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 Abstract 

        With the growing use of electromagnetic waves, the problems of 

electromagnetic interference are becoming more important. An effective 

electromagnetic wave absorber must be used to absorb a portion of the input wave 

with minimal reflections. A typical method of avoiding electromagnetic (EM) 

interference is to utilize materials with high conductivity, such as metals, as 

shielding, or materials with low resistance. The dissertation investigates the use of 

frequency selective surfaces (FSS) as an efficient shielding. A single layer of 

copper rings combined with dielectric and air spacer was proposed. The effects of 

diameter and air spacer thickness were investigated, showing a small reflection at 

the operating frequency. The equivalent circuit and estimations for resonance 

frequencies were derived, as well as the ring impedance. The case of the split ring 

resonator with four gaps was implemented to demonstrate the effect of gap length 

on absorption. The modified frequency selective surface absorber (FSSA) that has 

lumped resistors in each gap shows an improvement in absorption bandwidth 

when different parameters like the lumped resistors, the thickness of the air spacer, 

and the width of the ring are changed. 

        A single layer of a resistive ring and a resistive ground plane was proposed 

to reduce reflection and increase bandwidth. The effects of diameter and air spacer 

thickness were investigated, showing better reflection and bandwidth compared to 

the copper ring. An FSSA of a resistive split ring resonator having two gaps is 

presented to demonstrate the effect of changing gap length on the absorption band. 

The development of an FSSA with a resistive strip along the diameter of the ring 

was studied for two different electric field directions. The effects of resistivity and 

air spacer thickness were investigated, which is described as an electric field along 

the strip, the structure exhibited better absorption bandwidth than those when the 

electric field is perpendicular to the strip.  
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CHAPTER ONE 

 INTRODUCTION 

 
1.1 Overview 

        Frequency selective surfaces (FSS) are surface structures that can be used to 

change the phase, amplitude, or polarization of the incident wave. They are a type 

of periodic structure that can be viewed as a spatial filter for electromagnetic (EM) 

waves that performs bandpass or bandstop responses. These structures have given 

a wide spectrum of systems, ranging from low-frequency radio to optical. 

Frequency-selective surfaces in absorbers have attracted considerable attention 

because of the increased absorption bandwidth that may be achieved with small 

structure thicknesses. 

        A frequency-selective surface absorber (FSSA), in the form of a two-

dimensional or three-dimensional array, could absorb undesired electromagnetic 

wave energy and convert it to heat or other forms of energy. Absorption was 

widely employed for Radio frequency (RF)/ microwave circuit devices also in 

commercial, industrial, and military applications. In order to improve the 

absorber's performance, metallic FSS are proposed for the construction of 

integrated absorbers that are combined with lumped resistors or resistive materials 

to add ohmic losses to the FSS. 

1.2 Brief History of FSS Absorber 

        A comprehensive review of the FSS and its application was presented by Ben 

Munk in 2000 [1]. The Salisbury screen was the first concept for FSS [2, 3] and 

was employed to make targets invisible to radar. The absorber design was a simple 

structure that consists of a lossy screen placed at a quarter wavelength distance 
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above the ground plane. Despite their simplicity, they suffer from a somewhat 

narrow absorption bandwidth. 

        The Jaumann absorber is then introduced by using multiple resistive sheets 

placed in front of a perfectly conducting plane [4,5] which offers wideband 

absorption but at the expense of increasing overall thickness. Absorbing materials 

like carbon and ferrite [6–8] provide a compact solution for attenuating reflections, 

however, this absorber has a narrow bandwidth, bulkiness, breakability, and huge 

thickness which limits its use to portable applications. The circuit analog absorber 

is like a Salisbury but incorporates a periodic structure that increases the 

absorption and enhances the resonance. The development of the design was 

extended either by using resistive or conductive surfaces with multi-resonance [9–

13] and /or multilayer structure [14–17]. 

1.3 Literature Review 

        An attempt to describe the resonance behavior of single and double square 

loops using an equivalent circuit model was reported by Langley and Parker [18, 

19] in 1982 and 1983. They described in [18] the equivalent circuit model of the 

periodic array of a single loop comprising of series LC circuits, on the other hand, 

that concept is only applicable for a free-standing structure. Shang et al. in 2013, 

optimize the broadband absorber design for double loop FSS with air spacer using 

the full-wave simulator [10]. In 2020, Hossain et al. proposed a method for 

nonmagnetic absorbers employing single and multilayer FSS based on an efficient 

electric circuit model. The focus of the paper was on the difficult requirements of 

thin absorbers working at lower microwave frequencies with greater bandwidth 

[20].  
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        In 2006, Kiani et al. presented a dual absorb/transmit frequency selective 

surface capable of absorbing 5 GHz wireless local area network (WLAN) signal 

while passing mobile phone signals [21]. In 2007, Tao et al. investigated FSSA 

using cross-shaped resistive patches stacked on a single dielectric substrate, which 

improved the absorbing performance of radar absorbing materials [22]. In the 

same year, Kiani et al. reported that a dual-layer absorb/ transmit for WLAN was 

an improvement, which shows better frequency stability for both polarizations 

under a normal or oblique incident wave [23]. 

        In 2007, Zhang et al. proposed the first design containing lumped resistors, 

the structure has a single square loop welded with two lumped resistors. The 

proposed design presented a reflection coefficient below -20 dB, and can cover a 

frequency band from (6 to 12 GHz) for a thickness of 0.162  λ𝐿 (λ𝐿 wavelength at 

lower frequency) [24]. In 2010, Costa et al. investigated the lossy frequency 

selective surface of a resistive square patch placed over a dielectric substrate. The 

presented intended to a wide bandwidth of reflectance less than -15 dB over a 

frequency band of (7 - 20 GHz) with a thickness around 0.12 λ𝐿  [25]. In 2011, 

Rafique et al. designed a two-layer absorber, one with resistive FSS and the other 

with conducting FSS. The proposed FSS design used for 5 GHz WLAN protection 

provides absorption for WLAN signals while letting other important 

RF/microwave signals like mobile phones to pass through. Also, the design 

exhibits a stable frequency response for oblique incident angles [26]. 

        In 2012, the design of a circular patch and a ground plane separated by a 

dielectric substrate was described by Liu et al. The results demonstrate that the 

suggested absorber exhibits strong absorptivity at an absorption bandwidth of 

(9.65 - 12.45 GHz), with fractional bandwidth (FBW) equivalent to 25.3%, at 

thickness of 0.026  λ𝐿 [27]. In the same year, Li et al. presented a triple resistive 
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square loop mounted on dielectric covered by a ground plane. The suggested 

design exhibited ultrathin and broadband absorbers covering a frequency range of 

(10.7 - 29 GHz), which is equivalent to 92.2%, with a thickness of 0.071 λ𝐿 [28]. 

        In 2012, Zhang et al. studied a square ring of resistive pattern and a metallic 

ground plane attached to a single substrate. The proposed FSS shows a fractional 

bandwidth of 111.6%, covering the range of frequency from (4 to 14.1 GHz) of a 

thickness of 0.1  λ𝐿  [29]. In 2013, a polarization-insensitive double circular ring 

metamaterial absorber (MA) working at 10 GHz was proposed by Ayop et al. An 

absorption bandwidth of 0.47 GHz (9.78 - 10.25 GHz), was achieved at a thickness 

of 0.057 λ𝐿 [30]. In the same year, Shang et al. designed a single layer using double 

square loops loaded with lumped resistors. The proposed design revealed three 

resonances, which exhibited wide absorption fractional bandwidth of about 126% 

in the range from (2 to 10 GHz) for a thickness of 0.088  λ𝐿 [10]. 

        In 2014, Yuan et al. proposed an electric metal resonator loaded with resistors 

combined with the dielectric substrate and ground plane. The presented design 

exhibited broadband absorption less than -10 dB in the frequency range of (2.85 - 

5.31 GHz), at a fractional bandwidth of about 60.3% for a thickness of 0.047 

 λ𝐿 [31]. In 2015, a polarization-independent MA comprising two dielectric 

substrates has been proposed by S. Bhattacharyya.  A two-circular ring is designed 

as a unit cell on the upper side of both layers. It was found that the structure is 

polarization insensitive under large angles. The proposed design show bandwidth-

enhanced for both C and X bands (6.10 - 7.34 GHz) and (8.36 - 10.28 GHz), 

respectively, while the thickness was 0.065  λ𝐿 [17]. In the same year, Chen et al. 

investigated polarization-insensitive double-circle rings connected with lumped 

resistances over a ground plane. The simulation results reveal that the suggested 
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absorber provides wide absorption (8.87 - 16.47 GHz), equivalent to 60%, for a 

thickness of 0.089  λ𝐿 [12]. 

        In 2016, Kundu et al. designed conductive crossed dipoles with lumped 

resistors. The presented design was imprinted on a dielectric layer and is supported 

by a ground plane. It offers 104.76% absorption bandwidth from (3.75 to 12 GHz) 

for a thickness of 0.077  λ𝐿 [32]. In the same year, Liu, and Kim investigated single 

resistive square loop and ground plane. The dielectric substrate is incorporated 

between two layers. The proposed design provided a wide bandwidth of 107.89% 

around the frequency range (4.9 - 16.4GHz), for a thickness of 0.12  λ𝐿 [33].  In 

the same year, Ghosh et al. reported a multilayer square loop structure with lumped 

resistors. The proposed design was posted on dielectric substrates separated from 

the second layer by an air spacer. The simulated result reveals a reflectance of less 

than -10 dB in the frequency range (4.96 - 18.22 GHz), with a fractional bandwidth 

of 114.40% under a large incidence angle, with a thickness of 0.076  λ𝐿 [14]. 

        A polarization-insensitive square loop employing lumped resistors was 

proposed by Ghosh et al, in 2016. The suggested design exhibits a bandwidth 

covering X and Ku bands from (7.56 to 14.58 GHz) for fractional bandwidth of 

63.41%, with an overall thickness of 0.076  λ𝐿 [34]. 

       In 2018, Chen et al. presented a design for a double layer absorber, the 

proposed design is composed of two lossy layers loaded with resistors, one is a 

single square loop, while the other is a double square loop, which exhibits five 

resonance frequencies. The whole design offers a wide bandwidth of 165.5% with 

a reflectance lower than −10 dB spans from (1.64 to 17.36 GHz), for thickness of 

0.1  λ𝐿 [16]. In the same year, Nguyen, and Lim proposed a polarization-

insensitive broadband absorber consisting of a fan-shaped splice into four gaps 
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with inserted four lumped resistors in each gap. The presented absorber is 

embedded over the dielectric cover with the ground plane, acquiring an absorption 

bandwidth of about 58.58% in the frequency range of (7 - 12.8 GHz) for a 

thickness of 0.079  λ𝐿 [35]. 

        In 2018, Ahmad et al. presented a single-layer FSSA constructed from a 

rectangular loop with lumped resistance coated on the ground plane. The proposed 

design achieved an absorption bandwidth of 72% between (14.2 - 30.3 GHz) with 

a thickness of 0.124  λ𝐿 [36]. In the same year, Abdulhakim et al. presented a 

wideband absorber with polarization-independent circuit analog absorber by using 

a cross loop with lumped resistor imprinted on a dielectric substrate. The proposed 

absorber exhibits a 10 dB reduction bandwidth of more than 126.5% over the 

entire frequency range (4.6 - 20.45 GHz), with a thickness of 0.088  λ𝐿 [37].  

        In 2019, Haitao et al. proposed a broadband absorber with a resistive circular 

loop for improvement absorption at low frequency, printed on a magnetic substrate 

etched on the ground plane. The presented design exhibited an absorption 

bandwidth of about 82% in the frequency range from (6.76 to 15.97GHz) with a 

total thickness of 0.045  λ𝐿 [38], thus offering advantages of thin, broadband 

absorption, and stability over large incident angle. In the same year, Chen et al. 

presented a polarization insensitive circular ring fed with four lumped resistors 

combined with a dielectric substrate over the ground plane. The simulation result 

shows a polarization-insensitive under oblique incident wave. A wide absorption 

bandwidth of 79.8% was achieved, covering the entire X and Ku bands (7.95–18.5 

GHz), for a thickness of 0.066  λ𝐿 [39].  

         Kalraiya et al. presented in 2019, a polarization-independent design 

comprising a circular ring and slotted section connected by four lumped resistors 
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to enhance the absorption bandwidth. An air spacer is incorporated between the 

dielectric and the ground plane. The proposed design achieved a fractional 

bandwidth of 91.6% between (3.90 - 10.5 GHz), for a 0.28 λ𝐿 thickness. With its 

symmetrical arrangement of rings, the absorber is unaffected by the polarization 

of the incoming wave [40]. In the same year, Youssef et al. reported that the two 

layers of resistive square loop improved the absorption bandwidth by about 

153.85% for the frequency band (4.09 - 31.36 GHz) with a thickness of 0.117 

 λ𝐿 [41]. Also, in the same year Zhou et al. investigated a resistive frequency 

selective surface comprising multiple square loops in five different sizes loaded 

with lumped resistance. The resistive absorber is printed on a substrate separated 

by an air spacer from the ground plane. The results show an absorption bandwidth 

of 82% from (7.9 to 18.9 GHz) for a small thickness of 0.074  λ𝐿 [42].  

