference value of the heat of melting for the poly-
mer if it were 100 % crystalline. In order to properly measure the crys-
tallinity of a polymer, the final temperature of the measurement should
be around 30 ◦C above the melting temperature for the polymer inves-
tigated [27]. Thus, knowing what polymers the samples consist of is
central for this thermal analysis. Since this was not known, the as-
sumption was made that they consisted mostly of polypropylene and
thus the H∗m = 207.1 J/g reference value was taken for set polymer
[27]. Important to notice is that the sample specimen weight include
the weight of the polymer as well as the fillers. Thus, the calculated
Hm and Hc (if any) from the DSC curve must be recalculated with re-
spect to only the weight of the polymer. This can be done since the
percentage of polymer in each sample has been calculated from the
TGA measurements.

Each uncoated sample plate was analyzed 3 or 4 times. A small piece,
around 3-5 mg of each sample specimen (see Table 8) were carefully
measured.

The DSC were set to following program: [1]: Initial temperature of
50.0 ◦C, holding during 2 min [2]: Heat 50.0 to 185.0 ◦C, with a temper-
ature increase of 25.0 ◦C/min [4]: Holding 185.0 ◦C during 2.0 min [5]:
Cool 185.0 to 50.0 ◦C, with a temperature decrease of 25 ◦C/min

The used DSC instrument was a PerkinElmer Instruments Pyris 1 DSC.

4.3 MATLAB calculation of reflection and trans-
mission

The already developed MATLAB code for electromagnetic waves through
multilayered dielectrics [14] was recreated.

1 c l e a r a l l
2 c l o s e a l l
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3

4 eps =[1 e p s i l o n _ r ( 1 ) e p s i l o n _ r ( 2 ) e p s i l o n _ r ( n ) 1 ] ;%
R e l a t i v e p e r m i t t v i t y of multi−l a y e r d i e l e c t r i c
in f r e e space

5 t h i c k =[d ( 1 ) d ( 2 ) d ( n ) ] ; %Thinkess in mm
6 f r e q= l i n s p a c e ( 6 0 , 9 0 , 1 6 0 1 ) ; % Frequency in GHz
7 pol= ’ t e ’ ; %P o l a r i z a t i o n ’ te ’ or ’ tm ’
8 t h e t a =0; %Anglein degrees
9 [Gamma Z]=multidielGHzmm ( eps , th ick , freq , theta , pol ) ;

10 R e f l e c t i o n =abs (Gamma) ;
11 DBReflect ion =20∗ log10 ( R e f l e c t i o n )
12

13 f igure , p l o t ( freq , DBReflect ion )
14 x l a b e l ( ’ Freq (GHz) ’ )
15 legend ( ’ R e f l e c t i o n ’ )
16 a x i s ( [ 6 0 , 9 0 , −2 0 , 0 ] )
17 box o f f

For the complete code see Appendix C. With this code, the reflection
and transmission parameters (S11 and S21) could be calculated for
different thicknesses of a layer with a known εr. The change of S11

and S21 if a bumper was repainted with another basecoat could also
be calculated.
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Results

5.1 Material analysis

5.1.1 Plastic and coating thicknesses

The thicknesses of the plastic substrates and the coating were only
used to calculate the complex dielectric and will therefore only be pre-
sented in the Appendix A.

5.1.2 Composition of the samples

ATR-FTIR spectroscopy

Before the analyses were done, it was known that almost all the sam-
ples consisted of different polypropylene blends. However, the one
component analysis of the ATR-FTIR spectra stated that S3, S4, S6, S8

and S24 contained polyethylene rather than polypropylene, see Table
9. The multi-component analysis suggested that all the plastics con-
sisted of more than one polymer. The analysis proposed that almost
all samples (except for S7 and S19) consisted of chlorinated polyethy-
lene and some polypropylene co-polymer. S19 consisted of a polycar-
bonate blend with some co-polymer. However, the uncertainties from
this analysis with bad matching makes this results questionable. Fur-
ther DSC analysis will confirm that the samples (except for sample 19)
consisted of mainly PP, which will be discussed later in this report.

28
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Figure 5.1: The highest match for the analysis of the plastic substrate
using ATR-FTIR.

TGA Results

The graph below shows the average TGA results for each sample. The
dark blue represents a small amount of water and the light blue shows
the content of polymer matrix in each sample. Further, the green rep-
resents the amount of CB or similar carbon-based fillers. The mass of
the ashes left after the TGA program is done represent the talc and in-
organic matter added to the plastic, for example the metal flakes in S6.
This component is shown with yellow in the graph below, Figure 5.2.
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Figure 5.2: Shows the average composition of each sample based on
the results from the TGA analysis.

