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 ABSTRACT 

The available materials demonstrate only a small portion of Electromagnetic properties that 

are theoretically discussed and studied. Initially, J. C. Bose realised and emphasised the 

possibility of artificial material by arranging twisted structures such materials with ‘meta’ 

properties were given the term ‘Metamaterial’. The metamaterial are engineered materials 

which are developed artificially.  The artificially design metamaterial provides negative 

permeability and negative permittivity which result in found its usage in many engineering 

applications one of such application is metamaterial absorber. In 2004, researcher Smith and 

his team realised the significance of Metamaterial in various applications. Soon after, 

researcher Landy and his group provided the information about metamaterial based 

microwave absorber, the work mentioned was notified with special term ‘Prefect 

metamaterial absorber’. The work formed a base on which latter researchers and scientists 

experimentally demonstrated and applied Absorption principle in various reported work. 

When an electromagnetic wave is incident at the boundary interface of two regions then some 

part of the wave is reflected back in first region, some part gets transmitted in the second 

region and the remaining part gets absorbed provided no scattering and/or diffraction is 

occurred. The waves which get absorbed in the material if effective properties like 

permittivity and permeability are tailored to needs, resulting the absorption of the wave at a 

particular band. The optimization of physical parameters of metallic layer, thickness of 

dielectric substrate etc. led to coupling of Electric and magnetic fields to specific input 

impedance and this input impedance can further be matched to free space impedance for 

maximum absorption. This complete absorption of electromagnetic wave is realised by 

minimisation of reflection coefficient. This properties can be utilized for various strategic and 

important engineering applications. 

The need of low profile absorber in microwave frequency range results in motivation towards 

metamaterial absorbers for applications demanding isolation in engineering applications. The 

thesis work was cantered on the attainment of two objectives, the first being design, 

development, and characterization of the multiband and wideband absorber and the second 

one is the application part involving the designed absorber in attaining isolation for MIMO 

setup. The work completed in various stages is summarized as follows; 

a. The design of first structure in multiband category focusses on the attainment of 

multiband absorption with the design and development of a metasurface-based 
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microwave absorber having polarisation insensitivity, broad angle of incidence, low 

profile, and compactness in the microwave frequency range. 

b. The second structure focuses on the design of super compact polarization insensitive 

with wide angular stability, ultrathin triple-band metamaterial absorber. The unit cell 

comprising patches achieves almost perfect absorption (close to 100%) at C-, X-, and 

Ku-bands. 

c. The third structure is a wideband absorber designed and developed with the 

attainment of more than 99% absorption for ultra-wideband covering a bandwidth of 

8.23 GHz from 11.17 GHz to 19.40 GHz. The structure exhibits polarization 

insensitive behaviour with wide angular stability. 

d. The application part is completed with the incorporation of metasurface based 

absorber as an isolator. The mutual coupling of unwanted fields between MIMO 

antenna elements acts as a major deterrent to exploiting the optimum performance of 

the MIMO antenna. The work focus on the design and development of MIMO 

elements and then incorporation of metasurface-based isolator (acting as absorber) 

clearly with an intention to provide high order optimum isolation levels between two 

antenna elements. The work succeeded in incorporating a designed absorber in a 

practical designed MIMO setup with the attainment of good isolation results. 
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CHAPTER 1 INTRODUCTION 

1.1 Introduction to Metamaterial 

The term “meta” means beyond and therefore the word “Metamaterial (MM)” signifies 

artificial composite materials. While a lot of research going on tailoring the properties of 

material to achieve desired results. The artificial materials are designed to give a new colour 

to research domain. The effective permittivity εeff and   µeff   represent materials characteristics. 

The effective permittivity (εeff) and effective permeability (µeff) is the basis of classification 

[1]. 

The theoretical background metamaterial is linked to negative indexed refractive index and 

the base is linked to Maxwell’s equations of electromagnetism which act as a foundation for 

realising metamaterials. The four general Maxwell equations are [2], 

    ∇. 𝐸𝑠 = 0       (1.1) 

    ∇.𝐻𝑠 = 0      (1.2) 

     ∇ × 𝐸𝑠 = −jωμ𝐻𝑠          (1.3) 

    ∇ × 𝐻𝑠 = (σ + jωϵ)𝐸𝑠         (1.4) 

 
The application of curl on both sides of Eq. (1.3) will provide lossy dielectric electric field 

and we are to achieve Eq. (1.5) and (1.6); 

 ∇2𝐸𝑠 − 𝛾2𝐸𝑠 = 0          (1.5) 

                                           ∇2𝐻𝑠 − 𝛾2𝐻𝑠 = 0                                   (1.6) 

where,   𝛾 = √𝑗𝜔𝜇 + (𝜎 + 𝑗𝜔𝜖)  and is known as propagation constant for any material. The 

Eq. (1.5) and (1.6) are known as wave equation or Helmholtz equation and act as base 

equations for understanding the behaviour of any material. 

If z-axis is taken as axis of propagation and electric and magnetic field is travelling along x- 

and y-direction then we simplify earlier equations such that we are able to achieve; 

                         𝐸𝑠 = 𝐸𝑥𝑎𝑥       (1.7) 

On substitution of value of Es in Eq. (1.5), we are able to achieve; 

𝐸𝑥(𝑧) = 𝐸𝑜𝑒
𝛾𝑧 + 𝐸𝑜

′𝑒−𝛾𝑧        (1.8) 

The representation of electric field vector will be of the form; 

(E(z, t) =  𝑅𝑒𝑎𝑙(𝐸𝑥(𝑧)𝑎𝑥𝑒
𝑗𝜔𝑡)                      (1.9) 
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We know that γ =α+jβ thus substituting the above parameters in the equation we deduce that; 

                              𝐸(𝑧, 𝑡) =  𝐸𝑜𝑒
−𝛼𝑧𝑐𝑜𝑠(𝜔𝑡 − 𝑘𝑧)𝑎𝑧            (1.10) 

The similar interpretation can be achieved for magnetic field and is given by;  

                              𝐻(𝑧, 𝑡) =  𝐻𝑜𝑒
−𝛼𝑧𝑐𝑜𝑠(𝜔𝑡 − 𝑘𝑧)𝑎𝑦                     (1.11) 

The intrinsic medium impedance ‘η’ draws relationship governing electric and magnetic 

fields and can be interpreted as, 

                          𝜂 =
𝐸0

𝐻0
                                                                (1.12) 

If the medium is lossless then the value of σ ≈ 0 and electric field and magnetic field are in 

phase to each other with α = 0 and  𝑘 = 𝜔√𝜇𝜀 thus 

|𝜂| = √
𝜇

𝜀
                                                               (1.13) 

The, velocity of wave becomes, 

                          𝑣 =
1

√𝜇𝜀
                                                               (1.14) 

The material properties denoted permittivity (ε) and permeability (μ) will determine the 

movement of electric and magnetic line of force through a material and if direction of wave 

vector ‘k’ and Poynting vector ‘p’ are following same direction then movement of 

propagating wave with A as transmitter and B as receiver will obey right-hand rule and such 

materials are called as right handed materials (RHM). The materials for which constituents 

parameters ε and μ are such that the wave vector ‘k’ and Poynting vector ‘p’ are in opposite 

direction, the material will be interpreted as left-handed material (LHM) as shown in Fig. 1.1. 

The interpretation lies in the fact that constituent parameters ε and μ will decide propagation 

of wave and such materials are organized to form four broad divisions as shown in Fig. 1.2.  

p

k

B

A

A & B: Propagation vector

p: Poynting vector

k: Wave vector

 
(a) 
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Fig. 1.1: (a) Wave propagation in Right-handed material (RHM) and (b) Wave propagation 

in Left-handed material (LHM). 
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Fig. 1.2: Material classifications on quadrants [1]. 

Depending upon the signs of permittivity (ε) and permeability (µ) the classification of 

metamaterials is as follows [1]: 

1. Double positive (DPS) materials with ε > 0, and µ > 0 i.e. naturally existing dielectric 

materials lies in quadrant‒I. In such materials, the direction of Poynting vector and wave 

vector is same. However, such type of materials exhibit positive refractive index. All the 

quadrant‒I materials are also known as right-handed materials.  
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2. Epsilon negative (ENG) materials (ε ˂ 0, µ > 0) such as plasmas and metals at optical 

frequencies belong to quadrant‒II. The wave travels in evanescent mode in these 

materials. 