        In 2020, Nguyen et al. designed a broadband absorber consisting of a split 

ring with four lumped resistances printed on a dielectric substrate. The proposed 

design provided an absorption bandwidth of 47% for the frequency range of (7.8 

- 12.6 GHz) for a thickness of 0.083  λ𝐿 [43]. In the same year, Liu et al. described 

a double layer absorber composed of indium tin oxide (ITO) resistive square 

loop that makes an absorber insensitive to the polarization and is utilized to build 

the resonant structure to increase the ohmic loss of the resonances and widen the 

bandwidth of the resonant frequency ranges. Both of the two layers are coated on 

a polyethylene terephthalate (PET) substrate and separated from each other by a 

spacer, thus a wide bandwidth of 116% is achieved between (8–30.3 GHz), with 

an overall thickness of 0.089 λ𝐿 [44]. 

        In 2020, Khan designed a broadband absorber based single square loop 

loaded with a lumped resistor and Rogers RT 5880 as the dielectric backed by a 

copper layer. A wideband absorption response of 65% is achieved, ranging from 
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(8.508 to 16.701GHz), at a thickness of 0.089  λ𝐿 [45]. A polarization-insensitive 

wide band based on the absorber conductive ink ring resonators, separated from 

the ground plane by a dielectric substrate, was introduced by Deng et al. in 2020. 

They show an absorption of 85.4% across the frequency range (6.58 - 16.38 GHz), 

with a small thickness of 0.072  λ𝐿 [46]. 

        In 2020, Fan, and Song presented a design of a single layer that consists of a 

square ring and wire attached to eight lumped resistors over dielectric and air 

spacer. The proposed design reveals large absorption bandwidth covering S, C, 

and X bands from (2.55 to 10.07 GHz), corresponding to 119.2% with a total 

thickness of 0.085  λ𝐿 [47]. In the same year, Hossain et al. investigated two 

different shapes of FSSA configurations involving square patch and single square 

loop. The proposed design realized a wideband absorption response for both single 

and double layers at 126% and 161% fractional bandwidth, respectively [20]. 

        In 2020, Suchu et al. described the design of Minkowski loops FSSA using 

multi-resonance structure. The proposed design contains two Minkowski loops 

combined with dielectric and air space over the ground plane. The design is 

symmetrical in both X and Y-axes, offering a wide absorption bandwidth of 

100.45% from (5.5 to 16.6 GHz), for a thickness of 0.084  λ𝐿 [13]. 

        In a recent paper, Santos et al. reported that the transmitter/absorber of a two-

layer of resistive and conductive square loop covered by FR4 substrate, produced 

better attenuation for both reflection and transmission coefficient [48]. In the same 

year, Singh et al. demonstrated a broadband absorber using two layers of 

ITO/PET. The absorber structure is in the form of a resistive cross dipole. An air 

spacer is inserted between the two layers. The proposed design showed greater 
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absorption bandwidth of 92.16% from (6.61 to 17.91 GHz), for a thickness of 

0.088  λ𝐿 [49]. 

1.4 Aims of the Dissertation 

         The goal of this project is to explore and analyze the FSSA in order to reduce 

reflection and increase bandwidth while maintaining a minimum total thickness. 

As a result, the dissertation includes the following procedures: 

1- Designing a single layer of FSSA, investigating, and analyzing the main 

properties of the absorber. Creating an equivalent circuit of the presented FSSA, 

and then deriving formulas for the reflection coefficient for assurance impedance 

matching condition. 

2- Investigating the influence of air spacer thickness between the two layers of the 

proposed absorber.   

3- Investigating the split ring FSS absorber example in the circular loop with 

different gap lengths. 

 4- Investigating FSSA with lumped resistors, using an equivalent circuit for 

testing the impedance matching.  

5- Studying the single layer FSS, including the resistive loop as an absorber, then 

investigating the effect of air spacer thickness. 

6- Studying the single layer FSS, including the resistive loop with a resistive strip 

as an absorber, and the effect of its various parameters.  

1.5 Dissertation Layout 

        This dissertation has five chapters. After an introduction, the second chapter 

focuses on the concept of frequency selective surfaces absorber, as well as their 

various kinds. The third chapter studies the suggested FSS for single layers 

absorber that is comprised of three distinct absorber configurations, such as single 
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circular loop, split ring, and circular loop with lumped resistors and discusses the 

simulation results and the impacts of the different design parameters using CST 

software. The proposed FSS's equivalent circuit was provided, along with the 

mathematical derivation of the reflection coefficient. Chapter four presented a 

single layer FSSA where two cases of resistive circular loop and resistive circular 

loop with horizontal strip are applied and investigated the impacts of various 

design parameters. Chapter five discusses the conclusion as well as future works.  
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CHAPTER TWO 

FUNDAMENTALS OF ABSORBING FREQUENCY SELECTIVE 

SURFACES  

2.1 Introduction 

         FSS is a thin, repetitive surface designed to reflect, transmit or absorb 

electromagnetic fields. The response of the surface varies with the frequency of 

the incident electromagnetic wave and the shape of the periodic pattern on the 

surface, and to some extent the angle of incidence. The FSS has seen a very wide 

range of applications, where it is desired to transmit, reflect, or even absorb a 

certain band of frequency.  

         Absorbers are spatial filters that do not transmit or reflect electromagnetic 

signals in a given frequency band. This can be achieved using a very thin metal 

film to provide absorption by putting resistors in the unit cells of the periodic 

metallic surface or by printing periodic shapes using resistive ink. By loading 

lumped resistor elements, or patterned resistive film arrays, an absorption structure 

could be loaded to absorb the energy of EM waves over a specific range of 

frequencies. 

        Absorbers based on the FSS have been widely utilized in both military and 

commercial applications to reduce the reflectivity of huge equipment such as 

planes, submarines, tanks, and microwave darkrooms. They have also been 

employed in a variety of electromagnetic applications, including radio frequency 

identification (RFID) systems, radomes, and so on. In such applications, the 

quality factor (Q-factor) of the structure is reduced to obtain broadband 

absorption, which can be fulfilled by increasing the resistance. The increased 

resistance offers an additional benefit for dissipating the incident energy and thus 

leading to minimized reflection over a broad frequency range. For analyzing the 
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electromagnetic behavior of FSS several mathematical approaches like finite 

element method (FEM), finite difference time domain (FDTD) codes or dedicated 

method of moments (MoM) approaches are commonly employed. By engineering 

the structure and choosing the proper material. Therefore, both transmission and 

reflection are minimized and a large loss results in. The following sections discuss 

various theoretical concepts that explain the operation of the FSS, followed by a 

brief review of the various designs of the FSS that have been presented in recent 

years. 

2.2 Reflection of Electromagnetic Waves 

        A simple example of the reflection coefficient is when the uniform plane 

wave strikes the boundary between two dielectrics with no surface-charge density, 

the incident and reflected wave are described by relative permittivity and 

permeability of material as indicated in Fig. 2.1. The electric field intensity in X-

direction is the sum of incident plus reflected waves as follows [50]: 

 𝐸𝑥
(1)

= 𝐸0(𝑒−𝑗β1𝑍+Γ𝑒𝑗β1𝑍)                                                          (2.1) 

While the magnetic field intensity in Y-direction: 

𝐻𝑦
(1)

=  
𝐸0

η1
(𝑒−𝑗β1𝑍-Γ𝑒𝑗β1𝑍)                                                           (2.2) 

Where 𝐸0 is the initial intensity of the electric field intensity. The quantity β1 

represents the phase constant of the first medium in radians per meter and is also 

known as wave number. 

 β1= ω√ε1µ1                                                                                 (2.3) 

Where ω represent the  angular frequency. µ1 and ε1 represent the permittivity 

and permeability of the first medium. 
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η1= √
µ1

ε1
                                                                                          (2.4) 

η1 is the Intrinsic impedance of the first medium. 

 

Figure 2.1: Reflection of a normally-incident wave at the boundary [50].   

        The amount of reflected radiation is measured by the reflectivity of a surface. 

The reflectivity depends upon the polarization of the radiation, the angle of 

incidence, and the electromagnetic properties of the materials at the boundary 

surface. These properties can be changed for different wavelengths of radiation. 

Reflecting materials are split into two groups: transparent materials and imperfect 

conducting materials. Transparent materials are also known as dielectrics. 

Radiation that passes through a transparent medium propagates almost 

unattenuated whereas radiation that passes through an imperfect conducting 

medium is significantly attenuated.  
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2.2.1 Reflection and Transmission at a Dielectric media  

        In the case of an electromagnetic wave struck on a dielectric medium the 

reflection and transmission coefficients are related to the direction of the electric 

field. The polarization can be split into two types. The reflection and transmission 

coefficients will be different for the following cases: 

 

2.2.1.1 Parallel Polarization 

       As observed in Fig. 2.2 when the incident, reflection, transmitted electric field 

vectors are parallel or lying in the plane wave formed by the direction of incidence 

and normal to the boundary, the case is known as parallel polarization. 

        If the incident electric field intensity has magnitude 𝐸�̅� and the electric field 

vector is in the XZ-plane, the reflected wave must be at the same angle as the 

incident wave, since the incident, reflected, and transmitted fields must match 

across the boundary [50].  

The reflection coefficient can be expressed as: 

Γ//= 
η2𝑐𝑜𝑠θ𝑡 −η1𝑐𝑜𝑠θ𝑖 

η2𝑐𝑜𝑠θ𝑡 +η1𝑐𝑜𝑠θ𝑖 
                                                                        (2.5) 

Where η2 is the intrinsic impedance of the second medium. 

θi = angle of incidence. 

θt  = angle of transmission.  

While the transmission coefficient is: 

T//
2η2𝑐𝑜𝑠θ𝑖  

η2𝑐𝑜𝑠θ𝑡 +η1𝑐𝑜𝑠θ𝑖 
                                                                         (2.6) 
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Figure 2.2: Parallel polarization, reflection, and transmission of a plane wave 

[50]. 

 

2.2.1.2 Perpendicular-Polarization 

 

        When the electric field vectors of the incident, reflected, and transmitted 

waves are perpendicular to the plane of incidence the polarization is known as 

perpendicular-polarization as shown in Fig. 2.3. 

Following the same procedure of applying the boundary condition at the 

interface, the reflection and transmission coefficients can be given by [50]: 

 

Γ⫠= 
η2𝑐𝑜𝑠θ𝑖 −η1𝑐𝑜𝑠θ𝑡 

η2𝑐𝑜𝑠θ𝑖 +η1𝑐𝑜𝑠θ𝑡 
                                                                      (2.7) 

𝑇⫠= 
2η2𝑐𝑜𝑠θ𝑖  

η2𝑐𝑜𝑠θ𝑖 +η1𝑐𝑜𝑠θ𝑡 
                                                                          (2.8) 
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Figure 2.3: Perpendicular polarization, reflection, and transmission of a plane 

wave [50]. 

2.2.2 Reflection at Perfect Electrical Conductors  

        For a good conductor, the characteristic impedance is very small as the 

conductivity approaches infinity. The tangential component of the electric field 

must be zero, therefore all the incident energy is reflected, thus 

 

Γ|| = Γ⫠ =  Γ =  −1.                                                                   (2.9) 

2.3 Frequency selective surfaces (FSS)     

        Those surfaces are formed of periodic resonant structures, which act as a 

spatial filter are known as frequency selective surfaces. These structures, which 

act as a wave barrier, can either reject or pass electromagnetic waves of a given 

frequency, based on the geometry of the elements. The  FSS have potential 

applications such as selective frequency shielding for room windows to stop radio 



 

17 
 

waves from leaking into and out of rooms, stealthy radome [51],[1], sidewalls of 

microwave ovens to avoid EM field leakage, and in radar cross-section (RCS) 

reduction [52]. Designing an FSS for a specific resonant frequency relies upon 

several parameters like conductive-element, dimensions and thickness. The 

dielectric supporting material also affects the operating frequency. The 

dimensions of the conductive elements have the main influence on the operating 

frequency. Finding the appropriate FSS element and array geometry required to 

exactly produce a desired frequency response. An FSS of aperture and patch 

periodic array elements are shown in Fig. 2.4. The slot and patch elements are 

complementary to each other. The FSS element in the form of aperture reflects 

low frequencies while transmitting high frequencies (has a similar response to the 

high-pass filter). The FSS element of a patch shape transmits low frequencies 

while reflecting high frequencies (much like a low-pass filter). The application of 

FSS has generated new areas of research in the designing of electromagnetically 

absorbent surfaces, resulting in improved properties exhibited in better 

bandwidth/thickness ratio as well as the modifiability of the absorbing bandwidth 

narrowband, multi-band, wideband, ultra-wideband for the wanted applications. 

 

Figure 2.4: FSS element (a) Aperture type, (b) patch type.   
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2.4 Interference theory 

        The absorption mechanism in the FSS is quantitatively analyzed using the 

multiple interference theory that was presented in [53]. Figure 2.5 depicts the 

three-interference model for the FSSA. The FSS interface, the air spacer interface, 

and the copper ground plane. The FSS and air spacer function as a part of the 

reflective surface, reflecting and transmitting a portion of the incident wave. The 

copper ground plane works as a perfect reflector with a reflectance of 𝑟23 =

−1 thus the transmission through the FSS is zero. 

