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ABSTRACT 

This thesis is devoted to analyzing of the Radar Cross Section (RCS) of rectangular patch 

antenna using Metamaterial Absorber (MMA) and the analysis of its reducing techniques. The 

addressed theme has a great complexity and it covers various areas that include designing and 

optimization of target geometrical model of rectangular patch antenna structures and making it 

compatible with respect to metamaterial geometry. Analyses have been made to optimize and 

validate the structure performances that include numerical methods for electromagnetic field 

computation, MMA behavior, characterization, extraction of parameters, antenna radiation 

performance analyses, simulation, fabrication, testing, and optimization with back validating 

the designs.  

The MMA structure finds its applications in antenna designing for the reduction of 

Monostatic and Bistatic RCS in stealth platform for lower detectable objects. However, there 

is still more emphasis needed to devote for in-band frequency response for low RCS of the 

antenna. Therefore, making these assumptions, we have been proposing novel designs of 

single-band, dual-band, and triple-band MMA structures. These structures provide significant 

scattering characteristics and offering flexibility to the designer to control and tune the resonant 

frequency, based on the specific applications as compared to that of the other MMAs in the 

microwave regime of the Electromagnetic (EM) spectrum.  

To explore the research scope, a three dimensional Frequency Selective Surface (FSS) 

structure has been analyzed and its simulation responses with respect to parametric analyses 

have been made. The research investigation further extended to Electronic Band Gap (EBG) 

Structure and Defected Ground Structure (DGS). A hybrid structure of patch antenna is 

proposed and designed for an inset feed rectangular microstrip patch antenna operating at 2.45 

GHz in the Industrial, Scientific, and Medical (ISM) band. This hybrid structure claims the size 

reduction, bandwidth, and gains enhancement.  

 The main focus of this research work is limited to determine the potential and practical 

feasibility of MMA’s to enhance the stealth performance of rectangular patch antennas. For this 

purpose, Monostatic and Bistatic RCS simulation and measurements are carried out in an 

anechoic chamber and practical methods for Radar Cross Section reduction are discussed and 

analyzed. 
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Chapter-1 

Introduction 

 
 

In this section, background, introduction and the problem statement will be discussed. 

Moreover, the section also contains the objectives, scope of the study, motivation, research 

questions, contribution, and organization of this thesis.  

1.1. Background  

Metamaterials have attained tremendous attraction and increasing attention due to their 

unique Electromagnetic (EM) behavior. Great diversity or varieties of metamaterial have been 

proposed with different characteristics such as negative refractive index, huge chirality, 

magnetic conductivity, nonlinearity, tunable, and photonics [1-6]. So it has emerged as a new 

technology for both the scientific and the engineering community [7]. The various application 

of metamaterials are in the areas of superlens [8], metamaterial antennas [9], sensors 

technology [10], invisibility cloak [11], metamaterial absorber (MMA) [12] etc. In MMA, the 

effective capacitive and inductive response of the MMA structure could be altered by varying 

the geometry of the structure and hence set up the resonant frequency. The MMA unit cell 

behaves as a combination of lumped inductive and capacitive elements which get coupled to 

the incident electric and magnetic fields of EM radiation. The MMA unit cell structure is 

arranged in a periodic pattern and etched on the thin dielectric substrate layer [13]. The 

structure has the ability to modify the EM waves in such a way that the input impedance 

response of the MMA structure approximates to the free space impedance and hence, the 

condition of resonance achieved [14]. These properties play an imperative role in sophisticated 

antenna technology and offer better performance, capability, reliability, miniaturization, 

functions, and more flexibility. 

The main objective of this thesis is to deeply analyze the characteristics of metamaterial 

absorber and to use that to improve the stealth performance of microwave antennas. Three 

types of MMA are proposed. (i) A passive tuned single-band circular ring shorted stubs 

metamaterial absorber. (ii) A passive tuned dual-band circular ring with shorted stubs MMA. 

These MMA structures operate and tuned throughout X-band to Ku-band. (iii) A triple band 

decagonal shaped MMA has been proposed operating in 8 GHz, 10 GHz and 12 GHz, 
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respectively in X-band. Different physical parameters are studied for these topologies with both 

numerical and measured results, and the working mechanisms behind these phenomena are 

explained by studying surface current distribution, the angle of incidence and polarization 

sensitivity. Some potential applications of these structures are also discussed. Then, various 

antennas based on metamaterials are designed, including single-band patch antenna, dual-band 

slotted-patch antenna, and an antenna array. All the antennas are designed using simulation, 

fabrication and then verified through experiments. Their performances have been reportedly 

improved compared with previously reported antennas. 

1.2. Problem Statement 

There are various constituents, which govern and disassemble the performance of the MMA 

structure as well as antenna radiations and Radar Cross Section (RCS) performance. The critical 

factors and problems that need to devote utmost attention and immediate considerations are: 

(i) Shape and parameters of elements, the unit-cell geometry of MMA structure that is used in 

the microwave regime of the electromagnetic spectrum require to be very simple because 

of the fabrication cost associated with it. In the microwave regime of the electromagnetic 

spectrum, the development of novel geometrical shapes of MMA structures is an attractive 

area for researchers.  

(ii) Dielectric substrate material and thickness, the dielectric substrate plays an imperative part 

in influencing the overall loss of the impinged EM wave and is decided by the thickness of 

the substrate. In order to make refractive index high, the thickness should be as small as 

possible and should not affect impedance matching condition.  

(iii) The oblique angle of incidence and polarization sensitivity, one of the major prerequisite 

of MMA structure is its behavior and response for oblique angle of incidence (θ) and 

polarization sensitivity (ϕ), and it is required to be highly insensitive to incidence EM wave. 

(iv) Miniaturization, the MMA structure thickness and dimensions should be reduced without 

degradation in absorbance performance, so as to meet low profile, miniaturization, and ease 

of fabrication requirements. Another problem with previously reported metamaterial 

antennas for RCS reduction is that low RCS achieved at the cost of the increased size of the 

substrate. Therefore, reducing and maintaining the metamaterial antenna structure 

periodicity without increasing its RCS offers a challenging task.  

(v) Compatibility between MMA and antenna structure, it is one of the prime issues and it must 

be addressed properly so as to attain desired goals and objectives. The geometry of MMA 
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structure should be much simpler and well matched with the antenna. Otherwise, it would 

affect MMA characteristics as well as antenna radiation performances. 

(vi) Realization of low RCS, the main task of this thesis is to design and realization of radar 

cross section reduction of patch antenna using shorted stubs metamaterial absorber. To 

accomplish this purpose, a passive tuned MMA with a single-band and dual-band need to 

be designed first. This would offer improved polarization and angular sensitivity, 

meanwhile, it must possess miniaturization and almost unity absorbance for different patch 

antennas configuration. 

(vii)  To design and synthesize, different patch antennas operating between X-band and Ku-band 

for a single-band and dual-band applications and evaluate their performance through 

simulations using the commercially available software. 

(viii) Comparison and back validate, to compare simulation and measurements results at the end 

and back validate it again. 

1.3. Objectives of the Research Work 

In this research work, the issues that we have chosen to address includes thickness, 

morphology, absorbance, antenna radiation performances, and RCS reduction that comes with 

metamaterial antenna structures will be tackled. The objectives of these efforts are: 

(i) To develop a single layer MMA absorber with almost unity absorbance: The single layer 

MMA has been designed, construct and test over its absorptivity for oblique angle of 

incidence and polarization of the electromagnetic waves. Aiming to improve the angular 

sensitivity, cross-polarization, reflection/transmission bandwidth, and band-separation. 

(ii) To achieve miniaturized MMA structure: The MMA structure morphology namely 

thickness and dimensions should be reduced physically without absorbance performance 

degradation, so as to meet low profile, miniaturization, and ease of fabrication 

requirements. Moreover, one of the problems with previously reported MMA designs 

aiming towards RCS reduction achieved at the cost of the increased size of the substrate. 

Thus, this doesn’t support miniaturization and turn out to be the unreliable and 

uneconomical solution. Therefore, we would try to achieve the RCS reduction without 

increasing the periodicity of the antenna structure. 

(iii) Circular symmetry requirement: Another issue in designing a MMA structure is to analyze 

its response at an oblique angle of incidence and polarization sensitivity. To deal with these 

issues a circular ring-based topology is most commonly used because of better 

completeness and accuracy with regards to the angular stability, polarization sensitivity, 
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reflectance, transmittance coefficient, bandwidth, and band separation. Due to its regular 

arranged nature, the resonance frequency peak would occur in either of the two right angles 

or orthogonal coordinates. 

(iv) To choose the substrate materials that can be strongly absorbed: Strong absorbance is still 

the main objective of absorbing material pursuit, and it is the most basic requirements of 

absorbing materials.  

(v) To design a passive tuned MMA structure: A passive MMA unit cell structure is energized 

by the incident EM wave and the tuning is provided by the structural parametric variations. 

Unlike active tuned structure, it does not have special circuitry or extra biasing voltage that 

has been involved to achieve the desired results. This way, the passive MMA unit cell design 

offers simplicity, compactness, low cost, lightweight, and miniaturized of the absorber 

design. 

(vi) To design a patch antenna for single-band and dual-band MMA applications, meanwhile 

maintain and preserve its radiation performances viz a viz gain, directivity with co 

polarization and cross polarization patterns, voltage standing wave ratio (VSWR), 

impedance (Z11), and its radiation efficiency response should remain highly preserved. 

(vii) Compatibility between antenna and MMA structure: It is imperative to preserve the 

absorbance and polarization characteristics of MMA along with antennas radiation 

performances. This is possible only if both structures are compatible to each other and 

loading of MMA into antenna won’t affect their radiation performance. 

(viii) To achieve better and improved Monostatic and Bistatic RCS reduction compared to 

previously proposed antenna’s structure along with miniaturization. This is suitable for 

stealth platform. 

(ix) To reduce mutual coupling between antennas: In case of antenna array as the gap between 

multiple antenna reduces, their performance starts degrading and that influence factors like 

gain and radiation efficiency because of the mutual coupling among them. By using MMA 

capability of suppressing surface waves propagation in a given frequency range, one can 

compensate for these losses.  

1.4. Scope of the Research Work 

Extensive analyses have been made for the behaviors of metamaterial structure. For this 

purpose, frequency selective surface (FSS), Electronic band-gap (EBG), Defected Ground 

Structure (DGS), and MMA structure have been discussed. The FSS is being widely used as 

MMA for stealth technology applications [15]. In which the surface attenuates signals for 
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out-of-band frequencies while in-band frequencies are absorbed. Over the past few decades, 

researchers have been devoting less attention to the three-dimensional FSS structure [16]. They 

carried out their researcher works in one or two-dimensional FSS metallic structure.  

Keeping this in mind, we have designed a novel three-dimensional FSS structure, which is 

interesting, challenging and also offer excellent space utilization than its counterpart two-

dimensional structure. With the utilization of three-dimensional space, the unit cell size of the 

FSS can be further reduced. A novel design of three-dimensional Cylindrical Shaped Frequency 

Selective Surface (CSFSS) based on a single circular ring structure has been proposed and its 

parametric analyses, variation for oblique angle of incidence and polarization sensitivity have 

been made.  

Contrary to this DGS has been widely used for different applications such as radiation 

properties enhancement [17], bandwidth [18], mutual coupling reduction in antenna arrays [19] 

and antenna size reduction [20]. The DG plane is actualized by engraving off a shape in the 

metallic ground layer. Depending on the morphology of the defective shape structure, the 

impedance and surface current distribution get perturbed and this further modifies the 

associated capacitance and the inductance. Thus, results in assured propagation and excitation 

of the EM waves through the dielectric substrate. 

Similarly, EBG structures are also widely used because of its unique properties and EM 

features such as electromagnetic band-gap and in-phase reflection to heighten antenna 

performance [21-24]. Making these considerations in this research work, we have designed a 

traditional microstrip patch antenna operating at 2.45 GHz resonant frequency. Then this 

antenna is modified by the defected ground structure. Once again antenna structure is altered 

and loaded with EBG structure. The EBG structure is designed and optimized such that 

resonance peak of antenna lies within its forbidden band-gap so that the surface wave excited 

by this patch antenna could be suppressed and prevent propagation. This improves the overall 

performance and functionality of the proposed antenna. Radiation characteristics such as 

S-parameters, directivity, gain, efficiency, bandwidth, VSWR and Z11 of microstrip antenna 

have been also analyzed for this hybrid structure.  

However, this thesis work is mainly focusing on MMA structure and full devotion, 

dedication, and attention are being paid to metamaterial antennas and its applications to RCS 

reduction. For this purpose, a single- band, dual-band, and triple-band MMA structure have 

been studied and analyzed. A single-band patch antenna, dual-band slotted patch antenna, and 
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2 × 2 patch antenna arrays have been designed. These are being modified to metamaterial 

antennas and for its application to RCS reduction, meanwhile preserving MMA characteristics 

and antenna radiation performances. 

1.5. Motivation 

In stealth technology, it is very important to decrease the RCS of the target. An Antenna 

plays a crucial role and important contributor to RCS of the defense targets. Hence, the target 

is easy to capture on the basic radar system. So the antenna cannot be placed in stealth platform. 

Although, the conventional techniques for radar absorption such as shaping and Radar 

Absorbing Material/ Radar Absorbing Structure (RAM/ RAS) could not be implemented on the 

patch antenna because it might degrade the antenna performance.  

With advancements in radar technology, the targets are easily identified and detectable, 

therefore it is primarily important to reduce its RCS. Thus, low RCS antenna is of prime concern 

and equal importance. The RCS of an antenna is all because of these two factors: Structural 

Mode RCS and Antenna Mode RCS. As we cannot change the antenna structure parameters 

since it influences the frequency response behavior. However, it has been found that when the 

antenna surrounded by MMA structure, it immensely reduces the RCS effect on the system 

without compromising with the performance of the antenna.  Thus, one can minimize the 

structural mode RCS as low as possible and hence emerge as a new design technique.  

As an application of MMA aiming for RCS reduction of the antenna, a simple patch antenna 

has been chosen first for this thesis work. Patch antennas are used to a great extent today owing 

to its advantages such as simple design geometry, linearly polarized, conformability to planar 

and non-planar structures, cost-effective, ease of implementation and compatible with the 

circuit board technology. Therefore, various of research is focusing on RCS reduction of patch 

antenna structure. One of the problems with previous MMA designs is RCS reduction achieved 

at the cost of the increased size of the substrate.  

Thus, this doesn’t support miniaturization and turn out to be the unreliable and 

uneconomical solution. So, we have tried to achieve the RCS reduction without increasing the 

periodicity of antenna unit cell structure. Again, it has been found that when the gap between 

multiple antennas reduces, their performance starts degrading and that influence factors like 

gain and radiation efficiency because of the mutual coupling among them. By using MMA 
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capability of suppressing surface waves propagation in a given frequency range, one can 

compensate for these losses.  

Another objective of this thesis project is to design, construct and test a single-band, dual-

band, and triple-band meta-material absorbers operating at X-band and Ku-band. This should 

offer better absorptivity, polarization insensitivity, miniaturized and ultra-thickens. During 

literature review, the authors have investigated that for radar and satellite applications in 

Ku-band, reduced-size planar patch antennas have been required to replace the huge-sized dish 

antenna.  

It has been found that the RCS of dish antenna with an approximate size of 1 meter in 

12 GHz is large enough, comparable to flat plate area and equivalent to antenna capture area. 

So an operational dish antenna would provide a very stable, nonfluctuating RCS and thus 

vulnerable to attack. Therefore, it is worthwhile and imperative to reduce the size of the antenna 

as well as make it less severe to incoming radar. Various researchers have been made to reduce 

the RCS of a planar patch antenna in S, C and X-band. However, little attention has been given 

to Ku-band, which is reserved for fixed and direct broadcast satellite communication.  

An antenna designed at Ku-band is compact, cost-effective and offer better reliability. 

Whereas the conventional satellite antenna operating at S, C and X-band should require large 

dimension as the wavelength increases. If the antenna shall be able to transmit and receive, it 

should be able to operate on downlink frequencies according to ITU standard band 

(11.7 to 12.2 GHz), and for uplink frequency (14 to 14.5 GHz). So it is required to design a 

dual-band metamaterial antenna that could operate within these bands. In order to achieve the 

most effective metamaterial antenna design in this frequency range, a proper referenced design 

would be chosen first and then a series of optimization and tuning would be done based on it 

to obtain the proposed model. Finally, the simulated and experimental analysis for Monostatic 

and Bistatic RCS of determined metamaterial proposed antenna would be given.  

1.6. Research Questions 

This section contains and describes the list of questions with their answers that were posed 

and investigated during this research work. 

Q1: What is metamaterial? 

Answer: Metamaterials are artificial materials which can be created by various nanofabrication 

tools or engineering methods. Meta means beyond, which signify that it is a virtual material 
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and is made up of sub-wavelength meta-atoms of metals and dielectrics. The electric and 

magnetic permeability of metamaterial can be controlled, which rarely exists in natural 

materials. So it has emerged as a new technology for both the scientific and the engineering 

community.  

Q2: Why circular ring symmetry has been chosen in this design problem? 

Answer: Circular symmetry has been found highly symmetrical along all axis of rotation and 

found highly insensitive to the angle of incidence and polarization. 

Q3: Why does passive tuned structure preferred over active tuned MMA structure? 

Answer: The MMA unit cell can be designed as active or passive metamaterial structure. One 

trend is to implement a metamaterial absorber tuning circuit so that the frequency 

characteristics could be varied. PIN diodes, varactor diode, and voltage controlled active diodes 

are commonly used to switch on or off the top layer of MMA, result in the inductive or 

capacitive behavior of the MMA unit cell structure. Although these MMAs offer flexibility and 

dynamic tuning in design, their feasibility and implementation are restricted because of the 

requirement of various active components along with separate bias voltage for each active 

components.  

That, in turn, brings complexity in design and do raise issues like miniaturization, 

complexity, economic cost, and fabrication of the design. On the other hand, the passive MMA 

unit cell structure is excited by the incident plane wave and the tuning is provided by the 

structural parametric variations of the unit cell only. Since, there is no special circuitry or extra 

biasing voltage that has been involved to achieve the desired results. This way, the passive 

MMA unit cell design offers simplicity, compactness, low cost, lightweight, and miniaturized 

of the absorber design. 

Q4: Why did FR-4 substrate and copper patch choose over other available material? 

Answer: FR-4 and copper material are readily available, most popular and cheaper, so they 

have been chosen over other material. 

Q5: How does the condition of resonance achieve in Metamaterial Absorber?  

Answer: The condition of resonance achieves when the intrinsic impedance of the unit cell 

structure approximates with the free space impedance and comes out to unity. 
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Q6:  What are the advantages of metamaterial patch antenna over traditional patch 

antenna? 

Answer: A metamaterial patch antenna is currently in trends because of its various properties 

that include low profile, miniaturized, simple design, improved radiation performances, offers 

low RCS capability and, compatible with circuit board technology. Thus, it offers tremendous 

applications in the areas of satellite communication, radio broadcasting, antenna radomes, 

electromagnetic shielding, improving the purity of the received signal, act as a band-pass or 

band-stop filter, artificial magnetic conductor (AMC) and wireless communication. 

Q7: Why does MMA prefer over the rest of structure for RCS reduction? 

Answer: Many techniques have been proposed for the RCS reduction of the rectangular patch 

antenna such as RAM/RAS, EBG, FSS, and AMC structure. However, it has been found that 

these structures behave efficiently and quite effectively for out-of-band RCS reduction. While 

for in-band RCS reduction of the patch antenna, MMA is preferred owing to its almost unity 

absorbance, miniaturization and insensitive to oblique angle of incidence, and polarization 

mechanism. 

Q8: What are the advantages of dual-band Antenna over simple antenna? 

Answer: A dual-band antenna is used in applications where transmission and reception should 

be done using the same antenna and thus provides an alternative to broadband antennas. To 

brace the increasing requirement of a sophisticated wireless communication system, numerous 

dual-band patch antennas have been proposed, those are competent of desegregation for more 

than one communication system into a single scheme. 

Q9: Why has dual-band slotted patch antenna been preferred over other dual-band patch 

antenna structures in this thesis work? 

Answer: It has been observed that dual-band behavior in rectangular patch antenna can be 

obtained by modifying the natural modes of a rectangular radiating patch through coupled-slot 

technique with suitable feed placement. This coupled-slot technique claimed to reduce the 

radiating element size up to about 32%. Hence, this design achieves miniaturization that serves 

the basis of this research work and helps us to accomplish primarily goal. 

Q10:  Why have patch antennas been considered in this thesis work?  
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Answer: Patch antennas are popularly used owing to its attractiveness in term simplicity, low 

profile, cost-effective, simple fabrication, linearly polarized, conformal and adaptability with 

other components of wireless communication. However, it comes at the cost of small 

bandwidth, lower gain, and increased the cross-polarization effect.  

Q11: What are the limitations of proposed MMA structures? 

Answer: This proposed MMA structure is an ultra-thin, almost unity absorbance magnitude, 

polarization insensitive and capable of being used with printed circuit board (PCB) design 

technology. Because of its simplicity, single layered and the commonly available FR-4 

substrate, it is low profile and cost-effective structure. However, it has been found that the high 

absorbance of MMA structure actualized at the expense of narrow bandwidth, which is 

proportional to the thickness of the structure and dielectric constant of the material used. 

Therefore, large bandwidth could be obtained by either increasing the MMA structure 

thickness or replace the structure with multilayer MMA structure or alternatively choose a 

material with low dielectric constant. This would result in loss of its claim for ultra-thickness 

and also increase complexity in structural designing. Moreover, this will effect on the MMA 

magnitude. So, it is a compromise between absorbance, thickness, and bandwidth. 

1.7. Contribution of the Thesis 

The Radar Cross Section reduction is the latest topic of research in today’s technology 

world. When technology becomes more sophisticated and advances there is a need to provide 

the stealth capability so that it is difficult to find and attack. It has been found then an antenna 

is one of the main contributors for RCS and the older techniques like RAM /RAS cannot be 

implemented because it might degrade the antenna performance. It has been found that if the 

antenna is loaded with MMA, it effectively reduces the RCS of the antenna along with 

preserving antenna’s radiation performances.  

In this context, we have attempted to enhance the stealth capability of the patch antennas 

for single-band, dual-band and for a 2 × 2 antenna arrays with implementing and loading of 

novel shorted stubs with rectangular bars MMA structures at the top of the substrate.  These 

designs find its applications in military and stealth platform for satellite and wireless 

communication. 

 



11 

 

1.8. Organization of the Thesis 

Chapter 1 presents some theoretical aspects related to metamaterial structures, a patch 

antenna, and radar cross-section. These aspects have been described with respect to thesis 

objectives, the scope of study and motivation of this research work. Questions have been also 

addressed that raised during this research work. The contribution of the thesis and organization 

of the research work is discussed at the end. 

Chapter 2 covers the literature review of the metamaterials. Extensive backgrounds of the 

previously proposed metamaterials structure have been given. Then FSS, EBG, and DGS 

structure have been studied and analyzed to inspect their performance behavior. For this 

purpose, a three dimensional cylindrical shaped structure and its parametric performances with 

respect to the height, radius, and polarization sensitivity for Transfer Electric (TE) and Transfer 

Magnetic (TM) modes for oblique angle of incidence have been analyzed.  Subsequently, an 

inset feed rectangular microstrip patch antenna operating at 2.45 GHz in the Industrial, 

Scientific, and Medical (ISM) band has been modified with DGS plane and its miniaturization 

and radiation performances have been evaluated. This design is then modified and loaded with 

mushroom-type EBG structure on the top of dielectric FR-4 substrates. The overall 

performance and functionality of the patch antenna with respect to S-parameters, directivity, 

gain, efficiency, bandwidth, VSWR and Z11 of have been performed and compared. 

Furthermore, a triple band regular decagon shaped MMA for X-Band applications has been 

designed and its behavior with respect to simulated response, normalized input impedance and 

surface current distribution has been specified to understand the absorption mechanism. 

Chapter 3 explains a passive tuned single-band MMA structure that is consisted of two 

concentric loops separated by stubs and modified with rectangular bars operating between 

Ku-band and X-band. Its parametric sensitive response with respect to shorted stubs length, 

rectangular bars length, thickens of the FR-4 substrate have been determined. The MMA 

structure variations with regards to the oblique angle of incidence and polarization sensitivity 

for TE and TM modes of EM wave have been depicted. To validate the results, surface current 

distribution has been given. In the end, the simulated results are compared with the measured 

results.  

Chapter 4 concerns with the design characterization of tunable dual-band shorted stubs 

circular rings metamaterial absorber structure designed at 17 GHz and 18 GHz. Parametric 

analyses have been performed to study the behaviour of circular ring radius, shorted stubs 
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length and rectangular bar length with respect to the resonance frequency. The simulation and 

the measurements of MMA are performed under the assumption of the normal angle of 

incidence. However, the effect of polarization sensitivity responses on the MMA structure are 

also considered for both TE and TM modes. Analyses for surface current distribution, 

normalized input impedance response and the comparison of the results with the previously 

proposed structure have been made. 

Chapter 5 presents the comparative analysis for in-band RCS reduction of 10 GHz 

single-band patch antenna using shorted stubs MMA. Three different MMA loaded rectangular 

patch antennas design are simulated, analyzed and tested in this section. Their outcomes are 

compared with the conventional patch antenna design without loading MMA structure. The 

antennas characteristics and radiation performances have been evaluated for Scattering 

Coefficient (S11), Z11, VSWR, radiation efficiency, gain, and directivity. The Monostatic and 

Bistatic RCS behavior of the proposed antennas have been observed for horizontal and vertical 

polarization.  

Subsequently, a novel design approach for the out-of-band radar cross section reduction of 

a conventional 2 × 2 patch antenna array operating in 7.54 GHz using shorted stubs 

metamaterial absorber (MMA) operating at 10 GHz has been proposed. Its scattering 

parameters characteristics, polarization sensitivity along with antenna radiation performances 

have been analyzed. In the end, its Monostatic and Bistatic RCS response has been observed 

for the horizontal as well for vertical polarization.  

Chapter 6 focusses on analysis of RCS for dual-band slotted patch antenna with a thin 

dielectric using shorted stubs MMA. A dual-band slotted patch antenna has been proposed for 

Ku-band applications. A rectangular patch with a pair of bent slots at each side of the center 

has been designed and resonant at 11.95 GHz and 14.25 GHz with respect to ITU standard. A 

dual resonance ultrathin MMA based on circular rings and shorted stubs operating at same 

frequency bands have been designed. Its behavior for polarization sensitivity and oblique angle 

of incidence has been also observed. Antenna radiation performances with co polarization and 

cross polarization patterns have been studied. The Monostatic and Bistatic RCS of the proposed 

design is analyzed for the horizontal as well for vertical polarization.  

Finally, we concluded the thesis with the presentation of the conclusions and recommend 

the future scope of the work in Chapter 7. Analyses in this dissertation are compared with 

previously published results and with simulated results using three dimensional 
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electromagnetic tools. Validation of applications with antennas is carried by manufacturing 

prototypes and comparing measured performance with analysis and three dimensional 

electromagnetic simulations. 
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Chapter-2 

Study and Analyses of Metamaterials for FSS, EBG, 

and MMA Structures  

 

In order to achieve the objectives and goals those have stated in the introduction section, 

we are studying and analyzing the behavior and properties of metamaterial structure. 

Knowledge of the previous studies on the metamaterial structure design is much essential and 

desired before any improvement and progress could be made, so this is given in the literature 

review section. We shall also study the physics of the FSS, EBG, DGS, and MMA. For this 

purpose, a 3-D CSFSS structure has been analyzed and its parametric analyses are made to 

achieve stop-band and pass-band behavior.  

Its frequency response for the oblique angle of incidence and polarization sensitivities has 

been considered extensively. After this, attention has been paid to EBG structure and a hybrid 

microstrip antenna consisted of EBG and DGS has been proposed. Its behaviors with respect 

to antenna radiation performances are analyzed in the end. Furthermore, a triple band regular 

decagon shaped MMA for an X-Band application has been designed. Its behavior with respect 

to simulated response, normalized input impedance, and surface current distribution has been 

specified to understand the absorption mechanism. This would set the background for the 

coming chapters. 

2.1. Literature Review 

The recent technological advancement and the latest research in metamaterials have 

pioneered the door to tremendous innovative antenna applications. A novel metamaterial 

structure efficiently manipulates the reflection and transmission of the impinging EM wave. 

Metamaterials are artificial materials which can be created by various nano-fabrication tools or 

engineering methods. Meta means beyond, which signify that it is a virtual material and these 

are usually arranged in repeating patterns of meta-atoms of metals and dielectrics, at scales of 

subwavelength.  

