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ABSTRACT

Master of Science

MICROWAVE REGION ELECTROMAGNETIC ABSORBER DESIGN AND
APPLICATIONS

Khalid Saeed Lateef AL-BADRI

Silleyman Demirel University
Graduate School of Natural and Applied Sciences
Department of Electronic and Communication Engineering

Supervisor: Assist. Prof. Dr. Evren EKMEKCI

In this thesis, a proof of concept study is performed including design,
simulations and experiments for a microwave region (i.e. S-band) foldable
absorber structure, based on closed ring resonator type metamaterial structure.
This design is composed of three layers; one is metallic resonator structure,
second the dielectric interlayer which is FR-4 and third the entire ground plane
made of 35 um thick copper.

The proposed absorber structure promises the ability of almost monochromatic
tuning of its absorption level at almost constant resonance frequency with a
high sensitivity on the folding angle, which is supposed to be desired for many
sensing applications. The prototype of the proposed structure is fabricated and
experimental results agree very well with the simulations. Additionally, the
proposed structure is studied with numerical parametric analysis in details; in
order to explain the electromagnetic mechanism.

The results obtained in this work are believed to be exciting for many

microwave, terahertz and optical region applications such as; sensor, amplitude
modulation, and ON/OFF switching.

Keywords: foldable resonator structure, metamaterial, absorber, sensor, on/off
switching.

2016, 84 pages



OZET

Yiiksek Lisans

MiKRODALGA BOLGESI ELEKTROMANYETIK SOGURUCU TASARIM VE
UYGULAMALARI

Khalid Saeed AL-BADRI

Silleyman Demirel Universitesi
Fen Bilimleri Enstitiisii
Elektronik ve Haberlesme Miihendisligi Anabilim Dali

Danisman: Yrd. Dog. Dr. Evren EKMEKCI

Bu tezde, kapali halka rezonator tipi metamalzeme yapisi tabanli S-bant
mikrodalga boélgesi katlanabilir sogurucu yapisi i¢in tasarim, benzetim ve
deneysel calismalar1 iceren bir kavram kanitlama c¢alismasi yiritilmustiir.
Onerilen tasarim ii¢ katmandan olusmaktadir. Ilki metalik rezonatoér yapis,
ikincisi FR-4 dielektrik katman ve tli¢linciisii de 35 pum kalinliginda bakirdan
yapilmis biitiin toprak diizlemdir.

Onerilen sogurucu yapisi sogurma seviyesinin katlama agisina bagh olarak
yliksek hassasiyette ve neredeyse tek frekansta ayarlanma kabiliyetine olanak
saglar ve bunun pek cok algilama uygulamasi icin arzu edilen bir durum oldugu
tahmin edilmektedir. Onerilen yapinin prototipi iiretilmis ve deneysel sonuglar
benzetimler ile ¢ok iyi uyum saglamaktadir. Bunlara ek olarak, 6nerilen yapinin
arka plandaki elektromanyetik mekanizmasini agiklamak i¢in niimerik olarak
parametrik analizler yapilmistir.

Bu tez kapsaminda elde edilen sonuglarin sensor, genlik modiilasyonu ve

ACIK/KAPALI anahtarlama gibi pek ¢ok mikrodalga, terahertz ve optik bolgesi
uygulama icin heyecan verici olduguna inanilmaktadir.

Anahtar Kelimeler: Kkatlanabilir rezonatér yapi, metamalzeme, sogurucu,
sensor, acik/kapali anahtarlama.

2016, 84 sayfa
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1. INTRODUCTION

In recent years, metamaterial based absorber devices has received researchers’
attentions since Landy et al. opened a new path in metamaterials subject in
2008 with their work entitled ‘Perfect Metamaterial Absorber PMA’ ( Landy et
al,, 2008). Until now, there have been more than one thousand research papers
in this field according to ISI Knowledge. Therefore, in the introduction it will be
useful to provide some brief consolidated information in order to draw a

complete image about absorbers.

1.1. History

In the 3rd decade of the 19th century, exactly in 1930, the first experimental
work and theoretical description of microwave absorber was presented
(Emerson 1973), when the scientists at Namaalooze Vennootschap Machinereen
in Holland investigated a quartz resonator at 2 GHz. However, this absorber
depended on increasing the dielectric constant to provide high dissipation in
very low thickness by using TiOz (carbon black). The first application of
absorber was used to cover the back side of an antenna to cancel the effect of

electromagnetic wave interference (Emerson 1973).

During the World War II, the demand on using absorber structures increased,
because the two encampments (USA army and Germany army) heavily
depended on radars in battlefield. The USA army with MIT Radiation Laboratory
developed Halpern Anti-Radiation Paint (HARP) in a research led by Mr.
Halpern (Halpern et al,, 1946) to increase the efficiency of radar by decreasing
the radiation interference from nearby objects. HARP absorber was also based
on carbon black but with rubber filling carried on aluminum flakes and barium
titanate disc. This absorber was used to cover aircraft because it is very thin
about 0.6 mm and provided very good absorption peak about - 15 dB in X-band
region. On the other hand scientists from Germany, also designed some
absorber structures in this period such as multilayer Jaumann absorber, which
depended on resistive shite and regard plastics (du Toit et al., 1990).
1



In 1952, Mr. Winfield Salisbury from America investigated a simple resonance
microwave absorber based on resistive sheet. This type of absorber gave zero
reflection when the resistance of sheet is equal to free space impedance 377 ().
The construction of this absorber depended on three or more layers. The first
one was resistive sheet, the second layer was an air gap with thickness equal to
the quarter of the incident wavelength, and the third layer was perfect

electrically conducting (PEC) ground plate (Che etal., 2011).

To demonstrate the success of the designed absorber structures, researchers
needed some sophisticated measurement setups in the laboratory. The anechoic
chambers became essential here by preventing any unwanted environmental
reflections. To achieve that polymer foams with carbon black was used to cover
the inside wall of a room in long pyramidal structures. Hence, this setup

provided wide and high electromagnetic absorber (Emerson 1973).

At the end of 1968 Benedikt A. Munk, from Ohio, investigated a new method
known as Frequency Selective Surfaces (FSS). FSS take place in many
applications such as radomes, filters applications, missiles shielding, sensors,
anechoic chambers absorption enhancement and electromagnetic shielding
applications (Mittra et al., 1988). Since the main function of FSS structure was to
provide a High Impedance Surface (HIS) depending on the resonance structure,
this type of absorber enhanced the problem in previous absorber designs in
HARP. Salisbury resistive sheet and Jaumann represented an electromagnetic

wave absorber, but they attenuated the wanted wave (Abdin et al., 2012).

The theoretical description of left-handed materials by V.G. Veselago in 1968
opened the door for Professor John Pendry who had been the first to investigate
the first metamaterial structure after thirty years. After that in 2008, Professor
N. I. Landy and his group presented the first microwave absorber based on
metamaterials which was published as the first article in this field (Landy et al.,

2008).



1.2. Advantages of Metamaterial Based Absorbers

There are many advantages of using metamaterial based absorbers. One is, they
can be designed as active or passive devices. The other advantages are being
thin (Lee et al,, 2016), ease of manufacturing (Watts et al., 2012) , being small in
structure size, providing high absorption levels, ability to be tuned, and
possibility of frequency scaling for example scaling the operating band from
microwave to THz by just physically scaling the structure ( Landy et al., 2008).
Metamaterial based absorbers played a key role in developing a lot off
applications such as the single band perfect absorber (Yu et al,, 2015), multi
band absorber (Yoo et al., 2015), broadband absorber (Aydin et al., 2011), and
polarization insensitive absorber (Dincer et al,, 2014). They are also used for
enhancing the electromagnetic shielding (Sabah et al., 2014), enhancing the
radar cross section in antenna applications (Zhang et al.,, 2014), cloaking the
objects (Shao et al., 2013), changing the polarization of the wave (Huang, et al,,
2014), switching the absorption spectra on/off (Ekmekci et al.,, 2015), energy
harvesting (Dincer 2015), sensing application (Lee et al., 2016), and etc.

Specifically, absorber based sensors are also growing rapidly due to design
flexibility, tuning ability, and availability in large frequency ranges. Therefore, in
order to design a good sensor structure based on an absorber device, the
reflection from the absorber and the transmission through it should be
controlled in some way in order to support sensor function as much as possible.
However, controlling electromagnetic reflection from a sensor and/or
transmission is a bit difficult (Mandal et al., 2013). This will be the main goal of
the thesis. There are a few tuning methods in literature such as; structure
rearranging (Zhu et al,, 2012), broken structure symmetry (Valente et al., 2015),
layer shifting in double layer designs (Ekmekci et al,, 2015), using sensitive
materials (i.e. electric sensitive material (Manceau et al., 2010), thermal
sensitive (Valente et al., 2015), and chemical sensitive (Withayachumnankul et

al, 2012)).



Moreover, microwave region takes an important part in communication
technologies, especially in mobile communications, Wi-Fi systems, satellite
communications, medical devices, sensing applications, and military
communication systems (Feng et al,, 2007). Considering the high demand for
microwave communication systems together with the laboratory facilities, the
absorber design that will be conducted in this thesis is planned to be in

microwave region.

1.3. Aim and Scope of the Thesis

The aim of this thesis is to investigate the literature about resonator based
absorber designs, understanding the theory, learning the simulation the
techniques, propose a novel structure, fabrication and measurement of the
novel structure and proposal of some possible applications..

This work will cover simulation and fabrication of tunable resonator absorber
in microwave frequencies (S-band). However, some simulation results will also

be provided for terahertz region (far-infrared) .



2. THEORETICAL BACKGROUND

This section includes the required theoretical background for the thesis studies.

2.1. General Definitions

In this part some general definitions are provided.

2.1.1. Electromagnetic Spectrum and Microwave Range

Electromagnetic spectrum, this term refers to all ranges of frequencies; starting
from very low frequencies to very high frequencies. Moreover, electromagnetic
spectrum is divided into some regions like microwave, infrared, visible light and
etc. Generally, the term microwave is generally used to specify the range of
frequencies from upper limit of VHF (Very High Frequency) 3 GHz to 300 GHz,
with corresponding wavelength (A) from 10 cm at 3 GHz to 1 mm at 300 GHz
(see Figure 2.1). The microwave region is also divided into various frequency

bands as demonstrated in Table 2.1 (Pozar, 2012).