 
       Figure 2.5: Interference model of the FSSA [53] 

        At the air spacer interface in the design of a cross resonator array as illustrated 

in the inset of Fig. 2.5, the incoming wave has become partially reflected back to 

air with a reflection coefficient �̃�12= 𝑟12 𝑒jφ12 and partially transmitted into the 

spacer with a transmission coefficient �̃�12= 𝑡12  𝑒jθ12. The latter keeps propagating 

whenever it approaches the ground plane, with a complex propagation constant     

γ = αo +jβo, where αo =0 is the absorption factor, and βo =2π/λo is the phase constant 

for the air spacer (free space). The value of λo is represented the free space 

wavelength. After the wave is reflected at the ground plane and added to another 

propagation phase β, partial reflection and transmission tend to happen again at 
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the air spacer interface with coefficients �̃�21= 𝑟21 𝑒jφ21   and �̃�21= 𝑡21  𝑒𝑗θ21. Thus, 

the total reflection is the sum of the individual reflections [53]: 

r̃= r̃12- 
t̃12t̃21ej2β̃

1+r̃21ej2β̃
                                                              (2.10)                 

                                                                 

        Where the term is due to the direct reflection the cross-resonator array, while 

the second term, with its “−” sign, is the reflection originating from the sum of 

individual reflections between the cross-resonator array and ground plane. The 

absorption obtained using A(ω) = 1− | r(ω) |2, Since the transmission is zero. 

        Another observation is that when an incident wave hits the surface of the 

ground plane, the reflected electric field at the ground plane has a phase of 180 

degrees differing from that of the incident electric field due to the boundary 

condition. The boundary condition states that the tangential component of the total 

electric field at the ground plane has to be zero [54], thus the incident and reflected 

field should be out of phase. 

2.5 Types of FSS absorbers 

        In many applications it is required that certain surfaces have reduced 

reflection, thus the FSS surfaces have been used to offer small reflection. This 

result can be achieved if the FSS is designed to absorb part of the incident wave. 

        A comparative review of several forms of FSSA is offered here to create 

better knowledge of the operation of FSSA structures. The way these elements are 

grouped in the array format is also part of the design work for the FSSA array 

element, which represented one of the major parameters in the response of the 

designing FSSA. The elements are shaped to be resonant at or near the operating 

frequency. The current behaves as an electromagnetic source depending on how it 
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is distributed, resulting in a scattered field. The total field in the space surrounding 

the FSS is made up of the scattered field plus the incident field [55]. As a result of 

managing the scattered field, the desired filter response is obtained. Element 

shapes can be spliced into different types included basic element type FSSA, 

convoluted/meandered FSSA, as well as fractal FSSA. More detailed 

explanations are included in this section. 

2.5.1 Types of Basic FSSA Elements 

        FSSA can be categorized into different types based on the geometry of the 

elements that are used. These can have the shape of circular ring, cross dipole, 

square shape as depicted in Fig. 2 .6. Other types of FSSA are of fractal geometry 

or convoluted/meandered. One or more shapes can be combined together on single 

or multiple layers to achieve the desired absorber. 

 

Figure 2.6: Common FSSA shapes [55]. 
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2.5.2 Convoluted or Meandered FSSA 

       The use of miniaturized FSS having a convoluted array of square loop 

elements was the first introduced in [56], since the large unit cell size associated 

with previously proposed band-absorptive materials may result in unstable 

frequency response when subjected to oblique incidence. Reducing the unit cell 

size by using a curved shape, or spiral can be made resonant frequency relatively 

stable to the angle of incidence.  Miniaturized metamaterial absorber (MMA) with 

an incurved square loop fed by lumped resistors was considered to have better 

absorption properties in the worldwide ultra high frequency -radio frequency 

identification (UHF-RFID) in [57]. The suggested design's geometry is shown in 

Fig. 2.7. The air layer close to the ground metallic layer has a thickness of 20 mm. 

The four lumped resistors are optimized to be 82 Ohm. The simulated results 

indicate that the MMA has better absorbing property in the band (860–960 MHz) 

that is used by UHF-RFID. In this dissertation circular ring will be investigated. 

 

Figure 2.7: (a) Three dimensions of MMA, (b) unit cell structure [57]. 

        Another miniaturized MA comprising meander lines (ML), and magnetic 

materials (MM) layers, supported by a conducting ground was demonstrated in 

[58]. The two sets of ML split square rings are joined in series by four metal vias 

to form the so-called "2.5-dimensional" design. The suggested absorber has a unit 
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cell dimension of 0.019 𝜆𝐿 × 0.019 𝜆𝐿, making it stable over a wide range of 

polarization states and incidence angles. Good absorption was achieved from (0.8 

to 3.2 GHz). In this dissertation, circular ring will be investigated. 

2.5.3 Fractal FSSA 

        The self-similarity aspect of fractal geometry is considered to be the most 

important feature of fractal geometry. The geometry replication at a different scale 

inside a structure. The FSS Minkowski fractal design technique, which 

incorporates four lumped resistor printing on FR4 dielectric substrate is shown in 

Fig. 2.8. The resistors tend to absorb the energy of the incident EM wave, resulting 

in broadband behavior as described in [59]. 

        The simulation results demonstrated that the absorption bandwidth covers the 

entire C-band (4–8.12 GHz) with a 0.288  λ𝐿thick absorber. 

 

Figure 2.8: (a) Unit cell structure, (b) simulation result [59]. 

2.6 FSS with absorbing properties  

       FSSA is a property of a repeated 2D periodic array printed on a dielectric 

substrate layer. The filter design can provide absorption of the wave with 

minimum reflection. FSSA can be categorized into two types of losses either in 
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the substrate (dielectric loss) or in the conductive (ohmic loss). The structure of 

the design might be a single, double, multi. The main advantage is to optimize the 

EM absorption across the wanted frequency band. The important factors 

influencing the response of the FSSA are the shape and dimensions of the element. 

The basic principle operation of the absorber is based on matching the impedance 

of the absorber layer to the free space impedance.  

        FSSA, in general, have many common shapes and geometries, such as a 

square loop [28,29],[33], [60], [61], ring [26], cross dipole [21,22], fractal [62], 

and hexagonal ring [63]. These surfaces have potential design applications. This 

approach could be useful in designing an absorber for a microwave oven, wireless 

security, absorption of WLAN 802.11a/n signals, although other bands (like 

WLAN 802.11b/g or global System for mobile communication (GSM)) can go 

through with no absorption. [26]. Also, they are employed to make military aircraft 

and targets invisible to radars. 

2.6.1 Single-layer absorbers 

        A simple  FSSA structure can be represented by a square shape loop as shown 

in Fig. 2.9. An example of an absorber design that uses a square loop printed on 

0.15 mm thick FR4 plate and backed by a copper ground plane to eliminate the 

transmission coefficient. The square ring FSS is represented by a serial resistance-

inductance-capacitance (RLC) circuit in Fig. 2.9 (c). These components are 

dependent on the unit cell shape (Fig. 2.9 (b)). When the resistance is zero, the 

design obtains perfect reflection (unity reflection). The inductance (L) is caused 

by the current passing through the square loop, which is proportional to the 

periodicity of square loop's and width. The capacitance (C) is attributed to the 

dielectric material between the conducting sections of the FSS, the value of 
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resistance of the copper ring is equal to R = ρ 
𝑙

Ae
 , where ρ is the resistivity in units 

of ohm-meter, Ae is the effective cross-sectional area of the conducting strip, 

whereas 𝑙 is the average circumference of the ring. 

 

Figure 2.9: (a) Square loop-FSSA, (b) geometry of unit cell, (c) equivalent 

circuit model [33]. 

        Another design in Fig. 2.10(a) of the incident wave along Z-direction consists 

of a split circle ring (SCR) loaded with four lumped resistors printed on FR4 

substrate of 3.2 mm thickness. The four resistors are placed symmetrically at four 

sides of the circular ring. Placing resistors is responsible for realizing the 

broadband absorber by introducing ohmic loss. The value of the inductance is 

affected by the variation of the radius and the width of the ring.  
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Figure 2.10:(a) Three dimension of MMA, (b) equivalent circuit model [43]. 

2.6.2 Double-layer absorbers 

        Figure 2.11(b) presents the design of two dielectric layers between a copper 

sheets. The circular ring MA has strong absorbance for typically occurring EM 

waves and is insensitive to all polarization states due to its geometric 

characteristic. 

 

Figure 2.11: (a) Unit cell of a circular ring, (b) double-layer MA [30]. 
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        The simulated result in Fig. 2.12 is expressed in terms of 𝑆11 (reflection 

coefficient) and 𝑆21  (transmission coefficient). The transmittance, reflectance, 

and absorbance may all be calculated using these two quantities. The combination 

of different FSS patterns for designing the ultra-wide bandwidth absorbers is 

illustrated in Fig. 2.13. The presented design of two FSS combinations square 

patch/loop (FSS1/FSS2) achieves low-reflectivity absorbers in a broader 

frequency band. 

 

Figure 2.12: Simulated reflectance, transmittance, and absorbance [30]. 

 

Figure 2.13 :(a) Double-layered FSSA, (b) equivalent circuit model of a 

combination of ( FSS1/FSS2) [64]. 
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        At the values 𝑅𝑠1 =100 Ohm/sq, 𝑅𝑠2 =20 Ohm/sq, 𝑡1= 2.0 mm and 𝑡2 = 3.5 

mm. The reflection coefficient was reduced below than −10 dB, which exhibits 

ultra-wide absorption bandwidth from 6.3 GHz to 40.0 GHz that was achieved at 

a relatively thin total thickness of 0.115  λL as shown in Fig. 2.14. 

 

Figure 2.14. Variation of the reflection coefficient for the double-layered 

absorbers having a square patch/loop (FSS1/FSS2) combination for various 

values of second substrate thickness (t2), and t1 = 2.0 mm [64]. 

2.6.3 Triple-layer 

        Fig. 2.15(a) displays a design for wide-bandwidth triple-layer FSSA using a 

combination of three resistive FSS layers. The model comprising a square loop 

placed in the middle of the design between spiral and patch shapes with the 

equivalent circuit shown. The dimensions of the unit cell of a square loop (FSS2) 

chosen as the period p=6.0 mm, length d=5.6 mm, and the width w=0.3 mm, the 

thickness of  t2=3 mm  with value of resistance Rs2=20 Ohm/sq, and Rs3=250 

Ohm/sq for spiral shape (FSS3) with thickness t3 = 2 mm. The square patch has 
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resistance RS1= 100 Ohm/sq, thickness t1 = 2.0 mm. The overall design total 

thickness was set to be equal to 0.109  λ𝐿. 

 

Figure 2.15: (a) Triple layer FSSA, (b) equivalent circuit model [61]. 

        The simulation results as seen in Fig. 2.16 demonstrated ultra-wide 

absorption bandwidth found in the frequency range which is located between (4.7 

–56.4 GHz) at a smaller thickness. 

 

Figure 2.16: Variation of reflection coefficient for the triple-layer FSSA at 

resonance for FSS3, where other parameters of FSS1and FSS2 are fixed [61]. 
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        A square loop supported by FR4 substrate over an air layer can be presented 

in the design of the triple-band absorber with lumped resistors on top layer [65,66]. 

The metallic loop as shown in Fig. 2.17 has been inserted in the middle of the 

design between meandered cross dipole and ground plane. The width of the ring 

can be represented as the inductive. Variation of the width also can affect the 

resonant frequency. The problem of unsharp reflection for stop band or limited 

absorption band was mitigated due to the effect of square loop. This effect is 

demonstrated in Fig. 2.18. The simulation shows that two absorption bands are 

present in the frequency ranges (2.12 to 4.15 GHz) and (6.08 to 9.58 GHz), where 

notch band reflection is extended from (4.3 to 5.65 GHz). The total thickness of 

the FSS is 0.143  λ𝐿. 

 

Figure 2.17: Geometry of the unit cell of the absorber: (a) Top layer, (b) middle 

layer, (c) three-dimensional view, and (d) side view [65]. 
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Figure 2.18: Variation of reflection coefficient (a) With, and (b) without the 

middle layer [65]. 

2.6.4 Absorber using Complementary Layer 

        Figure 2.19 shows the geometry of the proposed design by Bhardwaj et al. in 

[67], where a double complementary structured layer of ITO deposited PET film 

is used. This design is insensitive to the polarization of the incident wave and has 

better absorption even at oblique incidence. This absorber was based on surface 

resistances, where the top complementary layer has larger sheet resistivity (200 

Ohm/sq) and bottom complementary layers has 10 Ohm/sq. The spacing between 

each layer is 4 mm.  The simulation results showed more than 90% absorption in 

the S band from (2 to 4.5 GHz), while the total thickness of the 4-layers FSS is 

0.084 λ𝐿 [67].  
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Fig. 2.19: (a), (b) Top view of first and second layers, (c), and (d) second set of 

complementary layers. (e), and (f) side view, and three-dimensional view of the 

suggested geometry [67]. 
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CHAPTER THREE 

ANALYSIS OF ABSORBING FSS WITH CIRCULAR RING 

AND LUMPED RESISTORS 

3.1 Introduction  

        The FSS have found increasing applications, where the incident 

electromagnetic wave is wanted to be absorbed with a small reflection. Moreover, 

it is desirable that minimal transmission through the FSS is achieved. With the 

later requirement, most absorbing FSS have a conducting ground plane layer. The 

main considerations in improving the performance of the FSSA are reducing the 

reflection coefficient at the desired frequencies, and increasing the bandwidth of 

the FSS. Thus, better operational performance can be achieved. In this chapter, the 

FSS characteristics are investigated with the emphasis on improving the absorbing 

performance. The proposed FSSA have lumped resistors that were used to absorb 

the incident electromagnetic power is also investigated. 