The electric and magnetic permeability of metamaterial can be controlled, which rarely 

exists in natural materials. So, it has emerged as a new technology for both the scientific and 

the engineering community [25]. The geometry, size, shape, and orientation of metamaterial 
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give them their unique properties that are capable of manipulating and influencing EM wave. 

The size and the period of unit cells of most metamaterials are much smaller than operating 

wavelength. This leads to several potential and diverse applications in the areas of superlens 

[26], metamaterial for high-gain antennas, [27], sensors detection and infrastructure 

monitoring [28], radomes [29], invisibility cloak [30], optical filters [31], as metamaterial 

absorber [32] and benefits go beyond a shadow of a doubt that is impossible with conventional 

designs.  

Metamaterials can be characterized by an effective complex permittivity  

' ''( ) ( ) ( )eff eff effj     = +                                                         (2.1) 

and permeability  

' ''( ) ( ) ( )eff eff effj     = +                                                     (2.2) 

By carefully selecting metamaterial structure parameters such as geometry, size, shape, 

orientation and alignment εeff (ω) and μeff (ω) could be adjusted. It is realizable to develop and 

create metamaterials which demonstrate properties such as negative refraction index and 

backward wave propagation i.e. n (ω) < 0.  

Explorations of metamaterial structure for manipulating EM wave initiated at the end of the 

19th century. However, a first material exhibiting negative-index properties were proposed 

theoretically by Victor Veselago in 1967 [33]. He coined the term “left-handed material” for 

the metamaterial because of the double negative material, as it simultaneously produces 

negative index values for permittivity and permeability. Metals, semiconductors, and ionized 

gases have negative permittivity, and ferrite materials possess negative permeability properties 

within the range of a certain frequency.  

However, no known material with both negative permittivity and permeability were 

identified due to lack of materials resources and insufficient computation technology. Finally, 

this has only been experimentally demonstrated in 1999 by Pendry et al [34, 35]. He invented 

a virtual way to synthesis left-handed metamaterials (LHM). Afterward, the majority of 

metamaterial structures demonstrating unlike EM properties such as epsilon-negative (ENG), 

mu-negative (MNG), double positive (DPS), and double negative (DNG) have been 

proposed [36-40]. 

 

https://en.wikipedia.org/wiki/Geometry
https://en.wikipedia.org/wiki/Geometry
https://en.wikipedia.org/wiki/Dimensions
https://en.wikipedia.org/wiki/Dimensions
https://en.wikipedia.org/wiki/Shape
https://en.wikipedia.org/wiki/Shape
https://en.wikipedia.org/wiki/Orientation_(geometry)
https://en.wikipedia.org/wiki/Orientation_(geometry)
https://en.wikipedia.org/wiki/Electromagnetic_wave
https://en.wikipedia.org/wiki/Electromagnetic_wave
https://en.wikipedia.org/wiki/Victor_Veselago
https://en.wikipedia.org/wiki/Victor_Veselago
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2.1.1. Classification of Metamaterials  

Most dielectric materials available in existence have positive values of permittivity and 

permeability so they are named as DPS (double positive) materials. DPS materials are also 

called right-handed material as EM radiation can propagate through these medium and the 

vectors E, H, and k form a right-handed symmetry and shown in Figure 2.1.  

Metamaterials with only one of ε or µ negative are named as SNG (single negative) 

materials. They are categorized into two types based on the negative effective parameter. They 

are named as ENG (epsilon-negative) and MNG (mu-negative). In ENG-material permeability 

is greater than zero and permittivity are less than zero. One common example of such medium 

is Plasma.  While in MNG-materials, permittivity is greater than zero and permeability is less 

than zero. Some antiferromagnetic and ferromagnetic materials possess this behavior. 

Over the last two decades, the research and experiments have been carrying with materials 

with simultaneously negative values of ε and μ materials. But it does not exist in nature, so they 

have produced artificially. Such artificial materials are named double negative metamaterials 

(DNG). The DNG materials are also called as left-handed materials as EM radiation can 

propagate through these medium and the vectors E, H, and k form a left-handed  

 

 

Figure 2.1   Classification of metamaterials. 
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symmetry. Both DPS and DNG are impedance matching materials and the phenomenon of 

backward wave propagation is exhibited.  

For many applications such as metamaterial absorbers, the important parameter is the 

surface impedance which is not easily available in the required frequency range. For such 

applications, 2-D metamaterials, also called metasurfaces are used to obtain the required 

surface impedances.  

2.1.2. Types of Metamaterials  

As an interdisciplinary area, metamaterial structures can be categorized into distinct classes 

based on different standards. From the point of view resonant frequency, they can be classified 

as EM metamaterials, chiral metamaterial, nonlinear metamaterial, FSS metamaterial, tunable 

metamaterial, terahertz metamaterials, and photonic metamaterials as shown in Figure 2.2. 

From a spatial arrangement point of view, they are also classified as 1-D metamaterials, 2-D 

metamaterials, and 3-D metamaterials based on their geometry. 

 

Figure 2.2   Types of metamaterials. 
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From a material point of view, they can be categorized as metallic and dielectric 

metamaterials. The electromagnetic metamaterial is further classified into SNG metamaterial, 

negative-index (NIM) metamaterial, DPS material, Bi-isotropic and Bianisotropic, DNG 

metamaterial, and EBG metamaterial. In this work, we will have been designing and analyzing 

FSS metamaterial with stressing on 3-D CSFSS and EM metamaterial with focusing on EBG 

and MMA metamaterial in the microwave frequency range.  

2.2. Frequency Selective Surface (FSS) 

A frequency selective surface is a periodic metallic structure etched on a dielectric 

substrate. It might be a patch, aperture, split-ring or hybrid elements type shape. Each shape of 

the FSS structure element has its own merits and applications. The FSS structure can efficiently 

control the transmission and reflection of the incident EM depending on its physical and 

geometrical construction of the surface and therefore may exhibit a low-pass, high-pass, band-

pass and band-stop filter characteristics.  

In antenna based systems, it is required to use some kind of filters, which possess the 

bandpass and bandstop filtering characteristics. This behavior is well governed by FSS and also 

it has been used in a variety of the applications including antenna radomes [29], filters [41], 

Cassegrainian antenna [42], reflectors to provide dual or multiband frequency operation [43], 

polarizer [44], artificial magnetic conductor [45, 46] and in the satellite communication to 

control the transmission and reflection. Recently, the FSS is being widely used as metamaterial 

absorbers (MMA) in radar absorbing materials for stealth technology applications [47]. In 

which the surface attenuates out-of-band frequencies while in-band frequencies are absorbed.  

According to Babinet’s principal, the patch type structure acts as a bandstop filter and the 

slot/ aperture kind structure behaves as a bandpass filter [31]. It is found that same behavior 

could be achieved if we convert the two-dimensional FSS structure into a three-dimensional 

FSS structure which offers design flexibility along with various new challenges [48-51]. For 

low-frequency applications such as radome antenna, one of the design challenges with two-

dimensional FSS unit cell is miniaturization. Generally, by increasing the size of FSS unit cell, 

one can drift the reflection and transmission scattering parameters towards the lower side of 

the frequency band and the resultant dimensions of FSS unit cell will become large. Thus, it 

will become difficult to place large sized FSS unit cells within curved surfaces and also 

becomes impractical to realize large size circuit boards. Thus put a limitation on space and add 

up additional cost also.  
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One of the issues in designing a two-dimensional tunable FSS metallic structure exists 

because these FSS unit cells consist of active lumped components like PIN diode, a varactor 

diode and voltage-controlled diodes [52-54]. However, this tunable FSS required a large 

number of active lumped components. That raises issues like miniaturization, fabrication 

complexity, complication is to analyze its response at a different angle of incidence and must 

be highly polarization insensitive response. However, the major issues with this 3-D FSS are 

their complicated topologies. Most of them require extra assembly process after fabrication, 

which would increase undesirable errors and uncertainties. So, increasing the 3-D FSS structure 

further would cause the increase in length/periodicity of unit cell structure and hence that will 

increase the size of the unit cell. One of the solutions to address these problems are to reduce 

the size of 3-D FSS unit cell structure, which will solve two problems simultaneously: 

(i) A miniaturized unit cell structure, and  

(ii) Highly polarization insensitive to oblique angle of incidence. 

To deal with these issues a circular ring-based topology is most commonly preferred 

because of its better completeness and accuracy with regards to the angular stability, 

polarization sensitivity, bandwidth and band separation [55]. Moreover, the design should be 

simple, symmetrical along all axis and circular symmetrical in nature. Since it has been 

observed that the circular symmetrical FSS structures are more polarization insensitive then 

rest of the unit cell structure because of its rotational symmetry. The results described here 

have been published in [56]. 

So, the design procedure consists of four stages: 

(i) A flat two-dimensional circular ring FSS metallic structure has been designed. 

(ii) This circular ring FSS structure is mapped into a desired 3-D CSFSS, aiming for 

low-frequency application covered in next section in detail. 

(iii) Passband and stopband behavior of 3-D CSFSS are being analyzed. 

(iv) The angular stability and polarization sensitivity of a 3-D CSFSS have been considered. 

 

2.2.1. 3-D Cylindrical Shaped Frequency Selective Surface (CSFSS) 

Over the past few decades, less attention has been paid to the 3-D FSS structure [57, 58]. 

A novel design of a 3-D FSS is interesting, challenging and also offer excellent space utilization 

than its counterpart two-dimensional structure. The research for new geometrical shapes of FSS 
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structures, which higher selective and close band frequency response including significant 

improvement in terms of the angular and polarization stability.  

Recently, 3-D FSS structure shows more flexibility in design and performance to control 

the frequency response compared to its 2-D FSS analogues without using active 

component [59, 60]. Few kinds of literature have analyzed the polarization sensitivity response 

of 3-D FSS [61-62], in which a lesser extent oblique angle of incidence has been emphasized 

or polarization sensitivity has been achieved at the cost of increasing unit cell size. This would 

extend the structure size approximates to half of the wavelength, where wavelength 

corresponds to the center resonant frequency.  

Even though, the increase in unit cell size would result in degradation and reduction of the 

polarization sensitivity frequency response for oblique angle of incidence [56].  In this 

framework, the band-pass, band-stop, angular stability and polarization sensitivity of a 

cylindrical shaped frequency selective structure (CSFSS) have been considered, which is 

required to design FSS structure. These issues are necessary to fully analyze the CSFSS 

structure design. This section gives the argumentation published in [63]. 

2.2.2. Design of 3-D CSFSS 

The scattering parameters of the CSFSS structure have been studied. This CSFSS offers 

greater flexibility and tuned to the particular resonant frequency by varying the height of the 

cylinder. Therefore, in order to attain the particular frequency responses of CSFSS structure, 

the geometrical parameters like length, width, thickness of the substrate (t), radius of the 

cylinder (Rin , Rout ), width of the cylinder (w) and height of cylinder (h) of the FSS structure 

need to be well optimized.  

The frequency response of CSFSS is also analyzed at a different angle of incidence of EM 

wave. A full-width half maximum (FWHM) bandwidth analysis of CSFSS is also observed. 

The purpose of this work is to design a 3-D CSFSS that could be tuned between pass-band and 

stop-band by varying the height of the cylinder and offer lower resonant frequency than its 

counterpart two dimensional (2-D) circular FSS flat structure. 

By extending the 2-D ring resonator to 3-D space, the resonant frequency could be 

minimized without increasing the size of the ring. Thus the dimension of a unit cell of the 

proposed FSS is reduced, miniaturized and more unit cells can be placed within a limited space 

compared to its previous 2-D flat surface.  
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     (a)                                                      (b) 

Figure 2.3   The geometry of Cylindrical Shaped Frequency Selective Surface (CSFSS) with 

their dimensions. (a) front view and (b) perspective view. 

 

A 3-D CSFSS consists of most popular and low-cost copper patch with a conductivity of 

5.8x107 s/m printed on the top of the FR-4 dielectric substrate (εr) with the relative permittivity 

and loss tangent (tan δ) values are  4.3 and 0.025, respectively, by the mean of standard 

photolithographic technique.  The top layout view for a single unit cell of a circular ring is 

depicted in Figure 2.3(a). 

This ring is then modified by raising its height and thus converted it into a cylindrical 

structure as shown in Figure 2.3(b). The dimensions of the proposed structure are depicted in 

Table 2.1. All the structural parameters are adjusted and optimized to obtain sharp resonance 

peaks at the desired resonant frequency of 6.09 GHz. 

 

 

Figure 2.4   Equivalent circuit model of CSFSS. 
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Table 2.1   The dimensions of a 3-D CSFSS unit cell. 

 

 

 

 

 

Since the accurate values of equivalent circuit model are difficult to determine therefore, 

we limit our study to behavioral analysis and response of equivalent circuit model. A CSFSS 

structure can be modeled as a parallel LC tuned circuit, where the ring resonator length provides 

the inductance and the gap between two adjacent neighboring unit cells provides the 

capacitance.  At a normal angle of incidence (θ = 00), as the three-dimensional cylinder 

introduced, it adds an inductive reactance in series with the parallel tuned circuit, caused to 

modify the condition
 
of resonance. As

 

( )1 2||L c LX X X+
                                                           (2.3) 

Thus, the modified tuned resonant circuit frequency becomes: 

                                                
2
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1
r rL

L C
 = +   

Where 2 rL  is the series reactance introduced in the circuit because of the height of the 

cylinder as depicted above equivalent circuit model of CSFSS in Figure 2.4. Thus: 
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So the modified resonant frequency is given by: 
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(2.4) 

From the Equation (2.4), it is cleared that 2r L  .When 2 0LX  and replacing L1 = L. 

This is the condition of resonance for a series or parallel resonator:  

Description Dimensions (mm) Parameters 

Length/ Width  of Substrate 18 l 

Thickness of Substrate 0.1 t 

Height of Cylinder 5 h 

The inner radius of Cylinder 8 Rin 

The outer radius of Cylinder 8.5 Rout 

Width of cylinder 0.5 w 
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And the impedance of this circuit is given by: 
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As 

                                               lim ( )
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→
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So the parallel LC resonator circuit behaves as a band stop filter when the impedance 

approaches infinity. Also, the resonant frequency can be tuned by varying capacitance or 

inductance. As: 

A
C

d
=                                                          (2.7) 

Where ε is the absolute permittivity, A is the area of the loop and d is the distance between 

two conducting plates and the inductance varies because of the well-known relation as: 

       

2N A
L

h


=

                                                             
(2.8) 

Since N (number of turns) is 1 for a single turn, h is the length of the cylinder, µ is the 

absolute permeability and A is the area of the loop and found to be 

                                 

2 2( )out inA R R= −
                                                

(2.9) 

2.2.3. Stop-band Behavior of 3-D CSFSS 

For the simulation analysis, a frequency domain solver is employed. By applying periodic 

boundary conditions and applying perfect electric conductor to the boundary surface 

perpendicular to the incident electrical field (E). While applying the perfect magnetic conductor 

surfaces to the boundary surface normal to the incident magnetic field (H). The surfaces 

perpendicular to propagation vector (k) are configured as open ports. The incident input port is 

Zmax and the output port is Zmin, where the reflection and transmission would take place. The 

fundamental simulation results are obtained in the form of S-parameter.  
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Figure 2.5   Transmission response of 3-D CSFSS structure. 

 

The combination of SZmin(1).Zmax(1) and SZmin(2).Zmax(2)  represents the transmissions coefficient 

and the combination of SZmax(1).Zmax(1) and SZmax(2).Zmax(2) represents the reflections coefficient 

for both TE and TM field of the incident EM wave, respectively. 

A graph for transmission coefficient SZmin(1).Zmax(1)  for TE wave is plotted between different 

values of height (h) to the resonant frequency as shown in Figure 2.5. From the graph, it is clear 

that the resonant frequency is highly influenced by the height response. An increase in resonant 

frequency is observed with the increase in cylinder height and its response can be tuned and 

controlled. This shows a patch type structure behavior and executes a stop-band filter response 

when the impedance approaches infinity. The resonant peak value of the transmission 

coefficient increases proportionally with the increase of CSFSS height.  

A FWHM bandwidth analysis is also done and shows that the bandwidth almost remains 

unaffected. Table 2.2, depicts the transmission behavior of CSFSS unit cell and shows that the 

frequency shift occurred without substantially affecting the stop band characteristics. 

   Table 2.2   The effect of variations of height on the resonant frequency. 

Variation of Height 

(mm) 

Resonant Frequency (fr) 

in GHz 

S21 

(dB) 

 FWHM 

(BW=f2-f1) 

% shift of Resonant 

Frequency (fr) 

h=1 5.22 -49.24 7.6% 0 

h=3 5.60 -57.51 7.22% 7.28 

h=5 6.09 -60.82 8.11% 16.67 

h=7 6.76 -66.38 7.16% 29.50 

h=9 7.72 -66.66 7.72% 47.89 

h=10 8.41 -69.72 6.51% 61.11 
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  (a)                                                                       (b) 

Figure 2.6   Frequency response (a) Transmission and (b) Reflection response of 3-D CSFSS 

structure. 

The transmission response (S21), FWHM bandwidth and shift in resonant frequency are well 

maintained. The Equation 2.8 explains that as the height of resonator cylinder increases the net 

effective inductance decreases. Thus, a positive shift is in resonant frequency (fr) with respect 

to the height is observed and hence the resonant frequency follows the Equation 2.5. 

2.2.4. Pass-band Behavior of 3-D CSFSS 

A significant change in the behavior of resonant frequency obtained when the height of 

CSFSS is increased further. A graph for transmission coefficient SZmin(1).Zmax(1)  and reflection 

of height (h) versus the resonant frequency as shown in Figure 2.6(a) and (b), respectively. The 

stop-band response is now changed to pass-band response. With the increase in the height 

coefficient SZmax(1).Zmax(1) for TE electromagnetic wave is plotted against different values of 

CSFSS a reduction in the resonant frequency is observed. Table 2.3 depicts the reflection 

coefficient (S11) behavior of CSFSS unit cell and shows that the negative frequency  

Table 2.3   The effect of variations of height on the resonant frequency. 

Variation of Height 

(mm) 

Resonant Frequency (fr) 

in GHz 

S11 

(dB) 

FWHM 

(BW=f2-f1) 

% shift of Resonant 

Frequency (fr) 

h=14 9.30 -27.49 1.93% 0 

h=16 8.30 -34.66 1.48% 10.74 

h=18 7.48 -38.38 1.34% 19.56 

h=20 6.80 -48.70 0.80% 26.91 

h=22 6.22  -41.78 1.26% 33.10 

h=24 5.75 -56.59 0.57% 38.14 
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Figure 2.7   Resonance peak at a different value of Rout. 

shift occurred without substantially affecting the pass-band characteristics. The reflection 

response (S11), FWHM bandwidth and shift in resonant frequency are well maintained. 

This behavior can be assumed because as the height of the CSFSS increased further, the 

tuned circuit inductance L1 ≈ 0, causes L2 inductance comes in series with capacitance C 

resulting in bandpass behavior as shown in equivalent circuit model with the impedance of the 

circuit approaches to zero. Thus a parallel tuned circuit response will convert to series tuned 

circuit response.  

2.2.5. Circumference Variation Behavior of 3-D CSFSS 

A graph of transmission coefficient SZmin(1).Zmax(1)  for TE modes at a normal angle of 

incidence have been plotted between different values of circumference by varying the outer 

radius (Rout) ranging from 6 mm to 8.495 mm versus the resonant frequency as depicted in 

Figure 2.7. The band stop frequency behavior of the 3-D CSFSS is shifted towards the lower 

resonant frequency as the value of the circumference outer radius increases.  

At the value of Rout equals to 6 mm, the resonant peak formed at 9 GHz with -55.32 dB 

gain and as the value of Rout increased to 8.495 mm, the resonant peak occurred at 4.44 GHz 

with -69.9 dB gain. So a shift of -49.33 % obtained with sharp frequency gain. Thus, these 

results have been achieved without increasing the periodicity of the 3-D unit cell structure, 

hence support miniaturization. So, the variation in the circumference greatly influences the 

behavior of 3-D CSFSS unit cell structure. 
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2.2.6. Oblique Angle of Incidence Behavior of 3-D CSFSS 

An important characteristic of the CSFSS unit cell is the analysis of the polarization 

sensitivity for a different angle of incidence of TE and TM field. For this purpose, the incident 

angle theta (θ) has been varied between 00 to 800 for both TE and TM field polarizations as 

shown in Figure 2.8. The graphical response of TE and TM modes for a normal angle of 

incidence for EM waves at height (h = 5 mm) is shown in Figure 2.9(a) and (b), respectively. 

At the value of h = 5 mm, Table 2.4 has been also drawn for the purpose of comparison. 

  

Fig. 2.8   Oblique angle of incidence theta (θ) measurement 

For TE mode, at theta (θ = 00) the resonant peak frequency occurs at 6.08 GHz with the 

value of transmission parameter is -60.77 dB. As the angle of incidence varies from 00 to 600 

the resonant frequency remains almost unaffected and equal to 6.04 GHz. When the angle of  

 
    (a)           (b) 

Figure 2.9   Oblique angle of incidence for (a) TE and (b) TM mode at h = 5 mm 
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Table 2.4   TE and TM field polarization sensitivity analysis at h = 5 mm. 

Angle(θ) for TE Resonant Frequency (fr)  GHz S21 in dB Deviation (%) 

00 6.08 -60.77 0 

200 6.09 -63.16 0.30 

400 6.10 -62.23 0.44 

600 6.04 -66.79 0.59 

800 5.98 -74.87 1.63 

Angle(θ) for TM Resonant Frequency (fr)  GHz S21 in dB Deviation (%) 

00 6.09 -61.39 0 

200 6.12 -61.33 0.59 

400 6.19 -58.22 1.77 

600 6.24 -54.15 2.51 

800 6.26 -45.65 2.81 

 

incident is modified to 800, the resonant frequency is slightly shifted and moves down to 

5.98 GHz with a shift of 1.63 %.The value of the resonant peak of transmission parameter is 

well maintained and observe increased the incidence angle from 00 to 800. 

For TM mode, at theta (θ = 00) the resonant peak frequency occurs at 6.09 GHz with the 

value of transmission parameter is -61.39 dB. As the angle of incidence varies from 00 to 200 

the resonant frequency remains almost unaffected and equal to 6.12 GHz. When the angle of 

incident is modified to 800, the resonant frequency is slightly shifted and moves up to 6.26 GHz 

with a shift of 2.81 %. The value of the resonant peak of transmission parameter at theta (θ = 

800) is well maintained always remain above 74.36%. 

2.2.7. Variation of Angle of Incidence of 3-D CSFSS for TE Mode 

For TE mode of EM wave, analyses have been observed at the oblique angle of incidence. 

The graph for the different values of outer radius Rout at an oblique angle of incidence for 3-D 

CSFSS have been shown in Figure 2.10(a) for the value of Rout equals to 7.2 mm. The curve 

corresponds to the value of Rout equals to 7.6 mm has been shown in Figure 2.10(b).  

Similarly, the curve corresponds to the value of Rout equals to 8.0 mm has been shown in 

Figure 2.10(c) and the last one curve corresponds to the value of Rout equals to 8.49 mm has 

been shown in Figure 2.10(d), respectively. At Table 2.5, a polarization sensitive analysis at a 

different oblique angle of incidence for TE mode has been drawn for the purpose of 

comparison. The value of theta is varied between θ = 00 to θ = 600.  
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In Figure 2.10(a), for theta (θ = 00), the resonant frequency peak (fr) occurs at 7.22 GHz 

with the value of transmission coefficient (S21) is -57.86 dB. As the angle of incidence varies 

from 00 to 600 the resonant frequency influence effectively and reduces to 6.80 GHz, while the 

value of transmission parameter (S21) almost remains unaffected. When the angle of incident 

is modified to 600, the resonant frequency is slightly shifted and moves down to 6.80 GHz with 

a shift of -5.82 %. 

In Figure 2.10(b), for theta (θ = 00), the resonant frequency peak (fr) occurs at 6.66 GHz 

with the value of transmission coefficient (S21) becomes -57.06 dB. As the angle of incidence 

varies from 00 to 600 the resonant frequency influence effectively and become to 6.46 GHz, 

while the value of transmission parameter S21 changes slightly to -64.51 dB. When the angle 

of incident is modified to 600, the resonant frequency is slightly shifted and moves down to 

6.46 GHz with a shift of -3.0 %. 

 
 (a)              (b) 

 
 (c)         (d) 

Figure 2.10   Graphs for oblique angle of incidence for TE mode (a) Rout = 7.2 mm, (b) Rout = 

7.6 mm, (c) Rout = 8.0 mm, and (d) Rout = 8.49 mm. 
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In Figure 2.10(c), for theta (θ = 00), the resonant frequency peak (fr) occurs at 6.04 GHz 

with the value of transmission coefficient (S21) becomes -57.06 dB. As the angle of incidence 

varies from 00 to 600 the resonant frequency negligibly affected and become to 6.02 GHz. 

While a sharp peak of transmission parameter S21 with value -67.18 dB appear. When the angle 

of incident is modified to 600, the resonant frequency remains almost stable and insensitive to 

any variation in the oblique angle of incidence and become equals to 6.02 GHz with a minor 

shift of -0.33 %.  

In Figure 2.10(d), for the value of theta (θ) equals to 00, the first resonant frequency peak 

(fr) occurs at 4.50 GHz with the value of transmission coefficient (S21) becomes -59.05 dB. As 

the angle of incidence varies from 00 to 600 the resonant frequency influence slightly and  

Table 2.5   TE modes polarization sensitivity analysis at different values of Rout. 

R
o
u

t 
=

 7
.2

 m
m

 

Angle(θ) for TE Resonant Frequency (fr)  GHz S21 in dB Deviation (%) 

00 7.22 -57.86 0 

100 7.22 -57.52 0 

200 7.18 -56.91 -0.55 

300 7.12 -56.71 -1.38 

400 7.04 -54.77 -2.49 

500 6.92 -57.30 -4.16 

600 6.80 -56.93 -5.82 

 

R
o
u

t 
=

 7
.6

 m
m

 

Angle(θ) for TE Resonant Frequency (fr)  GHz S21 in dB Deviation (%) 

00 6.66 -57.06 0 

100 6.66 -57.97 0 

200 6.66 -61.40 0 

300 6.64 -61.94 -0.30 

400 6.60 -60.12 -0.90 

500 6.54  -57.77 -1.8 

600 6.46 -64.51 -3.0 

 

R
o

u
t 
=

 8
 m

m
 

Angle(θ) for TE Resonant Frequency (fr)  GHz S21 in dB Deviation (%) 

00 6.04 -57.06 0 

100 6.06 -60.09 0.33 

200 6.06 -61.10 0.33 

300 6.08  -58.77 0.66 

400 6.06 -58.47 0.33 

500 6.04 -62.83 0 

600 6.02 -67.18 -0.33 

 

R
o
u

t 
=

 8
.4

9
 m

m
 

Angle(θ) for TE Resonant Frequency (fr)  GHz S21 in dB Deviation (%) 

00 4.50 -59.05 0 

100 4.50 -64.23 0 

200 4.50 -62.80 0 

300 4.52 -69.57 0.44 

400 4.54 -67.85 0.89 

500 4.50 -59.05 0 

600 4.50 -64.23 0 
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become to 4.56 GHz, while the value of transmission parameter S21 also changes slightly When 

the angle of incident is modified to 600, the resonant frequency is slightly shifted and moves 

down to 4.56 GHz with a shift of 1.33 %. 

2.3. Electronic Band-Gap Structure (EBG) 

Electronic band-gap structures are usually compact and lightweight, low fabrication cost, 

minor losses and can be easily integrated into antennas design without degrading performance. 

EBG structures are widely used because of its unique properties and EM features such as 

electromagnetic band-gap and in-phase reflection to heighten antenna performance [64-67]. 

EBG structures possess interesting and unique properties such as it behaves like high 

impedance surface in the certain frequency band and behaves like a passband filter in others. 

Using these properties one can solve problems that arise when antenna’s exiting source mount 

close to a ground plane. 

Another scenario exists when several exiting sources etched close to each other conducting 

planes. This would result in mutual coupling and lead to degradation of antenna performance. 

EBG structures are used in this scenario to minimize coupling by creating a band-gap region, 

where surface waves get suppressed. Thus, enhances the efficiency of the antenna by re-

reflecting back EM radiations in phase with respect to forwarding EM radiations. On the other 

hand, EM signals remain unperturbed for out-band frequency region. 