Frequency (Hz)

3 x10° 3 x10° 3x 107 3 x 108 3x10° 3 x 1010 3 x 10t 3 x10'2 3x 103 3 x 101
r AW 4ry 2 .
g : 8 s > S g = )
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Wavelength (m)

Figure 2.1. Electromagnetic spectrum (Pozar, 2012)

Table 2. 1. Approximate Microwaves Sub-bands Designations (Pozar, 2012)

Band name Frequency range (GHz)
Ultra-high frequency (UHF) 0.3-3
L band 1-2
S band 2-4
C band 4-8
X band 8-12
Ku band 12-18
K band 18-26
Ka band 26-40
U band 40-60
V band 50-75




E band 60-90
W band 75-110
F band 90-140

2.1.2. Reflection, Transition, and Absorption

These three definitions which are very important in this thesis therefore they
will be elaborated in detail. Wave reflection R means the process when
electromagnetic wave meets the boundary between the two medium reflected
back in the same medium (remain in the first medium). According to the law of
reflection, the direction and angle of the reflected wave can be specified
(Daintith et al., 2005) (see Figure 2.2.). Additionally, the reflection can be a total
reflection or a partial reflection as we see later in section 2.3. Boundary
conditions. Wave transmitted T is the amount of wave that are transmitted
through the boundary between two deferent mediums and it depends on the

two medium properties see (Figure 2. 2).

Incident T‘
wave
Normal
Transition
Reflection wave
wave ¢ Medium 1] Medium 2
€1, 1 €2, U2 >

Figure 2. 2. Wave incident on boundary between two deferent mediums, and
according to angle of incident and medium properties reflection
and transition wave are generated.

Absorption A refers to the amount of energy that is dissipated into absorber,
thereby when the absorption increase, the reflection and transmission
decreases (Watts et al, 2012). Hence, the electromagnetic absorber can be

defined as the structure which can absorb electromagnetic energy and convert



it into heat and other energy forms (Zhu et al, 2010), (Watts et al,, 2012),

(Landy et al., 2008). According to absorption band the electromagnetic absorber

EMA can be classified into two types:

2.2.

1. Resonated Absorber: This type depends on interaction of

electromagnetic wave with resonator structure configuration at designed
resonance frequency (Watts et al., 2012). Therefore, the resonance
frequency is important factor in many applications. The mechanism of
this type in general depends on reflection factor at the resonance
frequency. In this way, the absorber structure works to reduce the
amount of electromagnetic reflection when the wave transmission is set
at zero level by using entire ground plate at the background (Balamati et
al,, 2016).

Broadband Absorber: The important property of this type is that; it does
not depend on resonance frequency, but it has a vast range of absorption
frequencies bands, inherent from material absorber properties (Watts et

al, 2012).

Electromagnetic Waves Fundamental

When a wave strikes an object, it may pass through object, be reflected, or be

absorbed. James Clerk Maxwell presents a set of mathematical functions based

on Gauss’ law, Faraday’s law and Ampere’s lawin order to explain and analyze

these operations for electromagnetic waves stroked on a boundary between

different medium (Celozzi et al., 2008). In summary, Faraday’s law specifies the

relation between electric field intensity and change in magnetic flux density

equation (2. 1). However, Ampere’s law (equation (2. 2)) explains the change in

electric flux density which changes magnetic field intensity when the electric

current passes through closed loop. The last two has important relations Gauss’

laws for electric and magnetic charge. The electric flux density is caused by an

electric charge inside closed surface area.



Vx €& = -5 M (Faraday’s law), (2. 1)

VxH = Z—l; +J (Ampere’s law), (2. 2)

V.D = Electric Gauss’ law), (2.3
Pe

V.B = Magnetic Gauss’ law), (2.4
Pm &

Where: B is the magnetic flux density, £ is the electric field intensity, D is the
electric flux density, 7 is the magnetic field intensity, J is the electric current

density vector in amperes per square meter, M is the magnetic current density
Volt/meter?, pe is the electric charge density in Coulombs/meter3, and pm is the

magnetic charge density in Webers/meter3

There are also three important constitutive relations defined between field’s

values (5, D, B, ®, and j) and medium properties:

B = pppoH (2.5)
D = ¢,6& (2.6)
j=cé (2.7)
Where:

er is the complex relative electric permittivity, o free space permittivity which is
8.854x10-12 Farad/meter, ur is the complex relative magnetic permeability, po
free space permeability which is 4mtx10-7 Henry/meter, o is the conductivity of

material (S/m).



In other words, the medium properties (relative permittivity and relative

permeability) can be rewritten in another form as real and imaginary

components.
& .
srzgzsr—jsr (2.8)
_ B _ ;
He= =M~ JHs (2.9)

All the above equations (2. 1, 2. 2, 2. 3 and 2. 4) are time dependent. However, in
many times, to get rid of time dependence, the phasor forms of these equations

are preferred. Therefore, the phasor forms are given below (where w = 2nf):

Vx €& = —jwf_f - M (Faraday’s law), (2. 10)
VxH = jwﬁ +J (Ampere’s law), (2. 11)
V.D = Pe (Electric Gauss’ law), (2.12)
V.B=0 (Magnetic Gauss’ law), (2.13)

2.3. Boundary Conditions

Previous section focused on the electric and magnetic field propagates in free
space medium and supposed that this medium has no obstacle disturbing the
propagation of the electromagnetic wave. However in practice, there is no
unbounded medium. It infers that any medium ought to have own limits, which
are in contact with the other media. Also there are a lot off objects hinder
propagation. Additionally previous section presented the electromagnetic fields
inside medium related to each other (according to relations 2. 5, and 2. 6). The

transition of wave from one medium to another, it means there are two different



contiguous mediums with different constitutive properties (&1, 4, and ¢, , ;).

So, the Maxwell’s equations take the below forms:

Din — Dap = ps (2.14)
Bin—B3, =0 (2.15)
Ey—Ez=0 (2.16)
Hy—Hy =] xn (2.17)

Where: pg is the free surface charge (coulomb/m?), J the free surface current
(ampere/m2), n is a unit normal outward from the surface from medium 2 to
medium 1, see Figure 2. 3 (Orfanidis, 2014). Therefore the tangential
components of the E-field are continuous across the interface; then the
difference of the tangential components of the H-field is equal to the surface
current density; the difference of the normal components of the flux density D
are equal to the surface charge density; and the normal components of the

magnetic flux density B are continuous.

D1y = D3y (2.18)
Bin = B3, (2.19)
Ey = Ey (2.20)
Hy = Hy, (2.21)

e

g h 25 Mo, 25 M,

& . TDZn o TBZn

Figure 2. 3. Electric and magnetic fields, surface current and charge at a general
interface between two media (Orfanidis, 2014).

2.4. The Wave Equation

By using Faraday’s law (2. 10) and Ampere’s law (2. 11), Helmholtz derived a
partial derivative second order wave equation, or Helmholtz equation for free-

source, homogenous medium (homogenous means that the characteristics
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properties of medium &pu and o do not change inside medium. Then,
inhomogeneous medium the characteristics properties are changing from point

to point inside medium) and isotropic medium. This equation is more reliable
form, as it described the wave according to either only £ (electric) field or only

H (magnetic) field.

VZE+y2E=0 (2.22)

VZH +y2H =0 (2.23)

Where: y = \/ja),u(a + jwe) = a + jf is the propagation constant of the
medium in 1/ Meter.

Herein a is defined as attenuation constant (specifies the attenuation of the
electromagnetic wave propagating through a medium) and S is the phase
constant (specifies the change in the phase of an electromagnetic wave

propagating through a medium).
2.5. Wave Impedance

In general, the term wave impedance or intrinsic impedance is used to describe
the ratio of E field to H field for a TEM (transverse electromagnetic) wave that
propagates along a medium (Pozar, 2012). Since, the wave impedance in free
space is shown below, when o conductivity is zero, g, free space permittivity is
8.854x10-12 Farad/meter, and pugfree space permeability is 4mx10-7

Henry/meter:

z=2x— /Mzswn (2.24)
Hy o+jweEg

The above function combines between electric and magnetic properties of the
wave. Therefore, it is very important in the absorption mechanism as it will be

demonstrated in the following section.
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2.6. Electromagnetic Resonator Structures

At the beginning of 1990’s decade was introduced very interested and wide
applicable artificial resonator structure, (especially in the materials that work at
microwave region) was introduced. Then, this artificial structure has opened the
door to new sub-science fields in physic and electromagnetic engineering. Later

these materials are called as “metamaterials”.

These structures take many-engineered shapes according to applications goals
such as split ring resonator (Pendry et al., 1999), ring resonator (Shen et al,,
2011), (Huang, and Chen, 2011), spiral resonator (Huang et al., 2013), (Zhong,
and He, 2013), triangular resonator (Zhang et al.,, 2015), hexagonal resonator
(Bingham et al., 2008), electric-field-coupled (ELC) resonator (Bingham et al,,
2008) (Ekmekci et al,, 2011), and etc. (see Figure 2.4). From the basic principle
of metamaterials design, the structure elements must be much smaller than the
operating frequency i.e. sub-wavelength for the effective medium approach
(Zouhdi et al,, 2012) (Balanis 2012). Hence, “Metamaterials are macroscopic
composites having that are man-made, three-dimensional, periodic cellular
architecture designed to produce an optimized combination, not available in

nature, with two or more responses to specific excitation” (Munk 2008).
(a)
(b)

Figure 2.4. Electromagnetic resonator structures (a) Derivatives of split ring

resonator, (b) derivatives of loop resonator, (c) spiral resonator,
and (d) electric-field-coupled ELC resonator (Munk, 2000)

(c)

@
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The next sub sections present the basic and important resonators as these

resonators play important roles in many designs and applications.

2.6.1. Edge-Coupled Split Ring Resonator (EC-SRR)

The first artificial magnetic resonator structures suggested by Pendry et al. were
SRR (Split Ring Resonator) and swiss rolls (Pendry et al., 1999). However, SRR
is the most popular one. This design consists of two rings split from each other
by a small gap. Generally, each ring has a small cut positioned on opposite side.
These rings are made of metal, commonly copper in microwaves, and printed on
dielectric substrate (see Figure 2. 5.(a)). The EC-SRR resonates when the time
varying electromagnetic wave is perpendicular into the plane of rings.
Moreover, the exiting electromagnetic wave generates strong current flow at
the resonance frequency (Marques et al., 2008). In most cases, the LC-resonance
circuit model is used to understand the mechanism of resonance. The current is
distributed symmetrically around the line pass the center of two rings gap.
Finally, the equivalent circuit model consists of two capacitances serially (then
can be represented by a single equivalent capacitance) connected in parallel
with the inductance (Ekmekci et al., 2009). Directly the resonance frequency can
be calculated in equation (2. 23), the value of L, and C depending on material

properties and shape (Bilotti et al., 2007) and (Marques et al., 2008).
w, =2nf,=1/VLC (2.25)

" IR

(a)

o

Figure 2. 5. (a) Edge-Coupled Split Ring Resonator (EC-SRR), (yellow color)
represents metallic rings printed on dielectric board (dark gray
color). (b) Equivalent circuit model.