3.2 Analysis of FSS with circular ring backed by an air layer  

        The suggested FSS design is composed of a circular conducting ring printed 

on a dielectric substrate that is separated by a certain distance from the backing 

ground plane. The circular ring was chosen due to insensitivity over wide 

incidence angles.  The geometry of the FSS design is depicted in Fig. 3.1. The 

conducting ring is made of copper, and the substrate is FR4 with relative 

permittivity of 4.3, loss tangent of 0.025, and thickness of 1.6 mm. The design 

frequency was chosen to be 3 GHz in the band of (2 - 4 GHz) for microwave ovens, 

Bluetooth, WLAN, and WiMAX absorption. The FSSA is investigated using the 

CST software Suite, where the unit cell approach is used. 
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Figure 3.1: Geometry of the proposed FSS and ground plane; (a) Top view of 

FSS layer, (b) side view, and (c) top view of the ground plane. 

        The design parameters of the FSS cell can be chosen to achieve operation at 

the desired band of frequencies if the effective dielectric constant of the assumed 

configuration is determined. In the design shown in Fig. 3.1, there are two layers 

of air and FR4 substrate underneath the conducting ring. For the double dielectric 

substrate used here, the total thickness h is the sum of the substrate thickness h1 

and the air spacer thickness h2. The value of the effective dielectric constant ɛ𝑟𝑐 

is the combination of ɛ𝑟1
 and ɛ𝑟2

 due to the FR4 and air layers respectively. So, 

the resultant dielectric constant that can be derived by applying the static condition 

of constant electric flux density (D=ɛE) through the two dielectric layers from     

Vo = h Ey applied voltage. Where E is the electric field intensity, Ey is electric field 

intensity along Y-direction, and ɛ is the dielectric constant of the medium [68].  

v0 =ℎ2(𝐷/ɛ0ɛ𝑟2
)+ ℎ1(𝐷/ɛ0ɛ𝑟1

) = ( ℎ2 + ℎ1) (𝐷/ɛ0ɛ𝑟𝑐
)                             (3.1) 
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Where ℎ1, ɛ𝑟1
  are the thickness and dielectric constant for the substrate, and ℎ2, 

ɛ𝑟2
   are the thickness and dielectric constant for the air spacer. Then the value of 

the effective dielectric constant ɛ𝑟𝑐 for the composite layer can be found as [69]:  

ɛ𝑟𝑐
=

(ℎ2+ℎ1)(ɛ𝑟2ɛ𝑟1)

(ℎ2ɛ𝑟1+h1ɛ𝑟2)
                                                                                      (3.2)                                                                                       

        Then for the used FR4 substrate (ℎ1= 1.6 mm, ɛ𝑟1= 4.3), and assuming air 

layer thickness ℎ2=10 mm, the effective dielectric constant will be:  

ɛ𝑟𝑐
=

(ℎ2+ℎ1)(ɛ𝑟2ɛ𝑟1)

(ℎ2ɛ𝑟1+h1ɛ𝑟2)
  = 1.118     

        Since the thickness of the air spacer is larger as compared to that of the 

dielectric substrate, then the expected effective dielectric constant is closer to the 

dielectric constant  of the air. Thus, the above result (1.118 ) is closer to unity than 

to (4.3).  

        From another point of view, the circular ring is now assumed over an 

equivalent    substrate of thickness 10+1.6= 11.6 mm and an effective dielectric 

constant of 1.118. In such case, there will fringing effect of the electric field, and 

this can be accounted for by assuming an effective relative dielectric constant due 

to the fringing field which can be obtained as [68]:                           

  ɛ𝑒 =  
  ɛ𝑟𝑐+1

2
+

  ɛ𝑟𝑐−1

2
 

1

√1+
10ℎ

𝑤

                                                                      (3.3) 

        Where w is the ring width, and h is the total thickness of the two-layer 

substrate. Therefore, for the parameters of the above assumed design, and 

assuming w=2 mm, the effective relative dielectric constant is: 

ɛ𝑒 =  
1.118+1

2
+

 1.118−1

2
 

1

√1+
10×11.6

2

 = 1.067 
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Thus, at the frequency of 3 GHz, the effective or guide wavelength will be: 

𝜆e= 
𝜆0 

√ɛ𝑒        
                                                                                                           (3.4) 

Which for the considered case gives: 

𝜆e= 
𝜆0 

√ɛ𝑒        
=

𝜆0 𝑘

√1.067        
 = 97 mm 

        The closed ring resonates when its circumference is equal to ½ the effective 

wavelength. By proper choice of the values of outer and the inner diameters of the 

ring, one can obtain the values of the circumference of the ring and set it equal to 

or half of the effective wavelength and its multiple. Thus choosing 16.6 mm and 

14.6 mm for the outer and inner diameters of the ring respectively, the average 

circumference l will be:   

da = 
(𝑑𝑜𝑢𝑡+𝑑𝑖𝑛)

2
  = 

(16.6 +14.6)

2
  =15.6 mm                                                           (3.5) 

𝑙 = π da  =  π × 15.6 =49mm                                                                                                  (3.6) 

        Having obtained the parameters of the ring the unit cell was chosen to be a 

square of side dimension of 23 mm. At these dimensions, the unit cell size is 23/97 

= 0.24 𝜆e . The parameters of the design are tabulated in Table 3.1. 

 

        Figure 3.2 displays the variations in the reflection coefficient with the 

incident wave's frequency when the air spacer is 10 mm thick., and other 

parameters are as listed in Table 3.1. It can be seen that there is a small decrease 

in the reflection coefficient at 3 GHz, while there is twice the reduction in the 

reflection coefficient at 7.65 GHz frequency. 
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Table 3.1: Parameters of the design for the copper ring FSS.   

ℎ1 1.6 

ɛ𝑟1
 4.3 

ɛ𝑟𝑐
 1.118 

ɛ𝑒 1.067 

Resonance frequency (fo) 3 GHz 

𝜆𝑜 100 mm 

𝜆e 97 

Outer diameter of the ring dout 16.6 mm 

Inner diameter of the ring din 14.6 mm 

w 2 mm 

Thickness of air spacer h2 10 mm, and other values 

 

        Examining the results of Fig. 3.2, the resonant frequency acquired from the 

CST simulated result is that which gives a small reflection coefficient. Thus, this 

frequency is 3 GHz, which corresponds to a wavelength of  

 

 𝜆0  = 
𝑐

𝑓  
= 

3×108

3×109
 = 100 mm. 

Then, according to Eq. (3.4), the effective wavelength is  

𝜆e= 
𝜆0 

√ɛ𝑒        
=

𝜆0 

√1.067        
 = 97 mm.                           

But the average circumference of the ring is 49 mm according to Eq. (3.6), which 

means: 



 

37 
 

𝜆e

𝑙
=

97

49
= 1.979            

This means that the average circumference of the ring is half the effective 

wavelength. 

 

Figure 3.2: Variation of the reflection coefficient S11  with frequency for 10 mm 

air spacer thickness. 

 

3.2.1 Effect of ring diameter 

        Figure 3.3 shows the results obtained for various values of the ring diameter, 

where it can be seen that as the diameter of the ring is increased the reflection 

coefficient of the first resonance frequency decreased.  

In addition, it can be observed that increasing the diameter of the ring further led 

to the appearance of another resonance frequency (high order mode) between (10  

and 11 GHz). 
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Figure 3.3: Variation of the reflection coefficient S11  with frequency for various 

ring diameters, and with 10 mm air spacer thickness. 

3.2.2 Effect of air spacer thickness  

        The effects of varying the air spacer thicknesses between the dielectric 

substrate and ground plane was investigated. The purpose of this investigation is 

to examine the effects of changing the spacing on the reflection coefficient of the 

FSS, getting minimum reflection as much as possible to achieve better absorption.      

Figures 3.4 and 3.5 show the variation of the reflection coefficient of the FSS with 

frequency for various values of the air spacer thickness. The figures show that 

there is a resonance case indicated by a small reflection coefficient at frequencies 

in the range of 3-3.8 GHz. As the thickness of the air spacer h2 is changed, then 

the effective permittivity of the two layers (air+ FR4) will change according to Eq. 

(3.2) and Eq. (3.3). Thus, the effective wavelength given by Eq. (3.4) results in 

changing the resonance frequency. The other note on the results of these Figures 

is that at 10 mm spacer thickness there is another resonance frequency at higher 

of around 8 GHz. there is a third resonance frequency at a 5 mm air spacer. From 

Figs. 3.4 and 3.5 it can also be seen that the increase in the air spacer thickness 

results in reducing the reflection coefficient with a lower shifting of the second 
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resonance frequency. However, the reflection coefficient needs to be further 

reduced for the FSS to function as a good absorber. 

 

Figure 3.4: Variation of the reflection coefficient S11  with frequency for various 

air spacer thicknesses h2, when din= 14.6 mm, dout= 16.6 mm. 

 

Figure 3.5: Variation of the reflection coefficients S11 with frequency for various 

air spacer thicknesses h2, when din= 14.6 mm, dout= 16.6 mm. 

      Table 3.2 shows the resonance frequencies found from the CST results, 

compared to those estimated from the determined effective dielectric constant, 

where the average circumference of the ring is given by Eq. (3.6): 
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𝑙 = π da =  π × 15.6 = 49 mm 

Then the estimated frequency is found as: 

λe = 2 𝑙 = C / [f √ɛ𝑒 ]                                                                         (3.7) 

 f = C / [2 𝑙√ɛ𝑒  ]                                                                                

Thus, for an average circumference of 49 mm, Eq. (3.6) results in : 

f = C / [2 𝑙√ɛ𝑒  ] = f = 3.1/√ɛ𝑒         GHz.      

Table 3.2: Reflection coefficients at resonance for various values of the air spacer 

thickness h2, when din= 14.6 mm, dout= 16.6 mm.  

Air spacer thickness 

(ℎ2) (mm) 

ɛ𝑒 from 

Eq. (3.3) 
 

Resonance f 

From Eq. (3.7) 

Resonance 

𝑓1(GHz) From 

CST 

Reflection 

(S11) (dB) 

4 1.167 2.87 3.70 -1.34 

5 1.134 2.91 3.55 -1.09 

7 1.096 2.96 3.31 -0.80 

10 1.067 3 3 -0.59 

12 1.055 3.02 2.80 -0.51 

15 1.044 3.03 2.55 -0.43 

18 1.037 3.04 2.38 -0.37 

21 1.031 3.05 2.19 -0.32 

       It can be seen that the resonant frequency changes slightly as the air spacer is 

increased. This is due to the decrease in the value of the composite permittivity as 
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the air-spacer is increased. Table 3.2 compares the values of the resonance 

frequency that were obtained from the CST simulation results with those estimated 

from the Eq. (3.7). It can be observed the accuracy of the estimated is better when 

the thickness of the air spacer is around 10 mm. 

3.2.3 The equivalent circuit 

        In the analysis of the unit cell of the FSSA, the structure of the design consists 

of a circular ring printed on a dielectric substrate that has been set at a certain 

distance from the plane of the ground. The absorber's overall thickness (dielectric 

+ air spacer) is approximately 0.12 𝜆e. The suggested absorber's operation could 

be described by equivalent circuit model. As shown in Fig. 3.6, the suggested 

absorber's equivalent circuit includes three sections: section 1 of an RLC circuit 

parallel to a short transmission line, The RLC component represented by the 

continuous ring and the shorted transmission line for section 2 of length h1 

corresponding to the dielectric substrate. Section 3 of a short transmission line 

section has a length of h2, which denotes the air spacer thickness backed by the 

ground plane. When such an absorber is subjected to incident microwaves, the 

metal background prevents transmission, therefore the incident microwave power 

could either be reflected or absorbed. 

The equivalent impedance of this circuit as a function of frequency can be given 

by: 

Ze =  R + jωL +
1

jωC
                                                                      (3.8) 

The series inductance and capacitive of continuous ring in section 1 act as a short- 

circuit at resonance.  

Ze =  R  at resonance 



 

42 
 

For the air spacer of thickness (h2) that is backed by copper ground plane, the 

equivalent impedance can be expressed as [45]: 

Z1 = j Z0 tan(β0h2 )                                                                        (3.9) 

Z1 = j Z0 tan (
2π fo

c
h2 ) 

       Where j is the imaginary unit, Z0  is the characteristic impedance of the free 

space, fo and c represents the incident electromagnetic wave's frequency and 

velocity of light, respectively.  

