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Abstract 

There is a growing interest in reducing the radar cross-section (RCS) of 

objects for a wide range of applications. Composite materials, such as wood 

and other synthetic materials were utilized in the construction of objects to 

lower RCS. 

This dissertation examines the reduction of radar cross-section of the 

targets utilizing single layer frequency selective surfaces (FSS) unit cells. 

Creating FSS unit cells with a low reflection coefficient is the aim of this work 

in order to use them to minimize the radar cross-section. The research includes 

theoretical analysis as well as simulations with the CST Microwave Studio. 

An FSS using double square rings printed on single side of the substrate 

was studied to enhance the performance of reducing of radar cross section. 

The effect of changing the rings size, and width on the resonance frequency 

was investigated. Also, to get a wide bandwidth from the intersection of two 

bands of frequency response of the double rings, a meander inner ring was 

used to bring its circumference close to the circumference of the outer ring, in 

addition to using an open inner ring because circumference of open ring 

approximately equal 0.5λe at resonance. Moreover, the effect of changing 

some parameters of the unit cell like size of ring, width of ring, and space 

between two ends of inner ring on the resonance frequency and the reflection 

coefficient were investigated. 

In addition to the conducting parts, this dissertation also discusses 

whether it is possible to increase the FSS cell's absorber performance to reduce 

the radar cross-section. In order to minimize the reflected power from the FSS 

unit cells employing the double closed rings and double rings with an open 

inner ring were supplemented with a layer of carbon paste to increase the 

absorbance. The suggested FSS cells were examined using different 

combinations of shapes of copper ring and fillings by carbon paste, modifying 

ring dimensions, conductivity, and paste thickness for proposed forms of unit 

cells. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Overview: 

Radar cross-section (RCS) is a measure of the capability of a target 

material to reflect the incident radar wave toward the radar receiver [1]. It is 

defined as the ratio of backscattered power per steradian (unit solid angle) in 

the direction of the radar to the power density that is intercepted by the target. 

Thus, one can define a target's RCS as a comparison between two radar signal 

intensities. One is the strength of the signal reflected strength from the target, 

while the other is the signal strength that is reflected from a perfectly smooth 

sphere of a cross-sectional area in (m2) as shown in Fig. 1.1. 

 
Figure 1.1 Radar Cross Section (RCS) concept, (a) reflection from a target, 

(b) reflection from a perfectly smooth sphere [2]. 

        

The need to reduce or control the radar cross-section has been a topic of 

interest since World War II. Initial attempts were made to reduce aircraft 

detectability by using wood and other composites as aircraft materials, as they 

exhibit lower reflection of radar waves compared to metals. It was then 

realized that molding and coating with radar absorbing materials (RAM), is 

the main techniques for RCS reduction. RCS reduction refers how radar may 
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make a target less visible. The target's invisibility is referred to as the ideal 

RCS reduction regardless of the frequency of the incident wave, incidence 

angle, or polarization. However, such goal for reduction is not easily attainable 

in a practical way. Recent times have seen a lot of attention paid to improving 

the RCS reduction bandwidth, for practical applications, and RCS reduction 

of 10 dB is typically deemed sufficient [3]. Obtaining a 10 dB RCS reduction 

for a target means a 90% reduction in the radar cross-section, and such 

reduction is obtained at a certain frequency or band of frequencies.   

There are two main mechanisms that were used to achieve RCS 

reduction. These are scattering and absorption. Scattering means deflecting 

the incident wave away from the radar, whereas the absorption mechanism 

absorbs all or part of the incident wave in an absorbing layer. Shaping is one 

of the techniques that utilize the scattering principle, while radar-absorbing 

material (RAM) uses the absorption principle to operate. Both methods have 

been in use for many years, however, recently due to their superior 

characteristics, metasurfaces have attracted interest in this field. A 

metasurface is a periodic or aperiodic array of subwavelength resonant scatters 

that impact the surface's electromagnetic response [4]. 

1.2 Literature Survey: 

In 1989, H.J. Li, N.H. Farhat, and Y. Shen experimentally studied the 

Radar cross-section (RCS) reduction using microwave diversity imaging. 

Experimental results showed that broadband absorber covering is useless in 

lowering the co-polarized (both the transmitting and receiving antennas have 

the same sense of circular polarization) RCS of a plate when the incident wave 

approximates the edge-on direction but is effective at lowering the cross-

polarized (the transmitting and receiving antennas have an opposite sense of 

circular polarization) RCS for all incident directions. The surface current 
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absorber covering is effective at reducing the no specular energy and several 

bounces regardless of how polarized the measurement is [5]. 

In 1995, E. Ongareau, et al proposed a system formed by a cascade 

connection of meander-line strip grating surfaces that rotates the polarization 

plane of a linearly polarized wave. Reflectivity measurements of the system 

shaped on a reflector-backed metallic ground plane have shown reflectivity 

levels smaller than -20 dB over the 10.5 -17 GHz band [6]. 

In 1996, C. B. Wilsen, and D. B. Davidson studied the radar cross 

section (RCS) reduction of microstrip patch antennas for low-observable 

platforms, with emphasis on the application of lossy superstrates. The 

observed effect of these antenna parameters is related to expected RCS 

reduction. The RCS computed by a finite element method/method of moments 

code is also presented. Other RCS reduction techniques discussed included 

shorting posts and ferrite substrates [7]. While S. C. Zhao, B. Z. Wang, and Q. 

Q, in 2008 proposed a rectangular patch antenna having two circular apertures, 

a defected ground structure (DGS), and a shorting post. The radar cross section 

(RCS) of the antenna at operational frequency can be reduced by the novel 

structure. Simultaneously, the suggested antenna's return loss is maintained, 

moreover, the patch antenna's RCSs at the frequencies outside the operational 

range are minimized. High frequency electromagnetic modeling software was 

used to simulate the proposed antenna. The peak of RCSs was reduced by 

about 7 dB and the broadband RCSs are below −30 dB from 2 to 8 GHz [8]. 

In their turn S. S. Parit, and V. G. Kasabegoudar in 2016 presented an 

octagonal ultra-wideband antenna with reduced RCS. The proposed antenna 

operates in the frequency range of 3.6 GHz to 16 GHz with an impedance 

bandwidth of more than 115%. The antenna was optimized with an improved 

RCS of nearly 50% (without affecting the overall performance) than the works 

reported earlier [9]. On the same year, W. Chen in 2016 used an 
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electromagnetic band-gap checkerboard surface to reduce the RCS. The 

reflections from various parts of the checkboard are out of phase at the 

resonant frequency thus resulting in reducing the reflected wave. 

Checkerboard surfaces come in five distinct designs were analyzed, simulated 

with High frequency Structure Simulator (HFSS) and measured for 

verification [10]. 

Likewise, J. Su, et al, in 2018, presented a checkerboard metasurface 

based on a unique physical mechanism, optimized multielement phase 

cancellation, to significantly increase the bandwidth of radar cross section 

(RCS) reduction. The proposed primary interface achieved a 10 dB RCS 

reduction in an extremely wide frequency range from 5.5 to 32.3 GHz with a 

ratio bandwidth (fH/fL) of 5.87:1 when both polarizations are incident 

normally. Moreover, the RCS reduction was greater than 8 dB from 5.4 to 40 

GHz with a bandwidth of 7.4:1. The super surface also performs well under a 

wide range of oblique incidence angles [11]. Parallel to this, G. Shen, et al in 

2018 presented a broadband terahertz metamaterial absorber having four sub-

cells, a metal ground plane, and several metal rings, all of which are separated 

by a layer of dielectric. The experimental results showed better broadband 

performance than both the previous single layer absorbers based on metal 

rings and the latest absorbers based on the fractal-cross structure reported 

recently. The theoretical analysis indicated that the absorption mechanism is 

the coupling response of the enhanced electromagnetic field between metallic 

rings and the merging of the adjacent resonant peaks in the multi-resonators 

[12]. In the same year, J. Zhang, et al presented a new microstrip patch antenna 

with wideband (RCS) reduction. The RCS of the proposed antenna was 

reduced by subtracting the current-direction slots of the patch, with the 

radiation performance sustained not only for the current-direction subtraction, 

but also for the no modification in the ground plane. In the frequency band 
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from 3.9 to 8.1 GHz, the RCS of the modified antenna was reduced in the 

whole band compared with the RCS of the reference antenna. The maximum 

RCS reduction was 7 dB at a frequency of 6.7 GHz [13]. 

L. Ali, Q. Li, T. Ali Khan, J. Yi, and X. Chen in 2019 presented a radar 

cross-section (RCS) reduction technique by using the coding diffusion 

metasurface, which was optimised by a random optimization algorithm.  It has 

a working frequency band from 8.6 GHz to 22.5 GHz, with more than 9 dB 

RCS reduction.[14] In the same year, F. Wang, K. Li, Y. Ren, and Y. Zhang 

proposed an active reconfigurable FSS with PIN diodes that was used as a 

reflector for the antenna to reduce RCS. The reconfigurable FSS reflector has 

a different performance by PIN diodes with or without DC bias. The design 

can switch between band-pass FSS and band-stop FSS, and thus can contribute 

to the switchable RCS reduction of dipole antenna without degrading its 

radiation performance [15]. 

In 2020, M. I. Hossain, N. N. Trong, K. H. Sayidmarie, and A. M. 

Abbosh presented an accurate equivalent-circuit (EC) design approach for 

wideband nonmagnetic absorbers operating at the low microwave frequency 

(1 – 10 GHz) utilizing the impedance matching method. Two simple and 

commonly used resistive frequency selective surfaces (FSS), i.e. square patch 

and single square loop, are taken into account in that study, compared to full-

wave simulations, the proposed EC model showed more than 95% accuracy. 

Through the use of the suggested model and genetic algorithm-based 

optimization, several designs of broadband absorbers were demonstrated. The 

outcomes demonstrate the effectiveness of the suggested technique for 

building thin wideband absorbers with single-layer or double-layer FSS 

designs [16]. 

M. Nadi, S. H. Sedighy, and M. K. Amirhosseini in 2020 proposed a 

general strategy to design ultra-wideband radar cross section reduction 
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metasurface by employing non-resonant unit cells in chessboard arrangement. 

The proposed miniaturized artificial magnetic conductor unit cell is consisting 

of two layered non-resonant patches separated from one another by thin 

dielectric substrates. The genetic optimization algorithm was used to optimize 

the unit cell design parameters. The suggested approach was carried out to 

design three different RCSR metasurfaces, ideal, ROGERS and low-cost 

substrates. The low cost RCSR metasurface is composed of FR-4 substrate 

which reduced the RCS by more than 10-dB from 5.22 GHz to 30.85 GHz, 

142% fractional bandwidth [17]. 

R. Jaiswar, et al, in 2020 presented a microwave absorber combining 

frequency-selective surfaces (FSSs) and dielectric layers. FSSs are printed on 

dielectric layers employing a carbon nanotube suspension-based resistive ink. 

The absorber exhibits a fractional bandwidth of 137%, corresponding to 

reflectivity lower than −15 dB and absorption upper than 90% from 7.30 till 

41.95 GHz, meaning a 34 GHz bandwidth, for a thickness of only 0.13 λ. This 

performance is obtained by tuning the number of printed layers, which fixes 

FSS resistivities [18]. 

S. Ünaldi, H. Bodur, S. Çimen, and G. Çakir in 2020, presented a 

broadband reflectarray antenna with low RCS level. The RCS reduction is 

obtained with double layer FSS having variable-sized unit cell elements. The 

proposed reflectarray antenna with metallic grounded and FSS backed were 

designed, simulated, and fabricated. The measurement and simulation results 

for the designed FSS grounded reflectarray shows decreased RCS level 

effectively almost in the whole band (2-18 GHz) [19]. 

In 2021 J. Y. Jeong, et al suggested a manufacturing procedure for a 

wide-bandwidth microwave absorber. The manufactured microwave absorber 

includes 144 resistive double square designs that are not connected to one 

another. These patterns were precisely fabricated within a size error of 1% and 
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a flat surface having an average roughness under than 100 nm. The developed 

microwave absorber revealed that a performance of RCS reduction with 

reflectance less than−10 dB over 8 to 14.6 GHz frequency range. Further 

research is needed to improve the morphologies of resistive array patterns and 

the characteristics of the conductive carbon ink in order to expand the RCS 

reduction performance across the full Ku-band or higher frequencies and to 

make the performance more uniform throughout the frequency range [20]. 

Y. XI, et al in 2021 proposed a hybrid mechanism metasurface (HMM) 

that incorporates absorption, polarization conversion and phase cancellation 

mechanisms for wideband and wide-angle radar cross section (RCS) 

reduction. The polarization conversion absorber (PCA) is suggested by 

embedding the lumped resistors into the structure of polarization conversion, 

which integrates the absorption and polarization conversion mechanisms. 

Then, the phase cancellation mechanism is employed to redirect the scattering 

energy to the non-incident directions through the chessboard configuration 

[21]. 

