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ABSTRACT

Frequency Selective Surfaces For Aerospace
Applications

Hacı Mehmet IŞIK

Department of Electronic and Communication Engineering

Master of Science Thesis

Supervisor: Prof. Dr. Tülay YILDIRIM

Frequency selective surfaces (FSS) consist of periodic arrays of elements whose

absorption, reflection or transmission properties can be adjusted with different design

solutions. FSSs should not be thought of as different from filter circuits that consist

of normal passive elements such as resistors, coils or capacitors. With the created FSS

design, it is used as filter circuits that filter electromagnetic waves according to the

desired band. When filtering in FSSs, features such as bandwidth or absorption value

are due to the physical design of the FSS. As the dimensions of the FSS change, the

capacitance, coil and resistance values in the electrical equivalent circuit also change,

and accordingly the values such as the bandwidth of the filter created change.

In this study, the FSS was designed as a radar absorber. Absorbers can be used to

reduce the radar cross section (RCS) area of aircraft. An FSS design whose frequency

characteristic is suitable for the absorption characteristic is adjusted to absorb in the

10GHz band. While making these adjustments; The effects of these changes on the

resonance frequency were observed by making analyzes with features such as FSS

thickness, electromagnetic wave incidence angle, FSS size. S parameters were used

while interpreting the analysis results.

The effects of the FSS design, tuned to 10 GHz, have been observed as a result

of applying it to different surfaces of the aircraft. These analyzes were made with

two horn antennas. While making the surface application of the aircraft, based on

the assumption that it consists of three main parts such as wing, fuselage and nose,

applications were made on airfoil, cylindrical and conical shapes, respectively. In all

xiv



analyzes made, it was confirmed with all geometries that FSS showed absorption in

the 10GHz region. The analysis were made in the CST Studio program.

Keywords:

frequency selective surface, metamaterial, aerospace, absorber, stealth
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ÖZET

HAVACILIK UYGULAMALARI İÇİN FREKANS SEÇİCİ
YÜZEYLER

Hacı Mehmet IŞIK

Elektronik Mühendisliği Anabilim Dalı

Yüksek Lisans Tezi

Danı̧sman: Prof. Dr. Tülay YILDIRIM

Frekans seçici yüzeyler (FSY), soğurma, yansıma veya iletim özellikleri farklı tasarım

çözümleri ile ayarlanabilen periyodik eleman dizilerinden oluşur. FSY’ler, dirençler,

bobinler veya kapasitörler gibi normal pasif elemanlardan oluşan filtre devrelerinden

farklı olarak düşünülmemelidir. Oluşturulan FSS tasarımı ile elektromanyetik

dalgaları istenilen banda göre filtreleyen filtre devreleri olarak kullanılmaktadır.

FSY’lerde filtreleme yaparken, bant geni̧sliği veya absorpsiyon değeri gibi özellikler

FSY’nin fiziksel tasarımından kaynaklanmaktadır. FSY’nin boyutları deği̧stikçe

elektriksel eşdeğer devredeki kapasitans, bobin ve direnç değerleri de deği̧sir ve buna

bağlı olarak oluşturulan filtrenin bant geni̧sliği gibi değerler de deği̧sir.

Bu çalı̧smada, FSS bir radar soğurucu olarak tasarlanmı̧stır. Soğurucular, uçağın

radar kesit (RCS) alanını azaltmak için kullanılabilir. Frekans karakteristiği soğurma

karakteristiğine uygun olan bir FSS tasarımı, 10GHz bandında soğurma yapacak

şekilde ayarlanır. Bu ayarlamaları yaparken; FSS kalınlığı, elektromanyetik dalga

geli̧s açısı, FSS boyutu gibi özelliklerle analizler yapılarak bu deği̧sikliklerin rezonans

frekansına etkileri gözlemlenmi̧stir. Analiz sonuçları yorumlanırken S parametreleri

kullanılmı̧stır.

10 GHz’ye ayarlanmı̧s FSS tasarımının etkileri, uçağın farklı yüzeylerine uygulanması

sonucunda gözlemlendi. Bu analizler iki adet horn anten ile yapılmı̧stır. Uçağın

yüzey uygulaması yapılırken kanat, gövde ve burun olmak üzere üç ana parçadan

oluştuğu varsayımından hareketle sırasıyla kanat profili, silindirik ve konik şekillerde

uygulamalar yapılmı̧stır. Yapılan tüm analizlerde FSS’nin 10GHz bölgesinde soğurma
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gösterdiği tüm geometrilerle doğrulanmı̧stır. Analizler CST Studio programında

yapılmı̧stır.

Anahtar Kelimeler: frekans seçici yüzey, metamalzeme, havacılık ve uzay, soğurucu
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1
INTRODUCTION

1.1 Literature Review

Frequency selective surfaces (FSS) are two-dimensional structures that consist of

different physical structures on a dielectric substrate and can filter by interacting with

electromagnetic waves at certain frequencies[1]. In other words, the transmission

and reflection characteristics of frequency-selective surfaces change according to the

frequency of the incident electromagnetic wave [2]. According to another definition,

FSSs are metasurfaces that demonstration electrical response [3]. As seen in all these

definitions, FSSs have been developed by utilizing electromagnetic (EM) theories and

electrical circuit theory[4].

A lot of research has been done on FSSs as they are for unique properties and many

applications. The first known study on the subject was carried out by Marconi and

Franklin in February 1919. Research on this subject began to be used for military

purposes from the mid-1960s, and the first articles began to appear only in the

mid-1970s, since it was confidential[5]. The use of FSSs as antennas first appeared in

an article published in 1973. In this article, the use of FSS as a hyperbolic subreflector

for dual-band reflector antenna design is investigated [6]. Later, bior was used in

many different applications[7][8].

With the rapid increase in the importance of defense technologies, it has become

inevitable to define technologies developed for friendly or enemy elements as "targets".

A study aiming to detect or not detect the target requires the control of the reflections

originating from the target surface, the radiation and scattering occurring on and

around the target surface, and the absorptions originating from the material from

which the target is produced, in the frequency band of interest.

The detectability of a target can be measured in terms of radar cross-section (RCS).

The radar cross-section is determined by the size, shape and material of the electrical

target, and it can be briefly defined as a kind of ratio of the electromagnetic wave sent
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to the target and reflected from the target[9].

Radar absorber materials are used on aircraft to reduce the radar cross-sectional area.

FSS structures can be thinner in thickness than radar absorber materials so they make

the aircraft lighter. FSSs have been tried to be used as absorbers in many applications

[10][11][12][13].

Active FSSs(AFSS) can be used when switching is required for the transmission and

cutting of the radome used in aircraft [14]. FSS containing active circuit elements are

called AFSS. Some of the more detailed recent studies on FSSs are described in 2.2

and 2.1 tables.

1.2 Objective of the Thesis

In this thesis, it is aimed to design a radar absorber FSS that can be applied to all

surfaces of the aircraft at the 10GHz frequency within the X-band. In other words, the

FSS to be designed should be able to provide the absorption effect on different inclined

surfaces. In order to see the absorption effect on these different surfaces, FSSs will

be coated on sample sections from aircraft surfaces. The obtained FSS coated aircraft

parts will be measured with the help of two horn antennas and the effects of FSSs on

transmission and reflection coefficients will be examined. With this study it is expected

to provide a large amount of absorption on the inclined surfaces of aircraft, especially

at 10GHz. Thus, the aircraft will not be detected by radars broadcasting in the 10GHz

band so in the 10GHz band, the aircraft will be stealth.

1.3 Hypothesis

In this study, firstly, an FSS cell design will be made that will show absorption in the

10GHz band. An FSS design will be made in which the transmission and reflection

coefficients are appropriate in the 10GHz band, taking into account the periodic effect

and other physical change effects. It will be ensured that the designed FSS cell is

properly covered on the aircraft surfaces. Later, when analyzes are made on this

inclined aircraft surface in the form of transceiver by means of horn antennas, it

will be seen that the analyzes covered with FSS provide absorption by utilizing the

transmission and reflection coefficients. In other words, FSS will provide absorption

especially in the 10GHz band.
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2
FREQUENCY SELECTIVE SURFACES

Frequency selective surfaces (FSS) are electromagnetic filter circuits that can be

adjusted by changes such as physical size and thickness[1]. Physical shapes designed

for frequency selective surfaces consist of periodic structures [15]. Filtering can be

done with frequency selective surface applications according to the electromagnetic

wave that is desired to be filtered. Filtering can be adjusted according to the frequency

of the incoming electromagnetic wave. It has a selective effect according to the desired

frequency of the incoming electromagnetic wave. Frequency selection process is done

thanks to these created surfaces, just like passive filtering in electronic circuits is

implemented with capacitors, inductor and resistors. Thus, every FSS design can be

considered as designing a circuit in the background [16].

2.1 Definition

FSSs have been the subject of research for over seventy years. FSSs were originally

used mostly for military purposes. FSSs produced for military purposes are intended to

reduce the radar cross section(RCS). In addition, it is used in various applications such

as microwave oven applications [7], antenna designs[17], filter designs[8]. Physically,

there are many frequency selective surface designs available. For example, thanks to

the FSS application in the glass partition at the front of the microwave ovens, the

electromagnetic wave in the oven is prevented from coming out Figure 2.1.

Figure 2.1 Microwave oven with FSS Structures [7]
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2.2 Equivalent Circuit

Frequency selective surfaces are obtained by shaping the surfaces of the materials from

which they are made. FSSs mostly use rectangular structures. The reason for this is

both the ease of their production and the ease of equivalent circuit modelling. Most

FSS problems can be modeled using circuit theory and electromagnetic theory [1]. All

FSSs exhibit properties such as capacitance and inductance used in basic electronic

circuits [18]. FSS can be modeled as a mechanism constructed from capacitances and

inductances [19].