At 3GHz frequency and air spacer of 10 mm, the impedance Z1 shown in Fig. 3.6 

will be:   

     Z1 =j Zo tan(
2×π×3×109

3×108
 × 0.01) =    j 0.727Zo   Ohm. 

The equivalent impedance Z1 is transformed to Zt after passing through the 

substrate, since the substrate of a small thickness compared to the air gap, then the 

following approximation can be adopted. 

Zt =  Z1                                                                                             (3.10) 

 

Figure 3.6: (a) Equivalent circuit model of the FSS continuous ring absorber. (b) 

proposed design for FSSA. 
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Zin = Ze// Zt                                                                                (3.11) 

At resonance, the RLC circuit (equivalent circuit of the ring) will have an 

impedance R, then the input impedance Zin of the FSS structure will be: 

Zin = R// Zt                                                                                   

Then the reflection coefficient at resonance for the incident wave is:  

Γ =    
Zin − Zo 

Zin+ Zo
                                                                                      (3.12)         

Γ =    

Z1 R
Z1 + R

 − Z0 

Z1 R
Z1 + R

+ Z0

 

Γ =    
−RZ0 + Z1 (R − Z0 )

RZo + Z1(R + Z0)
 

But  Z1 =  j 0.727Z0      then  

Γ =    
−RZ0 + j0.727Z0(R − Z0)

RZo + j0.727Z0(R + Z0)
 

Γ =    
−R + j0.727(R − Z0)

R + j0.727(R + Z0)
 

        Since the left side of the above relation is a real value, then right side is 

converted into polar form and its magnitude is equated to  Γ as follows: 

Γ2 =
(R2 + [(0.727(R − Z0)]2)

(R2 + [0.727(R + Z0)]2)
 

Γ2 =
R2 + 0.529(R2 − 2RZ0 + Z0

2)

R2 + 0.529(R2 + 2RZ0 + Z0
2)
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        From Table 3.2 when the reflection coefficient is -0.59 dB at air spacer 

thickness h2=10 mm the impedance of the continuous copper ring is calculated as:   

(0.935)2 =
R2 + 0.529(R2 − 2RZ0 + Z0

2)

R2 + 0.529(R2 + 2RZ0 + Z0
2)

 

R = 12.824 or 3832.21 Ohm.   

        This value of resistance R = 12.824 Ohm is substituted in the above 

equation for obtaining reflection coefficient using MATLAB program. It was 

found that the reflection coefficient (Γ = 0.7526) is not conformed to that 

simulated from CST. 

Then the input impedance calculated from Eq. (3.12) will be: 

Zin = 0.726 < 1.51° Ohm. 

 

  From this result, it is shown that there is no impedance matching, so the design 

is not suitable for obtaining high absorption. 

 

3.2.3 Impedance calculation 

        The resistance of the ring can be obtained by taking the cross-sectional area 

of the copper ring as depicted in Fig. 3.7, So it is computed as: 

 

   𝑅 = ρ 
l

Ae
                                                                                  (3.13) 

At 3 GHz the skin depth is: 

δ =  √
ρ

πfoμ 
                                                                        (3.14) 
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δ =  √
1.72× 10−8

π × 3× 109×4π x10−7
  = 1.2× 10−6

  m. 

So, the effective area of multiplying width with thickness can be evaluated as: 

Ae = width ×  thickness − [(width −  4δ) ×  (thickness −  4δ)]  

 =  2 ×  10−3 ×  0.035 ×  10−3   − [(2 ×  10−3 − 4 ×  1.2  ×  10 −6) ×

                                                                                          (0.035 ×  10−3 − 4 ×  1.2 ×  10 −6)]  

  Ae = 0.97 × 10 −8 m2. 

then R = ρ 
l

Ae
  =  1.72×  10 −8  

0.097

0.97× 10 −8 𝑚2 
   = 0.17 Ohm.      

Where the voltage is assumed and the current is various along circular copper 

ring.  

I =  
V

𝑅
                                                                                                      (3.15)  

 Then the electromagnetic lost power can be obtained as Ploss = 𝐼2 × R. 

 
Figure 3.7: Concentration of current (shaded area) across the cross-section of the 

strip forming the circular loop. The current is effectively assumed to be at twice 

the skin depth. 
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3.3 Analysis of a circular ring FSS with lumped resistors 

       In the development of the performance of the FSSA, it was suggested to use 

lumped resistors to provide absorption of the power of the incident wave, so that 

the reflected power and reflection coefficient are reduced.  

      The incident wave induces an electromotive force (EMF) voltage in the ring 

leading to a circulating RF current.  

       If a resistor is placed in the path of this current, then ohmic losses in the form 

of I2R will lead to reduced reflected power and a smaller reflection coefficient. 

This idea is implemented and explained in the next section. 

 

3.3.1 The Conductive of Split ring resonator 

        The proposed FSS unit cell comprises a split ring having four equal parts, 

where four lumped resistors are placed across the resulting four gaps. The design 

of the FSS ring with four split parts is depicted in Fig. 3.8. The split ring is 

embedded on the FR4 substrate at a 10 mm distance from the ground plane. The 

length of each of the four gaps was initially set at 2 mm.  

 

Figure 3.8: Geometry of the proposed FSS with split ring and ground plane; (a) 

top view of FSS, (b) side view, and (c) top view of ground plane. 
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        The effect of the variation of gap length on resonance frequency and 

reflection were simulated using an average diameter of the ring of 49 mm, (din= 

14.6 mm, dout= 16.6 mm). The obtained results are shown in Fig. 3.9 and Table 

3.3, where the four parts of the ring are not connected with resistors. It can be seen 

that when the gap length is zero (continuous ring), then the resonance frequency 

is about 3 GHz. However, when the ring is spliced into four parts. The first 

resonance frequency increased to higher values between (4 and 5 GHz), whereas 

the second resonance increased between (8.5 - 11.5 GHz). As each part of the ring 

can resonate at a frequency corresponding to its length, one should take into 

account the effect of the gap between any two adjacent segments.  

        This gap can be considered as a capacitance connecting the two adjacent parts 

of the ring. As the length of the gap is increased, the capacitance due to the gap 

decreased with a gradual increase in the reflection coefficient while reducing the 

reflection coefficient at the second resonance. 

 

Figure 3.9: Variation of the reflection coefficients S11 with frequency for the 

4-segment ring for various gap lengths. 
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         In Table 3.3 as the gap length increases, the bandwidth increases, and larger 

bandwidth is achieved when the gap length is increased to 3.3 mm, which is 

located between (10.05 -10.18 GHz) with minimum reflection equal to -17.36 dB, 

but there is poor reflection indicated at first resonance response at operational 

frequency. 

Table 3.3: Reflection coefficients at resonance for the 4-segment ring for various 

values of the gap length.  

Gap length 

(mm) 

Frequency 

𝑓1(GHz) 

Reflection 

(𝑆11)  dB 

Frequency 

𝑓2(GHz) 

Bandwidth 

(GHz) 

Reflection 

(𝑆11)        

dB 

0 3 -0.59 7.76 --- -0.96 

0.5 4.28 -0.42 8.86 --- -3.48 

2 4.63 -0.38 9.49 --- -7.17 

3.2 4.76 -0.36 10.06 0.12 -15.63 

3.3 4.69 -0.35 10.12 0.13 -17.36 

3.4 4.78 -0.35 10.19 0.12 -20.84 

4 4.67 -0.34 10.56 0.1 -16.93 

4.5 5.06 -0.34 11.09 --- -8.25 

 

 3.3.2 Absorption FSS 

        This section investigates the influence of adding lumped resistors to the 

circular ring on the electromagnetic wave absorption. The incident wave produces 

a certain current in the loop, which results in I2R loss in each of the lumped 
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resistors. In the investigated design, the ring was split into four parts, and four 

resistances were added at the resulting gaps as shown in Fig. 3.10. The gap length 

was chosen as 2 mm.  

 

Figure 3.10: Geometry of the proposed FSS with four resistances and a ground 

plane; (a) Top view of absorption FSS, (b) side view, and (c) top view of the 

ground plane. 

 

3.3.2.1 Effect of the ring diameter and resistances    

        The effect of the variation in the diameter of the ring is shown in Fig. 3.11. 

The ring's diameter is increased to tune the resonance frequency, whereas the 

resistance is varied to achieve a better response with less reflection and a wider 

bandwidth. 
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Figure 3.11: Variation of the reflection coefficient S11 with frequency for various 

values of the ring diameters and resistors, when ℎ2=10 mm. 

       The results of the performed simulations are listed in Table 3.4. From this 

table, it can be seen that as the diameter of the ring increases, the required 

resistance to get better response increases as well.  

The largest achieved bandwidth is 5.68 GHz when the diameters of the ring are 

𝑑𝑖𝑛 =17.7 mm, 𝑑𝑜𝑢𝑡 =19.7 mm.  

        The minimum reflection obtained in this bandwidth is -31.80 dB. These 

findings represent a considerable improvement compared to the case without the 

lumped resistors. The influence of the resistor values is studied in the next section.  
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Table 3.4: Bandwidth and reflection coefficients at resonance for 10 mm air spacer 

thickness at various values of the resistances and ring diameter.  

 

𝑑𝑖𝑛 

(mm) 

𝑑𝑜𝑢𝑡 

(mm) 

Resistances 

(R) (Ohm) 

Resonance 

𝑓1 (GHz) 

Bandwidth 

(GHz) 

Reflection (S11) 

(dB) 

14.6 16.6 1 3.03 --- -0.72 

15.4 17.6 73 3 --- -8.37 

16.6 18.6 155 3 1.68 -20.54 

17.7 19.7 222 3 5.68 -31.80 

16.6 18.6 155 3 1.68 -20.54 

18.6 20.6 266 3 5.60 -21.03 

 

3.3.3 Comparison between continues ring and lumped resistance 

        Comparison of FSS with four resistance and continuous ring are shown in 

Fig. 3.12, The figure shows that much better absorption has been achieved as 

compared with the case of the continuous ring (without the resistors). 

  Lower reflection coefficient has been achieved, and it extends over a wider range 

of frequencies. 

        The blue color represents the reflection coefficient for the ring, while the red 

dash color is for the case of spliced ring with 222 Ohm resistors.  
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It can be observed higher value of reflection occurred for R=0 Ohm (continuous 

ring). By adding resistances, a smaller value of reflection coefficient is obtained 

at 3  GHz frequency.  

        These high absorptions are mainly due to the ohmic losses at this frequency. 

Minimized reflection is caused by decreased current in the copper ring due to the 

presence of resistances.  

 

Figure 3.12: Variation of the reflection coefficient S11 with frequency for a 

continuous ring and that with the four resistances, when ℎ2=10 mm, 𝑑𝑖𝑛 =17.7 

mm, 𝑑𝑜𝑢𝑡 =19.7 mm. 

 

        The existing current distributions in Fig. 3.13 show the current density of 

both four resistances ring and continuous ring without resistance. It can be seen 

that intensity of current density for the continuous ring (green color) is 60 A/m. 

         By adding four resistances of 222 Ohm, the intensity of the current (blue 

color) is reduced by approximately 3 times from that continuous ring with no 

resistances.  
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Figure 3.13: Current distribution at 3  GHz, (a) Continuous ring without 

resistances; (b) With resistances. 

3.3.4 Effect of the lumped resistors 

        The influence of the value of the resistances on the performance of the FSSA 

was investigated by trying to optimize the resistor value. Figure 3.14 displays the 

reflection coefficient with frequency change for different resistors values, and the 

parameters of the obtained results are compared in Table 3.5.  

The table shows that as the lumped resistances are increased from 50 Ohm to 550 

Ohm, the frequency of minimum reflection changes slightly. The -10dB 

bandwidth increased with the increase of the resistance and then decreased. Thus, 

the performance of bandwidth-reflection coefficient can be optimized by a proper 

change of the lumped resistors.  

       The increase in the bandwidth can be attributed to the fact that the Q-factor of 

the resonating ring. 
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 The Q-factor decreases as the resistance is increased. The bandwidth is related to 

the Q-factor by [43]: 

𝐵𝑊 =  
𝑓𝑜

𝑄
 =  

𝑅

2𝜋𝐿
                                                                         (3.16) 

Where R is resistance, 𝑓𝑜 is the resonant frequency and L is the inductance of 

ring. 

 

Figure 3.14: Variation of the reflection coefficient S11 with frequency for various 

values of the resistors, when ℎ2=10 mm. 

        Higher bandwidth of 5.68 GHz is obtained when the resistances equal to 222 

Ohm, which is located between (2.39-8.07 GHz).  

The results also show that the best reflection coefficient is obtained for the 

resistance value of 222 Ohm.  

       Further increasing the resistance raises the reflection coefficient towards 

unity, which is not recommended, resulting in a decrease in absorption to zero.   
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Table 3.5: Bandwidth and reflection coefficients at resonance for 10 mm air spacer 

thickness at various values of the resistances, when 𝑑𝑖𝑛 =17.7 mm, 𝑑𝑜𝑢𝑡 =19.7 

mm.  