In 2021 Y. Chen, et al proposed a coding metasurface antenna array, 

which combines the two concepts of digital coding metasurface and 

metasurface antenna. The resulting array has diversified reconfigurable 

scattering patterns. By controlling the states of PIN diodes, the scattering 

performance of the coding metasurface antenna array can be tuned 

dynamically without degrading the array radiation property. Using the concept 

of phase cancellation principle, a 8 × 8 antenna array was simulated and 

fabricated. Both simulated and measured results showed the feasibility of the 

proposed structure [22]. 

S. Huo, et al in 2022 presented a new method to suppress the 

electromagnetic radiation between the heatsink and packaging substrate in the 

system-in-package by using a resistance film absorber. The unit size of the 
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absorber is 0.14λL × 0.14λL and the thickness is 0.049 λL. It has an 

absorptivity of more than 90% in the frequency range of 21 GHz to 55 GHz 

with polarization insensitivity and angular stability [23]. Moreover, M. S. 

Patinavalasa, et al in 2022 presented a polarization‐insensitive frequency‐

selective rasorber (FSR) with wideband absorption and in‐band transmission 

characteristics. The unit cell of the proposed FSR comprises one lossy and one 

lossless resonator both printed on FR-4 substrates and segregated by an air 

spacer. Resistive ink patterns were deposited on the top lossy layer to achieve 

a wideband absorption, displaying significant improvement over the existing 

FSR structures. The absorption bandwidths are obtained from 1.31 to 3.22 

GHz and 4.88 to 6.69 GHz having fractional bandwidths of 84.32% and 

31.28%, respectively [24]. 

In 2022, M. Abdul Shukoor, S. Dey, and S. K. Koul presented a simple 

broadband polarization-insensitive circuit analog absorber (CAA) with wide 

angular stability. It comprised of dual-cut square loop resonator loaded with 

eight lumped resistors as top patch and an inductive grid [25]. The inductive 

grid enhances the angular stability of the TM mode. The normal incidence 

reveals a 90% absorption bandwidth of 20.51 GHz (110% fractional 

bandwidth) covering the entire X to K-band.  

Last, K. R. Jha, Z. A. Pandit Jibran, and S. K. Sharma in 2022 present 

an ultrathin absorber for lower microwave frequency applications. The 

structure was designed using a thin dielectric substrate and a commercially 

available magnetic sheet superstrate. Due to its low thickness, it is suitable for 

both planar and conformal applications. For normally incident 

electromagnetic wave, the measured reflectivity (R)≤–10 dB extends from 

1.75–3.4 and 1.7–3.36 GHz in the transverse electric (TE) and the transverse 

magnetic (TM) modes, respectively. The total thickness of the absorber was 
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0.023λL where λL is the wavelength at the lowest operating frequency, and the 

structure was bent around a cylindrical base [26]. 

1.3 Aims of the Dissertation:  

The dissertation aims to investigate the methods of radar cross-section (RCS) 

reduction through:  

1- Studying the various techniques to reduce the radar cross-section (RCS) 

of planar surfaces.  

2- The feasibility of using FSS techniques for RCS. 

3- Creating and characterizing a sample of the proposed approach 

according to the desired design by testing different characteristics such 

as reflection and scattering over the frequency range of interest, which 

is also relevant to the frequency band of operation. 

4- Optimizing the loss at the specified frequency using the material 

available. Because it is difficult to obtain materials with the necessary 

dielectric and magnetic characteristics to operate as an absorbent at any 

frequency bandwidth. 

1.4 Dissertation Layout: 

This dissertation first provides research and then details how to create a 

frequency-selective surface unit cell to minimize the radar cross section. The 

study is divided into five chapters. Chapter one presents an introduction and a 

literature review. The second chapter explains the background of radar cross 

section and discusses the methods that can be reduced, and chapter three 

presents the simulation results of the proposed FSS unit cell with copper case 

and ohmic sheet case to reduce the RCS, while chapter four presents an 

investigation and a design of FSS unit cell with copper and carbon paste cases. 

Chapter five gives the conclusions and some suggestions for future work. 
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CHAPTER TWO 

BASICS OF RADAR CROSS-SECTION REDUCTION 

2.1 Introduction 

In many military and civil applications, a certain electromagnetic wave 

at some frequency is sent toward a region to explore the objects there to search 

for a certain object that is usually named a target. Therefore, the fraction of 

the sent power that is reflected back is a vital parameter in determining a 

reliable detection of the target. The ability of a target to reflect the incident 

E.M. wave is called the radar cross-section of the target. Radar cross-section 

(RCS) is defined as the comparison between the intensities of two radar 

signals. One is the radar beam's intensity when it hits a target, and the other is 

the strength of the reflected echo sensed by the receiver [3]. The Radar Cross 

Section is an object-specific number that is affected by many factors related 

to the shape and size of the object in terms of the wavelength.  In practice, the 

RCS of a target is determined by: the physical geometry and external 

properties of the target, the direction of the incident wave, and the frequency 

of operation [27]. The RCS σ of a target is given by the following equation 

[2]. 

 

σ= 
𝟒𝝅𝑹𝟐𝑺𝒓

𝑺𝒕
………………………………………………………………...(2.1) 

 

Where; R = radar range,  

Sr =Scattered power density (W/m2) 

St = Power density intercepted by target (W/m2) 
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Figure 2.1 Radar Cross-Section notion [28]. 

 

As seen in Fig. 2.1 RCS concept represents the ratio between the power 

density due to the incident wave and total waves under the isotropic scattering 

situation. The definition of conventional RCS can be given as: 

σ = lim
R→∞

4πR2 |Es|2

|Ei|2
   …………………..……………………………………………(2.2) 

Where: 

Es(V/m) is the scattered electric field at the receiving antenna.  

Ei(V/m) is the incident electric field.  

2.2 Radar Cross-Section Reduction Concepts 

 Since World War II, the idea of the technology of stealth has been a 

challenging objective in various military applications and a topic that has 

raised increasing interest. The radar can detect a certain target only if the 

received backscattered signal is detectable. Building on this, various methods 

were proposed to reduce the RCS in [29], by either redirecting the wave that 

was reflected back away from the receiver or absorbing the incident wave by 
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the target. The various methods that were proposed for RCS reduction are 

discussed in the following sections.  

 

2.2.1 Absorption 

In the absorption process, part of the energy of the incident wave is 

transferred to the target. The energy transmitted by the radar antenna can be 

absorbed by one or more of several loss mechanisms, which are related to the 

dielectric or magnetic characteristics of the material of the target or a certain 

coating applied to the target. The lost E.M. energy is actually converted into 

heat that is too small to elevate the temperature of the target [3]. 

 

2.2.2 Scattering 

    Scattering is redirecting the incident energy on the objects to other 

directions away from the radar or the source of the electromagnetic energy so 

that less signal will be reflected to the radar receiver.  

2.3 Classification of RCS Reduction Methods     

There are a lot of techniques that have been proposed to achieve a 

desirable reduction in the RCS of the target [29]. These methods can be 

categorized into two main groups.  Active RCSR, and Passive RCSR 

according to the method of reducing the RCS [30]. Figure (2.2) shows a flow 

chart of the RCS reduction techniques. 
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Figure 2.2 Classification of the RCS reduction techniques. 

 

2.3.1 Active Radar Cross-Section Reduction 

The concept behind the active RCS reduction is to minimize or control 

the energy received by the radar receiver. The target must have the means to 

detect and determine the various parameters of the incident wave such as the 

frequency, amplitude, phase, and angle of arrival. Then the target must radiate 

in synchronize with the incident pulse another pulse whose amplitude and 

phase are tailored to cancel the incident one so that the reflected energy is 

minimized [31-33]. In active RCSR or active cancellation, the target should 
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have the capability to transmit a signal which is similar to the echo of the radar 

but phase-shifted by180o, so that it tries to cancel the actual reflected signal, 

and thus the radar detects no returns at all. This method uses very low power 

as compared to the conventional Electronic Warfare, which uses jamming by 

high power, and gives no idea about the target's presence [3]. In contrast to 

this advantage, this method requires very fast processing and complex circuits. 

 The active RCS reduction depends on the system parameters of the 

radar phased array, such as element size, inter-element spacing, load 

impedance, feed network, and the E.M. environment [34]. The active 

cancellation method can be considered as the most suitable for low-frequency 

RCSR applications, where using absorbers and employing shaping are 

difficult. 

2.3.2 Passive Radar Cross-Section Reduction 

The techniques of passive cancellation rely on loading the target with 

certain elements such as slots, rings, or dipoles to reduce the overall RCS. 

These techniques can be difficult to deploy practically and are limited in 

bandwidth [33]. In this method of cancellation, the basic idea is to add a 

reflecting element whose phase and amplitude can be adjusted to cancel the 

echo of the original target. This method is sometimes called impedance 

loading [35]. 

As seen in Fig 2.2, the passive RCSR methods follow three main 

approaches to reduce the scattered wave in the direction of the radar receiver. 

These ways are target shaping [36], using absorbent materials[37], and 

coating[38].  Apart from the above-mentioned passive techniques, other 

methods such as the use of artificial magnetic conductors (AMC) [39], 

frequency selective surfaces (FSS)[19][3], Electromagnetic Band Gap (EBG) 

[40-41], polarization rotation reflection surface (PRRS)[6][42][43], and 
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metasurface [44-45] all these methods fall within phase cancellation or 

destructive interference. 

2.4 Techniques of RCS Reduction 

In the last few decades, there have been tremendous efforts to reduce 

the radar cross-section of various objects ranging from airplanes to rockets, 

projectiles, and even antennas. Researchers have followed many procedures 

and proposed various methods aiming to reduce the radar cross-section. The 

proposed techniques differ from one application to the other, as well as the 

desired range of frequencies. The various adopted methods showed different 

performances, complexity, and cost. In the following sub-sections, various 

methods for RCS reduction are discussed.   

2.4.1 Shaping 

Target shaping can be considered as a special selection of target surface 

shapes that lead to minimize the reflected wave to the radar, by redirecting the 

scattered energy away from the direction of incidence. Shaping is a high-

frequency technique that aims to design the geometrical shape of the target 

such that the backscattered wave from it in the radar direction is minimized 

[3]. The two distinct methods of shaping that were explained in [46], to 

minimize the target RCS are either implementing a compact, smooth, blended 

external geometry or using a faceted design to lessen reflections returning to 

the radar.  

The process of shaping utilizes some angular sectors over which low 

radar cross section is less important compared to others [47]. In general, a 

forward cone is of primary interest for RCS reduction, hence, normally it is 

preferred to "shift" large cross sections out of the forward sector and toward 

the broadside.  
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2.4.2 Absorbing Materials 

The radar absorber's objective is to absorb a certain fraction of the 

power in the incident wave and thus reduce the reflected wave to the radar 

receiver [1]. Also, the coating is considered as branch of absorbing technics 

by placing a layer on the object whose properties cause the reflected wave to 

be redirected or the incident wave is absorbed and thus the RCS is reduced. In 

order to obtain the stealth effect, Radar Absorbing Materials (RAM) are 

usually used to coat the surfaces of aircrafts, reducing their Radar Cross-

Sections (RCS) [48]. 

There are two main methods for reducing the reflections from an object: 

absorption and cancellation, the energy transfer from the wave to the 

substance as it travels through is known as absorption [35]. Radar radiation is 

absorbed by one or more loss processes, which is related to the material's 

dielectric or magnetic characteristics. 

 In general, absorbers do not have to absorb enough energy to raise their 

temperature, since the incident radar energy is small [3]. The role of the radar 

absorption material design is to provide a layer (or layers) with a small 

thickness, and minimum reflection coefficient, across the desired frequency 

range, while being cheap, lightweight, and long lasting. Such layer or layers 

are called Radar Absorbing Material (RAM)  [49]. The two earliest and most 

fundamental types of absorbers (Dallenbach layers and Salisbury screens) are 

described in the following: 

Salisbury Screen 

This type of absorber is made by laying a resistive sheet on top of the 

surface of the object so that it creates a resonant absorber. The covered 

conducting object forms a transmission line section that is short-circuited at 

the object side. If the thickness of the resistive sheet is a quarter-wavelength, 
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then it converts the conductor plate short circuit to an open circuit [50]. Figure 

(2.3) shows the diagram and transmission line equivalent circuit of the 

Salisbury screen. 

       
1

𝑍in
=

1

𝑅𝑠
+

1

∞
=

1

𝑅𝑠
  …………….….....……………………………… (2.3) 

The reflection coefficient tends to be zero when Rs=377Ω. When the 

line is quarter-wavelength, then a matched load is provided and there will be 

no reflection. Therefore, the Salisbury screen is most the effective RCS 

reduction method at normal incidence. However, at oblique incidence onto the 

absorber, the reflection coefficients magnitude for the parallel and 

perpendicular polarizations are expressed in terms of θ, 

|Г⊥|≃|Γ‖| = 
1−𝑐𝑜𝑠θ

1+𝑐𝑜𝑠θ
  ……………………………………………………….. (2.4) 

In Fig.2.4, Equation (2.4) is displayed for angles up to 35o in Fig. (2.4), 

where θ is the off-normal angle. Performance is greater than 20 dB when the 

reflection coefficient is less than 0.1 [49]. 