DSC Results

The DSC curve showed that the almost all samples only contained, if
any, a small amount of polyethylene due to the absent of a melting
peak around Tm = 105 + 115◦C for polyethylene. Some of the curves
for S1 showed a very weak melting peak around 115◦C thus some
polyethylene was present in this sample.

The measured Tm for the samples and the calculated average crys-
tallinity percentage of each sample is shown in the graphs below, Fig-
ures 5.3 and 5.4.
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Figure 5.3: Shows the average Tm for all samples based on the results
from the DSC analysis.
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Figure 5.4: Shows the average crystallinity for all samples based on the
results from the DSC analysis.

Pictures from optical microscope and SEM
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Figure 5.5: Surface of sam-
ple 10 at 200x magninfica-
tion.

Figure 5.6: Surface of sam-
ple 10 at 500x magninfica-
tion.

Figure 5.7: Surface of sam-
ple 14 at 200x magninfica-
tion.

Figure 5.8: Surface of sam-
ple 14 at 500x magninfica-
tion.

5.2 The complex dielectric constant

The results from the radar measurements are presented in the table
down below (figure 5.14). The resonance frequency indicated at what
frequency the minimum reflection is for a given sample. The measured
S11 and S21 curves are used to calculate the complex permittivity for
the samples and the root mean square error (RMSE) for the curve fit
are presented. The values that are green marked in the table represents
which curve fitting method were the best. The last column shows the
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Figure 5.9: Cross section of
sample 20 at 500x magninfi-
cation with the plastic sub-
strate to the right.

Figure 5.10: Cross section of
sample 23 at 500x magninfi-
cation with the plastic sub-
strate to the right.

S11 and S21 values at 77 GHz.
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Figure 5.11: SEM picture of
cross section of sample 18 at
500x magninfication.

Figure 5.12: SEM picture of
cross section of sample 18 at
2.62kx magninfication.

Figure 5.13: SEM picture of
cross section of sample 16 at
500x magninfication

The calculated permittivity for all samples with no coating are pre-
sented in the table below (table 5.1). The effective permittivity, for
sample 9 and 24 were calculated and shown in table (table 5.2). With
effective permittivity means that the sample are considered to just con-
sist of plastic without the primer.
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Figure 5.14: Shows the average crystallinity for all samples based on
the results from the DSC analysis.

Table 5.3 shows the calculated permittivity for the basecoats. How-
ever, the permittivity for sample 12 and 20-23 could not be calculated
since it consisted of more than one layer of basecoat. The curve fit-
ting becomes more difficult due to a spread in the resonance frequency
when adding more than one layer of basecoat that is highly reflective.
Further, the permittivity of the PVD coating on sample 19 could not
be calculated. This due to several factors. First, the permittivity of
the plastic of sample 19 were unknown and thus making it impossible
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Table 5.1: The calculated permittivities for all plastic substrate, except
for S19.

Sample
Mean complex permittivity εr for optimal inversion

1 2
1 2.23-j0.010 2.24-j0.002
3 3.25-j0.009 3.24-j0.016
4 2.58-j0.001 2.58-j0.019
5 2.62-j0.001 2.62-j0.007
6 3.17-j0.016 3.18-j0.018
7* *7.64-j3.595 *0.01-j3.13
8 2.90-j0.031 2.79-j0.007

24 2.82-j0.018 2.83-j0.017

Table 5.2: The calculated effective permittivities for S9 and S25.

Sample
Mean complex permittivity εr for optimal inversion

1 2
9 2.81-j0.024 2.81-j0.031

25 2.78-j0.036 3.79-j0.029

to calculate the permittivity only for the coating. Second, when ob-
serving this sample in the optical microscope it seemed like the PVD
coating consisted of two quite thick layers. However, when observ-
ing the sample in the SEM, it became clear that the PVD coating were
extremely thin and the two layer that were observed in the optical mi-
croscope were the primer and clear coat. This was discovered after the
permittivity calculations were completed.
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Table 5.3: The calculated permittivities for all factory basecoats except
for PVD.