3. Double negative (DNG) materials (ε < 0, µ < 0) known as metamaterials lies in 

quadrant‒III. These materials are not available in nature. The Poynting vector direction 

is in anti-direction to that of wave vector. The materials are known as left-handed 

materials. However, the refractive index is negative in these materials. 

4. Mu-negative (MNG) materials (ε > 0, µ < 0) like ferromagnetic and gyrotropic materials 

belong to the quadrant-IV.   

The effective ε and µ of a material can be tailored to design an artificial structure for any 

specific application. The effective parameters of epsilon (εeff) and mu (µeff) of a material are 

expressed as [1]: 

      ε𝑒𝑓𝑓(ω)= ε'(𝜔) + 𝑗ε''(𝜔)              (1.15) 

     𝜇𝑒𝑓𝑓(ω) = 𝜇'(ω) + 𝑗𝜇''(ω)      (1.16) 

The ‘ε’ measures change in electric field within materials. The dielectric constant is defined 

by permittivity (real part) and the attenuation is understood by material (imaginary part). The 

electric loss tangent of a material is given as; 

      tan (𝛿𝑒) = ε''(𝜔)/ε'(𝜔)                                           (1.17) 

The loss tangent is important parameter to decide the practical relevance of material in 

applications. Further, the “µ” defines change in magnetic field within materials. The real part 

of permeability defines the energy stored in the magnetic field and imaginary part measures 

dissipation of energy in the material for the incident magnetic field. The magnetic loss 

tangent behaviour is given as: 

     tan (𝛿m) = μ''(ω)/μ'(ω)                                              (1.18) 

Therefore, by combining the structural elements of electric and magnetic response together in 

a unit cell, an artificial material with effective material properties can be designed. The 

electric and magnetic responses can also be generated by coupling between metamaterial 

elements. The unit cell is the basic building block of metamaterial. Its periodicity (p) is much 

less than the operating wavelength (λ). The periodic arrangement explanation of unit cell is 

made with the condition i.e. p ≤ λ⁄4 makes the structure effectively uniform along the 

direction of incident electromagnetic radiations. 
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1.1.1 Classification of Metamaterial 

The mathematical approach forms the basis to division of metamaterial into two major 

classes [3]. The first group includes double negative and single negative materials, whereas 

the second is the Photonic band-gap materials or photonic crystals that also named as 

photonic band gap materials. Linear size of constituents in double negative and single 

negative structures materials is much lesser than the wavelength of operation. Thus, such 

media generally form background to homogeneity and best understood through effective 

medium concept. The constituent elements in PBG-structures are maintained such that 

distance between them is equal to about half the wavelength or more. Therefore, 

homogeneous media approach is not considered in photonic crystals. They are interpreted 

through Bragg reflection, which does not have any implication in double negative and single 

negative structures, and periodic media approach. The classification of metamaterials is 

shown in Fig. 1.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.3: Metamaterial structures [3]. 
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1.1.1.1 Epsilon-negative (ENG) Metamaterial 

The matrix structure in square shape of long parallel thin metal wires(infinite approach) 

embedded in a dielectric medium, is taken in propagation of electromagnetic waves and such 

a structure is similar to propagation in plasma. The lattice of infinitely connected wires 

produce element as shown in Fig.1.4. The composite material permittivity is negative at 

frequency ω < ωp, where plasma frequency is denoted by ωp for  the structure in relation to 

radius and placement period of wires, so decision on selection of structure plasma frequency 

is calculated by designer. The effective permittivity can be described as; 

              𝜀𝑒𝑓𝑓 = 1 − ((𝜔𝑝
2)/𝜔(𝜔 − [𝑖(𝜔𝑝

2𝛼2𝜀)𝜎𝜋𝑟2])            (1.19) 

2rw

a

 

Fig. 1.4: Triple wire isotropic structure [4]. 

1.1.1.2 Mu-negative (MNG) Metamaterial 

The split-ring resonator (SRR) is widely-used MNG-structure is [4-5]. The geometry of split 

ring resonator can be taken in the shape of circular and square. These resonant structure with 

high-conductivity are such that, in which inductance is balanced by capacitance between the 

two rings. The secondary magnetic field is produced by current induced by magnetic field 

(time varying) applied perpendicular to the rings surface. The resonant property of structure 

will decide, that it will either oppose or enhance the incident field, thereby deducing positive 

or negative µeff. The MNG metamaterial is shown in Fig. 1.5. 
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Fig. 1.5: MNG material unit cell [4]. 
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1.1.1.3 Photonic band gap (PBG) Metamaterial 

Artificially fabricated structures Photonic crystals or photonic bandgap materials (PBG) can 

manoeuvre the electromagnetic propagation. The design of photonic crystals can be used to 

disallow the electromagnetic waves propagation, or permit desired direction propagation. A 

possibility of localisation of electromagnetic energy is also possible using PBG structure [6]. 

The vibration of refractive index results in restricted energy range in which desired 

wavelength light has proceed [6] as shown in Fig. 1.6. 

 

Fig. 1.6: Photonic band gap sample [6]. 

1.1.1.4 Double negative (DNG) Metamaterial  

Double negative materials (DNG) are the metamaterials that have negative index of refraction 

with negative permittivity and permeability shown in Fig.1.7. These are also known as 

negative index metamaterials (NIM) [4], [7]. The left handed media is the terminology used  

for DNGs, media with a negative refractive index. The metamaterial can act as absorber at 

resonant frequency [8] providing absorption necessarily at a wide angle [9]. 

Unit cell

 

Fig. 1.7: DNG- metamaterial [4]. 
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1.1.1.5 Electromagnetic band gap (EBG) Metamaterials 

EBG metamaterials manoeuvre the propagation of light and the achievement is attributed to 

either by photonic crystals (PC), or left-handed materials (LHM)with artificial structures 

having the capacity to control and manipulate the propagation of electromagnetic waves. The 

realization of EBG can be in the form of one-, two- and three-dimensions [4]. The 

dimensionality dependency on the periodicity directions [10] is shown in Fig. 1.8. The 

complete band-gap can be achieved through three dimensional EBG and the reason being 

coverage of all incident angles for waves. The band-gap in EBG is analogous to a forbidden 

energy gap in electronic crystals therefore photonic crystals (PCs) terminology is also used 

for EBG. 

 

Fig. 1.8: Geometry of EBG structure [10]. 

1.2 Electromagnetic Absorbers 

An ideal electromagnetic absorber is one which absorbs all the incident radiations at the 

operating frequency and provides zero reflection, transmission, and scattering. 

Electromagnetic absorbers have motivated the researchers due to their range of applications 

which covers from microwave to optical frequency regime. At microwave frequency, 

absorbers are used for reducing radar signature [11-13] and for power imaging [14]. In 

terahertz range, EM absorbers are used in solar cells [15], phase modulators [16] and 

bolometers [17]. At optical frequency regime, absorbers are used as thermal emitters [18]. 

However, the electromagnetic absorbers are classified into two types: 

a) Resonant Absorbers. 

b) Broadband Absorbers. 
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1.2.1 Resonant Absorbers 

The resonant absorbers are generally composed of multiple layers separated by quarter of the 

operational wavelength. In these absorbers, the incident radiations are absorbed by the 

material at a specific frequency only. The conventional techniques to develop resonant 

absorbers include Salisbury screen [19], Jaumann absorber [20], Dallenbach layer [21], 

crossed grating absorber [22], and circuit analogue absorber [23]. The basic concept in the 

design of a conventional narrowband resonant absorber such as Salisbury screen is to place as 

resistive screen at a distance of λ/4 in front of a metallic ground plane separated by a lossless 

dielectric substrate as shown in Fig. 1.9(a). When the electromagnetic wave is incident on the 

Salisbury screen then some part of the wave is reflected by the resistive sheet and remaining 

part enters into the dielectric which is further reflected from the metal ground plane and get 

back into the air.  

