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Abstract

This thesis investigates how electromagnetic waves interact with radar absorbing
material (RAM) panels, with a focus on how controlled geometric modifications (defects)
influence microwave reflectivity since real-world panels are rarely perfectly flat. The study
examines the relationship between material geometry and electromagnetic response at
radar frequencies using three-dimensional (3D) printed electrical conductive samples with
systematically introduced geometrical defects.

Measurements were performed using the Naval Research Laboratory (NRL) arch
method, which enables near field, non-contact evaluation of reflection characteristics over
a broad frequency range. The samples were fabricated using 3D printing, which allowed
for the control of geometric parameters such as size and patterns. Reflection data were
collected for four different sample series and analyzed using both frequency data and sta-
tistical estimations. The measured results show that variations in surface geometry affect
the resonant frequency and reflection magnitude compared to a planar reference sample.
In several cases, increased geometric complexity leads to shifts to lower frequencies in
resonant behavior and changes in absorption performance.

To quantify these effects, polynomial regression analysis of resonance shifts and confi-
dence intervals was applied based on Student’s t-distribution. The results show that differ-
ent sample series behave with different levels of consistency. Sample series 1 and 2, which
have step size in concave and convex geometries as the parameter that varies, follow trends
that match the fitted model well and agree with the uncertainty ranges. Sample series 3 and
4, which have a checkerboard pattern that varies, show more variation in the data and do
not follow a clear relationship between geometry and response.
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1 Introduction

The strategic demands of World War II accelerated research into the interaction between elec-
tromagnetic radiation and matter at radar frequencies [26]. As detection systems become
increasingly sophisticated, the ability to hide an object from being detected has become a sig-
ni�cant engineering challenge. There are primarily two ways of reducing the signal from a
radar, which are altering an object's shape and using radar absorbing materials (RAMs). As a
result, there is a growing need to investigate how electromagnetic waves interact with com-
plex materials and geometries. A measurement technique commonly used to evaluate the
re�ectivity of RAMs in a broad frequency range is the Naval Research Laboratory (NRL) arch
method [10]. In addition to evaluating re�ectivity, it is essential to quantify the uncertainty
associated with the measurements to assess their reliability and repeatability. In this study,
uncertainty estimation methods are used to evaluate the variability in the measured data and
to determine whether the observed differences between samples are statistically signi�cant.
By systematically designing RAMs in a controlled way, it is possible to explore how these
geometric modi�cations in�uence the re�ectivity of RAMs.

1.1 Motivation

The motivation behind this project is to investigate how radar re�ection from surfaces is af-
fected by (intended) defects, as real-world objects are rarely perfectly �at. This is important
in the context of RAMs, where the geometry of the surface plays an important role in how the
electromagnetic re�ection behaves. By investigating how surface geometry in�uences radar
signal behavior, this study aims to contribute knowledge that can improve the design and
analysis of RAMs for practical applications, including military uses as well as civilian applica-
tions such as electromagnetic interference shielding, aerospace, and wireless communication
systems [16]. In addition to understanding these physical effects, it is equally important to
evaluate the uncertainty in the measured data in order to ensure that the observed differences
between sample geometries are reliable and not caused by measurement variability.
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1.2. Aim

1.2 Aim

The aim of this project is to investigate RAMs with introduced controlled defects in order to
evaluate the uncertainties as characterized using the NRL arch method for radar re�ection
measurements.

1.3 Research questions

The research questions in this project are listed in this section.

• How do variations in selected geometrical parameters of a base radar absorbing panel
in�uence its microwave re�ection behavior as characterized by the NRL arch method?

• How can the resulting measurements be presented and quanti�ed using uncertainty
estimations?

1.4 Delimitations

The delimitations of this project are listed in this section.

• The project is limited to a time frame of 20 weeks.

• The project is based on existing equipment and the samples that will be used are pro-
duced in house at FOI.

• The samples have limitations such as size and �lament composition due to the physical
and operational constraints of the NRL arch setup. The selection of �lament materials
was limited by the commercial availability of conductive �laments.

• The geometries are simpli�ed and periodic and do not fully represent the complexity
of real-world surfaces.
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2 Theory

This chapter contains theory needed to gain a fundamental understanding of this project.

2.1 Electromagnetic fundamentals

Electromagnetic waves are synchronized oscillating electric and magnetic �elds that transmit
through free space at the speed of light. Electromagnetic waves cover a broad spectrum of
frequencies, from very low-frequency radio waves to extremely high-frequency gamma rays
[9]. The electromagnetic spectrum can be divided into radio waves, infrared, visible light,
ultra violet, X-rays, and gamma rays. Radio waves include commercial radio and television,
microwaves and radar. Figure 2.1 shows a schematic sketch of the electromagnetic spectrum.