 
Figure 2.3 (a) Diagram of the Salisbury screen (b) transmission line 

equivalent circuit [35]. 
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Figure 2.4: Variation of the reflection coefficient as a function of incidence 

angle [49]. 

Dallenbach Layer 

The Dallenbach layer is formed of a layer of homogeneous lossy 

material that is backed by a metallic plate (the object). In this arrangement, the 

rear surface's reflection is cancelled out by the reflection from the outside 

surface (the metallic object). The lossy material is a blend of compounds 

designed to have a specified permittivity and permeability [51]. Figure 2.5 

shows the geometry of the RCS reduction method, and a transmission line 

equivalent circuit of the Dallenbach layer. The reflection coefficient at the 

outer surface can be given by [35]: 

Г= 
𝑍𝑖𝑛−𝑍𝑜

𝑍𝑖𝑛+𝑍𝑜
 ……………………………………………………………..…. (2.5) 

Where,  

Zin= 
𝑍𝑙𝑜𝑎𝑑+𝑗𝑍𝑜tanh (𝛾𝑡)

𝑍𝑜+𝑗𝑍𝑙𝑜𝑎𝑑 tanh (𝛾𝑡)
 ………………………………………………..… (2.6) 

Where 𝜸 is the complex propagation constant. 

𝛾 = 𝛼 + 𝑗ѡ√µ𝜀 ……………………………………………………...…..(2.7)        

The Dallenbach Layer design usually includes lossy magnetic materials 

as well as carbon particles responsible for ohmic losses. Consequently, the 
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permeability and permittivity will have imaginary parts, leading in a complex 

index of refraction. The resulting propagation constant will have a real part 

that attenuates the wave passing through the material [51]. Figure 2.6 shows 

the variation of the reflection coefficient with the thickness of the layer for 

two values of permeability and permittivity [35]. The thickness of the layer 

should be as small as possible to reduce the size and weight of the added 

coating.  

 
Figure 2.5 Dallenbach layer [35]. 

 
Figure 2.6. Performance of the Dallenbach Layers [35]. 

 

2.4.3 Frequency-Selective Surface (FSS) 

A frequency-selective surface (FSS) is a periodic structure consisting 

of elements arranged in a two-dimensional layout, as shown in Fig.2.7 which 
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shows the most prevalent shapes of the FSS, including dipole, square and 

circular patches, cross-dipole, square loop, Jerusalem cross, and ring (or 

square aperture, circular loop, etc.). Such configuration exhibits reflection and 

transmission properties that vary with the frequency of the incident wave, in a 

similar manner to the filters in the conventional (RF) circuits. A periodic array 

of slots in a perfectly conducting plane behave like a bandpass filter, as they 

pass waves when the slots resonate while rejecting the passage of waves at 

other frequency bands. On the other hand, an array of conducting patches 

works as a band-reject filter, by reflecting waves at the resonant frequency of 

the patch but passing waves at other frequencies. Thus, the filtering behavior 

of an FSS made of patch elements and aperture FSS are perfectly 

complementary to each other due to these filtering properties, there are two 

main uses of the FSS. The first one is in reflector antennas, where FSS 

reflectors are employed to isolate the feeders of various bands. The second use 

is to use FSS as antenna radomes for flexible control of the transmitted and 

reflected E.M. waves [52-54]. As the FSS can be designed such that it has a 

small reflection coefficient, then the FSS can readily offer RCS reduction. 

 

2.4.3.1 FSS used as reflectors 

The FSS are usually used for selecting or filtering out E.M. waves at 

certain frequencies [53], [55], [56]. With this spatial filtering property, the FSS 

have been used to increase the operating bands of reflector antennas [57]. With 

the employment of proper FSS, the number of feeders in the reflector antenna 

is increased, and thus the number of operating bands can be increased. It was 

demonstrated that the transmission-line equivalent circuit can be utilized in 

the design of the FSS. 
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Figure 2.7 Some typical FSS element shapes [53]. 

 
Fig. 2.8 (a) Dipole antenna with the FSS reflectors (b) Top view. (c) 

Ribcage dipole antenna (d) the FSS unit cell [58]. 
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2.4.3.2 FSS used as antenna radomes 

In many circumstances, the antenna is shielded from wind, rain, 

sunlight, rays, ice, and high temperatures by a Radome (derived from 

Radar+Dome). Radomes are also used in airplanes and missiles.  The radome 

can be considered as a spatial filter that passes the wanted range of 

frequencies, while at the same time it should have a low RCS. The E.M. 

performance characteristics of radomes have been developed utilizing a 

variety of methodologies and techniques, including resonant, anisotropic 

constructions, metamaterials, and frequency selective services (FSS). One 

design example for the radome can be found in [59], as shown in Fig. (2.9). 

 

 

 

 

 

Figure 2.9: FSS-antenna-radome system [59]. 

2.4.4 Artificial Magnetic Conductors (AMC) 

An Artificial Magnetic Conductor (AMC) is a type of metamaterial that 

is used in several antennas and microwave design applications. Figure 2.10 

shows a typical design for a surface that offers metamaterial characteristics, 

among them zero or negative values of the equivalent permittivity and 

permeability. By careful deployment  of the unique properties of the 

metamaterials, the performance of many microwave devices can be improved 

[60]. The AMC is a metamaterial that tries to mimic the properties of a perfect 

magnetic conductor (PMC). The useful property of the PMC that is mimicked 
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by AMC is its ability to offer zero-degree reflection phases at the resonance 

frequency [61]. Zero or minimum reflection coefficient means very small RCS 

values. The RCS can be reduced using AMC technology where the RCS of 

Perfect Electric conductor PEC (original object) is reduced by the addition of 

an AMC. Since the PEC surface has a reflection phase of 180°, then to satisfy 

the condition of phase cancellation a reflection phase of 0° is required for the 

added metasurface to reduce the RCS. For example, in Fig. 2.11, the reflection 

phase response of additional RCS reduction, AMC metasurface is shown 

which has a reflection phase of 0 ° at 10 GHz. 

 
Figure 2.10 (a) An AMC formed of an array of unit cells. Each via is 

connected to the ground plane, (b) the equivalent LC circuit, and (c) the 

corresponding model [62]. 

 

 
Figure 2.11: Reflection Phase of RCS-Reducing AMC[63]. 
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2.4.5 Electromagnetic Band Gap (EBG) 

This type of structure is synthesized from an array of elements so that 

it offers unique characteristics [64-65]. They were widely employed in 

antenna designs due to their in-phase reflection coefficients across certain 

frequencies. The reflection coefficient phase of the EBG surface varies 

smoothly between +180◦ and −180◦ with the frequency of the incident wave. 

The EBG structure is often called an artificial magnetic conductor (AMC) 

when the reflection phase is between ±90◦ [66], and this property leads to 

using the AMC instead of a PEC ground plane [67].  

The (EBG) structures have favorable electromagnetic properties such 

as their phase response with frequency [40]. When combining two structures 

of a perfect electric conductor (PEC) and an EBG as a single unit, then the 

reflected wave from the unit will be altered due to the characteristics of EBG 

structures. The reflected fields are cancelled along the principal planes as the 

PEC and EBG structures have opposite phases at the resonant frequency. A 

square checkerboard surface can be designed to achieve destructive and 

constructive scattering patterns simultaneously leading to a reduction in the 

level of the scattered fields toward the observer, or a reduction in (RCS) of the 

target [10]. Figure (2.12) shows the square patch structure of EBG. 

 
Figure 2.12: EBG structure with square patch [68]. 
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2.4.6 Polarization Rotation Reflecting Surface (PRRS) 

Polarization is a basic property of E.M. waves, defined as “the direction 

that an electric field is oscillating in perpendicular to the direction of 

propagation” [69]. Some surfaces change the direction of polarization of the 

wave passing through them, and thus they are called polarization rotators. The 

polarization rotators are classified into two types: transmission and reflection, 

when these rotators and reflectors are combined, they form a single component 

known as polarization rotating reflective surfaces (PRRS). RCSR is one of the 

important applications of PRRS. The PRRS structure employed in this 

application may reflect the incoming wave with a 90-degree polarization 

rotation. 

A sample unit cell of PRRS structure is shown in Fig.2.13-a which 

shows the reflector as a square patch in the center and the rotators as at the 

corners of the unit cell. Unlike the AMC/EBG/FSS designs in which many 

types of unit cells are used for RCSR [70], only one type of PRRS unit cell is 

used in this method to form a checkerboard structure for the reduction of the 

RCS. 

 
Figure 2.13: The PRRS unit cell design (a) top view (b) Side view [71]. 
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2.4.7 Metasurface 

The metasurface is a 2D metamaterial structure typically made of 

inhomogeneous arrays of subwavelength elements [72], and they have been 

extensively used for radar cross-section reduction in the past decade. Diffusion 

metasurfaces have been used to backscatter energy randomly in many 

directions. Such metasurfaces have been prepared by assembling meta-

particles with various sizes and/or orientations so that a broadband and wide-

angle RCSR can be obtained. The diffusion metasurfaces [73-74] can be 

categorized into different groups realizing and focusing on some interesting 

functions and applications of them, such as polarization conversion 

metasurfaces [75-76]  checkerboard metasurfaces based on phase cancelation 

[77-78] coding and digital metasurfaces, [45], [79-80] phase gradient 

metasurfaces [81], and hybrid metasurfaces [82]. Figure 2.14 shows 

schematics of metasurface comprised of 10 × 10 subarrays. The subarrays 

have been randomly organized to acquire a random backscattering pattern. 

Each subarray become set as 3 × 3 meta-atoms. 

 
Figure 2.14: Schematics of an absorptive array metasurface [83]. 
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2.4.8 Opposite Phase Cancellation (OPC)  

 The last method is opposite phase cancellation (OPC). It was widely 

employed in many disciplines of optics, electromagnetics, and acoustics as an 

efficient means of suppressing vector fields [84]-[87]. Opposite phase 

cancellation (OPC) is a conventional approach for reducing RCS. The 

fundamental concept is to take use of the cancelling effects caused by the well-

known 180° phase difference between the matching reflection coefficients. 

Because the direction and frequency of incident wave is unpredictable in 

practice, stealth technology relies heavily on bandwidth and oblique incidence 

performance. 

In 2007, Paquay et al. proposed a RCS reduction method that uses 

planar structure. It supported a mix of artificial magnetic conductors (AMC) 

and perfect electrical conductors (PEC) in a checkerboard-like configuration, 

[88] as shown in Fig. 2.15. The backscattered field is effectively canceled by 

rerouting it to various angles. However, the slender reflection phase of the 

AMC restricts the RCS reduction frequency range. In [89], An outline of a 

planar monolayer chessboard is presented as a broadband RCS reduction 

AMC technology. Fragmentary bandwidth (FBW) of quite 40% is acquired 

by a monostatic RCS reduction greater than 10 dB. These rectangular board 

surfaces of periodic phase arrangement produce four scattering beams and 

bistatic RCS reduction of concerning 8.1 dB [88]– [91]. 
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Figure 2.15. Chessboard structure. The black squares represent the PEC 

elements and the white squares the AMC elements. The inset shows the 

unit cell [88]. 

 

           Balanis et al, in 2015 suggested the use of a hexagonal checkerboard 

surface with periodicity phase arrangement [92] as shown in Fig. 2.16, which 

offered a 10-dB RCS reduction bandwidth of around 61%. This can form six 

bistatic RCS lobes, resulting in additional bistatic RCS reduction. A 

chessboard AMC surface made up of saltire arrow and four-E-shaped unit 

cells offers an 85 % bandwidth for a 10 dB RCS reduction [93]. subsequently 

supplied in the dual wideband checkerboard surfaces [94], and showed a 10 

dB RCS reduction in the frequency bands of 3.94-7.40 GHz and 8.41-10.72 

GHz. They employed two dual-band electromagnetic bandgap (EBG) 

structures. 
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Figure 2.16. The fabricated hexagonal checkerboard ground plane 

combining EBG1 and EBG2 structures [92]. 
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CHAPTER THREE 

RADAR CROSS-SECTION REDUCTION USING FSS WITH 
CONDUCTIVE UNIT CELLS 

3.1 Introduction  

This section investigates the use of Frequency-Selective Surfaces FSS 

for the reduction of the radar cross-section of objects. The objects whose radar 

cross-section is to be reduced are in general conductive ones. The frequency 

of the radio waves used depends on the radar applications. Radar systems are 

often designated by the wavelength or frequency band in which they operate 

and it ranges from (0.3-100) GHz in this dissertation focused on the range of 

s band (2-4) GHz. Therefore, the FSS surfaces suitable for the cross-section 

reduction of these objects should have a conductive ground plane. Thus, the 

aim of this chapter is to design FSS unit cells that can offer a small reflection 

coefficient so that it can be utilized in reducing the radar cross-section. The 

CST Microwave Studio was used in the simulations. 