 

(a) 

 

(b) 
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   (c) 

Fig. 1.9: (a) Salisbury Screen, (b) Jaumann absorber, and (c) Dallenbach absorber. 

 

This reflected part of the wave travels λ/2 distance and so it is 1800 out of phase w.r.t. the 

first wave reflected by the resistive sheet. Therefore, when the second wave reaches the 

surface, both the waves cancel each other and the net result is no reflection from the structure. 

The other type of resonant absorber known as Jaumann absorber as shown in Fig. 1.9(b). It is 

basically an advancement of the Salisbury screen in which multiple resistive sheets separated 

by λ/4, are placed in front of the metallic ground plate and are designed to operate at distinct 

wavelength to produce multiple reflections for the enhancement of absorption bandwidth. 

Further, Dallenbach resonant absorber design is shown in Fig. 1.9(c). It has a different 

mechanism of absorption as compared to Salisbury and Jaumann absorber. In this, a 

homogeneous layer of particular loss value is placed at a λ/4 distance in front of the metallic 

ground plane. The concept is to match the impedance by minimizing the reflection from the 

homogenous layer and the incident energy absorption due to the loss in the layer. Further, a 

crossed grating absorber is made up of a reflective metal plane with an etched periodic grid. 

An extension of Salisbury absorber is circuit analogue resonant absorber. Its basic structure 

consists of one or more lossy frequency selective sheet arranged in a periodic pattern at a 

distance of λ/4 in front of a ground plane. It is noticed that, a resonant absorber can provide 

near to perfect absorption due to its resonating behaviour, but one of the common features of 

all the conventional resonant absorbers is the larger thickness. At least λ/4 thickness is 

required for absorption at even specific frequency. Except, of circuit analogue absorbers, all 

resonant absorbers provide limited control over the specific absorption properties. 
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1.2.2 Broadband Absorbers 

In broadband absorbers, the absorption response is generally independent of frequency and 

the absorption occurs for a large range of frequency spectrum. For broadband absorber 

design, the geometric transition and low density absorption methods are generally used [24]. 

A model of the geometric transition type of absorber as shown in Fig. 1.10(a).  

                                     

(a)                                                                                        (b) 

Fig. 1.10: (a) Geometric transition absorber design and (b) Low density absorber. 

 

These types of absorbers provide broadband absorption and therefore generally used in 

anechoic chambers. The design consists of transition from free space into lossy material in 

slow variation. These absorbers are commonly of Pyramid or Wedge shape. Further, low 

density absorber is a type of broadband absorber which is shown in Fig. 1.10(b). The low 

density absorber is made up of multiple layers of some light weighted and porous composite 

materials such as carbon nanotubes filled with ferromagnetic alloys. Such types of absorbers 

are broadband, but they have large thickness and heavy weight result in fabrication 

complexity in processes to development. The geometric transition based low density 

broadband absorbers are also suffering from the problem of large thickness. Moreover, these 

traditional approaches to design electromagnetic (resonant and broadband) absorbers have 

adverse effects on the radiation performance of the RF systems like antennas used for in-band 

RCS reduction. These types of absorbers are confined to microwave regime below 30 GHz. 

Therefore the ideal solution to these issues is the metamaterial based absorbers. 

1.3 Metamaterial Absorber 

 
In the last decade, many absorber design based on artificially engineered structures have been 

proposed [24]. Among these designs, a popular configuration has been implemented by a 

periodic metallic surface fabricated on a grounded dielectric substrate. These periodic 

designs are popularly known as high impedance surfaces (HIS) [25]. Such sub-wavelength 
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structures are able to provide narrowband or wideband absorption if an adequate content of 

losses is introduced. There are different techniques for introducing the losses. One of the 

techniques to introduce the loss is to use some resistive elements like resistors or resistive 

inks [26-30]. In another technique, intrinsic loss component of permittivity (ε) and 

permeability (µ) of dielectric substrates are exploited to synthesize absorbers [8]. The former 

technique is based on introducing the resistive losses by external means and the latter is 

referred as metamaterial-based absorber design approach. Due to their numerous applications 

and advantages, metamaterial based electromagnetic absorbers are the best alternative of the 

conventional absorbers. The metamaterial absorbers are broadly classified in three different 

groups based on applications in different frequencies. The classification is as follows; 

a. Microwave Frequency 

b. Terahertz Frequency 

c. Optical Frequency 

The applications related to microwave frequency cover sensors, antennas etc. while for 

terahertz frequency it find applications in imaging and sensing. The applications related 

optical frequency is optical absorption, solar cell and cloaking. When a metamaterial 

absorber is exposed to electromagnetic radiations then there is matching of free space 

impedance with absorber impedance under ideal conditions with minimization of  reflections. 

The concurrent absorption of electric and magnetic fields provides higher attenuation, and 

higher power loss due to electromagnetic absorption in all EM wave absorption applications. 

EM absorbers have many potential commercial and defence applications. Electromagnetic 

shielding and/or absorbers have been developed in order to minimize electromagnetic 

interference (EMI) in stealth technology [31] and to provide operational security to EM 

wave-based systems. Other applications uses include reduction of undesirable radiations and 

side lobe level suppressions in antennas [32]. Further, EM absorbers are also used for 

wireless communication by preventing the exposure to health hazards radiations. Moreover, 

they are also used to absorb spurious radiations for reducing the electromagnetic interference.  

The metamaterial absorber can be classified as [33]; 

a. Narrow band metamaterial absorber 

b. Broadband metamaterial absorber 

c. Frequency tunable metamaterial absorber 

d. Coherent metamaterial absorber 
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In 2008 Landy et al. [5] proposed absorber involving full width half maximum (FWHM) of 

around 4%. The desire to increase width of absorption led researchers to incorporate various 

methodologies multi-layer stacked structures, multi-resonant cells, lumped elements to 

improve bandwidth of metamaterial absorber, the concept of tunablity was attained by using 

medium with adjustable material properties into passive absorber such as ferroelectric, 

ferrites, graphene, varactor diode etc. The main drawback of metamaterial absorber is fixed 

absorptivity at design level only the coherent perfect absorption (CPA) [33] technique is 

possible solution. 

1.3.1 Absorption in Metamaterial 

The mechanism of absorption of electric and magnetic field is linked to manipulation of two 

component that is permittivity (ε) and permeability (μ). The permittivity and permeability are 

the basic constituent for defining the property of material. The matching of components 

permittivity (ε) and permeability (μ) with free space is possible through designs. The design 

of metamaterial absorber is based on simultaneous resonant excitations of electric and 

magnetic dipole. The metamaterial absorber consists of three layers with top metallic layer in 

the form of patches and the ground conducting layer is completely metallic in nature to 

nullify transmission. The upper and ground layer is separated by substrate.  The close 

proximity of top layer having patches with completely metallic ground plane results in 

symmetric hybrid mode electric field that oscillates in phase to two metallic patch normal to 

their axis. The asymmetric low frequency oscillates in opposite phase to two metallic patches 

normal to axis. The induced magnetic dipole couple to the external magnetic field and gives 

rise to desired dispersion in magnetic permeability of the effective medium. In this way, one 

can obtain a magnetic resonance as well as an electric response at a desired frequency by 

appropriate design of the metamaterial structure as shown in Fig. 1.11. The geometrical 

proximity of  top layer with metallic patches and  completely metallic bottom layer is 

instrumental in changing  the behaviour of structure since there is existence of coupled fields  

between the structured patch as top layer and bottom metal film resulting in a phenomenon 

responsible for achieving  symmetric high-frequency hybrid mode with the behaviour of the 

electric field oscillating in phase to the two metallic patch normal to their axis and a 

asymmetric low frequency hybrid mode providing a behaviour in which electric field 

oscillates in such a fashion as to form a  opposite phase in the two metallic patch normal to 

their axis. The behaviour of the structure is such that frequencies of the two modes of 

oscillation for the coupled system are analogous to a coupled harmonic oscillator. 
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Fig. 1.11: Mechanism of absorption in metamaterial. 

1.3.2 Impedance Matching Theory of Absorber 

A metamaterial absorber is a composition of three layers as shown in Fig. 1.12 in which a 

dielectric is sandwiched between upper layer comprising patches and bottom layer with 

ground plane. The electric permittivity and permeability of metamaterial is defined as ε =εo εr 

(ω) and μ =μoμr (ω), where εo and μo are permittivity and permeability of free space, εr(ω) and 

μr(ω) are frequency dependent permittivity and permeability of medium, respectively.  