Resistances (R) 

(Ohm) 

Resonance 𝑓1 

(GHz) 

  Bandwidth 

     (GHz) 

Reflection (S11) (dB) 

50 2.41 --- -7.42 

100 2.49 0.64 -15.57 

220 2.99 5.65 -31.77 

221 2.99 5.67 -31.73 

222 3 5.68 -31.80 

223 3.01 5.65 -31.90 

230 3.05 5.63 -32.41 

240 3.12 5.62 -33.83 

250 3.18 5.67 -36.07 

260 3.24 5.62 -40.29 

270 3.28 5.61 -50.03 

280 3.33 5.63 -43.31 

290 3.36 3.02 -35.24 

300 3.42 5.58 -32.15 

350 2.54 2.35 -21.96 

400 3.65 2.35 -17.76 

550 3.80 1.06 -11.69 
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3.3.5 Equivalent circuit model  

        This section attempts to derive formulas for FSS ring with four lumped 

resistors. The transmission line analysis together with equivalent circuit models 

for the (FR4+air spacer) can be used to find the input impedance of the structure. 

The FSSA can be modeled by a three-section transmission line as shown in Fig. 

3.15. The copper ring in Section 1 is made up of resistance (4R) capacitance (C) 

and inductance (L). The four lumped resistances have total value that exceeds the 

resistance of the copper ring, thus the latter was neglected, while in Fig. 3.6 the 

resistance R represents the resistance of the copper ring. Section 2 shows the top 

FR4 layer, which has a thickness of ℎ1, and section 3 shows the air spacer layer, 

which has a thickness of ℎ2. The ground plane is modeled here as a short circuit 

connected to section 3 of the transmission line. The absorbing structures are 

backed by a metal plate in practical applications to eliminate the absorption 

characteristics' dependence on environmental factors that are located behind the 

absorber. The series inductance and capacitive of section 1 of 𝑍𝑒 impedance, act 

as a short- circuit  at resonance, so the effect of four resistance has to be taken into 

account so Eq. (3.8) will be: 

Ze =  4R + jωL +
1

jωC
 

Ze =  4R  at resonance.   

        As a result, to achieve broadband microwave absorption, the input impedance 

𝑍𝑖𝑛 must match the air characteristic impedance 𝑍0 over a wide frequency range. 

Perfect absorption can be achieved when the overall impedance of the FSSA 

matches the impedance of free space [70]. 
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Figure 3.15: (a) Equivalent circuit model of the FSS with lumped resistors 

absorber. (b) proposed design for FSSA. 

The air spacer of thickness (h2) that is backed by copper ground plane can be 

considered as short-circuited transmission line, thus the impedance can be 

expressed as Eq. (3.9): 

Z1 = jZ0 tan(β0h2 )        

Then at 3 GHz  frequency and air spacer of 10 mm, the impedance Z1  shown in 

Fig. 3.12 (a) will be:   

  Z1   = j Zo tan(
2×π×3×109

3×108
 × 0.01) =    j 0.727 Zo 

The small thicknesses of the substrate (h1) was neglected as Eq. (3.10): 

Zt =  Z1       

The proposed FSS (𝑍𝑖𝑛) input impedance can be obtained as parallel connection 

between equivalent impedance Ze of the ring and the terminated impedance 𝑍𝑡:    
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At resonance, the FSS equivalent circuit produces a resistive value 4R parallel to 

the 𝑍𝑡 so the Eq. (3.11) will be 

Zin = 4R// Zt                                                                             (3.17) 

Then the reflection coefficient at resonance for the incident wave is:  

Γ =    
Zin − Zo 

Zin+ Zo
                                              

Γ =    

Z1 ×4R

Z1 +4R
 − Z0 

Z1 ×4R

Z1 +4R
+ Z0

                              

Γ =    
−4RZ0 + Z1 (4R − Z0 )

4RZo + Z1(4R + Z0)
 

But Z1 =  j 0.727Zo      then  

Γ =    
−4RZ0 + j0.727Z0(4R − Z0 )

4RZo + j0.727Z0(4R + Z0)
 

By finding the magnitude of numerator and denominator i.e. 

Γ2 =
(16R2 + [(0.727(4R − Z0)]2)

(16R2 + [0.727(4R + Z0)]2)
 

At small reflection -31.80 dB when lumped resistance equal to 222× 4  from 

Table 3.5 the impedance of lumped resistance can be evaluated as: 

(0.026)2 =
16R2+0.529(16R2−8RZ0+Z0

2)

16R2+0.529(16R2+8RZ0+Z0
2)

 

R= 55.42<0.94° or 55.42< )-0.94(° Ohm. 

The value of reflection coefficient from MATLAB program is equal to Γ =

0.5096. 

Then, the input impedance for 55.42< ( -0.94(° calculated from Eq. (3.12): 
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Zin = 0.734 < 1.56 ° Ohm. 

3.3.6 Effect of the air spacer thicknesses on ring with four resistors 

        The simulation results for adding four resistances of 222 Ohm on copper ring 

with various values of air spacer thicknesses are shown in Fig. 3.16. The 

simulation shows that there is a shifting happened in the frequency to the lower 

values when the air spacer thickness increased. 

 

Figure 3.16: Variation of the reflection coefficient S11 with frequency for various 

air spacer thicknesses, when R=222 Ohm. 

        Table 3.6 demonstrates the reflection coefficient and bandwidth of different 

thicknesses. The reflection coefficient at resonance changes as the spacer 

thickness is changed.  

        The bandwidth changes slightly when the air spacer thickness changed. High 

bandwidth can be found at the case of ℎ2=10 mm spacer thickness, which is equal 

to 5.68 GHz where the small reflection coefficient -31.80 dB which is located at 

(2.39 -8.07GHz). 
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Table 3.6: Bandwidth and reflection coefficients at resonance for 222 Ohm 

resistances at various values of the air spacer thicknesses, when 𝑑𝑖𝑛 =17.7 mm, 

𝑑𝑜𝑢𝑡 =19.7 mm. 

Air spacer 

thickness (ℎ2) 

(mm) 

Resonance 𝑓1 

(GHz) 

Bandwidth 

(GHz) 

Reflection (S11) 

(dB) 

5 4 --- -9.18 

6 3.73 1.29 -11.51 

7 3.51 1.94 -14.16 

8 3.32 2.44 -17.53 

9 3.15 5.66 -22.29 

9.9 3.02 5.66 -30.04 

10 3 5.68 -30.81 

10.1 2.98 5.67 -33.64 

11 2.87 2.72 -33.79 

12 2.75 2.21 -23.97 

15 2.49 1.43 -15.18 

18 2.27 0.80 -11.72 

21 2.10 --- -9.60 

 

3.3.7 Effect of the ring width 

        Figure 3.17 demonstrates how the S11 reflection coefficient changes with 

frequency at 10 mm air spacer for various widths of the ring in the presented of 

four resistances of 222 Ohm, where the average circumference of the ring was kept 
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constant. The results show that the bandwidth of the response is affected by the 

width of the ring.   

       Larger bandwidth of the ring is obtained when w=2 mm However, the 

frequency of minimum reflection coefficient is also affected by the width of the 

ring.  The minimum value of the reflection coefficient changed as the ring width is 

increased.  

       It can be observed that the minimum value of reflection coefficient is shown 

at w=2 mm is equal to -31.80 dB, however, larger width results in a small 

reflection coefficient at the resonance frequencies. 

 

Figure 3.17: Variation of the reflection coefficient S11with frequency for various 

values of widths, when h2=10 mm, and R=222 Ohm. 
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Table 3.7: Bandwidth and reflection coefficients at resonance for 10 mm  air spacer 

thickness at various values of the ring width. 

Width (w) 

(mm) 

Resonance 

𝑓1 (GHz) 

Bandwidth 

(GHz) 

Reflection (S11) 

(dB) 

0.5 3.09 4.50 -25.34 

1 3.06 5.05 -26.99 

1.5 3.05 5.39 -30.34 

1.8 3.01 5.57 -30.93 

1.9 2.98 5.62 -30.07 

2 3 5.68 -31.80 

2.1 3 2.74 -33.77 

3 2.92 1.96 -38.69 

4 2.85 1.75 -42.87 

5 2.75 1.59 -40.94 

6 2.65 1.47 -34.33 

7 2.53 1.36 -27.47 

9 2.40 1.25 -21.41 

 

3.3.8 Impedance calculation 

        The impedance of the microstrip line forming the ring is affected by the width 

of the ring, height of substrate FR4+air space as well as the effective relative 

permittivity. It should be noted that in this design, the ring is backed by an FR4 

layer of 1.6 mm thickness, and an air layer of 10 mm thickness. Thus, the 

impedance of its two-layer substrate has to be calculated properly. From 

determining the ratio of the width to height 
𝑤 

ℎ
≤1 so the impedance can be 

calculated as [70]:   
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Zc =  
60

√ɛe
 ln [ 

8h

w
+

w

4h
 ]                                                                       (3.18) 

At w=2 mm, and h2=10 mm. 

Zc =  
60

√1.067
 ln [ 

8×11.6

2
+

2

4×11.6
 ] = 222.9 Ohm . 

Table 3.8: Impedance of copper ring at resonance for 10 mm air spacer thickness 

and 222 Ohm lumped resistors at various values of the width. 

Width (w) 

(mm) 

Impedance 

Calculated 

(Ohm) 

Resonance 

𝑓1 (GHz) 

Bandwidth 

(GHz) 
Reflection(S11)(dB) 

0.5 303.4 3.09 4.50 -25.34 

1 263 3.06 5.05 -26.99 

1.5 239.6 3.05 5.39 -30.34 

1.8 229 3.01 5.57 -30.93 

1.9 225.9 3.02 5.63 -32.42 

2 222.9 3 5.68 -31.80 

2.1 220 3 2.74 -33.77 

3 199.5 2.92 1.96 -38.69 

4 182.8 2.85 1.75 -42.87 

5 170 2.75 1.59 -40.94 

6 159.6 2.65 1.47 -34.33 

7 150.8 2.53 1.36 -27.47 

9 136.6 2.40 1.25 -21.41 
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From Table 3.8 above, it can be noted that the value of the ring impedance is nearly 

equal to the lumped resistance 222 Ohm, indicating that matching impedance 

occurred at this resistance. 

3.4 Comparison with the previous work 

Table 3.9 Compares this work with former studies on FSSA. It can be been shown 

that the proposed structure bandwidth has been significantly improved 

Table 3.9: Performance comparison of the suggested absorbers with earlier works. 

 

Reference 
FBW 

[%] 

Thickness 

[mm] 
Unit cell characteristics 

[10] 126.8% 0.088 λ𝐿 Single layer, spacer-8 resistors 

[57] 10.99% 0.062 λ𝐿 Single layer, spacer-4 resistors 

[14] 114.4%, 0.076 λ𝐿 Two layer, 12 resistors 

[36] 72 % 0.124 λ𝐿 Single layer+spacer-4 resistors 

[40] 91.6%. 0.098 λ𝐿 Single layer+ spacer-4 resistors 

[37] 126.5% 0.084 λ𝐿. Single layer +Spacer, 4 resistors 

[65] 127.52% 0.084 λ𝐿 
Triple-layered+2 Spacer, 4 

resistors 

[66] 132.7% 0.085 λ𝐿 
Triple-layered+2 Spacer, 4 

resistors 

Presented 

work 
108.6% 0.092 λ𝐿 Two layer, 4 resistors 
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Summary 

1. The proposed conducting ring design resonates at half effective wavelength 

along the ring's circumference. The air spacer thickness also affects the FSS's 

resonance frequency. 

2. From the analysis by the equivalent circuit model, and computed input 

impedance it was found that there is no perfect impedance matching. 

 3. The calculated impedance of the ring using the skin effect formulas agrees well 

with the estimated impedance from the CST simulation. 

4. The comparison of continuous rings with and without lumped resistors reveals 

a significant reduction in reflection coefficient and an increase in bandwidth.  

 5. When air spacer thickness and ring width is considered, they all had the same 

absorption bandwidth of 108% and reflection coefficient.  

6. The ring's impedance was computed using the microstrip line's characteristic 

impedance equation and compared to that estimated from the CST simulation. 
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CHAPTER FOUR 

ANALYSIS OF ABSORBING FSS WITH CIRCULAR RING 

AND RESISTIVE STRIP 

4.1 Introduction      

        This chapter investigates the enhancement of FSSA, where the attention is 

confined to the response of FSSA. The proposed design is based on the use of a 

resistive sheet instead of the copper for the metallic parts of the absorber. The 

suggested unit cell shape is a circular ring as that used in the former chapter.  Then, 

a resistive strip is added with the intent of decreasing reflection and increasing in 

the bandwidth.  

 

4.2 Analysis of a circular ring FSS with an air layer 

 

        The suggested FSSA is in the form of a resistive circular loop printed on the 

substrate. The substrate is backed by a ground plane that is separated by a certain 

layer of air as shown in Fig. 4.1. The circular loop is chosen so that there is no 

sensitivity to the direction of the incident electric field. In the investigated design, 

the effect of the air layer thickness is also considered. The substrate is made of 

FR4, which has a thickness of 1.6 mm, relative permittivity of 4.3 and loss tangent 

of 0.025.  The circular ring is made of ohmic sheet of 0.035 mm thickness. The 

circular ring has a surface resistivity of 10 Ohm/sq. The outer diameter of the ring 

is 16 mm and while the inner diameter is 14 mm. The unit cell has dimensions of 

18.2 mm×18.2 mm.  
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Figure 4.1: Geometry of the proposed FSS resistive ring and ground plane; 

(a) Front view, (b) side view, and (c) back view showing the ground plane. 