2.2.1 Equivalent Circuit Modeling of Rectangular FSS

The simplest of the most used FSS designs is rectangular frequency-selective surfaces.

Rectangular frequency selective surface can act as two different circuit elements,

capacitance and inductance, according to the direction of the electric field. Inductance

and capacitance values are affected by parameters such as the length and thickness

of the frequency selective surface, the type of FSS material and the distance of the air

gap between two FSS.

If there is an electric field parallel to the long side of rectangular frequency selective

surfaces, an inductive effect occurs due to the coupling between the two rectangular

structures [20]. We can model this inductive effect with a circuit element known as

inductance. Figure 2.2 is a representative illustration of the FSS design modeled as

an inductance.

Figure 2.2 Modeling the effect of inductance on FSS

If there is an electric field perpendicular to the long side of rectangular frequency

selective surfaces, a capacitive effect occurs due to the generation of opposite electric

charges between the two rectangular structures. Since each rectangular FSS part is

polarized with the previous FSS part and the next FSS part, a capacitive effect is

observed between both neighboring rectangular FSS. We can model this capacitive
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effect with a circuit element known as capacitance[19]. As it is known, an insulator

is needed between two conductive plates for the formation of a capacitance. While

the rectangular frequency selective surfaces act as conductors, the air gap between

them acts as an insulator. Figure 2.3 is a representative illustration of the FSS design

modeled as an capacitance.

Figure 2.3 Modeling the effect of capacitance on FSS

For example, as a very special application, FSS design can be made in the desired

frequency range with the effect of the change of material thickness on the capacitance,

in other words, the resonance frequency can be adjusted by using a variable

capacitance. In this way, a wide and variable absorption band can be obtained. Thanks

to the variable capacity effect, more flexibility in bandwidth can be achieved compared

to other variable capacities[21].

Figure 2.4 Manufactured tunable FSS prototype. a) front side. (b) back side and
inserted dielectric. (c) demonstration of different retraction depths d from 0 to 10

mm.[21]

FSS design produced with 3D printing technique, in which the frequency band can be

adjusted with variable capacitance, is shown in Figure 2.4.

Finally, it is possible to model the resistance of frequency selective surfaces against the
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conductivity of electromagnetic wave with the circuit element known as resistor.

If not only the capacitance value but also the L values or R values were changed as in

Figure 2.4, a more flexible FSS design could be made.

Thanks to these equivalent circuits, all passive circuit elements are obtained by the

simplest frequency selective surface. Just like in analog circuits, while designing filters

with frequency selective surfaces, the desired filter response is tried to be obtained by

changing the parameters of these passive circuit elements. While these parameters are

obtained by connecting the necessary circuit element to the circuit in conventional

circuits, they are obtained by changing the physical designs created in structures

consisting of frequency selective surfaces.

The representation of the frequency selective surface in the form of a grid, which will

be formed by combining 2 different frequency selective surfaces formed horizontally

and vertically on the same plane perpendicular to each other, is given in Figure2.5.

Filters such as band-pass filters can also be designed thanks to grid-shaped FSSs [22].

Figure 2.5 Grid-shaped FSS equivalent circuit model

The resistor element indicated by R is used to model the conduction loss in the circuit.

C and L values can be changed for the required filter characteristics by using the

equivalent circuit model. For example, if a larger capacitive effect is desired in the

filter circuit to be created, the distance between the 2 rectangles perpendicular to the

electric field should be reduced, as can be understood from the capacitance equation

shown in equation 2.1.
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C = ε0εr
A
d

(2.1)

C is the capacitance, A is the area where the two plates overlap,

ε0is the dielectric constant of vacuum,

εr is the relative dielectric coefficient and d is the distance between the plates.

If FSS is to be used in the form of equal sides like a square, it can be used independently

of the direction. Because, provided that the electric field acting on the frequency

selective surface is perpendicular, the capacitive and inductive effects of the frequency

selective surface will be the same regardless of which side it comes from.

The equivalent circuit modelling of the FSS design consisting of small rectangular

patches is shown in Figure 2.6. In other words, it can be said that the FSS design

shown in Figure 2.6 is also designed by carving the grid-shaped frequency selector

surface shown in Figure 2.5 from a whole plate.

Figure 2.6 Rectangular patch-shaped FSS equivalent circuit model

The side lengths of the FSS design may not be equal in length according to the electric

field direction. The square patch FSS is not named because of the possibility of these

side sizes being inequality. For this reason, this equivalent circuit model is named

rectangular patch FSS. Both adjacent rectangular patches show different inductive

and capacitive effects horizontally and vertically. However, when the effect of these

different inductive and capacitive effects on the FSS is reduced to unit cells, it can be

modeled as a unit cell consisting of one capacitor, one inductor and a resistor.
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2.3 Using in Aerospace Applications

In the defense sector, studies have been carried out to reduce the Radar Cross Section

in general. Radar absorber materials (RAM) are used for this process. However, one

of the most difficult areas was reducing the number of antennas. Research has proven

that using arrays of conductive elements can at least narrow the frequency range to

act on the surface. In other words, it has led to the emergence of new research topics

such as filtering at certain frequencies (stopping certain frequencies or transmitting

certain frequencies). Because a lot of antennas are used in airplanes. While these

antennas continue their communication in a certain frequency range, functions such

as absorption or reflection of EM waves coming by radars are needed. To meet this

need, frequency selective surfaces can be used quite effectively. For example, since the

part where the aircraft radomes are located contains an antenna, it is expected that

the antenna will transmit maximum in the broadcast range, while at the same time,

the reflection is expected to be minimum.

Frequency selective surfaces actually provide filters by changing the capacitance (C)

and inductance (L) with physical changes, as explained in the equivalent circuit

section. However, any change in the FSS dimensional parameters leads to an

equivalent variation in the L and C values. Physically, when a unit cell of an FSS is

illuminated by the EM wave, it can be converted to an equivalent resonance circuit.The

resonance frequency can be found by equation 2.2, in which L and C represent the

equivalent inductance and the capacitance of an FSS unit cell, respectively [23].

fr =
1

2π
p

LC
(2.2)

Frequency-selective surfaces have a wide usage area just like microwave circuits. It is

possible to use frequency selectors for different purposes.

2.3.1 Electromagnetic Wave Absorber Frequency Selective Surfaces

FSSs produce beautiful reflection properties with band-stop filtering. Absorbing can

calculate as Γ is reflection coefficient, T is transmission coefficient by equation 2.3

Absorption= 1− |Γ |2 − |T |2 (2.3)

In this type of absorber FSS, parameters such as the width of the absorption band

and the reflection coefficient are important. FSSs, which are used as absorbers,
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are developed to provide stealth in applications for the defense industry. These

applications require high bandwidth, light weight and high absorption amplitude.

Because these applications should not be caught by the radar and should not make

the platform heavier in order not to reduce performances such as maneuvering. Since

it will not be possible to achieve all these capabilities with a single FSS design, FSS

design specific to each application should be made. Nowadays, studies in this field are

current issues and some studies are compiled in the Table 2.1 below.

Table 2.1 Publications of FSS designs used as radar absorber material

Publication Name Publication Content

Design of Wideband Frequency Selective

Absorber Based on Multilayer Structures

[12]

Combining 2 FSSs with different

absorption values, they changed the

dimensions of the FSS and obtained a

3-layer absorber with an air gap and

a ground layer on the ground. At the

same time, they produced this FSS and

compared it with the simulation result.

Ultra-Broadband 3-D Absorptive

Frequency-Selective Transmission

Structure Using Commercial Absorber

[24]

A 3D absorber was made with

commercially available materials.

They got very close results with the

measurement results and simulation

results.

Multi-band Absorptive Frequency

Selective Reflection Structures [25]
Multi-band absorber design has been

made. An absorber was placed at

the bottom before commercial materials,

and then a cavity FSS was placed

vertically above it. An absorber design

consisting of 3 reflective bands has

been made. In this way, it offers a

wide absorption band. Obtained using

commercial materials.

A Simple Frequency Selective Absorber

Surface Design [13]
After optimizing the cross-dipole

FSS, which they designed with an

equivalent circuit approach, on top

of the equivalent circuit optimization

they had done before in the simulation

program, they achieved the absorption

in the desired band range (2-7GHz).
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Another challenge for the designed FSS is to try to achieve all the features needed

with a single FSS design. To overcome some of these difficulties, pin diode, which

is one of the active circuit elements, is used. Frequency selective surface behavior

can be changed thanks to the switching feature of the pin diode. For example, the

diode can act as an FSS absorber when conducting, and as a reflector when off [26].
Such frequency selective surfaces formed by active circuit elements are called Active

Frequency Selective Surfaces (AFSS). There is no general rule that AFSSs can only be

achieved with pin diodes. FSSs formed with all electrical circuit elements known as

active circuit elements are called AFSS. For example, an FSS created with a variable

resistor is also considered AFSS. AFSSs not only change the behavior of the filter as

absorber and rasorber, but also contribute to bandwidth adjustment [27]. In this

study, FSS and variable resistor are used to absorb the incoming wave at the desired

frequency and size. Amplitude and frequency can be adjusted thanks to the variable

resistor. Some publications on AFSSs are summarized in the Table 2.2 below.

Table 2.2 Publications of AFSS designs used as radar absorber/rasorber

Publication Name Publication Content

A Wideband Switchable

Absorber-Reflector Based on Active

Frequency Selective Surface [28]

This study provides a compact design in

terms of being used as both absorber and

reflector in the same FSS cell. The signal

to be transmitted can be transmitted

without the need for design of FSS

change.