The mathematical expression for defining absorption of proposed metamaterial-based 

absorber is as follows; [5] 

𝐴(𝜔) = 1 − 𝑅(𝜔) − 𝑇(𝜔)                                                     (1.20) 

                                         𝐴(𝜔) = 1 − |𝑆11(𝜔)|2 − |𝑆21(𝜔)|2                                       (1.21) 
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Fig. 1.12: Layers of metamaterial based absorber. 

where, absorption, reflectance, and transmittance are represented by A(ω), R(ω), T(ω) are 

respectively. From Eq. (1.20), it is evident that the parameter absorption [A (ω)] is linked to 

S11 the parameter reflection coefficient and S21 the transmission coefficient. The methodology 

of using complete metallic bottom layer as ground plane the value S21 or T(ω) becomes zero 
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and taking the value of S21 or T(ω) = 0, this permits dependence on reflectance parameter 

only. The Eq. (1.20) is modified as;                                                       

           𝐴(𝜔) = 1 − |𝑆11(𝜔)|2                                                  (1.22) 

The Fresnel formula for reflection for metamaterial is given as [5] 

 

RTE = |rTE|2 = |
(μrCosθ − √(n2 − Sinθ)

(μrCosθ + √(n2 − Sinθ)
|

2

 

RTM = |rTM|2 = |
(εrCosθ − √(n2 − Sinθ)

(εrCosθ + √(n2 − Sinθ)
|

2

 

where, TE and TM indicate polarized waves and are indicated as Transverse Electric (TE) 

and Transverse Magnetic (TM). For a condition with θ = 0° that is the case of normal angle 

of incidence, the above equations reduces to;  

𝐴 = 1 − 𝑅 = 1 − |
𝑍 − 𝑍𝑜

𝑍 + 𝑍𝑜
|
2

= 1 − |
√𝜇𝑟 − 𝜀𝑟

√𝜇𝑟 + 𝜀𝑟

|

2

 

Where,  𝑍 = √
𝜇

𝜀
   being impedance of structure and 𝑍𝑜 = √

𝜇𝑜

𝜀𝑜
  being impedance of free 

space. The impedance matching is achieved by Z = Z0 or μr = εr and it is referred as perfect 

condition for maximum absorption. 

The effective permeability µ(ω) and effective permittivity ε(ω) is matched and it results in 

reduction of transmission parameter. The frequency range for which value of R(ω) is 

minimized is through matching of free space impedance to normalized impedance 

consequently enhancing the absorption parameter. The normalised input impedance is 

calculated using Eq. (1.23); 

                                                 z = ±√
(1+S11)2−S21

2

(1−S11)2−S21
2                                            (1.23) 

The metamaterial absorber is made of complete metallic ground plane thereby making the 

value |𝑆21|
2 = 0 and on substituting the value 𝑆21 = 0, then Eq. (1.23) reduces to 

                                                𝑧 = ±
1+𝑆11

1−𝑆11
                (1.24) 

The 2008, Landy et al. [5] practically achieved absorption of 88% at 11.5GHz and the 

geometric dimensions were able to fix the absorption parameters of the structure. The initial 

absorber were narrow band and anisotropic structures having polarization sensitive behaviour 
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and were classified as single band [34], dual band [35-40], multiband [41-46] etc. 

subsequently the wideband [47-54] were also realized. 

The modification of narrowband into multi-band and wideband can be possible by following 

approaches; 

a) Combining structures with different resonance in a single unit. 

b) Using structure with multi Resonance. 

c) An approach to use multilayer for design. 

d) Using resonant magnetic inclusions. 

e) Using scaling approach in resonant structures. 

f) Use of lumped elements. 

The above said factors act as preliminary indicators while designing a metamaterial absorber. 

Each factor has its own limitation which makes its applicability bounded under some 

limitation. 

1.4 Introduction to MIMO Antenna 

The present wireless system has witness quantum change with numerous applications in 

different arenas like mobile communication, wireless communication, global positioning 

system (GPS), wireless personal area network (WPAN) etc. The Shannon’s -Hartley capacity 

acts as principle equation for giving understanding on channel capacity [55] 

                 𝐶 = 𝐵 ∗ 𝑙𝑜𝑔2 (1 +
𝑆

𝑁
)      (1.25) 

where, B is bandwidth of system and S/N is signal to noise ratio. The increased channel 

capacity can be attained by either increasing bandwidth or improving signal to noise ratio 

(S/N). The capacity of channel can be enhanced by bandwidth improvement for a channel in 

communication system through increasing symbol rate of modulated carrier but that is prone 

to multipath fading. The signal to noise ratio cannot be increased in unrestricted fashion as 

communication channel introduces noise in channel thus single antenna system provide 

limitations to performance of channel on account of low capacity, bandwidth and multipath 

fading. The MIMO stands for Multiple Input and Multiple output and it is technology meant 

for transmission and reception of signal in modern communication system such as long term 

evolution (LTE), wireless local network (WLAN) and massive MIMO will be key in 5G 

communication [55-56]. The MIMO system is gaining relevance in present era on account of 

present requirements of multiple functionalities, requirement of huge data rate and large 

capacity. The system demands less multipath fading and to meet the demand of superiority in 
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communication channel, MIMO provides solution as more than one antenna is deployed at 

transmitter and receiver side as shown in Fig. 1.13 setup thereby mitigating fading, improved 

capacity and higher data rates, less signal loss etc. The fading problem in channel can be 

solved by MIMO through diversity techniques involving space, polarization and pattern 

diversity. The multipath environment is covered through MIMO setup where connection in 

transmitter and receiver is established through number of antennas. The multipath 

terminology is self-explanatory term describing that signal will reach the destination many 

routes involving multiple antennas, through processing at receiving section the original signal 

is produced having originality in term of transmitted data. The methodology of multiple data 

transmission and reception deliver speed, coverage and reliability improvement in fading 

environment. The practical locations for MIMO setup is at mobile terminals and base stations 

(BS). The practical requirement demands limited space on account of miniaturized 

dimensions in present era. The space constraints results in mutual coupling between various 

antenna elements thereby restricting the performance of MIMO setup in practical 

applications. 

 

 

Fig. 1.13: MIMO configuration. 

1.4.1 Block Diagram of MIMO System 

The block diagram of MIMO system is shown in Fig. 1.14. The block diagram is divided in 

two sections as transmitter and receiver. The input data meant for transmission is encoded 

and interleaved followed by modulation, the next step is space time encoding for spatial 

multiplexing and then data is transmitted by different antennas represented as ‘x’ while the 

receiver section starts with reception of signal through receiving antenna denoted as ‘y’ the 

received data undergo spatial demultiplexing followed by demodulation and de-interleaving 

and then at last decoding for recreation of output bits. The MIMO channel can defined as 

matrix with mathematically representation as Eq. (1.26), 

                                    𝑌 = 𝐻𝑥 + 𝑛                                                    (1.26) 
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where, y represents received signal , x is transmitted information, H is channel matrices and n 

is additive noise.  

The MIMO channel is modelled as; 

𝐻 =  

[
 
 
 
 
 
 𝐻1,1        𝐻1,2   ………………….   𝐻1,𝑀𝑇

 𝐻2,1         𝐻2,2  ………………… . . 𝐻2,𝑀𝑇  

.

.

.
𝐻𝑀𝑅,1  𝐻𝑀𝑅,2…………………………………..𝐻𝑀𝑅,𝑀𝑇

 ]
 
 
 
 
 

 

where, Hm,n is channel behaviour for transmitting and receiving antenna represented by MT 

transmitter and MR receiver, the MIMO channel modelling is shown in Fig. 1.15. 

1.4.2 MIMO Mutual Coupling 

The MIMO consist of various antenna elements and these elements are closely spaced to 

cause interference that will lead to coupling among the various elements of MIMO antenna. 

Therefore, it makes poor performance of MIMO setup by degrading radiation pattern and 

other efficiency pattern making MIMO system inefficient for implementation in practical 

scenario. 