        The parameter values of the design are listed in Table 4.1. The effective value 

of the permittivity ɛ𝑟𝑐 for the composite layer of the FR4 substrate and air is 

defined from Eq. (3.2). 

ɛ𝑟𝑐 =  
(ℎ2+ℎ1)(ɛr2ɛr1)

ℎ2ɛr1+h1ɛr2
                                                                            

ɛ𝑟𝑐 =  
(ℎ2+ℎ1)(ɛr2ɛr1)

ℎ2ɛr1+h1ɛr2
  = 1.229 

Which for the FR4 substrate and assuming a 5 mm layer of air, ɛ𝑟𝑐  becomes 1.229 

The equivalent relative permittivity is due to the fringing effect is calculated from 

Eq. (3.3): 

ɛ𝑒 =  
  ɛ𝑟𝑐+1

2
+

  ɛ𝑟𝑐−1

2
 

1

√1+
10ℎ

𝑤

                                                                            

ɛ𝑒 =  
1.229+1

2
+

 1.229−1

2
 

1

√1+
10×6.6

2

 = 1.134 

Which for the equivalent layer ( ɛ𝑟𝑐 = 1.229) will be equal to 1.134. 
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Thus, at the frequency of 3 GHz it is calculated from Eq. (3.4): 

𝜆e= 
𝜆0 

√ɛ𝑒        
=

𝜆0 

√1.134        
 = 93.90 mm                                                      

When the inner and outer diameters of the ring are 14 and 16 mm, then the 

average diameter from Eq. (3.5) will be : 

da = 
(𝑑𝑜𝑢𝑡+𝑑𝑖𝑛)

2
  = 

(16 +14)

2
  = 15 mm     

So, the average circumference according to Eq. (3.6) will equal to:                     

𝑙 = π da  =  π × 15 =47.12 mm                                                                  

 The ring will resonate when its circumference is equal to half the effective 

wavelength, so the frequency is estimated from Eq. (3.7) : 

f = C / [2 𝑙√ɛ𝑒  ] = f = 3.183/√ɛ𝑒         GHz                                        

Table 4.1: Parameters of the design for resistive ring FSSA.     

ℎ1 1.6 

ɛ𝑟1
 4.3 

ɛ𝑟𝑐
 1.229 

ɛ𝑒 1.134 

fo 3 GHz 

𝜆𝑜 100 mm 

𝜆e 93.90 

dout 16 mm 

din 14 mm 

w 2 mm 

Thickness of air spacer h2 5 mm, and other values 
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        The ring resonates when the value of circumference is equal λe /2. The 

design frequency was chosen to be 3 GHz, then λo= 100 mm, and according to Eq. 

(3.4), λe = 93.90 mm. To achieve resonance at this frequency, then according to 

Eqs. (3.6) and (3.7) the outer and inner diameters of the ring were set at din=14 

mm, and dout =16 mm respectively.  

        The simulation starts by considering a resistive ring, i.e, without the strip, and 

the obtained results are shown in Fig. 4.2, where the thickness of the air layer was 

assumed at 5 mm. It can be seen that there are two resonance frequencies, one at 

3 GHz and the other at 9.47 GHz frequency. The upper frequency can be attributed 

to the third harmonic. It is observed from these results a higher dip in the reflection 

coefficient of about -29.39 dB at the first resonance frequency. It can be seen that 

as the diameter of the ring increases the resonance frequency decreases, while the 

diameter of 17 mm produces the smallest reflection coefficient. 

 

Figure 4.2: Variation of the reflection coefficient S11  with frequency for various 

ring diameters, and with 5 mm air spacer thickness. 

4.2.1 Effect of air spacer thickness 

        In order to better understand the impact of air spacer thickness on the 

absorption of the unit cell, the air spacer thickness was varied between 5 mm and 
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21 mm, and the obtained results are shown in Figs. 4.3 and 4.4. The lowest 

reflection coefficient was obtained for a 5 mm thickness.  

 

Figure 4.3: Variation of the reflection coefficient S11  with frequency for various 

air spacer thicknesses h2, when din= 14 mm, dout= 16 mm. 

 

Figure 4.4: Variation of the reflection coefficient S11  with frequency for various 

air spacer thicknesses h2, when din= 14 mm, dout= 16 mm. 

Figure 4.4 shows the obtained results for larger values of the air spacer, 

where it can be seen that the same trend of decreasing frequency with the increase 

in the value of the air-spacer. It was shown in Table 4.2, that the composite 
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permittivity and the effective permittivity, decrease as the air layer thickness is 

increased. Thus, the effective wavelength according to Eq. (3.4) will change and 

this will yield a slight reduction in resonance frequency.  It can be noted that for 

larger spacer values, higher resonance also starts to appear at frequencies between 

6 GHz and 8 GHz, where these can be attributed to the third mode of resonance.  

Table 4.2: Reflection coefficients at resonance for various values of the air spacer 

thickness h2, when din= 14 mm, dout= 16 mm.  

Air spacer 

thickness 

(ℎ2) (mm) 

ɛ𝑒 from 

Eq. (3.3) 
 

Resonance 𝑓1 

from Eq. (3.7) 

Resonance 

𝑓1 (GHz) 

From CST 

Bandwidth 

(GHz) 

Reflection 

(S11) (dB) 

4 1.167 2.95 3.14 0.54 -16.31 

5 1.134 3 3 0.62 -29.3 

7 1.096 3.04 2.73 0.56 -16.67 

10 1.067 3.08 2.45 --- -9.55 

12 1.055 3.09 2.30 --- -7.55 

15 1.044 3.12 2.12 --- -5.64 

18 1.037 3.13 1.96 --- -4.62 

21 1.031 3.14 1.86 --- -4.14 

 

4.3 Comparison between copper and resistive ring 

        To compare the results obtainable when using a copper ring, Fig. 4.5 shows 

that the resistive ring resulted in a smaller reflection coefficient of -29.39 dB. This 

means that the resistive ring performs much better than the copper ring because its 
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higher resistance leads to larger I2R loss, and consequently small reflection 

coefficient.  

 

Figure 4.5: Variation of the reflection coefficients S11 with frequency for circular 

resistive ring (ρ = 10 Ohm/sq), compared to that for a copper ring. 

4.4 The Resistive Split ring resonator 

        In this section, a split ring resonator is investigated where the ring is cut into 

two equal pieces, with small gaps as shown in Fig. 4.6.  Figure 4.7 presents the 

variation of the reflection coefficient with frequency for the continuous ring and 

the split ring for various gap lengths.  It can be seen the frequency of minimum 

reflection at 3 GHz has changed to about 6 GHz, as the length of each of the two 

arcs has become half the circumference of the ring. Moreover, another frequency 

above 10 GHz has appeared when the ring is cut into two pieces. This frequency 

represents the third order resonance compared to the continuous ring.  On the other 

hand, the gap between the two strips forms some capacitor, whose value slightly 

affects the resonance frequency, as can be seen from Fig. 4.7, and the listed results 

in Table 4.3. 
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Figure 4.6 Geometry of the proposed FSS with split ring and ground plane; (a) 

Top view of FSS, (b) side view, and (c) top view of ground plane, h2= 5 mm. 

 

Figure 4.7: Variation of the reflection coefficients S11 with frequency for the 2-

segment ring for various gap lengths, compared to a continuous ring. 

        From Table 4.3 it can be seen that the maximum bandwidth is obtained in the 

range of frequency of 10 GHz when the gap length is between 2 mm and 2.3 mm, 

where the reflection coefficient is -25.69 dB. 
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Table 4.3: Reflection coefficients at resonance for the 2-segment ring for various 

values of the gap length.  

Ga         Gap length 

           (mm) 

Frequency 

𝑓1(GHz) 

Reflection 

(𝑆11) 

dB 

Frequency 

𝑓2(GHz) 

Bandwidth 

(GHz) 

Reflection 

(𝑆11)        dB 

0 3 -0.58 7.74 --- -0.99 

0.5 5.13 -6.03 10.20 1.08 -12.90 

2 5.98 -4.45 10.42 1.37 -22 

2.1 6 -4.39 10.16 1.37 -23.05 

2.3 6.10 -4.25 10.46 1.37 -25.69 

3 6.71 -3.82 10.57 1.30 -38.1 

4 7.03 -3.33 10.74 1.15 -19.27 

5 7.27 -2.84 10.95 0.83 -13.51 

 

4.5 Absorption FSS consisting of ring and resistive strip 

        To enhance the performance of the FSS, a resistive strip was added to the 

ring, where the strip was oriented horizontally along the diameter of the ring as 

shown in Fig. 4.8. The resistive strip is intended to absorb power from the incident 

wave and thus will lead to lower reflection coefficient. The width of the strip was 

chosen to be equal to 2 mm. Two cases were considered regarding the polarization 

of the incident plane wave. The first is that when the electric field is in the Y-

direction (perpendicular to the strip), while in the other, the field is along the X-

axis (parallel to the strip) that can be presented in the next section.  
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Figure 4.8: Geometry of the proposed FSS resistive ring and strip; (a) front view 

of FSS layer, (b) side view, and (c) back view of the ground plane. 

4.5.1 Effect of the air spacer thickness on ring with resistive strip 

        The effect of the thickness of the air spacer on absorption is investigated, by 

varying its thickness from 3 mm to 18 mm, as shown in Fig. 4.9. 

 

Figure 4.9: Variation of the reflection coefficient S11  with frequency for various 

air spacer thicknesses, when ρ =10 Ohm/sq. 
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where it can be seen that there are changes in the minimum reflection coefficient 

as the spacer thickness is changed. A small reflection coefficient was obtained at 

a spacer of 5.1 mm. As illustrated in Table 4.4 it can be seen that the largest 

bandwidth of absorption is 0.65 GHz (2.72GHz-3.37GHz), and it was 

achieved at 5.1mm air spacing.  

Table 4.4: Bandwidth and reflection coefficients at resonance for 10 Ohm/sq 

resistivity at various values of the air spacer thicknesses, when din= 14 mm, dout= 

16 mm. 

Air spacer thickness (ℎ2) 

(mm) 

Resonance 𝑓1. 

(GHz) 

Bandwidth 

(GHz) 

Reflection (S11) 

(dB) 

3 3.35 0.32 -11.25 

4 3.18 0.58 -17.63 

4.5 3.10 0.63 -23.2 

4.8 3.05 0.65 -29.5 

4.9 3.04 0.65 -32.8 

5 3.03 0.65 -39.9 

5.1 3.01 0.65 -59.7 

5.2 3 0.65 -40.07 

5.3 2.98 0.65 -33.7 

6 2.89 0.63 -21.1 

7 2.77 0.55 -15.27 

10 2.46 ---- -9.01 

15 2.13 ---- -5.83 

18 1.97 ---- -4.38 
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4.5.2 Effect of the resistivity on ring with resistive strip pluses ground plane 

 

        In Fig. 4.10, the effect of resistivity for the ring with resistive strip and ground 

plane is shown. It can be seen from the figure and the results listed in Table 4.5, 

at the value of air spacer thickness of 5.1 mm that there is a small increase in 

resonance frequency to the higher values. The maximum bandwidth is attained for 

resistivity values between ρ =16.1 Ohm/sq and ρ =16.2 Ohm/sq.  

       The absorption bandwidth reaches a maximum of 0.75 GHz with reflection 

lower than -10 dB at those values of resistivity. The electric field is along Y-axis 

(perpendicular to the strip) for this case.   

 

Figure 4.10: Variation of the reflection coefficient S11 with frequency for various 

values of resistivity, when the electric field is along the Y-axis (perpendicular to 

the strip). 

 

 



 

76 
 

Table 4.5: Bandwidth and reflection coefficient at resonance for various resistivity 

values, when ℎ2=5.1 mm, din= 14 mm, dout= 16 mm, and the electric field is along 

Y-Axis (perpendicular to the strip).   

Resistivity 

(Ohm/sq) 
Resonance 𝑓1 (GHz) 

Bandwidth 

(GHz) 

Reflection (S11) 

(dB) 

7 3 0.48 -16.9 

8 3 0.55 -21 

9 3.01 0.60 -27.55 

9.9 3.01 0.80 -49.7 

10 3.01 0.65 -56.68 

10.1 3.01 0.66 -45.9 

11 3.02 0.69 -27.98 

12 3.03 0.71 -22.61 

13 3.03 0.71 -19.57 

15 3.05 0.74 -16 

16 3.06 0.74 -14.81 

16.1 3.07 0.75 -14.31 

16.2 3.07 0.75 -14.61 

17 3.08 0.73 -13.87 

20 3.42 0.66 -11.85 

30 3.40 ---- -9.09 
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4.5.3 Effect of the diameter and resistivity at electric field along the X-axis 

       The simulation results when the electric field is along X-axis are shown in 

Fig. 4.11. The results show that there is reflection coefficient of about -10 dB at 

3.25 GHz resonance frequency.  

 

Figure 4.11: Variation of the reflection coefficients S11 with frequency, when the 

electric field is parallel to the strip. 