3.2 Design of the FSS Unit Cell 

In this chapter, the absorbing properties of various designs for FSS unit 

cells are investigated. The approach is to use the single ring design and also 

double ring design to obtain wide band property while keeping the FSS 

thickness at minimal without any air spacing between the resonating rings and 

the ground plane. Various designs are investigated to merge the two bands due 

to the two rings into a single wideband. This chapter is organized as follow, 

subsection (3.3.1) presents the basic design of the single ring FSS unit cell 

with various size of ring, subsection (3.3.2) presents the basic design of the 

double ring FSS unit cell with various size of the inner ring, while subsection 

(3.3.3) aims to meander the inner ring to obtain longer circumference 

approaching that of the outer ring. Subsection (3.3.4) investigates another 
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approach by using an opened inner ring to reduce the frequency of the second 

band. The characteristics of the three proposed designs are compared in 

subsection (3.3.5). 

3.3 Copper Unit Cell 

        The proposed FSS unit cells in this section include the ground plane made 

of copper and a ring also made of copper printed on one side of the FR-4 

substrate, for all the investigated designs (single ring, double rings, meander 

ring, and open ring).  

3.3.1 Single Square Ring 

The simulations started with a single square ring as shown in Fig. 3.1. 

The unit cell includes a ground plane of copper, Fr-4 substrate with relative 

permittivity εr=4.3, substrate thickness h=1.6 mm and copper thickness of the 

ground plane and the ring is 0.035 mm. With a single ring of copper, the unit 

cell dimensions L=19mm*19mm, the outer side length of ring L1 =15.6 mm, 

and width of the ring W=2mm were chosen. The inner side length of ring L2 

=L1-2*w=11.6 mm. Figure 3.1 also shows the direction of the electric field of 

the incident wave.  
 

 
Figure 3.1 The FSS unit cell geometry of single ring (a)” front view” 

(b)”side view”. 
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To measure the reflection coefficient of the proposed unit cell in the 

CST Microwave Studio a linear polarization using waveguide port to simulate 

the normaly incident wave (toward the negative direction of z-axis or w-axis) 

is used. Fig. 3.2 shows the unit cell with waveguide port that was used in the 

simulation. 

 
Figure 3.2 The unit cell with waveguide port for simulation using 

the CST Microwave studio. 

 

The most important factors connected to the unit cell and its relation to 

the resonant frequency and average circumference can be calculated from the 

following equations where 
λe = 

λo

√ εeff
  …………………………...……………………….…………..(3.1)                                                                                                                       

Where λo is the wavelength in air, and εeff is the effective relative dielectric 

constant of the FR-4 substrate that is given by [95]:  

𝜀𝑒𝑓𝑓 =
𝜀𝑟+1

2
+

𝜀𝑟−1

2
(1+12

h1

w
)

-0.5

   ………...……………..………………(3.2) 

When εr is the relative dielectric constant, (h1) or is substrate height, and W = 

ring width. The wavelength λo is given by: 
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λo= c/f  …………………………....………………………………………(3.3) 

When c is is the speed of light, and f is resonance frequency. 

From the geometry of Fig.1, the average circumference of the outer ring are 

given by 

 CRav = 4(L1-W)   …………………………………..……………...……(3.4) 

 The ring resonates at frequencies when its average circumference is equal to 

the effective wavelength as given below 

CRav = λe  …………………………………….……………………....…..(3.5) 

the average circumference of the ring = 4*
(𝐿1+𝐿2)

2
 ……………....……...(3.6)  

= 4*(L1-w) = 4*(L2+w) 

 

The results of the simulations for the reflection coefficient (S11) of the single 

ring FSS is illustrated in Fig. 3.3, for various of the ring side length L1.  

 
Figure 3.3 The reflection coefficient (S11) of the single ring FSS. 
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From Fig.3.2, it can be seen that the minimum value of reflection coefficient 

S11 is -12 dB occurs at about 3.2 GHz and the bandwidth is (39 MHz) and by 

decreasing the ring side length the resonance frequency will increase. 

Table (3.1) shows the results of using various values for inner ring side 

length. The right column of the Table shows the calculated ratio of the ring 

circumference to the effective wavelength at the resonance frequency (the 

frequency at which S11 is minimum). It can be seen that this ratio is always 

unity, indicating that at resonance the wavelength is equal to the average 

circumference of the ring, as predicted by Eq. 3.5.  

 

Table 3.1: The simulations of the single ring FSS with various ring length 

with εe=3.1568. 

case L 

mm 

W 

mm 

Freq 

GHz 

λo 

mm 

λe 

mm 

S11 

dB 

Circumference/ 

λe 

Case1 15.6 2 3.122 96.1 54 -12.04 1.007 

Case2 14.6 2 3.42 87.7 49.36 -11.3 1.02 

Case3 13.6 2 3.72 80.65 45.39 -10.6 1.02 

Case4 12.6 2 4.122 72.78 40.96 -10.15 1.035 

  

 

The surface current distribution on the square ring at the frequency of 3.2 GHz 

is illustrated in Fig.3.4, when the ring side length is equal to 15.6 mm. The 

current variation shows two peaks and two nulls indicating a complete one 

cycle along the ring circumference. This is a spatial verification of the relation 

predicted by Eq. 3.5.  
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Figure 3.4 The surface current distribution on a single square ring 

at 3.2 GHz frequency. 

  
3.3.2 Double Square Closed Ring 

The square shape is used as it offers similar responses to the incident 

vertical and horizontal polarizations, as well as more stability for the incidence 

angles [96]. To increase the bandwidth of the absorber, it was suggested to use 

another ring of a smaller size so that the obtained two bands can be joined 

together to obtain a wider band.  Figure 3.5 shows the proposed Unit cell, 

where the FR-4 substrate with relative permittivity εr=4.3, thickness of h=1.6 

mm and copper thickness of 0.035 mm is used. The unit cell dimensions 

L=19mm×19mm, outer ring side length L1 =15.6 mm, and width of ring 

W=2mm, and the inner ring size L2= 0.65*L1=10.14mm.  
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Figure 3.5 Double ring unit cell geometry (a)” front view” (b)”side 

view”. 
 

 

The results of the simulations for the reflection coefficient (S11) of the 

double ring unit cell is illustrated in Fig. 3.6, which show that there are two 

bands of low reflection, the first at about 3.2 GHz, while the frequency of the 

second band at 5.5 GHz, each ring of the unit cell is responsible for one of the 

low reflection band. 

 
Figure 3.6 The reflection coefficient (S11) of double ring unit cell. 
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In this design, two closed square rings are employed. The size of the 

inner ring was considered a design parameter as it was chosen to be a fraction 

of that of the outer ring (L2= S*L1), where (0 < s < 1). Figure 3.7 shows the 

variation of the reflection coefficient (S11) of double rings unit cell with 

frequency for different values of the inner ring. The results show two bands 

the first at about 3.2 GHz, and the second one at a higher frequency 

corresponding to size of the inner ring. The frequency of the upper band 

decreases as its size is increased.  

 

 
Figure 3.7 S11 of different values of the inner ring. 

 

To reduce the spacing between two band aiming to attain a single wide 

band, the inner ring side length was increased. However, the two rings overlap 

physically before the two band can be merged together. Table 3.2 shows the 

results of the simulations, where the right column confirms that the resonance 

occurs when the effective wavelength is equal to the circumference of the ring, 

and this is applicable for each of the two rings. The table also shows that the 

reflection coefficient can be reduced to below -11 dB.   
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The results of the Table show that there are two bands of low reflection, 

the first at about 3.2 GHz, while the frequency of the second band depends on 

the side length of the inner ring (L2). As the side length of the inner ring was 

increased from 0.5*L1 to 0.7*L1, the frequency of the upper band decreased 

from 7.6 GHz to 5.03 GHz. However, the frequency of the lower band was 

essentially unchanged.  

In Figures 3.8-a and 3.8-b, the surface current distribution on the double 

square ring is shown for frequencies of 3.2 GHz and 5 GHz, respectively, with 

using side lengths of 15.6 mm and 10.92 mm, respectively. Indicating a full 

one cycle around the ring's circumference, the present variation has two peaks 

and two nulls. A geographic verification of the relationship anticipated by Eq. 

3.5 is provided by this.   
 

 

Table 3.2: The simulation results of the double ring FSS with various 

dimensions with εe= 3.1568 

case L 

mm 

W 

mm 

λo 

mm 

Freq 

GHz 

λe 

mm 

S11 

dB 

Circumference

/ λe 

Outer 

ring 
15.6 2 95.23 3.15 53.598 -11.3 1.014 

1-inner 

ring 

 

0.5*L1 

7.8 2 39.73 7.55 22.36 -12.9 1.037 

2-inner 

ring 

 

0.6*L1 

9.36 2 49 6.11 27.578 -16.2 1.067 

3-inner 

ring 

 

0.65*L1 

10.14 2 55 5.45 30.95 -17.5 1.052 

4-inner 

ring 

 

0.7*L1 

10.92 2 59.6 5.0325 33.54 -26 1.063 
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Figure 3.8: The surface current on the double square ring (a) at 3.2 GHz 

(b) at 5 GHz. 

 

3.3.3 Double Ring Unit Cell with Meander Inner Ring 

The results of the last section show that it was not possible to eliminate 

the spacing between the upper and the lower bands, because increasing the 

circumference of the inner ring will lead to an overlap in between. Then, to 

increase the circumference of the inner one without increasing its overall size, 

it is suggested to meander the sides of the inner ring. Figure 3.9 shows the 

geometry of the proposed double ring unit cell, where two sides of the inner 

ring have been meandered. The path of meandering can be designed in two 

configurations, either meandering horizontal sides (Fig. 3.9-a) or meandering 

the vertical sides (Fig. 3.9-b). The unit cell dimensions used here were the 

same as of the previous case L=19*19 mm, w=2 mm, L1=15.6 mm and the 

inner ring side length was set at 0.65*L1= 10.14 mm, but the average 

circumference of inner ring after meandering is 47.78 mm. The incident wave 

is assumed to linear polarization whose electric field is along the vertical 

direction (V-axis).   
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Figure 3.9 Double rings unit cell with meandered rings (a) meandering the 

horizontal sides, (b) meandering the vertical sides. 

 

Figure 3.10 shows the variation of the reflection coefficient (S11) of the 

double ring’s unit cell for both of the configurations that are depicted in Fig. 

3.9. For the case shown in Fig. 3.9-a, where the horizontal sides of the inner 

rings are meandered, the reflection coefficient shows resonance at 3 GHz, with 

a minimum of -15 dB. There is also ansother resonance at 8.17 GHz, with 

higher reflection coefficient of -15 dB. However, for the other design of the 

FSS, where the meandering is along the vertical sides of the inner ring 

(Fig.3.9-b), the behavior is different. In this case, there are two close 

resonances at 3 GHz, and 3.53 GHz, that correspond to the outer and inner 

rings respectively. The values of the reflection coefficients are better than -20 

dB for both bands.   
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It can be said that when the meandering is in the same direction of the 

electric field, the extension in the length of the inner ring is effective. The 

meandering can be used to get longer circumference that helps to bring the 

second band nearer to the first one. However, with meandering applied only 

to one side pair, the orthogonal symmetry is lost, and the FSS unit cell will be 

sensitive to the direction of polarization.  

3.3.4 Double Ring Unit Cell with Open Inner Ring 

To reduce the resonance frequency of the inner ring and make it 

coincide with that of the outer ring, it is suggested here to use an open inner 

ring instead of the closed one as shown in Fig. 3.11. The idea behind that 

comes from the fact that an open ring resonates when its circumference is 

equal to half the effective wavelength.  Moreover, the length of the gap 

opening also affect the resonance frequency and can be used to tune the 

resonance frequency.  

 

 
Figure 3.10 The reflection coefficient S11 of double rings unit cell (inner 

ring is meandered). 
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Figure 3.11 Geometry of double rings unit cell (open inner ring). 

 

 

In the simulation for this FSS unit cell, the same dimensions of the 

previous two cases were used, with the exception of the inner ring. The inner 

ring side length of L2=0.65*L1 was used and the opening gap L3 was assumed 

as a design parameter. In the first investigated case, the gap was placed on the 

right side of the ring and the incident wave was linearly polarized in the X-

axis. The variation of the reflection coefficient with frequency is shown in Fig. 

3.12 for various values of the gap. The results show that the two frequency 

bands have been joined together to yield a wider band. The value of the gap 

distance can be used to optimize the width of the band and the value of 

minimum reflection. It can be shown that the gap distance (L3= 4 mm) has 

achieved a bandwidth of (132 MHz) for a reflection coefficient of better than 

-10 dB. 
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Figure 3.12 Reflection coefficient S11 of double rings unit cell (open inner 

ring). 