The various types of mutual coupling are; 

a) Coupling due to near field. 

b) Coupling due to far field. 

c) Surface wave coupling. 

The near field zone is the area in vicinity of antenna, the field is reactive in nature and the 

field is in the closed vicinity of antenna and can avoided by maintain suitable distance 

between antenna elements. The present era demand miniaturisation of communication setup 

therefore limiting the performance of MIMO setup.  
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Fig. 1.14: Transmitter and receiver sections of MIMO setup. 



19 
 

The far-field coupling is prevalent in those structures with common ground plane. The far-

field coupling can be avoided by suppressing the coupling current in ground plane.The reason 

for hindrance to maximum exploitation of MIMO setup is miniaturisation of dimensions in 

mobile environment and is the main source of mutual coupling mong antennas of MIMO 

setup as shown in Eq. (1.27) [56]  

𝐶𝑚𝑛 = exp(−
2𝑑𝑚𝑛

𝜆
(𝛼 + 𝑗𝛱)) ,𝑚 ≠ 𝑛 

                                              𝐶𝑚𝑚 = 1 −
1

𝑁
∑ ∑ 𝐶𝑚𝑛𝑛≠𝑚𝑚                       (1.27) 

where, Cmn and dmn are mutual coupling and distance between mth and nth antenna elements 

and 𝛼 is parameter controlling coupling level thus mutual coupling tend to alter input 

impedance, reflection coefficient and radiation pattern of array elements. In order to enhance 

the performance of communication system for present generation setup and future 5G 

communication system, the researchers are striving for various techniques that can provide 

isolation among various element of MIMO antenna. 
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Fig. 1.15: MIMO channel modelling. 

The surface current is linked to substrate thickness the thick substrate surface wave travel 

through substrate and discontinuity in surface results in scattering which extract power and 

results in the formation of undesired radiation that again get mutually  associated with 

antenna elements, surface wave is also associated with dielectric constant of substrate 

The main factors linked to mutual coupling are; 



20 
 

a) Geometrical shape of elements of MIMO setup 

b) Radiation pattern of various elements 

c) Common ground plane induced surface current 

d) Thickness of substrate 

e) Dielectric constant of substrate 

f) Near field scatter 

1.5 Motivation for Thesis  

The involvement of metamaterial absorber in various practical applications was the initial 

source of motivation. The study various absorbers clearly indicate that despite numerous 

single, dual and multiband absorbers [34-46] are available the necessity for prefect absorption 

rate that too with ultrathin dimensions is still a bottleneck and to achieve near perfect 

absorption in wideband with simple geometry is very difficult task. The various approaches 

to increase absorptivity in the wideband segment [47-54] have been tried initially and tested. 

The wideband provide desired absorption with broad bandwidth. The approach from meander 

lines to lumped elements are tried but at the cost of complexity in design and fabrication. The 

appropriate thickness of substrate remains a bottleneck for compact structure for achieving 

the desired absorption. The researchers have achieved the stage where the transition from 

multiband to wideband is made possible but to attain high absorption values (more than 97%) 

in bands with geometrically simple and compact structure is still yet to be explored. The 

practical implementation of absorber is applicability aspect of designed absorbers in practical 

MIMO setup. The high isolation levels demand in practical applications of MIMO setup are 

marred with size and dimension constraint [57-59]. In the recent years the work on 

incorporation of MIMO antenna systems in practical setup is carried on with the aim of 

enhancing performance of communication setup but this opinion is restricted by isolation 

problem in MIMO setup. The desire of simultaneously achievement of both dimension 

compactness and high isolation is the need of practical applications. The different approaches 

[60-69] have been attempted in past but the duality of compactness and high isolation is 

extremely difficult to be achieved. The decoupling network, metamaterial and defected 

ground provide better isolation in comparison to neutralization and parasitic methods but 

advantage of size reduction is achieved through incorporation of metamaterial- based 

technique [70]. The inference drawn from above paragraph clearly suggest metasurface based 
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absorber can provide dual advantage of optimum level of isolation vis-a vis optimization of 

dimensions involved in practical real environment.  

Thus the prime motivation of thesis work is divided in two themes the first portion of work 

will be to practically conceptualize the idea of  design of multiband and wideband 

metasurface absorber with near perfect absorption and having polarization insensitive 

behaviour with  workability of structure over wide angle of incidence. The second aspect of 

the work will be practical implementation of metasurface absorber to attain highest form of 

isolation with intent to resolve practical implications associated with incorporation of MIMO 

setup in communication environment.   

1.6 Organisation of the Thesis 

The thesis work is organised in six different chapters to address the problem formulation in 

systematic manner. 

1. Chapter-1: Introduction of the thesis work covers introduction portion covering three 

important aspects; 

a) Introduction to Metamaterial: An introduction to metamaterial with its 

classification. The various types of metamaterials are discussed to give brief view 

to the readers on negative materials. Further absorber portion is discussed to 

acquaint user with electromagnetic absorbers and fundamental mechanism of 

absorption. 

b) Introduction to MIMO Antenna: This portion focuses on introduction to MIMO 

antenna. The portion also introduces readers with utility of MIMO setup to cater 

on ever rising demand of multiple applications with increasing user base. The part 

also brings into picture various practical issues that restrict the performance of 

MIMO antenna. 

c) Motivation and Organisation of the Thesis: The part of the thesis brings into light 

the key areas that motivated the work and provide insight to organisation aspect of 

thesis and finally a summary is given at the end of chapter. 

2. Chapter-2: Literature Review is a review portion of earlier reported work and it is 

sub-divided into two broad groups  

a) Review of Absorbers: An insight to absorber is taken for review in this section. 

Various absorbers are discussed based on its performance parameters and 

classification on different types like multiband and wideband absorbers. The 
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tabular classification based on type of absorber, absorption level attained, number 

of peaks, dimensions etc. is taken for study in this section. 

b) Review of MIMO Antenna: The section is an attempt to review the literature of 

various MIMO antenna in term of its performance parameter taking mutual 

coupling parameter as its prime focus. The section discusses the various 

literatures available to bring into light various techniques incorporated to provide 

maximum possible isolation among various antenna elements. The tabular 

classification based on size of antenna, frequency band, isolation level attained, 

and various parameters like ECC etc. to evaluate performance is taken for study 

in this section. 

3. Chapter-3: Design, Optimization and Development of Multiband Absorbers of the 

thesis work are dedicated to development of multi-band absorber. In this section, two 

multi-band absorbers were designed, analysed, and developed for desired multi-band 

results. The theory section for design of multi-band absorber is taken for discussion. 

The various aspects for parameterisation are taken into analysis. The distribution of 

surface current and electric field is taken into consideration to provide the insight to 

development of multi-band absorber. The performance of multi-band absorbers is 

compared for interpretation with existing absorbers. Finally, the prototype of multi-

band absorbers is taken for experimental analysis to verify its performance and 

compare it with simulated results. 

4. Chapter-4: Design, Optimization and Development of Wideband Absorber of the 

thesis work is dedicated to development of wideband absorber. In this section, a 

wideband absorber was designed, analysed, and developed for desired results. The 

theory section for design of wideband absorber is taken for discussion. The distribution 

of surface current and electric field is taken into consideration to provide the insight to 

development of wideband absorber. The performance of wideband absorbers is 

compared for analysis with existing absorbers. Finally, the prototype of wideband 

absorbers is taken for experimental analysis to verify its performance and compare it 

with simulated results. 

5. Chapter- 5: Application of Metamaterial Absorber to Improve Isolation of thesis 

work is the application part of work to establish the importance of multi-band absorber 

in achieving highest form of isolation in MIMO setup. The chapter is sub divided into 

three important sections; 



23 
 

a) The first section is evaluation of MIMO antenna designed without isolator through 

various S-parameters and results analysis based on established parameters. 

b) The second section deals with performance evaluation of MIMO antenna designed 

with isolator through metasurface based absorber here again the results are 

analysed through S-parameters and other established parameters. 

c) The third section is dedicated to performance evaluation through practical 

prototype implementation and comparison of results to establish outcome of the 

work. 