A broadband active FSS absorber [29] In this study, they designed a hexagonal

ring FSS and controlled it by placing a

diode between it and carried out their

simulations. They have achieved a

bandwidth of 6 GHz. In this bandwidth,

they have achieved an absorption of

20dB.

Circuit Model Analysis of Switchable

Perfect Absorption/Reflection in an

Active Frequency Selective Surface [30]

They aimed to use the FSS as both

a reflector and an absorber by using

a pin diode. Then they produced

the equivalent circuit model and

simulated it in the simulation program.

It completes the reflector/absorber

switching function with 99% success.
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Table 2.2 Publications of AFSS designs used as radar absorber/rasorber (continued)

Publication Name Publication Content

Active Absorption-Transmission FSS

using Diodes [31]
By adding a pin diode between periodic

FSSs, it acts as a conductive surface

when transmitting, that is, when PIN

diode is on. When PIN Diode is off, it

acts as an absorber. At 9GHz, it has

an absorption value between 95% and

99.5% in absorption, while it has a value

of 87% absorption in transmission.

Tunable and Broadband Radar Absorber

Based on PIN Diodes Controllable FSS

[32]

In this paper, they propose a fast tunable

broadband microwave absorber based

on active frequency selective surface

(AFSS).

The research on the effects of an

active FSS with circle element on

the characteristics of Radar Absorbing

Materials [33]

In the analyzes in this study, its effect

on the absorption band was observed by

changing the resistance value. In some

applications, the effect of this situation

on the absorption band was observed

by adding 2 FSSs and changing the

FSS dimensions instead of the resistance

value.

An Ultra-Wideband Metamaterial

Absorber With Active Frequency

Selective Surface [34]

It is formed as a result of combining

2 pieces of material with a semi-circle

on one side and a triangle on the

other with a PIN diode. It was

simulated in simulation program and

then produced and the results were

compared. A designed broadband

metamaterial absorber with a total

thickness of 4.15 mm is obtained, it can

be adjusted continuously in the range of

2 GHz to 14 GHz as the bias voltage of

PIN diodes ranges from 0.60 V to 1.00 V.
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Table 2.2 Publications of AFSS designs used as radar absorber/rasorber (continued)

Publication Name Publication Content

Switchable Broadband Dual-Polarized

Frequency-Selective Rasorber/Absorber

[35]

Rasorber/absorber design is made with

a double-sided FSS and a diode placed

on the upper FSS. The produced FSS

measurements were compared with

the simulation results. By controlling

the bias conditions of the PIN diodes,

switchable functionality between

rasorber and absorber modes can be

realized. The measurement results and

the simulations were compatible.

Design of a broadband and switchable

absorber using an absorb/reflective FSS

[10]

In this study, rasorber/absorber

transition can be made with diode

switching and analyzed up to 8 GHz

band
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2.4 Affecting Factors

Small size, low periodicity, duality of polarization, being unaffected by angle, high

bandwidth, multiplicity of resonance frequency and easy reproducibility are the most

important features of FSSs. While these features are important, it is very difficult to

make designs suitable for these parameters [1]. In order to make the best frequency

selection, it is necessary to evaluate all the parameters of the FSS well. The best

way to use these parameters is sometimes to change the spaces and sometimes to use

patches. Therefore, the frequency region in which FSSs resonate is affected by many

parameters.

2.4.1 Influence of Physical Design

One of the most important factors determining the frequency properties of frequency

selective surfaces is the geometrical structures of the elements forming the unit cells.

There is no restriction on the geometric shapes of the elements forming the frequency

selective surfaces. Any geometric shape can be used for an FSS design that provides

suitable characteristics. The most used FSSs can be examined in 4 main groups

according to their physical properties [1].

Figure 2.7 Fundamental Shapes of FSS [36]
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These four basic groups, shown in Figure 2.7, can be expressed as:

• Group-A: Centrally connected or N-poles, for example simple straight element,

anchor elements, Jerusalem Cross etc.

• Group-B: Loop structures, such as three – or four legged elements, circular

loops, square and hexagonal loops.

• Group-C: Solid interior or plate types of various shapes, Square patch, circular

patch etc.

• Group-D: Hybrid structures or mixed of all combinations.

Today, FSS designs associated with fractal geometry theory are also developing rapidly

due to their fascinating properties [37]. Fractals are produced by endlessly repetitive

combinations of a created geometric shape in different combinations [38]. Below is

an example of FSS with many fractal structures in Figure2.8.

Figure 2.8 Examples of fractal FSS developed in different studies [23]
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Iterative methods are used when designing fractal FSSs [39]. The Koch curve was

used to reduce the dimensions of the metallic Koch fractal FSS [40]. Figure 2.9 shows

how to construct a fractal FSS using the Koch curve step by step.

Figure 2.9 Creating iterative fractal FSS using Koch Curve [39]

2.4.2 Size Effect

In addition to the shapes of the geometries used in the FSS design, their size is one of

the important factors that determine the frequency properties of frequency selective

surfaces. Efficiency of electromagnetic waves can be controlled by the distance

between two neighboring FSS cells at different incidence angles [41].

Size change in frequency selectors is a multidimensional parameter. In other words, as

the size increases, the resonance frequency decreases because the frequency is related

to the wavelength, but this is not a general truth. Because the effect of size change

on each Frequency selective surface is different. This can be explained by the fact

that their equivalent circuits are different. Therefore, the size change causes different

changes in capacitive, resistive and inductive values in each FSS [42]. Equivalent

circuit modeling of some of the most well-known frequency selector surfaces in the

circuit is given in the Figure 2.10 below.
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Figure 2.10 Basic FSS equivalent circuit representations [42]

Therefore, setting the FSS size depends on the structure of the FSS itself.

2.4.3 The Effect of the Dielectric Material Used as A Substrate

Dielectric substrates on which frequency selective surfaces are placed are also an

important parameter in the design. This may cause the resonant frequency of the FSS

to shift due to unsuitable substrates and as a result the FSS is not designed properly.

The dielectric constant and thickness of the dielectric material show that they affect

the resonance frequency of the FSS [43]. In order to adjust the resonance frequency

correctly, appropriate dielectric material should be used and its thickness should be

adjusted accordingly. The dielectric layer may consist of several layers as well as being

the substrate. So substrates can also be used as inter layers [44].
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2.4.4 Material Type Influence

As described in the previous sections, frequency selective surfaces can be modeled

with capacitance (C), inductance (L) and resistances (R) corresponding to conductor

losses [45]. Generally, materials with high conductivity are chosen to reduce the loss

in this resistor. In addition, when setting the FSS center frequency, it has little effect

from the surface impedance [46].

2.5 Frequency Selective Surface Types and Filtering Features

Generally, frequency selective surfaces are divided into two different designs in the

form of cavities and patches. Thanks to the different designs of these cavities

and patches, different filter characteristics can be obtained. In general, the filter

characteristics realized with different frequency selective surfaces formed by the

combinations of cavity and patch surfaces are as in Figure 2.11 below.

Figure 2.11 General filter characteristic acquired with FSSs a) low pass Filter b)
High Pass Filter
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While it is possible to create low-pass filter structures with frequency selective

surfaces designed as patch arrays, high pass filters are obtained with frequency

selective surfaces designed as cavities. From the combination of these 2 fundamental

Frequency-selective surfaces, which have different filter characteristics, the filters

in the Figure 2.12 below, known as band-pass filters and band-stop filters, can be

obtained.

Actually frequency selective surfaces are customized filters, as can be understood from

their basic filter characteristics. The elements of these filters are the cavities and

patches that make up the structure. All these filters are not easy to do with FSS.

It has problems such as bandwidth, angular stability, low transmission coefficient and

low reflection coefficient response. These FSS structures can be similar to capacitive

and inductive circuit elements also used in electronic circuits. In other words, each

hole and patch in the FSS corresponds to the capacitance, inductance and resistance,

which are passive circuit elements that we use in analog circuits. Frequency selective

surfaces are affected by many parameters and as a result of these parameter changes,

filtering characteristics change [8].

Figure 2.12 Filter characteristics obtained by the combination of patch and cavity
FSSs c) Band Stop Filter d) Band Pass Filter
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2.5.1 Band Stop Filters

The FSS structure allows EM waves of certain frequencies to pass, and sometimes

FSSs act as band-stop filters, blocking the waves in the specified frequency range [1].
This band-stop filter feature can be used to protect against unwanted EM waves. This

situation is encountered in many applications as the prevention of electromagnetic

interference (EMI). EMI, electronic/avionic equipment will cause false results or

malfunction. EMI is mostly encountered as a problem to be overcome in aerospace

applications (planes, satellites, antenna design) [47]. Shields are used to protect

from EMI [48]. Band-stop filter applications made with FSS are mostly used for

protection from electromagnetic interference [49]. The frequency characteristic of

radar absorbers is usually band-stopping filter characteristic. Shielding efficiency is

important in a narrowband band-stopping filter characteristic [50].

The angular effect of the FSS design with a well-optimized shield efficiency on

transverse electric (TE) and transverse magnetic (TM) is as in Figure 2.13 below.

Figure 2.13 Angular effect of shielding effectiveness. (a) TE wave mode (b) TM
wave mode [50]

Frequency selective surfaces are mostly customized for a particular bandwidth. These

FSSs are usually customized to bands known as X band, KU band and KA band covering

8 GHz to 40 GHz [51]. Not every FSS provides a broadband filter characteristic,

some FSS implementations are specialized to a single band gap, such as X band [47].
Some FSS implementations can filter out multiple discontinuous bands (non-adjacent

bands), [52]. Multi-band filters can be made thanks to multiple layers [11] [12].