 

As seen in Fig. (3.11) the space between the two ends of the inner ring, 

L3 value will change from (4, 4.5, 5, and 6) mm to get the best result among 

them. Figure (3.12) shows the reflection coefficient S11 results of double rings 

unit cell with an open inner ring by changing the length of inner ring (or space 

between the two ends of open ring). Table 3.3 shows the results of changing 

the value of L3 according to Fig. (3.12). The response displays two 

neighboring minima that led to a 0.064 GHz bandwidth for the case of (L3=4.5 

mm) which is considered as best results after L3 = 4 mm. 

The relationship between the two minima and the two resonance 

frequencies that relate to the rings' diameter is as follows:  

The outer ring's circumference is equal to λe at its resonance frequency. At the 

ring's resonance frequency, the inner ring's circumference equals one-half of 

an λe. 
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Table 3.3 Simulation results of the double ring (open inner ring) with 

various lengths of L3 
Space between 

two ends 

Freq. of 

Lower 

Band (GHz) 

Freq. of 

Upper 

Band (GHz) 

BW of minima 

S11 (MHz) 

Min S11 dB 

L3=4 3.1 3.17 132 -27.4 

L3=4.5 3.12 3.22 64 -17.6 

L3=5 3.11 3.27 49 -13.5 

L3=6 3.12 3.36 46 -13.76 

 

To explain the effect of changing the polarization of the incident wave 

on the response of the reflection coefficient, the inner ring was rotated to direct 

its gap upwards as shown in Fig. 3.13. For this configuration, the electric field 

of the incident wave, is perpendicular to the gap spacing. Figure 3.14 shows 

the variation of the reflection coefficient with frequency for the FSS unit cell, 

for various spacing of the gap. The results show a very small effect of the gap 

spacing. The reason for the results shown in Fig. 3.12 and Fig. 3.14 can be 

explained by considering the gap as a capacitor, and the E-field of the incident 

wave is either along the gap (in Fig.3.11), or perpendicular to the gap (Fig. 

3.13). The value of the capacitance is not the same for the two cases. 

            Figure 3.14 shows that when the space between the two ends of open 

ring toward the X-axis the reflection coefficient and bandwidth (BW) are 

changed by changing the value of the space but when the space between the 

two ends of open ring is toward the Y-axis, the changing of the value of the 

space does not affect the reflection coefficient and bandwidth of the 1st 

resonance frequency at 3.2GHz, but caused a small shifting in the 2nd 

resonance. 
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Figure 3.13 Geometry of double rings unit cell (open 

inner ring). 

 

 
Figure 3.14: Reflection coefficient S11 of double rings (open inner ring) 

with changed the polarization. 

 

3.3.5 Comparing the Performance of the Proposed Designs 

         The obtained results of the former sections are tabulated in Table 3.4 for 

comparison. It can be seen that the FSS unit cell of the double ring with an 

open inner ring has the best results as it offered a minimum reflection 

coefficient S11= -27.4 dB, and the largest bandwidth of about 132 MHz 

However, this configuration is sensitive to the direction of the polarization. 
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3.4 The Ohmic Sheet or Resistive Sheet Unit Cell 

     In the former sections, the rings and ground plane were assumed of a very 

good conductor (copper with conductivity of 5.8 × 107S/m).  As the aim of 

these investigations is to reduce the radar cross-section by either reducing 

reflection from the FSS surface or absorbing some of the power in the incident 

wave, in this section the use of metals with lower conductivity than copper is 

investigated.  The measure of conducting is expressed through the definition 

of the sheet resistance.      

The term sheet resistance is a measure of the resistance of thin films 

that are nominally uniform in thickness. It is commonly used to characterize 

materials made by semiconductor doping, metal deposition, resistive paste 

printing, and glass coating. Sheet resistance is applicable to two-dimensional 

systems in which thin films are considered two-dimensional entities. When 

the term sheet resistance is used, it is implied that the current is passing along 

the plane of the sheet, not perpendicular to it. In a regular three-dimensional 

conductor, the resistance can be written as  

𝑅 = 𝜌
𝐿

𝐴
= 𝜌

𝐿

𝑊𝑡
   ……………………………………………………….(3.7) 

Table 3.4: Comparing the obtained results. 

 

Type of cell 

Freq. of Lower 

Band 

(GHz) 

Freq. of 

Upper Band 

(GHz) 

BW of 

minima S11 

(MHz) 

Min S11 

(dB) 

Single ring 3.2 9.6 93 -11 

Two square rings 3.15 5.0325 86 -26 

Square ring 

+ meandered 
3.01 3.53 51 -22.3 

Closed + open rings 3.03935 3.17 132 -27.4 

https://en.wikipedia.org/wiki/Electrical_resistance
https://en.wikipedia.org/wiki/Insulated_glazing
https://en.wikipedia.org/wiki/Electrical_resistance
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Where ρ is the resistivity of the sheet material, A is the cross-sectional area, L 

is the length. The cross-sectional area can be split into the width W,  and the 

sheet thickness t. Upon combining the resistivity with the thickness, the 

resistance can then be written as: 

 𝑅 =
𝜌

𝑡

𝐿

𝑊
 =Rs 

𝐿

𝑊
  ………………………………………………………..(3.8) 

Where Rs is the sheet resistance, whose unit is referred to as "ohms per square" 

(denoted "Ω/sq" or ""Ω/⸋"). The geometry for defining resistivity and sheet 

resistance shows in Fig 3.15 but in both cases the current is parallel to the L 

direction. 

 
Figure 3.15 Geometry for defining resistivity (left) and sheet resistance 

(right). 

3.4.1 Double ring unit cell 

In this case, the unit cell consists of an ohmic sheet ground plane, Fr-4 

substrate with relative permittivity εr=4.3, and double ring of ohmic sheet also, 

as seen in Fig. (3.16-a). The unit cell dimensions are: L=19 mm*19 mm, outer 

ring side length L1 =15.6 mm, and width of ring W=2mm the substrate height 

h=1.6 mm, the ground plane thickness =0.035 mm, the resistive sheet ring 

thickness mt=0.035 mm, and the inner ring L2= 0.65*L1=10.14 mm.  

The results of the simulations for the reflection coefficient (S11) 
variation with frequency, when using sheet resistivity of  (0.1, 10, 15 and 50) 

Ω/sq are shown in Fig. 3.17. These results are compared with those obtained 
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when copper was used. According to Fig. 3.17, when the sheet resistance is 

less than (0.1 Ω/sq), the reflection coefficient (S11) value approaches that of 

the copper example. The results also show that increasing the sheet resistance 

above (3 Ω/sq), the reflection coefficient start to increase for all frequencies, 

and the deep nulls start to disappear.   

 

 

 

Figure 3.16 Geometry of the unit cell (a) Ohmic sheet case (b) Copper 

case. 

 

 
Figure 3.17 Reflection coefficient response of the double ring ohmic sheet 

compared to that for using copper. 
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 3.4.2 Double Ring with Open Inner Ring Unit Cell 

In this case, the inner ring was opened, and the unit cell consists of a 

resistive sheet ground plane and rings, while the same Fr-4 substrate with 

relative permittivity εr=4.3, are taken as seen in Fig. (3.18). In the case of 

double ring unit cell with an open inner ring to optimize the results with 

minimum size of unit cell its dimensions will be taken as: L=18 mm×18 mm, 

outer ring side length L1 =14.15 mm, and width of ring W=2mm the substrate 

height h=1.6 mm and ground plane thickness =0.035mm and resistive sheet 

ring thickness mt=0.035 mm, and the inner ring L2= 0.65*L1=9.1975mm. The 

simulations' results for the reflection coefficient (S11) for various values of 

sheet resistivity are shown in Fig. 3.19, which shows that the sheet resistance 

increases other than that of copper, the reflection coefficient at the first and 

second frequencies start to increase from there minimum values that were 

achieved for copper. However, a region of low reflection starts to be obtained 

around the frequency of 14 GHz. This region has two local minima at (14.25 

GHz, and 17.17 GHz).  

 

Figure 3.18: Geometry of the double ring with open inner ring unit cell 

(a) ohmic sheet case (b) copper case. 
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Figure 3.19 Reflection coefficient response of the double ring (open inner 

ring) ohmic sheet compared with the copper case. 

 

Although the Ohmic loss increases with frequency in general, the 

resonances at these two frequencies have a pronounced effect. Moreover, at 

higher frequencies, the loss due to the substrate starts to show its effect. Table 

3.5 shows the 1st and 2nd minima frequency for each resistive value at double 

ring (open inner ring) unit cell. 

Table 3.5 1st and 2nd minima frequency for each resistive value. 

 

Resistive 

(Ω/sq) 

1st minima 

Frequency 

(GHz) 

S11  

(dB) 

2nd minima 

Frequency 

(GHz) 

S11  

(dB) 

0.1 3.56 -37.12 9.52 -12.12 

1 3.62 -4.95 9.48 -8.56 

5 14.2 -39.68 17.05 -38.45 

10 14.24 -13.82 17.16 -14.4 
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   Table 3.6 displays the simulation results for Fig. 3.18, when the resistivity 

of the sheet is changed. This confirms that at low resistivity, the resonance 

occurs when the effective wavelength is equal to the circumference of the ring, 

but at higher frequencies, it loses this characteristic, and this is true for both 

rings. Additionally, the Table demonstrates that the reflection coefficient may 

be lowered to below -39 dB.  

         For more insight into the effect of the sheet resistivity on the reflection 

coefficient, the sheet resistance was further increased in comparison with the 

values used in Fig. 3.19. As can be seen, when the sheet resistance is increased 

from that of copper, the nulls at the first two frequencies disappeared, and a 

sort of wide frequency response is achieved. The level of the reflection 

coefficient goes to less than -10 dB at sheet resistance of 100 Ω/sq and larger 

as illustrated in Fig. 3.21 which shows the results of the simulations for the 

reflection coefficient (S11) at resistivity of (0.1 ,15 ,50 and 150) Ω/sq. The 

reason for the results displayed in the Fig. 3.19 and Fig. 3.20 can be attributed 

to the fact that as the resistance increases the quality factor of any of the 

resonating rings decreases leading to a lower reflection coefficient at a wider 

frequency response. 

 

 

 

 

 

 

 

 



 

52 

 

Table 3.6 The simulations result of the unit cell with various values of 

resistivity, ring width=2mm, and ε e =3.157. 

case L 

(mm) 

λo 

(mm) 

Freq 

(GHz) 

λe 

(mm) 

S11 

(dB) 

Circumference/ 

λe 

 

1-outer ring 

0.1 Ω/sq 

 

 

14.15 

 

 

84.269 

 

 

3.56 

 

 

47.429 

 

 

-37.12 

 

 

1.024 

 

2-inner ring 

0.1 Ω/sq 

 

 

9.1975 

 

 

31.51 

 

 

9.52 

 

 

17.73 

 

 

-12.12 

 

 

1.424 

 

1-outer ring 

1 Ω/sq 

 

 

14.15 

 

 

82.87 

 

 

3.62 

 

 

46.64 

 

 

-4.95 

 

 

1.042 

 

2-inner ring 

1 Ω/sq 

 

9.1975 

 

31.6 

 

9.48 

 

17.78 

 

-8.56 

 

1.422 

 

1-outer ring 

5 Ω/sq 

 

 

14.15 

 

 

 

21.12 

 

 

14.2 

 

 

11.88 

 

 

-39.68 

 

 

1.224 

 

2-inner ring 

5 Ω/sq 

 

 

9.1975 

 

 

17.59 

 

 

17.05 

 

 

9.9 

 

 

-38.45 

 

 

2.55 

 

1-outer ring 

10 Ω/sq 

 

 

14.15 

 

 

21 

 

 

14.24 

 

 

11.82 

 

 

-13.82 

 

 

 

4.11 

 

2-inner ring 

10 Ω/sq 

 

9.1975 

 

17.48 

 

17.16 

 

9.8 

 

-14.4 

 

2.58 

Other simulations were performed using the ground plane and the 

substrate without the rings, so that any resonance effect due to the rings are 

excluded. The obtained results are shown in Fig. 3.21.  The figure shows that 

by increasing the sheet resistivity, the reflection coefficient increases, and at 

(100 Ω/sq) the reflection coefficient approached to -23 dB at high frequencies. 
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Fig. 3.20 Reflection coefficient response for variable sheet resistivity. 

 

 
Figure 3.21 Reflection coefficient response of GP and substrate without the 

of rings. 
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CHAPTER FOUR 
RADAR CROSS-SECTION REDUCTION USING 

RESISTIVE FSS UNIT CELLS 

4.1 Introduction 

A search in the literature related to the FSS and their use for the 

reduction of the RCS have shown that the majority of the published papers 

have used conducting elements in the investigated unit cells. It is well-known 

that conductors perform as very good reflectors at a wide range of frequencies. 

The FSS elements were printed on available substrates that usually have low 

loss, as required by the majority of applications.  Therefore, if the FSS unit 

cell is to offer low reflection, and consequently a reduction in the radar cross-

section, the mechanism of reduction should be through a cancellation of 

various reflections from the FSS unit cell.             

The results of chapter three show moderate improvements in the 

performance of the FSS cell as an absorber to reduce the radar cross-section. 