6. Chapter-6: Conclusion and Future Scope is focussed on conclusion and future scope 

of the presented work. The chapter is focused on achievement part on account of work 

and to discuss future scope of work that can be beneficial for those who intent to take 

this work as reference for understanding and extending the research to achieve future 

objectives. The chapter is followed by reference section and the publication part on 

account of the research. 
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CHAPTER 2 LITERATURE REVIEW 

 
This thesis focuses on the design and development of metamaterial-based absorber and their 

application to improve isolation between multi-antenna systems. Initially, multiband and 

wideband metamaterial absorber is designed and investigated. Further, a multiband absorber 

is utilized to enhance the isolation between two or more antenna elements. Therefore, the 

complete literature review is divided into two parts. The first part focused on research 

progress related to the metasurface absorbers, and the second part focused on research 

progress based on MIMO antenna systems. The detailed literature review is given in the 

below sections. 

2.1 Review of Metasurface Absorbers  

In this section, the research works carried in the absorber field are discussed. The review of 

various absorbers is focused on the level of absorptivity achieved, dimensional aspect of 

structure with the determination of characteristics of structure like polarization behaviour and 

angle of incidence for the structure. All these parameters are prerequisites for determining the 

practical usability of absorber. The brief overview of various absorbers is subdivided into two 

sections as follows; 

2.1.1   Multiband Absorbers 

The section focusses on the research work of researchers in the past years for design, 

development and characterisation of metasurface based absorber. The absorber discussed in 

this section provide multiple peaks of high absorptivity in different bands. The performance 

of absorber is visualised on polarization parameter and angle of incidence as these parameters 

are essential components for practical implementation of absorber in any application. The   

review of metasurface absorber in multiband category is as follows, 

Landy et al. (2008) [5] proposed absorbing metamaterial generating near-unity absorbance 

achieved in simulation. The basic composition of metamaterial structure is two resonators 

with different fields (electric and magnetic) with an ultimate aim to enhance absorption 

within the unit cell. The fabricated structure is achieving an absorption level of 88% at 11.5 

GHz. The geometrical shape is 4.2 mm × 12 mm × 11.8 mm. The design is polarization 

sensitive and has a low angle of incidence.  

Further, Cheng et al. (2009) [62] examined a structure with an absorptivity greater than 98% 

at 10.4 GHz. Two resonators and a metal wire are coupled with absorbing incident Electric 

and magnetic fields. An electric split ring resonator structure was proposed to achieve the 
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goal of higher Absorptivity. The dimension of the structure is 12 mm × 4.2 mm × 0.6 mm, 

and the design is polarization sensitive and has a low angle of incidence. 

 After that, Li et al. (2010) [63] described work on the absorber, which shows the Absorber 

achieve two absorption peaks with perfect absorption near 11.15 GHz and 16.01 GHz. The  

absorptions consideration with different polarizations are measured with a attainment of  97% 

at one peaks and 99% at other peaks. The structure size is 12 mm × 12 mm × 0.56 mm, and 

the design is polarization sensitive and has a low angle of incidence. Soon after, Zhu et al. 

(2010) [64] illustrated an absorber with high absorptivity. More than 95% is witnessed at 10 

GHz. The approach is to use a dendritic structure disordered structures metamaterial 

absorber. It can be used for the infrared metamaterial absorber design, which controls the 

radiative heat energy collection with directional transfer enhancement. The dimension of the 

structure is 4.2 mm × 4.2 mm × 0.8 mm, and the design is polarization sensitive and has a 

low angle of incidence.  

Further, Sun et al. (2011) [65] demonstrated an absorber that is based on antireflection theory 

provides high absorbance due to the theory applied for achieving destructive interference in 

reflection waves from the metamaterial having surfaces composition. A 60GHz absorptive 

bandwidth is achieved between 0 to 70GHz. The dimension of the structure is 

6.4mm×6.4mm×2.5mm. The design is polarization sensitive and has a low angle of 

incidence. Thenceforth, Li et al. (2011) [66] proposed that a metamaterial absorber comprises 

a six-fold symmetricity for modified snow flake shaped resonators periodic array of with top 

layer having strip spiral line load printed and on the other side of dielectric substrate is 

metallic ground plane. The structure succeed in providing near-unity absorption peaks three 

in number. Thus, due to the six-fold symmetry, the structure is providing an absorption of 

99.8% at 9.19 GHz and 12.35 GHz with 98.9% absorption. The geometrical shape is 5 mm × 

5 mm × 1 mm, and the absorber structure is sensitive to the polarization of the incident 

radiation and has broad angle of incidence operation. Then, Huang et al. (2011) [67] 

proposed a multiband absorber polarization-insensitive metamaterial absorber. The structure 

constituting the closed rings having a number of six, the top and bottom is separated by FR4 

substrate. The result conform attainment of 93.3% absorption for bands representing different 

frequencies. The dimension of the structure is 9 mm × 9 mm × 0.5 mm, and the structure is 

polarization sensitive and has a low angle of incidence.  

After that, Lee et al. (2012) [68] illustrated an absorber based on the approach of periodic 

system of a resonator with a symmetrical structure. The five cells with different geometry 

enhance absorption bandwidth. The experimentation was performed after fabrication of 
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structure having a thickness of 0.8 mm thereby achieving an absorption of 93% (for 10 GHz) 

and 970 MHz bandwidth FWHM signifying the value achieved for full width half maximum. 

Then, Abdalla et al. (2012) [69] demonstrated a new application of metamaterial for radar 

absorbers for X-band. There are two arrangements, one having resonator absorber with a 

shape of fan and other one is metamaterial absorber having high impedance. The technique 

introduces a thin radar absorber (5.3% at a center frequency) with wide bandwidth and high 

absorption level. The dimension of the structure is 11 mm × 11 mm × 1.6 mm, and the design 

is polarization sensitive with a low angle of incidence.  

In the subsequent year, Cheng et al. (2013) presented a metamaterial absorber with 

broadband characteristics based on multilayer cross-structure resonators with periodic array. 

The stacking phenomenon is instrumental in achieving absorption band of design. The four-

layer structure has different geometrical dimensions [70]. Then, Feng et al. (2013), in this 

paper, a varactor is used and designed the to attain 80% absorption within the band from 

9.8GHz to 10.4GHz. The dimension of the structure is 10 mm × 17 mm, and the design is 

polarization sensitive and has a low angle of incidence [71]. After that, Bhattacharyya et al. 

(2013) [72] discussed a complementary ring resonator proposed having a absorber within two 

bands in C and X. Optimization of geometric parameters is done so that greater absorption is 

obtained at two distinct absorption peaks. The 98.5% and 94.2% absorption are achieved at 

5.04 and 5.28 GHz. The dimension of the structure is 5 mm × 5 mm × 1 mm. The design is 

polarization insensitive and has a broad angle of incidence. In the same year, Wen et al. 

(2013) [73] proposed a structure of size is 8 mm × 8 mm × 0.45 mm with polarization-

insensitive and broad angle of incidence. The unit cell of the broadband metamaterial 

absorber with a composition of three dual-band sub-cells such that one cell gives two 

resonant frequencies and forms a broad-spectrum absorption on stacking. The unit size is 

thin, the structure is behaving polarization insensitive and is stable and adaptive for wide 

oblique incident angles of electromagnetic waves. The absorptivity level attained is close 

80% between 8.8 and 10.8 GHz thereby exhibiting broad band characteristics. Soon after, Lee 

et al. (2013) [74] illustrated the mechanism of absorbing bandwidths by manoeuvring 

resonant peaks produced by two different resonance effects on the frequency selective 

surface. Then, by managing change in dimension parameters, the dual-band, 3dB and 10dB 

band absorbers were designed. The dimension of the structure is 14.2 mm × 14.2 mm × 0.6 

mm, and the design is polarization insensitive with a broad angle of incidence. Then, Ghosh 

et al. (2013) [75] discussed absorber with ultrathin dimensions with design analysis which 

consists of a shape printed on FR4 dielectric substrate that is periodic array of swastika-like 
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structures backed by copper ground. At 10.10 GHz the simulation is performed to succeed  in 

99.64% absorption.The dimension of the structure is 10 mm × 10 mm × 1 mm. The design is 

polarization insensitive and has a broad angle of incidence. Thereafter, Shrekenhamer et al. 