13



2.6.2. Broadside Coupled SRR (BC-SRR)

Another important magnetic resonator design called broadside coupled SRR
(BC-SRR)is proposed by Marque’s et al. (Marque’s et al., 2002). This design in
short way consists of two identical rings printed on both sides of the substrate;
however the gaps directions are positioned as 1800 apart from each other (see
Figure 2.6). The main advantage of this design is to provide higher capacitance
than EC-SRR because of the relative displacement current generated between
the two parallel plate rings (Marques et al., 2008), (Ekmekci et al,, 2011). For
this modification, the capacitance strongly depends in square root of substrate
thickness, and inverse square root of substrate relative permittivity (Marques et

al, 2008).

Figure 2.6. Broadside Coupled SRR (BC-SRR), (yellow color) represents metallic
rings printed on dielectric board (white color).

2.6.3. Double-Sided SRR (DSRR)

In 2009 Ekmekci et al. investigated a hybrid design from EC-SRR and BC-SRR,
this new design was constructed by printing two EC-SRRs by 1800 symmetric
difference (see Figure 2.7) on each sides of the substrate. The equivalent circuit
can be presented by using two EC-SRR connected in parallel form across parallel
capacitance that come from BC-SRR in between the two EC-SRR (Ekmekci et al.,
2009). This design become more sensitive to the substrate parameters than
ordinary EC-SRR and electrically smaller. (Ekmekci et al., 2009).

The sub-sections above presented demonstrate the basic and well known

structures. Many designs and applications were performed according to their
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engineering and physics principles such as many cuts at the rings, different cut
size, using different geometries (i.e. squares, triangle and hexagon ring, etc).
(Bingham et al,, 2008), (Shen et al., 2011), (Huang et al.,, 2013), (Zhang et al,,
2015), (Wangetal,, 2015).

Figure 2.7. Double-Sided SRR (DSRR), (yellow color) represents metallic rings
printed on dielectric board (white color).

2.7. Tuning methods

There are many methods presented in literature on tunable absorber designs.
These methods depend on the application and how they reflect the dynamic
change in absorption to support the specific function of an application, such as
tuning the resonance frequency (Han et al, 2014), controlling wave phase
(Mirza et al., 2009), tuning absorption peak level (Averitt et al, 2007), and
tuning the quality factor (Q-Factor) (Naqui et al, 2013). Additionally, the
dynamic change can be classified into two main categories (see Figure 2. 8).
Dynamic tuning by active device control (Watts et al., 2014), (Ekmekci et al,,
2011) as it will be discussed in 2.7.1. and dynamic tuning by passive device

control (Zaichun et al., 2012) which will be discussed in section 2.7.1. and 2.7.2.

2.7.1. Dynamic tuning by active device control

Active control means realization of the tunability by using an external active
source. There are some examples in literature. The switching state had been
achieved by using electronic diode connected in series with the resonator to

control between two states which are perfect absorbance and reflectance (Xu et
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al, 2013). Yuan, et al,, obtained resonance frequency tuning by controlling the
bias voltage of a varactor diode (Yuan et al,, 2015). In varactor diode, changes in
the bias voltage cause relatively smooth changes in the junction capacitance
(Pozar, 2012). By using a different method, He et al. achieved the tuning of
absorption peak level and/or resonance frequency by using semiconductor
substrate that can control the conductivity of the substrate by controlling the
substrate bias voltage (He et al., 2014). Additionally, the tunability is achieved
by using photo excitation semiconductor substrate, such as Gallium Arsenide
(GaAs),where the external photo source causes changing in relative permittivity

of GaAs semiconductor substrate (Manceau etal., 2010).

2.7.2. Dynamic tunable by passive control

Passive tuning depends on controlling electric and/or magnetic coupling, such
as, near field effect between resonators (Zheludev et al., 2012), or the changing
in excitation field. There are many tuning methods in literature such as plane
shift. Ekmekci et al. investigated the effects of shifting one resonator layer away
from the other one which are separated from each other and demonstrated a
significant shift in the resonance frequency (Ekmekci et al., 2011), and on/off
switching (Ekmekci et al., 2015). Lapine, et al. used the reconfigurable unit cell
to control the transition resonance frequency by shifting centers of the layers
from each other (Lapine et al, 2009). The microelectromechanical systems
(MEMS) are also widely used in this field such as moving parts to/from away
resonator i.e. reconfigurable unit cells resonator (Zhu et al,, 2011), (Zhu et al,,
2012). MEMS is sometime used to generate new shape such as: square “[]”,

square with variable gap “[ ]”, and I shape “][“ (Zhu et al,, 2011).

Therefore, all the above mentioned methods are based on plane reconfiguration.
Another possible way is bending a part of the structure towards the substrate
plane. This bending in some designs creates change in capacitance, hence a
change in the resonance frequency (Hu et al,, 2013). In addition, layer bending is
shown to provide very good tuning results, which are according to change in

coupling between fields and metallic layers (Valente et al., 2015).
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Shifting layer

MEMS
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Layer bending

Semlconductor substrate

Photo excitation
Crystal liquid

Figure 2.8. Types of tuning methods

Tuning methods |

In summary, these various tuning methods yield many applications for these
sophisticated resonator based structures. The next section presents some

applications in a brief description.

2.8. Electromagnetic Absorbers and Applications

The electromagnetic absorbers attract the interest of scientists due to their
possible wide range of applications in many fields of science and also
applicability of the work nearly in all frequency ranges from microwaves to
optical region; especially after the revolution of micro and nanostructure
materials (Zheludev et al.,, 2012). However, we can find absorbers in many fields
such as energy harvesting applications (Dincer, 2015), antenna gain
enhancement (Zhang et al, 2014), clocking (Alaee et al, 2012),
electromagnetically induced transparency (EIT) (Shao et al., 2013), (Nakanishi
et al., 2015), sensor applications (Wang et al.,, 2015), switching (Ekmekci et al,,
2015).
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This section discusses the general applications of electromagnetic absorbers as
a quick review. And chapter four present the proposed applications of the Angle

Depended Closed Ring Resonator (AD-CRR), which is the product of this thesis.

2.8.1. General Review of Electromagnetic Absorbers and Their
Applications

This part present the most popular applications in metamaterials absorber, due

to the wide range of applications can be depend on it.

2.8.1.1. Absorber for broadband applications

For a very long time, scientists have designed broadband EM absorbers,
especially for reducing the RCS (Radar Cross Section), because RCS is very
important issue in military security applications. If RCS is very small enough, it

will make the target almost invisible to radar stations (Dybdal, 1987).

On the other hand, broadband absorbers play a key role in increasing the energy
harvesting capacity in many applications such as power transfer to another
device in dangerous areas, wireless power charging (Dincer, 2015), (Hawkes et
al,, 2016), photovoltaic cells to collect energy from natural sources in low price

(Aydin et al,, 2011), and electromagnetic shielding (Yang et al., 2014).

2.8.1.2. Absorber for switching applications

There are methods to control On/Off state (Balamati et al., 2016) ,(Lee et al,
2016), (Ekmekci et al., 2015) have been discussed in the previous section 2.7.
There are a lot of applications for switching such as; optical switches, tunable
filters (Zhang et al., 2012), and special modulator (He et al., 2014), (Padilla et al,,
2006).

2.8.1.3. Absorber for sensing applications

Many types of sensors can be designed based on absorber structures and the

output may be observed through their absorption spectra. Wang B. X. et al.

18



presented pressure sensor based on changing the substrate thickness, which in
turn changes resonance frequency (Wang et al., 2015). A detailed discussion of
Pressure sensor will be provided in the following section. Additionally, the
absorber structures have also been reported for sensing the thickness of the
materials (Al-Naib et al, 2008), (Sabah et al, 2014), and extracting the
permittivity (Sabah et al., 2014).

2.9. Modeling Methods

There are a few methods for absorber modeling. These modeling can be used to
provide useful information about understanding the physical behavior and tools
to select parameters for a desired absorber structure design. Thus, some
hypothetical methodologies can be exemplified as effective medium theory
(Landy et al, 2009), interference theory (Chen, 2012), (Sun et al, 2011),
impedance matching theory (Landy et al., 2008), (Watts, et al., 2012), (Ayop et
al,, 2016), and equivalent circuit model (Pang et al.,, 2013), (Ghosh et al., 2015).

In this work impedance matching method is chosen to explain absorption
mechanism. Absorption level tuning is achieved by tuning the effective
permittivity and effective permeability of the absorber (i.e. tuning impedance

matching see Appendix A), (Landy et al., 2008), (Huang, et al., 2015).

Additionally, suppose uniform electromagnetic plane wave incidents
perpendicularly on interface between two different medium (for example free
space medium as a surrounding medium and absorber medium see (Figure 2.
9)). Therefore, according to the boundary conditions provided in section 2.3,
Appendix A, and (Smith, et al, 2005) the reflection coefficient, transition

coefficient, and impedance matching can be written as follows:

_ n(w)-no . -

INw) = @)oo (Reflection coefficient) (2. 26)
— @) e .

T(w) = - (Transmission coefficient) (2. 27)
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_ (4T ()?-T(w)? . .
Z(w) = \/ 1T (@) T (@) (Normalized Impedance matching) (2. 28)

Where 17, is the free space intrinsic impedance,n is the absorber medium
intrinsic impedance see equation (2. 29), and Z(w) in (2. 28) represent
normalized impedance. Additionally, from the definition of impedance is the
ratio between E-field and H-field at resonance frequency as explained in

Appendix A:

E_ [p@
n(w) == /‘;(z) (2.29)

H; :I‘" T

E. _ Medium 2
Hr 02, &2, K2 -
E(_W H,

Medium 1
o1, &1, M1

> z

Figure 2. 9. Electromagnetic plane wave normal incidence on interface between
two different medium, reflection plane wave, and transition plane
wave (Cheng, 1993).

Equation (2. 29) is frequency depended, so we need to calculate effective
permittivity &,(w), and effective permeability u,(w). Nevertheless, this way is

very difficult especially when we use fully metallic ground plane, because the
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absorber become anisotropic and inhomogeneous medium (Smith et al., 2005),
(Landy et al., 2008), (Singh et al., 2011). Therefore, equation (2. 28) is easier as

we will see in next chapter.
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3. DESIGN, FABRICATION, AND CHARACTERIZATION OF ABSORBER
TUNABLE RESONATOR (AD-CRR) STRUCTURE

This chapter is composed in two parts. In the first part, the design of the
suggested structure in CST MWS (Microwave Studio) will be provided with
numerical analyses. In the second part fabrication and experimental setup will

be described.

3.1. Design

This section provides a descriptions of simulation environments and methods,

simulation tool setup, design dimensions, and material properties.