 

        In order to tune the resonance frequency, the ring's diameter is expanded, 

while the resistance is altered to provide a better response with less reflection and 

a wider bandwidth, these effects can be seen in Figure 4.12. An illustration of the 

effect of ring diameter change is provided in Table 4.6. It was found that as the 

diameter and the resistance is increased the absorption level increased, then 

decreased on the other hand the bandwidth also tend to increase.  Higher 

bandwidth is achieved when ρ =29 Ohm/sq equal to 0.94 GHz which is located 

between (2.58GHz-3.52GHz). 
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Figure 4.12: Variation of the reflection coefficient S11 with frequency for various 

values of the ring diameters and resistors, when ℎ2=5 mm. 

 

Table 4.6: Bandwidth and reflection coefficients at resonance for 5 mm air spacer 

thickness at various values of the resistances and ring diameter.  

𝑑𝑖𝑛 

(mm) 

𝑑𝑜𝑢𝑡 

(mm) 

Resistivity 

(Ohm/sq) 

Resonance 𝑓1 

(GHz) 

Bandwidth 

(GHz) 

Reflection 

(S11) (dB) 

16 14 1 3.25 --- -2.05 

16.6 14.4 1 3 --- -2.10 

16.7 14.7 21 3 0.88 -27.48 

16.8 14.8 29 3 0.94 -15.65 

16.9 14.9 35 3 0.82 -12 

17 15 40 3 0.51 -10.48 

17.4 15.4 51 3 --- -8.18 
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4.5.4 Effect of the resistivity of the ring with resistive strip pluses the ground 

plane at electric field along the X-axis 

        The influence of the resistivity for the ring with resistive strip and ground 

plane on reflection coefficient is shown in Fig. 4.13. It can be seen that as the 

resistivity is increased, there is a slight shift up in the reflection coefficient at both 

of the resonance frequencies, while the reflection coefficient at the center of the 

band tend to decrease. The bandwidth increased then decreased as observed in 

Table 4.7.  The bandwidth of the second resonance frequency is increased to 

infinity. Higher bandwidth of 0.94 GHz is obtained when ρ =29 Ohm. 

 

 

Figure 4.13: Variation of the reflection coefficient S11 with frequency for various 

values of resistivity, when the electric field is along the X-axis (parallel to the 

strip). 
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Table 4.7: Bandwidth and reflection coefficient at resonance for various resistivity 

values, when ℎ2=5 mm, din= 14.8 mm, dout= 16.8 mm, and the electric field is 

along X-axis (parallel to the strip).   

 

Resistivity 

(Ohm/sq) 

Resonance 

𝑓1 (GHz) 

Bandwidth 

(GHz) 

Reflection (S11) 

(dB) 

5 2.94 --- -6.23 

10 2.93 0.36 -12.15 

15 2.94 0.68 -21.63 

20 2.95 0.83 -28.71 

28 2.98 0.93 -15.65 

29 3 0.94 -15.03 

30 3 0.93 -14.47 

40 3.11 0.75 -11.11 

50 3.22 --- -9.70 

 

 

4.5.5 Effect of the Electric field direction on ring with resistive strip 

        The comparison between the results when the electric field is parallel and 

perpendicular to the strip is displayed in Fig. 4.14. When the electric field is 

perpendicular to the strip, the reflection coefficient is smaller than that for the case 

when the electric field is parallel to the strip. The difference in values of the 

reflection coefficients is about 15 dB at the first resonance frequency, whereas the 

bandwidth is smaller than the electric field along X-axis. 

        The current density on the ring was calculated by the CST program and the 

obtained results for the two cases are shown in Fig. 4.15. It can be seen that small 
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current density has resulted for the case of parallel electric field, and this means 

higher I2R loss and lower reflection coefficient. 

 

Figure 4.14: Variation of the reflection coefficients S11 with frequency, when the 

electric field is parallel and perpendicular to the strip.  

 

 

Figure 4.15: The current distribution on  the ring of the FSSA; (a) The electric 

field is perpendicular to the strip, (b) the electric field is parallel to the strip. 
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4.5.6 Effect of the air spacer thickness on ring with resistive strip at electric 

field along the X-axis 

      Figure 4.16 indicates the effect of four different air spacer thickness on 

reflection coefficient and frequency.  

From this figure it can be observed that the absorption peak gradually shifts toward 

the lower frequency with the increasing of ℎ2.The calculated absorption bands are 

provided in Table 4.8. The results show better absorption bandwidth is 1.01 GHz 

in the frequency range (2.31GHz-3.32GHz) for a thickness of 6.4–6.5 mm. 

 

Figure 4.16: Variation of the reflection coefficient S11 with frequency for various 

air spacer thicknesses, when ρ =29 Ohm/sq, and the electric field is along X-axis 

(parallel to the strip). 
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Table 4.8: Bandwidth and reflection coefficients at resonance for 29 Ohm/sq 

resistivity at various values of the air spacer thicknesses, when din= 14.8 mm, dout= 

16.8 mm. 

Air spacer 

thickness (ℎ2) 

(mm) 

Resonance 𝑓1 

(GHz) 

  Bandwidth 

     (GHz) 

Reflection (S11)  

   (dB) 

3 3.95 --- -9.36 

4 3.19 0.63 -11.41 

5 3 0.94 -15.03 

5.1 2.97 0.95 -23.40 

5.5 2.90 0.98 -17.15 

6.4 2.73 1.01 -22.42 

6.5 2.72 1.01 -22.85 

6.6 2.71 1 -24.16 

7 2.65 0.99 -28.53 

10 2.28 0.80 -18.69 

12 2.10 0.63 -14.19 

18 1.73 --- -8.65 

 

Summary 

1. The FSS of a resistive circular ring printed on a substrate with an air spacer 

resonates when the ring circumference equals half effective wavelength. 

2.  The diameter of the ring and the thickness of the air spacer have an effect on 

the resonance frequency and band of absorption. An increase in each of them leads 
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to a decrease in the reflection coefficient, as well as a smaller shift in the resonance 

frequency. 

3. A ring with a resistive strip along the diameter improves its bandwidth The 

absorption band is around 21% at the lowest reflection coefficient of -59.07 dB 

when h2 = 5.1 mm and less than -10 dB for resistivity between 16.1 and 16.2 

Ohm/sq, besides shifting in resonance frequency, whereas 36% at electric field a 

long X-axis.
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CHAPTER FIVE 

CONCLUSIONS AND FUTURE WORK 

 
5.1 Conclusions 

 

        FSS can be represented by a simple array of elements constructed in unique 

patterns to manage absorption bandwidth and resonant frequencies, which can be 

supported by corresponding circuit models. The dissertation investigated a single 

layer of conductive FSSA having three different configurations, as well as a 

resistive FSSA, a split resistive ring, and then included a resistive strip for 

absorption enhancement. The goal is to provide broad absorption of 

electromagnetic waves. The obtained conclusions are stated as follows: 

1. An array of conducting rings placed on a substrate over an air spacer and the 

ground plane forms a simple FSS, which resonates at an effective wavelength 

equal to twice the circumference of the ring. The simulations in CST studio has 

confirmed this relation.  

2. The resonance frequency of the FSS depends on the diameter of the rings and 

the thickness of the air spacers.  

3. In the analysis of FSSA containing a single ring by the equivalent circuit model, 

and calculated the reflection coefficient using MATLAB program, it was found 

that there is no perfect impedance matching to the free space, so the design is not 

suitable for obtaining high absorption. 

4. The impedance of the ring was calculated using the skin effect formulas and 

compared to that estimated value from the CST simulation. 
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5. Adding four lumped resistors to the ring leads to enhanced absorption. Both 

diameter and lumped resistors influenced the resonance frequency and absorption 

band, which exhibited a wide absorption bandwidth of 108% with a reflection 

lower than -30 dB. 

6. A comparison of the FSSA with lumped resistors and a copper ring reveals that 

a wide absorption band was attributed to lost power in the resistors. 

7. The air spacer thickness and width of the ring influence the resonance frequency 

and absorption band. At the same resistances and ring diameters, they all had the 

same absorption bandwidth of 108% and reflection coefficient. The impedance of 

the ring was calculated using the characteristic impedance equation of the 

microstrip line and compared to that estimated from the CST simulation. 

8. The FSSA of a resistive circular ring printed on a substrate over a ground plane 

by an air spacer, resonates when the effective wavelength equals the circumference 

of the ring.  

9. The diameter of the ring and air spacer thickness affect the resonance frequency 

and absorption band. The increase of each of them causes a decrease in the 

reflection coefficient with shifting to a lower resonance frequency.  

10. From the comparison of the resistive ring and copper ring, a smaller reflection 

coefficient of -29.39 dB was achieved for the resistive ring. 

11. A resistive strip is etched on the ring along its diameter to enhance its 

bandwidth. By taking into account the air spacer thickness and the resistivity of 

the metal, the absorption band was optimized to about 21% at the smallest 

reflection coefficient of -59.07 dB when h2 = 5.1 mm and less than -10 dB at 

resistivity between 16.1 and 16.2 Ohm/sq, plus shifting lower case in resonance 

frequency. 
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5.2 Future work 

The future work on this project can be focused on the development of wide 

absorption and a decrease in the total thickness of the absorber as well.  

1. Design of an FSSA with a double square loop and optimization with a genetic 

algorithm. 

2. Enhancemet of the absorption using semiconductor devices for controlling 

absorption and transmission.  

3. Investigation of two layers FSS having fractal geometry as a unit cell, and using 

lumped resistors. 
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 الخلاصة 

اقتراح ت من خلال اد د للتر ةمتحسس طبقة ماصة للموجات الكهرومغاطيسية تقدم هذه الرسالة استخدام 

اظهرت نتائج التحكم بالمعالم الهندسية للتصاميم   عدة تصاميم من السطوح الممتصة للترددات. ودراسة

امكانية الحصول على سطح ماص ذي حزمة امتصاص عريضة التي يمكن الاستفادة منها في تطبيقات 

 تجميع الطاقة والحماية من الموجات الكهرومغناطيسية. 

ة متصلة من النحاس مثبته على طبقة عازلة تفصلها فجوة  مكون من حلق تم اقتراح تصميم سطح حساس

هوائية عن طبقة ارضية مستوية من النحاس لمنع مرور الاشارة عبر السطح الحساس للتردد. تم تنفيذ 

تم تحليل واشتقاق  صيغة لمعامل الانعكاس  بواسطة  .  CSTالتصميم واستحصال النتائج باستخدام برنامج 

.تمت ايضا دراسة خسارة السطح  MATLAB ومن ثم فحصها باستخدام برنامج  موديل الدائرة المكافئ

 الممتص نظريا ومقارنتها بتلك المقدرة من محاكاه النظام. 

تم عرض دراسة تاثير سطح  ممتص باستخدام حلقة  متصلة بأربع مقاومات بجميع الاتجاهات لتعزيز اداء 

مات تحسننا في عرض النطاق الترددي بتغير عدة الامتصاص. اظهرت نتائج التصميم ذو الاربع مقاو

بارامترات مختلفة. تم استخلاص دائرة مكافئة للسطح المقترح مع اشتقاق وتخمين انعكاسية التصميم 

 ضياع الامتصاص.   

تم اقتراح تصميم يتضمن حلقة مقاومية متصلة وطبقة مقاومية ارضية لتعزيز الامتصاص. تم التحقق من  

مقارنة  dB 29عاد الحلقة والفجوة الهوائية. بينت النتائج تحسنا كبيراً بالامتصاص بمقدارتأثير كل من اب

 مع حالة الحلقة الموصلة. 

تم تطوير التصميم بإضافة شريط مقاومي للحلقة وربطه بالاتجاه الافقي للهيكل ذي الحلقة المقاومية  

توزيع   و لمجال الكهربائي الموازي والافقيالمتصلة وطبقة مقاومية الارضية. تم التحقق من تأثير تغير ا

دراسة تاثير عدة معالم. اظهرت النتائج تقدما ملحوظة في عرض النطاق الترددي  ,التيار الكهربائي 

 للامتصاص. 

 

 

 







 

 

 

 

 (  FSS) لترددات الكهرومغناطيسيةنتقية لالسطوح المدراسة 

 ذات خصائص امتصاص

 بها ت رسالة تقدم

 

 جمال رشيد  همنآ
 

 مجلس كلية هندسة الالكترونيات 

 جامعة نينوى

 كجزء من متطلبات نيل شهادة الماجستير في  

 هندسة الاتصالات 

 

 

 بأشراف  

 الأستاذ الدكتور خليل حسن سيد مرعي 
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 وزارة التعليم العالي والبحث العلمي 

  جامعة نينوى

 كلية هندسة الالكترونيات 

 قسم هندسة الاتصالات 

 

 

 

 (  FSS) لترددات الكهرومغناطيسيةنتقية لالسطوح المدراسة 

 خصائص امتصاصذات 

 

 جمال رشيد  همنآ
 

 

 

 رسالة ماجستير علوم في هندسة الاتصالات 

 

 

 بأشراف  

 الأستاذ الدكتور خليل حسن سيد مرعي 
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