In the following sections of this chapter, the feasibility of achieving improved 

reduction is investigated by employing resistive sheets or rings in addition to 

the conducting elements.  The idea behind this is to provide power-absorbing 

elements that can help to reduce the reflected power from the FSS surface. 

The investigated FSS unit cells are the double closed rings, double rings with 

an open inner ring with the insertion of the carbon paste. The proposed FSS 

unit cells are investigated by various combinations of elements in the region 

of carbon paste insertion, changing dimensions of the rings, the conductivity, 

and thickness of paste for proposed shapes of unit cells. 
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4.2 Double Closed Copper Rings with Carbon Paste 

In this section, the proposed FSS unit cell includes a copper ground 

plane, and copper rings printed on one side of the FR-4 substrate. Two designs 

are investigated; the first one has double closed copper rings with inserted a 

carbon paste layer in between the rings and at the center of the unit cell. The 

second case is a double copper rings with an open inner ring, and with 

inserting the carbon paste layer at various places on the surface of the FSS unit 

cell.  

In this case, the proposed unit cell includes double rings of copper 

printed on FR-4 substrate with relative permittivity εr=4.3, a thickness of 

h=1.6 mm and copper thickness of 0.035 mm, as shown in Fig. 4.1. The unit 

cell dimensions are L=19 mm×19 mm, outer ring side length L1 =15.6 mm, 

width of ring W= 0.1*L1= 1.56 mm, and the inner ring size L2= 

0.65*L1=10.14mm.  

 
Figure 4.1 Double ring unit cell geometry (a)” front view” (b)”side view”. 

 

 The simulation results for the reflection coefficient (S11) of the double ring 

unit cell are shown in Fig. 4.3. They demonstrate the existence of two low 

reflection bands, one at a frequency of about 3.2 GHz and the other at about 

5.3 GHz, with each ring of the unit cell being in charge of a separate low 

reflection band. 
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4.2.1 Double Closed Copper Rings with a Carbon Ring 

To increase the losses in the unit cell, and thus reduce the power of the 

reflected wave, a layer of carbon paste was placed between the two rings 

without changing the dimensions to get more absorption. The geometry of the 

proposed unit cell is shown in Fig. 4.2, where the carbon layer is marked in 

black. The properties of the carbon paste are electric conductivity δ =1.2 s/m, 

density Rho=1070 kg/m3, and carbon thickness is 0.035 mm, the thickness of 

the carbon layer used in sections 4.1, 4.2, and 4.4 was 0.035mm. The effect of 

the thickness of the carbon layer of the obtained results will be presented in 

section 4.5.   

The proposed unit cell was simulated using the CST microwave suit as 

it was used in chapter 3, and the obtained results are shown in Fig. 4.3. The 

figure shows that the minimum reflection coefficient is about -23 dB at a 

resonance of 3.5 GHz frequency.  

Figure 4.3 shows the variation of the reflection coefficient (S11) of the 

double ring unit cell for the two cases with and without carbon paste. The 

effect of the carbon paste layer is seen to shift the frequency of minimum 

reflection from 3 GHz to 3.5 GHz, and the bandwidth has changed from 

47.115 MHz to about 190 MHz. 

 
Figure 4.2 Double ring unit cell geometry with carbon paste layer placed in 

between the two rings. 
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To increase the bandwidth, it was decided to make some changes to the 

unit cell like increasing the carbon ring by decreasing the size of the inner ring 

so the inner ring side length L2 =0.6*L1 = 9.36 mm was used instead of 

0.65*L1 and the other parameters stay at the same values. Figure 4.4 shows 

that bandwidth is increased to 247.69 MHz but the resonance frequency is 

slightly shifted.  

 
Figure 4.4 Variation of the reflection coefficient with frequency for the 

double ring unit cell with carbon paste after decreasing the size of the inner 

ring. 

 

 
Figure 4.3 Variation of the reflection coefficient with frequency for the   

double ring unit cell with and without carbon paste. 
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4.2.2 Double Closed Copper Rings with a Carbon Ring and a 

Patch 

For further improvement in the response of the proposed unit cell, more 

carbon paste was added, by filling the square region inside the inner ring as 

shown in Fig. 4.5. The results of the simulations for the reflection coefficient 

(S11) of the unit cell are illustrated in Fig 4.6. It can be noticed that the 

frequency of minimum reflection is now 3.44 GHz compared to the case 

before adding the carbon layer at the center of the inner ring.  The bandwidth 

was also increased to 311.97 MHz from 247.69 MHz. The reason for these 

changes can be attributed to the increase in the regions of carbon paste at the 

unit cell. 

 
Figure 4.5 Double ring unit cell geometry with carbon paste ring and 

patch. 
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Figure 4.6 Reflection coefficient responses (S11) of the double ring with 

carbon layers between the rings and at the center of the inner ring. 

 

To reset the resonance frequency to 3.5 GHz, the length of the outer 

ring has been decreased to L1 =15.4 mm. The side length of rings is decreased 

to increase the resonance frequency from (3.35 to 3.5) GHz. Figure 4.7 shows 

the reflection coefficient (S11) after resetting the frequency to 3.5 GHz.  

 
Figure 4.7 Reflection coefficient of double ring unit cell with carbon ring 

and patch after decreasing the outer ring size. 
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              To draw comparisons among the three previous cases of unit cells, 

Fig. 4.8 and Fig. 4.9 show the geometry of the three cases of unit cells and 

their reflection coefficient S11 response, respectively. By comparing the three 

cases, it appears that the addition of the carbon paste to the unit cell causes an 

increase in the bandwidth of the reflection coefficient but it affected the 

resonance frequency. 

 
Figure 4.8 Geometry of unit cell (a) copper rings (b) adding carbon ring (c) 

adding carbon ring and patch at the center. 

 
Figure 4.9 Reflection coefficient results of the (copper rings, adding a 

carbon ring, and adding a carbon ring and path at the center). 

 

4.3 Double Rings with Opened Inner Ring 

The suggested unit cell in this section uses a double ring (with an open 

inner ring) of copper, and the same substrate of FR-4 substrate with relative 

permittivity εr=4.3, and a copper thickness of 0.035 mm. As shown in Fig. 

4.10, the unit cell's dimensions are L=18mm×18mm, the outer ring side length 
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L1 is 14.15 mm, the ring's width W = 0.1*L1 = 1.56 mm, and the inner ring 

size L2 = 0.65*L1 = 9.1975 mm. 

Figure 4.11 displays the simulation results for the reflection coefficient 

(S11) of the double ring unit cell (with an open inner ring). The response shows 

two adjacent minima that resulted in increased bandwidth of 172 MHz. The 

two minima correspond to two resonance frequencies that are related to the 

circumference of the rings by the following relation; 

Circumference of the outer ring = λe at the resonance frequency of the ring, 

Circumference of the inner ring = ½ λe at the resonance frequency of the ring, 

As it was discussed in chapter 3. 

   
Figure 4.10 Geometry of double rings unit cell (open inner ring). 

 

 
Figure 4.11 Reflection coefficient of the double ring with open inner ring 

unit cell. 
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4.3.1 Double Rings with Opened Inner Ring and Carbon Patch 

In this section, the carbon paste is inserted at the center of the inner ring 

forming a square patch as shown in Fig.4.12. The same carbon paste (δ =1.2 

s/m, Rho=1070 kg/m^3) was used, and the unit cell dimensions were 18 

mm×18 mm, L1 =14.15 mm L2 = 0.65*L1=9.1975, w= 2 mm. 

 
Figure 4.12 Double ring (open inner ring) with carbon square patch. 

The simulation results of the reflection coefficient (S11) of the double 

ring unit cell (open inner ring) with carbon square patch that is shown in Fig. 

4.13 which shows that the bandwidth is about 51 MHz, and minimum value 

of reflection coefficient is achieved at 3.53 GHz. This value of the bandwidth 

is smaller than that (172 MHz) before adding the carbon paste. 

 
Figure 4.13 S11 of the double ring unit cell (with open inner ring) when 

adding a carbon square patch at the center. 
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4.3.2 Double Rings with Opened Inner and Carbon Paste at the 

Inner Ring Opening 

The unit cell shape for the second case is shown in Fig. 4.14, which uses 

a double rings unit cell with an open inner ring and carbon paste inserted in 

the gap between the two ends of the inner ring. 

 
Figure 4.14 Double ring (open inner ring) unit cell with carbon in the 

internal ring opening. 

Figure 4.15 exhibits the reflection coefficient's simulation results (S11) of the 

double ring unit cell (open inner ring) with carbon paste in the internal ring 

opening. It shows that the bandwidth is around 47 MHz, and the minimum 

value of the reflection coefficient is obtained at 3.56 GHz. This value of 

bandwidth (172 MHz) is also smaller than that before adding the carbon paste. 

 
Figure 4.15 S11 of the double ring unit cell (with open inner ring) with 

carbon in the internal ring opening. 
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4.3.3 Double Rings with Opened Inner and Carbon Ring  

The unit cell shape for the third case, which uses a double rings unit cell 

(open inner ring) and the carbon paste was placed in the space between the 

two rings as a carbon ring, is shown in Fig. 4.16. 

 
Figure 4.16 Double ring unit cell (open inner ring) with carbon ring. 

 

The bandwidth is 175 MHz, and the minimum value of the reflection 

coefficient at 3.8 GHz, according to Fig. 4.17. This figure also shows the 

simulation results for the reflection coefficient (S11) of the double ring unit 

cell (open inner ring) with a carbon ring compared to the initial case before 

adding a carbon ring. The carbon ring has led to a 3 MHz increase in the 

bandwidth. 

 
Figure 4.17 S11 of the double ring unit cell (open inner ring) with carbon 

ring. 
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The geometry of the double rings unit cells (open inner ring) for the 

cases of insertion of a carbon paste at one region at different places for each 

case of previous efforts are shown in Fig. 4.18. 

 
Figure 4.18 Geometry of the double ring unit cells (open inner ring) cases 

with carbon in one region of unit cell. 

The variation of the reflection coefficient with frequency for the cases 

of inserting carbon paste into one region are shown in Fig. 4.19. The figure 

illustrates that the insertion of carbon as a ring in the space between two copper 

rings leads to an increase in the bandwidth to about 175 MHz, which is 

considered as the best result among the other cases but with changing the 

resonance frequency to about 3.8 GHz. The shift in the resonance frequency 

to a slightly higher value can be compensated for by a slight increase in the 

size of the rings.  

 
Figure 4.19 Reflection coefficient comparison of cases of unit cells with 

carbon in one region. 



 

66 

 

4.3.4 Double Rings with Opened Inner Ring Filled with Carbon 

Paste 

This section investigates the case when using a carbon paste in two 

regions; inside the inner ring and in its opening as illustrated in Fig. 4.20. The 

unit cell dimensions are 18 mm×18 mm, L1 = 14.15 mm L2 = 

0.65*L1=9.1975 mm, and w=2 mm. 

 
Figure 4.20 Double ring unit cell (open inner ring) with carbon in the 

square patch and at the inner ring opening. 

Figure 4.21 displays the simulation results for the reflection coefficient 

(S11) of the double ring unit cell, with the open inner ring filled with carbon 

paste. The obtained result is compared to that without using the carbon paste. 

The bandwidth is approximately 82 MHz, and the minimum value of the 

reflection coefficient is at 3.5 GHz. The placement of the carbon paste did not 

improve the performance.  

 
Figure 4.21 S11 of the double ring unit cell (open inner ring) with carbon in 

the square patch and at the space between two ends of the inner ring.  
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4.3.5 Double rings with opened inner ring, carbon ring and 

carbon patch 

In this section, a double rings unit cell with an open inner ring and 

carbon paste placed at the square patch, and in between the two rings, as shown 

in Fig. 4.22, is investigated. The simulation results for the reflection 

coefficient (S11) are shown in Fig. 4.23, which reveal that at 3.9 GHz the 

minimum value of the reflection coefficient is -20 dB, and the bandwidth is 

282 MHz. Compared to the case without the carbon paste, the achieved 

bandwidth is larger and the minimum value of the reflection coefficient is 

smaller. Again, the shift in the frequency of minimum reflection can be 

compensated by an increase in the size of the ring.  

 
Figure 4.22 Double ring unit cell (open inner ring) with carbon ring and 

patch. 

 
Figure 4.23 Reflection coefficient of the double ring unit cell (open inner 

ring) with carbon in the square patch and at the space between two rings. 
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4.3.6 Double Rings with Opened Inner and Carbon at the Inner 

Ring Opening and Carbon Ring 

Figure 4.24 depicts the unit cell shape for the third case of inserting 

carbon paste in two regions; the opening of the inner and in between the two 

rings. 

 
Figure 4.24 Double ring unit cell (with open inner ring) with carbon ring 

and carbon in the inner ring opening. 

Figure 4.25 shows the obtained simulation results of the reflection 

coefficient (S11) for the unit cell design shown in Fig. 4.24. The bandwidth 

and the frequency of the minimum reflection coefficient value are 225 MHz 

and 3.9 GHz, respectively. These values are better than those before adding 

the carbon paste. 