3.1.1. Simulation environments and methods

Most of the literature use standard commercial computational software tools to
simulate structure before fabrication and experimental studies. These softwares
provide good chance to present optimized structure, parametrical studying. In
many cases, the experimental results match with the simulation results to a
great extent. There are some famous software in this field: Computer Simulation
Technology (CST) microwave studio (MWS), COMSOL Multiphysics, and High
Frequency Structural Simulator HFSS from ANSYS. Additionally, these
simulation tools generally depend on finite element method or finite difference
time domain method to numerically analyze the structure. In this work, the
software that had been chosen to design and simulation was CST MWS. This
software is a full wave electromagnetic solver that uses FIT (Finite Integration
Technique) to solve Maxwell’s equations (see section 2.2.). Thus, in order to
construct a good setup and comment on the results, the fundamental knowledge
on boundary condition (BC) mechanism is important. There are two different
methods in this field (Watts et al., 2012). The first one is periodic unite cell-
boundary condition PUC-BC. In this method, the software analyzer just repeats

the unit cell geometry in the same dimension and orientation to make a periodic
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array. Hence, the electric and magnetic currents for original unit cells and image

unites become in the same phase and directions (see Figure 3. 1).

Periodic
- — — — | boundary

Periodic | | Periodic
boundary | I boundary
| |
| |
| |
| |
| |
Image I Image I Image
| |
|

|

Image Image
| | Periodic
g I | boundary
mage Image Image
I |
I |
| |
] | E
| | —
H
| |

Figure 3. 1. Ring resonator with unite cell periodic boundary condition, when
EM wave normal incident on resonator plane.

The second method uses PEC-BC (perfect electric conductor), and PMC-BC
(perfect magnetic conductor). This configuration is explained by using image
theory (Balanis, 2005) when the electromagnetic wave is normal incident. In
PEC boundary case, the electric current flow in original resonator and neighbor
image resonator is parallel to each other (original resonator and image
resonator). Also, we note 180° phase shift in the electric current flow see Figure
3. 2. But we note 0° phase shift for perpendicular current flow on PEC

boundary. In the other hand for PMC boundary case, the electric current flow in
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original resonator and neighbor image resonator also is parallel to each other
(original resonator and image resonator). But, we note 00 phase shift in the

electric current flow see Figure 3. 2.
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| |
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Image Image
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Figure 3. 2. Ring unite cell resonator with PEC and PMC boundary condition, when
EM wave normal incident on resonator plane.

3.1.2. CST Microwave studio setup

In order to make the simulation and the experiment in a comparable
environment the CST setup are chosen as presented in references (Ekmekci et
al, 2015). Normal setting was applied for materials in background. The
excitation ports are chosen as waveguide ports, where the port one is in -z-
direction and port two is in +z-direction. The dimensions along x and y

directions are Lx = 72.136 mm and Ly = 34.036 mm, respectively. Under TE1o
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mode excitation, the propagation vector k is along -z-direction, E-field and H-
fields are along y-direction, x-direction, respectively. Additionally, the other four
waveguide walls which are perpendicular on x and y directions are selected as
PEC boundary (i.e. Er= 0). In addition to this, the simulation is applied by using
frequency domain solver, with S-band frequency ranges from 2.4 GHz to 4.1

GHz, (see Figure 3. 3).

Figure 3. 3. CST simulation setup, green sides represent PEC boundary, port
one in -z-direction and port two +z-direction

3.1.3. Design dimension and materials properties

The proposed design AD-CRR (Angle Dependent Closed Ring Resonator)
consists of three layers: Two conductive layers and one FR-4 substrate layer in
between the two conductive layers. The top layer consists of a square ring
structure with side length Lr and ring width w, whereas the bottom layer is total
metallic ground plate, in order to cancel any transmission (Ekmekci et al,, 2015).
The all conductive layers are chosen as lossy copper with electric conductivity
o = 5.8 X 107s/m, and the thickness 35 um. The FR-4 is chosen as lossy FR-4
with thickness h, length Lx , height Ly, dielectric constant ¢, = 4.3 and tangent
loss tand = 0.025. See schematic design Figure 3. 4. and dimensions are listed

in Table 3. 1. On the other hand, we should refer to the AD-CRR structure is
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divided into two symmetrical parts around central y-axis, with zero distance

between them see Figure 3. 4 (c).

+ B
»
+ m

@ (b)

) e
(c) I
Figure 3. 4. Schematic of AD-CRR. (a) Schematic perspective view, (b) Schematic
side view, (c) schematic perspective view two symmetrical parts.

(Note that the parts are connected to each other during the
simulation and experiments).

Table 3. 1. AD-CRR parameter list.

Parameters Dimensions (mm)
Lx 72.136
Ly 34.036
h 1.5
Lr 20
w 4.5
tm 0.035

In order to generate the function of tuning for AD-CRR structure we fold the two

parts inward around y-axis at point (0, 0, tm) where:

0 <a <90° (3.1)
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Figure 3. 5. Schematic of perspective view for AD-CRR structure.

3.2. AD-CRR Structure Fabrication and Experimental Setup

3.2.1. Structure fabrication

In order to verify the simulation results, two half parts of AD-CRR are fabricated
using standard printed circuit board (BCP) methods (see Figure 3. 6 (a)). The
substrate dielectric constant, tané , the copper electric conductivity, and copper

thickness, are all same values in section 3.1.3.

All geometric dimensions have also been chosen as the same as presented in
Table 3. 1. Additionally, in order to construct angles, AD-CRR is supported by
the pink-foam which act like the air medium (i.e. &, = 1 and tand = 0). Figure 3.
6 presents photographs taken for 109, 309, and 60° angles respectively as the

example.
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(d)

Figure 3. 6. (a) Photograph of two half parts of AD-CRR structure, (b),(c), and
(d) Photographs of 109, 309, and 60° respectively.

3.2.2. Experimental setup

For the experimental setup, all equipment, devices, and procedure were chosen
as presented in reference (Ekmekci et al., 2015). Using two hollow ports
rectangular waveguide WR-284 at S-band (from 2.4 GHz to 4.1 GHz), this
waveguide was directly connected into two ports of vector network analyzer
(VNA) (Agilent Fieldfox N9926A) by coaxial cable. In addition to this, 1/4 spacer
was used in between two waveguide aperture ports to hold AD-CRR sample.
Figure 3.7. presents experimental setup. In addition to complete the
measurement setup, the VNA must be calibrated carefully. There are a few
techniques for (open ended flanged waveguide) can be used to calibrate, such
as: Short Short Load (SSL) is very good calibration technique that provides
highly accurate measurements. However, the disadvantage in this setup is that
is it a time-consuming method (You et al, 2014). Another highly accurate

measurement setup is Thru-Reflect-Line (TRL) calibration kit (You et al,, 2014),
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(Dunsmore, 2012 ). Herein, the thru means port one is connected directly to
port two, reflect means port one and two are shorted, and line means port one is
connected with port two through delay “spacer” ( Engen et al., 1979). So, this
technique depends on using two ports as it will be used in this work. There are

four steps to make TRL calibration Figure 3. 8 presents TRL calibration

flowchart.

(b)

Figure 3. 7. Photographes show the expermental (a) vector network analyzer
(VNA) (Agilent Fieldfox N9926A) connected to waveguid, (b) two
waveguid ports connected through A/4 spacer (i.e. sample holder)
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Port 2
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Connect Port 1 to Port 2
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e
e
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e

Is calibration
good?

C Start Measurement )

Figure 3. 8. Thru-Reflect-Line (TRL) calibration flowchart
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4. ANGLE DEPENDENT CLOSED RING RESONATOR (AD-CRR)
APPLICATIONS

This chapter investigates some possible applications that can be derived from
the suggested design. The Angle Dependent Closed Ring Resonator AD-CRR
design consists of two metallic layers (copper) separated by one FR-4 substrate
layer. More description about dimensions, materials properties, simulation, and

experimental setup can be found in the previous chapter.

4.1. AD-CRR Based Pressure/Weight Sensor

The pressure sensor applications of SRR type metamaterial has been
investigated by Ekmekci et al. which is based on shifting the resonance
frequency by using double-sided split ring resonator (two resonators layer

separated from each other by a variable air gap) (see Figure 4.1) (Ekmekci et al.,

2013).
! I Pressure

Layer one

Variable air gap

Layer two

Figure 4.1. Schematic of pressure sensor layer one and two resonator layer,
yellow color represent copper green substrate.

The air-gap can be tuned by applying external pressure. Please note, the change
in thickness of air gap causing a change in the resonance frequency (Ekmekci et
al,, 2013). Also, Li et al. investigated tunable sensor based on stretch power. The
applied force into sensor cells makes a slight shift between cells, then it cause a
change in capacitance and yields a tuning in the resonance frequency. However,
the tuning range is very small about 0.8% of resonance frequency, because the
high stretch force may crack the metallic resonator (Li et al.,, 2013). In addition

to this, Melik et al. presented strain sensor based on metallic resonator carried
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on Kapton tape (polyimide tape or sometimes called vacuum tape) and ground
plane. The applied force into sensor is caused decreasing in distance between
resonator and ground plane, which means a change the capacitance, and in turn
this change leads to a shift in resonance frequency (Melik et al, 2009). In
another work by this group, strain sensor, is proposed that uses different types
of substrate which are derlin and polyamide (Melik et al., 2010). Additionally,
Ekmekci et al. investigated a new method of pressure sensing based on
metamaterial absorber by changing the amount of coupling between two layers
that are stacked in the z-direction simply by applying a force in bottom
resonator’s layer to make it move along x-direction. This shift changes the

coupling, hence the resonance frequency (Ekmekci et al., 2011).

It is also possible to use AD-CRR structure for pressure sensing purpose.
Applying a pressure yield a change in the folding angle. This angle change also
changes the electromagnetic wave interaction with the structure and changes

the absorption level. This mechanism is summarized in Figure 4.2.

Presure

applaied

Change
angle
N
Change EM .'
incident

angle

Tuning
| absorption
level

Figure 4.2. State process of AD-CRR based on pressure sensor
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4.2. AD-CRR Based ON-OFF Switching

In many applications, it is important to tune the states between ON and OFF. For

example:

e Controlling between reflection (ON) and absorption (OFF) (Ekmekci et
al,, 2015) see (Figure 4.3).

e Controlling between transmission (ON), and absorption (OFF)
(Shadrivov et al., 2015).

¢ In metamaterial applications the switching between RH (Right Handed
medium) and LH (Left Handed medium),

e In some applications of antenna switching between deferent types of

polarization horizontal or vertical (Capolino, 2009).