Sample
Basecoat Mean complex permittivity εr for optimal inversion

1 2
10 BC1 40.16-j0.000 34.01-j0.000
11 BC2 48.94-j0.005 38.45-j0.001
13 BC3 5.99-j1.609 3.04-j1.642
14 BC4 37.15-j0.002 -
15 BC5 2.978-j0.014 -
16 BC6 7.00-j1.316 9.99-j0.907
17 BC7.1 and - 3.22-j0.007

BC7.2

18 BC8 35.98-j5.576 -

Even though the real permittivities for S11 seems quite similar to
S14, there are some differences that could be observed when compar-
ing the S-parameters curves for this samples, figure 5.15.

Figure 5.15: Sample 11 to the left and sample 14 to the right. The S11
curves shows that there is less reflection for sample 11 and the S21
curve shows that there is more transmission for sample 11. The blue
curve represent the measured reflection and transmission and the red
curve is the curve fit.
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Computer calculation

One aspect of this project was to compare the radar transparency for
bumpers that have had aftermarket treatment. The S-parameters curves
for sample 12 and sample 20 should have very similar appearance if
the permittivity of the basecoats were the same for the factory paint
and the aftermarket paint. However, this is not the case (figure 5.16).

Figure 5.16: Sample 12 to the left and sample 20 to the right. The S11
curves shows that there is less reflection for sample 12 and the S21
curve shows that there is more transmission for sample 12. The blue
curve represent the measured reflection and transmission and the red
curve is the curve fit. Observe the different axis rating.
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Since an accurate curve fitting for sample 12 and 20-23 were not
possible, an estimation of the permittivity for the aftermarket paint
could be done with the MATLAB code described in chapter 4.3. The
estimated permittivity for the aftermarket paint for sample 20 and 21
(BC9) were 90-140 and 35-70 for sample 22 and 23 (BC10 ).
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Discussion

6.1 Basecoat

Table 5.3 shows that the permittivity for the solid basecoats (sample 13
and sample 17), without any effect pigments, are not that high com-
pared to the other basecoats with two exceptions, sample 15 and 16.
The basecoat on sample 15 (BC4) only contains a small amount of the
effect pigment Xirallic. The basecoat on sample 16 (BC5) also contains
a small amount of effect pigments; only 0.7 % of aluminum flakes and
0.9 % of Mica pigments. Although, the most probable explanation for
the low permittivities is the low concentration of effect pigments, one
reason could be the orientation of the metal flakes in BC5. Shown in
figure 5.1.2, the metals flakes do not lay flat down against the plastic
substrate, but are oriented perpendicular to the plastic surface. How-
ever, it should be noted that a more detailed study of the flake orien-
tation needs to be performed in order to verify this theory.

Worth mentioning is that the white solid basecoat (BC2) seems to ab-
sorb the radar signal more than the solid black basecoat (BC6). This
is most likely due to the content of titanium oxides with an anatase
structure in the white paint [29].

Further, the difference in permittivity between basecoats with higher
concentration of metal flakes is interesting. If only comparing the two
factory basecoats BC1 and BC3 based on the calculated permittivity,
no conclusions can be made since the difference between S11_1 and
S11_2. However, when comparing the measured S-parameters curves

41
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(figure 5.15) it becomes clear that BC1 is more reflective and less trans-
parent to radar signal. The metal flake concentration in these two
basecoats are not that different from each other, thus this is not the
main reason. Comparing the pictures of the basecoats taken with the
optical microscope, the average particle size seems to be different (fig-
ure 5.1.2 and 5.7), which could be one factor. It seems like the per-
mittivity of a basecoat increases with larger flakes size. Further differ-
ences are the shape of the metal flakes. BC1 contains a mix of SD and
CF whereas BC3 only contains the smooth SD flakes which may affect
the radar transparence. However, this is only speculations and further
studies ought to be done to drawn any accurate conclusions. When
comparing the factory paint with its aftermarket dupes, the concen-
tration of metal flakes seems to be the major factor. The metal flakes
in both the aftermarket coating appears to lump together more which
might have to do with the application method. Electric bell method
was used to apply the factory paint were as the aftermarket paint were
applied by hand using a spray pistol.

Lastly, effective permittivity for BC7.1 and BC7.2 (figure 5.11 and 5.12)
shows that this basecoat has both high reflection and high absorption
of radar signal. However, no information about what type of effect
pigments were given from the supplier and due to time constrains no
EDS analysis could be done on this basecoat. However, the absorp-
tion properties of this basecoat might have to do with the content of
titanium oxides since it is a white based paint [29].