Figure 2.1: The electromagnetic spectrum with corresponding frequencies.

Materials possess distinct electromagnetic properties depending on their composition
and structure. When an electric �eld E [V/m] and a magnetic �eld H [A/m] are applied to a
material, the material responds according to its electromagnetic properties. The electric �eld
causes charges within the material to shift, creating electrical polarization, which is described
by the material's permittivity. Permittivity is written as # [F/m] and refers to the ability of
a material to generate electrical polarization. If a material that is exposed to an electric �eld
also contains free charges, then electric currents can appear within the material. Electric
conductivity is denoted as s [S/m] and describes the ease with which a material allows the
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2.2. Radar

electric current to �ow. Magnetic permeability is indicated as m [H/m] and indicates the
ability of a material to magnetize to an external magnetic �eld.

Together, s, # and m determine how electromagnetic waves propagate through the mate-
rial, such as how much of the wave is transmitted, re�ected, or absorbed. If the parameters s,
# and m vary in different positions of the material, the medium is said to be inhomogeneous.
This variation will affect the propagation of electromagnetic waves inside the material.

The relative permittivity of a material, also called the dielectric constant # r describes how
a material responds to an electric �eld compared to vacuum # r = #

#0
. It measures how easily

a material polarizes when exposed to an electric �eld. A high # r indicates strong polariza-
tion. #r = 1 corresponds to vacuum. The relative permeability of a material m r describes
how a material responds to a magnetic �eld m r = m

m0
, and measures the ease with which a

material magnetizes. A high mr enhances the magnetic �eld, while mr = 1 for non-magnetic
materials. For materials that are not lossless, permittivity and permeability become complex
as # = #1� j# 2 and m = m1� jm 2. Here, #1 is the real part of permittivity and # 2 is the imag-
inary part of permittivity, m 1 is the real part of permeability and m 2 is the imaginary part of
permeability. The real parts of # and m account for energy storage in the material, while the
imaginary parts account for electromagnetic loss in the material [17].

Dielectric materials are materials with high resistance and the capacity to store electric
charge [11]. The wavelength in a dielectric medium is

l =
l 0?
#rmr

(2.1)

where l 0 is the wavelength in vacuum [17].

2.1.1 Electrical length

The permittivity of a material in�uences the wavelength of an electromagnetic wave that
propagates through it [19]. Electrical length describes the physical size of a structure relative
to the wavelength within the medium through which the wave propagates. Unlike purely
physical dimensions, electrical length accounts for how electromagnetic waves interact with
a material as a function of frequency and material properties, such as permittivity and perme-
ability. A higher permittivity (and permeability) reduces the wavelength within the material,
meaning that a given physical structure corresponds to a longer electrical length compared
to free space [24]. As a result, more phase variation of the wave can occur within the same
physical distance, which can affect resonance and absorption behavior. The physical length,
l, can be determined by

l = Nl (2.2)

where N is a fraction and l is the wavelength in a dielectric medium of Equation 2.1.

2.2 Radar

Radio Detection and Ranging (Radar) are systems and methods to detect, localize and char-
acterize objects using electromagnetic waves, also called radar signals [21]. A basic radar
system consists of a transmitting antenna that emits radar signals, a receiver antenna that
collects the re�ected signals, and an energy-detecting device. Most radars operate in mi-
crowave frequencies, which range from 300 MHz to 300 GHz [22]. A radar can be described
using the letter designation to indicate the frequency band in which the radar operates [6].
Each frequency band has its own particular characteristics [22]. The X-band is one example of
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2.3. Radar cross section (RCS)

a popular frequency band used in radars, with a frequency range of 8 to 12.5 GHz. The term
microwave is usually used for frequencies between 3 and 300 GHz, which corresponds to an
approximate wavelength between 10 cm and 1 mm, respectively [17]. When a radar signal is
aimed at an object and transmitted by the antenna, a portion of the signal is intercepted by
the re�ecting object and scattered in all directions [21]. The energy scattered to the receiver
antenna is of interest for detection. This type of energy is called the backscatter energy [26].
Figure 2.2 shows a schematic sketch of a radar.

Figure 2.2: Simpli�ed schematic sketch of a radar system. A radar system emits radar signals
towards a target. Part of the incident signal is backscattered toward the radar, another part
is forward scattered, while some of the energy is absorbed by the target depending on its
electromagnetic properties.