For the fast and accurate analysis of periodic EBG structures, a single EBG unit cell 

behavior could be considered and studied with appropriate boundary conditions. The 

         

                         (a)                   (b) 

Figure 2.11.   The geometry of EBG unit cell. (a) perspective view and (b) Dispersion curve 

with dimensions: S = 16 mm, g = 1 mm, h = 1.5 mm, t = 0.035 mm, and via = 0.5 mm. 
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periodicity (S) of a single unit cell of EBG is 16 mm. A copper patch of 15 mm × 15 mm 

has been directly printed on FR-4 substrate material of thickness 1.5 mm with relative 

permittivity (ɛr) 4.3 and tangent loss (δ) 0.025. A via of diameter 0.5 mm connecting the metal 

patch to the ground plane has been chosen and shown in Figure 2.11 (a). In an EBG equivalent 

frequency tuned circuit, the inductance is represented by via, while capacitance is governed by 

the gap (g) of 1 mm between the patches. A dispersion diagram of a unit cell of the mushroom-

type EBG structure has been plotted and depicted in Figure 2.11 (b). 

The frequency band-gap of the EBG structure has been adjusted between 2.25 GHz to 

4.25 GHz using parameter sensitivity analysis. Parameter sensitivity is the deviation in 

frequency response with the structural parameters variations. Therefore, the parameters like 

periodicity (S), gap width (g), a substrate thickness (h), dielectric constant (ɛr) of the EBG have 

been varied and tuned along with vias diameter as it also has a trivial effect. All parameters are 

optimized to cover the operating frequency of 2.45 GHz. 

2.3.1. Antenna Design using Defected Ground Structure(DGS) with EBG  

The Defected ground structure (DGS) is periodic or non-periodic defects in the ground 

plane of microstrip and coplanar structure. The DGS plane behavior can be realized by etching 

off a specific geometry in the ground plane. Depending on the geometry and dimensions of the 

defective shape, the impedance and surface current distribution get perturbed and this further 

modifies the associated capacitance and the inductance values.  Thus, results in assured 

propagation and excitation of the EM waves through the dielectric material. The DGS has been 

widely used for different applications such as radiation properties enhancement [68], 

bandwidth [69], mutual coupling reduction in antenna arrays [70], antenna size reduction [71], 

and so forth. DGS also has some disadvantages like as we introduce some slots or defects in 

the ground plane, this will result in back lobes. Due to which some of the energy get dissipated, 

which in turn decreases the directional gain. DGS increases Specific absorption rate (SAR) 

value and hence it is not suitable in mobiles and wearable devices applications. 

Making these considerations in this design, we have designed a traditional microstrip patch 

antenna operating at 2.45 GHz resonant frequency. Then this antenna is modified by the 

defected ground structure. Once again antenna structure is altered and loaded with EBG 

structure. The EBG structure is designed and optimized such that resonance peak of antenna 

lies within its forbidden band-gap so that the surface wave excited by this patch antenna could 

be suppressed and prevent propagation. This section gives augmentation published in [72]. 
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The basic geometry of a conventional microstrip patch antenna designed with inset feed 

has been shown in Figure 2.12(a). The top layer is the radiating rectangular patch (copper), 

backed by most popular and readily available flame retarded (FR-4) substrate of height h = 1.5 

mm. The substrate is grounded using a copper layer. The dimensions of the antenna are as 

follow: periodic length SL = 64 mm, periodic width SW = 67 mm of the substrate with length 

L = 28.88 mm, and width W = 35 mm of the radiating patch. A standard thickness of 35 µm 

has been considered which is compatible with PCB fabrication technology. The antenna is 

operational at 2.45 GHz of ISM band. 

This referenced antenna is then modified with the defected ground plane as shown in 

Figure 2.12(b). Which result in modification of resonant frequency and it gets shifted to the 

lower band. So, when the antenna is optimized back to 2.45 GHz resonant frequency, the 

exiting patch dimensions get modified and become equals to L = 25.1 mm, and W = 25 mm. 

 
     (a)             (b) 

 

(c) 

Figure 2.12   Microstrip patch antenna (a) referenced antenna (b) antenna with defected ground 

structure, and (c) proposed antenna (DGS+ EBG). 
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This indicates a miniaturization to 37.9 % of patch size when get modified with DG plane. 

Finally, this antenna structure has been further modified with periodic mushroom-typed EBG 

to study the effect of EBG on overall antenna radiation performance and depicted in 

Figure 2.12(c). 

2.3.2. Microstrip Patch Antenna Radiation Performances  

A comparison of antenna radiation performances has been made and shown in Figure 2.13. 

For the referenced antenna, the value of the S11 parameter has been observed at 2.45 GHz and 

equal to -34.65 dB. The antenna is then modified with DG plane with resonant frequency peak 

adjusted to 2.45 GHz with -29.02 dB. Finally, this structure has been modified by loading with  

 

 

         (a)         (b) 

 

(c)      (d) 

Figure 2.13   Comparison of antenna radiation performances (a) scattering coefficient (S11) 

(b) VSWR (c) Z11 (magnitude), and (d) radiation efficiency (η). 
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Table 2.6   Antenna radiation performance comparison. 

Structure/Performance 

Parameters 

Referenced 

Antenna 

Antenna with 

DG 

Antenna with 

DG +EBG 

Frequency (f0) GHz 2.45 2.45 2.47 

Return Loss (S11) dB -34.65 -29.02 -24.40 

Bandwidth (-10 dB) MHz 72 304 256 

VSWR 1.04 1.07 1.13 

Impedance (Z11) Ω 50.87 47.14 46.83 

Radiation Efficiency (η) 35.1 % 85.06 % 83.97 % 

Directivity (dBi) 6.68 4.48 4.68 

Gain (dB) 2.12 3.77 3.84 

 

EBG structure and which results in a slight shift of resonance frequency to 2.47 GHz with S11 

approaches to -24.40 dB and shown in Figure 2.13(a). For the referenced antenna, the value of 

-10 dB bandwidth is very small and equal to 72 MHz, whereas after modifying it with DG plane 

it effectively enhances to 304 MHz. But after loading of EBG structure slightly reduces the 

bandwidth to 256 MHz that is still larger than the referenced antenna. 

To further analyze the behavior of proposed patch antenna on antenna radiation 

performances, an analysis of voltage standing wave ratio (VSWR), impedance (Z11) and 

radiation efficiency (η) have been made. The results show that for reference antenna, the value 

for VSWR comes out 1.04 and 1.07 for an antenna with DG plane, whereas for a proposed 

model with DG and EBG it comes out to be 1.13 as shown in Figure 2.13(b). All values of 

VSWR remain within the acceptable range of 1 to 1.5.  

The value for Z11 (magnitude) for referenced antenna observed of 50.87 Ω and 47.14 Ω for 

an antenna with DG plane at 2.45 GHz, whereas for proposed model the value of Z11 reduces 

to 46.83 Ω at 2.47 GHz as shown in Figure 2.13(c). All these values are approximated to 50 Ω 

matching impedance. Similarly, for reference antenna, the value of radiation efficiency (η) is 

very less and is equal to 35.1%. But when it modified with DG plane it effectively enhances to 

85.06 %. For the proposed model with DG plane and EBG, the value of η marginally reduces 

to 83.97 % and depicted in Figure 2.13(d). For better clarification and understanding, a 

comparison of antenna radiation performance has been given and tabularized in Table 2.6. 
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2.3.3. Directivity and Gain Comparisons Between Referenced and Proposed 

Antenna  

The antenna directivity polar plot comparisons between referenced and proposed antenna 

for E-Plane and H-Plane have been given in Figure 2.14. The results indicate that for E-Plane, 

the referenced patch antenna main lobe magnitude is 6.68 dBi with 3 dB angular width is 870 

and for proposed microstrip antenna, it reduces to 4.48 dBi with 3 dB angular width is 92.30. 

For the proposed model with DG and EBG structure, the value of main lobe magnitude is 4.68 

dBi with 3 dB angular width is 89.20 as depicted in Figure 2.14(a). 

 
                                 (a)                                                                     (b) 

Figure 2.14   Polar plot comparison of antenna directivity for (a) E-Plane and (b) H-Plane. 

 
                                (a)                                                                      (b) 

Figure 2.15   Polar plot comparison of antenna gain for (a) E-Plane and (b) H-Plane. 

For H-Plane, the reference patch main lobe magnitude is 6.68 dBi with 3 dB angular width 

is 92.30 and for an antenna, with DG plane it reduces to 4.48 dBi with 3 dB angular width is 

740. For the proposed model with DG and EBG structure, the value of main lobe magnitude is 

4.69 dBi with a 3dB angular width of 72.20 as depicted in Figure 2.14(b). A polar plot 
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comparison for antenna gain has been given in Figure 2.15. The results indicate that for E-

Plane, the reference patched antenna main lobe magnitude is 2.12 dB with beam width is 870 

and for an antenna, with DG plane it increases to 3.77 dB with beam width is 92.30. For the 

proposed model with DG and EBG structure, the value of main lobe magnitude further 

enhances to 3.84 dB with a beam width of 89.20 as depicted in Figure 2.15(a). 

For H-Plane, the reference patch main lobe magnitude is 2.12 dB with beam width is 92.30 

and for an antenna, with DG plane it increases to 3.77 dB with beam width is 740. For the 

proposed model with DG and EBG structure, the value of main lobe magnitude further 

enhances to 3.85 dB with a beam width of 72.20 as depicted in Figure 2.15(b). 

This concludes that when the referenced antenna is modified with DG plane and EBG, its 

antenna gain enhances to 81.1 %. So, the proposed antenna would require less power in the 

line of sight transmission and therefore would lead to a reduction in hardware cost as the 

number of repeaters required reduces. The beam width has been also reducing in the proposed 

antenna as compared to the conventional antenna. This would lead to a concentrate and focus 

power in the line of sight transmission for long distance transmission.  

2.3.4. 2-D Comparisons for Directivity and Gain 

In Figure 2.16, two-dimensional comparisons of antenna directivity and gain have been 

made between 1 to 5 GHz of the frequency band. The analysis indicates that when the antenna 

is loaded with DG and EBG structure, the value of directivity remains high for the entire band-

gap of EBG structure that lies between 2.37 to 4.31 GHz and shown in Figure 2.16(a). 

However, a minor fluctuation is observed between 3.67 to 3.92 GHz, where  

 
                                  (a)                                                                   (b) 

Figure 2.16   Two-dimensional comparisons for (a) directivity and (b) gain. 



38 

 

antenna with DG plane value slightly increases. On the other hand, the value of gain remains 

high for the entire bandgap of EBG structure that lies between 2.41 to 4.24 GHz and shown in 

Figure 2.16(b). 

2.4. Metamaterial Absorber (MMA) 

Researchers have been demonstrating and proposed various MMA structure ranging from 

microwave to THz regimes, infrared to the visible light region, single-band to wideband, and 

dual-band to multi-band range of EM radiation based on the target applications. MMA has 

attracted notable interest and offers excellent features including narrow dimensions, 

lightweight, near-unity absorbance, ultra-thin thickness, wide angles of incidence, and highly 

polarization insensitivity. This is making it potential rival and thus currently replacing the 

traditional absorbers.  

MMA is obtained by modifying frequency selective surface (FSS) structure. A FSS is a 

patch or aperture/slot/grid type element and their properties could be tuned and engineered to 

exhibit band-pass, band-stop, low-pass or high-pass filter characteristics, depending on design 

modification. In MMA, the effective inductance and capacitance of the unit cell structure could 

be altered by varying the geometry of the structure and hence set up the resonant frequency. 

The MMA unit cells behave as a combination of lumped inductive and capacitive elements 

which get coupled to the incident electric and magnetic fields of EM radiation. 

MMA is an array of periodically arranged patches etched on the dielectric substrate in the 

metallic screen and exhibits almost unity absorbance. The structure has the ability to modify 

the EM radiations in such a way that the input impedance of the structure becomes closely 

matched with the free space impedance and hence the condition of resonance achieves. Thus, 

offers further reduction in size, versatility with enhanced potentialities.  

However, MMA’s absorbance highly relies on structural morphology and composed 

materials for the purpose of fabrication. It is the most relevant periodic structure, offers better 

alternate to FSS, EBG, Artificial Magnetic Conductor (AMC) structure for several intended 

applications in microwave regime of the electromagnetic spectrum such as satellite 

communication, such as in stealth technology for low RCS, in solar-photovoltaic and thermo-

photovoltaic cells to enhance the functioning of photo-detectors by heightening absorption 

mechanism, and wireless communication. In antenna design, its intended applications are 
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gain/directivity enhancement, increase isolation by reducing cross polarization, mutual 

coupling reduction, and in-band and out-of-band RCS reduction.  

2.4.1. Triple Band Regular Decagon Shaped Metamaterial Absorber 

The design characteristics of metamaterial absorber have been investigated for X-band 

applications. For this purpose, a primary regular decagon shaped loop structure has chosen, 

and its multiband response has been studied and analyzed [73]. The schematic diagrams are 

shown in Figure 2.17. Where top view layout of one-unit cell for the proposed structure is 

depicted in Figure 2.17(a), while the back view is shown in Figure 2.17(b), the cross-sectional 

view is given in Figure 2.17(c), respectively. At last, Figure 2.17(d) shows the side view of the 

proposed structure along with its respective parameters.  

The MMA is a three-layer structure composed of metal/dielectric/metal layer. The three 

regular decagon structures are fabricated on the top of the substrate. The electric field is 

enhanced by the coplanar coupling of metallic rings, while the magnetic field is enhanced by 

the mutual coupling between the front rings and back metal layer. The EM wave response can 

            

                                      (a)                                              (b) 

           
                                                  (c)                              (d) 
Figure 2.17   The geometry of triple band regular decagon shaped metamaterials absorber 

(a) top view (b) bottom view (c) perspective view, and (d) side view. 
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Table 2.7   The dimensions of absorber unit cell. 

Description Parameters Dimensions (mm) 

Width/Length of Substrate W/L 7.6 

Height of Substrate h 0.8 

Height of Metallic Rings t 0.017 

Radius of 1st Ring R1 2.23 

Radius of 2nd Ring R2 2.7 

Radius of 3rd  Ring R3 3.2 

Thickness of 1st Ring d1 0.24 

Thickness of 2nd  Ring d2 0.28 

Thickness of 3rd  Ring d3 0.22 

 

be tuned by varying the physical parameters of the front rings, back metallic layer and the 

substrate layer. The absorber consists of triple ring resonator structure on the top, a lossy FR-4 

substrate with the value of relative permeability (εr) is 4.3 and tan δ is 0.02 placed at the center 

and a metallic bottom plane. 

 The top and bottom plane consist of same copper metal with conductivity (σ) equal to 5.8x107 

s/m. On the back of the substrate, the full ground plane is placed to make a zero transmitted 

wave. But the existence of a ground plane at the back also causes the back-reflected wave. So, 

a thick dielectric substrate is used to solve this problem. The results described here have been 

published in [83]. 

For impedance matching, the parameters like the thickness of the metal and dielectric layer 

should be optimized. In simulations, the thickness of the top metal layer and ground metal 

plane has kept equal to 17 μm. Whereas, the thickness (t) of the dielectric FR-4 substrate layer 

is optimized to 800 μm. The rest of the parameters have been tabulated in Table 2.7. Where, 

the radius of three consecutive rings have been designated as R1, R2, and   R3. Where, d1, d2, 

and d3 signify their corresponding thickness, respectively.  

By careful analysis, it is observed that the radius of three regular decagon shaped rings has 

been estimated by the relation given in Equation (2.10), corresponding to their respective 

absorption peaks: 

                                  r reff

C
R

 
=                                                      (2.10) 
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Where ωr is the resonant frequency of the regular decagon-shaped and εreff is the effective 

relative permittivity of the lossy FR4 substrate. So, it is clear that the radius is inversely 

proportioned to the resonant frequency. So, as we decrease the radius of the regular decagon 

ring the corresponding resonant frequency increases and as we increase the radius of the ring 

the corresponding resonant frequency decreases.  

The resonant frequency not only depends on the radius but also on the other factors like the 

substrate permittivity, thickness of the substrate, thickness of the metal layer and top layer, the 

width of the rings, the capacitive coupling between rings. Since, this is a multiple rings 

structure, so the resonant frequencies also depend on capacitive coupling between adjacent unit 

cells along with the dimensions of the unit cell. These all parameters vary the inductance and 

capacitance of the complete unit cell as given in Equation (2.5). As the length of the decagon 

shaped ring wire increases the inductance also increases, which raises the resultant radius and 

because of this the resonant frequency decreases and as the length of the decagon shaped ring 

wire decreases the inductance also decreases, which reduces the resultant radius and because 

of this the resonant frequency increases. 

Similar phenomena will be observed because of the smaller gap between the neighboring 

decagon shaped metallic rings or because of the adjacent unit cells outer metallic rings coming 

close to each other, resulting in increase of the capacitance causing the resonant frequency 

decreases and the reverse effect will take place when the capacitances will reduce due to either 

the decagon shaped metallic rings going   far from each other or the decagon shaped metallic 

rings are placed far apart from each other resulting in increases of the resonant frequency. 

Along with thickness of three decagon shaped metallic rings, all parameters are optimized so 

that the absorber achieves the highest absorption at sharp edges of 8 GHz, 10 GHz, and 12 

GHz, respectively. 

2.4.2. Frequency Response Analysis 

It has been found that the loop structures are highly polarization insensitive in nature for 

the oblique angle of incidence of EM wave.  Since, a regular decagon shaped loop structure has 

been chosen, which is found to be very symmetrical to ring shape structure. Thus, the unit cell 

structure has been analyzed for the normal angle of incidence using finite differential time 

domain (FDTD) technique [65]. The incident TEM wave is excited along the z-axis (Figure 

2.17) with the electric field components along the y-axis and magnetic field components along 

the x-axis.  
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Figure 2.18   Simulated reflectance and absorbance of the proposed metamaterial absorber. 

The simulated absorbance as a function of time domain under a normal angle of incidence 

EM wave has been depicted in Figure 2.18. From the result, it can be seen that the proposed 

structure exhibits three distinguished absorption peaks sharply at 8 GHz, 10 GHz and 12 GHz 

with corresponding absorbance peak values of 96 %, 93.36 %, and 91.88 % respectively. The 

value of the reflection coefficient (S11) at these consecutive resonant peaks of 8 GHz, 10 GHz, 

and 12 GHz has been found to be approaching to zero, which is clearly reflected in Figure 2.18. 

All absorbance peak values have been found above 91.88 %. The MMA exhibits, a response 

with FWHM bandwidth is 457.9 MHz, 400.3 MHz, and 455.5 MHz, which is found to be 

equivalent to 5.72 %, 4.00 %, and 3.80 %, respectively of the respective resonant frequency. 

These three distinct absorption peaks are distributed exactly across the entire X-bands. By 

carefully varying the thickness of these three rings, the location of absorption peaks could be 

adjusted and thus, we would make MMA suitable for the applications in the range of 

microwave, optical and terahertz regime. 

2.4.3. Normalized Input Impedance Response 

The parameters optimization of MMA have been accomplished by tuning and adjusting the 

radius of three rings, their related thickness,  the height of the top metallic ring layers, adjusting 

the values of dielectric constant, loss tangent, the morphology of the dielectric substrate to get 

the response at desired  resonant frequency. So that, the MMA structure’s normalized input 

impedance approximates to the free space impedance at desired resonant frequencies. For the 

purpose of comparison, a graph has been plotted of normalized input impedance (Z11) and 

resonant frequencies for real part and imaginary part of Z11 and shown in  
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Figure 2.19   Normalized input impedance of the proposed absorber. 

Figure 2.19. It is clear that, the real and imaginary parts of Z11 approach to zero and resonant 

at 8 GHz, 10 GHz, and 12 GHz, respectively. However, for other frequencies, the real and 

imaginary parts of Z11 possess different values. 

2.4.4. Surface Current Distribution Analysis 

The simulated surface current distribution of a single unit cell is given in Figure 2.20. The  

 
                         (a)                                        (b)                                       (c) 

Figure 2.20   The Surface current distribution with top layer at (a) 8 GHz (b) 10 GHz, and 

(c) 12 GHz. 

 
                        (a)                                       (b)                                       (c) 

Figure 2.21   The Surface current distribution bottom layer at (a) 8 GHz (b) 10 GHz, and 

(c) 12 GHz. 
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Figure 2.20(a) to (c) shows the surface current distribution for the top decagon shaped 

metallic rings and the Figure 2.21(a) to (c) shows the surface current distribution for the bottom 

metallic layer for clear understanding. By analyzing the unit cell structure corresponds to top 

metallic rings and bottom metal layer it is concluded that the regular decagon shaped MMA is 

properly operating at each resonance frequency.  

The concentration of current corresponds to 8 GHz resonant frequency is given by the 

largest ring of Figure 2.20(a) for the top view and Figure 2.21(a) for the bottom view, the 

middle resonance of 10 GHz frequency is given by the middle ring of Figure 2.20(b) for top 

view and Figure 2.21(b) for bottom view and the highest resonant frequency of 12 GHz is given 

by the smallest ring corresponding to the Figure 2.20(c) for top view and Figure 2.21(c) for 

bottom view. At the resonant frequencies, the value of reflectance coefficient parameter (S11) 

is minimized. This is because the normalized input impedance of MMA structure approximates 

to the free space impedance. Therefore, results in maximized absorbance at the corresponding 

resonant frequency. 

2.5. Chapter Summary 

In this chapter 2, literature review of metamaterials, classification of metamaterials, and 

types of metamaterials have been studied. Then, a 3-D CSFSS has been proposed. The results 

show that the length of the resonant cylinder has a significant influence on the frequency 

response characteristics of the FSS and the CSFSS shows a stop-band, pass-band frequency 

response behavior. The polarization sensitive analysis of 3-D CSFSS for TE mode of EM wave 

has been demonstrated along with the effect of circumference variation by changing the Rout. 

The analysis shows the circumference of the resonant cylinder has a significant influence on 

the frequency response characteristics of the 3-D CSFSS. The frequency response peak could 

be tuned to the lower frequency just by varying the value of Rout. Again, the 3-D CSFSS unit 

cell structure found unaltered to any variation of oblique angles of incidence. At the value of 

Rout equals to 8 mm, the structure found highly polarization insensitive along with sharp 

resonant frequency peak at 6.04 GHz. 

With the utilization of three-dimensional space, the unit cell size of the FSS can be further 

reduced. So, this design provides an extra degree of freedom when compared with its previous 

counterparts. Even though, by varying the height of CSFSS the reflection and transmission 

level at any frequency can be tuned and controlled. So it opens the way to fabricate a 

controllable and tunable CSFSS. This structure finds its applications in the area of stealth 
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technology, wireless communication, space communication, satellite communication, space 

vehicle navigation, metamaterial absorbers, radar and other communication areas. 

Furthermore, we have proposed an inset feed microstrip antenna operating at 2.45 GHz of 

ISM band. Its behavior has been analyzed after modifying it with the defected ground plane 

and then loading it with mushroom-typed EBG structure. It has been observed that when the 

antenna is modified with DG structure, it doesn’t only miniaturize the exited patch but also 

enhances the bandwidth, gain, and radiation efficiency. Furthermore, when the antenna is 

loaded with EBG structure, it enhances antenna directivity and gains. On the other hand, 

bandwidth and radiation efficiency are marginally affected. It has been also observed that the 

antenna directivity and gain increase throughout the band-gap of EBG. Whereas, the rest of 

parameters remain highly preserved.  

Finally, a triple band regular decagon shaped MMA has been proposed. The proposed 

absorber exhibits three absorbance peaks for a normal angle of incidence with the magnitude 

of 96 %, 93.36 %, and 91.88 % at 8 GHz, 10 GHz and 12 GHz, respectively. The absorber 

exhibits a response with FWHM bandwidths are 457.9 MHz, 400.3 MHz and 455.5MHz, which 

is equivalent to 5.72 %, 4.00 %, and 3.80 %, respectively of the corresponding resonant 

frequency. A time domain analysis has been done which support only normal angle of 

incidence of EM wave. So frequency domain analysis for oblique angle of incidence analysis 

has been left for future work.  

The absorption mechanism is explained by impedance matching between absorber and air. 

The analysis and results of triple band regular decagon shaped metamaterial absorber shows a 

good agreement between them and make it best suited at X-band regime. This MMA structure 

finds its applications in antenna designing and reduction of Monostatic and Bistatic RCS in 

military and stealth platform for lower detectable objects.  
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Chapter-3 

Single-band Shorted Stubs Metamaterial Absorber 

 

In this chapter, a novel design of a passive tuned MMA absorber using concentric loops 

with shorted stubs and split rectangular bars at GHz frequency has been proposed. The tuning 

is provided by the mean of varying the length of shorted stubs and split square rectangular bars. 

The parametric sensitivity response, in which a MMA structure has been analyzed under the 

influence of parameters such as inner radius (Rin), shorted stub length (a), and rectangular bar 

length (b). These parameters have been analyzed thoroughly. The results reveal that by varying 

the length of rectangular split bars and stubs distance between concentric rings, it is possible 

to obtain desired frequency response with near unity absorbance.  

This mechanism results in significant scattering characteristics response along with 

flexibility to designer to control and optimize the resonant frequency in the microwave regime 

of the electromagnetic spectrum. The simulation response and analytical measurements have 

been analyzed under the assumption of the normal angle of incidence. The angular sensitivity 

response of MMA unit cell structure under an oblique angle of incident (θ) and polarization 

sensitivity (ϕ) for TE and TM modes of EM wave have been also analyzed. The proposed MMA 

analyzed under different parameters, which includes the effective magnetic permeability, 

effective electric permittivity, a normalized input impedance characteristics response and 

surface current distribution.  

3.1. Metamaterial Absorber 

Earlier, the design of a perfect MMA had been proposed with the absorbance magnitude of 

88 % at 11.5 GHz of resonant frequency operating at X-band along with FWHM bandwidth of 

4 % by Landy et. al.[10]. Due to their small dimensions, lightweight and almost unity 

absorbance, various MMAs have been proposed and designed such as dipole [74], Jerusalem 

cross [75], square [76], circular [14], Pentagon [77], hexagon [78] and hybrid [13] loop 

structures, thus replacing the traditional absorbers. MMA has various properties and offer 

excellent features including near-unity absorbance [79], ultra-thin thickness [80], wide angles 

of incidence [55, 81] and polarization insensitivity [82], makes it suitable for antennas designs 

[83, 84], for the reduction of RCS in stealth technology [85, 86], in solar-photovoltaic and 
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thermo-photovoltaic cells to enhance the functioning of photo-detectors by heightening 

absorption mechanism [87] and also in wireless communication [88].  

These structures have been consisting of an electrical ring resonator at the top, a dielectric 

layer in the middle, and a full metallic layer at the bottom, such that the net transmission 

approaches to zero. With these designs, both the effective permittivity and permeability altered 

or tuned in such a way to match the normalized impedance of structure to free space impedance, 

so that the absorbance can be maximized. A wide variety of methods have been proposed in 

the literature to improve the frequency response of MMAs [89-92].  

The MMA unit cell can be designed as an active or passive metamaterial structure. Zhang et. 

al. [93] have demonstrated an active photo-excited tunable MMA. The silicon used to fill the 

gap in the metallic resonator and varying the location of the silicon insertion in the different 

critical regions results in frequency modulation of the resonance absorption peak. 

Ma et. al. [94] have proposed active tunable metamaterial absorber using varactor diodes and 

split ring resonator. The absorption frequency of the MMA can be tuned continuously by 

changing the bias voltage on both ends of the varactor diode. Li et. al. [95] have proposed an 

active tunable low-frequency absorber that uses PIN diodes loaded frequency selected surface 

(FSS) to provide tuning of the resonance frequency. Qi et. al. [96] have proposed a tunable 

MMA model based on the voltage-controlled diode, which acts as a variable resistor, whose 

impedance can be tuned by varying bias voltages and thus the absorbance achieved.  

These active components commonly function as a switch to turn ON or OFF the top 

metallic MMA layer, result in the inductive or capacitive behavior of the MMA unit cell 

structure [97, 98]. Although this MMA offers flexibility and dynamic tuning in design, their 

feasibility and implementation are restricted because of the requirement of various active 

components along with separate bias voltage for each active components. That, in turn, brings 

complexity in design and do raise issues like miniaturization, economic cost, and fabrication 

of the design. 

On the other hand, the passive MMA unit cell structure is excited by the incident EM wave 

and the tuning is provided by the structural parametric variations of the unit cell only. Since, 

there is no special circuitry or extra biasing voltage that has been involved to achieve the 

desired results. This way, the passive MMA unit cell design offers simplicity, compactness, 

low-cost small dimensions, lightweight and miniaturized of the absorber design. 
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Another issue in designing a frequency selective surface-based MMA is to analyze its 

response at a different angle of incidence and polarization sensitivity [99]. To deal with these 

issues a circular ring-based topology is most commonly used because of better completeness 

and accuracy with regards to the angular stability, polarization sensitivity, reflectance and 

transmittance coefficient, bandwidth and band separation [85]. Due to its regular arranged 

nature, the resonance frequency peak would occur in either of the two right angles or orthogonal 

coordinates. 