6.2 Fillers and Crystallinity

All samples, expect for sample 19, consisted of different PP blends
with different concentration of filler such as talc, carbon black and
metal flakes. Since the permittivity for sample 19 was not calculated,
the composition and degree of crystallinity will not be discussed. The
ATR-FTIR spectroscopic analysis showed that most samples probably
contained some PE and acrylic acid. However, when preforming the
DSC analysis, the Tm for all substrate were very close to the Tm value
(figure 5.3) for pure PP. Thus, if any large concentration of PE or acrylic
acid were present in the substrate, a change in Tm would have been vis-
ible in the DSC analysis.
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The real part of the permittivity for 77 GHz changes with the sam-
ples, table 5.1. Sample 1 with the highest crystallinity and the lowest
amount of fillers have the lowest real permittivity. Sample 3 with the
highest level of talc and lowest degree of crystallinity have the highest
real permittivity (except for sample 7, which is radar absorbent). This
gives the indication that the degree of crystallinity does not affect the
dielectric properties for 77 GHz significantly. Further, talc has an effect
on the dielectric constant in for 77 GHz. This can be seen when com-
paring the real permittivity for sample 1, 3, 4 and 5. As mentioned,
sample 1 does not contain any talc and has the lowest real permittiv-
ity. The talc concentration is the lowest in sample 4, then sample 5
and highest in sample 3, figure 5.2. And the real permittivity increases
with increasing talc concentration.

The effect that carbon black has on the permittivity is less obvious.
However, when comparing sample 5 and sample 24 it is possible to
notice an increase in of the real permittivity with increasing carbon
black concentration. Sample 24 have both a higher concentration car-
bon black and a higher dielectric constant than sample 5. The talc
concentration for these samples are more or less the same. Lastly, the
metal flakes in sample 6 appears to influence the dielectric properties
of the substrate. However, since the concentration of metal flakes are
unknown, conclusions regarding the amount of metal flakes and the
effect on the dielectric constant cannot be drawn. Nevertheless, some
correlation with adding metal flakes to the polymer and an increase in
real permittivity are noticeable.

6.3 Matching layer thickness

Even though the permittivity of a material gives much information
about the radar transparency of set material, it is important to take
the thickness of the substrate into account when incorporating a radar
sensor behind a bumper. Relatively low imaginary permittivites were
calculated for the plastic substrates and coating in this project, the fo-
cus should be on optimizing the thickness of the layers so the reso-
nance frequency is at 77 GHz. Figure 6.1 shows an example when the
plastic thickness has been varied in MATLAB. The optimal thickness
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is between 3.2 mm and 3.0 mm to obtain minimal reflection at 77 GHz.

Figure 6.1: Blue curve showes the measured S11 for sample S11_1 with
the plastic thickness of 3.416 mm. The red and yellow curves show the
reflection curves if the plastic thickness were 3.2 mm resp 3.0 mm.
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Conclusion

After analyzing the different samples in this project some correlations
between the radar transparency at 77 GHz and the fillers and basecoats
were found. A trend was observed between the basecoats with high
concentration of metal flakes and a high real permittivity. Some corre-
lation between the size of the metal flakes and higher real permittivity
was also observed. Further, higher concentration of fillers, both talc
and carbon black, in the plastic substrates gave higher real permittiv-
ity. Thus, the knowledge of the permittivity of the basecoat and how
to minimize it is important when designing a bumper. Lastly, optimiz-
ing the thickness of the plastic substrate with regard to the resonance
frequency is also an important factor.

7.1 Suggested future work

In this study, many parameters were changed at the same time from
one sample to the other. There are therefore a lot of future work to be
done in order to confirm the conclusions made in this report. The most
important factor is the orientation of the metal flakes in the basecoat.
The two factory basecoat with high concentration of Al contained dif-
ferent shapes of the Al flakes and this is also a factor that would be
interesting to further study. Also, why the effect pigments in BC7.1

and BC7.2 had such a large impact on the permittivity.

Lastly, studies regarding the orientation and particle size would be
interesting. The assumption that the plastic substrates were homoge-
neous and isotropic have been made in this report and this, however,
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is not true. Thus, the dielectric constant may be different in different
directions in the bumper.
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Appendix A

Material analysis - Tables and graphs

Table A.1: The average plastic thicknesses and the percentage devia-
tion.