 
Figure 4.25 S11 of the double ring unit cell (open inner ring) with carbon 

ring and carbon in the inner ring opening together. 

The geometries of the three previous cases of unit cells by adding 

carbon paste in two regions together are compared with the copper case as 
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shown in Fig. 4.26. The variations in the reflection coefficient with frequency 

for the three cases are shown in Fig. 4.27. The figure shows how the addition 

of carbon to the area between two rings and at a square patch at the center of 

the unit cell together increased the bandwidth to about 282 MHz, which was 

thought to be the best outcome of the studied cases, but at the expense of 

increasing the resonance frequency to 3.8 GHz (or by 8.6%). This shift in the 

frequency can be compensated for by increasing the size of the ring. 

 
Figure 4.26 Geometries of the unit cells with carbon in two regions 

together compared with copper ring case. 

 

 
Figure 4.27 Reflection coefficient comparison of cases with carbon in two 

regions. 
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4.3.7 Double Rings with Opened Inner and Carbon Paste in 

between them 

         To demonstrate the impact of increasing the carbon region on the 

reflection coefficient S11, the proposed unit cell is shown in Fig. 4.28-b, with 

the dimensions of 18 mm, L1 = 14.15 mm, L2 = 0.65*L1=9.1975 mm, and 

w=2 mm. Figure 4.29 shows the obtained reflection coefficient (S11) results 

compared to the case without the carbon paste. The effect of adding the carbon 

paste is an increased bandwidth to 327 MHz, and the resonance frequency 

moved to 3.89 GHz. 

 
Figure 4.28 Unit cell geometry (a) copper rings (b) carbon at three regions 

together. 

 
Figure 4.29 Variation of the reflection coefficient double ring unit cell 

(open inner ring) with carbon in three rings compared with the copper case. 
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The obtained results in the former sections are tabulated in Table 4.1 

for comparison. It can be seen that the FSS unit cell of the double ring with an 

open inner ring has the best results collected according to the bandwidth of 

minimum reflection coefficient S11 by adding the carbon paste in three regions, 

but the value of S11 is less than other cases. 

Table 4.1 Comparison of best results for cases of carbon region 

distribution.  

Type of case Resonance 

Frequency (GHz) 

BW  

(MHz) 

Min S11  

(dB) 

Copper rings 3.5 172 -14.2 

Carbon paste at one 

region 

3.8 175 -22.9 

Carbon paste at two 

regions 

3.92 282 -19.9 

Carbon paste at three 

regions 

3.89 327 -18.3 

 

4.4 FSS Cells Using Rings of Carbon Paste 

The proposed FSS unit cells in this section are formed of a carbon 

ground plane and rings printed with carbon on one side of the FR-4 substrate. 

The rings are divided into two cases, with the first case being a double closed 

carbon ring, while in the second case the inner is opened. The volume 

resistivity of the used carbon paste (v) =0.833 ·m, volume conductivity of 

carbon paste (δv) =1.2 S/m, density @25 °C =1070 kg/m3. 

4.4.1 Double Closed Rings Carbon Paste Unit Cell 

 In this case, the proposed unit cell includes a double ring of carbon 

paste with FR-4 substrate with relative permittivity εr=4.3, and a thickness of 

h=1.6 mm is used. The unit cell dimensions are L=19 mm×19 mm, outer ring 
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side length L1 =15.4 mm, width of ring W= 2 mm, and the inner ring size L2= 

0.6*L1=9.24 mm. Figure 4.30 shows the unit cell in two cases with carbon 

ground plane and cooper ground plane respectively. The results of the 

simulations for the reflection coefficient (S11) of the double ring unit cell are 

illustrated in Fig. 4.31, which shows that the first minimum value of the 

reflection coefficient has reached -21 dB at 10 GHz for the carbon ground 

plane case. However, the reflection coefficient (S11) for the cooper ground 

plane case doesn’t reach the limit of -10 dB.  

 

 
Figure 4.30 Geometry of the carbon rings unit cells (a) carbon ground 

plane, (b) copper ground plane. 

 

 
Figure 4.31 Reflection coefficient of the double ring unit cell for carbon 

ground plane and copper ground plane. 
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4.4.1.1 Carbon Ground Plane (GP) with Substrate Unit Cell 

 In this case, the suggested unit cell consists of FR-4 substrate with 

relative permittivity εr=4.3 and a ground plane that’s made of carbon paste 

(electric cond. =1.2 s/m, Rho=1070 kg/m^3) with a thickness of 0.035 mm as 

illustrates in Fig. 4.32. Figure 4.33 shows the reflection coefficient (S11) 

results indicating the frequency of minimum reflection coefficient at 9.7 GHz 

and 8.6 GHz, respectively. The corresponding bandwidths are 6.6 GHz and 

10.4 GHz respectively. 

 
Figure 4.32 Unit cell geometry contains carbon GP and substrate. 

 

 
Figure 4.33 Variation of the reflection coefficient of unit cell contains 

carbon GP and substrate. 

 

4.4.1.2 Ground Plane and Outer Ring of Carbon Paste 

 In this case, the suggested unit cell consists of FR-4 Substrate and 

carbon ground plane, and the outer ring is also of carbon paste. The unit cell 

dimensions L=19 mm×19 mm, outer ring side length L1 =15.4 mm, and width 
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of ring W= 2 mm, as illustrated in Fig. 4.34. Figure 4.35 exhibits the reflection 

coefficient results (S11) that indicate a bandwidth of 8.3 GHz, and the 

minimum value of the reflection coefficient is -41 dB at a frequency of 9.5 

GHz. 

 

 
Figure 4.34 Unit cell geometry contains carbon GP and outer ring. 

 
Figure 4.35 Variation of the reflection coefficient of unit cell which 

contains carbon GP and outer ring. 

 

 

4.4.1.3 Carbon Ground Plane with Inner Ring 

The proposed unit cell in this instance is composed of a FR-4 substrate, 

a carbon ground plane and an inner ring. The unit cell dimensions: L=19 mm 

x 19 mm, L2=0.6*L1=9.24 mm, and W=2 mm for the ring width, as shown in 

Fig. 4.36. The reflection coefficient response has achieved a bandwidth of 7.7 

GHz, and the minimum reflection coefficient is -36.5 dB at a frequency of 9.6 

GHz, as can be seen from Fig. 4.37.   
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The variation of the reflection coefficient with frequency for the 

previous cases are compared in Fig. 4.38, which illustrates that the carbon 

ground plane is responsible for the maximum effect on the bandwidth, and by 

using the double ring carbon paste is considered the best result among the 

other cases as regards to the bandwidth. 

 
Figure 4.36 Unit cell geometry contains carbon GP and inner ring. 

 

 
Figure 4.37 Reflection coefficient of the unit cell that contains carbon GP 

and inner ring. 
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Figure 4.38 Reflection coefficient comparison for each case of closed ring 

carbon unit cell. 

 

 

4.4.2 Double Ring (Open Inner Ring) Carbon Paste Unit Cell 

 In this case, a double ring of carbon paste (open inner ring) with a FR-

4 substrate is employed in the suggested unit cell as shown in Fig.4.39.  The 

unit cell in two cases with dimensions L=18 mm×18 mm, outer ring side 

length L1 =15.1 mm, width of ring W= 2 mm, and the inner ring size L2= 

0.6*L1=9.06 mm. The results of the reflection coefficient (S11) of the double 

ring unit cell is illustrated in Fig. 4.40, which shows that the minimum value 

of the reflection coefficient is -17.5 dB at 8.4 GHz for the carbon GP plane 

case, while the reflection coefficient (S11) for cooper GP case doesn’t reach to 

-10 dB even up to 20 GHz frequency.  

 Unit cells were employed for the ground plane (GP) with substrate 

only, GP with substrate and inner ring, and GP with substrate and inner ring 

to explore the effects of the ground plane and each ring on the resonance 

frequency and the reflection coefficient, as shown in the following 

subsections. 
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Figure 4.39 Geometry of double ring (open inner ring) unit cells (a) carbon 

GP, (b) copper GP. 

 
Figure 4.40 Reflection coefficient of the double ring (open inner ring) unit 

cell for carbon GP and copper GP. 

4.4.2.1 Carbon Ground Plane with Substrate Unit Cell 

 As shown in Fig. 4.30, the recommended unit cell, in this case, 

consists of a carbon paste ground plane with a thickness of 0.035 mm and a 

FR-4 substrate with a relative permittivity of 4.3 and 1.2 s/m. Figure 4.41 

shows the reflection coefficient (S11) simulation results of the unit cell (carbon 

paste GP and substrate). The values are shown for the bandwidth and the 

frequency of minimum reflection coefficient values are 6.6 GHz and 8.5 GHz, 

respectively. 
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Figure 4.41 variation of the reflection coefficient of the unit cell containing 

carbon GP and substrate. 

 

 

4.4.2.2 Carbon Ground Plane with Outer Ring 

  In this case, the proposed unit cell is constructed of a FR-4 substrate, 

a carbon GP with an electrical cond. of 1.2 s/m, and an outside ring also made 

of carbon paste, as shown in Fig. 4.34, and the unit cell has the following 

dimensions: L=18 mm×18 mm, L1 = 15.1 mm for the outer ring side, and W= 

2 mm for the ring width. Figure 4.42 exhibits the reflection coefficient's results 

(S11) of the unit cell where the bandwidth is 9.2 GHz, and the minimum value 

of the reflection coefficient is -23 dB at a frequency of 9.8 GHz. It is noticed 

that inserting the ring doesn’t make a large effect on resonance frequency but 

reduces the reflection coefficient by 6 dB, and also increases the bandwidth. 



 

79 

 

 
Figure 4.42 Reflection coefficient of the unit cell that contains carbon GP 

and outer ring. 

 

4.4.2.3 Carbon Ground Plane with Opened Inner Ring 

The proposed unit cell in this instance is composed of a FR-4 substrate, 

a ground plane made of carbon paste, and an outside ring also made of carbon 

paste. The unit cell dimensions: L=18 mm x 18 mm, L2=0.6*L1=9.06 mm, 

and the space between two ends of the inner ring is 3.5 mm ,and W=2 mm for 

the ring width, as shown in Fig. 4.43. The obtained frequency response for this 

unit cell (Fi4.44) shows a bandwidth is 8.5 GHz, and the minimum value of 

the reflection coefficient is -43 dB at a frequency of 8.45 GHz. 

 
Figure 4.43 Unit cell geometry contains carbon GP and an open inner ring. 
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Figure 4.44 Reflection coefficient for the unit cell that contains carbon GP 

and inner ring. 

 

The variation of the reflection coefficient with the frequency for the 

previous cases is compared as shown in Fig. 4.45. This figure illustrates that 

the double ring of carbon with the ground plane is considered the best result 

among the other cases according to the bandwidth, the value of the bandwidth 

is about 10.3 GHz, but the value of the reflection coefficient is somehow larger 

but still less than -17 dB than other cases. 

 
Figure 4.45 Reflection coefficient comparison for each case of carbon unit 

cell. 
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4.5 Effect of Changing Parameters on Single Ring Carbon 

Paste Unit Cell 

This section focused on the effect of changing some parameters on the 

unit cell like: the side length of the ring, the width of the ring, the thickness of 

the carbon paste, and conductivity on the values of reflection coefficient and 

bandwidth. The following subsections deal with the parameter changes 

according to the reflection coefficient value, frequency of minimum S11, and 

bandwidth. 

4.5.1 Changing the Side Length of the Ring 

In the beginning, this subsection discusses the effect of changing the 

side length (L1) of the single ring unit cell. The proposed unit cell includes a 

single ring of carbon paste. The unit cell dimensions L=19 mm×19 mm, the 

width of ring W= 0.1*L1 mm, as seen in Fig. 4.34. The variation of reflection 

coefficient is shown in Fig.4.46 for various values of the side ring length (6 to 

18) mm, also Table 4.2 contains more details on the results of the ring lengths. 

From Fig. 4.46, it can be seen that the changing of ring length doesn’t 

affect the resonance frequency, as it remained about 9.25 GHz, for sides sizes 

(L1) between 6 mm and 18 mm.  However, the minimum value of the 

reflection coefficient (S11) varied between -24 dB to -46 dB. On the other hand, 

the bandwidth changed between 7 GHz to 9.5 GHz.  
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Figure 4.46 Reflection coefficient comparison for changing the side length 

of the ring with w=0.1*L1. 

 

In this subsection, a single ring of width W= 2 mm was used while in 

the previous case 0.1*L1 was used as the width of the ring, as seen in Fig. 

4.34. Figure 4.47 show the reflection coefficient response S11 by changing the 

ring widths for various ring length. Table 4.2 deals with more detailed results 

for various ring side lengths with using two cases of ring width to compare the 

results. 

From Fig. 4.47 and Table 4.2, it is noticed that: The frequency of Min. 

S11 remained at about 9.35 GHz, indicating small resonance sensitivity, the 

value of the minimum S11 changed between -23.55 dB and -66.5 dB, and the 

bandwidth changed between 7.03 GHz and 9.566 GHz 
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Figure 4.47 Reflection coefficient comparison for changing the side length 

of the ring with W =2. 