However, there are many researches in this field which present various
methods about ON/OFF switching in microwave, THz and optical region. In the
meanwhile, due to change in absorption level of the AD-CRR design, it can be
used for ON/OFF switching between reflection and absorption, as we will see in

the next chapter. This mechanism is explained in Figure 4. 3.

Incident Reflection Incident
wave wave wave

Absorber Absorber

(a) (b)
Figure 4.3. ON/OFF switch based on absorber, the switch convert between

reflection and absorption state (a) ON- state reflection, and (b)
OFF state absorption.
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4.3. AD-CRR Based Absorber Modulator

In all communications systems, the modulator takes an important place due to
the role it plays. Many modulation methods are used to modulate information
for example AM (amplitude modulation), FM (frequency modulation) and PM
(phase modulation). Additionally, the growth in optical communication imposed
to creation of very high-speed devices that match the speed between optical and
electronic devices, optical storage, optical modulator transmitter, and receiver
(Zheludev et al.,, 2012). Metamaterial absorber based modulator is one of the
greatest solutions to this problem. In many recent studies, scientists suggested
different absorber modulators. For example Savo et al. accomplished THz-FM
modulator based on orientation in liquid crystal (Savo et al., 2014). Another FM
tuning method based on MEMS cantilevers by Pitchappa et al. presents
controlling capacitance by adjusting the distance between cantilever and
ground plate to achieve frequency tuning (Pitchappa et al., 2015). FM modulator
is also achieved by breaking the symmetry of through shifting the layer (Zhu et
al,, 2012), (Hsing Fu et al,, 2011 ), (Zhu etal,, 2011).

o= Emm o o o oy

Angle
controller

\ 4

EM
Source

AM

>| Absorber .
Signal

A4

D -

Figure 4.4. AM modulator structure

On the other hand, AM modulator has also received wide attentions in literature.
Ou et al. explored a resonator based on metal bowing. They applied an external

voltage to increase the temperature of free moving metal, which in turn causes
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this metal to bow so it contacts with another constant metal. Hence, MEMS-
tuning control the distance between these two metallic layers to control the
absorption level (Ou et al, 2013). Using the same method, AM modulator
achieved at infrared band by Liu et al (Liu et al.,, 2015). Padilla et al. reported
that using Gallium arsenide (GaAs) substrate and changing GaAs tangent loss by

applying voltage, they got an AM modulator (Padilla et al., 2006).

Then in accordance with the compatible work between AD-CRR design and AM
modulator function, the AD-CRR can be used as AM modulator by controlling the

rotation angle to handle change in absorption level see Figure 4.4.
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5. RESULTS AND DISCUSSION

In this chapter, the absorption characteristics of AD-CRR are investigated in a
comparative way between full wave electromagnetic simulation, and
experiment results to figure out the AD-CRR advantages. The numerical
calculations are obtained by using CST MWS studio the full wave
electromagnetic simulation. The experiment results are obtained by using
hollow rectangular waveguide and measured by using Agilent Fieldfox N9926A
vector network analyzer. The information about simulation setup and
experimental setup is illustrated in chapter 3. Herein, the absorption level,
reflection level, transition level and resonance frequency are obtained from the

scattered S-parameter matrix for different rotation angles values.

5.1. Simulation Results

The AD-CRR geometrical dimensions, materials properties, and simulation
setup are presented in chapter 3. The first step in this study is to investigate the
absorption characteristic spectrum A(w) at a = 0° Then, the absorption
dependent on frequency can be directly calculated from frequency dependent
reflectance R(w) and transmittance T (w) (Smith et al.,, 2005), (Tao et al., 2008),
(Landy et al., 2009). These values were carried out from S-parameters |S;;|?,
and |S,,]?, respectively by using equation in section (3.3). Where |S21] = 0,
according to use completely copper ground plane (Ayop et al., 2014), (Ekmekci
et al,, 2015). Since, the updating form for equation (3.3) is only dependent on

reflectance R(w) as we see in equation (5. 1):

A(w) =1-R(w) =1~ Sy|? (5.-1)

Figure 5. 1 presents the reflectance and absorption of AD-CRR structure. Where,
the electromagnetic wave is TEi0 mode, and normal incident onto surface of
absorber is as shown in Figure 3. 3. This structure is provided resonance
frequency at 2.811 GHz, zero transmission, and |S;;| = —9.195dB (0.347 in

linear scale). Then, the total absorption from equation 5.1 is 0.879 (unit less).
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Figure 5. 1. Absorption and reflection spectra for AD-CRR at & = 0°
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Figure 5. 2. z-component of electric field distribution for E-field along y-axis at
resonance frequency 2.811GHz, (a) for ring, and (b) for ground

plane.

In order to gain insight regarding the absorption reasons and mechanism in AD-
CRR, three types of simulation were carried out by CST microwave studio,
electrical field monitoring, magnetic field monitoring, and surface current
distribution at resonance frequency (2.811 GHz). (Figure 5. 2 a, and b) present
electric field at different reference points plane. We can figure out two different
charges distribution at the two end of ring along y-axis direction, which is
according to logarithmic color bar ranging from 0 V/m to 67006 V/m see Figure
5. 2(a). Also, the opposite electric field distribution simultaneously occurs onto
ground copper (see Figure 5. 2 (b)), where, the high coupling occurs between

ring and ground. Therefore, it is stated that the difference in electric field
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direction is referred to the ring which works like an electric dipole resonator

(Huetal, 2013), (Luo etal, 2011).
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Figure 5.3. Magnetic field distribution for H-field along x-axis at resonance
frequency 2.811 GHz, (a) top view in (xy-plane), and (b) side view in
(xz-plane)

In the other hand the magnetic field distribution also proved the same point.
There is a very high circulating magnetic field between the two metallic layers
(Tao et al.,, 2008), (Zhu et al., 2010) (Cheng et al., 2012). See Figure 5. 3 (a, and
b), top view (xy-plane), and side view (xz-plane) in order, at the same

logarithmic bar colors.

Figure 5. 4. presents opposite current distribution between upper ring Figure 5.
4(a), and lower ground plane Figure 5. 4(b) which proved that the type of

resonance is an electrical dipole resonance.
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Figure 5. 4. Surface current distribution for at resonance frequency 2.811 GHz,
(a) ring, and (b) ground plane.

5.1.1. Absorption reasons

In order to investigate the reasons of absorption we need to figure out the loss
in each part of resonator as an unaccompanied structure (ring, substrate, and
ground plane). For this reason, three types of simulation carried out by CST for
each case listed in Table 5.1. Herein ‘case I’ is the factual state as presented
previously in Figure 5.1. In ‘case II’ the all metals are chosen as lossless
materials in order to study the effect of substrate only (see Figure 5.5. a, and b).
Lastly ‘case III', the substrate is chosen as lossless (Figure 5.5. a, and b).
Therefore, we can figure out that the main power losses come from substrate
since, the power is dissipated as heat or ohmic losses inside the substrate and
the copper can be supposed as PEC (perfect electrical conductor) in microwave

regain (Fedotov et al.,, 2007), (Lee et al., 2016). This result is fully coherent with

39



previous studies for circular ring absorber (Nguyen et al., 2014), cut-wire

metamaterials absorber (Do et al., 2012).

Table 5.1. Three different cases

State Ring ground substrate
case | Lossy metal Lossy metal Lossy dielectric
case Il PEC PEC Lossy dielectric

case Il Lossy metal Lossy metal Lossless

—case |
||—casell
|~ case lll|

24 26 28 3 32 34 38 38 4
Frequency, GHz

(a)
06 T T I
=—case | (substrate)
=—case || (substrate)
0.5 ——case ||| (substrate)
== case | (metal)
0.4 == case |l (metal)
g —= case lll (metal)
= Input power |
6 03_ .......................... :
=
=]
o
0.2
0.1
’.’ - ; "
— T et il 1 T T

9% 26 28 3 32 234 365 38 4
Frequency, GHz

(b)

Figure 5. 5. Three cases of table 5.1, (a) absorption as a function of frequency,
and (b) power as a function of frequency

5.1.2. Impedance matching

In chapter 2, there are mentioned a few methods to model absorber structures
(see section 2.9). In this thesis, the impedance matching is used to explain the

absorption mechanism, in order to explain and understand the reason behind

40



the absorption. The maximum absorption (perfect absorption PA) occurs when
the absorber impedance at resonance frequency is equal to impedance of
surrounding medium (Landy et al., 2009), (Huang et al., 2013). The complex
normalized impedance value follows the next equation (Smith et al.,, 2005),

(Baskey et al., 2015):

_ ’(1+511)2—S%1
Z - (1—511)2—5%1 (5 2)
Also, |S21| =0, a = 0° then:

_ 1+S11

Z =
1—511

(5.3)

Figure 5. 6 shows the real and imaginary parts for Z, the maximum absorption
occurs at minimum positive imaginary point (Baskey et al., 2015).

[ AbsOIPLiON
— Z(real)
| - Z(imaginary)

n
L8
4

ra
5
% T

Absorption, Z(real) Z{(imaginary)

i i i i I | i i i I
97 272 214 276 278 28 282 284 286 28 29
Frequency, GHz

Figure 5. 6. Calculated normalized impedance and absorption plots. The dashed
line is set at resonance frequency 2.811 GHz.

5.1.3. Multi-reflection interference theory

Multi-reflection interference theory is analyzing methods that are used to
describe the mechanism of the metamaterial absorber depend on superposition
of multiple reflections from absorber structure, due to use multiple layers that

have different reflective index factors (Huang et al., 2015). The multi-reflection
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interference theory is good way to describe the structure with ground plane. In
the other hand the impedance matching theory and effective medium theory are
not suitable to describe the interactions between absorber and ground plane
(Wanghuang et al., 2013).