In radar systems, co-polarized electromagnetic waves refer to the case in which the trans-
mitted and received waves share the same polarization state, meaning that the orientation
of the electric �eld is identical during transmission and reception [1]. A common form of
polarization used in radar systems is linear polarization, where the electric �eld oscillates
along a single �xed direction. This direction is typically de�ned as either horizontal (H) or
vertical (V), corresponding to the orientation of the electric �eld parallel or perpendicular to
the surface of the earth.

2.3 Radar cross section (RCS)

The radar cross section (RCS) is a measure of detectability and represents the scattering prop-
erties of a target, thus de�ning the radar signature of the target [26]. When an electromagnetic
wave reaches a target, part of it can be absorbed and the rest of the energy can be accounted
for by re�ection, diffraction, and refraction, which together are categorized as scattering. The
backscatter energy is dependent on the electromagnetic properties of the target material. The
RCS is the measure of the backscatter strength in the direction of the receiver antenna. For-
ward scattering is the energy that is directed away from the receiver antenna and is therefore
not detected by it.

2.4 Stealth techniques

There are several RCS reduction methods, also known as stealth techniques. Shaping, active
loading, discrete loading, and distributed loading are the four classi�cations of stealth tech-
niques. The reduction in RCS by shaping is usually achieved in limited angular regions and
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2.5. Radar absorbing materials (RAMs)

at the expense of increasing RCS in the forward scattering direction. Active and passive load-
ing techniques reduce RCS by phase cancellation. The distributed loading technique reduces
RCS by covering the scatterer with RAMs.

2.5 Radar absorbing materials (RAMs)

RAMs are materials that act to reduce backscattered electromagnetic radiation by absorbing
parts of the incident electromagnetic energy [8]. RAMs use two mechanisms to reduce the
RCS. The �rst is the absorption of electromagnetic energy via dielectric/resistive and/or
magnetic losses, resulting in the conversion of energy into heat. The second mechanism is
to redirect the electromagnetic energy by matching the impedance [26]. Multiple internal
re�ections of the incident wave from the back and front interior faces of the material creates
destructive interference [8].

The radar absorbing properties of RAMs depend on the relative permittivity and perme-
ability of the material, the thickness and microstructure of the material [13]. By tuning these
properties, the ability of RAMs to absorb electromagnetic energy can be changed.

Resonant absorbers usually only reduce RCS at one or more discrete frequencies, which
comprise the class of narrowband absorbers [26]. Electromagnetic absorption weakens on
either side of the speci�c frequency. The optimum thickness of the narrowband RAMs de-
pends on the properties of the material and the wavelength of the incident wave.

In RAMs, incident electromagnetic radiation is partially re�ected at the surface, while the
remaining portion penetrates the material, where it is attenuated and absorbed through di-
electric and/or magnetic losses, and re�ected on the metallic backing. The re�ection of RAMs
depends on the impedance of the material. The radar signal travels in Z 0 and enters the ma-
terial which has impedance Z in . The input impedance Z in is the effective impedance seen
on the surface of an absorber, describing how the absorber responds to an incident electro-
magnetic wave [8]. For a conductor-backed single layer absorber with thickness d, the input
impedance can be calculated by

Zin = Z 0

c
mr

#r
tanh

h
j
� 2p f d

c
?

mr#r

�i
(2.3)

where Z0 =
b

m0
#0

� 377W is the impedance of free space, #r is the relative permittivity,

mr is the relative permeability, f is the microwave frequency and c is the velocity of light in
vacuum. A schematic sketch of a single layer RAM is shown in Figure 2.3.
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2.5. Radar absorbing materials (RAMs)

Figure 2.3: Schematic sketch of a single layer absorber. Ei is the incident electromagnetic
wave and Er is the re�ected electromagnetic wave. # r is the relative permittivity, m r is the
relative permeability and d is the thickness of the RAM.

The re�ection coef�cient, G, describes how much of a wave is re�ected and can be de�ned
using boundary conditions in Maxwell's equations as

G =
Zin � Z 0

Zin + Z 0
(2.4)

If Z in = Z 0, which means that the material impedance is well matched to free space, then
G = 0 which corresponds to no re�ection [26].

2.5.1 Salisbury-screen

An example of a narrowband RAM is the Salisbury-screen which consists of a thin sheet of
resistance material Rs spaced a certain distance ds from a metal backing plate [4]. A schematic
sketch of a Salisbury-screen is presented in Figure 2.4.