Band-stop filters should also be evaluated with all their parameters. Some of these

parameters are the thickness of the FSS, the vertical and horizontal distance between

adjacent FSS cells, the vertical and horizontal length of the FSS, the value of the

dielectric constant of the substrate [8]. Figure 2.14 shows the effect of changes in

all these parameters in the FSS design on the frequency characteristic of a bandstop

filter.
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Figure 2.14 The effect of parameter changes on the reflection coefficient in a band
stop FSS design. (a) front and perspective view of the FSS, (b) equivalent circuits of
FSS structures, (c) the effect of changing the long side of the FSS structure, (d) the
effect of the dielectric change of the substrate on which the FSS structure is placed,
(e) effect of variation of vertical distance between two FSS structures, (f) effect of

variation of horizontal distance between two FSS structures, (g) the effect of
changing the short side of the FSS structure, (h) the effect of the substrate thickness

on which the FSS structure is placed [8]
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2.5.2 Band Pass Filters

Band-pass filters, as explained in the previous sections, are filters that allow EM

waves in a certain frequency band to pass and prevent EM waves at other frequencies

from passing. Unlike bandstop filters, this type of filter adjusts the amplitude and

bandwidth of the frequency of the EM wave to be transmitted. Band-stop filters

are mostly used as absorbers, while band-pass filters are used where EM wave

transmission is very sensitive in certain frequency ranges, such as radome [53]. Since

radomes are not flat surfaces, the designed frequency selectors must be customized

according to the surface geometry and material type [54]. FSSs with bandpass filter

capabilities can be tuned to customized bandwidth such as X band [55]. FSSs designed

for extremely high frequencies are also available. As the frequency increases, the

FSS dimensions decrease as the wavelength decreases. FSS designs required to filter

frequencies in the terahertz range are also quite small [56]. The selectivity efficiency

of FSS filters designed at such high frequencies should also be quite high [57]. FSS

can be made multi-layered to provide sufficient frequency sensitivity and bandwidth.

The bandpass FSS designed in the terahertz region is very difficult to produce and

see because its dimensions are quite small. Figure 2.15 below has an example of a

bandpass FSS customized to the terahertz region.

Figure 2.15 Produced THz FSS (a) , optical microscope image of (b) the top metal
layer, (c) the middle metal layer, (d) the bottom metal layer, scale bar=30µm [57]
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2.5.3 Low Pass Filters

Low-pass filters allow frequencies up to the set frequency to pass through, and they are

filters that attenuate sufficiently by taking higher frequencies to the cutoff. According

to the low-pass filter characteristic shown as a representative in Figure 2.11(a), the

circuit allows frequencies up to the desired frequency to pass, and if it is above the

determined frequency, it gradually cuts off. This damping decreases after a while

and ends completely. In the ideal filter characteristic, it is desired that the damping

frequency range be zero. The process of optimizing filters presents several challenges.

the higher the degree of the filter circuit, the closer the filter characteristic to the

ideal ratio is [58] . If the filter order could be infinite, ideal filter characteristics

would be obtained [59]. The problem of reaching this ideal characteristic is called

the approximation problem [60]. In Figure [2.16], the effect of the filter order on the

low pass filter properties is seen.

Figure 2.16 Effect of filter order on low-pass filter characteristics [58]

As the filter degree increases, the complexity of the circuits also increases. Various

methods have been developed to reduce these complexities. Chebyshev and

Butterworth methods are the most known and used methods. Figure 2.17 shows the

effect of various methods on the filter characteristics[61].

Figure 2.17 Comparison of Chebyshev Type-I Filter, Chebyshev Type-II Filter,
Elliptical Filter vs. Butterworth Low Pass Filter [61]
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Low-pass filter applications have been made with FSS for a long time [62]. Just like

in electronic circuit theory, there are similar purposes when designing filtering circuits

with FSSs. While filtering with frequency selector surfaces, higher order more ideal

filters can be designed [63] [64] [65]

2.5.4 High Pass Filters

High-pass filters prevent frequencies below the specified frequency from passing.

Just as low-pass filters suppress high frequencies, high-pass filters suppress low

frequencies. According to the high-pass filter characteristic shown in Figure 2.11(b),

the circuit prevents frequencies up to the desired frequency from passing through

and allows them to pass above the determined frequency.It can be said that high-pass

filters are the duality of low-pass filters.Parameters such as filter order effect and

approximation problem, which are valid for low-pass filters, are also valid for high-pass

filters. The approximation problem also applies to high-pass filters. The order of the

filter increases to provide the ideal high-pass filter characteristics. In Figure 2.18, the

effect of the filter order on the low pass filter properties is seen.

Figure 2.18 Effect of filter order on high-pass filter characteristics [58]

A band-pass or band-stop filter actually includes both low-pass and high-pass filters.

In other words, the high-pass filter is inside the band-pass filter. High pass filter does

not mean that it can only be used at high frequencies. It is generally used in terahertz

applications, which are high frequency applications[66] [65].
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3
DESIGN OF FREQUENCY SELECTIVE SURFACE

FSSs have a very wide usage area that It was explained in the previous sections. In

this thesis, an FSS that provides absorption in the 10GHz region and can be applied

to different surfaces will be designed. Since it will be applied to an aircraft for

stealth feature, maximum absorption is desired. The formula for absorption was

mentioned in equation 2.3.The reflection and transmission coefficients directly affect

the absorption. Therefore, evaluations will be made on the S11 parameter and S21

parameters throughout the thesis. Radio frequency networks are characterized using S

(scattering) parameters, and this video provides an easy introduction to S parameters

and how they are used to quantify impedance matching and power transfer in radio

frequency networks [67]. The Figure 3.1 below shows a representative representation

of the S parameter modeling of a 2-port system.

Figure 3.1 Representation of S parameters in a 2-port system

S11 is the input port voltage reflection coefficient, S12 is the reverse voltage gain, S21 is

the forward voltage gain and S22 is the output port voltage reflection coefficient [67].
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FSSs are theoretically infinite periodic arrays, but in reality it is not possible to realize

an infinitely long array. FSSs containing a finite number of elements are particularly

affected by the change in the angle of incidence of the wave. The two most important

parameters to be considered in frequency selective surface design are angular stability

and polarization independence. Being independent of polarization can be achieved if

the designed unit cell is symmetrical horizontally and vertically. It is usually a good

idea to make a unit cell smaller because it generally provides better resonance stability

with the angle of incidence and possibly larger bandwidth. For angular stability, the

unit cell must be very small. because the smaller the cell, the better the incidence angle

of the wawe on the cell and better resonance stability. For this reason, an infinitesimal

cell is important for Angular stability. However, since FSS cell cannot be infinitely

small, it would be good to design cells as small as possible. Then it is necessary

to decide what filter modeling will best suit this purpose. Finally, it is necessary to

model the most suitable physical design for the filter model that will achieve this object

by supporting it with analysis. There are several commercial EM Analysis programs

available to perform these designs and analyzes. Some of these programs are ANSYS

HFSS, ALTAIR FEKO and CST Studio Suite. The studies carried out throughout this

thesis were obtained in the CST Studio 2020 program. CST Studio Suite can be used to

simulate and design FSS through the whole workflow, from the design of the resonator

to the implementation in a full device.

3.1 Simulation of The Desired FSS Design

Electromagnetic simulation programs use numerical modeling such as Maxwell’s

equations Finite Integration Technique (FIT)[68] or Finite Difference Time Domain

(FDTD)[69] technique to model EM propagation. The FIT and FDTD methods are

similar. The difference between them is due to the form of Maxwell’s equations.

FIT uses the integral form as the name suggests, while FDTD uses the differential

form of Maxwell’s equations. FIT provides high flexibility in geometric modeling and

boundary machining according to FDTD[70]. Due to these advantages and the user

friendly interface, FSSs are modeled in the CST program. Periodic structures such

as Frequency Selective Surfaces (FSS) or metamaterials (DNG, AMC, etc.) can be

modelled by a single cell if infinite extent of the structure is assumed. Unit Cell

boundary conditions with a full Floquet port mode formulation can be used to simulate

arbitrary angles of wave incidence; if only normal incidence is of interest, Periodic

boundaries can be used. CST has a special tool for periodic structures. In this way, unit

cells can be modeled directly and periodic conditions can be assigned automatically.
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3.1.1 Development of the Unit Cell of FSS Design

Each designed FSS must be chosen specific to the application. Because every FSS

provides advantages and disadvantages to the application with its physical properties

and filtering characteristics. As a physical feature, the smaller they can be designed

and implemented, the less design problems they have. The most important factor is

the adjustment of the filtering characteristics, as their physical properties often present

very similar difficulties.

Selection of Suitable Filter Characteristic:When designing frequency-selective

surfaces, first of all, it should be decided for what purpose it will be used. While some

basic FSSs can provide the desired filtering directly, some FSSs need to be optimized

according to the desired frequency. In this thesis, basic FSSs were mentioned in fig

2.8. Each FSS type has different filtering characteristics. The main types of FSS

associated with these different filters are shown in figures 2.11 and 2.12. Radar

absorber FSSs generally work on a band-specific basis. In this study, FSS design was

made to select the 10GHz band.In other words, absorption will be provided around

10GHz. Different types of frequency selective surfaces have been tried to meet this

requirement. While designing a frequency selective surface, it is physically easy to

produce and its applicability to surfaces is as important as the importance of frequency

selection. Because an FSS that cannot be produced will not be meaningful even if its

performance is verified by simulations to be very good. Similarly, its applicability is

also important. In the light of all this information, the design of the frequency selective

surface designed below figur 3.2 will be realized in this thesis.

Figure 3.2 Unit cell representation of the FSS
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Here, the distances indicated by a, b, c and d are given as ratios.