(2013) [76] discussed the usage of active liquid crystals in important segments of unit cells 

based on metamaterial properties. This structure resonates at 2.62 THz by incorporation of 

active liquid was able to achieve 80% at 2.62 THz, and in the same year, Park et al. (2013) 

[77] discussed the usage of the donut-shaped resonator for achieving resonance at various 

peaks, thereby achieving 99%, 98% and 99% absorption at 6.51 GHz, 7.0 GHz, and 7.61 

GHz, respectively. The design is polarization insensitive. Further, in the same year, Dincer et 

al. (2013) [78] proposed a structure with 99% and 79% at 4.0 GHz and 5.6 GHz. There exists 

a strong case that a metamaterial absorber could achieve high absorption at wide angles of 

incidence for both transverse Electric (TE), and transverse magnetic (TM) waves. The 

dimension of the structure is 15 mm × 15 mm × 1.6 mm and design is polarization sensitive 

with low angle of incidence. Ayop et al. (2013) [79] analysed a metamaterial absorber having 

wide incident angle of 700, to attain high absorbance of 88% and polarization insensitive 

behaviour. The circular patch is used for the design of said absorber.  

In the next year, Ma et al. (2014) [80] discussed the usage of the donut-shaped resonator for 

achieving resonance at various peaks, thereby achieving 99.87%, 99.98%, and 99.99% 

absorption at 6.16 GHz, 8.76 GHz, and 12.54 GHz, respectively. The design was reported to 

be polarization insensitive and has a broad angle of incidence.  

In the subsequent year, Bhattacharya et al. (2015) [81] discussed using a donut-shaped 

resonator for achieving resonance at various peaks, achieving 98.6%, 96.6%, 90.1%, 97.8%, 

and 93.1% absorption at 3.4 GHz, 8.34 GHz, 9.46 GHz, 14.4 GHz and 16.62 GHz, 

respectively. The geometry is of  16 mm × 16 mm × 1.2 mm. The design is polarization 

insensitive and has a broad angle of incidence. 

The year was marked by the contribution of Zhai et al. (2015) [82] discussed triple band 

metamaterial-based absorbers at various peaks, thereby achieving above 90% absorption at 

3.25 GHz, 9.45 GHz, and 10.90 GHz. Also, design is polarization insensitive and has a broad 

angle of incidence. 

In the next year, Ramya et al. (2016) [83] discussed a C- and X-bands dual-band 

metamaterial absorber. The periodic arrangement of circles acting as resonator is included in 

a square resonator. This structure is providing absorption of 99.8 % and 99.97 % at 5.5 GHz 

and 8.9 GHz. The geometry is 10 mm × 10 mm × 1 mm and design is polarization insensitive 

with broad angle of incidence and then Ozden et al. (2016) [84] presented the metamaterial 
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based absorber through design, simulation, and measurements within frequency range from 

8–12 GHz. An absorber working in X-band is determined by using the different dimensions 

of unit cells and placing their resonant frequencies close to each other. The measurement of 

structure is 6.67 mm × 6.67 mm × 0.75 mm. The design is polarization sensitive and has a 

low angle of incidence. Then, Agarwal et al. (2016) [85] proposed an absorber structure 

having dual resonance. The design parameters are optimized to attain desired results with 

absorption in C-and X-band. The geometry is 6 mm × 6 mm × 1.6 mm and structure is 

polarization sensitive in nature with broad angle of incidence. In the same year, Montaser et 

al. (2016) demonstrated a different metamaterial absorber (MA) supporting microwave and 

terahertz ranges applications. In the microwave range, three absorption peaks were attained 

that is focussed at around 99% at 2.8 GHz for the first resonance and  99% at 4.1 GHz for the 

second resonance, and 89% at 5.8 GHz for the third resonance[86]. The dimension of the 

structure is 30 mm × 30 mm × 1.6 mm. The design is polarization sensitive and has a low 

angle of incidence, and then Tak et al. (2016) [87] proposed absorber with working range 8–

12 GHz. The results exhibit two absorptivity peaks of 98.5% in relation to 8.2 GHz and 12 

GHz, respectively. Additionally, high Absorptivity is achieved at various incident angles. The 

dimension of the structure is 8 mm × 8 mm × 0.8 mm, also design is polarization insensitive 

and has a broad angle of incidence. The year saw Kadir et al. (2016) [88] demonstrated 

metamaterial absorbers with absorptive peaks of 99.9% and 99.3% at 7.90 GHz and 8.90 

GHz. The measured results match with simulations for different polarizations of EM waves. 

The metamaterial absorbers can be used in stealth technology applications.  

In the subsequent year, Sen et al. (2017) [89], the work stretched with the attainment of 

absorption bandwidth of 79% (with more than 85% absorption) . The three absorption peaks 

are achieved are at 8.48 GHz, 15.4 GHz, and 17.48 GHz. The dimension of the structure is 9 

mm × 9 mm × 2.7 mm and design is polarization sensitive with broad angle of incidence. 

Agarwal et al. (2017) [90] concluded the absorption of 99.5% (7.20GHz), 99.8%(9.3GHz), 

99.5%(12.61GHz), and 99.9%(13.07GHz). The bands covered are C-, X-, and Ku microwave 

band width applications pertaining to mobile communication, satellite communication, and 

radar platforms using absorbers as design constituent. Then, Marathe et al. (2017) [91] 

examined the creation of negative region at three frequencies 4.32 GHz, 7.55 GHz, and 9.76 

GHz. This metamaterial structure has negative regions in C-and X-Frequency bands. The 

design is polarization sensitive and has a low angle of incidence. The year was marked by the 

contribution of Xin et al. (2017) [92]. The work focussed on the design of ultrabroad band 

metamaterial structure. The absorption of the MA is of the range of 83%, having frequency 
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range from 20.59 to 43.73 GHz at a normal angle of incidence. The 25.64 GHz full width at 

half maximum (FWHM) absorption bandwidth is achieved from proposed ultra-broadband 

MA.The structure is fabricated to decide the authenticity of results. The size of unit cell is 4 

mm × 4mm × 0.9 mm and design is polarization insensitive with broad angle of incidence. 

Subsequently, Bagci et al. (2017) [93] presented a design within a range from 2.45 and 5 

GHz.The dimension of the structure is 10 mm × 10 mm × 1 mm. The polarization insensitive 

nature of design and has a broad angle of incidence. In the same year, Naser et al. (2017) [94] 

developed a prototype structure of polarization independent absorber, and analysis of 

absorber is checked for 00 to 600 incident wave angle. The work is done in the time domain 

with CST, and the structure is fabricated with an FR4 substrate. The dimension of the 

structure is 24 mm × 24 mm × 1.6 mm and design are polarization insensitive with low angle 

of incidence. Then, Thummaluru et al. (2017) [95] demonstrated a C-band application 

oriented ultrathin triple-band polarization-insensitive metamaterial absorber. The proposed 

structure is interpreted as a combinational effect of two absorbers. It exhibits 91% (4.2 GHz), 

98.9% (7 GHz), and 99.5% (7.4 GHz) absorptivity. The geometry is 28.2 mm × 28.2 mm × 

1.6 mm. The design is polarization insensitive and has a broad angle of incidence. The work 

was analysed to demonstrate effectiveness in practical implementation. In the same year, the 

work on design of absorber was performed by Tak et al. (2017) [96] and in its work it 

demonstrated the design of absorber structure attains 97.8% (24.1 GHz) and 74.5% (25.2 

GHz) absorptivity. The structure is polarization insensitive and tested at a wide angle of 

incidence. The Absorber is proposed for 24 GHz automotive radar application. Then, Mishra 

et al. (2017) [97] proposed ultra-thin triple band absorber peak at 4.19 GHz, 9.34 GHz and 

11.48 GHz with Absorptivity of 99.67%, 99.48%, and 99.42%, respectively. The structure 

was reported to be polarization insensitive and tested at a wide angle of incidence. 