Figure 2.4: Simpli�ed schematic sketch of a Salisbury-screen. Ei is the incident electromag-
netic wave and Er is the re�ected electromagnetic wave. d s is the spacer distance and Rs is
the resistance of the resistive sheet.
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2.6. Vector Network Analyzer (VNA)

The distance ds is chosen from Equation 2.2 as

ds = Nl =
1
4

l 0?
mr#r

(2.5)

where l 0 is the wavelength of free space. Since l = c
f , where f is the frequency and c is

the speed of light in vacuum, the equation can be expressed as

f0 =
c

4ds
?

mr#r
(2.6)

which shows that increasing d s shifts the resonance frequency, f0, to lower frequencies.
Equations 2.5 and 2.6 are valid for normal incidence.

For a Salisbury-screen to be effective, conditions Rs = Z 0 and Z in = R s are true, resulting
in a re�ection coef�cient G = 0 from Equation 2.4 when the spacer has an electrical length of
one quarter wavelength in the dielectric medium, d s = l

4 , as given by Equation 2.5. G = 0
corresponds to zero re�ection at the interface at the design frequency f 0 from Equation 2.6.

2.6 Vector Network Analyzer (VNA)

The Vector Network Analyzer (VNA) is an N-channel microwave transmitter and receiver
designed to process the magnitude and phase of the electromagnetic waves transmitted and
received from the network [17].

2.6.1 Scattering parameters

The scattering matrix is a way to describe how a VNA responds to incoming waves. The
scattering matrix for an N-port network can be de�ned as

2

6
6
6
4

V �
1

V �
2
...

V �
N

3

7
7
7
5

=

2

6
6
6
6
4

S11 S12 � � � S1N

S21
...

...
...

...
SN1 � � � � � � SNN

3

7
7
7
7
5

2

6
6
6
4

V+
1

V+
2
...

V+
N

3

7
7
7
5

where V +
N is the incident voltage amplitude of the waves entering port N, and V �

N is the
re�ected voltage amplitude of the waves leaving port N.

In a generalized free space environment, electromagnetic waves possess a vector nature.
The voltage amplitude at each port must be expanded to include two orthogonal polarization
states. These can be de�ned as

V+
i =

�
V+

H
V+

V

�
, V �

i =
�
V �

H
V �

V

�
,

By accounting for these orthogonal components, the scattering matrix can characterize
both co-polarized re�ections and cross-polarized conversions. For the scope of this project,
cross-polarization terms are treated as negligible during testing.

The scattering parameters (S-parameters) describe how much of the incident signal is re-
ceived or transmitted at the ports of the network. A VNA measures these scattering parame-
ters directly. The speci�c S-parameters can be determined as

Si j =
V �

i

V+
j

�
�
�
�
�
V+

k =0 for k�j
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2.6. Vector Network Analyzer (VNA)

where Si j is found by driving port j with an incident wave with voltage amplitude V +
j and

measuring the re�ected wave voltage amplitude V �
i coming out of port i. Electromagnetic

power is proportional to the square of the voltage amplitude, so the re�ected power fraction
can be expressed as |Si j |2.

Re�ection measurements using a VNA is done with a two-port network. The VNA in
these kinds of measurements reports the measured scattering parameters in logarithmic mag-
nitude (dB), corresponding to

|G| = S21(dB) = 10log10(|S21|
2)

More negative values indicate lower re�ected power and stronger microwave absorption.
The scattering parameter, S21, can be converted to linear scale by

|S21| = 10
S21,dB

20 (2.7)

The absorption, a, in percent can be calculated by

a = (1 � |S 21|
2) � 100% (2.8)

Each 10 dB decrease in re�ection corresponds to a tenfold reduction in re�ection power.

Table 2.1: Comparison of re�ection, power fraction and absorption.

Re�ection
(dB)

Re�ected power
fraction

Absorption
(%)

-10 0.1 90
-20 0.01 99
-30 0.001 99.9
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3 Method

The methods used in this project are presented in this chapter.

3.1 Modeling, slicing and three-dimensional (3D) printing

3D printing is a process of creating objects from a digital model using a 3D printing machine
that fuse materials layer by layer [7]. Additive manufacturing enables the creation complex
geometries from many different starting materials [5]. A solid-based 3D printing method
is Fused Deposition Modeling (FDM) which creates objects by heating the �lament, usually
thermoplastic, and uses a nozzle to place it in a build area [7]. Digital models for 3D printing
can be created using computer-aided design (CAD) software. When the model is �nished, it
is cut into layers in a slicer software and sent to the 3D printer. In addition to the advantages
of 3D printing, the success of the production process depends on the selection of appropriate
support material.