• a=250 units,

• b=62.5 units,

• c=1800 units,

• d=312.2 units,

Here, c is the side length of a periodic cell, that is, the substrate length of the unit cell

is 1800 units. The edge length of the FSS design produced with PEC is approximately

562.5 units.

The first version of when 1 unit is calculated as 1 micrometer, the resulting CST design

is as follows figure 3.3.

Figure 3.3 Unit cell representation of the FSS in CST Studio

The substrate thickness of the design created is 60 units.

The following image 3.5 is a representation of the image in Figure 3.3 from another

angle.

Figure 3.4 shows the boundary conditions and periodicity of an FSS cell in the CST

program. It analyzes an FSS cell as if it were an infinite periodic structure.
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Figure 3.4 Boundary conditions and periodic representation of an unit FSS cell

Figure 3.5 Unit representation of FSS from cross view
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FR-4 Epoxy sheet is used as substrate. FSS is designed as a perfect conductor (PEC).

When the designed FSS unit cell was analyzed, the following figur 3.6 result was

obtained.

Figure 3.6 Result of draft FSS in CST Studio

It was expected that the FSS design would absorb high frequencies due to its small

dimensions. As expected, the FSS resonated in the very high frequencies 100-120 GHz

region. The number 1 marker indicates the frequency of the central resonance and

the magnitude of the reflection coefficient. The center frequency is 106.72MHz and

the corresponding S11 value is -10.42dB. So more than 90% percent is absorbed by

the FSS.

As a result, the frequency selective surface showed a good absorption characteristic as

a draft. However, it is not at the expected values due to the fact that the size of the FSS

is very small and the resonance frequency is very high. In addition, the production of

FSS designed in those dimensions will be very difficult.

For this reason, the resonance frequency should be adjusted to the desired frequency

value, 10 GHz, and at the same time, FSS dimensions should be increased to a

reproducible level. Then, the best results will be obtained by performing various

parametric analyzes in that region. To set the operating frequency of the frequency

selective surface around 10 GHz, the following operations will be performed.

• Scaling on the FSS

• Thickness changing of FSS

• Thickness changing and substrate

• Incident wave angle changing
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These items are very important design parameters for any FSS to be designed. Because

a specific FSS design is made for each application. It may be possible to provide the

same frequency band with different FSSs. The important thing is to use the design

parameters correctly and to provide the desired resonance frequency and sufficient S

parameters.

3.1.2 FSS Tuning Based on Influence of FSS Design Parameters

The resonance frequency can be adjusted with variables such as the physical size

changes of the frequency selective surfaces, the angle of the incident wave and the

effect of the substrate material.

3.1.2.1 Effect of Scaling on the FSS

With the design made in the draft FSS design in the previous section, the resonant

frequency was set to 106.71GHz. A larger FSS design is generally needed to reduce

the resonant frequency to lower frequencies. The reason for this is that the FSS

dimensions interact with the increase in wavelength as the frequency decreases.This

size increase does not always keep the frequency characteristic the same, allowing for

minor adjustment. Large size changes sometimes result in two resonant frequencies,

sometimes resulting in features such as bandpass filters. For example, our new FSS

design, which is formed by small changes in our FSS dimensions, is shown below with

the result.

Figure 3.7 Slightly oversized unit cell of FSS design in CST Studio
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As can be seen from the analysis in Figure 3.8, the resonance frequency has shifted

a little towards 100GHz with little increase in frequency selective surface sizes.

However, a second resonance frequency was observed. Because capacitive and

inductive effects occur in the frequency selective surface equivalent circuit, dimensions

matched with a second resonant frequency have been reached with the size change.

Such an effect was seen for this FSS type. Third resonance frequency could be observed

with another variation of dimensions.

Figure 3.8 Result of slightly oversized unit cell of FSS design in CST Studio

The resulting two resonance frequencies are at 100 GHz and 195 GHz, respectively,

and have a value of approximately -12.3 dB. As can be seen from this result, the size of

the frequency selective surface must increase much more in order to reach the 10GHz

band. In order to decrease it from 100 GHz to 10GHz, when we increase the FSS size

by about 10 times, a design like Figure 3.9 below is obtained. The representation of

this design from different angles is as in Figure 3.10. FR-4 material is used as substrate.

Figure 3.9 Unit cell of FSS dimensions optimized for 10 GHz in CST Studio
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As can be seen from Figure 3.10 below, the FSS PEC thickness is 0.15 mm and the

substrate thickness is 0.6 mm and the total thickness is 0.75mm.

Figure 3.10 View of unit cell of FSS optimized for 10 GHz from different angles in
CST Studio a) Perspective view of FSS b) Horizontal section view of FSS

The result of FSS tuned according to 10GHz is in the figure below. FSS has a value

of about -12dB at 10GHz. FSS provided an absorption of over 90% of the transmitted

signal at 10GHz. FSS has a bandwidth of about 100MHz between 9.95Ghz and

10.05Ghz below -10dB.

Figure 3.11 Result of unit cell of FSS optimized for 10 GHz in CST Studio

FSS was obtained in the desired filter characteristic and size. It is necessary to make

other analyzes in order to see the proportional effect of the horizontal dimension

change on the frequency characteristic.

If the ratio of the horizontal dimensions of the FSS in Figure 3.9 above is accepted as
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1 and the ratio is increased by 50% in each step up to 3, the result will be as in Figure

3.13 below.

Figure 3.12 Result of optimized unit cell of FSS of different sizes in CST Studio

As can be seen from the legend shown in the graph, the green line shows the original

FSS size set to 10Ghz.

The blue line shows the result of the original FSS multiplied by 1.25 times its

dimensions. The resonant frequency is about 8.15 Ghz and the S11 value here is

-14.5dB.

The orange line shows the result of the original FSS multiplied by 1.5 times its

dimensions. The resonant frequency is about 6.85 Ghz and the S11 value here is

-17.5 dB.

The red line shows the result of the original FSS multiplied by 1.5 times its dimensions.

In this dimension, more than one resonance frequency is observed. In this graph

shown in red, these 2nd and 3rd resonance frequencies, which are caused by

wavelength and reflection, are actually present in the graph shown in orange when

looked carefully. The reason why the analysis is not seen as clearly as indicated by

the red line in the graph shown with the orange line is that the analysis is limited to

18GHz. If the analyzes were done up to 30Ghz, a new resonance frequency would be

observed around 20Ghz. The resonant frequency of the FSS design shown with the

red line is 5.1Ghz, 13 and 15.5 GHz, respectively. The S11 parameters corresponding

to the frequency values are -22.5dB, -5dB and -32.5db, respectively.

Generally FSS horizontal dimensions are changed, thickness is not changed.

In the next articles, it will be explained how other factors affect this filter characteristic.
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3.1.2.2 Effect of Substrate

For the result in Figure 3.11, FR-4 was used as the substrate material. When quartz

material with a dielectric constant of 3.8 is used at the same thickness, the resonance

frequency changes as in the result graph below 3.13.

Figure 3.13 The result of unit cell of FSS optimized for 10 GHz using quartz
substrate

In fıgure 3.13 above, the graph shown with the red line shows the S11 parameter,

while the graph with the green line shows the S21 parameter. Marker 1 shows that

the S11 parameter is almost zero when at 10 Ghz. The number 2 marker shows the

10.6 Ghz resonance frequency. A shift occurred at the resonant frequency of about

600MHz and the S11 value was -0.9dB. As a result, the substrate change actually

changed the FSSin S11 parameter graph considerably. Because the dielectric constant

changes with the substrate change, the FSS design needs to be re-optimized. There

are several ways to do this optimization.

The procedures that can be done to tune the resonant frequency using a quartz

substrate are given below.

• Re-sclaing on the FSS

• Re-scaling substrate thickness

• Re-scaling substrate
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3.1.2.3 Effect of Metal Thickness on the FSS

So far, the effect of horizontal dimension change on the resonance frequency has

been observed on frequency selective surfaces. Generally, thickness changes are not

preferred in FSSs because they make the thicknesses with standard plates. Since the

thickness of these plates cannot be changed, there is usually horizontal dimension

change. However, if the thickness could be changed or if a new plate was to be

produced according to the optimized design, the parametric sweep analysis in Figure

3.14 belowbelow was performed in order to show the effect of the thickness change

on the resonance frequency. The FSS model shown as in Figure 3.14 a) belongs to

the original FSS design, which is 0.15mm thick and adjusted to 10GHz, shown on the

right in Figure 3.14 b) is the 0.45 mm thick FSS designed.

Figure 3.14 Changing of metal thickness of unit cell of FSS a)FSS
thickness=0.15mm b)0.45mm

The result in the Figure 3.15 below is the analysis result of the thickness change.

Figure 3.15 The result of FSS metal thickness change

According to the results of this analysis, the change in FSS thickness does not

affect the resonance frequency as much as the horizontal dimension change. FSS

thickness changing analysis result shows that the 0.45mm thick design with the

maximum thickness and the design shown in orange provide maximum absorption

with approximately -18dB. As a result, S11 parameter size increased as the thickness

increased.
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3.1.2.4 Effect of Incident Wave Angle

In all analyzes up to now, the incident wave was acting at a right angle to the surface.

To see the angle effect, it will be sufficient to see intermediate values such as 30

degrees and 60 degrees. In order to see the effect of the FSS signal interacting with

this right angle and the effect of the signal coming from different angles, it is necessary

to analyze the waves coming from different angles. The result of the analysis made to

see the effect of the phi angle change is as in Figure 3.16 below. Figure 3.17 shows

the effect of angle change on the result of S21.

Figure 3.16 S11 result of unit cell of FSS due to incident wave phi angle changing

Figure 3.17 S21 result of unit cell of FSS due to incident wave phi angle changing
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The result of the analysis made to see the effect of the theta angle change is as in

Figure 3.18 below. Figure 3.19 shows the effect of angle change on the result of S21.

