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Preface

The bachelor project explains the theoretical and practical work carried out under
the curriculum of Diploma engineering education in Electronic and IT in 2022.

The quantities and units in calculations are represented in the International System
of Quantities under ISO / IEC 80000 and SI. Other standards and abbreviations will
appear introduced in parentheses the first time they are used in a context.

Source references are indicated as a number enclosed in square brackets: "[X]".
Each square number will correspond to an index in the bibliography, which can
be found in the last part of the report (before the appendices). The number acts
in the digital version of the report as a hyperlink giving the possibility to go to
the position in the bibliography. Sources are indicated with title, publication/url
and possible time of access in the case of online sources. Sources from books are
referenced by page numbers "[X, pp. XX-XX]". Material made by the group can be
found in the appendix.
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Chapter 1

Introduction

Vast research on the topics of permittivity and permeability throughout the years
has piqued the interest of researchers in various avenues of application within the
science of engineering [1]]. Permittivity is a material characteristic that affects wave
propagation. The change of this property is of great importance in various applica-
tions: e.g., in medical topics such as detecting cancer by diagnosing tumors [2-10],
or in energy, the achievable conversion efficiency of solar panels[11} [12], or within
wireless communication, among others. In wireless communication, such as 6G,
researchers have researched electromagnetic measurement techniques for measur-
ing permittivity [13| |14], given that the electrical performance of the transmission
line also depends on the permittivity. All forms of wireless communication sys-
tems have an antenna for transmitting and propagating signals. For example, a
patch antenna uses a dielectric material that separates the ground plane from the
feed signal element. The antenna design and propagation efficiency depend on
the dielectric material permittivity[15]. Therefore, it is also essential to include
the permittivity effect on signal propagation contra the desired performance when
looking at wireless communication systems. Within the environment of such sys-
tems, there can be multiple variables that can affect the transmission line, such as
buildings, trees, etc. Particularly construction materials such as bricks, concrete,
glass, different types and structures of tiles, facade cladding, plywood, etc.

The dielectric properties of building materials are highly usable for many types
of wireless communication simulation, such as full-wave and ray tracing simula-
tions for characteristics of wireless propagation channels in indoor and outdoor
environments for wireless communication analysis. Study [16] uses 3D ray track-
ing simulations at mmWave (28 GHz) in urban environments to show the per-
mittivity effect of various building materials. The study concludes that with an
increased frequency band to tens of GHz, the relative permittivity changes and af-
fects the propagation characteristics. Study [17],[18] states that for designing future
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mmWave (28 GHz) communication, it is important to make an extensive research
measurement of various common building materials for practical values and opti-
mization of electromagnetic (EM) performance in the designing stage. In general,
the building material does impact the user-experienced data rate and end-to-end
latency, which is part of the 5G performance objectives[18], and thereby permit-
tivity of a typical building’s materials is important for wireless communication in
general. An indoor environment study [19] using EM simulations for investigating
signal propagation at mmWave 60 GHz concludes that signal propagation charac-
teristics and penetration level has a direct correlation impact of building material’s
permittivity, conductivity, and thickness.

Moreover, to understand the basic concept of the parameters used to determine
the material properties, chapter one of the report will briefly go through the basic
concept of the parameters, material properties, and current measurement achieve-
ments. The rest of the report is constructed likewise, where chapter two contains
the basic theoretical explanation and the most common measurement methods and
setups, where advantages and disadvantages are mentioned for each setup. The
following report content show overview and explanation as well as the advantage
and disadvantages of the most common conversion techniques. Furthermore, the
following content in chapter two contains the free-space setup and its calculations
of material size to avoid refraction, diffraction, and reflection, followed by measur-
ing producer and extraction method using s-parameters.

Chapter three explains the associated issues with free-space setup and compares
simulations, calculated material size, and validation of the setup, followed by un-
certainty analysis of measurements.

Chapter four contains the measurement campaign and the measurement results.
Chapter five contains the conclusion of the report.

1.1 Material properties

1.1.1 Permittivity

The dielectric constant, also known as relative permittivity #;, describes how a
material interacts with an electric field it determines the ability of a given material
to store energy, or how an electric field is affected within a medium. In other
words, permittivity is the resistance the medium offers to the electric field[20].
The relative permittivity #[1.1)is defined as the ratio of the absolute permittivity #
of the material over permittivity of vacuum #, = 8.854 10 '2[F/m], which is often
called the free space.