      

 

Table 4.2 Simulation results of changing side ring length, and ring width. 

Ring side 

length 

(mm) 

Ring width 

(mm) 

Freq. of Min. 

S11 

(GHz) 

Min. S11 

(dB) 

BW 

(GHz) 

6 0.6 8.8 -23.55 7.03 

6 2 9.02 -37.82 7.92 

8 0.8 8.94 -25.16 7.28 

8 2 9.1 -66.5 7.956 

10 1 9.1 -28 7.67 

10 2 9.2 -32.6 8.594 

13 1.3 9.34 -38.08 8.27 

13 2 9.4 -26.2 9.34 

14 1.4 9.42 -46.55 8.437 

14 2 9.45 -25.52 9.566 

15 1.5 9.48 -46.4 8.44 

15 2 9.51 -25.52 9.28 

16 1.6 9.54 -36.8 8.437 

16 2 9.55 -25.05 8.97 

17 1.7 9.62 -33.4 8.576 

17 2 9.64 -25.3 8.74 

18 1.8 9.7 -30.2 9.017 

18 2 9.74 -25.36 9.12 



 

84 

 

4.5.2 Changing the Thickness of The Ground Plane 

In the second case of the single ring unit cell, as seen in Fig. 4.34, there 

was a change in the carbon thickness from (0.035 to 2) mm. Figure 4.48 shows 

the effect of changing GP thickness on the reflection coefficient S11. From Fig. 

4.48 its noticed that with changing of carbon GP thickness, the value of the 

reflection coefficient (S11) response doesn’t affected and it stayed as same as 

for other values of GP thickness  

 
Figure 4.48 Reflection coefficient comparison for changing carbon ground 

plane thickness. 

 

4.5.3 Changing the Conductivity of the Carbon Paste 

The following case show the results of changing the side length of ring, 

width of ring and conductivity, altogether. Table 4.3 shows the S11 response 

by changing the conductivity to (1, 1.5, 5, 10, 50 and 100) s/m, and using two 

ring widths (0.1*L1 mm and 2 mm) for each ring length. (6, 10, 15, and 18) 

mm and frequency of minimum value of S11. 
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Table 4.3 simulation results of changing length, width, and conductivity. 

Ring side 

length 

(mm) 

Ring width 

(mm) 

 

Conductivity 

value 

(s/m) 

Freq. of 

Min. 

S11(GHz) 

Min. S11 

(dB) 

BW 

(GHz) 

6 0.6 1 8.24 -22.03 6.82 

6 2 1 8.45 -31.75 7.38 

6 0.6 1.5 9.5 -25.5 7.26 

6 2 1.5 9.75 -57.2 8.02 

6 0.6 5 13.85 -28.2 8.2 

6 2 5 14.06 -35.55 8.67 

6 0.6 10 16.3 21.5 7.9 

6 2 10 16.3 -30.94 8.87 

6 0.6 50 20.1 -11.04 3.15 

6 2 50 19.6 -15.35 6.24 

6 0.6 1000 18.76 -5.24 0 

6 2 1000 19.21 -14.8 0.533 

 

10 1 1 8.54 -25.28 7.45 

10 2 1 8.634 -43.87 8.36 

10 1 1.5 9.83 -32.3 7.83 

10 2 1.5 9.88 -27.45 8.72 

10 1 5 14.23 -45.8 8.81 

10 2 5 14.65 -21 9.35 

10 1 10 16.75 -29.55 8.64 

10 2 10 16.5 -23.9 9.53 

10 1 50 20.6 -12.55 4.6 

10 2 50 20.8 -19.92 6.77 

10 1 1000 15.82 -9.12 0 

10 2 1000 15.98 -26 0.519 

 

15 1.5 1 8.93 -39.36 8.41 

15 2 1 9 -28.17 9.16 

15 1.5 1.5 10.18 -33.23 8.55 

15 2 1.5 10.15 -22.7 9.28 

15 1.5 5 13.95 -23.2 9.48 

15 2 5 13.6 -17 9.7 

15 1.5 10 15.72 -23.7 9.06 

15 2 10 15.3 -16.3 8.89 

15 1.5 50 20.82 -21.76 6.74 

15 2 50 20.58 -31 7.06 

15 1.5 1000 18.06 -35.98 0.439 
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15 2 1000 17.75 -40 0.51 

 

18 1.8 1 9.2 -36.25 9.14 

18 2 1 9.28 -28.58 9.51 

18 1.8 1.5 10.32 -26.34 8.67 

18 2 1.5 10.33 -22.95 8.82 

18 1.8 5 13.65 -19.9 7.15 

18 2 5 13.6 17.7 6.69 

18 1.8 10 15.35 -21.38 9 

18 2 10 15.3 -18.55 5.5 

18 1.8 50 17.45 -23.65 7.69 

18 2 50 17.26 -27.9 2.62 

18 1.8 1000 21.56 -22.4 3.82 

18 2 1000 23.36 -19.6 4 

 

From Table 4.3, it can be seen that by increasing the width of the ring 

with same conductivity will cause an increase in resonance frequency and the 

bandwidth. However, when increasing the conductivity with same width of 

ring the cell will suffer from increasing in the bandwidth until conductivity 

about 5 the bandwidth starts to decrease by increasing the conductivity. 
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CHAPTER FIVE 

CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

The radar cross-section (RCS), which is a measurement of a target's 

ability to reflect the incoming radar wave, is an important parameter 

characterizing a wide range of objects like airplanes, drones, rockets, and 

ships. There has been an increasing interest in the reduction of the radar cross-

section of objects for a wide range of applications. Due to their lower 

electromagnetic wave reflection than metals, composite materials like wood 

and materials were first used to make airplanes in an effort to lessen their 

detectability. Other synthetic martials have later been used to reduce the radar 

cross-section. 

      The dissertation deals with radar cross-section of the targets and studies 

how it can be reduced using single-layer frequency-selective surfaces (FSS) 

unit cells. The goal of this study is to develop FSS unit cells with a low 

reflection coefficient so that they may be used to reduce the radar cross-

section. The investigations comprises theoretical analysis and simulations 

using the CST Microwave Studio. The main contributions of this dissertation 

can be summarized as follows: 

1- The targets intended for decreasing the radar cross-section are often 

conductive items. As a result, conductive ground planes should be present 

on the FSS surfaces that will be suggested as solutions for reducing the 

cross-section of these items. 

2- The scattering parameters can be used for assessing the performance of the 

designed FSS unit cells that are suggested in order to achieve wide band 

capabilities. To reduce the thickness of the FSS radar absorber, the air gaps 

between the resonating rings and the ground plane can be removed.  
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3- The elements of the FSS unit cell, which has the form of closed ring 

resonates at a frequency such that the average circumference of the ring 

equals the effective wavelength. The value of the effective wavelength is 

influenced by the permittivity of the substrate, its thickness, and the ring 

width. 

4- When two rings or loops are used, two minima are obtained in the frequency 

response of the reflection coefficient. The two resonance frequencies are 

related to sizes of the two rings. 

5- The use of another smaller ring in addition to the first outer ring was agreed 

upon in order to combine the two bands that were acquired into one bigger 

band and improve the bandwidth of the absorber.  

6- The reason of using closed rings in the unit cell is that the circular form 

offers similar responses to the incident vertical and horizontal 

polarizations. 

7- It has been demonstrated that the dual band of the double ring design can 

be developed to offer a single and wide band by employing a split inner 

ring with the outer ring. That is based on the observation that an open ring 

resonates when its circumference is half the effective wavelength, 

circumference of the inner ring = ½ λe at the resonance frequency. 

Additionally, the space between the two ends of the open ring influences 

the resonance frequency and may be utilized to modify it. 

8- The intention from meandering the inner ring and expanding its 

circumference is to achieve nearly equal value to that of the outer ring in 

order to combine the bandwidth that results from the outer ring and inner 

ring together. 

9- As a result of the meandering and splitting, a polarization-sensitive property 

is produced. 
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10- The employment of resistive sheets or rings in addition to the conducting 

elements showed more reduction in the reflection coefficient as the 

resistive sheet provides power-absorbing component.  

11- The results demonstrate that as sheet resistance is increased above (3 /sq), 

reflection coefficients start to fall for all frequencies and the deep nulls due 

to the resonance begin to disappear at double closed resistive ring. 

12- For the proposed FSS cells, where the carbon paste was used, the 

conductivity, paste thickness, ring size changes, and different 

combinations of components were all found to affect the performance of 

the FSS unit cells.  
13- The insertion of the carbon paste into the FSS unit cell reduces the 

reflection coefficient and enhanced the bandwidth but caused a shifting in 

the resonance frequency. The shift in the resonance frequency can be 

compensated by a slight change in the size of the rings. 

5.2 Future Works 

The following aspects can be considered to extend the work done in this 

dissertation: 

1- Investigation of other shapes like the circular one for the unit cell that 

is expected to give better performance in bandwidth and reflection 

coefficient as it has full circular symmetry. 

2- Assessing the performance of the FSS for the cases of oblique incidence 

and the equivalent circuit under different angles of incidence. 

3-  Investigation of the convoluted unit cell and finding the equivalent 

circuit and the resonance frequencies. 

4- Searching for the relation between the resonance frequency, the ring 

dimensions and the resistivity of the carbon paste.  
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 الخلاصة

لمجموعااو ستةاااااااااااااا ااو ي   باا ساماااااااااااااااا زتلخاا    ي لرتدتر تتلمقطع لخفض هناا ا تهاماا ز يا ت اا  
لاصنيع تلط ئرتت في  تلاخرى تلموتد ب ض  تم تةاخ تز تلموتد تلمركبو يثل تلخشب س حيث لاطبيق ت.ت

   يق رنو بمااااابب تنخف ك تن ك و تلموا ت تلغ رسيسن  يمااااايو عن تكاشااااا ف  يح سلو للح  ي  إيك نيو 
 . ب لم  دن

للاردد  ويح تلاناق ئو ب ةاااااااااااااخ تز تلمااااااااااااط ي للأه تفلرتدتر تتلمقطع في خفض تبحث تلا رسحو 
(FSS) .إنشاااااااااااااا   خ ي  س  تح ديو تلطبقو (FSS)  ذتت ي  يل تن ك و ينخفض هو تل  ف ي  هذت

تحليً   اضاااام  تلبحث كم  س  .تلمقطع تلرتدتري للأةااااطم تلمماااااو وتل مل ي  أال تةاااااخ تي   لاقليل 
 (.CST Microwave Studio) ب ةاخ تز يح ك ةً  نظر  ً 

ق ت يرب و ي دساو يطبوعو على ا نب ستح  ي  تلركي ة ب ةااااااخ تز حل (FSS) تمت درتةاااااو 
تأثير تسيير حجم تلحلق ت سعرضااا   ت درتةاااو س تم, تلمقطع تلرتدتري للأةاااطم تلممااااو ولاحماااي  أدت  

ي  تق  ع نط قي تةاااااااااااج بو تردديو س تلن تج للحصااااااااااون على عرك نط   أسةااااااااااع , على تردد تلرني 
للحلق ت تلم دساو ، تم تةاااااااااااااااخ تز حلقو دتخليو يا راو لاقر ب يحيط   ي  يحيج تلحلقو تلخ رايو ، 

عند  eλ0.5مفاوحو يمااااااااا سي تقر ب  تلحلقو تليحيج لان ب لإضااااااااا فو إلى تةااااااااااخ تز حلقو دتخليو يفاوحو 

يثل حجم تلحلقو سعرك  خليوتلفي  ل وتيلتذلك تم فحص تأثير تسيير ب ض  تلى ب لإضاااااا فو. الرنين
 .تلحلقو ستلمم فو بي   رفي تلحلقو تل تخليو على تردد تلرني  سقيمو ي  يل تلان ك و

، تن قش هذه تلرةاا لو أيضااً  ي  إذت ك ن ي  تلممك  ة  دة أدت  ب لإضاا فو إلى تسا ت  تلموةاالو
ي  أال تقليل تلط قو . تلممااااااااااو و تلمقطع تلرتدتري للأةاااااااااطملاقليل  (FSS) تلاياصااااااااا   في تلخليو
لغل ي  تلحلق ت ا   درتةااااتلاي تمت  (FSS)  ،  ام إدخ ن خ ي  سح ة (FSS) تلمن كمااااو ي  ةااااطم

 ام . ربون  ب جينااو تلغااطليااو تلم دساااو تلمسلقااو س تلحلقاا ت تلم دساااو ذتت تلحلقااو تلاا تخليااو تلمفاوحااو تلم
ي  تلمكون ت في يج ن إدخ ن ي جون تلمقارحو ب ةاااااااااااااااخ تز يجموع ت يخالفو  FSSفحص خ ي  

 .ربون، ست   ل أب  د تلحلقو، ستلايص ليو، سةمك تل جينو للأشك ن تلمقارحو لخ ي  تلوح ة تلغ
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