Figure 3.18 S11 result of unit cell of FSS due to incident wave theta angle changing

Figure 3.19 shows the effect of angle change on the result of S21.

Figure 3.19 S21 result of unit cell of FSS due to incident wave theta angle changing

As seen in the analysis results, it cannot be said that the angle change changes the

resonance frequency too much, but it can be said that it changes the S parameter

values.
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4
FSS IMPLEMENTATION TO 3D GEOMETRIC MODELS

In the previous section, the development of the optimized FSS design for 10GHz was

explained in detail. In this section, the absorption effect of FSS will be observed when

the designed FSS is applied to different geometries that may be on the aircraft. Before

observing the effect of FSS and FSS on the aircraft, brief information about the general

surfaces of the aircraft is given below.

The outer surface geometries of airplanes are designed according to their purpose.

Some of these purposes consist of commercial aircraft sometimes used to carry

passengers, while others consist of warplanes. Although they have different external

geometric structures, there are basic surfaces necessary for flight.

The Figure 4.1 below showing the aircraft outer core parts and control surfaces is of

a commercial passenger aircraft.

Figure 4.1 Illustration of Boeing B-727 commercial jet aircraft geometric
components [71]
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Although the dimensions of the planes change, their outer geometries consist of similar

shapes in general terms. Because these designs have been optimized as the most

aerodynamically optimal form for flight characteristics. Based on the general plane

shapes, the planes basically consist of the nose (radome), fuselage and wings. Other

parts make up the details, they will not be examined in this section.

In this section, the effect on absorption when FSS surfaces are coated on the surfaces

of these basic geometries will be discussed based on the parameters S11 and S21.

When FSS is coated on the exact geometry of the aircraft, a lot of hardware is needed

for analysis, analysis times increase and detailed drawings are required. In order

to overcome such problems, the aircraft surfaces were divided into a few simple

geometric shapes, and then FSSs were coated on these simple geometries and analyzes

were made. These simple surface simulations are modeled as follows:

• One airfoil for modeling wings

• One cylinder for modeling the body part

• Cone for nose and cockpit

FSS designs applied to different surfaces and the absorption performance of FSS in

different geometries will be evaluated. All surfaces are thought to be designed with

aluminum material. Afterwards, all surfaces are coated with FR-4 substrate so that

FSS can be applied. Finally, the FSS adjusted for 10GHz was applied to all surfaces

periodically at equal intervals.

The tool for modeling periodic materials such as FSS etc. cannot be used to analyze

the designed 3D geometric surfaces. To overcome this problem, a test setup consisting

of two antennas was used. Generally, the antenna on the right constitutes port 1 and

the antenna on the left constitutes port 2. The material to be measured is placed in

the middle of both antennas. Analyzes were performed between 2-20GHz frequencies.

Equation 2.3 will be used when interpreting the results. In other words, the change

in absorption will be observed based on the changes in the S11 and S21 parameters

around 10GHz. Generally, in some applications where the parameter S11 can be used

as a reflection coefficient (by adding PEC to the back of the material being measured

and thus resetting S21), it can also be interpreted as direct absorption. In this section,

the results obtained by interpreting both result graphs will be included. In short, if

both parameters decreased at 10GHz, it can be said that FSS absorbs.
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4.1 FSS Implementation in Airfoil Format for Aircraft Wings

Aircraft wings have different structures for each type of aircraft. The two-dimensional

structure of this wing structure is called the airfoil. There are many types of airfoils

and some of the common ones are standardized. Figure 4.2 below contains some of

the most frequently used airfoil profiles.

Figure 4.2 Most commonly used airfoil examples [72]
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The following Figure 4.3 is the structure where the tests will be done on the created

airfoil section. Airfoil is assumed to be made of aluminum

Figure 4.3 Front view of the airfoil made of aluminium

Illustrations of an example airfoil section created from the front and rear are shown

in figures 4.5 and 4.6 below, respectively. The place shown in yellow represents

the airplane wing. The portion represented in brown on the outside represents the

substrate made of FR-4. The test setup we made through antennas is as in Figure

4.4 below. Analyzes were carried out with materials placed between 2 antennas. The

figure shown with star represents a material under test (MUT).

Figure 4.4 View of material under test setup
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Figure 4.5 Front view of the substrate coated airfoil

Figure 4.6 Rear view of the substrate coated airfoil
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First of all, only the section consisting of the wing profile was analyzed. While

analyzing the wings, it is assumed that the wings are made of aluminum. The antenna

on the flat right side of the airfoil is designated port 1. The antenna on the left side,

which is inclined, is designated as port 2 4.4.

In order to see the comparisons of the analyzes more easily, the comparative

representations of the analyzes are given on a single graphic. Figure 4.7 and 4.8

below show the airfoil section coated with FSS. For the FSS resonance frequency not

to change, attention should be paid to the distance between the two FSS. As can be

seen in Figures 4.7 and 4.8, all FSSs are placed in equal dimensions and at equal

intervals, paying attention to periodicity.

Figure 4.7 Front view of the FSS coated airfoil

Figure 4.8 Rear view of the FSS coated airfoil

43



FSS-coated airfoil is placed in the middle of the antennas for analysis. The flat part of

the airfolin is closer to port1, while the curved part is closer to port2. Thus, the setup

where the material will be tested has been established. The placement of the airfoil

in the test setup is shown in figures 4.9 and 4.10 below.

Figure 4.9 Cross view of the FSS coated airfoil at material under test setup

Figure 4.10 Side view of the FSS coated airfoil at material under test setup

All analyzes in this section were performed with this test setup. Evaluations were

mostly made in the 10GHz region and with the parameters S11 and S21 because of

absorption. Nevertheless, the graphical results of all parameters are given after the

analysis.

While evaluating the analyses, it is expected that the S11 and S21 parameters of the

FSS coated materials will have lower values than the non FSS coated materials.

The first analysis results are as follows in Figure 4.11, Figure 4.12, Figure 4.13 and

Figure 4.14 below. These results are the analysis results of the airfoil in the form

of pure aluminum in the Figure 4.3, with FSS and substrate uncoated. It is the

representation of a separate parameter as it is written in each graphic legend. It might

be good to look at Figure 3.1 to remember what the S parameters mean.
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Figure 4.11 Result of airfoil S11 made of pure aluminum

Figure 4.12 Result of airfoil S12 made of pure aluminum

Figure 4.13 Result of airfoil S21 made of pure aluminum

Figure 4.14 Result of airfoil S22 made of pure aluminum
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The graphs in Figure 4.15, Figure 4.16, Figure 4.17 and figure 4.18 below are the

results of the FSS coated Figure 4.9 analysis.

Figure 4.15 S11 result of FSS coated airfoil

Figure 4.16 S12 result of FSS coated airfoil

Figure 4.17 S21 result of FSS coated airfoil

Figure 4.18 S22 result of FSS coated airfoil
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The representation of these results on separate graphs makes it difficult to compare.

The graphs in Figure 3, Figure 4, Figure 5 and Figure 6 below show the airfoil analyzes

of S parameters made of FSS coated and pure aluminum on the same graphic.

Figure 4.19 Comparison of S11 parameters of FSS coated airfoil analysis and
aluminum airfoil analysis

Figure 4.20 Comparison of S12 parameters of FSS coated airfoil analysis and
aluminum airfoil analysis

Figure 4.21 Comparison of S21 parameters of FSS coated airfoil analysis and
aluminum airfoil analysis
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Figure 4.22 Comparison of S22 parameters of FSS coated airfoil analysis and
aluminum airfoil analysis

When the graphic results are examined, good results were obtained, especially around

10 GHz. When we look carefully at the S11 and S21 parameters, the FSS coated airfoil

results showed lower values than pure aluminum in both graphs. In Figure 4.19, the

FSS coated airfoil decreased from about -12dB to -22dB in the S11 graph. In the same

way, In Figure 4.21, the FSS coated airfoil decreased from about -20dB to -25dB in

the S21 graph.

In addition, the reason why the result of S11 is better than the result of S22 is that

the flat side of the airfoil is from the 1st port. Because the signals from the 2nd port,

which is on the curved side, were not well absorbed by the FSS compared to the flat

part and showed scattering.
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4.2 FSS Implementation for Aircraft Body Part in the Form of

Cylindrical Surfaces

Geometric structure analysis in real plane dimensions is very costly both in terms of

hardware and analysis time. For this reason, in the studies in this thesis, geometric

surfaces have been scaled to the dimensions that can be analyzed. In this chapter, the

behavior of FSS applied to a cylindrical surface will be examined. As explained in the

previous section, airplanes have many different geometric surfaces. In this section,

FSS application will be made on surfaces whose geometry resembles a cylinder. The

largest cylindrical surfaces on airplanes are actually airframes.

The cylindrical surface analyzed should not always be thought of as an aircraft

fuselage. This cylindrical surface can sometimes be a pitot tube and sometimes another

pipe. Likewise, the airfoil analysis in the previous section should not be thought of

as just a wing modeling. The FSS coating will have the same effect on other surfaces

similar to that geometry.

The cylindrical surface is made of aluminum as in the airfoil. Test setup is similar to

airfoil. Antenna dimensions and distances have not been changed.

The cylindrical surface to be analyzed in this section is as in Figure 4.23 and Figure

4.24, which are shown from different angles below.

Figure 4.23 Left cross view of the test setup
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Figure 4.24 Right cross view of the test setup

In these analyzes, the substrate made of FR-4 and PEC FSS coating were applied on

the aluminum cylinder.