It has been observed that in some particular designs geometry, the gap or spacing of the 

ring resonator with its adjacent neighboring resonator is very small. Such that it doesn’t leave 

any space to drift the reflection and transmission coefficient band towards the lower side of the 

frequency band by increasing the resonator radius. One of the solutions to the problem is that 

it can be replaced by the large sized rings along with increasing and scaling the dimension of 

the structure again. This doesn’t offer high flexibility. Thus, it becomes very difficult to realize 

large size circuit boards.  

In this chapter, a novel design of the ring resonator using the concentric circle and square 

split with shorted stubs at GHz frequency has been introduced and some parts of it have been 

published in [79, 100].  

3.2. Single-band Shorted Stubs Metamaterial Absorber (MMA)  

In this thesis work, the design of the passive tuned concentric loops with shorted stubs 

MMA has been designed and analyzed [100]. However, the design of a perfect MMA must be 

simple, low profile, controllable, tunable, significant stable for the angle of incidence and 

highly polarizations insensitive to the impinged EM wave. By making these initial assumptions, 

we have proposed a simple MMA design based on concentric loops with shorted stubs and split 

rectangular bars.  

The geometry of the MMA unit cell with all its parameters value has been shown in 

Figure 3.1. Whilst, the corresponding values of frequency response peaks for absorbance, 

reflectance and transmittance have been depicted in Figure 3.2. The MMA consists of the 

metallic patch at the top while at the bottom; a full copper layer is placed. So that transmission 

coefficient value could reduce to zero.  

Both layers consist of same copper metal with a conductivity of 5.8 × 107 s/m. The metallic 

patch is printed on a low-cost FR-4 substrate by means of standard photolithographic 
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        (a)                                           (b)                                      (c) 

 
                                                                     (d) 
Figure 3.1   (a) Single circular loop (b) concentric circle and square loops (c) modified structure 

with shorted stubs and split rectangular bars, and (d) side view of the proposed MMA. Unit 

cell dimensions: S = 4.43 mm, Rin = 1.59 mm, Rout = 1.79 mm, h = 0.31 mm and w = 0.2 mm. 

techniques of the dielectric substrate with the relative permittivity (εr) and loss tangent (tan δ) 

values are 4.3 and 0.025, respectively. By proper optimization of the metallic patch structure 

on a substrate, the MMA with nearly unity absorption magnitude can be formulated. 

At a normal angle of incident EM wave, a simple circular ring unit cell MMA structure is 

designed and simulated as shown in Figure 3.1(a).  Then the design parameters are adjusted 

and optimized. For TE and TM modes, the resonance peak appeared at the frequency of 

15.99 GHz with 99.99 % unity absorbance corresponding to FWHM bandwidth of 4.74% in 

Ku-band as shown in Figure 3.2(a).  

After this, the structure is modified and new design consists of two vertically aligned 

concentric loops one underneath another is formed as depicted in Figure 3.1(b). The simulation 

result reveals that a reduction in the resonant frequency peak from 15.99 GHz to 12.17 GHz 

with an absorbance value of 98.19 % and FWHM bandwidth of 5.62 % has been observed as 

shown in Figure 3.2(b).  
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  (a)                                                                    (b) 

  
                                     (c)                                                                       (d)                           

Figure 3.2  Resonance curves for (a) circular ring (b) concentric circle and square (c) modified 

split ring with shorted stubs, and (d) comparisons of all structure. 

Later, the MMA unit cell is further modified by splitting the square loop and the concentric 

loops are shorted using stubs in a manner that the MMA unit cell structure always remains 

symmetrical and extremely insensitive to polarization sensitive and oblique angle of incidence 

resulting further drift towards lower resonant frequency as shown in Figure 3.1(c). Simulation 

result reveals that a continuous reduction in the resonant frequency peak from 12.17 GHz to 9 

GHz while maintaining the absorbance value to 99.68 % and FWHM bandwidth of 4.95 % in 

X-band as depicted in Figure 3.2(c).  

On combining all, we conclude that frequency shift of 3.82 GHz is obtained between 1st 

resonant peak and 2nd resonant peak, while, the frequency shift of 3.17 GHz is found between 

2nd resonant peak and 3rd resonant peak. A passive frequency tuning between 1st to 3rd resonant 

peaks of 6.99 GHz is achieved, which cover almost the entire X- band and Ku-band of the 

frequency spectrum as shown in Figure 3.2(d). 
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3.3. Design Principle of Metamaterial Absorber (MMA) 

The design principal of MMA begins with making assumptions that the MMA surface is an 

effectively homogeneous medium, the EM wave incident upon a surface may be reflected, 

transmitted or absorbed [101, 102]. For the efficient design of MMA, it is necessary to 

minimize the reflection and transmission parameter. The expression of absorbance is presented 

as: 

                                         
( ) 1 ( ) ( )A T R  = − −                         (3.1) 

Where A(ω), T(ω) and R(ω) are the Absorbance, transmission, and reflection spectrum with 

the function of frequency ω, respectively [103, 104]. They are related to scattering 

coefficient (S) for TE and TM modes of impinged EM wave, as: 

                                              
2 2

21 12( )T S S = = , and 

          
2 2

11 22( )R S S = =                               (3.2) 

Where, |S21|
2 is the transmission scattering coefficient and |S11|

2 is the reflectance scattering 

coefficient. So the Equation (3.1) is modified to:    

                                             
2 2

21 11( ) 1A S S = − −                            (3.3) 

In order to achieve almost unity absorbance, according to the formula of Smith’s parameter 

inversion [105]:  
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Where k0= ω/c is the free space wave number, ω and c are the angular velocity and speed 

of light in vacuum, and h is the height of the substrate [106]. The definition for the effective 

refractive index is 

                                            
' ''( ) ( ) ( )eff eff effn n jn  = +

               
(3.6)  

and for complex wave impedance index   
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' ''( ) ( ) ( )eff eff effZ Z jZ  = +                  (3.7) 

     Where the refractive index                    

                               ( ) ( ) ( )eff eff effn     =                           (3.8) 

and wave impedance is given by 
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When Zeff (ω) approaches 1, effective wave impedance matching with free space impedance 

Z0 (ω), so the Equation (3.4) and Equation (3.5) reduce to:  
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Equation (3.11) indicated that when Z𝑒𝑓𝑓 approaches to 1, there will be no reflection from 

the MMA surface, given by  

2 2

11 22 ( ) 0S S R = =   

This corresponds to the condition where the MMA wave impedance is matched to that of 

free space impedance Z0 (ω). However, when Zeff (ω) ≈ 1 the transmission term solely left and 

according to the Euler's Identity, Equation (3.10) can be transformed to: 

0 00 0
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By using Equation (3.6),        
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Therefore, the electromagnetic wave transmission rate reduces to: 
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From Equation (3.8), it is clear that transmission rate depends and concerned with 

the n”
eff [107]. Whilst, the wave vector (k0) and thickness (h) of MMA is always remained fixed. 

So, it is necessary to have a large value of imaginary part of refractive index component [10, 83, 

108]. When n”
eff approaches to infinity, then 
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T e

−

→ →
= =                     (3.14) 

Thus, from Equation (3.1), A(𝜔) = 1 is achieved. This is the condition for unity absorbance. 

So, the Equation (3.14) indicates that n”
eff is the main parameter that is responsible for 

absorbance.  

In addition, we conclude that the overall loss of the impinged EM wave in the substrate is 

decided by the thickness for h of the substrate and in order to make n" high, the thickness (h) 

should be as small as possible but should not affect impedance matching condition. However, 

it is possible to determine the values of effective wave impedance and effective refractive index 

directly from the results for S11 and S21 as given in Equation (3.4) and (3.5), respectively [109]. 
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When the effective wave impedance matches to free space impedance such that Zeff (ω) 

approaches to 1, then Equation (3.9) reduces to 

                                        
( ) ( )eff eff   =                         (3.17)    

and Equation (3.8) reduces to            

     ( ) ( ) ( ) ( )eff eff eff effn n     =  =                (3.18) 
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                               (a)                    (b) 

 
            (c)                                                     (d) 

Figure 3.3   Resonance curves for the Real and Imaginary part of (a) effective electric 

permittivity (ɛeff (ω)) (b) effective magnetic permeability (µeff (ω)) (c) effective refractive index 

(neff (ω)), and (d) effective wave impedance (Zeff (ω)). 

The refractive index is calculated by the Kramers–Kronig relation and by arranging the 

relations, the effective magnetic permeability and effective electric permittivity can be 

extracted directly from S-parameters as given in Equation (3.15) 

and Equation (3.16) [110-112]. At, 13.89 GHz for the proposed MMA the real and imaginary 

parts of the effective electric permittivity ɛeff (ω), effective magnetic permeability  µeff (ω), 

effective refractive index neff (ω) and effective wave impedance Zeff (ω) have been given in 

Figure 3.3(a), (b), (c) and (d), respectively. 

The values for ɛeff (ω) is found to be (98.49 + j 70.44) and for µeff (ω) is (97.79 + j77.05), 

which is almost equal. Also, the value for neff (ω) is (98.18 + j73.73) and is well matched 

according to Equation (3.8) and the Zeff (ω) value comes to be (1.01 + j0.024) and that matches 

the condition for free space impedance.   



55 

 

3.4. Sensitivity Response Analysis 

The MMA unit cell consisted of the metallic patch at the top while at the bottom; a full 

copper layer is placed. So that transmission coefficient value would reduce to zero. Both layers 

consist of same copper metal with a conductivity of 5.8x107 s/m. The metallic patch is printed 

on a low-cost FR-4 substrate by means of standard photolithographic techniques with a relative 

permittivity (εr) of the dielectric substrate is 4.3 and the loss tangent (tan δ) is 0.025. 

By proper optimizing the metallic patch structure on a substrate, MMA with nearly unity 

absorption magnitude can be formulated. The simulated response of the tuned MMA is carried 

out using a Finite Integration Technique (FIT) based CAD solver. Along the direction of x-axis 

and y-axis the unit cell boundary conditions has been assigned, while Zmax is assigned as an 

open (Add Space) along the direction of wave propagation and Zmin as a Perfect Electric 

Conductor (PEC) as shown in Figure 3.4.  

The simulation results have been adjusted by setting appropriate no. of floquet modes. The 

sensitivity response of MMA structure has been simulated, analyzed and optimized. This is 

further divided in following two types namely parametric sensitivity and angular sensitivity 

response. 

 

Figure 3.4   Simulation of proposed MMA unit cell structure. 
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3.4.1. Parametric Sensitivity Response 

Parametric sensitivity is defined as the deviation in frequency response with the rate of 

change of parameters such as shorted stub length (a) and rectangular bar length (b). This is 

observed in order to find out and study the sensitivity, behaviour and reliability of MMA on 

these parameters. By varying these parameters, the inductance and capacitance of the tuned 

MMA are adjusted to achieve the condition of resonance. As the inductance and capacitance 

are defined as 

                                                 
L LX L= ;  

1
C

C

X
C

=             (3.19) 

Therefore, at only one resonant frequency these two reactance values would become equal. 

This is called the condition of resonance and follows Equation (2.5). In other words, the 

condition of resonance occurs when effective wave impedance matched to the free space 

impedance and the resonant frequency can be tuned by varying inductance or capacitance, as 

given in Equation (2.7) and (2.8). Therefore, the MMA can be tuned by varying stub length (a) 

and bar length (b) and then finally the results get optimized.                                            

(a)   Effect of Shorted Stubs Length on Resonant Frequency  

A graph is plotted for resonant frequencies versus absorbance for the different values of 

shorted stubs length (a). Whose values vary between 0 to 0.20 mm as depicted in Figure 3.5 

and its comparison is made in Table 3.1. It is being shown in Figure 3.5 that increase in the 

values of ‘a’ results in a continuous reduction in the resonant frequency from  

  

Figure 3.5   Variation of shorted stubs length (a). 
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Table 3.1   Variations of shorted stubs length (a). 

B
a

r 
le

n
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Stub Length 

(a) 

 mm 

Resonant 

Frequency 

 (fr)  GHz 

Absorbance 

Magnitude 

(%) 

Deviation 

(%) 

0 12.34 98.22 0 

0.2 12.17 98.17 1.38 

0.4 12.00 98.16 2.76 

0.6 11.82 98.16 4.21 

0.8 11.46 98.25 7.13 

1.0 11.24 98.36 8.91 

1.2 10.98 98.45 11.02 

1.4 10.69 98.68 13.37 

1.6 10.38 98.96 15.88 

1.8 10.08 99.21 18.31 

2.0 8.94 99.73 27.55 

12.34 GHz to 8.94 GHz with the absorbance magnitude of above then 98.16 % achieved for all 

the results. 

Therefore, almost unity absorbance is observed with a total frequency shift of 27.55 %. 

This behavior of MMA is predicted because of the variation in the capacitance of the MMA, 

Which gets modified every time as the value of ‘a’ changes. The gap between the adjacent 

neighboring MMA unit cell changes with the variation in the values of ‘a’. Therefore, as the 

distance or the gap between the neighboring unit cell reduces, it increases the effective 

capacitance MMA unit cell, which is inversely proportioned to the distance between unit cell 

as given in Equation (2.7) and the area of the unit cell and the relative permittivity is assumed 

fixed. 

Thus, the resonant frequency of the MMA structure decreases. So, by adjusting the gap 

between adjacent neighboring unit cell or varying a, we can control and optimize the resonant 

frequency of the MMA. In Table 3.1, the value of the rectangular bar length keep fixed to 3.983 

mm and then the stub length varied. The absorbance values are maintained well above 98.16 

% while a continuous reduction in the resonant frequency observed till a = 0.2 mm. 

(b)   Effect of Split Bars Length on Resonant Frequency 

The frequency shift occurs without substantially affecting the absorbance characteristics. 

The absorbance minima and bandwidth in the curve are reasonably maintained, only shifted to 

a lower frequency. A graph is plotted for resonant frequencies and absorbance at different  
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                                   (a)                                                                      (b) 
Figure 3.6   Variation of rectangular bars length (a) between 0 to 3.8 mm and (b) between 4 to 

4.4 mm. 

values of split rectangular bars length (b), varies between 0 to 3.8 mm as shown in Figure 3.6(a) 

and its comparison is given in Table 3.2. It is clear from the figure that, as we start increasing 

the values of ‘b’ from 0 to 3.8 mm, a continuous shift in fr has been observed from 15.46 GHz 

to 7.37 GHz towards the lower resonant frequency. So, a total of 52.33 % of a shift in resonant 

frequency observed.  

The value of absorbance is well maintained until ‘b’ becomes 11.84 GHz then it starts 

decreasing but always keeps the absorbance magnitude well above 90.33 %. So the length of 

the rectangular bar plays an important role in moldings the behavior of MMA, as it increases 

the inductance which in turn reduced the resonant frequency as stated in Eq. (2.5) and Eq. (2.8). 

Table 3.2   Variation of rectangular bars length (b) between 0 to 3.8 mm. 

S
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Bar length (b) 

in mm 

Resonant Frequency  

(fr)  GHz 

Absorbance 

Magnitude (%) 

Deviation (%) 

0 15.46 99.97 0 

0.2 14.46 99.90 6.47 

0.6 13.01 99.93 15.85 

1.0 11.84 99.56 23.42 

1.4 10.83 98.92 29.95 

1.8 9.91 97.04 35.90 

2.2 9.22 96.61 40.36 

2.6 8.68 95.00 43.86 

3.0 8.17 93.61 47.15 

3.4 7.78 91.92 49.68 

3.8 7.37 90.33 52.33 
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Another important behavior is observed during simulation response analysis of tuned 

MMA, that when we increase the rectangular bar length (b) further from 4 to 4.4 mm, the 

resonant frequency starts increasing. At b = 3.8 mm, the value of fr is 7.37 GHz with the 

absorbance of 90.33 %, while at b = 4.0 mm, it becomes 8.91 GHz with the absorbance of 

99.65 % as shown in Figure 3.6(b). Again, increasing the value of ‘b’ would result in 

positive/negative minor shift in resonant frequency.  

Therefore, this behavior is observed because of the edges of rectangular bar start colliding 

and meeting with each other and forming the square loop again. These abnormalities in the 

MMA results are caused because of MMA structure transition from Figure 3.1(c) to 

Figure 3.1(b). This justifies and verifies the superiority and requirement of the proposed 

structure above the previous two proposed structures. 

Thus, the simulation results summarize that the modified structure has potential to act as a 

tuned circuit with almost unity absorbance. The resonant frequency of modified structure could 

be adjusted by varying the width of the stubs and also the length of rectangular patches belongs 

to the split rectangular.  

(c)   Thickness of the Dielectric Substrate of the MMA Structure 

The thickness of the proposed structure [100] Substrate is very small in the proposed model 

and is adjusted to 0.31 mm, so fulfilling its promise for an ultra-thin metamaterial absorber 

structure. The numerical simulation shows above 90.33% absorbance for frequency ranges 

 

 Table 3.3   Comparing results with some other MMA reported previously. 

Metamaterial 

Absorber 

References Centre 

Frequency 

f0 (GHz) 

Unit 

Cell Size  

(mm) 

Thickness of 

dielectric 

(mm) 

FWHM Polarization 

Insensitive 

Our Work [100] 8.94 4.43 0.31 (0.0092 λ0) 5.011% Yes 

Ghosh et al  [113] 10.05 7.1 2 (0.067 λ0) 72.64% 

(43%  

at -10dB) 

No 

Lee et al [114] 10 14.2 0.6 (0.02 λ0) 11% Yes 

Liu et al  [115] 11.11 40 0.8 (0.0296 λ0) 20 % Yes 

Soheilifar and 

Sadeghzadeh  

[116] 9.88 7.35 0.25 (0.0082 λ0) 4.35% Yes 

Cheng et al  [117] 10.91 6 0.4 (0.0145 λ0) - Yes 

 



60 

 

from 7.37 GHz to 15.99 GHz through circular to modified MMA design, which is in good 

agreement with the experimental results. 

The proposed MMA structure has been compared with previously proposed MMA, 

operating with center frequency lies in X-band in Table 3.3.  It is definitely clear that the 

thickness of structure is improved over [113], [114], [115] and [117], while [116] structure is 

found ultra-thinner. Also, structure [113], [114] and [115] offer better FWHM bandwidth as 

compare to proposed structure, whereas in [116] bandwidth response is poor and [117] has not 

performed the bandwidth analysis. The entire structures offer better polarization insensitivity 

except the structure given by [113]. Therefore, the proposed structure is in good agreement and 

provides an alternative for ultrathin passive tuned MMA. 

3.4.2. Angular Sensitivity Response 

The Angular sensitivity response for the proposed MMA structure corresponding to the 

oblique angle of incidence (θ) and polarization sensitivity (ϕ) are of utmost importance and 

prime concern. Without analyzing these response results the MMA structure would not be 

realized. Since, majority of the structures act substantially good under the influence of normal 

angle of incidence and polarization sensitivity. However, as the angle (θ, ϕ) varies, its 

absorbance magnitude starts reducing and the behavior of MMA turns poor and unreliable. 

(a)   TE and TM modes for oblique angle of incidence 

For a homogeneous medium at a normal angle of incidence of EM wave on the surface of 

MMA, the Fresnel Reflectivity represented by 
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At unit absorbance condition, the effective wave impedance becomes equal to free space 

impedance and Equation (3.20) reduces to zero. But for the oblique angle of incidence, the zero 

reflection condition changes and it varies as the angle of incidence changes. For the S-polarized 

light in which the electric field of EM wave is perpendicular to the MMA plane. The Fresnel 

Reflectivity is given as: 
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   (a)                                                                  (b) 

Figure 3.7   Oblique angle of incidence for (a) TE mode and (b) TM mode. 

For the P-polarized light in which the electric field of EM wave is parallel to the MMA 

plane. The Fresnel Reflectivity is given as: 
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At oblique angle of incidence, the MMA shows incapability in circulating the current 

between two copper metallic layers lying above and beneath the dielectric substrate and is 

governed by the relationship given above for TE and TM mode. So, the angular sensitivity 

response analysis have been made from 00 to 800 corresponds to TE and TM modes of 

electromagnetic EM waves in Figure 3.7 and results are summarized in Table 3.4. 

Table 3.4   Oblique angle of incidence for TE and TM modes of EM wave. 

Angle(θ) 

for TE 

Resonant 

Frequency  

(fr)  GHz 

Absorbance 

(%) 

Deviation 

(%) 

Angle (θ) 

for TM 

Resonant 

Frequency 

 (fr)  GHz 

Absorbance 

(%) 

Deviation 

(%) 

  00 9.29 99.63 0 00 9.28 99.60 0 

100 9.26 99.70 -0.32 100 9.25 99.66 -0.32 

200 9.31 99.93 0.22 200 9.29 99.62 0.11 

300 9.38 99.83 0.97 300 9.38 99.46 1.08 

400 9.48 98.68 2.05 400 9.48 99.15 2.16 

500 9.58 95.38 3.12 500 9.58 98.20 3.23 

600 9.68 88.10 4.20 600 9.69 95.49 4.42 

700 9.76 74.05 5.06 700 9.79 87.73 5.50 

800 9.82 48.05 5.70 800 9.92 66.04 6.90 
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As θ varies, the resonance frequency, the bandwidth and the maximum absorption peak 

undergoes a small shift but almost unaffected.  The analysis has been made at a resonant 

frequency of 9.29 GHz for TE mode as depicted in Figure 3.7(a). At θ = 00 the first resonance 

peak observed at 9.29 GHz with the absorbance of 99.63 %. At θ = 100, the value of resonance 

peak shifted towards negative direction by 0.32 % and become equals to 9.26 GHz with the 

absorbance of 99.70 %. Then the incident angle is extended to 200, 300, 400 and 500.  

It is observed that above 90% the absorbance is maintained for the incident angle of 500 the 

resonant frequency becomes 9.58 GHz with a shift of 3.12 % while maintaining the absorbance 

magnitude of above 95.38 %. Then, the value of absorbance starts decreasing. At θ = 700, the 

resonant frequency becomes 9.76 GHz with a shift of 5.06 % and the absorbance magnitude of 

74.05 %.  This is observed to be the utmost angle where MMA maintains at least 50% of 

absorbance for the incident EM waves. 

For TM mode the resonant frequency occurred at 9.28 GHz as depicted in Figure 3.7(b). At 

θ = 00 the first resonance peak observed at 9.28 GHz with the absorbance of 99.60 %. When 

the angle of incident is altered to 100, the value of resonance peak slightly shifted towards 

negative direction by 0.32 % and become equals to 9.25 GHz with the absorbance of 99.66 %. 

Then the incident angle is extended to 200, 300, 400, 500 and 600, respectively. 

 It is observed that above 90% the absorbance is maintained for the incident angle of 600 

with the resonant frequency of 9.69 GHz and a shift of 4.42 % while maintaining the 

absorbance magnitude of above 95.49%. Then, the value of absorbance starts decreasing. At θ 

= 800, the resonant frequency becomes 9.92 GHz with a shift of 6.90 % and the absorbance 

magnitude of 66.04 %. This is observed to be the utmost angle where MMA maintains at least 

50% of absorbance for the incident EM waves. 

(b)   TE and TM mode of Polarization Sensitivity 

A polarization sensitivity analysis has also been made for polarization angle (ϕ) between 

0° to 90° for both TE and TM modes of EM field.  Their results are depicted in Figure 3.8(a) 

and (b), respectively. The analysis has been made at the resonance frequency of 9.29 GHz for 

TE and 9.28 GHz for TM mode respectively. It is observed that the variation in polarization 

angle (ϕ)  from  0° to 90° for both TE and TM modes have no effect on the resonance frequency 

and it will remain almost same and maintained the absorbance magnitude of above 99.60 %. 

That proves the high polarization insensitivity nature of proposed MMA structure.   
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                                    (a)                                                                   (b) 

 Figure 3.8   Polarization sensitivity response (ϕ) for TE mode and (b) TM mode. 

 

3.5. Surface Current Distribution Analyses 

The simulated surface current distribution analysis for a single unit cell of MMA structure 

has been depicted in Figure 3.9. The Figure 3.9(a) shows the front view for surface current 

distribution resonant at 9.29 GHz. Whereas, the back view of surface current distribution for 

TE modes of EM wave has been given in the Figure 3.9(b). The MMA unit cell structure surface 

current distribution analyses indicate that it is operating and behaving properly at the 

corresponding resonant frequency. The concentration of surface current has been observed in 

the entire metallic unit cell structure.  

This indicates that the rectangular bar length (b) and shorted stubs length (a) play an equal 

role in the circular loop to decide the resonant frequency. The top layer and bottom 

 
                                          (a)                                                       (b) 

 Figure 3.9   Surface current distribution (a) front view and (b) back view of the proposed MMA 

structure. 
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layers resonance are perfectly matched. At the point of resonance, the reflection coefficient 

value reduces to minima. This is because of the closely matched effective input wave 

impedance of MMA structure to free space impedance. Thus, this would results in maximized 

absorbance at the corresponding resonant frequency.    

3.6. Fabrication and Measurement of MMA  

The unit cell of the proposed MMA is simulated with the boundary conditions, which means 

that the absorber is an infinite array and hardly fabricated in reality. To investigate its scattering 

parameters in practice, a model of 120 × 150 mm2 composed of 726 unit cell has been 

considered for fabrication. This composite structure is fabricated of metallic copper layers for 

patch and ground plane and flame retardant FR4 for dielectric substrate and shown in Figure 

3.10. The dimension of the proposed metamaterial absorber has been optimized by 

          
                                             (a)                                                   (b) 

 
(c) 

Figure 3.10   120 mm × 150 mm panel (a) front view (b) back view, and (c) measured results 

of the proposed MMA structure. 
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Figure 3.11   Block diagram of the experimental setup 

simulation. The size of both stub length and rectangular bar considered for fabrication is 

0.2 mm, which resonates at 9.22 GHz with the absorbance magnitude of 96.61 %. The front 

and back view of the fabricated model has been shown in Figure 3.10(a) and Figure 3.10(b), 

respectively. While the measured and the simulated absorbance magnitudes are given in 

Figure 3.10(c).  

This clarifies the overall absorbance performance of MMA structure calculated by 

experimental reflection coefficients values. Because of the size constraints, fabrication 

processing errors and measurement precision, there is a slight frequent deviation of 9.306 GHz 

with the absorbance of 91.5% has been observed in the MMA structure. This concludes that the 

measured results are in good agreement with the simulated results. 

The block diagram of experimental setup for MMA structure has been shown in Figure 3.11. 

The MMA structure is placed in an Anechoic Chamber. Which is a non-reflecting chamber 

also known as wedge-tapered absorber. Two horn antennas are used, where one antenna will 

act as a transmitting antenna and other will act as receiving antenna. both the antennas are kept 

1-meter distance from the device under test (DUT). The output from each antenna has been 

recorded by using a vector network analyzer (VNA) for the oblique angle of incidence (θ). 
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3.7. Chapter Summary 

In this chapter, a novel design of a passive tuned MMA structure is made up of a circular 

ring modeled with stubs and rectangular bars extending from Ku-band to X-band has been 

studied. The lowest resonant frequency peak obtained at 7.77 GHz with absorbance peak 

response of 90.33 %, while the highest resonant frequency peak obtained at 15.46 GHz with 

absorbance peak response of 99.97 %. The electromagnetic simulations result shows that the 

length of the rectangular bar and shorted stubs have a significant influence on determining the 

frequency characteristics of MMA and add an extra degree of freedom to the structure.  

The center frequency of MMA can be tuned easily by varying the length of the rectangular 

bar and shorted stubs only while the other parameters kept unchanged. With the proposed 

configuration, the designer always has flexibility in adjusting the resonant frequency. This also 

allows varying the spacing between the adjacent neighboring loops, which is an important 

aspect while fabricating the design. So it opens the way to fabricate controllable and tunable 

MMA.  

The MMA structure has been observed for the oblique angle of incidence and polarization. 

The structure has been found highly polarization insensitive. The surface current distribution 

analysis shows that the current is circulated properly in the loop and then the simulated and 

measured results are compared at the end and the results are well matched and justified.  

This structure finds its applications in the field of stealth technology for low RCS antenna 

design. There the antenna designers can find out the possibility of using the same antenna 

aperture for the multi-band frequency operation. Thus, it explores and offers feasibility to use 

the same structure and combine the different feed antennas onto the aperture of a single 

reflector antenna. Hence, instead of multiple antennas, a compact antenna system can be 

realized that cover less space and so suitable for military planes, space aircraft, missiles, ships, 

and other sensitive vehicles. Consequently, the MMA may be used as a shield in a specific 

frequency band, whilst performing field transmission in another nearby band because of its 

tuning nature. 
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Chapter-4 

Dual-band Shorted Stubs Metamaterial Absorber 

 

Over the last one decade, the dual resonances MMA structure has gain tremendous attention 

for the presents and succeeding wireless communication applications. This includes satellite 

navigation and control, reduction of RCS for stealth technology applications, radar frequency 

identification and wireless handheld applications.   