In appendix B, the mathematical formulas are provided in details to calculate
total reflection. To apply these functions, some additional setups and practical
considerations are needed, that are presented in some studies (Chen 2012),
(Wanghuang et al,, 2013), (Huang et al., 2015). The total reflection for sandwich

absorber (two metallic layers bounded one substrate) is defined as follows:

51211524 ]e(012+021-26-)
1—|Sy5|ei(®22-28-m)

Riotal = [S11]€?11 + (5.4)

In order to obtain parameter values for equation (5. 4) from CST, the structure
should be simulated in decoupled consideration, which is applied by removing
the ground plane, and attaching port 2 directly to structure (Dincer et al., 2014).
In addition to this, |S;,| = |S21], and 8, = 8,,because the substrate is passive

layer, therefore we can rewrite the equation above:

|512|zei(2912—2ﬁ’—n)

1—|S,,|ei(®22-2p-m)

Riotal = [S11]e?11 + (5.5)

Where:
B =2nd ="Lnd

n=+/g;u, =v4.3 x1=2.074, (for FR4e, =43,p, = 1)
012 = Sin’l( /msin(ei)) =0,(8; =0
E2H2

d =hcos| sin™! %/%22) = h = 1.5, (h is FR4 substrate thickness).
e1p1

/3=2n><3.11><§
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After extracting data and applying the above function, the results in Figure 5.7

and Figure 5.8 are obtained, where the (w) = 1 — R(w) — T(w) , where T(w) =

|Trotal? = 0,and R(w) = |R;oeq:|? calculate from equation (5. 5)

o o o
-y [2}] [o2]
| i i

Absorption , Reflection

o
[

Frequency, GHz

Figure 5.7. Calculated absorption and reflection in

consideration by using interference model

2.4 2.6 2.8 3 3.2 34 3.6 3.8 +

e Rtotal

= Absorption

normal incident

Phase (deg)

i i

259

4 26 2.8 3 3.2 3.4 3.6 3.8
Frequency, GHz

Figure 5.8. Calculated propagation phase in normal incident consideration by

using interference model

5.1.4. Effects of changing angle a on absorption spectrum

The main part of this work concentrates on the effects of angle a on absorption

level. Figure 5.9. shows the absorption levels for various a values (09, 109, 200,

309, 409, 500, and 609), where when the angle is higher than 60° the absorption
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level is almost zero. Here, the absorption levels are tabulated in Table 5.2.
Additionally |[S11] and |S21 | are also presented in Figure 5.10 and 5.11,
respectively. It is important to note here that the range of frequency interval is
set to be from 2.7 GHz to 2.9 GHz, because there are no other absorption peaks
observed for this design in S-band region and besides, narrow frequency range

is useful to observe the small details.

These results reveal that when the rotation angle increases, both the reflection
level and transmission levels increase. However the transmission levels take
values around zero. On the other hand, the absorption decreases dramatically
with the increased angle a. The relation between angle and the absorption peak
is observed to be almost linear (see Figure 5. 12). For example: at a constant
resonance frequency 2.811 GHz (the resonance frequency at 0°), the results

yield the line equation which is a function of angle @ as given in (5. 6):

A=-0.016 X a + 0.98 (5.6)

Additionally, the reason behind the decrease of absorption level may be
explained by the decreases in the circulating currents between the two metallic
layers (the ring and the ground) that is generated by H-field. This result is highly
compatible with the previous studies reported in literature. For example: Tao, et
al. designed insensitive wide-angle range (from 0° to 70°) metamaterial
absorber. They got above 70% absorption peak in TE mode (Tao et al., 2008).
Similarly, Ye, et al,, presented Omni-directional absorber and they got near 80%
absorption peak (from 0° to 70°) in TE mode (Ye et al., 2013). In these previous
studies, the researchers suggested that a decrease in absorption levels
represents a disadvantage point for absorber. On the other hand, this

disadvantage represents the key point of this thesis work.

Furthermore, Figure 5.13, shows the H-field component by using xz-cutting
plane at y = 0. It is worth noting that the increase in rotation angle significantly
decrease in circulating current, where the maximum at a = 0° (see Figure 5.13
(a)) (note: according to the color bar blue color is set for 0 A/m, and red color is

set to 75 A/m), and minimum value noted at 60° (blue arrow) Figure 5.13 (g).
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Figure 5.9. Simulation result for absorption level related with changing in
rotation angle (a)
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Figure 5.10. Simulation result for Reflection coefficient S11 with respect to
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Figure 5.11. Simulation result for transition coefficient S21 related with
frequency.
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Figure 5. 12. The relation between angles and absorption peaks, (red-line)
linear fitting curve according to equation A=-0.016X a +

In addition to this, the numerically calculated data for surface current, E-field,
and H-field are tabulated in Table 4. 2 for each rotation angle at the resonance
frequency. We can also see increasing angle causing gradually change in
maximum surface current clearly (from 1208 A/m to 37.3 A/m) for 0° and 60°

respectively. Similar behavior goes for E-field and H-field.

Table 5.2. Relation between change in angle and (resonance frequency,
maximum surface current, maximum E-field, and maximum H-field)

Angle Resonance Absorption Surface E-field H-field

frequency (GHz) level current (A/m) (V/m) (A/m)

00 2.811 0.879 1208 250000 1210
100 2.808 0.841 1083 232000 1082
200 2.806 0.760 991 212200 993
300 2.803 0.608 941 169219 943
400 2.800 0.375 695 138033 695
500 2.794 0.139 203 29457 199
60° 2.781 0.022 37.3 6399 35.7

Table 5.2 also shows that there is a little shift in resonance frequency related
with rotation angle (from 2.811 GHz at 0° to 2.781 GHz at 609). Then, the
difference is Vf = |fqo — fgoo|l = 2.811 — 2.781 = 30 MHz. Table 5.3, shows the
simulation resonance frequency shift based on the angle a varying between 0°

and 60° with step value 100. Consequently, the shift increases rapidly after 400.
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Figure 5. 13. H-field components obtined by using xz-cutting plane aty = 0, (a)
a=009 (b) a=109 (c) a =20 (d) a =309 (e) a =400, (f) a = 509,

and (g) a =600
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1

[res. = 2nVic (5.7)

This function tells us that any change in L and/or C cause changes resonance
frequency. So in next sub section 5.1.3.1 we will see the mechanism behind the

changein L, and C.

Table 5. 3. The shift in resonance frequency according to angle step

Va (degree) Vf (MHz)
00 100 2
100 200 2
200 300 3
300 400 3
400 500 6
500 60° 13

5.1.3.1. Explanation for the rapid decreases in absorption level

In many studies in literature, also summarized in section 5.1.3, the absorption
peak decreases slowly as the angle of incident wave increases for TE mode. Such
slow decrease suggested to be supporting the main aim of this subject: “wide
angle and polarization insensitive absorber”. For example He X. ]. et al,
examined two peaks absorber by using metallic square ring, and metallic cross
inside the ring. They achieved a very high angle-insensitive absorber (He et al,,
2011). Huang X. et al,, also, investigated triple band polarization insensitive and
wide incident wave independent absorber in TE polarization and concluded that

the lowest absorption peak was achieved 80% at angle 60° (Huang et al., 2013).

In order to explain the reasons behind the change in absorption peak level and
resonance frequency, a new absorbing material design, Central Angle Rotation
Dependent Closed Ring Resonator CAR-CRR, is introduced. Herein the material
properties and geometrical parameters were kept as the same in Table 3. 1.
However, the only change in CAR-CRR design is that the structure is completely
rotated around the y-axis as shown in Figure 5. 14. Herein the rotation angle is
defined as ¢. The absorption results for the rotation angle-steps ¢ = 0°, 109, 2009,
300, 409, 509, and 6009 are calculated to be 0.879, 0.8715, 0.847, 0.798, 0.714,
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0.583, and 0.404and the resonance frequencies in GHz are found to be 2.810,
2.809, 2.809, 2.808, 2.808, 2.807, and 2.808, respectively. The maximum shift
between 0° and 600 is 2.6 MHz see Figure 5.15 and Table 5.4. One can see that
the absorption level decreased slowly as rotation angle increased. On the other
hand, the shift in the resonance frequency was smaller than the shift in AD-CRR
(see Figure 5.9.). Therefore, we can conclude that the results of the CAR-CRR are

highly agreement with previous studies reported in literature.

¢

A

Figure 5.14. Absorber structure for CAR-CRR, all geometrical dimensions
similar to Table 3. 1. The all structure parts rotate as one part.

Table 5. 4. Shift of resonance frequency related with rotation angle for CAR-CRR

design.
Vo (degree) |[Vf| (MHz)
00 100 0.12
100 200 0.4
200 300 0.4
300 400 0.6
400 500 0.4
500 600 0.4
00 600 2.6

Furthermore, the E-field simulation of AD-CRR and CAR-CRR were presented in
Figure 5. 17. The figure presents x-component of E-field (a-g) for CAR-CRR, and
(f-n) for AD-CRR. Additionally, Figure 5.18 presents z-component of E-filed (a-g)
for CAR-CRR and (f-n) for AD-CRR.
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Figure 5. 15. Absorption related with rotation angle for CAR-CRR design.

These results clearly show the difference between two structures in response to
the applied electromagnetic wave (Note: all figures are reported by using a
common color bar). One can observe that there no induced x-component of local
E-field (i.e. the field observed after excitation) on both structures for 09,
however there are strong local E-field z-components, which play role in
electrical dipole resonance and hence absorption. Hence, this result is not
surprising as seen in Figure 5. 17 (a), (b), and Figure 5. 18(a), (b). In a CAR-CRR,
when the rotation angle starts increasing, x-component of the local E-field starts
increasing systematically. In the other hand, the z-component starts decreasing,
because of the rotation will generate two components for z. The first one
(E, sin(a)) is parallel to structure plane with no effect (like x-component at 00).
The second component (E,cos(a)) is perpendicular onto structure plane.
Therefore, increasing in angle results with decreasing in E, cos(a) (see Figure 5.
18 (a)-(g)). Conversely, there are two components for x that work in opposite
directions. One component has no effect that is parallel to structure (E, cos(a@)).
The second one is perpendicular on to structure plane (E, sin(a)). So, as
rotation angle increases the x-component increases, too (see Figure 5.17(a)-(g)).

Therefore, the total field can be calculated through: E, cos(a) + E, sin(a).

Furthermore, AD-CRR structure showed very interesting results especially with
x-component. There are four different charge distribution generated by the
electric field Figure 5. 17 (i)-(n). Therefore to investigate the underlying reason,

a vectors analysis is generated for electric field x and z components (see Figure
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5. 16). Then, the perpendicular components onto each resonator parts are as

following:
Eiota1 = —E, cos(a) + E, sin(a) —E, cos(a) (5.8)
Eipta1 = E; cos(a) — E, sin(a) —E, cos(a) (5.9)

Where (5. 8) describes right side resonator part, and (5. 9) describes left side,
therefore the change in polarization of E, generates four capacitance instead of
two capacitance as we showed in CAR-CRR, also increasing rotation angle make

E, dominate.

Figure 5. 16, vector analysis for E,, and E,.
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Figure 5. 17. E-field x-component (a-g) for CAR-CRR, and (f-n) for AD-CRR
structure, for each rotation angle 09, 10°, 209, 309, 409, 509, and
609 respectively.
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respectively.
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5.2. Experimental Realization

According to previously description of experimental setup in chapter 3, the
suggested AD-CRR is fabricated by using standard printed circuit board
technology. Then seven experimental results for the seven angles are carried
out. Figure 5. 19, Figure 5. 20, and Figure 5. 21 show absorption, [S11|, and |Sz1|
experimental results, respectively for all designed rotation angles. The
experimental results show high compatibility with the simulation results except
for some little differences. It is worth to note that the absorption levels of
experimental result slightly differs from absorption levels of simulation, for all
rotation angles. For example: The absorption increased from 0.879 to 0.957 at
00 (where VA = 0.078). At 600 is increased nearly the same as previous VA
value from 0.022 to 0.060 (VA = 0.038) (see Table 5.5. for all designed angles).
On the other hand, one can observe that experimentally obtained |S11| values
also agree with simulations (see Figure 5.20). However, although
experimentally obtained |Sz1|values seems to be a bit different from simulation,
the transmitted power is still near to zero since the transmitted power is
measured with |S,;|?, where the maximum transmission noted 0.054 at

resonance frequency in 60°.