It is important for the frequency selective surface to be equal to the integer value

around the cylinder, for the distance between the FSSs to be equal. Cylinder diameter

adjusted to 91.67mm to have 16 array of FSS around it and cylinder length is set to

104mm.

The test setup is set so that the FSS in the middle of the cylinder surface is at right

angles to the Antennas. In other words, the ports in the middle of the antennas and

the FSSs in the middle of the cylinder are perpendicular to each other.

Figure 4.25 and Figure 4.26 below are representations of the FSS coated cylindrical

surface from different angles. In addition, when the dimensions are examined, it can

be seen that the FSSs are placed in equal dimensions and at equal intervals, paying

attention to the periodicity.
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Figure 4.25 Left cross view of the FSS coated cylinder

Figure 4.26 Perpendicular view of the FSS coated cylinder
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Figure 4.27, Figure 4.28, below are representations of the FSS coated cylindrical

surface analysis setup from different angles.

Figure 4.27 Left cross view of the FSS coated cylinder analysis setup

Figure 4.28 Perpendicular view of the FSS coated cylinder analysis setup

Analysis results of aluminum cylindrical surface and FSS coated cylindrical surface are

not shown separately. Comparative results of the two analyzes are shown in Figure

4.29, Figure 4.29, Figure 4.29 and Figure 4.32 below, in the same graph with the S

parameters separately.

Figure 4.29 Comparison of S11 parameters of FSS coated cylinder analysis and
aluminum cylinder analysis
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Figure 4.30 Comparison of S12 parameters of FSS coated cylinder analysis and
aluminum cylinder analysis

Figure 4.31 Comparison of S21 parameters of FSS coated cylinder analysis and
aluminum cylinder analysis

Figure 4.32 Comparison of S22 parameters of FSS coated cylinder analysis and
aluminum cylinder analysis

When the graphic results are examined, good results have been obtained especially at

10 GHz and other frequencies. When the S11 and S21 parameters were examined, the

results of the FSS coated cylindrical surface showed lower values than pure aluminum

in both graphs.
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For example, in Figure 4.29, the FSS coated cylindrical surface decreased from

approximately -30dB to -48dB on the S11 graph.

Likewise, in Figure 4.31, the FSS coated cylindrical surface decreased from about

-32dB to -38dB on the S21 graph.

Thus, frequency selection has been made effectively, especially in the 10GHz region

(8GHz-12GHz).

RESULT OF CYLINDRICAL ANALYSIS AND SUMMARY

The main reason for analyzing the cylinder horizontally is to ensure that it is parallel

to the long side of the antenna. The analysis yielded similar results when the cylinder

was performed vertically.

The most important factors to consider when analyzing cylindrical surfaces are as

follows:

• The substrate to be applied to the cylindrical surface must be equal to the

thickness suitable for the FSS design on the entire surface.

• When covering the cylindrical surface with the frequency selective surface, care

should be taken to ensure that the distance between all FSSs is the same. To

adjust this up;

– Change in cylinder diameter,

– Change of substrate thickness and accordingly new FSS design

– Little tuneability due to new variation of FSS thickness

solutions may be appropriate.

As a result, the FSS design applied to the cylindrical surface, paying attention

to the information given above, provided the expected transmission and reflection

coefficients in the 10GHz region. The larger the cylindrical surface, the flatter the

surface on which FSS is applied, thus the FSS performance will be positively affected.
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4.3 FSS Implementation for Aircraft Nose Area in The Form of

Conical Surfaces

Finally, a cone geometry was chosen for the analysis of the nose and cockpit region.

This conical surface, like the previous geometries, has been reduced to a dimensionally

analyzable level. It can also be used not only for the analysis of the nose part of the

aircraft, but also for another surface similar to a cone.

First of all, the conic chosen for analysis consists of 2 parts with different slopes. The

reason for choosing 2 pieces is to observe the FSS effect in different slopes such as

nose and cockpit. The cone is made of aluminum as in other analyzes.

In Figure 4.33 and Figure 4.34 below, there are dimensional information and

representations of the conical surface examined from different angles.

Figure 4.33 Side view of aluminum cone

Figure 4.34 Right cross view of aluminum cone

As seen above in Figure 4.34, the diameter of the nose part of the cone increases from

2mm to 38.40mm, and the back part increases from 38.40mm to 67.41mm with a

lesser slope.
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The analysis setup of the material under test is shown from different angles in Figure

4.35, Figure 4.36 and Figure 4.37 below.

As in all analyzes, the cone is centered both perpendicularly and distance to the

antenna.

Figure 4.35 Left cross view of aluminum cone

Figure 4.36 Right cross view of aluminum cone

Figure 4.37 Side view of aluminum cone

The first analysis results are as follows in Figure 4.38, Figure 4.39, Figure 4.40 and

Figure 4.41 below. These results are the analysis results of the cone in the form of

pure aluminum like in the Figure 4.33, with FSS and substrate uncoated.
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Figure 4.38 Result of cone S11 made of pure aluminum

Figure 4.39 Result of cone S12 made of pure aluminum

Figure 4.40 Result of cone S21 made of pure aluminum

Figure 4.41 Result of cone S22 made of pure aluminum
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Before the FSS coating process, it was coated with FR4 substrate as usual, and then

the back with a low slope was coated with FSS. Covering with seven pieces of FSS in

a total of one circular loop was the most suitable size for FSSs. A total of three rows

were made of this circular loop in a array, thus covering a total of twenty one FSS.

Detailed images of the designed work are shown in Figure 4.42, Figure 4.43 and Figure

4.44 below.

Figure 4.42 Side view of FSS coated cone with 3 circular loops consisting of 7 FSS

Figure 4.43 Top view of FSS coated cone with 3 circular loops consisting of 7 FSS

Due to the nature of the cone surface, it is clearly seen in Figure 4.44 that the distance

between the FSS on the back is widened.
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Figure 4.44 Left cross view of FSS coated cone with 3 circular loops consisting of 7
FSS

The analysis setup of the material under test is shown from different angles in Figure

4.45, Figure 4.46 and Figure 4.47 below.

As in all analyzes, the cone is centered both perpendicularly and distance to the

antenna.

The results with the S Parameters of this analysis are given in the appendix. The

following analyzes will be given on the same graph in order to make a more meaningful

comparison.

Figure 4.45 Left cross view of FSS coated cone with 3 circular loops consisting of 7
FSS under test setup
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Figure 4.46 Right cross view of FSS coated cone with 3 circular loops consisting of 7
FSS under test setup

Figure 4.47 Side view of FSS coated cone with 3 circular loops consisting of 7 FSS
under test setup

Analysis results of aluminum cone surface and FSS coated cone surface are not shown

separately. Comparative S11 and S22 results of the two analyzes are shown in Figure

4.48 and Figure A.4 below, in the same graph with the S parameters separately.

The result of this analysis and the S parameter results of all subsequent analyzes are

attached for traceability.

Figure 4.48 Comparison of S11 parameters of 3x7 FSS coated cone analysis and
aluminum cone analysis
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Figure 4.49 Comparison of S22 parameters of 3x7 FSS coated cone analysis and
aluminum cone analysis

It is understood from the S11 results that it has decreased considerably as reflection.

In S22 parameters, it is understood that it selects at different frequencies, but it cannot

be said that it gives results as desired.

From this result, it was understood that FSS coating should be done more

appropriately to the geometric structure of the cone originating from its natural

feature.

The desired result may not have been achieved due to the uncoated nose part. For

this reason, the nose part should also be covered with FSS.

The conical surface covered with FSS in the same way on the nose part is given in

figures 4.50 and Figure 4.51 below with detailed images from different angles.

All applied FSSs are the same size. A total of 35 FSS have been implemented.

Figure 4.50 Side view of FSS coated cone with 5 circular loops consisting of 7 FSS
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Figure 4.51 Top view of FSS coated cone with 5 circular loops consisting of 7 FSS

The analysis setup of the material under test is shown from different angles in Figure

4.52 and Figure 4.53 below.

Figure 4.52 Left cross view of FSS coated cone with 5 circular loops consisting of 7
FSS under test setup

Figure 4.53 Side view of FSS coated cone with 5 circular loops consisting of 7 FSS
under test setup
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Analysis results of aluminum cone surface and 5x7 FSS coated cone surface are not

shown separately. Comparative S11 and S22 results of the two analyzes are shown in

Figure 4.54 and Figure 4.55 below, in the same graph with the S parameters separately.

Figure 4.54 Comparison of S11 parameters of 5x7 FSS coated cone analysis and
aluminum cone analysis

Figure 4.55 Comparison of S22 parameters of 5x7 FSS coated cone analysis and
aluminum cone analysis

After the nose part was covered with FSS, the results improved considerably. It can be

concluded that FSS works in the 10GHz region right.

However, due to the change in the diameter of the cone from top to bottom, the gaps

between the FSS were widening. In order to understand whether this will pose a

problem, the FSS at the front of the nose is fixed and all backward FSSs are applied by

magnifying 10% compared to the previous row, as in Figure 4.56, Figure 4.57, Figure

4.58 and Figure 4.59. The results of the S Parameters of this analysis are given in the

appendix.
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Figure 4.56 Left cross view 1 of 10% enlarged FSS coated cone

Figure 4.57 Side view of 10% enlarged FSS coated cone

Figure 4.58 Opposite view of 10% enlarged FSS coated cone

Figure 4.59 Left cross view 2 of 10% enlarged FSS coated cone
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The superimposed FSS design is as in figure 4 and figure 5 below for a better depiction

of the size increase.