Sample plate Average Thickness [mm] Percentage deviation
S1_1 3.562 1.18
S1_2 3.584 2.06
S3_1 3.414 0.70
S3_2 3.420 0.58
S4_1 3.544 0.73
S4_2 3.522 0.80
S5_1 3.458 0.92
S5_2 3.474 0.98
S6_1 3.512 1.77
S6_2 3.508 1.65
S7_1 3.488 1.09
S7_2 3.486 1.03
S8_1 3.416 3.04
S8_2 3.446 1.86

S24_1 3.492 1.49
S24_2 3.492 1.20
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Figure A.1: The component for each sample speciemen from the TGA
analysis.
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Table A.2: The average coating thicknesses measured in the optical
microscope.

Sample Primer Base Clear Base Clear Base Clear
plate coat 1 coat 1 coat 2 coat 2 coat 3 coat 3

[µm] [µm] [µm] [µm] [µm] [µm [µm]
S9_1 4 - - - - - -
S9_2 4 - - - - - -
S10_1 4 23.53 - - - - -
S10_2 4 25.73 - - - - -
S11_1 4 22.85 33.150 - - - -
S11_2 4 25.560 27.727 - - - -
S12_1 4 24.330 47.220 20.213 48.913 - -
S12_2 4 23.373 35.870 21.697 45.297 - -
S13_1 4 33.593 31.663 - - - -
S13_2 4 35.040 28.093 - - - -
S14_1 4 19.166 35.010 - - - -
S14_2 4 21.430 36.070 - - - -
S15_1 4 16.250 35.337 - - - -
S15_2 4 19.550 27.275 - - - -
S16_1 4 27.520 34.750 - - - -
S16_2 4 x x - - - -
S17_1 4 25.747 35.510 - - - -
S17_2 4 22.140 30.513 - - - -
S18_1 38.94 9.883 36.703 - - - -
S18_2 40.837 9.557 31.890 - - - -
S19 - 48.547 - - - - -

S20_1 4 22.650 30.277 24.783 60.980 - -
S20_2 4 23.333 28.640 23.657 59.703 - -
S21_1 4 23.780 28.037 23.043 61.663 19.927 53.627
S21_2 4 21.400 29.923 22.360 63.177 21.883 52.627
S22_1 4 18.570 31.440 25.420 60.397 - -
S22_2 4 22.040 31.047 27.517 64.353 - -
S23_1 4 19.027 37.633 25.767 62.923 17.153 48.693
S23_2 4 23.303 37.810 23.970 61.31 16.733 48.750
S25_1 4 - - - - - -
S25_2 4 - - - - - -
S26_1 5.917 - 41.703 - - - -
S26_2 5.790 - 39.757 - - - -
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Table A.3: The sample specimen weight for the TGA analysis.

Sample Sample Sample Sample
plate weight [mg] plate weight [mg]
S1_1 8.2296 S6_2 11.94

S1_1_extra 15.1341 S7_1 4.9379
S1_2 6.1166 S7_1_extra 10.355

S1_2_extra 9.4224 S7_2 6.4398
S3_1 14.0261 S8_1 8.382
S3_2 13.2682 S8_1_extra 8.1372
S4_1 10.4432 S8_2 11.387
S4_2 12.2635 S8_2_extra 10.6458
S5_1 8.4 S19 10.4352

S5_1_extra 9.3978 S19_extra 10.4179
S5_2 10.708 S24_1 6.2318
S6_1 10.9117 S24_2 8.1653

Table A.4: The different basecoats used in this paper.

Block 1 Block 2 Block 3 Block 4
S9_1 S19 S14_2 S1_2

S10_1 S20_1 S15_2 S3_2
S11_1 S21_1 S16_2 S4_2
S12_1 S22_1 S17_2 S5_2
S13_1 S23_1 S18_2 S6_2
S14_1 S25_1 S20_2 S7_2
S15_1 S26_1 S21_2 S8_2
S16_1 S9_2 S22_2 S24_2
S17_1 S10_2 S23_2 -
S18_1 S11_2 S25_2 -

- S12_2 S16_2 -
- S13_2 - -
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Table A.5: The sample specimen weight for the DSC analysis.