Many polymer �laments including polylactic acid (PLA) and polyethylene terephthalate
glycol (PETG) can be printed with good dimensional �delity via FDM [5]. PLA is one of
the most used material �laments in solid-based 3D printing [25]. PLA can be fused with
additives, such as conducting polymers to give electrical properties of the �lament [27]. This
provides an opportunity to combine metallic and plastic properties to design the RCS reduc-
tion at a speci�ed frequency [26]. PETG has a high melting temperature and low surface
adhesion [20]. It has been reported to exhibit minimal surface interaction with the main
model when used as a support material.

The material samples were designed and manufactured using a standard additive manu-
facturing work�ow consisting of CAD, slicing, and FDM 3D printing.

3.1.1 Computer-Aided Design (CAD) software

The samples were modeled using FreeCAD CAD software [23]. The geometries were de-
signed to ensure great precision when investigating systematic deviations in the material
samples. All models were exported as STL �les for further processing.
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3.1. Modeling, slicing and three-dimensional (3D) printing

3.1.2 Slicer software

The exported STL �les were processed in PrusaSlicer slicer software [18], where the print
settings were con�gured and tool paths were generated. The software also provided a layer-
by-layer preview of the printing process and the �nished result. This allowed veri�cation of
geometry, weights, support structures, and material distribution before fabrication. Table 3.1
displays the parameters chosen.

Table 3.1: Common 3D printing parameters used for all sample series.

Parameter Value
Nozzle diameter 0.6 mm
In�ll pattern Honeycomb
Material in�ll 20%
Number of bottom layers 4
Material 3dkonductive
Layer height 0.2 mm

3.1.3 3D printing

The material samples were fabricated using a Prusa XL 3D printer (see Figure 3.1). The ma-
terial samples were 3D printed using an electrically conductive PLA-based �lament called
3dkonductive. The �lament contains conductive carbon black that gives the material electri-
cal conductivity. The supplier of the �lament is named "3dk.berlin". For some of the samples,
PETG was used as a support material. Support structures were automatically generated on
the basis of the need for each speci�c structure and removed after printing. The nominal
properties provided by the manufacturer of the �lament 3dkonductive are seen in Table 3.2.

Table 3.2: Nominal properties of the 3dkonductive �lament provided by the supplier
"3dk.berlin".

Filament Resistance
along printed
direction [W]

Resistance per-
pendicular to
printed direc-
tion [W]

3dkonductive 23 000 53 000
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3.2. Material samples

Figure 3.1: 3D printer Prusa XL used for 3D printing the samples.

3.2 Material samples

The experimental series were developed by systematically altering speci�c geometric param-
eters. The primary objective was to establish a reference baseline using a planar sample which
exhibited a distinct re�ectivity curve. The target speci�cation was to achieve a re�ection
magnitude of -10 dB or lower at a resonant frequency of approximately 10 GHz. Subsequent
modi�cations were then introduced to progressively increase the severity of the geometric
defect. The samples used in this project were systematically designed and 3D printed. The
speci�c geometric pro�les and parameter ranges were determined through an iterative con-
sultation process with the project supervisors. Four sample series were investigated based on
real-world geometric defects that can occur in RAM, such as curvature and wrinkles. Sample
series 1 and 2 were designed to evaluate the effects of curvature, while sample series 3 and 4
introduced wrinkled surface pro�les. Each geometry was systematically designed to control
one parameter at a time. The common printing parameters for the series are shown in Table
3.1, and the varying parameters are shown in Table 3.3.

Table 3.3: Parameters varying between the sample series.

Sample series Varying parameter Filament batch
Series 1 Vertical step size 1
Series 2 Vertical step size 1
Series 3 Number of checkerboard squares 2
Series 4 Lifted checkerboard area 2

3.2.1 Sample series 1: Concave

Sample series 1 is investigated to simulate the real-world case where the RAM panels are
curved in a concave way. Sample series 1 is described in Table 3.4. A schematic side view
of sample series 1 is shown in Figure 3.2. Figure 3.3 shows a schematic top view of sample
series 1. Figure 3.4 shows a picture taken of a sample in this series.
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3.2. Material samples

Table 3.4: The geometry of sample series 1.

Sample series 1
Sample Geometry
Planar Rectangular cuboid, 150 x 150 x 4.4 mm.
Concave 0.4 Rectangular cuboid featuring a �ve-step gradient, with

each 15 mm section offset 0.4 mm higher than the last seen
from the middle of the sample.

Concave 0.6 Rectangular cuboid featuring a �ve-step gradient, with
each 15 mm section offset 0.6 mm higher than the last seen
from the middle of the sample.

Concave 1 Rectangular cuboid featuring a �ve-step gradient, with
each 15 mm section offset 1 mm higher than the last seen
from the middle of the sample.

Figure 3.2: Side view cross-section geometry of sample series 1.
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