Figure 4.60 Left cross view of 10% enlarged FSS coated cone and 5x7 constant FSS
coated

Figure 4.61 Right cross view of 10% enlarged FSS coated cone and 5x7 constant FSS
coated

Figure 4.62 Top view of 10% enlarged FSS coated cone and 5x7 constant FSS coated
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Figure 4.63 Left cross view 2 of 10% enlarged FSS coated cone and 5x7 constant
FSS coated under test

In Figure 4.63 above, the gray FSSs represent constant size FSSs, while the red

highlighted FSSs represent continuing FSSs increasing by 10%.

The comparative results of these two analyzes are as in Figure 4.64, Figure 4.65, Figure

4.66 and Figure 4.67 below.

Figure 4.64 Comparison of S11 parameters of 5x7 constant FSS coated cone analysis
and 10% enlarged FSS coated cone analysis
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Figure 4.65 Comparison of S12 parameters of 5x7 constant FSS coated cone analysis
and 10% enlarged FSS coated cone analysis

Figure 4.66 Comparison of S21 parameters of 5x7 constant FSS coated cone analysis
and 10% enlarged FSS coated cone analysis

Figure 4.67 Comparison of S22 parameters of 5x7 constant FSS coated cone analysis
and 10% enlarged FSS coated cone analysis

In the 10GHz region, the cone covered with full constant FSS performed better.

Finally, since the back part of the cone is wider, the results of the analysis were

examined by adding FSSs there.
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The visuals of the design made with added FSSs are as in Figure 4.68, Figure 4.69 and

Figure 4.70.

Figure 4.68 Side view of added FSS coated cone

Figure 4.69 Right cross view of added FSS coated cone
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Figure 4.70 Top view of added FSS coated cone

The comparative results of these two analyzes are as in Figure 4.71, Figure 4.72, Figure

4.73 and Figure 4.74 below.

Figure 4.71 Comparison of S11 parameters of 5x7 constant FSS coated cone analysis
and added FSS coated cone analysis
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Figure 4.72 Comparison of S12 parameters of 5x7 constant FSS coated cone analysis
and added FSS coated cone analysis

Figure 4.73 Comparison of S21 parameters of 5x7 constant FSS coated cone analysis
and added FSS coated cone analysis

Figure 4.74 Comparison of S22 parameters of 5x7 constant FSS coated cone analysis
and added FSS coated cone analysis
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As a result of this analysis, they showed close results with constant FSSs thanks to the

added FSSs. Constant FSSs showed better results, although with little difference, in

the 10 GHz region. In the 16GHz region, the other analysis showed better results.

COMPARISON OF ALL CONIC ANALYSIS AND SUMMARY

First of all, figure 3, figure 4, figure 5 and figure 6 given below contain the S parameter

results of all conical surface analyzes completed so far on the same graph.

Figure 4.75 Comparison of All S11 Parameter Results

Figure 4.76 Comparison of All S12 Parameter Results
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Figure 4.77 Comparison of All S21 Parameter Results

Figure 4.78 Comparison of All S22 Parameter Results

• When the results were examined, the best performance was shown by the

analysis covering the entire conical surface with FSS adjusted for 10GHz. So the

analysis specified with "FULL_CONSTANT_FSS_5X7" in the legend provided the

best results.

• After that the best performing analysis is the one in which only the back surface

of the conical surface is covered, with the name "FSS 3X7" in the legend. The

main reason why this analysis did not show the best performance is that the FSS

does not cover the entire conical surface. From this result, it can be concluded

that covering the entire surface of interest with FSS is an important factor for

FSS performance.

• The third best result is the one with the name "FSS 2X7_FSS 3X14_CONSTANT"

in the legend. In this analysis, the original FSS was applied to the anterior part

of the nose, while the frequency was doubled to the wide conical surface at

the back, and FSSs were added in between. The most important reason for this

result to be worse than the other results is that the distance between the FSSs has
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deteriorated due to the additional FSS added at the back. Therefore, additional

FSSs caused a shift in the resonant frequency. in other words, the requirement in

the standard FSS cell design could not be met. Periodicity could not be achieved

and FSS was selective at different frequencies.

• Finally, the worst performance was shown by the legend with the name

"10%_Scaled". In this design, the FSS at the tip of the nose is the standard

FSS design used in other analyses. Each FSS dimension is a 10% enlarging of

the standard FSS excluding thickness as it moves towards the back of the conical

surface. If the FSS dimension closest to the nose of the cone is accepted as 1X,

the other FSS dimensions will be 1.1X, 1.21X, 1.331X and 1.4641X, respectively.

This size change can be clearly seen in Figure 4.60, Figure 4.61 and Figure 4.62.

The main reason why this analysis could not show the expected performance is

that the periodicity, which is one of the most basic elements of the working

principle of FSS, could not be achieved. Because every new FSS with 10%

magnification created as you move towards the back of the cone works for a

different frequency. In fact, each FSS of the new dimension created was tuned

to different resonant frequencies.

With the support of these results, while applying to 3D geometry with FSS;

• Should not break the physical structure of the optimized FSS design.

• FSS should be customized according to the requirement of the geometric

structure.

• Periodicity should not be impaired by using multiple different FSS designs

together.

• Consideration should be given to the thickness of the substrate used for FSS and

it should be used in the same way all over the surface without changing it. If a

different material is to be used as a substrate, the FSS should be reanalyzed for

the new material.

• The distance between two adjacent Frequency-selective surfaces should be

constant to ensure periodicity.

73



5
RESULTS AND DISCUSSION

5.1 Conclusions

In this study, a new frequency selective surface is designed, which provides absorption

in the 10GHz region, which can be called the X band. In order to realize this design,

the most frequently used FSSs in recent years have been used. First of all, an FSS with

filter characteristics as desired in the design and suitable for terahertz applications was

started. Then, the obtained resonance frequency was examined and its physical design

was changed accordingly, and it was tuned to the 10GHz band. All analyzes were

performed in the CST Microwave Studio program. Conical surface design and airfoil

design, which are difficult to design, were implemented in the Catia V5 program, while

designs such as the simpler cylindrical surface were implemented in the CST Studio

program. Maximum attention has been paid to the periodicity of the FSS applied to

all surfaces.

All of the factors affecting the designed FSS unit cell were examined in the simulation

environment. The transmission and reflection coefficient graphs of the wave are

examined in detail. The optimized and determined FSS design has been applied to

all geometric surfaces.

Similar geometric shapes are designed for all surfaces in the sections of the aircraft.

The FSS cell is applied to the surface of these three different geometric designs

periodically and in a way that does not disturb the FSS structure. These three

geometric structures consist of wings, body and nose.

In order to be able to analyze different geometries, interpretations were made on

the reflection coefficients and transmission coefficients with two horn antennas that

provide suitable radiation characteristics. Since they are not rectangular surfaces,

valid cell analysis cannot be performed for periodic analyzes. Although the dimensions

of the materials designed as aircraft geometries are small, it has been confirmed

by different analyzes that similar results will be obtained when applied to real
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dimensions. Because FSSs are not affected by dimension size, they are infinite periodic

structures.

The designed FSS is intended to be as independent as possible from the arrival

of the electromagnetic wave. The sample produced was supported by three

different geometry prototypes and experimental results, computer simulations, and

the simulations were made with the CST Studio Suite.

As can be seen in the transmission and reflection coefficients in the measurement

results, FSS contributed to the stealth feature of the aircraft in the 10GHz band by

providing absorption at the 10 GHz frequency.

5.2 Future Perspectives

This study has some potential for future investigation. These possible future steps

includes:

• To ensure the production of FSSs, which are designed depending on the

development of 3D printer technology, with 3D printers.

• To ensure that the designed FSS is designed as AFSS so that it can be tuned to

other frequencies. It is intended not only to shift the resonant frequency, but

also to adjust other values such as the bandwidth.

• To ensure that the most suitable FSS design for surfaces is directly suggested

according to the requirements.

• To ensure that to the overall RCS reduction of the aircraft by performing studies

specific to smaller surfaces.

• If the filtering characteristic is suitable for the desired application, creating a

mathematical model specific to all the parameters affecting the designed FSS

and providing the desired resonance frequency by only changing its dimensions.

• Creating a database from frequency responses in different geometries by

applying it to different geometries and obtaining results about applicable

geometry surfaces.
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A
APPENDIX

Figure A.1 Right cross detailed view of FSS coated cone with 5 circular loops
consisting of 7 FSS

Figure A.2 Comparison of S12 parameters of 3x7 FSS coated cone analysis and
aluminum cone analysis
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Figure A.3 Comparison of S21 parameters of 3x7 FSS coated cone analysis and
aluminum cone analysis

Figure A.4 Comparison of S22 parameters of 3x7 FSS coated cone analysis and
aluminum cone analysis

Figure A.5 Result of S11 parameters of 5x7 FSS coated cone analysis
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Figure A.6 Result of S21 parameters of 5x7 FSS coated cone analysis

Figure A.7 Result of S12 parameters of 5x7 FSS coated cone analysis

Figure A.8 Result of S22 parameters of 5x7 FSS coated cone analysis
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Figure A.9 Comparison of S12 parameters of 5x7 FSS coated cone analysis and
aluminum cone analysis

Figure A.10 Comparison of S21 parameters of 5x7 FSS coated cone analysis and
aluminum cone analysis

Figure A.11 Result of S11 parameters of 10% enlarged FSS coated cone analysis
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Figure A.12 Result of S12 parameters of 10% enlarged FSS coated cone analysis

Figure A.13 Result of S21 parameters of 10% enlarged FSS coated cone analysis

Figure A.14 Result of S22 parameters of 10% enlarged FSS coated cone analysis
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Figure A.15 Result of S11 parameters of added FSS coated cone analysis

Figure A.16 Result of S21 parameters of added FSS coated cone analysis

Figure A.17 Result of S12 parameters of added FSS coated cone analysis
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Figure A.18 Result of S22 parameters of added FSS coated cone analysis
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