Sample Sample weight [mg]
plate 1 2 3 4
S1_1 4.0 4.7 4.3 4.7
S1_2 4.2 4.2 4.4 -
S3_1 4.0 4.9 4.9 -
S3_2 3.8 4.6 4.0 -
S4_1 3.9 3.4 4.7 -
S4_2 4.0 4.2 4.0 -
S5_1 3.4 4.8 3.4 -
S5_2 3.6 3.9 4.6 -
S6_1 4.9 4.3 4.7 -
S6_2 4.9 4.6 4.6 -
S7_1 3.7 4.9 4.7 -
S7_2 3.9 4.7 4.4 -
S8_1 4.0 4.4 4.6 -
S8_2 3.9 3.7 4.3 -

S24_1 4.3 4.4 4.6 -
S24_2 4.1 3.6 4.4 -
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Figure A.2: The average first derivates for all samles.
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Material analysis - SEM pictures
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Appendix C

MATLAB code

1 c l e a r a l l
2 c l o s e a l l
3

4 eps =[1 e p s i l o n _ r ( 1 ) e p s i l o n _ r ( 2 ) e p s i l o n _ r ( n ) 1 ] ;%
R e l a t i v e p e r m i t t v i t y of multi−l a y e r d i e l e c t r i c
in f r e e space

5 t h i c k =[d ( 1 ) d ( 2 ) d ( n ) ] ; %Thinkess in mm
6 f r e q= l i n s p a c e ( 6 0 , 9 0 , 1 6 0 1 ) ; % Frequency in GHz
7 pol= ’ t e ’ ; %P o l a r i z a t i o n ’ te ’ or ’ tm ’
8 t h e t a =0; %Anglein degrees
9 [Gamma Z]=multidielGHzmm ( eps , th ick , freq , theta , pol ) ;

10 R e f l e c t i o n =abs (Gamma) ;
11 DBReflect ion =20∗ log10 ( R e f l e c t i o n )
12

13 f igure , p l o t ( freq , DBReflect ion )
14 x l a b e l ( ’ Freq (GHz) ’ )
15 legend ( ’ R e f l e c t i o n ’ )
16 a x i s ( [ 6 0 , 9 0 , −2 0 , 0 ] )
17 box o f f

1

2 % m u l t i d i e l .m − r e f l e c t i o n response of i s o t r o p i c or
b i r e f r i n g e n t m u l t i l a y e r s t r u c t u r e

3 %
4 % na | n1 | n2 | . . . | nM | nb
5 % l e f t medium | L1 | L2 | . . . | LM | r i g h t medium
6 % i n t e r f a c e 1 2 3 M M+1
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7 %
8 % Usage : [Gamma, Z] = m u l t i d i e l ( n , L , lambda , theta , pol

)
9 % [Gamma, Z] = m u l t i d i e l ( n , L , lambda , t h e t a )

( equiva lent to pol = ’ te ’ )
10 % [Gamma, Z] = m u l t i d i e l ( n , L , lambda )

( equiva lent to t h e t a =0)
11 %
12 % n = i s o t r o p i c 1x (M+2) , u n i a x i a l 2x (M+2) , or

b i a x i a l 3x (M+2) , matrix of r e f r a c t i v e i n d i c e s
13 % L = vector of o p t i c a l lengths of layers , in

u n i t s of lambda_0
14 % lambda = vector of f ree−space wavelengths a t

which to evaluate the r e f l e c t i o n response
15 % t h e t a = inc idence angle from l e f t medium ( in

degrees )
16 % pol = f o r ’ tm ’ or ’ te ’ , p a r a l l e l or

perpendicular , p or s , p o l a r i z a t i o n s
17 %
18 % Gamma = r e f l e c t i o n response a t i n t e r f a c e −1 i n t o

l e f t medium evaluated at lambda
19 % Z = t r a n s v e r s e wave impedance a t i n t e r f a c e −1

in u n i t s of e ta_a ( l e f t medium)
20 %
21 % notes : M i s the number of l a y e r s (M >= 0)
22 % n = [ na , n1 , n2 , . . . , nM, nb ] = 1x (

M+2) row vector of i s o t r o p i c i n d i c e s
23 %
24 % [ na1 n11 n12 . . . n1M nb1 ] 3x (

M+2) matrix of b i r e f r i n g e n t indices ,
25 % n = [ na2 n21 n22 . . . n2M nb2 ] = i f

2x (M+2) , i t i s extended to 3x (M+2)
26 % [ na3 n31 n32 . . . n3M nb3 ] by

repeat ing the top row
27 %
28 % o p t i c a l lengths are in u n i t s of a

r e f e r e n c e free−space wavelength lambda_0 :
29 % f o r i = 1 , 2 , . . . ,M, L ( i ) = n ( 1 , i ) ∗ l ( i ) ,

f o r TM,
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30 % L ( i ) = n ( 2 , i ) ∗ l ( i ) ,
f o r TE ,

31 % TM and TE L ( i ) are the same in i s o t r o p i c
case . I f M=0 , use L = [ ] .