#r= — (1.1)
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The absolute permittivity denotes 1.2:
#H=# # (1.2)
Relative permittivity denotes as complex number:
#h=# ] # (1.3)

Where # is the real part and measures the amount of energy stored in the material
from an external electric eld that is applied. The imaginary part # is the measured
amount of energy lost in the material when an external electrical eld is applied,
and it is also referred to as the loss factor. For lossless materials, the imaginary
part is zero. Further, the ratio between the imaginary part and the real part of
the complex permittivity is called the loss tangent and is also referred to as the
dissipation factor, which gives the relative lossiness of the material.

# Energy lost _ 1

The tan dis also described in vector form as in gure 1.1.

Figure 1.1: Loss tangent is the ratio of the imaginary part to the real part.
The inverse of dissipation factor is called the quality factor:

1 _ 1 _ Energy stored
D tand Energy lost

Q= (1.5)
The quality factor is a dimensionless parameter that describes how underdamped
a resonator is and thereby indicates the energy losses relative to the amount of
energy stored within the system and is directly linked to the bandwidth of a res-
onator with respect to its center frequency.

1.1.2 Permeability

The permittivity of a material is related to the electric response. Likewise, there
is also a magnetic response parameter for dielectric materials called permeabil-
ity. Permeability refers to a material's ability to create magnetic ux as it passes
through a magnetic eld or supports the magnetic eld's formation. In other words
the permeability is the ability of a material to become magnetized when exposed
to a magnetic eld. If the material is able to change the direction/orientation of
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the dipoles easily when applied a magnetic eld, then it is a high-permeability
material and easily magnetized.

The relative permeability 1.6 is expressed by the symbol m, and is de ned as the
permeability of the medium mover the permeability of free space my=4 p 10 7
(the permeability constant or the magnetic constant).

m = n 1.6
rTb ( " )
The absolute permeability denotes 1.7.
m=m m (1.7)
Relative permeability denotes as complex number,1.8:

Where the m is the real part and the ny is the imaginary part. The equations
correlation between permittivity and permeability is shown in gure 1.2.

Figure 1.2: The equations correlations in the electric and magnetic eld.
On the left-hand gure, 1.2 illustrates the electric eld, that can be affected by the
material and the other way around as indicated by the arrow in both directions,
likewise with the magnetic eld on the right-hand side. Furthermore, the permit-
tivity arrow is only in one direction which indicates that the permittivity is a value
for a material, and likewise with the permeability. Figure 1.2 also shows that the
electric eld is correlated with the permittivity and the magnetic eld is correlated
with the permeability.
The report will focus on permittivity and will not go into further detail about
permeability

Wavelength and electromagnetic wave speed

From an antenna engineering perspective, permittivity affects the velocity of wave
propagation through a medium and also its wavelength. Equation 1.9 shows the
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velocity of wave propagation in a given medium:

N S 1 _ Co
“CPrm Pmarmm PEm (.9)

Equation 1.10 shows the wavelength dependency of relative permittivity, if relative
permittivity increases then the velocity of the wave propagation in the medium
will decrease and the wavelength of a plane wave decreases in size as well, while
the frequency remains constant.

_C_ % _lo
't iR Py (1.10)

For example, antenna miniaturization is often needed in antenna designs, where
the wavelength of the antenna is reduced in size. If the permittivity of the sur-
rounding medium is four, then according to 1.9 the wave propagation velocity in
that medium would be half of that in free space. The frequency remains constant,
but the wavelength according to 1.10 will also decrease two times. Therefore, the
size of the antenna can be reduced which means that antenna miniaturization can
be achieved just by placing dielectric material with higher than 1 relative permit-
tivity around the printed antenna material.

1.1.3 Classi cation of material based on their properties

Table 1 shows the classi cation of materials by the relation between loss tangent
and the propagation medium when interacting with materials. Further, the Table
gives a quick and basic understanding of the propagation relation of materials.

Conductivity types Electromagnetic eld propagation

o HFF

Perfect dielectric material, zero-loss environment

<< 1| Low conductivity materials, poor conductors Low-loss environment, good dielectric materigl

1 Conductive material, loss Loss-inducing environment

>> 1 | High-conductivity materials, good conductors High-loss environment, poor dielectric medium

¥ Perfect conductor

aTable 1, [21, 22]

The point where the loss tangent is zero, it means that no energy is dissipated, and
if all the energy is dissipated, then there is no charging current, and the loss tangent
tends to go toward in nity. The loss tangent is also a ected by moisture, as well as a
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combination of temperature, pressure, and frequency. For humid environments, the loss
tangent in most cases will increase, and depending on the temperature and frequency,
the loss tangents either increase or decrease[23 25].