Furthermore, the resonance frequency change is imperceptible, where the
maximum change noted as 11 MHz at 609. In addition to this, the difference in

results may drive from three points:

1. Structure fabrication tolerance is slightly different from structure in
simulation.

2. The FR4 substrate parameters (dielectric constant and tangent loss)
may be slightly different from selected parameters in simulation. In next
sub section, we will see the influence of these parameters in more
details.

3. Angle resolution. Due to laboratory limitations, angle constructed from
foam manually (i.e. by using human hand). Therefore, it may cause a

slight difference in one or two angles side increasing and/or decreasing.
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Figure 5.19. Experimental result for absorption level related with changing in
rotation angle («)
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Figure 5.20. Experimental result for reflection level related with changing in

rotation angle (a)
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Figure 5.21. Experimental result for transition level related with changing in
rotation angle (a)
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Table 5.5. Comparison between simulation and experimental results.

Angle Resonance frequency f,(GHz) Absorption peak level
Simulation | Experimental | |V f,] Simulation | Experimental | |VA]|
00 2.811 2.823 0.012 0.879 0.957 0.078
100 2.808 2.821 0.013 0.841 0.913 0.072
200 2.806 2.820 0.014 0.760 0.860 0.100
300 2.803 2.819 0.016 0.608 0.705 0.097
400 2.800 2.814 0.014 0.375 0.496 0.121
500 2.794 2.810 0.016 0.139 0.195 0.056
600 2.781 2.793 0.012 0.022 0.060 0.038

5.3. Influence of Geometrical Parameters

This part presents the results of the studies on the effects of changing geometric
parameters and substrate material properties on the absorption level and the
resonance frequency, in detail. Therefore, geometric parameters; h, w, Lr and
material properties; dielectric constant (&.), and loss tangent (tand) are
examined. In order to observe the effects of each parameter properly, the
studies are conducted by varying only one parameter at the same time and
other parameters are kept constant. The effects are observed for all rotation

angles.

5.3.1. Influence of substrate thickness (h)

Herein three different substrate thicknesses (h) are examined parametrically
which are 0.5 mm, 1.5 mm, and 2.5 mm, where 1.5 mm is the designed value of
this work. The results are reported in Figure 5. 22. The figure shows that AD-
CRR is least sensitive to the rotation angle when h = 0.5 mm. As the substrate
thicknesses is decreased to 0.5 mm, the substrate losses also decreases and this
yields absorption levels drop. But the sensing mechanism still works fine. On the
other hand, for h = 0.5 mm, it displayed nearly a linear relation between
rotation angle and the absorption level. So logically, when substrate thickness is
increased (h = 2.5 mm), it will cause an increase in absorption level as
dielectric losses increases. This is also affected in sensing mechanism, as we see

for « = 09, 109, and 20° the absorption is near to unity (see Table 5. 6). The
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results displayed rapidly decrease from 90% absorption to 0.077% from 300 to
600 respectively.
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Figure 5.22. Influence of changing substrate thicknesses.

Table 5.6. Relation between rotation angle, absorption level, and resonance
frequencies f,(GHz) for three steps of changing in substrate

thicknesses.

h = 0.5 mm h = 1.5 mm h = 2.5 mm
e | o | eriien | o | Aosettier | o | e
00 2.670 0.317 2.811 0.879 2.849 0.998
100 2.670 0.287 2.808 0.841 2.845 0.998
200 2.668 0.232 2.806 0.760 2.842 0.985
300 2.668 0.156 2.803 0.608 2.842 0.912
400 2.668 0.076 2.800 0.375 2.837 0.709
500 2.479 0.009 2.794 0.139 2.823 0.354
600 2.479 0.001 2.781 0.022 2.812 0.077

5.3.2. Influence of ring width (w)

In order to investigate the effects of ring width (w), five different ring widths are
are examined which are 3.5 mm, 4 mm, 4.5 mm, 5 mm and 5.5 mm. The results
are reported in Figure 5.23, and Table 5. 7. In general, it is not effective, which
means that the ring width is highly effective in resonance frequency, have little

effect on absorption level. Therefore, when width is increased it cause an
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increase in the resonance frequency about 343.8 MHz at 00. If ring width is
increased from 3.5 mm to 5.5 mm (see Table 5.7) the absorption level is

increased just 17.85% at the same angle (see Figure 5. 23).

== w=3.5 mm
== w=4 mm
1 | =,=w=4.5 mm
4 == w=5mm
“#-w=55 mm

0 10 20 30 40 50 60
Rotation angle o

Figure 5. 23. Effect of ring width in absorption level

Table 5. 7. Relation between rotation angle, absorption level, and resonance
frequencies f,(GHz) for different ring width.

Angle w=35mm |w=4mm | w=45mm | w=5mm | w=55mm
fo(GHz) fo(GHz) fo(GHz) fo(GHz) fo(GHz)
00 2.641 2.724 2.811 2.898 2.985
100 2.635 2.718 2.808 2.895 2.981
200 2.634 2.716 2.806 2.893 2.977
300 2.632 2.711 2.803 2.887 2.976
400 2.630 2.709 2.800 2.884 2.972
500 2.626 2.704 2.794 2.874 2.965
600 2.493 2.670 2.781 2.860 2.948

5.3.3. Influence of ring size (Lr)

The last geometrical parameter that will be examined here is the ring side
length L. It should be noted that changing Lr means a changing the side length
for both edges since the AD-CRR is a square resonator. The absorption results
show an opposite relation between Lr and absorption level. When L: increases, it

cause a decrease in the absorption level. For example the absorption decreased

58



from 0.923 to 0.813 when Lr increased from 18.5 mm to 21.5 mm at 0° (see

Figure 5. 24, and Table 5. 8).

Additionally, the resonance frequency is highly dependent on length of the ring
side. Therefore increasing the ring dimension caused decrease in resonance
frequency, and vice versa. The results show about 566 MHz decrease in
frequency when the side length increases from 18.5 mm to 21.5 mm (see Table
5. 8). It is important to note that the sensing mechanism is not affected by

change in ring-side length see Figure 5.22.

| |- L=18.5mm

[ [eeer Lr=20 mm

|| —h Lr=21 .5 mm
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Figure 5.24. The effect of changing ring size on absorption level

Table 5.8. Relation between rotation angle, absorption level, and resonance
frequencies f,(GHz) for three steps of changing ring size.

Lr= 18.5 mm Lr= 20 mm Lr= 21.5 mm

8 | ot | Aernien | | At | oo | et
00 3.118 0.923 2.811 0.879 2.553 0.813
100 3.114 0.883 2.808 0.841 2.550 0.779
200 3.111 0.801 2.806 0.760 2.548 0.703
300 3.107 0.644 2.803 0.608 2.546 0.553
400 3.095 0.399 2.800 0.375 2.537 0.344
500 3.088 0.146 2.794 0.139 2.531 0.133
600 3.060 0.022 2.781 0.022 2.513 0.022
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The three previous subsections explained the effects of geometrical parameters
on absorption mechanism. Depending on the observations, it is concluded that
the substrate thickness is the only parameter that play important role in sensing
mechanism and that the other parameters just cause a shift in the resonance

frequency and/or a little bit is affected in the absorption level.

5.3.4. Influence of dielectric change (&,)

The reported dielectric constant value in this work is 4.3 (at 10 GHz) for the
substrate type FR-4. Therefore, in order to investigate the effect of dielectric
constant, two more values are examined which are 3.3 and 5.3.

According to parallel plate capacitance formula (5.10), the capacitance highly
depends on the dielectric constant. Then increase in dielectric constant cause an

increase in the capacitance as seen in the equation (Capolino, 2009):

C = A (5.10)

e sr=3.3

1|we=4.3
r

qL-r.r=5.3

0 10 20 30 40 50 60
Rotation angle o

Figure 5. 25. The effects of substrate dielectric constant changes of absorption
level.

Then increasing C causes decrease in resonance frequency according to
equation (5. 5). The simulation results confirmed the above explanation. For

&, = 3.3 the resonance frequency at 0° is 3.171 GHz by increasing &, to 4.3 the
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result showed decrease to 2.811 GHz, and a decrease to 2.549 GHz when &, is
increased to 5.3 (see Table 5.9). In addition, the change in dielectric constant

does not result in a change in the absorption mechanism (see Figure 5.25).

Table 5. 9. Relation between rotation angle, absorption level, and resonance
frequencies f,(GHz) for three different substrate dielectric
constants values.

g = 3.3 & =43 g =53
gl | ey | AR | i | A | g | Aot
00 3.171 0.948 2.811 0.879 2.549 0.789
100 3.166 0.922 2.808 0.841 2.546 0.743
200 3.163 0.861 2.806 0.760 2.537 0.652
300 3.160 0.730 2.803 0.608 2.535 0.498
400 3.150 0.491 2.800 0.375 2.532 0.288
500 3.140 0.203 2.794 0.139 2.525 0.101
600 3.126 0.034 2.781 0.022 2.503 0.015

5.3.5.Influence of tangent loss (tané )

The last parameter that will be investigated here is tangent loss. This parameter
is described the relation between imaginary and real parts of relative dielectric

permittivity and fallows this formula (Pozar, 2012):

g =¢& —j&" (5.11)

"

tand = i— (5.12)

Therefore, to investigate the effects of tangent loss, four different values in
addition to the designed value are examined. These are 0.005, 0.015, 0.025,
0.035 and 0.045. In more detail, in Figure 5. 26 tangent loss of 0.005 shows a
nonlinear mechanism. When the tangent loss is increased, the sensing
mechanism becomes more stable. As a logical consequence, increasing the
tangent losses leads to an increase in absorption level (Tuong et al., 2013). This

is not surprising result it confirms previous literature (Ekmekci et al.,, 2015),
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and (Tuong et al., 2013). However, in this work increasing tangent loss cause a
decrease in absorption level as presented in (Tao et al., 2010 and also a
nonlinear decrease in absorption. Similarly, Costa et al. explained the nonlinear
results by using impedance matching method. They suggested that increasing
the loss tangent higher than designed value cause a reduction in the real part of
impedance. So the design does not perfectly match with free space. In the other
hand, decreasing loss caused the absorber impedance to be higher than

matching impedance and also the absorption level goes down (Costa et al,,

2012).