In this chapter, we have proposed and analyzed the design characteristics of a dual-band 

shorted stubs circular rings MMA structure. Parametric studies are essentially required. So that, 

the behavior of MMA and its effects upon the resonance frequency for the variation of circular 

ring radius (Rin), shorted stubs length (a), and rectangular bar length (b) could be evaluated. 

The effect on transmission characteristics response of polarization sensitivity and oblique angle 

of incidence are studied for TE and TM modes of EM wave.  The behavior for surface current 

distribution and normalized input impedance characteristics are also required to be observed, 

so that our simulation results would become accurate and valid. Ultimately, proposed MMA 

structure fabrication and measurement have been made to validate and justify our research 

work model.  

4.1. Design of Dual-band Shorted Stubs Metamaterial Absorber 

An absorber based on metamaterial structure neither reflects nor transmits the incident EM 

wave [118-120].  It absorbs all the incoming EM waves and therefore, almost disables the 

transmission, reflection and scattering signals. However, the MMA absorbance relies upon its 

morphology and fabrication material types [102, 121]. Various works have been reported 

previously in conjunction to the MMA structure ranging from microwave to THz regimes, 

infrared to the visible light region, single-band to wideband, and dual-band to multi-band range 

of EM radiation based on the target applications [73, 88, 114, 116, 122, 123].  

It has been observed that if the input impedance response of the MMA structure 

approximates to the free space impedance. This would produce a perfect MMA absorber with 

the sharp resonance response [124]. Researchers have observed that the unique characteristics 

for metamaterial structure could be obtained by employing several nano-fabrication designing 

tools and engineering techniques [9, 125, 126]. This influences the inductive and capacitive 
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behavior of the MMA structure. Therefore, modifies the resonant frequencies and results in near 

unity absorbance with light-weight, ultra-thickness and narrow dimensions MMA structure. 

Thus, this MMA structure proposes better substitute to FSS, EBG, and AMC structure. It has 

several applications in the field of antenna design for gain enhancement [85], enhancing 

isolation by reducing cross polarization [127], mutual coupling reduction [128], for the 

reduction of RCS in stealth technology [129-131], in solar-photovoltaic and thermo-

photovoltaic cells to enhance the functioning of photo-detectors by heightening absorption 

mechanism [87, 132].  

The MMA offers further miniaturization, versatility, and increased capabilities. The MMA 

has successfully interacted with the frequency bands across the entire electromagnetic spectrum 

from radio frequency range to microwave, terahertz, across the infrared spectrum and almost 

covers visible wavelengths [81, 133-135]. It has been observed that circular ring structures can 

achieve high EM wave absorbance as compared to the other unit cell structures because of its 

simplicity, circular symmetry along all axis and more polarization insensitive [55]. In the dual-

band, triple-band and multi-band MMA structures, it has been analyzed that the frequency 

separation distant limitation occurs. It appears difficult to overcome the drawbacks and reduce 

the distance between resonances peaks so that they become quite close to each other, otherwise, 

cost in poor absorbance.  

This limitation was overcome by the modified circular ring unit cell structure. In this 

research work, a unit cell of the MMA has consisted of four circular rings and each  

 

 

Figure 4.1.   Dual-band shorted stub circular rings metamaterial absorber. 
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Figure 4.2.   Absorbance, reflectance, and transmittance response for dual-band MMA at 

17 GHz and 18 GHz. 

circular ring has modeled with stubs and rectangular bars to obtain a sharp dual band resonance 

peaks with close separation distance between two resonant frequencies is obtained as close as 

1 GHz compared to the other dual-band [136-139], triple-band [140] or multi-band [141] 

circular ring which is 2 GHz or more as in Figure 4.2. Adding of shorted stubs and rectangular 

bars on the circular ring structure provides the significant scattering characteristics response 

along with the flexibility to the designer to control and optimize the resonant frequency.  This 

is in accordance with the specific application against its previous counterpart MMA’s in the 

microwave regime of the electromagnetic spectrum.  

The circular ring structure has been considered in this research work because of its 

simplicity, symmetrical nature along with all axis, and highly insensitive to the angle of 

incidence and polarization. The design of dual resonances shorted stub circular ring 

metamaterial absorber unit cell structure has been depicted in Figure 4.1. The proposed MMA 

unit cell structure consists of a lossy FR-4 substrate with relative permittivity of the dielectric 

substrate (εr) is 4.6 and the value of loss tangent (tan δ) is 0.019. The dielectric substrate has 

been sandwiched by two copper metallic patch layers with the conductivity of 5.8x107 s/m. 

The top copper metallic patch has been constructed by four circular rings. Then further 

modification has been made on the circular ring structure by introducing several shorted stubs 

and rectangular bars in a way that the right half of the patch looks exactly the mirror image of 

the left half of the patch. These copper metallic stubs and bars possess inductive behavior; 

hence, the resonant frequency peaks could be modified and adjusted. The size of these copper 

stubs and bars connected to each circular ring are tuned and adjusted to obtain dual resonance  
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Table 4.1   Parameters of proposed MMA. 
Description Parameters Dimensions (mm) 

Length/Width of Substrate L,W 8.86 

Height of substrate h 0.4 

Inner Radius Rin 1.38 

Outer Radius Rout 1.58 

Width of the ring w 0.2 

Stub Length a 0.075 

Thickness of metal t 0.017 

Bar Length b 0.5 

 

peaks at 17 GHz and 18 GHz with the absorbance of 99.99 % and 99.83 %, respectively as 

shown in Figure 4.2. All the parameters of the structure are well optimized to obtain sharp 

resonance peaks at the corresponding frequencies. This chapter gives the augmentation 

published in [142]. 

Since these parameters play a significant role in influencing the frequency response curve. 

Therefore, to achieve the specific frequency characteristics curve, the geometrical parameters 

such as length, width of the substrate (L, W), thickness of the substrate (h), thickness of the 

patch and metal layer (t), radius of the circular ring (Rin, Rout), width of the circular ring (w), 

stubs length (a) and bar length (b) of the MMA unit cell structure need to be well optimized as 

shown in Table 4.1. The size of the substrate for the unit cell has been chosen to 8.86 

mm × 8.86 mm × 0.4 mm (W × L × h). A full copper ground plane is used making the 

transmittance reduce to zero for all frequency. An additional advantage of using full copper 

ground plane makes the analyses more simplified by just minimizing reflectance coefficient so 

that to maximize absorbance magnitude. By proper optimization, all the parameters, condition 

for surface impedance of the structure matched with free space impedance are achieved. Hence, 

MMA with almost unity absorbance magnitude can be developed.  

4.2. Frequency Response Analysis 

The transmission coefficient, SZmax(2).Zmax(1)  and reflection coefficient, SZmax(1).Zmax(1) 

(scattering parameters) of the MMA unit cell structure have been studied for both TE and TM  

mode using a Finite Integration Technique (FIT) based CAD solver. For this purpose, a periodic 

unit cell boundary conditions have been assigned across x-axis and y-axis. The z-axis is set to  
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Figure 4.3   Geometry and parameters of the concentric rings metamaterial absorber. 

be an open add space as depicted in Figure 4.3. For the S-parameter calculation, only two 

floquet ports have been considered because of its simple set-up and ability to analyze the 

response of the MMA structure from a different angle of incident for the incoming EM incident 

waves.  

The sensitivity response of MMA has been simulated and analyzed. The sensitivity response 

analysis is considered in two ways.  

(i) parametric sensitivity and  

(ii) angular sensitivity.  

Parameter sensitivity is the deviation in frequency response with the variation of 

parameters. So, the parameters like inner radius (Rin), stub length (a) and bar length (b) of MMA 

have been varied, in order to find out the sensitivity and dependency of MMA on these 

parameters. This would not only help us with analyzing the error due to inaccuracy in 

manufacturing but also give us an insight on how to shift the operating frequencies and obtained 

the desired results. Whereas, the angular sensitivity is defined as the behavior of the MMA 

structure observed at different values for angle of incidence and polarization sensitivity. So, 

this behavior is analyzed by changing theta (θ) and phi (ϕ) for the oblique angle of incidence 

and polarization sensitivity corresponds to the proposed MMA design. 
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4.3. Parametric Sensitive Response  

In the MMA designed structure, the three ‘Rin’, ‘a’ and ‘b’ are primarily considered and 

their effect has been studied, whilst all the other parameters remain unchanged. Since these 

three parameters have the greatest influence on enhancing and modifying the absorbance and 

band gap between dual resonances of MMA. 

4.3.1. Variation of  Inner Radius (Rin) 

The effect of Rin on the resonance frequency of metamaterial absorber has been observed 

from the values Rin = 1 to Rin = 1.75 mm as shown in Figure 4.4. The simulated results of 

absorbance magnitudes of the proposed MMA for TE polarization field at a normal angle of 

incidence and the values of dual resonance peaks have been given in Table 4.2.As, Rin = 1 mm, 

the first resonance peak frequency (f1) appears at 22.09 GHz and second resonance peak 

frequency (f2) appears at 23.95 GHz with absorbance above 98 %. As the value of Rin increases, 

the whole dual resonance peaks start drifting towards the lower resonant frequency with an 

unchanged bandgap between frequency peaks. Whilst, absorbance magnitude remains 

unaltered and approximate to unity absorbance.  

 

  

Figure 4.4   Effects on dual resonance peaks with the variation in Rin. 
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Table 4.2   Effects of the inner radius on the resonance frequency of MMA. 
Inner Radius   

(mm) 

1st/2nd Resonance peaks 

(GHz) 

1st /2nd Absorbance at 

resonance (%) 

% shift of Resonant 

frequency (fr) 

Rin f1 f2 A1(ω) A2(ω) fr1 fr2 

1.0 22.09 23.95 99.48 98.33 0 0 

1.15 19.66 20.98 96.36 98.32 11 12.4 

1.30 17.94 19.09 99.99 99.99 18.79 20.29 

1.45 15.96 16.65 99.68 98.79 27.75 30.48 

1.60 14.81 15.60 99.11 95.66 32.96 34.86 

1.75 13.27 14.1 96.74 78.85 39.93 41.13 

 

As, Rin approaches 1.60 mm, the absorbance magnitude start falling down and reached to 

95.66 % for second resonance peak frequency (f2), while for the first resonance peak 

frequency (f1) the absorbance magnitude remains well above 99 %. After this, a poor frequency 

response with low absorbance has been observed for Rin equals to 1.75 mm and above.  

Similarly, a poor frequency response with low absorbance has been observed for Rin less than 

1.00 mm. 

4.3.2. Variation of Shorted Stubs Length (a) 

The effect of ‘a’ on the resonance frequency of metamaterial absorber has been observed 

from the values a = 0 to a = 1.1 mm as in Figure 4.5. The simulated results of absorbance 

magnitudes of the proposed MMA for TE polarization field at a normal angle of incidence and 

the values of dual resonance peaks have been given in Table 4.3. At a = 0 mm, the first 

resonance peak frequency (f1) appears at 17.31 GHz and second resonance peak frequency  

 
Figure 4.5   Effects on dual resonance peaks with the variation in stub length (a). 
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Table 4.3   Effects of different stub length on the resonance frequency of MMA. 

Stub Length 

(mm) 

1st/2nd Resonance 

peaks 

(GHz) 

1st /2nd Absorbance 

Magnitude 

(%) 

% shift in Resonant 

frequency 

(fr) 

a f1 f2 A1(ω) A2(ω) fr1 fr2 

0 17.31 18.06 99.94 99.86 0 0 

0.2 16.48 17.98 99.99 99.79 4.79 0.44 

0.4 15.76 17.95 99.99 99.68 8.95 0.61 

0.6 15.36 17.94 99.68 99.68 11.27 0.66 

0.8 14.55 17.97 99.49 99.80 15.94 0.50 

1.0 13.94 17.95 99.49 99.81 19.47 0.61 

1.1 13.74 17.95 99.17 99.73 20.62 0.61 

 

(f2) appears at 18.06 GHz with absorbance magnitude above 99 %. As the value of stub length 

increases, the absorbance magnitude remains unaltered and approximate to unity absorbance. 

A minor shift in resonance frequency peak (fr2) appears, whilst the first resonance peak (fr1) 

values changing continuously and reached to 20.62 % from its initial value as stub length (a) 

approaches to 1.1 mm. 

4.3.3. Variation of Split Square Patch Bars Length (b) 

The effect of different ‘b’ on the resonance frequency of metamaterial absorber has been 

observed from the values b = 0.25 to b = 2.50 mm as shown in Figure 4.6. The simulated results 

of absorbance magnitudes of the proposed MMA for TE polarization field at normal the angle 

of incidence and the values of dual resonance peaks have been given in Table 4.4. At b = 0.25 

mm, the first resonance peak frequency (f1) appears at 17.41 GHz and second resonance peak 

frequency (f2) appears at 17.98 GHz with absorbance above 99 %. 

 
Figure 4.6   Effects on dual resonance peaks with the variation in bar length (b). 
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Table 4.4   Effects of different bar length on the resonance frequency.  
Bar Length 

(mm) 

1st/2nd Resonance 

peaks 

(GHz) 

1st /2nd Absorbance 

Magnitude 

(%) 

% shift in Resonant 

frequency 

(fr) 

b f1 f2 A1(ω) A2(ω) fr1 fr2 

0.25 17.41 17.98 99.87 99.87 0 0 

0.75 16.53 17.98 99.82 99.82 5.05 0 

1.25 15.62 17.93 99.56 99.85 10.28 0.28 

1.75 15.00 17.98 99.96 99.96 13.84 0 

2.25 14.09 17.92 99.99 99.99 19.07 0.33 

2.50 13.79 17.91 99.83 99.99 20.79 0.39 

 

As the value of rectangular bar length increases, the absorbance magnitude remains 

unaltered and approximate to unity absorbance. The second resonance frequency peak (fr2) 

almost remain unchanged, whilst the first resonance peak (fr1) values changing continuously 

and reached to 20.79 % from its initial value as rectangular bar length (b) approaches to 

2.50 mm. 

4.4. Angular Sensitivity Response 

In the MMA designed structure, the Angular sensitivity response for the oblique angle of 

incidence and polarization sensitivity characteristics are of prime concern and importance. 

Since most of the structures behave significantly well under a normal angle of incidence and 

polarization sensitivity but as the angles (θ, ϕ) vary, the absorbance decreases and their 

behavior become poor and unpleasant. This is all because of the incapability of the MMA 

structure to drive the circulating current in the FR-4 substrate between two copper metallic 

layer. At a normal angle of incidence, this MMA structure has almost unity absorbance and the 

circular symmetrical nature of this structure makes it highly insensitive to different angle of 

incidence and polarization sensitivity. So, the angular sensitivity response for the MMA designs 

have been made corresponds to TE and TM modes of EM waves. 

4.4.1. TE and TM Modes for Oblique Angle of Incidence (θ) 

For TE and TM modes, the oblique angles of incidence theta (θ) are of prime concern and 

importance in MMA design. Hence, the simulation and analysis have been made at the oblique 

angle of incidence for TE and TM mode of EM wave and depicted in Figure 4.7. For TE mode, 

at any angle of incidence, the electrical component of incident EM wave is always tangential 



76 

 

to the surface of MMA. For the analysis of TE mode, the value of theta (θ) is varied between θ 

= 00 to θ = 700 as shown in Figure 4.7(a). At θ = 00, the first dual resonance peaks appear at 

17.05 GHz and 18.04 GHz frequencies with the almost unity absorbance.  

Till θ = 200, the resonance peaks and absorbance magnitudes remains unaltered. At θ = 300, 

a slight change is observed and dual resonance peaks start shifting towards lower resonant 

frequencies and become 17 GHz and 18 GHz frequencies, while the absorbance magnitude 

remains quite stable to 98.64 % and 99.55 %, respectively.  

When the incident angle is altered to θ = 400, the resonant frequency is again shifted to 

lower frequency range and become equal to 16.93 GHz and 17.98 GHz with the absorbance 

magnitude of 94.07 % and 99.10 %. The incidence angle is then altered to θ = 500, then the 

                         (a)                      (b)                                                                                                                   

Figure 4.7   Absorbance for oblique angles of incidence theta (θ) from 00 to 700 for (a) TE 

mode and (b) TM mode of MMA. 

the resonant frequency is again shifted to lower frequency range and become equal to 

16.90 GHz and 17.94 GHz with the absorbance magnitude of 85.87 % and 97.27 %. It is 

observed that the second resonance manages to maintain high absorbance which is 93.19 % at 

17.89 GHz for incident angle as large as 600. 

The incidence angle is then increased until 700. This is found to be the maximum angle that 

enables the absorber to absorb at least 55.28 % for first resonance peak shifted at 16.72 GHz, 

while the second resonance peak observes at 17.81 GHz with 82.80 % absorbance for the 

incident EM wave. For TM mode, at any angle of incidence, the magnetic component of 

incident EM wave is always tangential to the surface of MMA. For the analysis of TM mode, 

the value of theta (θ) is varied between θ = 00 to θ =700 as shown in Figure 4.7(b).  
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At θ = 00, the first dual resonance peaks appear at 17.03 GHz and 18.23 GHz frequencies 

with the absorbance magnitude of 96.13  % and 91.08  %. Till θ = 300, the first resonance peak 

remains at the same position whereas the second resonance peak slightly shifted to 18.16 GHz 

with the absorbance magnitudes 97.48 % and 94.93 % respectively. At θ = 400, now the dual 

resonance peaks start moving closer to each other with the frequency peaks shifted slightly to 

17.02 GHz and 18.11 GHz with the band gap of 1.09 GHz and along with the absorbance 

magnitude of 97.41 % and 97.37 % respectively. As the value of theta (θ) is varied from 00 to 

700, the absorbance magnitude throughout maintained a value equally and above then 95.05 % 

and 91.08 % for the first and second peak respectively. While the bandgap reduces 

continuously and at θ = 700, it becomes as close as 0.86 GHz with the dual resonance peaks at 

17.23 GHz and 18.09 GHz with the absorbance of 95.05 %  and 93.74 %, respectively. 

4.4.2. TE and TM Modes of Polarization Sensitivity (ϕ) 

For TE and TM modes, the polarization sensitivity phi (ϕ) is of equal concern and priority 

in MMA design to the oblique angle of incidence. These two characteristics have the capability 

to overcome the shortfalls in designing MMA in single polarization state and small operating 

angle. Hence, the simulation and analysis have been made at the polarization angle phi (ϕ) both 

TE and TM mode of EM wave and given in Figure 4.8. For the analysis of TE mode, the value 

of phi (ϕ) is varied between ϕ = 00 to ϕ = 900 as shown in Figure 4.8(a). At ϕ = 00, the first dual 

resonance peaks appear at 17.07 GHz and 18.03 GHz frequencies with the almost unity 

absorbance. Till ϕ = 200, the resonance peaks and absorbance magnitudes for the first peak 

remain same while for second peak it varies slightly. At ϕ= 300, a slight change is observed 

and dual resonance peaks start shifting towards higher resonant frequencies and become 17.09 

GHz and 18.05 GHz frequencies, while the absorbance magnitude changes to 96.29 % and 

86.36 %, respectively.  

When the polarization angle is altered to ϕ = 500, the resonant frequencies are shifted again 

and become equal to 17.16 GHz and 18.20 GHz with the absorbance magnitude of 93.32 % 

and 72.05 % respectively. The values of absorbance magnitude for dual resonance peaks are 

lowest at this polarization angle. As the angle changes to ϕ = 600, the absorbance magnitude 

starts increasing again with a continued increase in dual resonance frequency peaks with the 

values of 17.18 GHz and 18.35 GHz. Whilst, the absorbance magnitude of 
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                                    (a)                                                                     (b)                                                                                                                        

Figure 4.8   Absorbance for different polarization angles for phi (ϕ) from 00 to 900 for (a) TE 

mode and (b) TM mode of MMA. 

93.32 % and 82.10 % are observed. The polarization angle is then increased to 900. At this 

point, the MMA found high polarization insensitive with dual resonance peaks occurs at 

17.23 GHz and 18.37 GHz with the absorbance magnitude of 96.10 % and 91.67 %, 

respectively for the impinged EM wave. For the analysis of TM mode, the value of phi (ϕ) is 

varied between ϕ = 00 to ϕ = 900 as shown in Figure 4.8(b).  

At ϕ = 00, the first dual resonance peaks appear at 17.23 GHz and 18.38 GHz frequencies 

with the absorbance magnitude of 96.50 % and 91.62 % respectively. As the polarization angle 

phi (ϕ) varies from ϕ = 00 to ϕ = 900, the resonant frequency continuously drifting down with 

the change in absorbance magnitude. At ϕ = 400, the dual resonant peak frequencies are found 

at 17.16 GHz and 18.22 GHz with the absorbance magnitude of 93.32 % and 71.88 %, 

respectively. The values of absorbance magnitude for dual resonance peaks are lowest at this 

polarization angle. As the angle changes and increased further the absorbance magnitude starts 

increasing and at ϕ = 900, the dual resonance frequency peaks occur at 17.06 GHz and 

18.04 GHz with almost unity absorbance magnitude of 99.97 % and 99.99 %, respectively for 

the incident EM wave. 

4.5. Comparison of Results with Previous Proposed MMA Structures 

To further validate and justify the importance of proposed structure [142], a comparison 

has been made between previously proposed structures and given in Table 4.5. The frequency 

separation distance between f1 and f2 is larger in [122], [136], [137], [138] and [141] structure, 

whereas it is smaller in [126] and maintained same in [124]. The thickness of the  
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Table 4.5   Comparisons of MMA with the previously proposed structure 

 

FR-4 Substrate plays an important role in determining the absorbance of the dual-band MMA 

structure. For unity absorbance, it is kept as small as possible and equal to 0.40 mm; hence 

keeps its promise for an ultra-thin MMA structure.  

It is observed that the thickness of MMA is improved over [122], [124], [126], [136], [137] 

and [138], while [141] structure possesses same thickness. Only structure [137] claims better 

absorbance then our proposed structure. Also, structure [122] and [136] claims better FWHM 

bandwidth compare to our proposed model, while it is not performed in [126], [138] and [141] 

structure and other remained structures offer poor bandwidth response compare to the proposed 

structure. All structures offer polarization sensitivity response but the degree of sensitivity 

varies significantly. Hence, the proposed structure is a good alternative for dual-band ultrathin 

tuned MMA with unity absorbance. 

4.6. Surface Current Distribution 

The simulated surface current distribution of a single unit cell of MMA has been shown in 

Figure 4.9. The Figure 4.9(a) shows the surface current distribution resonant at 17 GHz while, 

Figure 4.9(b) shows the surface current distribution resonant at 18 GHz. By analyzing the MMA 

unit cell structure, it is concluded that the dual resonance MMA structure has been properly 

operating at each resonance frequency.  

MMA 

Absorber 

References Unit 

Cell 

Size 

(mm) 

Dielectric 

Thickness 

 (mm) 

Centre 

Frequency 

(GHz) 

Absorbance 

A(ω) (%) 

FWHM 

(%) 

Polarization 

Sensitivity 

f1 f2 f1 f2 f1 f2 

Ayop et al  [122] 9 0.8 9 11 95.59 91.35 5.12 3.08 Till 82o 

Ayop et al  [124] 18 0.8 9 10 97 97.77 3.59 3.31 Yes 

Jamilan et 

al  

[126] 20 1.5 5.6 6 97 99 no no Till 60o 

Dincer et al  [136] 30 1.6 4.42 5.62 90 99.7 7.46 3.55 Yes 

Li et al  [137] 12 0.5 11.15 16.01 99.99 99.99 2.87 3.87 Till 60o 

Peng et al  [138] 10 0.8 4.06 6.66 99.60 95.83 no no Till  50o 

Liu et al  [141] 10 0.4 9.4 11.7 98 99 no no Till 75o 

Our Work 

Structuree 

Structure 

[142] 8.86 0.4 17 18 99.99 99.83 4.9 5.07  Till 70o 
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(a)                                                                  (b) 

Figure 4.9.   Surface current distribution for shorted stub circular rings MMA at (a) 17 GHz 

and (b) 18 GHz. 

The concentration of surface current found at right half and left half of the circular rings 

facing opposite to each other to correspond to 17 GHz resonant frequency at Figure 4.9(a). 

Similarly, the concentration of surface current found at right half and left half of the circular 

rings facing to each other to correspond to 18 GHz resonant frequency at Figure 4.9(b).  As the 

resonance achieved, the value of return loss (S11) reduces to a minimum because of the closely 

matched normalized input impedance of MMA to free space impedance and thus, the resultant 

absorbance magnitude at the corresponding resonant frequency has been maximized. 

4.7. Normalized Input Impedance Response 

A MMA unit cell physical parameters optimization have been achieved to obtain the 

specific dual resonant frequencies by adjusting and tuning the inner radius (Rin) stub length (a), 

bar length (b), relative permittivity (εr), loss tangent (tan δ),  thickness (h) and 

length/width (L/W) of the dielectric substrate.  

 

Figure 4.10   Normalized input impedance of the proposed absorber. 
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The EM wave responses for dual resonance peaks can be tuned so that normalized input 

impedance of the MMA is well matched with the free space impedance. A graph has been 

plotted between normalized input impedance versus resonant frequencies as depicted in Figure 

4.10. In the figure, the real and imaginary parts of normalized input impedance approach to 

zero at sharp resonant peak frequencies of 17 GHz and 18 GHz, respectively. While at all other 

frequencies the values of real and imaginary parts are found totally different.  

4.8. Fabrication and Testing 

The dimension of dual resonances shorted stub circular rings metamaterial absorber has 

been optimized by using simulation technique. The prototypes of MMA unit cell structure have 

been made up using metallic copper and flame retardant FR-4 using printed circuit  

        
                                             (a)                      (b) 

Figure 4.11   120 mm × 150 mm proposed MMA (a) Front view and (b) back view. 

 

Figure 4.12   Measured results of the proposed MMA absorber. 
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board (PCB) technology as shown in Figure 4.11. For the purposed MMA structure, a finite 

ground of 120 mm ×  150 mm has been chosen. The measured S-parameters are shown in 

Figure 4.12 along with the simulated results, these illustrate the performance of the MMA in 

term of the absorbance calculated by experimental reflection coefficients. Because of the 

limitation on size and some very common errors during the fabrication process, then 

measurement precision, a slight frequency shift has been observed as shown in Figure 4.12. 

 In the dual resonance absorber, the first absorbance peaks have been found a 16.99 GHz 

with the absorbance of 87%, while second absorbance peak has been obtained at 17.99 GHz 

with the absorbance of 88%. Hence, the measured results are in excellent agreement with 

simulated ones and the overall absorbance of more than 87% has been recorded. 

 

Figure 4.13   Block diagram of the experimental setup 

The block diagram of experimental setup for MMA structure has been shown in figure 4.13. 

The MMA structure is placed in an Anechoic Chamber. Which is a non-reflecting chamber 

also known as wedge-tapered absorber. Two horn antennas are used, where one antenna will 

act as a transmitting antenna and other will act as receiving antenna. both the antennas are kept 

1-meter distance from the device under test (DUT). The output from each antenna has been 

recorded by using a vector network analyzer (VNA) for the oblique angle of incidence (θ). 
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4.9. Conclusion  

By considering the research work results, we evaluate and conclude to the points that 

(i) All the three parameters, input radius (Rin), stubs length (a) and bar length (b) has greatly 

influenced in determining the dual frequency resonance peaks.  

(ii) Rin has been found responsible to set the location of dual resonances frequency peak. 

(iii) Stubs length (a) and rectangular bar length (b) are responsible for varying and adjusting the 

band gap between the resonant frequency peaks.  

(iv) The oblique angle of incidence and polarization sensitivity has a negligible effect on 

transmission characteristics response. 

(v) The surface current distribution and normalized input impedance characteristics made our 

simulation results more clear. 

(vi) Finally, fabrication and testing of the MMA unit cell structure validate our research work 

model. 

This dual resonance MMA structure is an ultra-thin, almost unity absorbance magnitude and 

compatible with PCB design technology. Because of its low profile, single layer structure and 

the readily available FR-4 substrate, it is very simple and cost-effective structure. However, 

the unity absorbance MMA structure realized at the cost of narrow bandwidth that is related 

directly to the thickness and dielectric constant of the substrate. The bandwidth of MMA can 

be enhanced by increasing the substrate thickness or making a multilayer MMA structure or 

decreasing the dielectric constant value. However, it would, in turn, reduce the absorbance 

magnitude. So, it’s a trade-off between absorbance, thickness, and bandwidth. 