32 %
33 % lambda i s in u n i t s of lambda_0 , t h a t i s ,

lambda/lambda_0 = f_0/ f
34 %
35 % r e f l e c t a n c e = |Gamma|^2 , input impedance =

Z = (1+Gamma) ./(1−Gamma)
36 %
37 % d e l t a ( i ) = 2∗pi ∗ [ n ( 1 , i ) ∗ l ( i ) ∗ s q r t (1 −

(Na∗ s i n ( t h e t a ) ) ^2 ./ n ( 3 , i ) . ^ 2 ) ) ]/ lambda , f o r TM
38 % d e l t a ( i ) = 2∗pi ∗ [ n ( 2 , i ) ∗ l ( i ) ∗ s q r t (1 −

(Na∗ s i n ( t h e t a ) ) ^2 ./ n ( 2 , i ) . ^ 2 ) ) ]/ lambda , f o r TE
39 %
40 % i f n ( 3 , i ) =n ( 3 , i +1)=Na, then w i l l get NaN’ s

a t t h e t a =90 because of 0/0 , ( see a l s o FRESNEL)
41 %
42 % i t uses SQRTE, which i s a modified vers ion

of SQRT appror ia te f o r evanescent waves
43 %
44 % see a l s o MULTIDIEL1 , MULTIDIEL2
45

46 % Sophocles J . Orfanidis − 1999−2008 − www. ece .
r u t g e r s . edu/~ o r f a n i d i /ewa

47

48 func t ion [Gamma, Z] = m u l t i d i e l ( n , L , lambda , theta , pol
)

49

50 i f nargin ==0 , help m u l t i d i e l ; re turn ; end
51 i f nargin <=4 , pol= ’ t e ’ ; end
52 i f nargin ==3 , t h e t a =0; end
53

54 i f s i z e ( n , 2 ) ==1 , n = n ’ ; end
% in case n i s

entered as column
55

56 K = s i z e ( n , 1 ) ;
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%
b i r e f r i n g e n c e dimension

57 M = s i z e ( n , 2 ) −2;
% number

of l a y e r s
58

59 i f K==1 , n = [ n ; n ; n ] ; end
% i s o t r o p i c case

60 i f K==2 , n = [ n ( 1 , : ) ; n ] ; end
% u n i a x i a l case

61

62 i f M==0 , L = [ ] ; end
% s i n g l e

i n t e r f a c e , no s l a b s
63

64 t h e t a = t h e t a ∗ pi /180;
65

66 i f pol== ’ t e ’ ,
67 Nsin2 = ( n ( 2 , 1 ) ∗ s i n ( t h e t a ) ) ^2;

% (Na∗ s i n ( tha ) ) ^2
68 %c = conj ( s q r t ( con j (1 − Nsin2 ./ n ( 2 , : ) . ^ 2 ) ) ) ;

% old vers ion
69 c = s q r t e (1 − Nsin2 ./ n ( 2 , : ) . ^ 2 ) ;

% c o e f f i c i e n t c i , or cos ( th
( i ) ) in i s o t r o p i c case

70 nT = n ( 2 , : ) . ∗ c ;
%

t r a n s v e r s e r e f r a c t i v e i n d i c e s
71 r = n2r ( nT ) ;

% r ( i
) = ( nT ( i −1)−nT ( i ) ) / ( nT ( i −1)+nT ( i ) )

72 e l s e
73 Nsin2 = ( n ( 1 , 1 ) ∗n ( 3 , 1 ) ∗ s i n ( t h e t a ) ) ^2 / ( n ( 3 , 1 )

^2∗ cos ( t h e t a ) ^2 + n ( 1 , 1 ) ^2∗ s i n ( t h e t a ) ^2) ;
74 %c = conj ( s q r t ( con j (1 − Nsin2 ./ n ( 3 , : ) . ^ 2 ) ) ) ;
75 c = s q r t e (1 − Nsin2 ./ n ( 3 , : ) . ^ 2 ) ;
76 nTinv = c ./ n ( 1 , : ) ;

% nTinv ( i ) =
1/nT ( i ) to avoid NaNs
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77 r = −n2r ( nTinv ) ;
% minus

sign because n2r ( n ) = −n2r ( 1 . / n )
78 end
79

80 i f M>0 ,
81 L = L . ∗ c ( 2 :M+1) ;