=& tan3=0.005
==+ tan3=0.015
| |[-&=tan=0.025
| |== tan5=0.035
1|=* tans=0.045
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Figure 5. 26. The effect of tangent loss tané changes in absorption level.
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Figure 4. 27. The effect of changing tangent loss tané in absorption bandwidth
for rotation angle = 0° .

Furthermore, as presented in chapter 2, the absorption means the dissipation of

the incident power on the structure. Therefore, an increase in loss tangent is
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expected to yield an increase in the dissipated power on the absorber,
regardless the absorption level increase or decrease. Therefore, a new graph
carried out for this reason for the absorption at 0° for the five-loss tangent

values see Figure 5. 27.

Furthermore, figure 5.27 shows perfect absorption when tand = 0.015,
furthermore increasing in tangent loss beyond 0.015 cause a decrease in the

absorption level for a = 0°.

5.4. Scaling Structure to THz Region

One important point in absorber design is scaling structure for operating in the
frequency bands. Generally, scaling from one band to another band inside
microwave region which gives highly compatible results. Such scaling is easy
and popular in literature, but scaling to THz and optical region is very popular in
practice due to their applications like biomedical engineering (Balamati et al.,
2016) and information security (Rhee et al, 2014). Additionally microwave
cannot propagate in water. On the other hand, THz is non-ionizing and has the
ability to pass through wide range of materials (Rhee et al,, 2014).

To scale any structure from one range of frequency to work in another range of

frequency all we need to do is select scaling factor Sy then scale all structure

parameters according to this factor. Therefore to find scaling factor S;:

__ resonance frequency in designed range

Sf " resonance frequency innew range (5 13)
For example if we want to scale the designed structure to work in 2.811 THz
(we choose this frequency for easy calculation), the scaling factor is Sy =1000.
So by dividing all parameters value by 1000, means the absorber is scaled to
work in THz. Table 5. 11 shows the new parameters for THz region, we note

that in THz the structure parameters are in pm.

In Figure 5. 28. we see that the absorption mechanism is still correct but the

absorption level decreased and resonance frequency shifted from the expected
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resonance frequency, because material properties in THz are different from
GHz. Additionally, the structure parameters are scaled but material properties
such as substrate permittivity and tangent loss, and metal conductivity do not

scale to work in THz.

Table 5. 11. Structure parameters scaled to work in 2.8104 THz

Parameters | Dimension (mm) (S-band) | Dimension (um) (THz)
Ly 72.136 72.136
Ly 34.036 34.036
h 1.5 1.5
Lr 20 20
w 4.5 4.5
tm 0.035 0.035
1 (s}
—a=0
—a=10°
0.8 —a=20°
—_— =30
8 0.6 —a=40°
5 o= 50°
5 —a=60°
204 Bk B
0.2}

8.5 26 27 2.8 29 3
Frequency, [THz]

Figure 5. 28. Absorption level related with frequency for all rotation angles for
scaling structure.
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6. CONCLUSION

In the thesis study, a simple structure called Angle Depended Closed Ring
Resonator (AD-CRR) consists of closed ring resonator on the top, an FR-4
substrate layer in the middle and a ground plane in the bottom is proposed,
numerically analyzed, fabricated and experimentally validated. This structure is
presented to be an absorption level tunable structure by folding it mechanically
By folding the two parts of resonator inward, the structure is shown to provide
a very good chromatic tuning of the absorption level. The structure is examined
in S-band region first numerically and experimentally, then scaled to THz region

and additional numerical analyses are performed.

The simulation results approved that the absorption is based on the electrical
dipole resonance, however the absorption level can be tuned by tuning the
amount of circulating current between the closed ring in the top and metallic

ground plane in the bottom.

The comparison between AD-CRR and CAR-CRR structures explain that the AD-
CRR structure exited by the two opposite value of E-field x-components and z-
component. On the other hand, CAR-CRR structure is only exited by one
component of x and one component of z. This interesting result gives a good

explanation for the rapid decreases in absorption level.

The tuning of absorption peak level of the proposed structure based on rotation
angle makes it a good candidate for practical applications, such as sensor
applications. Additionally, it promises a new future generation of AM-

modulator, and ON/OFF switching.

The absorption level peaks and frequency of the resonance can be tailored by

controlling the AD-CRR structure parameters and substrate material properties,
however the simulation results show:

e The relation between rotation angle and absorption level is not effected

by changing the substrate thickness. It only increases the level of

absorption as substrate thickness increases.
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e Gradual changes in ring width (w) effects the resonance frequency, with
a very small effect in the absorption level.

e The change in the ring size Lr can be used to tune the absorption level
and the resonance frequency. In more detail, increasing the ring
dimension caused decrease in resonance frequency, and vice versa.

e The two parallel plate acts as a capacitance therefore increase in
dielectric constant value between the two plates cause an increase in the
capacitance and it yields a decrease in the resonance frequency.

e The change in tangent loss presents a nonlinear effect in the absorption
level of AD-CRR. The results show that a perfect absorption is possible
when the tangent loss is 0.015.

Finally, the simulation results in THz are promised for future potential

application such as sensor, perfect absorber, modulator, and switching.
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Appendix A

Consider an electromagnetic plane wave propagate in the z-direction in lossless
medium, the electric field is in the x-direction: E(z) = xE(z), and magnetic field
in the y-direction H(z) = YH(z). See Figure A. 1. (Note that all information here
from (Pozar, 2012), (Cheng, 1993), and (Nicolson et al., 1970))

S :
H N Li”r’
(_W H.

Medium 2
Medium 1 02, €2, M2
01, €1, M1 ) Z
y

Figure A. 1, Electromagnetic plane wave normal incidence on interface between

two different medium, reflection plane wave, and transition plane
wave (Cheng., 1993).

Then we can write these relations:

E;(z) = XE e Tk1z (A.1)
Hi(z) = JH,e ™7 = "Ey(2) =y -Eqe /" (A.2)
When the plane wave strike into boundary of infinite medium2 then the

reflected wave is as following:
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E,.(z) = XTE e/*17 (A.3)
H,(z) = yTH,e*17 = "irEr(z) = —7% [E,e/k12 (A 4)
1 1

Where T is reflection coefficient, and n, is intrinsic impedance in medium one,

then from the above functions, we can drive reflection matrix:

E.(z) xlelk1z 0 Eo(2)

(Reflection matrix) (A. 5)

H,.(2) 0 —yI e/*1?/n, | LEy(2)

Therefore, we start from the above functions to drive transition matrix:

E,= XTE,e /7 (A. 6)

H, = yni T E e /7? (A.7)
2

N, = ﬂ# (A.8)

Yy=a+jp =j2nfue /1 —jo/2nfe (A.9)

Where T is transmission coefficient, n, is intrinsic impedance in medium two, y
is complex propagation factor, f is phase factor, and «a is attenuation factor.
Equation (A. 9) for FR4 substrate can be reduce to this form (y = j2nf+/ue)

because at GHz frequency jo/2nfe = 0, so the intrinsic impedance become :

N, = |2 (A. 10)

€2
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Additionally, the transition wave related with incident and reflection wave by

(A.11), and (A. 12).

E,=E;(z) + E.(2) = XE,e /"7 + XE je/*17 (A.11)
1 1 51 —jkiz _ 51 jk1z
H =—E{z) ——E.(2) =y—E, e/ —y—E,e/1 (A.12)
n2 n2 n2 2
E.(z) 1 1 [Ei@
= [ (Transition matrix) (A. 13)
Hy(2)| 1/n2 —1/m2llE.(2)

Therefore, the reflection coefficient and transition coefficient fallow

respectively:
Er
= E (A.14)

By Dividing the two side of equations (A. 11), and (A. 12) into E; :

1+I'=T (A.15)

T 1 T

=2 _= A1

2 m m (A.16)

r="mnm (Reflection coefficient) (A. 17)
N2+mM

T =212 (Transmission coefficient) (A. 18)
N2+m
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Appendix B

Consider an electromagnetic plane wave propagate in lossless medium and
oblique incident into interface between medium one and medium two, and
medium two bounded by PEC conductor (see Figure B. 1). Where, 8; represent
oblique incident angle, I';;exp(i¢4) is reflection coefficient and reflection angle
from first interface between medium one and two, T;,exp(if;,) is transmission
coefficient and transmission angle for incident wave throw first interface, the
partial transmission wave goes through medium 2 with propagation complex

phase vector (3. Additionally, transmission wave continue to propagate through

Incident wave

Medium 1 <€

01, €1, M1 z

Figure B. 1, Electromagnetic plane wave oblique incidence on interface
between two different medium by incident angle ;.

medium 2 until it arrives to metallic PEC ground, then signal reflects back with
reflection coefficient and reflection angle from PEC interface I;;exp(id,3). Then
when it reaches interface medium 2 to medium 1, the signal is also separated
into two parts. One reflects back inside medium two I’,,exp(i¢,,). And the
second partial part passes through the interface with transmission coefficient,

and angle T,,exp(if,;). This mechanism is continues until reflection inside
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medium 2 vanishes. Then the total reflection is calculated by superposition, next

modulating absorber by equations:

[total = 1—‘1191'(1)11 + leeielze‘iﬁei¢23e_iﬁT21ei921
+leei912e—iﬁei¢23e—iﬁ (r‘zzei¢zze—iﬁei¢23e—iﬁ)1T21ei921
+leei912e—iﬁei¢23e—iﬁ(r‘zzeﬂl’zze—iﬂeid)zge—iﬁ)2T21ei921 4

v leeielze—iﬁeid’ne—iﬁ (]"zzeid’zze—iﬁei¢23e—iﬁ)n’]‘21ei921

Tiotal = F11€i¢11 + T12T21€i(912—2ﬁ+¢23+921) Z(Fzzei(¢22—2ﬁ+¢23))n

n=0

We must note that PEC conductor reflects wave by e!?23s = —1 = ¢~ then:

Tiotal = [11€'%11 + Ty, T, e G124 02172670 Z(Fzze"(ﬁbzz—w—”))n
n=0
T12T21€i(912+921—2ﬁ—77:)
1- Fzzei((l’zz—zﬁ—rt)

liotal = Fllei(i)11 +

Where ,Bzi—nnd complex propagation phase in medium 2, n substrate

refractive index, 1,is wavelength free space, and d is the distance wave need to

move from interface one to PEC interface:

n =,/ &MUz
From Snell’s law we can calculate the propagation distance:

n, sin(6;) = n, sin(6;,)
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n;

) = Sine)

€
0,, = sin™! thae! sin(6;)
y%%)

NEo
\Jz2/)

h is substrate thickness.

d = hcos \sm
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