1.2 Literature on building material property measurement

Multiple researchers have researched the dielectric properties of building materials. Table
2 shows an overview of references of research on the dielectric properties of building
materials over multiple frequencies.

a Frequency range
900 MHz [26] 1.1-1.7 GHz [27]| 1 -3 GHz [28] 2.4 GHz [29] 0.02 MHz - 5 GHz [30] 2 - 16 GHz [31]
1-18 GHz [32] 5.8 GHz [33] 39 GHz [34] | 5.8 - 41.5 GHz[35] 4 - 40 GHz [36] 26 - 40 GHz [37]
40 GHz [38] 40 - 50 GHz [39] | 57 - 64 GHz [40]| 60 GHz [41 43] 5 - 60 GHz [44] 5 - 67 GHz [45]
5.8 - 62.4 GHz [46] 18.7 - 60 GHz [47] 0.2 - 67 GHz [48] 60, 71, 81 GHz [49] 200 - 500 GHz [50, 51

aTable 2

The common factor for almost all measurements in Table 2 is that they only use a
few building samples and the applicable frequency range is relatively limited for most.
Furthermore, there is no continuous view of the material properties over a large span of
frequencies. Therefore, it can also be challenging to use EM simulation tools to simulate
real-world ultrawideband signal propagation. If the material properties are not within
the whole needed frequency range or simply because the properties are non-existent
at that frequency range it can be impossible to simulate properly. Channel frequency
dependence is a key research topic, which requires knowledge of material properties at
di erent frequency bands.

1.3 The goal of this report

The main goal of this report is to present an extensive study on the dielectric properties
of fourteen building materials, with a frequency range from 17.6 GHz to 58 GHz.

There are multiple measurement approaches and the common ones will be presented in
section 2. To accurately measure the material's properties, knowledge of the advan-
tages and disadvantages of the setup and the material's correspondence to the EM wave
within the environment is essential. Furthermore, the report will contribute with a clear
overview of multiple measurements method, their advantages and disadvantages, and
the considerations behind choosing the best-suited measurement method for measuring
material or specimen properties.
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1.3.1 Metodologi

The approach of the project objectives will be answered or solved with an Electronic
and IT point of view. The material that will be used is background knowledge from
the Electronic and IT course at 5. semesters within antenna theory and 5. semester
project. Additional knowledge from past studies is within Physics, Chemistry, and Elec-
tronic knowledge over years. In addition theoretical book materials and knowledge that
is explored and obtained from researchers within the eld of propagation simulation and
dielectric properties of materials, etc.

In reference to the measurement research of dielectric permittivity properties of materi-
als, will consist of quantitative measurements that contain fourteen samples of building
materials. The setup for the research design is the same, for every fourteen samples.
The statistical analysis is descriptive [52] where the information from the collected data
from each of the samples will be presented in graphs. Software that is used for prepro-
cessing and generating graphs Matlab used, and for measuring and collecting data the
Keysight suite software is used. For the simulation of the accuracy of the material size in
reference to the Far- eld, frequency, and the antenna used for measuring, the software
Wireless InSight was used.






Chapter 2

Basic principles and measurement
setups

2.1 Basic principles

As mentioned in section 1.1, the parameter of interest is the relativity complex permit-
tivity. Most methods for obtaining this parameter use a one, two, or four-port vector
network analyzer (VNA). The port number depends on the measurement setup and what
material or specimen is of interest. The VNA characterizes elements/devices by measur-
ing the transmitted and the re ected signals at input and output across frequency bands
of interest. The measured quantity is of a complex value with a magnitude and phase,
expressed by scattering parameters (S-parameters).

Looking at the basic principle of VNA in gure 2.1, some power will go through the
device-under-test (DUT), in this case, material-under-test (MUT) when power is in-
jected, and some will return to the source as a re ection, depending on the impedance
mismatch between the input and the load impedance.