4.10. Chapter Summary 

In this research work, a novel design of a unit cell structure consisted of four circular rings 

has been studied. Each circular ring has modeled with stubs and rectangular bars to obtain sharp 

dual band resonant peaks at 17 GHz and 18 GHz with absorbance peak response of 99.99 % 

and 99.83 %, almost unity absorbance. The corresponding full width at half maximum 

(FWHM) bandwidth at these resonant frequencies is 4.90 % and 5.07 %, respectively. A close 

separation distance between two resonant frequencies is obtained as close as 1 GHz compared 

to the other dual band and multiband circular ring which is 2 GHz or more. Then, an analysis 

has been also made to find out the behavior of MMA for oblique angle of incidence and 

polarization sensitive analysis.  
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The results show that the MMA structure is highly insensitive to any variation in the angle 

of incidence and polarization. Then, an analysis has been conducted for surface current 

distribution and normalized input impedance characteristics which show a good agreement 

with the simulated results. Finally, the MMA design has been fabricated and tested and the 

results are well matched with the simulated ones. Hence, this research work adds flexibility in 

design and offer opportunities to modify and adjust the resonant frequency of the MMA 

structure design. Hence, this dual resonance MMA absorber finds application in antenna design, 

where it would be used to reduce the Antenna RCS for in-band and out-band range of frequency 

extending from X-band to Ku-band radar and that is being left for future work. This MMA 

structure is suitable for the wide range of applications in stealth technology for RCS reduction 

in missile, ship, aircraft, drones and many more.  
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Chapter-5 

RCS Reduction of Patch Antennas using 

Single-Band Shorted Stubs MMA  

 

In this Chapter, we shall analyze the techniques for RCS reduction of a patch antenna using 

the single-band shorted stubs metamaterial absorber. The EM behaviors and parametric 

variations of single-band shorted stubs metamaterial absorber have been studied and analyzed 

in chapter 3. However, in this chapter MMA’s application as RCS reduction of the single-band 

patch antenna is the topic of interest that will be explored in details. This chapter is subdivided 

mainly into three sections: 

In Section 5.1, a novel design for the In-band low RCS of rectangular patch antenna has 

been proposed. This idea is based on the metamaterial absorber MMA composed of shorted 

stubs and rectangular bars. The RCS of the MMA loaded rectangular patch antenna has been 

simulated, analyzed and matched with referenced rectangular patch antenna operating at the 

resonant frequency of 10 GHz. 

 In Section 5.2, we shall design three entirely different dimensions patch antennas and load 

them with a different configuration of MMA unit cells such as to determine the effects of 

variations of dimensions on the overall performance of antenna along with determining its 

effects on RCS. Finally, for the purpose of long-distance communications, a patch array is 

designed and then this is loaded with MMA and its performance and RCS is determined, studied, 

and discussed in Section 5.3. 

5.1. In-band RCS Reduction of Patch Antenna using MMA  

An absorber based on metamaterial structure transformed into a new research focus whose 

effective bulk material properties could be tuned by slightly altering material parameters and 

thus offers various properties and excellent features such as near unity absorbance has been 

designed and proposed ranging in the microwave regime, THz, infrared and visible light 

spectrum [88, 103, 143]. It offers characteristics like ultra-thin [144], wide angle of incidence 

[145] and highly polarization insensitive [146].  

It can be a single to wide-band, dual-band and multi-band [13, 79, 142, 147]. Thus, make 

it suitable for several intended applications such as antenna designs [148], in solar-photovoltaic 
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and thermo-photovoltaic cells to enhance the functioning of photo-detectors by heightening 

absorption mechanism [87, 149], for the reduction of RCS in stealth technology [150-153] and 

wireless communication [154].  

In stealth technology, it is very important to decrease the RCS of the target. The RCS of any 

physical object is directly related to the reflected part of the incidence EM wave and it is 

determined by the body shape, size and constituent material of the objects. In military platform 

for communication, the antenna is one of the indispensable instrument that is more susceptible 

and main contributor for RCS. Without compromising radiation performances, the reduction of 

RCS for the antenna has been a topic of immense interest. Although, the conventional 

techniques for radar absorption such as shaping and RAM/ RAS could not be implemented on 

the patch antenna because it might degrade the antenna performance [155, 156]. With 

advancements in radar technology, the targets are easily identified and detectable, therefore it 

is prime important to reduce its RCS [157]. Thus, low RCS antenna is of prime concern and 

equal importance.  

The RCS of an antenna is because of these two factors:  

(i) Structural Mode RCS and  

(ii) Antenna Mode RCS.  

As we cannot change the antenna structure parameters since it influences the frequency 

response behavior. However, it has been found that when the patch antenna surrounded by 

MMA structure, it immensely reduces the RCS effect on the system without compromising with 

the performance of the antenna [158, 159]. Thus, one can minimize the structural mode RCS 

as low as possible and hence emerge as a new design technique.   

Various techniques have been proposed for the RCS reduction of the rectangular patch 

antenna. For out-band FSS, EBG structure and AMC structures have been employed for 

reduction of RCS of the antenna and MMA has been employed for reduction of RCS of the 

antenna [160-162]. But, there is still more emphasis needed for in-band frequency response for 

low RCS of the antenna. Therefore, we have proposed a metamaterial absorber based on shorted 

stubs at 10 GHz. This MMA is utilized to enhance the in-band stealth capability of patch 

antenna by loading it around the exiting source and has been covered in this section. 
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5.1.1. Design of Single-band Shorted Stubs MMA at 10GHz 

Figure 5.1 shows a novel design of a passive tuned MMA absorber that operates at X-band. 

It consists of concentric loops with shorted stubs and split rectangular bars. The MMA tuning 

to 10 GHz is provided by the mean of varying length of shorted stubs and split square 

rectangular bars. The periodicity (S2) and the thickness (h1) for the shorted stubs MMA is 

designed to 5 mm and 0.4 mm, respectively. The front view and side view of MMA absorber 

have been shown in Figure 5.1(a) and Figure 5.1(b), respectively. 

All the parameters of MMA are optimized and adjusted to obtain a sharp frequency 

resonance peak at 10 GHz. In Figure 5.2(a), a resonance curve has been drawn between 

absorbance A(ω), reflectance R(ω) and transmittance T(ω). An absorbance of 99.95 % achieves 

and that approximates to unity absorbance. Then, effective wave impedance Zeff (ω) graph has 

been plotted in Figure 5.2(b), where its value comes to be (0.998 - j 0.85) and that matches the 

condition for free space impedance. It states that when Zeff (ω) approaches to 1, there will be 

no reflection from the MMA surface. 

The MMA structure response at an oblique angle of incidence (θ) and polarization 

sensitivity (ϕ) has been analyzed and justified for TE modes of EM waves as depicted in Figure 

5.2(c) and 5.2(d), respectively. The simulation result verifies that the MMA performs well at 

any polarization of incident EM wave and operate at wide operating angles where absorbance 

is above 94 % for θ equals to 500 and remains 72.58 % for θ equals to 700. While the MMA 

remains insensitive for entire polarization angle from 00 to 900. The total thickness 

              

                                   (a)                                                                 (b) 

Figure 5.1   Metamaterial absorber (a) front view and (b) side view. Unit cell dimensions: 

S = 5 mm, R = 1.5 mm, a = w = 0.25 mm, h = 0.40 mm. 
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                                           (a)                                                     (b) 

 
                                        (c)                                                      (d) 

Figure 5.2   Resonance curves for (a) A(ω), R(ω) and T(ω), (b) effective wave impedance (Zeff 

(ω)) (c) oblique angle of incidence (θ), and (d) polarization sensitivity (ϕ) for TE modes of 

MMA at 10 GHz. 

of the modified designed absorber has been adjusted to only 0.013 λ0, where λ0 is the free-space 

wavelength at the resonant frequency. 

5.1.2. Design Analysis of Patch Antenna with or without MMA  

A microstrip antenna also called patch antenna are becoming very popular antennas in the 

microwave frequency range because of its simplicity, linearly polarized, conformability to 

planar and non-planar structures, cost-effective, ease of implementation and compatible with 

the circuit board technology [129,163,164]. A patch antenna finds its application in handheld 

devices, Global Positioning Systems (GPS), satellites and radar communications, wireless 

fidelity (Wi-Fi), biological imaging and radio frequency identification. 

 The simplest form of patch antenna made up of a rectangular metallic patch placed at the  
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     (a)                                                    (b)

 
                                                                          (c) 

 
                                                                          (d) 

Figure 5.3   Coaxial feed patch antennas (a) proposed antenna, (b) MMA loaded patch antenna, 

(c) side view of the modified antenna, and (d) side view with a coaxial feed. 

top of a dielectric substrate of reasonable height and fixed dielectric constant value underneath 

covered by a metallic ground plane. The rectangular patch length is approximate to half of the 

wavelength corresponds to that frequency [153,165-167]. The size and bandwidth of a patch 

antenna can be determined and greatly influenced by the dielectric constant of a substrate [168-

170].  

It has been found that the antenna bandwidth could be heightened by raising the substrate 

height or by decreasing the substrate permittivity but results in an increase of periodicity. The 

results described in this section have been published in [171]. Although increasing the substrate 

permittivity decreases the periodicity but reduces the efficiency and bandwidth of the 

rectangular patch antenna. Also, the bandwidth can be increased by increasing the patch width, 

while resonant frequency can be adjusted by varying the patch length.  
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The following equations are used to calculate the length (Ls) and width (Ws) of the patch 

antenna [155,164]: 

1
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The effective length of the patch becomes 
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The effective length (Leff), for resonant frequency (f0), is given as: 
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The resonance frequency corresponds to any TMmn mode is given as:     
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Here, m and n are modes with respect to Ls and Ws respectively. For resonance, the width 

is given as: 
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The aim of this research work is to analyze a radar absorbing technique to decrease the RCS 

of the rectangular patch antenna without any degradation in its system performance.  First, the 

reference patch antenna has been designed as depicted in Figure 5.3(a). It is designed to operate 

at 10 GHz resonant frequency by varying its physical parameters and then their values are 

optimized. The periodicity (S1) of patch antenna is 75 × 75 mm with the length of the radiating 

patch (l2) is 6.50 mm. The length of the central substrate (l1) is 15 mm  
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                                        (a)                                                             (b) 

Figure 5.4   Fabricated coaxial-feed patch antenna (a) referenced [139] and (b) proposed 

antenna. 

whereas the central substrate height (h) is 1 mm. The thickness of the other area (h1) is 0.4 mm. 

A low cost and most popular flame retardant FR-4 with tanδ and ɛr values are 0.025 and 4.3, 

respectively selected for this research work.  

A standard thickness (t) of 0.035 mm has been considered for copper ground plane and 

patch antenna that is suitable for designing in printed circuit board (PCB) technology. The 

patch antenna has been fed by coaxial feed and the central position of coaxial probe found an 

equivalent to 50 Ω matching the impedance at the position, pos_x =1.27 mm and pos_y = 0. 

This is shown in Figure 5.3(d). Now the rectangular patch antenna’s frequency response is 

optimized at 10 GHz. Then, the antenna structure is modified and loaded with 15 × 15 MMA 

unit cell.  

A total of 3 × 3 MMA unit cells are etched off from the center for the rectangular patch 

antenna as depicted in Figure 5.3(b) and its side view are shown in Figure 5.3(c). A 4.25 mm 

of space is left between MMA and patch antenna to minimize the mutual coupling and keep the 

antenna radiation performance unaffected. The referenced (standalone) antenna as well as 

proposed (MMA loaded) antenna has been fabricated using printed circuit board technology 

and shown in Figure 5.4. 
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5.1.3. Radiation Performance Comparison of Referenced and Proposed 

Antenna 

A comparison has been made between the scattering coefficient (S11) values for reference 

antenna and the MMA loaded proposed antenna and is presented in Figure 5.5(a). The results 

indicate that the S11 value for referenced antenna resonant at 10 GHz comes out to be -41.87 dB. 

While for the proposed antenna, the scattering coefficient (S11) marginally shifted to 9.99 GHz 

with -49.66 dB, and the bandwidth remains almost unaffected. 

The measured value for the proposed antenna has been shown and compared with both 

results. The result shows that measured values are within accepted range (below -10dB). This 

concludes that the introduction of shorted stubs MMAs on patch antenna has no effect on the 

antenna performance and it remains preserved simultaneously.   

 
    (a) 

  
                                   (b)        (c) 

Figure 5.5   Frequency responses (a) scattering coefficient (S11) (b) E-Plane, and (c) H-plane 

radiation performance. 
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A polar plot radiation pattern comparison for ϕ = 00 and ϕ = 900 are simulated, analyzed 

and depicted in Figure 5.5(b) and Figure 5.5(c), respectively. The results indicate that for E-

Plane the referenced patch antenna main lobe magnitude is 6.68 dBi with a beamwidth of 90.60 

and for the proposed antenna, the main lobe magnitude is 6.80 dBi with a beamwidth of 120.60. 

For H-Plane the referenced patch antenna main lobe magnitude is 6.35 dBi with a beamwidth 

of 66.90 and for the proposed antenna, the main lobe magnitude is 7.25 dBi with a beamwidth 

of 82.70. 

Comparative analyses have been made for E-plane and H-plane of the referenced structure 

for co-polarization (Cop) and cross-polarization (Xp) polar plots as depicted in Figure 5.6. For 

E-Plane, the proposed antenna main lobe magnitude is 6.8 dBi with Xp isolation of 82.5 dBi at 

10 GHz as shown in Figure 5.6(a). For H-Plane, the proposed antenna main lobe magnitude is 

7.25 dBi with Xp isolation of 24.65 dBi at 10 GHz as depicted in Figure 5.6(b). Therefore, 

when the referenced antenna is modified with the MMA, it enhances the antenna radiation 

performance for E-Plane as well as for H-Plane, respectively. Also, there are isolations of 

82.5 dBi and 24.65 dBi observed between copolar and cross-polar patterns for the referenced 

antenna. So, the E-plane and H-plane radiation patterns indicate that desirable antenna 

directivity is attained with suppressed cross-polar radiations. 

This concludes that the rectangular patch antenna structure modified with the shorted stubs 

MMA has no effect on the radiation pattern and overall performance remains well kept. 

 
                                        (a)                                                                  (b) 

Figure 5.6   Comparisons of co-polarization and cross-polarization patterns of the proposed 

antenna for (a) E-Plane and (b) H-plane. 
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5.1.4. In-band RCS Reduction of the Proposed Patch Antenna 

Since this research work is mainly focused on RCS reduction of patch antenna using MMA, 

so a complete analysis for Monostatic and Bistatic RCS have been performed [171]. This 

indicates that MMA greatly enhances the stealth capability of rectangular patch antenna by 

reducing its RCS as shown in Figure 5.7(a). It has been found that the Monostatic RCS values 

decreased in all direction through the entire X-band. However, the significant reduction in RCS 

of MMA loaded rectangular patch antenna is obtained in 9.89 GHz frequency with reduction of 

21.22 dBsm, whereas at 10 GHz the value for low RCS is decreased up to 7.40 dBsm with 

respect to the referenced antenna.   

The Bistatic RCS of patch antenna has been simulated and analyzed at 10 GHz. At ϕ = 00, 

the Bistatic RCS of the MMA loaded patch antenna reduced throughout the angle theta (θ) with 

a significant reduction in between -830 to 840. The largest reduction is analyzed of  

 
   (a) 

  
    (b)                                                                      (c) 

Figure 5.7   Analysis of RCS for (a) Monostatic RCS (b) Bistatic RCS at ϕ = 00 and            (b) 

ϕ = 900 of the referenced and proposed antenna at 10 GHz. 
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33.21 dBsm at -760 and 37.07 dBsm at 270 between referenced patch antenna and MMA loaded 

rectangular patch antenna as shown in Figure 5.7(b). Similarly, at ϕ = 900, the Bistatic RCS of 

the MMA loaded patch antenna reduced throughout the angle theta (θ) with significant 

reduction obtained in between -1670 to 1670. The largest reduction is analyzed of 26.31 dBsm 

at -250 and 26.31 dBsm at 250 between referenced patch antenna and MMA loaded rectangular 

patch antenna and also depicted in Figure 5.7(c). 

5.1.5. Comparisons with Previously Proposed Structures 

To validate the novelty of the proposed structure [171], comparisons have been made with 

previously reported MMA structures for the RCS reduction and tabulated in Table 5.1. It has 

been found that dimension of the proposed structure is 2.5 λ0, where λ0 is the free-space 

wavelength at the resonant frequency. This is equivalent to the structure [154] and [129] 

dimensions, whereas the structure [173] found to have smallest dimensions than rest of all. 

However, the structure [172] has largest dimensions among all and that would probably result 

in poor RCS performance.  

The thickness of dielectric substrate plays an imperative role in ascertaining the MMA 

structure absorbance magnitude. To obtain sharp absorbance peak, its thickness is being 

adjusted to 0.4 mm so that, this MMA structure upkeeps its promises for ultra-thickness. It has 

been found that the thickness of proposed MMA structure is 0.013 λ0 and that is improved over 

[172] and [173]. Whereas, the structure [129] offers ultra-thickness amongst all the remaining 

structures. The structures [129], [172] and [173] offer polarization sensitivity 

Table 5.1   Comparisons with previously proposed structures. 
Low RCS 

Patch 

Antenna 

References Dimensions 

(mm) 

Thickness of 

MMA (mm) 

A (ω) 

Peaks 

(GHz) 

Polarization Maximum RCS 

Reduction 

(dBsm) 

Zhang et al  [129] 82.5 × 82.5 

(2.5λ0) 

0.3 

 (0.0092λ0) 

9.15 Till 600 15 

Liu et al  [154] 135 × 135 

(2.5λ0) 

0.5 

 (0.0093λ0) 

5.57 Yes 16.6 

Our Work [171] 

 

75 × 75 

(2.5λ0) 

0.4 

 (0.013λ0) 

10 Yes 21.22 

Baskey et al  [172] 154 × 154 

(3.33λ0) 

1  

(0.021λ0) 

6.35 Till 600 18 

Mol et al  [173] ≈ 110.75 × 

104 (2λ0) 

1.6  

(0.028λ0) 

5.262 Till 600 Not clearly 

defined 
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responses up to 600, while it is completely analyzed in structure [154] and proposed structure. 

The maximum RCS reduction has been claimed better by proposed model of 21.22 dBsm at 

X-band, while the remaining structures offer poor in-band RCS response compare to the 

proposed structure. However, it is not clearly predicted in structure [173].  

Hence, the proposed structure not only preserves and maintains the antenna radiation 

performances but also, upkeeps it promises for the maximum in-band RCS reduction of the 

patch antenna. 

5.2. Comparative Analyses for RCS Reduction of  Patch Antennas  

A comparative design principle has been adopted to study and analyze the performance of 

shorted stubs MMA absorber which is placed and loaded around patch antennas having three 

different configurations. The results are simulated, analyzed, measured, and finally compared. 

The results show a significant reduction in Monostatic as well Bistatic RCS of patch antennas 

while preserving its radiation performance. The results given in this section have been 

published in [174].  

5.2.1. Analyses of Patch Antennas with and without MMA 

The length of the radiating patch (L) is 6.50 mm and the length of the central substrate (L1) 

is 15 mm whereas the central thickness of the substrate (h1) is 1 mm. The thickness of the area 

(h) around exiting source is 0.4 mm which is compatible and specifically designed to load 

MMA absorber for unity absorbance. All the parameters are optimized to resonant at 10 GHz 

and their tabular description has been given in Table 5.2. Each design has been fed by coaxial 

feed with its central approximates to 50 Ω matching the impedance at the position, pos_x = 1.25 

mm and pos_y = 0 as shown in Figure 5.8. 

Table 5.2   Antenna parameter descriptions. 

   Description    Dimensions (mm)    Parameters 

Ls/Ws 35/55/75    Periodicity of Structure 

L1 15  Central Substrate Length 

h1 1 height of substrate 

L 6.50 Length of Patch 

gs 3.5     Gap b/w Patch and MMA 

t 0.035 Thickness of metal 

Pos_x 1.25 Position of Probe 

h0 5 Height of connector 
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                                        (a)                                                        (b) 

Figure 5.8   Coaxial feed patch antenna 35 mm × 35 mm design 1. (a) Referenced antenna 

and (b) MMA loaded antenna.  

    
                                        (a)                                                         (b) 

Figure 5.9   Coaxial feed patch antenna 55 mm × 55 mm design 2. (a) Referenced antenna 

and (b) MMA loaded antenna.  

 
                                         (a)                                                        (b) 

Figure 5.10   Coaxial feed patch antenna 75 mm × 75 mm design 3. (a) Referenced antenna 

and (b) MMA loaded antenna.  
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Figure 5.11   Fabricated coaxial feed patch antenna with and without MMA. 
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This technique has been adopted for our research work because of its simplicity and 

uncomplicated impedance matching characteristics. The outer conducting layer of the SMA 

connector is connected to the ground plane, while the center conductor is fed through the 

substrate and ground-plane by drilling hole and electrically connected to the patch antenna. To 

minimize the mutual coupling and keep the antenna radiation performance unaffected a small 

gap (gs) of 3.5 mm has been left between MMA and each design.  

This research work has been divided into three design models to evaluate the possibility 

and capability of MMA structure in enhancing the stealth capability along with to study the 

effects of MMA on patch antenna radiation performance.  

(i) Design 1, Initially, a referenced patch antenna of periodicity 35 mm x 35 mm is designed 

with and without two MMA layers and its radiation performance is simulated and analyzed 

as depicted in Figure 5.8.  

(ii) Design 2, This referenced patch antenna is then modified and extended to four layers of 

MMA with the periodicity of 55 mm x 55 mm as shown in Figure 5.9.   

(iii) Design 3, Finally, this structure is further extended, where the exiting source is loaded with 

six layers of MMA structure with the periodicity of 75 mm x 75 mm as depicted in Figure 

5.10. 

It has been analyzed that as we start increasing the number of MMA layers around exiting 

source the resonant frequency (f0) response remains almost unaffected. All designs are 

fabricated with and without MMA structure and have been given in Figure 5.11.  

5.2.2. Antenna Radiation Performances Analyses 

To study the effect of MMA structure on patch antenna radiation performances, comparative 

analyses have been made and tabularized in Table 5.3. The radiation performance curves have 

been analyzed and shown in Figure 5.12.  

For Design 1, the referenced antenna achieved resonance at 10 GHz frequency with 

scattering coefficient (S11) value of -48.17 dB. Although, after loading with MMA layers its 

resonance peak slightly moves to 9.96 GHz with S11 equal to -44.39 dB. 

For Design 2, the referenced antenna resonance peak appears at 10.01 GHz frequency with 

S11 value corresponds to -35.45 dB and after loading with MMA layers its resonance slightly 

shifted to 9.98 GHz with the S11 value reached to -35.62 dB.  
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For Design 3, the referenced antenna resonance remains unaltered to 10 GHz frequency 

with S11 value of -34.49 dB and after loading with MMA layers its resonance slightly shifted to 

9.99 GHz with S11 value of -38.49 dB as shown in Figure 5.12(a).  

For Design 1, the value of return loss parameter increases marginally after loading MMA 

structure. While for Design 2 and Design 3 after loading MMA layers the values slightly 

diminished. This behavior is observed because of a shift in matching impedance (Z11) with the 

increase in the periodicity of the structure as shown in Figure 5.12(b). For Design 1, the shift 

in Z11 for modified patch antenna with respect to 50 Ω matching impedance is 3.06 Ω and for 

Design 2, it starts reducing and becomes equal to 2.77 Ω. While for Design 3, the value of Z11 

approaches to 50 Ω matching impedance and reduces as close as 0.4 Ω.  

 

 

   (a)                                                                 (b) 
 

 

                                    (c)                                                                        (d) 

Figure 5.12   Comparison of radiation performance curves. (a) Return loss (S11) (b) impedance 

(Z11) (c) voltage standing wave ratio (VSWR), and (d) radiation efficiency (η). 
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Table 5.3   Antennas radiation performances comparison. 
Structure/Performance 

Parameters 

Design 1 Design 2 Design 3 

Referenced 

Antenna  

MMA 

Modified 

Referenced 

Antenna  

MMA 

Modified 

Referenced 

Antenna  

MMA 

Modified 

Size 35 mm × 35 mm 55 mm × 55 mm 75 mm × 75 mm 

Frequency (f0) GHz 10 9.96 10.01 9.98 10 9.99 

Return Loss (S11) dB -48.17 -44.39 -35.45 -35.62 -34.49 -38.49 

Bandwidth (-10 dB) 

MHz 

456 460 468 436 468 460 

Total Efficiency (η) 63.02 53.43 64.09 52.06 64.29 51.04 

VSWR 1.01 1.14 1.04 1.06 1.04 1.05 

Impedance (Z11) Ω 50.27 46.94 52.03 47.23 51.33 49.60 

 

A comparison of -10 dB bandwidth, voltage standing wave ratio (VSWR), and radiation 

efficiency (η) between referenced antenna and MMA modified patch antenna for all three 

designs have been made. The analysis indicates that the bandwidth remains almost unaltered 

for all design models. The simulated value of VSWR for all design remains within the 

acceptable range from 1.0 to 2.0 as depicted in Figure 5.12(c). Similarly, a simulation analysis 

is made to find out the efficiency of the antenna and a small reduction in Radiation Efficiency 

(η) has been observed after loading with MMA and shown in Figure 5.12(d). 

5.2.3. Antenna Directivity and Gain Analyses 

Analyses of directivity and gain between referenced antenna and MMA loaded patch 

antenna have been made and its polar plots have been drawn in Figure 5.13.  

For E-Plane in Design 1, the reference patch main lobe magnitude is 6.83 dBi and for MMA 

loaded antenna it is reduced to 5.57 dBi. For Design 2, the reference patch antenna main lobe 

magnitude becomes 7.11 dBi and after loading MMA it is slightly increased to 7.45 dBi. For 

Design 3, the reference patch main lobe magnitude becomes 6.69 dBi and after loading MMA 

it is increased to 6.96 dBi.  

For H-Plane in Design 1, the reference patch main lobe magnitude is 6.79 dBi, while for 

MMA loaded antenna, it is unexpectedly reduced to 3.36 dBi. For Design 2, reference patch 

main lobe magnitude becomes 3.52 dBi and after loading MMA it is sharply increased to 

7.45 dBi. For Design 3, the reference patch main lobe magnitude becomes 6.35 dBi and after 
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loading MMA it is increased to 7.16 dBi. So the directivity performance for Design 1 remained 

poor while for Design 2 and Design 3 its performance increases after loading MMA. 

For E-Plane in Design 1, the reference patch main lobe gain magnitude is 4.82 dB and for 

MMA loaded antenna it is sharply reduced to 2.54 dB. For Design 2, the reference patch  
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Figure 5.13   Comparisons for directivity and gain of the proposed models. 
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antenna main lobe magnitude becomes 5.17 dB and after loading MMA it is reduced to 3.91 dB. 

For Design 3, the reference patch main lobe magnitude becomes 4.77 dB and after loading 

MMA it is also reduced to 3.71 dB.  

Table 5.4   Comparisons of antennas directivity and gain for E-Plane and H-Plane. 
Structure/Performance 

Parameters (10 GHz) 

Phi 

(ϕ) 

Directivity 

(dBi) 

Gain 

(dB) 
D

es
ig

n
 1

 

 
Referenced 

Antenna 

00 6.83 4.82 

900 6.79 4.79 

MMA 

Modified 

00 5.57 2.54 

900 3.66 0.63 

D
es

ig
n

 2
 

 

Referenced 

Antenna 

00 7.11 5.17 

900 3.52 1.59 

MMA 

Modified 

00 7.45 3.91 

900 7.45 3.91 

D
es

ig
n

 3
 

Referenced 

Antenna 

00 6.69 4.77 

900 6.35 4.43 

MMA 

Modified 

00 6.96 3.71 

900 7.16 3.91 

 

For H-Plane in Design 1, the reference patch main lobe magnitude is 4.79 dB while for 

MMA loaded antenna it is unexpectedly reduced to 0.632 dB. For Design 2, the reference patch 

main lobe magnitude becomes 1.59 dB and after loading MMA it is increased to 3.91 dB. For 

Design 3, the referenced patch main lobe magnitude becomes 4.43 dB and after loading MMA 

it is marginally reduced to 3.91 dB. So, the results show a poor gain performance for Design 1, 

whereas for Design 2 it is affected marginally and for Design 3, it is remained well kept and 

tabularized in Table 5.4. 

5.2.4. Monostatic RCS Reduction Analyses for Patch Antennas  

As compared to conventional antenna geometry, Monostatic RCS of the MMA loaded patch 

antenna is almost polarization independent. The Monostatic RCS of the conventional antenna 

and MMA loaded patch antenna for x-polarization and y-polarization incidence wave have been 

shown with its measured values in Figure 5.14.  