%
p o l a r i z a t i o n−dependent o p t i c a l lengths

82 end
83

84 Gamma = r (M+1) ∗ ones ( 1 , length ( lambda ) ) ;
% i n i t i a l i z e Gamma at r ight−most

i n t e r f a c e
85

86 f o r i = M: −1 :1 ,
%

forward l a y e r recurs ion
87 d e l t a = 2∗pi ∗L ( i ) ./ lambda ;

% phase t h i c k n e s s
in i−th l a y e r

88 z = exp(−2∗ j ∗d e l t a ) ;
89 Gamma = ( r ( i ) + Gamma. ∗ z ) ./ (1 + r ( i ) ∗Gamma. ∗ z

) ;
90 end
91

92 Z = (1 + Gamma) ./ (1 − Gamma) ;

1

2 % n2r .m − r e f r a c t i v e i n d i c e s to r e f l e c t i o n
c o e f f i c i e n t s of M−l a y e r s t r u c t u r e

3 %
4 % Usage : r = n2r ( n )
5 %
6 % n = r e f r a c t i v e i n d i c e s = [ na , n ( 1 ) , . . . , n (M) , nb ]
7 % r = r e f l e c t i o n c o e f f i c i e n t s = [ r ( 1 ) , . . . , r (M+1) ]
8 %
9 % notes : there are M layers , M+1 i n t e r f a c e s , and M

+2 media
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10

11 % Sophocles J . Orfanidis − 1999−2008 − www. ece .
r u t g e r s . edu/~ o r f a n i d i /ewa

12

13 func t ion r = n2r ( n )
14

15 i f nargin ==0 , help n2r ; re turn ; end
16

17 r = −d i f f ( n ) ./ (2∗n ( 1 : end−1) + d i f f ( n ) ) ;

1

2 func t ion [ re f , Z] = multidielGHzmm ( eps , th ick , freq ,
theta , pol )

3 %i f nargin ==0 , help m u l t i d i e l ; re turn ; end
4 i f nargin <=4 , pol= ’ t e ’ ; end
5 i f nargin ==3 , t h e t a =0; end
6

7 n = s q r t ( eps ) ;
8 l a = 300./ f r e q ;
9 opthick = t h i c k . ∗n ( 2 : length ( n )−1) ;

10 [ re f , Z] = m u l t i d i e l ( n , opthick , la , theta , pol ) ;

1

2 % s q r t e .m − evanescent SQRT f o r waves problems
3 %
4 % Usage : y = s q r t e ( z )
5 %
6 % z = array of complex numbers
7 % y = square root of z
8 %
9 % Notes : f o r z = a− j ∗b , y i s defined as fo l lows :

10 %
11 % [ s q r t ( a− j ∗b ) , i f b~=0
12 % y = [ s q r t ( a ) , i f b==0 and a>=0
13 % [ − j ∗ s q r t (| a |) , i f b==0 and a<0 ( i .

e . , the negat ive of what the ordinary SQRT gives
)

14 %
15 % t h i s d e f i n i t i o n i s necessary to produce
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exponent ia l ly−decaying evanescent waves
16 % ( under the convention exp ( j ∗omega∗ t ) f o r

harmonic time dependence )
17 %
18 % i t i s equiva lent to the operat ion y =

conj ( s q r t ( con j ( a− j ∗b ) ) ) ,
19 % but i t f i x e s a bug in the ordinary SQRT

in MATLAB a r i s i n g whenever the r e a l par t i s
negat ive

20 % and the imaginary part i s an array with
some zero elements . For example , compare the
outputs :

21 %
22 % conj ( s q r t ( con j (−1 − [ 0 ; 1 ]∗ j ) ) ) = 0

+ 1 .0000 i , s q r t e (−1 − [ 0 ; 1 ]∗ j ) = 0 −
1 .0000 i

23 % 0.4551
− 1 .0987 i 0 .4551 −
1 .0987 i

24 % but
25 %
26 % conj ( s q r t ( con j (−1 + 0∗ j ) ) ) = 0 − 1 .000 i ,

s q r t e (−1 + 0∗ j ) = 0 − 1 .000 i
27

28 % Sophocles J . Orfanidis − 1999−2008 − www. ece .
r u t g e r s . edu/~ o r f a n i d i /ewa

29

30 func t ion y = s q r t e ( z )
31

32 i f nargin ==0 , help s q r t e ; re turn ; end
33

34 y = s q r t ( z ) ;
35

36 i = f ind ( imag ( z ) ==0 & r e a l ( z ) <0) ;
37

38 y ( i ) = − j ∗ s q r t ( abs ( z ( i ) ) ) ;