Figure 2.1: S-parameters of VNA
When injecting a signal with a certain amount of power at port 1, parameter S21 reveals
through output power (loss or gain) and S11 the re ected power of the injected signal
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(input match). Likewise, on the other side (reverse) at port 2, S12 shows the reverse
through output power (isolation), and S22 is the re ected part of the reverse injected
power (output match). When measuring material, these S-parameters come in complex
forms and they are then processed to get the complex permittivity value, which will be
explained in details in section 2.4.1.

One of the key parameters is the re ection coe cient [S1TG

Vreflected_ ZL Zo (2 1)

G= =
Vincident ~ ZL+ Zo

where:

G= re ection coe cient
Vieflecteq= VOItage of the re ected wave
Vincident = VoOItage of the forward or incident wave
Z, = load impedance
Zy = feeder characteristic impedance

Another way of expressing the re ection characteristics is by using return loss in (dB):

Forward Power

Returngsgggy = 20 log(j@) = 10 log Reflected Power (2.2)

Another key parameter is the transmission coe cient [S21] which determines how power
passes through the network:

T= Vtransmitted (2.3)
Vincident
ZL Zo
T=1+G=1+ — — 24
2 7.
T= ————— 2.5
7.+ Zg (2.5)
The insertion loss in dB:
. V, i
Insertionessqg) = 20 log {TL:'“:“’ (2.6)
Inciaen
The gain in dB:
. V. i
Gain (dB) = 20 log -—\ansmited (2.7)

incident
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Using VNA and its scattering parameter makes it possible to characterize a system or
network by analyzing above mentioned parameters. These complex S-parameters are
used in material measurements to derive complex permittivity values.

The following sections of the report will introduce the overview perspective for the most
common setups and enumerate the advantages and disadvantages of these setup con g-
urations. Furthermore, to understand the process of extraction of complex permittivity,
the report will introduce an overview of the most common extraction method and demon-
strate one of the mentioned.

2.2 Overview of most common measurements methods and
setups
There are several ways to measure material permittivity, and the most common and

widely used techniques are summarized in Table 3. Each technique has its advantages
and disadvantages, as well as each method has its purpose.

Measurement techniques Material S-parameters Dielectric properties
Liquids
Open-ended Coaxial Semi-solid Si1 e
Biological
Solid
Transmission/Re ection Line Liquids S11 and Sy e andm
Anisotropic
Solid
. Liquids Resonance Frequengy
8@ Resonant Method (Ca . e and
(Cavit) | zoq shaped solid Q - Factor ' &
Small samples
Parallel Plate Thin at surface Si1 =
o Solid
Plannar transmission i Si; and S e
Large at solid
Free space and Arch High tec-:‘mapserature Si1 and Sy e and m
hot liquids

@ Table 3

As seen in Table 3, open-ended coaxial and parallel plate only uses the S11 parameter
to extract the permittivity of listed materials, but the remaining methods uses S11 and
S21 parameters, just like the free space method.

Furthermore, since the report focuses solely on the free space method, it will just brie y
go through each setup listed in Table 3 and state the advantages and disadvantages of
the setup, as well as its purpose.
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2.2.1 Open-ended coaxial

The open-ended coaxial probe, commonly known as a coaxial probe or coaxial-line probe
method, has been used for years as a testing method for measuring lossy materials at
broadband with high frequencies i.e. RF and microwave. This is a non-destructive testing
method and is best suited for semi-solids and liquids, where the probe is pressed against
a specimen or immersed into the liquid, as seen in gure 2.2.

Figure 2.2: Open-ended coaxial method, where a VNA is connected to a probe immersed in the
liquid, to measure the S11 parameters for extracting the permittivity.

Furthermore, the open-ended coaxial probe is excellent for measuring the re ection coe -
cient, where the probe should not make any changes to the sample, and only the sample's
surface is accessible without either cutting or access from the other side of the sample.
The VNA is connected to the probe via one port, and it will measure the re ection co-
e cient S11 parameter, which expresses a function of the medium's impedance used for
the permittivity extraction. Before measuring, the setup should be calibrated, and for
liquids, there are some known liquid characteristics that are used for the calibrations and
are described in details in [53, 54].
The advantages of the Open-ended coaxial method:

« The method can be used for broadband frequencies.

« Measuring semi-solid and liquid samples.

» Simple sample preparation.

* Only one port VNA is needed.

« Possible to measure the surface sample, (no need to cut a piece of the sample).

* Method allows for non-destructive testing of the sample.

» Take measurements in a controlled temperature environment.
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