For Design 1, it has been found that the value for Monostatic RCS reduced throughout the 

observation band after loading it with MMA as shown in Figure 5.14(a). At 10 GHz resonant 

frequency, the reduction in Monostatic RCS for MMA loaded antenna is -26.39 dBsm for 
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x-polarization and -28.17 dBsm for y-polarization. However, the significant peak reduction is 

obtained at 9.93 GHz with -28.82 dBsm for x-polarization and at 9.95 GHz with 30.16 dBsm 

for y-polarization. So, a maximum difference of 9.61 dBsm observed for x-polarization and 

10.82 dBsm for y-polarization between referenced and proposed antenna.  

For Design 2, at 10 GHz resonant frequency, the reduction in Monostatic RCS for MMA loaded 

antenna is -18.32 dBsm for x-polarization and -17.90 dBsm for y-polarization. Whereas, the 

significant peak reduction is obtained at 9.91 GHz with -31.89 dBsm and -48.04 dBsm for 

x-polarization and as well for y-polarization respectively as shown in  Figure 5.14(b). A 

maximum difference of 22.67 dBsm observed for x-polarization 38.56 dBsm for y-polarization 

between referenced and proposed antenna. 

 

                                   (a)                                                                       (b) 

  
(c) 

Figure 5.14   Comparison of x-polarization and y-polarization for Monostatic RCS (a) Design 

1 (b) Design 2, and (c) Design 3. 
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For Design 3, at 10 GHz resonant frequency the reduction in Monostatic RCS for MMA 

loaded antenna is -11.17 dBsm for x-polarization and -10.96 dBsm for y-polarization. 

Although, the significant peak reduction is obtained at 9.89 GHz with -27.39 dBsm 

and -32.62 dBsm for x-polarization as well as for y-polarization respectively as depicted in 

Figure 5.14(c). So, a maximum difference of 23.68 dBsm observed for x-polarization 

28.59 dBsm for y-polarization between referenced and proposed antenna. Small deviations in 

simulated and measured results are found during fabrication, handling, and testing of structure 

and cannot be avoided. Thus, the measured RCS values for antennas are in good agreements 

with the simulation results.  

5.2.5. Bistatic RCS Reduction Analyses for Patch Antennas  

A simulation analysis of conventional patch antenna and MMA loaded patch antenna has been 

also made for Bistatic RCS of horizontal and vertical polarization as depicted in Figure 5.15. 

The Bistatic RCS of the referenced antenna and proposed MMA modified antenna has been 

simulated and analyzed at 10 GHz. Vertical polarization curves for all designs have been also 

given. Since the structure is almost polarization independent so its behaviors are not considered 

here. 

For Design 1 at ϕ = 00, the Bistatic RCS of the MMA loaded antenna reduced significantly 

throughout the angle theta (θ) between -830 to 840. However, the maximum difference is 

observed of 36.03 dBsm at 340 and 16.40 dBsm at -340, respectively. At ϕ = 900, the Bistatic 

RCS of the MMA loaded antenna reduced significantly for theta (θ) with a major reduction in 

between -1440 to 1440. However, the maximum difference is observed of 13.48 dBsm at 500 

and -500, respectively between referenced and MMA loaded antenna.  

For Design 2 at ϕ = 00, the Bistatic RCS of the MMA loaded antenna reduced significantly 

throughout the angle theta (θ) between -820 to 820. However, the maximum difference is 

observed of 44.17 dBsm at 590 and 33.89 dBsm at -540, respectively. At ϕ = 900, the Bistatic 

RCS of the MMA loaded antenna reduced significantly throughout the angle theta (θ) with a 

major reduction in between -1760 to 1760. However, the maximum difference is observed of 

13.80 dBsm at 330 and -330, respectively between referenced and MMA loaded antenna.  

For Design 3 at ϕ = 00, the Bistatic RCS of the MMA loaded antenna reduced significantly 

throughout the angle theta (θ) between -810 to 810. However, the maximum difference is found 

of 27.96 dBsm at 700 and 28.07 dBsm at -730, respectively. At ϕ = 900, the Bistatic RCS of the 
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MMA loaded antenna reduced significantly throughout the angle theta (θ) with a major 

reduction in between -1690 to 1690. However, the maximum difference is noticed 

of -13.50 dBsm at 250 and -250, respectively between referenced and MMA loaded antenna. 
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Figure 5.15   Comparisons of Bistatic RCS for referenced patch antennas at 10 GHz. 
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5.3. Design of Patch Antenna Array using Shorted Stubs Metamaterial 

Absorber  

A novel design approach for the out-band RCS reduction of a conventional 2 × 2 patch 

antenna array using shorted stubs MMA operating in X-band has been proposed. A patch 

antenna array has been designed at a resonant frequency of 7.54 GHz. Simulation and 

experimental results exhibit that when patch antenna array is loaded with MMA, its Monostatic 

and Bistatic RCS response reduces significantly for the horizontal as well for vertical 

polarization. However, it has negligible influence on the radiation characteristics, whilst the 

bandwidth, gain and overall performance of patch array preserved simultaneously. Finally, a 

compatibility of observation achieved between simulated and measured results. This section 

gives the augmentation published in [175]. 

Owing to its advantages, patch antennas are used to a great extent today because of its 

simple design, linearly polarized, conformability to planar and non-planar structures, 

cost-effective, ease of implementation and compatible with the circuit board technology. 

Therefore, a lot of research is focusing on RCS reduction of single patch antenna structure [129, 

153, 154]. But this type of antenna having some disadvantages and suffers from low radiation 

performance such as its narrow bandwidth, directivity, lower gain, and radiation efficiency.  

Therefore, it cannot be used for long-distance communication especially in military 

applications, where a radar system is used to scan the electromagnetic beam quickly throughout 

the sky to detect the planes and missiles and contrariwise. Numerous techniques have been 

advised to improve its radiation preformation. One of the vital solutions is a combination of 

the patch antenna so-called antenna array. It has been found that when several antenna elements 

are combined to form an array, its overall radiation performance enhances 

furthermore [159, 176, 177]. 

One of the problems with previous MMA designs is RCS reduction achieved at the cost of 

the increased size of the substrate. Thus, this doesn’t support miniaturization and turn out to be 

the unreliable and uneconomical solution [148, 178, 179]. So, we have tried to achieve the RCS 

reduction without increasing the periodicity of antenna unit cell structure. Again, it has been 

found that when the gap between multiple antennas reduces, their performance starts degrading 

and that influence factors like gain and radiation efficiency because of the mutual coupling 

among them. By using MMA capability of suppressing surface waves propagation in a given 

frequency range, one can compensate for these losses [118]. 
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5.3.1. Linear Patch Array Antenna Design Aspects 

For long distance communication, single element antenna is insufficient to fulfill the gain 

or radiation pattern requirement. Therefore, making an array could be a possible solution. The 

antenna array is a process of placing many antennas all together with an exact number of 

elements, amplitude, spacing, and phasing based on the target application.  

Proper spacing and phasing are required so that the individual radiation will meet at the point 

of interest in a constructive way and in other direction they will cancel out each other because 

of destructive interference. So that we will get a very high directional pattern with higher 

directivity and gain in the desired direction without getting anything in the other direction that 

offers applications in radar and terrestrial communication. But practically, it does not cancel 

out in other directions leads to side lobes.  

 

       
    (a)           (b) 

 
(c) 

 
(d) 

Figure 5.16   Coaxial feed patch antennas.  (a) Proposed antenna array (b) MMA loaded antenna 

array (c) side view of the proposed antenna, and (d) side view with a coaxial feed. 
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Phase distribution to the individual element decides how the fields that are meeting at the 

point of interest and modifies the side lobe level and the main lobe direction. The surface area 

or aperture of the complete radiating structure is decided on the basis of a total number of 

elements and their spacing. A larger aperture size enhances its gain performance and a larger 

spacing enhances its directivity. For this research work, we have restricted our study to 2 × 2 

antenna element.  

A λ/2 element spacing value has been chosen to avoid side lobes occurrence [180]. 

Although it increases directivity when the element spacing approaches to λ. Multiple unwanted 

grating lobes appear when element spacing value goes beyond λ so become impractical. Here, 

we have considered element spacing (g) of λ/2 that approximates to 20 mm with respect to the 

central frequency of 7.5 GHz as shown in Figure 5.16(a).  In this research work, the antenna 

elements are fed with the same amplitude, equal phase and uniform spacing results in a planar 

antenna array. 

The basic structure of the proposed patch antenna array is depicted in Figure 5.16. It is 

designed to operate at 7.53 GHz resonant frequency by varying and optimizing its physical 

parameters. The top layer is the radiating patch made up of copper-backed by a most popular, 

low cost and readily available flame retardant FR4 substrate with tan δ and ɛr are 0.025 and 4.3, 

respectively. The substrate is grounded using a copper layer. The periodicity (Ls) of Patch 

Antenna array is 50 mm × 50 mm with the length of the radiating Patch (l) is 9.17 mm. The 

length of the central substrate is 10 mm whereas the central substrate height (h1) is 1 mm. The 

thickness of the remaining surrounded area (h) is 0.4 mm where MMA is designed.  

All the parameters description has been given in Table 5.5. The design of a conventional 

patch antenna array has been shown in Figure 5.16(a) with its parameters. While Figure 5.16(b) 

shows the modified MMA loaded patch antenna array. A side view of the modified structure is 

depicted in Figure 5.16(c). The fabricated reference and proposed antenna array view have 

been given in Figure 5.17(a) and (b), respectively. The feeding technique used for the antenna 

is very important when we consider the RCS reduction of the antenna because it controls the 

antenna scattering characteristics. An antenna suffers from two types of scattering namely 

Structural Mode and Antenna Mode Scattering. If the antenna is fed by properly matched loads, 

there will be only structural mode scattering. But when the antenna is not fed by perfectly 

matched loads there will be both scatterings that mean a part of the energy will be reflected and 

reradiate back to space.  
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Table 5.5   Antenna parameter descriptions. 

Description Dimensions 

(mm) 

Parameters 

Ls 50 Periodicity of Structure 

h1 1 height of substrate 

l 9.17 Length of Patch 

g 10 Element Spacing 

gs 0.83   Gap b/w Patch and MMA 

t 0.035 Thickness of metal 

Pos_x 1.68 Position of Probe 

h0 5 Height of connector 

 

 
 

(a)                (b) 

Figure 5.17    Fabricated antenna array (a) referenced antenna array and (b) proposed antenna 

array structure. 

A coaxial feed technique provides the low RCS Since its feeding network is on the other 

side of the dielectric material as compared to the microstrip feeding technique. So MMA 

absorber based technique is most suitable for the reduction of RCS. As we cannot change the 

antenna structure parameters since it influences the frequency response behavior. However, it 

has been found that when the Patch antenna surrounded by MMA structure, it immensely 

reduces the RCS effect on the system without compromising with the performance of the 

antenna. Thus, one can minimize the structural mode RCS as low as possible and hence emerge 

as a new design technique. 
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Each patch element has been fed by coaxial feed with its central position approximates to 

50 Ω matching the impedance at the position, pos_x =1.68 mm and pos_y =0 as shown in 

Figure 5.16 (d). Its frequency response is optimized at 7.54 GHz. Then, the antenna structure 

is modified and loaded with 10 × 10 MMA unit cell. A total of 2 × 2 MMA unit cells are etched 

out for the antenna array. To minimize the mutual coupling and keep the antenna radiation 

performance unaffected a small gap (gs) of 0.83 mm is kept between MMA and each patch 

element.  

5.3.2. Linear Patch Antenna Array Design Analyses 

A comparison of scattering parameters (S11) has been made between the conventional 

antenna array and modified antenna array with the measured results and is shown in 

Figure 5.18. The S11 for a conventional antenna array occurs at 7.54 GHz with resonance peak 

magnitude of -24.52 dB. When it is loaded with MMA unit cells then the return loss (S11) for a 

modified antenna array occurs at 7.57 GHz with resonance peak magnitude of -21.64 dB. The 

measured results for both structures has been also shown that indicates that for the conventional 

antenna the resonance peak for S11 is obtained at 7.53 GHz with the magnitude of -19.45 dB 

while for MMA loaded antenna array the value for S11 occurred at 7.55 GHz with the magnitude 

of  -17.37 dB.  

The value for -10 dB bandwidth for conventional antenna array came out to be 274 MHz 

that is 3.63 % of resonant frequency however for modified antenna array it came out to be 278 

MHz that is 3.67 % of resonant frequency. So, a small increment in bandwidth is observed with 

a modified MMA loaded antenna array. An analysis of radiation pattern between the referenced 

antenna and MMA loaded patch antenna has been made and is shown in Figure 5.19. 

 

Figure 5.18   Comparisons of return loss (S11) curve for patch antenna array. 
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                       (a)                              (b) 

Figure 5.19   Analyses of simulated radiation pattern between reference patch array antenna 

and MMA loaded patch antenna for (a) ϕ = 00 and (b) ϕ = 900. 

For E-Plane, the reference patch array operating frequency resonant peak occurs at 

7.54 GHz with main lobe magnitude is 11.6 dBi with the direction is at 00
  and  3 dB angular 

width 490 while sidelobe level is -25.4 dB. For MMA loaded Patch array the is at 00
 and 3 dB 

angular width 48.70 while sidelobe level is -25.4 dB as shown in Figure 5.19(a).  

For H-Plane, the operating frequency resonant the peak occurs at 7.57 GHz with main lobe 

magnitude is 11.7 dBi with the direction reference patch array operating frequency resonant 

peak occurs at 7.54 GHz with main lobe magnitude is 11.6 dBi with the direction is at 00
 and 3 

dB angular width 50.50 while sidelobe level is -25.3 dB. For MMA loaded Patch array the 

operating frequency resonant peak occurs at 7.57 GHz with main lobe magnitude is 11.7 dBi 

with the direction is at 00
 and 3 dB angular width 50.20 while sidelobe level is -25.4 dB as 

shown in Figure 5.19(b). 

A comparison of voltage standing wave ratio (VSWR), impedance (Z11) and radiation 

efficiency (η) has been made between the conventional antenna array and MMA loaded antenna 

array as depicted in Figure 5.20. The simulated value of VSWR for reference patch array 

operating at 7.54 GHz resonance frequency is 1.27, whilst for MMA loaded Patch array 

operating at 7.57 GHz resonance frequency is 1.30, which is within the acceptable range from 

1.0 to 2.0 as depicted in Figure 5.20(a). 

The simulated value of Z11 for reference patch array operating at 7.54 GHz resonance 

frequency is 52.59 Ω, whilst for MMA loaded Patch array operating at 7.57 GHz resonance 

frequency is 52.89 Ω, which is approximately matched to 50 Ω resistances as depicted in 

Figure 5.20(b). 
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                                      (a)                               (b) 

 

 

                                                                         (c) 

Figure 5.20   Comparisons of simulated results for (a) VSWR (b) Z11, and (c) η of the 

referenced and proposed MMA loaded patch array. 

Table 5.6   Comparisons of antennas performances. 

Structure/Performance Parameters Referenced Antenna Proposed Antenna 

Frequency (f) 7.54 GHz 7.57 GHz 

Return Loss (S11) -24.52 -21.64 

Bandwidth (-10 dB) 274 MHz 

 (3.63 %) 

278 MHz 

 (3.67 %) 

Directivity 11.6 dBi 11.7 dBi 

Gain Value 9.22 dB 9.39 dB 

Radiation Efficiency (η) 79.48 80.26 

VSWR 1.27 1.30 

Impedance (Z11) 52.59 52.89 
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Similarly, a simulation analysis is made to find out the efficiency of antenna and it has been 

found that for reference patch array operating at 7.54 GHz the radiation efficiency comes out 

to be 79.48 %, whereas for MMA loaded Patch array operating at 7.57 GHz a slight rise in 

radiation efficiency is found and equal to 80.26 % as shown in Figure 5.20(c).  

Thus, the MMA loaded antenna not only enhances the stealth capabilities of the antenna 

array but antenna radiation performance including gain, directivity, bandwidth, and radiation 

efficiency are found to increase marginally. Complete comparisons of the entire antenna 

performances have been given in Table 5.6, that signify the relevance and importance of this 

proposed antenna array design. 

5.3.3. Monostatic RCS Reduction Analyses for Patch Antennas Array  

As compared to conventional antenna geometry, Monostatic RCS of the MMA loaded patch 

antenna array is almost polarization independent. Monostatic RCS of the conventional array 

and MMA loaded array for x-p and y-p incidence wave have been shown in Figure 5.21(a) and 

Figure 5.21(b), respectively with its measured values. A table has been also drawn for the 

purpose of comparison and is depicted in Table 5.7. From the figure, it has been found that the 

value for Monostatic RCS reduced throughout observation band after loading it with MMA unit 

cells. However, at 10 GHz resonant frequency, the significant peak reduction in Monostatic 

RCS for MMA loaded antenna array is -20.41 dBsm for x-p and -20.25 dBsm for y-p incidence 

wave. 

 

 
(a)                           (b) 

Figure 5.21   Comparisons of Monostatic RCS for normal incidence (a) x-polarized incidence 

wave and (b) y-polarized incidence wave. 
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Table 5.7   Comparisons of Monostatic RCS for antenna array. 

Structure / 

Frequency (GHz) 

Referenced Antenna(dBsm) Modified Antenna(dBsm) 

x-p y-p x-p y-p 

6 -15.47 -15.33 -15.46 -15.35 

6.5 -15.28 -15.04 -15.35 -15.14 

7 -15.49 -15.25 -15.67 -15.23 

7.5 -18.24 -22.62 -18.80 -25.22 

8 -13.50 -12.40 -13.88 -12.52 

8.5 -11.78 -11.37 -11.97 -11.47 

9 -11.12 -10.93 -11.42 -11.16 

9.5 -10.73 -10.60 -11.43 -11.28 

10 -10.40 -10.32 -20.41 -20.25 

10.5 -10.05 -10.02 -10.51 -10.46 

11 -9.74 -9.70 -9.82 -9.79 

11.5 -9.39 -9.37 -9.44 -9.44 

12 -8.95 -8.95 -9.03 -9.03 

 

A total reduction for Monostatic RCS is up to 10 dBsm for x-p and 9.93 dBsm for y-p 

incidence wave as compared with the referenced antenna. For conventional antenna array, the 

measured Monostatic RCS peaks are observed at -10.41 dBsm for x-p and -10.24 dBsm for y-p. 

Although for MMA loaded antenna, the measured Monostatic RCS peaks are observed at -16.12 

dBsm for x-p and -16.32 dBsm for y-p. Minor deviations in simulated and measured results are 

recorded because of fabrication, handling, and testing of structure that can be ignored. Hence, 

the measured RCS values for antenna array are in good agreements with the simulation results. 

 

5.3.4. Bistatic RCS Reduction Analyses for Patch Antennas Array  

A simulation analysis of conventional array antenna and MMA loaded array antenna have 

been also made for Bistatic RCS and depicted in Figure 5.22. For horizontal polarization at ϕ = 

00, the Bistatic RCS of the referenced antenna array and proposed antenna array have been 

simulated and analyzed at 10 GHz. The Bistatic RCS of the MMA loaded antenna array reduced 

throughout the angle theta (θ) with a significant reduction in between -1100 to 960. The 

maximum reduction between the referenced antenna array and MMA loaded antenna array 

observed of 11.75 dBsm at -320 and 22.08 dBsm at 320 respectively as shown in Figure 5.22(a).  

At ϕ = 900, the Bistatic RCS of the MMA loaded antenna array reduced significantly for 

angle θ  in between -1540 to 1540. The maximum reduction between the referenced antenna  
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 (a)                             (b) 

Figure 5.22   Comparisons of Bistatic RCS of the referenced array and proposed MMA antenna 

array for (a) horizontal and (b) vertical polarization at 10 GHz. 

array and MMA loaded antenna array observed of 7.13 dBsm at -480 and 7.13 dBsm at 480, 

respectively. 

For vertical polarization at ϕ = 00, the Bistatic RCS of the referenced antenna array and 

proposed antenna array have been simulated and analyzed at 10 GHz. The Bistatic RCS of the 

MMA loaded antenna array reduced throughout the angle θ with a significant reduction in 

between -1570 to 1570. The maximum reduction between the referenced antenna array and 

MMA loaded antenna array observed of 7.94 dBsm at -480 and 8.23 dBsm at 480, respectively 

as shown in Fig. 9(b).  At ϕ = 900, the Bistatic RCS of the MMA loaded antenna array reduced 

significantly for angle θ in between -330 to 330. The maximum reduction between the 

referenced antenna array and MMA loaded antenna array observed of 16.51 dBsm at -320 and 

16.51 dBsm at 320, respectively as shown in Figure 5.22(b). 

5.4. Chapter Summary 

 In this chapter, a single-band low RCS rectangular patch antenna is presented, analyzed 

and is based on shorted stubs with rectangular bars MMA in Section 5.1.  The reflection 

coefficient (S11) and the radiation pattern of the modified antenna are also studied and it almost 

has a negligible effect on antenna performance. The co-polarization and cross-polarization 

patterns with respect to E-Plane and H-Plane of the proposed structure have been also 

analyzed. Effective isolation of 82.5 dBi and 24.65 dBi are observed for both planes and that 

indicated the suppression of cross-polar radiations. Further, Comparisons are made between 

the proposed antenna and the previously reported antennas that clearly justify the novelty of 

the proposed model. The results suggest that loading of shorted stubs MMA absorber plays an 
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important role and modified the antenna properties along with efficiently enhance the RCS 

capabilities of the rectangular patch antenna. The result shows a maximum Monostatic RCS 

reduction of 21.22 dBsm achieved for the proposed structure operation at X-band. This MMA 

absorber structure finds its various applications in military and defense area for the 

enhancement of RCS capabilities in the antenna. 

In Section 5.2, comparative design analyses of MMA loaded patch antenna have been 

proposed. Analyses have been also made to study the effect of MMA on patch antenna before 

and after loading it. The results indicate that the radiation performance of the patch antenna has 

been affected marginally. Design 1 shows unsatisfactory directivity and gains response.  

Whereas for Design 2 and Design 3, directivity is enhanced with gain is affected slightly. A 

single patch antenna design has some limitations and suffers from low radiation performance 

such as narrow bandwidth, lower directivity, gain, radiation efficiency and less power handling 

capability. So it cannot be suitable for long-distance communication, especially in military 

applications. One of the vital solutions is to combine a number of antennas to form a patch 

array. It has been found that its overall radiation performance enhances and this is covered in 

Section 5.3.  

In Section 5.3, we have proposed a shorted stubs metamaterial absorber operating at 

10 GHz of the resonant frequency in X-band. A comparison has been made between reference 

antenna array and MMA modified antenna array. It has been found that when MMAs are loaded 

in a rectangular 2 × 2 patch antenna array, it significantly reduces the RCS of the structure 

throughout the observation band. Henceforth increase the stealth capability of the structure.  

However, maximum resonance peak reduction is observed in 10 GHz at which MMA has 

been designed. The Monostatic and Bistatic RCS analysis have been made for x-p as well as 

for y-p of incidence wave. The overall radiation performance of antenna array with and without 

MMA remains preserved and unaffected. Even though, the gain, directivity, bandwidth and 

radiation efficiency found marginally increased. Because of the limitation on size and some 

very common errors during the fabrication process, then measurement precision, a slight 

variation in measured results observed with respect to simulated one.  

These structures find its applications in stealth technology for military planes, space 

aircraft, missiles, ships, and other sensitive vehicles for long distance wireless communication 

and meant for lower detectable objects. 
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Chapter-6 

RCS Reduction of Patch Antenna using Dual-Band 

Shorted Stubs MMA  

 

In this chapter, we are proposing a dual-band slotted patch antenna with thin dielectric for 

Ku-band applications. A rectangular patch with a pair of bent slots at each side of the center 

has been designed that resonant at 11.95 GHz and 14.25 GHz with respect to ITU standard. For 

the perspective of In-band RCS reduction application, a dual resonance ultrathin shorted stubs 

MMA has been designed that operates at same frequency bands. Its behavior at an oblique angle 

of incidence and polarization sensitivity has been analyzed. The radiation performances of 

dual-band slotted patch antenna for S11, -10 dB bandwidth, VSWR, and Z11 along with 

co polarization and cross polarization polar plots patterns for directivity and gain have been 

analyzed and observed. The Monostatic and Bistatic RCS response have been examined 

carefully and methodically for the referenced and proposed antennas. Finally, comparison of 

results with previously proposed dual-band antennas has been made to validate and justify the 

novelty of this proposed structure.   

6.1. Introduction 

In order to meet the miniaturization and compactness requirements of portable 

communication systems, the planar patch antenna design is a focused area [153, 157, 166, 181, 

182]. For radar and satellite applications in Ku-band, these reduced-size planar patch antennas 

have needed to replace the huge-sized dish antenna [183-186]. It has been found that the RCS 

of dish antenna with an approximate size of 1 meter in 12 GHz is large enough, comparable to 

flat plate area and equivalent to antenna capture area [187]. Moreover, a fire control radar 

system is designed to emit a narrow and intense beam of radio waves to accurately track as 

well as lock the target, in order to minimize the chances of getting lost. So an operational dish 

antenna would provide a very stable, nonfluctuating RCS and thus vulnerable to attack. 

Therefore, it is worthwhile and imperative to reduce the size of the antenna as well as make it 

less severe to incoming radar.  

Various researchers have been made to reduce the RCS of a planar patch antenna in S, C 

and X-band [171, 174, 175, 188, 189]. However, little attention has been given to Ku-band, 

which is reserved for fixed and direct broadcast satellite communication. An antenna designed 
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at Ku-band must be compact, cost-effective and offer better reliability. Whereas the 

conventional satellite antenna operating at S, C and X-band should require large dimension as 

the wavelength increases. Although, Ku-band suffers from rain fade and snow fade problems 

but can be mitigated by allocating appropriate link budget.  

A higher power might overcome the losses because of rain fade and snow fade. Meanwhile, 

its uplink and downlink power can be increased to avoid interference in terrestrial terrains. If 

the antenna shall be able to transmit and receive, it should be able to operate on downlink 

frequencies according to ITU standard band (11.7 to 12.2 GHz), and for uplink frequency (14 

to 14.5 GHz).  

Therefore, it is required to design a dual-band antenna that could operate within these 

bands. In previous chapter 4, authors had designed “Dual resonance shorted stub circular rings 

metamaterial absorber” operating at 17 GHz and 18 GHz with absorbance peak response of 

99.99% and 99.83%, respectively. Parametric analyses had been made to investigate the effect 

of variation of circular ring radius, shorted stubs length and rectangular bar length upon the 

resonance frequency. The effects at an oblique angle of incidence and polarization sensitivity 

were considered for both TE and TM modes till 700. The simulated surface current distribution 

of the structure had been also observed.  

Compare to previous existing work, this proposed MMA structure has been modified to 

operate at 11.95 GHz and 14.25 GHz at Ku-band with respect to ITU standard. In this research 

work, the effects at an oblique angle of incidence (θ) and polarization sensitivity (ϕ) are 

considered only for TE mode. Intending to reduce in-band RCS of the patch antenna, a dual 

band slotted patch antenna is being designed to operate at the same resonance frequency. Its 

radiation performances that include S11, -10 dB Bandwidth, voltage standing wave ratio 

(VSWR) and Impedance (Z11) have been determined. Comparative analyses between referenced 

and proposed antennas have been made for directivity and gain of E-plane and H-plane.  Its 

polar plots have been drawn, in accordance with co polarization and cross polarization patterns.   

The In-band Monostatic and Bistatic RCS reduction of MMA has been achieved through 

loading it with dual-band shorted stubs metamaterial absorber on the top of the substrate. 

Finally, comparisons of results have been made with previously proposed structures. This 

indicates and clearly validates the performance of the proposed structure.  
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6.2. Dual Resonance Shorted Stubs Metamaterial Absorber Design 

In this section, a dual resonance shorted stubs metamaterial absorber operating in Ku-band 

has been designed, simulated, analyzed and optimized. As shown in Figure 6.1, a unit cell of 

the MMA is composed of four circular rings and each circular ring has been modeled with 

shorted stubs and rectangular bars and centered at 11.95 GHz and 14.25 GHz resonant 

frequencies. The circular ring diameter has been adjusted to shift the complete frequency band, 

while the addition of shorted stubs and rectangular bars on the circular ring structure offers 

flexibility to adjust and tune the dual resonant frequency peaks [142]. Parameters of the 

proposed dual resonance MMA has been depicted in Table 6.1. 

In Figure 6.2(a), the frequency response curves for dual resonance shorted stubs MMA 

between absorbance A(ω), reflectance R(ω) and transmittance T(ω) have been depicted with 

absorbance peaks of 99.89 % appeared at 11.95 GHz and 98.16 % appeared at 14.25 GHz 

respectively. In Figure 6.2(b), the simulated values for scattering coefficient (S11) are -29.88 

dB at 11.95 GHz and -17.36 dB at 14.25 GHz respectively. However, the measured values for 

S11 are -10.92 dB at 11.98 GHz and -10.96 dB at 14.26 GHz that are well above -10 dB, 

respectively.  

Figure 6.2(c) shows the variation of resonant frequencies with an oblique angle of incidence 

(θ). For downlink frequency, the absorbance value remains above 94.89 % for θ 

 

 
Figure 6.1   Dual-band circular rings with shorted stub metamaterial absorber. 
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Table 6.1   Parameters of proposed MMA. 
Description Parameters Dimensions (mm) 

Periodicity of Substrate S 9.25 

Height of substrate h 0.4 

Inner Radius Rin 1.77 

Outer Radius Rout 1.97 

The width of the ring w 0.2 

Stub Length a 0.075 

Thickness of metal t 0.035 

Bar Length b 1.63 

 

 
           (a)                   (b) 

 

 
           (c)                    (d) 

 

Figure 6.2.   Frequency response curves for (a) A(ω), R(ω) and T(ω), (b) S11 simulated and 

measured results (c) oblique angle of incidence (θ), and (d) polarization sensitivity (ϕ) for TE 

modes of dual resonance shorted stubs MMA. 
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varies from 00 to 400. The resonant frequency starts varying at 600 with absorbance approaches 

to 79.30 % with frequency peak resonant at 12 GHz. For uplink frequency, the absorbance 

value remains above 93.81 % for θ varies from 00 to 400. At 600, the absorbance approaches to 

81.45 % at the same resonant frequency. 

 A polarization sensitivity (ϕ) analysis has been also made to observe the behavior of MMA 

structure. For downlink frequency, the absorbance peaks remain above 97.70 % for ϕ varies 00 

to 900. However, the resonant peak marginally shifted to 12.05 GHz at 900. For uplink 

frequency, the absorbance peaks remain above 58.87 % for ϕ varies of 00 to 900. However, the 

resonant peak shifted to 14.62 GHz at 900 with the absorbance of 94.46 %. This MMA absorber 

structure possesses circular symmetry, so TM mode analysis for θ and ϕ has not been 

considered in this research work. 

6.3. Dual-band Slotted Patch Antenna Design 

As the antenna is one of the crucial, integral and important parts of any communication 

system, significant research has been followed out to identify a low-profile planar dual-band 

antenna for wireless and satellite communication operating at Ku-band [190, 191]. A dual-band 

antenna is used in applications where transmission and reception should be done using the same 

antenna and thus provides an alternative to broadband antennas. To brace the increasing 

requirement of a sophisticated wireless communication system, numerous dual-band patch 

antennas have been proposed, those are competent of desegregation for more than one 

communication system into a single scheme [192-195]. 

Patch antennas are popularly used owing to its attractiveness in term simplicity, low profile, 

cost-effective, simple fabrication, linearly polarized, conformal and adaptability with other 

components of wireless communication. However, it comes at the cost of narrow bandwidth, 

lower gain, and increased cross-polarization effect [196, 197]. Making these considerations, 

authors have proposed a dual-band slotted patch antenna design operating at 11.95 GHz and 

14.25 GHz resonant frequencies. The design of dual-band slotted patch antenna has been 

shown in Figure 6.3. 

The whole radiating element of the proposed dual-band rectangular patch antenna is 

centered on the top of a copper ground plane of 27.75 mm × 27.75 mm. The patch has a side 

length of 5.46 mm and width of 4.44 mm, which is directly printed on an ultrathin flame 
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      (a)                                                                (b) 

Figure 6.3   Dual-band slotted patch antenna (a) front view and (b) coaxial-feed position. 

retardant FR-4 substrate material of thickness 0.4 mm with relative permittivity 4.3 and tangent 

loss 0.025 to reduce the cost.  

A pair of bent slots of length (ls) and width (Ws) is cut in the center of the patch, with a 

small spacing (Ss) between the two bent slots. The descriptions of the remaining antenna 

parameters have been tabulated in Table 6.2.  In this work, a simple coaxial probe feeding has 

been employed owing to ease of impedance matching with low spurious radiation.  The feed 

dimensions are optimized to achieve an impedance of 50 Ω.  

Dual-band behavior is obtained by modifying the natural modes of a rectangular radiating 

patch through coupled-slot technique with suitable feed placement. This coupled-slot technique 

can reduce the radiating element size up to about 32% [198]. The dual-band 

Table 6.2   Parameter descriptions of the antenna. 
Description Dimensions (mm) Parameters 

SP 27.75 Periodicity of Structure 

h 0.4 Thickness of substrate 

l 5.46 Length of Patch 

w 4.44 Width of Patch 

lS 2.08  Slot Length 

WS 0.17 Slot Width 

SS 0.23 Slot Spacing 

t 0.035 Thickness of metal 

Pos_x 0.8 Pin_inset_x 

Pos_y 1 Pin_inset_y 
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behavior is obtained by reactively loading the patch antenna with bent slots [199].  This patch 

antenna design is linearly polarized.  

The slotted structure behavior can be interpreted as that associated with two modes that 

arise from the perturbation of the TM01 and TM10 modes. A conventional rectangular patch 

without slots has the feed position corresponds to 50 Ω matching impedance situated along the 

line of the center of the patch width (point A) as shown in Figure 6.3(b). This mode of operation 

is the TM01 mode. By placing the feed along the line of the center of the patch length TM10 

mode is achieved (point B).  

After combining these points into a single feed position, both modes of operation can be 

achieved (point C). The frequency ratio between the upper and lower frequencies is mainly 

controlled by the aspect ratio of the patch whereas operating band frequency can be tuned by 

varying the slot length. All parameters are adjusted and optimized to obtain sharp dual-band 

peaks at 11.95 GHz and 14.25 GHz, respectively. 

To analyze the future prospect and potential of dual-band MMA structure in enhancing the 

stealth capability of the referenced patch antenna, the radiating patch is designed with and  

 

         
       (a)                              (b) 

Figure 6.4   Dual-band slotted patch antenna (a) referenced and (b) proposed antennas. 
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                   (a)                          (b) 

 

Figure 6.5.   Fabricated slotted patch antenna (a) referenced and (b) proposed Antennas. 

without MMA by loading it with 3 × 3 MMA unit cells as depicted in Figure 6.4. The center 

MMA unit cell is cutout and etched by radiating patch as shown in Figure 6.4(b). The referenced 

antenna as well as MMA loaded antenna has been simulated, fabricated and measured as shown 

in Figure 6.5. The radiation performance of referenced antenna and MMA loaded patch antenna 

has been compared and analyzed as depicted in Figure 6.6. This chapter gives the augmentation 

published in [200]. 

It has been found that the value of scattering coefficient (S11) for the referenced antenna 

has been obtained for the lower resonant frequency at 11.95 GHz with -27.78 dB, whereas 

upper resonant frequency peak appears at 14.25 GHz with -37.63 dB as shown in Figure 6.6(a). 

Although, after loading with dual-band MMA, its frequency response slightly affected and the 

lower resonant peak appears at 11.99 GHz with -24.90 dB, whereas the upper resonant peak 

appears at 14.28 GHz with -35.87 dB.  

The measured results of a slotted patch antenna with and without MMA have been also 

recorded. This justifies and indicates that the simulated and measured results are in good 

agreements. To further analyze the behavior of dual-band MMA on antenna radiation 

performances, an analysis of VSWR, Z11 and -10 dB bandwidth have been made. 
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          (a)                   (b) 

 
 (c) 

Figure 6.6   Radiation performance of Dual-band slotted patch antenna with and without MMA 

(a) S11 (b) VSWR, and (c) Z11. 

The results show that for reference antenna, the value for VSWR comes out 1.08 at 

11.95 GHz and 1.03 at 14.25 GHz as given in Figure 6.6(b). Whereas for MMA loaded antenna, 

the value of VSWR comes out 1.12 at 11.99 GHz and 1.03 at 14.28 GHz respectively. All values 

of VSWR remain within the acceptable range of 1 to 1.5. The values of Z11 for referenced 

antenna observed of 49.69 Ω at 11.95 GHz and 49.28 Ω at 14.25 GHz, respectively.  

While for MMA loaded antenna, its value slightly increased to 51.19 Ω at 11.99 GHz and 

51.17 Ω at 14.28 GHz respectively and shown in Figure 6.6(c). For the referenced antenna, the 

value of -10 dB bandwidth is 285 MHz at 11.95 GHz and 420 MHz at 14.25 GHz. Whereas for 

MMA loaded antenna, the value for -10 dB bandwidth is 275 MHz at 11.99 GHz and 420 MHz 

at 14.28 GHz, So, the bandwidth remains almost unaffected after loading the referenced 

antenna with MMA structure. Complete descriptions of radiation performance parameters have 

been given in Table 6.3. 
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Table 6.3   Comparisons of antenna radiation performances.  
Structure/Performance Parameters Referenced Antenna MMA Antenna 

Frequency (f0) GHz 11.95 14.25 11.99 14.28 

Reflection Coefficient (S11) dB -27.78 -37.63 -24.90 -35.87 

Bandwidth (-10 dB) MHz 285 420 275 420 

VSWR 1.08 1.03 1.12 1.03 

Impedance (Z11) Ω 49.69 49.28 51.19 51.17 

 

Comparative analyses of directivity have been made between the referenced and proposed 

antennas for E-plane and H-plane. Its co polarization (Cop) and cross polarization (Xp) polar 

plots have been depicted in Figure 6.7.  

For E- Plane, the referenced antenna main lobe magnitude is 7.19 dBi at 11.95 GHz with 

Xp isolation of 17.39 dB, while for the proposed antenna the main lobe magnitude is 7.54 dBi 

at 11.99 GHz with Xp isolation of 14.04 dB.  

For H-Plane, the referenced antenna main lobe magnitude is 7.2 dBi at 11.95 GHz and 

proposed antenna main lobe magnitude is 7.54 dBi at 11.99 GHz, respectively and shown in 

Figure 6.7(a). There are the isolation of 17.4 dB and 16.69 dB between co-polar and cross-

polar radiations for referenced and proposed antennas, respectively. 

 

 
        (a)               (b) 

Figure 6.7.   Comparisons of directivity between referenced and proposed antennas 

(a) 11.95 GHz and 11.99 GHz (b) 14.25 GHz and 14.28 GHz for E-Plane and H-Plane. 
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        (a)               (b) 

Figure 6.8   Comparisons of gain between referenced and proposed antennas (a) 11.95 GHz 

and 11.99 GHz (b) 14.25 GHz and 14.28 GHz for E-Plane and H-Plane. 

For E-Plane, the referenced antenna main lobe magnitude is 6.62 dBi at 14.25 GHz with 

Xp isolation of 16.41 dB and proposed antenna main lobe magnitude appears at 14.28 GHz 

is5.82 dBi with Xp isolation of 13.7 dB.  

For H-Plane, the referenced and proposed antennas main lobe magnitudes are 5.25 dBi at 

14.25 GHz and 6.1 dBi at 14.28 GHz, respectively and shown in Figure 6.7(b). There are the 

isolation of 13.32 dB and 14.79 dB between co-polar and cross-polar radiations for referenced 

and proposed antennas, respectively. The E-plane and H-plane radiation patterns indicate that 

desirable antenna directivity is attained with suppressed cross-polar radiations. 

Polar patterns for gain analysis of E-plane and H-plane have been given between referenced 

and proposed antennas in Figure 6.8. All results have been tabulated in Table 6.4. These 

outcomes conclude that after loading exiting source with MMA its directivity enhanced whereas 

gain value affected marginally. 

Table 6.4   Comparisons of directivity and gain. 
Structure Frequency (GHz) Phi Directivity Gain 

Referenced 

Antenna 

11.95 00 7.19 3.18 

900 7.2 3.18 

MMA Antenna 11.99 00 7.54 2.48 

900 7.54 2.48 

Referenced 

Antenna 

14.25 00 6.62 3.8 

900 5.25 2.43 

MMA Antenna 14.28 00 5.82 2.05 

900 6.1 2.33 
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6.4. RCS Reduction of Dual-band Slotted Patch Antenna using MMA 

A comparison of Monostatic RCS between referenced and proposed antenna has been given 

with its measured outcome in Figure 6.9. It has been observed that the RCS of proposed antenna 

almost remains polarization independent. The Monostatic RCS reduces throughout the 

analyzed frequency band between 10 GHz to 16 GHz after loading it with MMA and tabulated 

in Table 6.5. For x-polarization at 11.95 GHz, the value for Monostatic RCS for the referenced 

antenna is -20.03 dBsm and after loading it with MMA, its RCS peak appears at 11.99 GHz 

with -44.12 dBsm as depicted in Figure 6.9(a). So a reduction of 24.09 dBsm has been 

achieved. At 14.25 GHz, the value of Monostatic RCS for referenced and proposed antennas 

are -17.90 dBsm whereas it reduces to -25.76 dBsm at 14.28 GHz respectively. So a reduction 

of 7.86 dBsm has been achieved. The measured Monostatic RCS outcome of proposed antenna 

appeared at 11.9 GHz and 14.2 GHz with -34.55 dBsm and -25.88 dBsm, respectively. 

This indicates that simulated and measured outcomes are within acceptable range and in 

good agreement. For y-polarization, the value of Monostatic RCS for referenced and proposed 

antennas are -21.13 dBsm and -30.04 dBsm at 11.95 GHz and 11.99 GHz, respectively as 

depicted in Figure 6.9(b). 

Table 6.5   Comparisons of Monostatic RCS.   
Frequency 

(GHz) 

Referenced Antenna/MMA antenna 

x-polarization (dBsm) y-polarization (dBsm) 

10 -20.67 -20.78 -20.67 -20.77 

10.5 -20.54 -20.66 -20.61 -20.71 

11 -20.35 -20.60 -20.54 -20.84 

11.5 -20.18 -21.01 -20.78 -21.79 

11.95/11.99 -20.03 -44.12 -21.13 -30.04 

12 -20.01 -41.14 -21.03 -29.17 

12.5 -19.77 -19.92 -19.69 -20.11 

13 -19.41 -19.41 -19.01 -19.33 

13.5 -18.98 -19.10 -18.38 -19.21 

14 -18.41 -19.94 -17.70 -26.74 

14.25/14.28 -17.9 -25.76 -17.31 -19.76 

14.5 -17.44 -20.67 -17.06 -18.08 

15 -16.55 -16.92 -16.46 -16.85 
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            (a)                              (b) 

Figure 6.9   Comparisons of Monostatic RCS of referenced and MMA loaded antennas 

(a) x-polarization and (b) y-polarization. 

So a reduction of 8.91 dBsm has been achieved. The value of Monostatic RCS for 

referenced and proposed antennas are -17.31 dBsm and -19.76 dBsm at 14.25 GHz and 

14.28 GHz respectively. So a reduction of 2.45 dBsm has been achieved. Because of 

polarization, the value of Monostatic RCS peaks shifted to 11.93 GHz and 14.03 GHz with the 

value of -34.96 dBsm and -27.21 dBsm, respectively for the proposed antenna. 

A simulation analysis for Bistatic RCS between referenced and proposed antenna has been 

made for horizontal polarization as depicted in Figure 6.10. At lower frequency band, the  

           
                                (a)                                                                             (b) 

Figure 6.10   Comparisons of Bistatic RCS of referenced and proposed antennas (a) 11.95 GHz 

and 11.99 GHz (b) 14.25 GHz and 14.28 GHz for horizontal-polarization. 
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                                  (a)                                                                            (b) 

Figure 6.11   Comparison of Bistatic RCS of referenced and proposed antennas at 

(a) 11.95 GHz and 11.99 GHz (b) 14.25 GHz and 14.28 GHz for vertical-polarization. 

proposed antenna Bistatic RCS reduced between -870 to 860 for theta (θ). Although, the 

maximum difference between referenced and proposed antenna is observed of 2.92 dBsm at 

560 and 2.76 dBsm at -570, respectively. At ϕ = 900, the Bistatic RCS of the MMA loaded 

antenna reduced significantly between -1510 to 1490.  

However, the maximum difference between referenced and proposed antenna is observed 

of 6.91 dBsm at 610 and 7.54 dBsm at -590 respectively and shown in Figure 6.10(a). For the 

upper-frequency band, the proposed antenna Bistatic RCS reduced between -1440 to 850 for 

theta (θ). Although, the maximum difference between referenced and proposed antenna is 

observed of 8.39 dBsm at 320 and 7.81 dBsm at -320, respectively. At ϕ = 900, the Bistatic RCS 

of the MMA loaded antenna reduced significantly between -1800 to 1070. However, the 

maximum difference between referenced and the proposed antenna is observed of 7.14 dBsm 

at 510 and 11.22 dBsm at-530, respectively as shown in Figure 6.10(b).  

A simulation analysis for vertical polarization has been made as shown in Figure 6.11. At 

lower frequency band, the proposed antenna Bistatic RCS reduced between -940 to 910 for theta 

(θ). Although, the maximum difference between referenced and proposed antenna is observed 

of 1.08 dBsm at 530 and 1.01 dBsm at -530, respectively. At ϕ = 90o, the Bistatic RCS of the 

MMA loaded antenna reduced significantly between -1450 to 1430. However, the maximum 

difference peak occurred between the referenced and proposed antennas are of 14.16 dBsm at 

900 and 17.36 dBsm at -920, respectively and shown in Figure 6.11(a). For the upper-frequency 

band, the proposed antenna Bistatic RCS reduced between -990 to 960 for theta (θ). Although, 

the maximum difference between referenced and proposed antenna is observed of 1.91 dBsm 
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at 450 and 1.41 dBsm at -440, respectively. At ϕ = 900, the Bistatic RCS of the MMA loaded 

antenna reduced between -830 to 800. The maximum difference between referenced and 

proposed antenna is observed of 1.64 dBsm at 560 and 1.86 dBsm at -570, respectively and 

shown in Figure 6.11(b). 

6.5. Comparison of Results with Previously Reported Structures 

To validate and justify the novelty of proposed structure, a comparison has been made with 

previously reported dual-band MMA structures designed for RCS reduction and tabulated in 

Table 6.6. For the purpose of balanced comparison, all structure dimensions and thickness have 

been measured with respect to center frequency (f0). It has been found that the dimension of the 

proposed structure is λ0/0.83 in term of a wavelength that is smaller than [153], [156] and [157]. 

The structure [156] has largest dimensions that would probably result in poor RCS 

performance. The dielectric substrate plays an important role in determining the absorbance of 

the dual-band MMA structure. For almost unity absorbance, it is being kept as small as possible 

and equal to 0.40 mm; hence upkeeps its promise for an ultra-thin MMA structure. Moreover, 

to make dual-band slotted patch antenna compatible with MMA, the overall thickness of the 

proposed antenna design has been also kept same for its low profile and ease of fabrication 

process. 

Table 6.6   Comparisons with previously proposed structures. 
Low RCS 

Patch 

Antenna 

References Dimensions 

(mm) 

Thickness 

(mm) 

Absorbance 

Peaks (GHz) 

Polarization Maximum RCS 

Reduction 

Shater 

and Zarifi  

[153] 52.5×52.5 

(λ0/0.59) 

0.8 

 (λ0/38.86) 

8.4  and 10.9 Till 600 20 dBsm at 8.5 

GHz  and 10 

dBsm at 11.2 

GHz 

Miao et al  [156] 130×130 

(λ0/0.31) 

1.575 

 (λ0/25.71) 

5.8 and 9 Not 

performed 

8 dBsm at 

5.8GHz 

and 7 dBsm at 

9GHz 

Zhang et al  [157] 109×109 

(λ0/0.51) 

1 

 (λ0/55.7 ) 

4.29  and 6.49 Till 600 8.59 dBsm at 

4.29 GHz and 9.9 

dBsm at 

6.49 GHz 

Our Work  [200] 27.75× 

27.75 

(λ0/0.83) 

0.4  

(λ0/57.25) 

11.95  and 

14.25 (ITU) 

Yes 24.09  dBsm at 

11.99 GHz and 

7.86 dBsm at 

14.28 GHz 
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It has been observed that the thickness of the proposed structure [200] is λ0/57.25 that is 

improved over [153], [156] and [157]. The structure [166] offers the largest thickness among 

remaining structures. Structures [157] and [153] offer polarization sensitivity response up to 

600, while it is not considered in [156]. The maximum RCS reduction has been claimed better 

by structure [153] for the second resonant peak only compare to our proposed model, while 

remained structures offer poor in-band RCS response compare to the proposed structure. 

Hence, the proposed structure not only preserves and maintains the antenna radiation 

performance but also offer an alternative for dual-band RCS reduction of the slotted patch 

antenna.   

6.6. Chapter Summary 

In this chapter, we have proposed an ultrathin dual-band slotted patch antenna loaded with 

MMA at 11.95 GHz and 14.25 GHz operating within Ku-band. Initially, we have analyzed the 

MMA behavior for oblique angle of incidence and polarization sensitivity and outcome shows 

that the structure remains highly polarization insensitive. Then a dual-band slotted patch 

antenna is designed and its radiation performance is optimized to investigate the in-band 

operation. The loading effect of MMA on antenna radiation performance has been also 

determined. Finally, Monostatic and Bistatic RCS for referenced and the proposed antenna has 

been evaluated.  

The results indicate that directivity of proposed antenna enhances with a marginal reduction 

in antenna gain, whereas values of VSWR, -10dB bandwidth and Z11 remains well within the 

acceptable range. The in-band Monostatic RCS of the proposed antenna has been reduced 

significantly with a maximum reduction of 24.09 dBsm achieved. The Bistatic RCS of the 

proposed antenna has been reduced effectively and also bring down out-band RCS of proposed 

antenna throughout the observation band between 10 GHz to 16 GHz. Because of the tuning 

nature of dual-band shorted stubs MMA throughout Ku-band, it can operate and adjust to other 

frequencies based on target applications. This structure may provide alternatives to large 

bandwidth where dual-band operation is required that involve lot of complexity in antenna 

design. Thus, the proposed antenna is suitable for applications in military and stealth platform 

for satellite and wireless communication.  
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Chapter-7 

Conclusions and Future Recommendations 

 

7.1. Conclusions 

In this thesis, we have demonstrated novel techniques to reduce the In-band Monostatic and 

Bistatic Radar Cross Section of patch antenna using metamaterial absorbers. For this purpose, 

we have designed single-band, dual-band and triple-band MMA structures in the microwave 

regime, ranging from X-band, Ku-band and Ka-band of the electromagnetic spectrum. The 

analytical, simulation and experimentally tested performance of the newly proposed MMAs have 

been determined. Moreover, the analysis and simulation of the circular ring shorted stubs MMA 

structure also has been explored to achieve the better angular stability than that of various 

reported MMA structure are examined in detail. In order to demonstrate the practicality of the 

proposed modified MMA structures, we have experimentally measured the reflection coefficient 

(S11), radiation performances and Monostatic RCS for patch antenna and modified MMA loaded 

patch antenna at X-band and Ku-band, which provides the comparable frequency response as 

compared to that of the simulated response. 

In chapter 1, we have explored the background, introduction and the problem of the statement 

of the metamaterial structure. This section also discussed the objectives, scope of the study, 

motivation, research questions, and contribution of the thesis in detail.  

Knowledge of the previous studies on the metamaterial structure design is much essential 

and desired before any improvement and progress could be made, so this has given in the 

literature review section in chapter 2. The classifications and types of metamaterial structures 

are discussed. We have studied and analyzed the behavior of FSS, EBG, DGS, and MMA. For 

this purpose, a 3-D CSFSS structure has been analyzed and its parametric analyses are made to 

achieve stopband and passband behavior along with its response to the oblique angle of 

incidence and polarization sensitivity have been considered extensively. After this, attention 

has been paid to EBG structure and a hybrid microstrip antenna consisted of EBG and DGS has 

been analyzed. Its behaviors with respect to antenna radiation performances are analyzed in the 

end. Finally, a triple band regular decagon shaped MMA for an X-Band application has been 

designed. Its behavior for simulation, normalized input impedance, and surface current 

distribution have analyzed to understand the absorption mechanism.  
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In chapter 3, a novel design of a passive tuned MMA unit cell structure consisted of a 

circular ring modeled with stubs and rectangular bars extending from Ku-band to X-band has 

studied. The lowest resonant frequency peak obtained at 7.77 GHz with absorbance peak 

response of 90.33 %, while the highest resonant frequency peak obtained at 15.46 GHz with 

absorbance peak response of 99.97 %. The electromagnetic simulations result shows that the 

length of the rectangular bar and shorted stubs have a significant influence on determining the 

frequency characteristics of MMA and add an extra degree of freedom to the structure. The 

structure has been found highly polarization insensitive. The surface current distribution 

analysis shows that the current is circulated properly in the loop and then the simulated and 

measured results are compared at the end and the results are well matched and justified.  

In chapter 4, the idea of single-band passive tuned structure is extended to dual-band 

passive tuned with shorted stubs MMA. The design consists of four circular rings that obtained 

sharp dual band resonant peaks at 17 GHz and 18 GHz with absorbance peak response of 99.99 

% and 99.83 %, respectively. The corresponding full width at half maximum (FWHM) 

bandwidth at these resonant frequencies is 4.90 % and 5.07 %, respectively. A close separation 

distance between two resonant frequencies is obtained as close as 1 GHz compared to the other 

dual band and multiband circular ring which is 2 GHz or more. The behaviors of the structure 

for oblique angle of incidence with polarization sensitive have been observed and found highly 

polarization insensitive. Then, an analysis has been conducted for surface current distribution 

and normalized input impedance characteristics which show a good agreement with the 

simulated results. Finally, the MMA design has been fabricated and tested and the results are 

well matched with the simulated ones.  

In chapter 5, the single-band shorted stubs MMA structure that we had studied in chapter 3 

is used to reduce the In-band RCS of planar coaxial feed patch antenna operating at 10 GHz in 

X-band. The reflection coefficient (S11) and the radiation pattern of the modified antenna are 

also studied. The co-polarization and cross-polarization patterns with respect to E-Plane and 

H-Plane of the proposed structure have been also analyzed. Effective isolation of 82.5 dBi and 

24.65 dBi are observed for both planes and that indicated the suppression of cross-polar 

radiations.  

The result shows a maximum Monostatic RCS reduction of 21.22 dBsm achieved for the 

proposed structure operation at X-band. Again, comparative design analyses of MMA loaded 

patch antenna have been proposed. Analyses have been also made to study the effect of MMA 
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on patch antenna before and after loading it. The results indicate that the radiation performance 

of the patch antenna has been affected marginally. Design 1 shows unsatisfactory directivity 

and gains response, whereas for Design 2 and Design 3, directivity is enhanced with gain is 

affected slightly. Then, we analyzed the In-band RCS behavior for 2 × 2 patch array when it 

is loaded with MMA structure. It has been found that it significantly reduces the RCS of the 

structure throughout the observation band. Henceforth increase the stealth capability of the 

structure. This suggests that loading of shorted stubs MMA absorber plays an important role 

and modified the antenna properties along with efficiently enhance the RCS capabilities of the 

rectangular patch antenna. 

In chapter 6, the concept of chapter 4 is used to reduce the In-band RCS of an ultrathin 

dual-band slotted patch antenna operating at 11.95 GHz and 14.25 GHz within Ku-band. A 

passive tuned dual-band MMA is designed at the same frequency and its behavior for oblique 

angle of incidence and polarization sensitivity have observed. Then a dual-band slotted patch 

antenna is designed and its radiation performance is optimized to investigate the in-band 

operation. Finally, Monostatic and Bistatic RCS for referenced and the proposed antenna has 

been evaluated and shows a significant reduction in RCS. This structure may provide 

alternatives to large bandwidth where dual-band operation is required that involve lot of 

complexity in antenna design.  

7.2. Future Recommendations 

The frequency response of the proposed modified MMA structure is measured for the normal 

wave incidence only, which will be extended to study the effect of the angle of incidence and 

polarization states of the incidence wave in future. In addition to this, the design consideration, 

implementation, and analyses of the dual-band shorted stubs MMA structure for in-band RCS 

reduction of slotted patch antenna array in Ku-band has also been considered for the future 

perspective. Moreover, RCS behavior exploitation for the triple-band MMA implementation 

with regard to patch antenna in X-band (8 GHz, 10 GHz, and 12 GHz) will be considered in 

future communication. 

This structure finds its applications in the field of stealth technology for low RCS antenna 

design. Where antenna designers can find out the possibility of using the same antenna aperture 

for the multi-band frequency operation. Thus, it explores and offers feasibility to use the same 

structure and combine the different feed antennas onto the aperture of a single reflector antenna. 

Hence, instead of multiple antennas, a compact antenna system can be realized that cover less 
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space and so suitable for military planes, space aircraft, missiles, ships, and other sensitive 

vehicles. Consequently, the MMA may be used as a shield in a specific frequency band, whilst 

performing field transmission in another nearby band because of its tuning nature. 
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