The next year saw, Sekar et al. (2018) [98] investigated an ultra-thin, wide absorption based 

compact metamaterial absorber with operational range within microwave segment. The basic 

structure consists of circular and rectangular split rings. The absorptivity of more than 90% is 

attained for wide band absorber of 3.84 GHz from 12.80 GHz to 16.64 GHz with absorptivity 

level achieved is of close to 90% absorption, and peak resonance is obtained at 13.2 GHz and 

16.5 GHz. Thereafter, Sabah et al. (2018) [99] proposed a structure in terahertz regime. The 

multiband terahertz metamaterial absorber is realized and by numerical simulation method. 

The design is polarization insensitive and has a low angle of incidence. In the same year, 

Huang et al. (2018) [100] described a THz metamaterial absorber with the absorption of more 
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than 93.7% at 9.05 THz. The structure is polarization insensitive. It is studied at a different 

angle of incidence. At oblique incidence, absorptivity is still exceeding 90%.  

The next year witnessed, Cao et al. (2019) [101] investigated a structure that comprises of 

graphene metamaterial absorber. The structure, as claimed, can attain absorption with 

99.95%, 99.28%, and 96.36% at 8.115 GHz, 11.4 GHz, and 15.12 GHz. The dimension of the 

structure is 23.2 mm × 23.2 mm × 1mm. The design is polarization insensitive and has a 

broad angle of incidence.  

The year witnessed the work of Amiri et al. (2020) [102] which demonstrated a structure that 

comprises the crescent-shaped resonator. The structure, as claimed, can attain absorption at 

99% at 5.17 GHz. The dimension of the structure is 18 mm × 18 mm × 1.6 mm. The design is 

polarization insensitive and has a broad angle of incidence, and then Wu et al. (2020) [103] 

investigated a structure that comprises three layers of the resonator. The structure as claimed 

can attain absorption with 99.25%, 99.68%, 97.83%, 97.54%, and 99.95% at 5.984 GHz, 

12.232 GHz, 18.128 GHz, 18.414 GHz, and 20.592 GHz, respectively. The dimension of the 

structure is 17 mm × 17 mm × 1.2 mm. The design is polarization insensitive and has a broad 

angle of incidence. 

In the next year, Jaradat et al. (2021) [104] discussed triple band metamaterial-based absorber 

at various peaks, achieving above 99% absorption at 1.67 THz. The dimension of the 

structure is 20 μm × 11 μm × 2.3 μμm. The design is polarization insensitive and has a broad 

angle of incidence. 

The year followed was marked by the work of Hakim et al. (2022) [105], which investigated 

a Jerusalem structure that comprises two square split-ring resonators, four microstrip lines. 

The structure, as claimed, can attain absorption with more than 97%, 99.51%, 99%, and 

99.5% absorption at 12.62 GHz, 14.12 GHz, 17.53 GHz, and 19.91 GHz, respectively. Then, 

Wang et al. (2022) [106] investigate a structure that is comprised of periodically arranged 

surface structure on an insulating slab. The structure, as claimed, can attain absorption with 

more than 98.75% and 99.46% absorption at 0.61 THz and 1.68 THz, respectively. The 

dimension of the structure is 120 μm × 120 μm × 15 μm. The design is polarization 

insensitive with broad angle of incidence. The work was followed by the contribution of 

Banerjee et al. (2022) [107], that investigated a structure that comprises four circular patches 

resonator. The structure, as claimed, can attain absorption with more than 99%, 99.75%, and 

98%and 99.46% absorption at 2.36 THz, 2.675 THz, and 2.97 THz, respectively. The 

dimension of the structure is 100 μm × 100 μm × 5 μm. The design is polarization insensitive 

and has a broad angle of incidence. The structure found in applications related to terahertz 
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regime the attainment of desirable parameter for polarization and angle of incidence is good 

for practical applications. 

2.1.2     Wideband Absorbers 

The section focusses on the research work in the past years for design, development and 

characterisation of wideband metasurface based absorbers. The absorbers discussed in this 

section provide insight to the work done in past years for the achievement of wideband 

having high absorptivity in frequency spectrum through various techniques. To understand 

the practical viability of structure, the performance of absorber is visualised on polarization 

and angle of incidence parameter. The review of metasurface absorber in wideband category 

is as follows, 

Gu et al. (2013) [108] presented a type of isotropic broadband metamaterial absorber having 

single-layer hexagonal dendritic units that is geometrically arranged with different 

dimensions. The 80% absorption is attained in X-band and the absorption level is more than 

80% from 9.05 GHz to 11.4 GHz frequency range. The angle insensitivity is defined by 

evaluation the performance at oblique incidence and the structure is providing good 

absorption level at oblique incidences less than 45°. The absorption attained for S-band 

within the range from 3.02 GHz to 4 GHz is of the order of 50% in the desired frequency 

range. The dimension of the structure is 11 mm × 11 mm × 2 mm. The design is polarization 

insensitive and has a broad angle of incidence, and then Wang et al. (2013) [109] 

demonstrated an ultra-thin narrow-band metamaterial absorber with periodicity achieved 

circular metal patch array. The MA could exhibit an absorption peak at 5.91 THz with peak 

absorption of 99.9%. The absorption level exhibited with the 80 μm × 80 μm × 200 nm 

structure. The design is polarization sensitive and has a low angle of incidence.  

The year followed by the work of Dincer et al. (2014) [110] designed, characterized, and 

analysed a new kind of metamaterial absorber for solar cell applications in desired frequency 

regions. This structure which is metamaterial based is localised for applications in solar 

spectrum in order to utilize solar energy effectively. The dimension of the structure is 30 mm 

× 30 mm × 1.5 mm. The design is polarization sensitive and has a low angle of incidence. 

Bhattacharyya et al. (2014) [111] proposed a absorber witnessing insensitivity to polarization 

parameter and wide angle of incidence. The absorption peaks are obtained at 98%(6.65 GHz), 

81.4%(6.88 GHz), 90.9%(7.19 GHz), 90.3%(8.58 GHz), 87.2%(8.98 GHz), 82%(9.42 GHz), 

99.4%(9.86 GHz) and 62.3%(10.14 GHz).The geometry is 10 mm × 10 mm × 1.6 mm. The 

design is polarization insensitive and has a broad angle of incidence. The work was followed 
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by the contribution of Wang et al. (2014) [112] metasurface based absorber, a continuous 

metal of 1m separated by only 1mm dielectric substrate. The structure is ultra-thin triple-band 

metamaterial absorber working in the microwave region. The structure is fabricated to 

analyse effectiveness of results and it is observed that fabricated structure exhibits 

98.8%(4.88 GHz), 96.5%(7.88 GHz), and 95.9%(11.32 GHz). The behaviour of triple-band 

absorber is polarization-insensitive at the normal incidence. The dimension of the structure is 

14 mm × 14 mm × 7.5 mm the design is polarization sensitive and has a low angle of 

incidence. Then, Wang et al. (2014) [113] investigated a metamaterial absorber having 

absorption above 90% (8.85 GHz -14.17 GHz). The dimension of the structure is 9 mm × 9 

mm × 1.2 mm. The design is polarization insensitive and has a low angle of incidence.  

The year followed with the contribution of Ayop et al. (2015) [114] illustrated a wideband 

absorber with a dual-band absorber with an absorbance of 98.66%, and 99.84 % arrived at 

9.81 GHz and 10.41 GHz. The result is polarization-insensitive and has perfect dual 

resonances. Two peaks absorbance of respectively with full width half maximum (FWHM) 

bandwidth calculated to be 1050 MHz or 10.38% at normal incident wave. The structure was 

analysed with variation of polarization is performed at different polarization angles. The 

achievement of two resonant peaks and with wider bandwidth achieved justified its claim for 

dual wideband absorption.  

The experimental data of it is conforming to the results, and two peaks of absorbance are 

achieved with magnitudes of 99.88% and 99.67% at 10.14 GHz and 10.79 GHz, respectively. 

Thereafter, Agarwal et al. (2015) [115] proposed a X-band operated compact metamaterial 

absorber. The proposed structure is behaving in dual-band and the attainment of peak 

absorptivity of 8.70 GHz (95.16%) and 8.70 GHz (97.84%).The dimension of the structure is 

12 mm × 12 mm × 0.56 mm and design is polarization insensitive with broad angle of 

incidence. The contribution of Song et al. (2015) [116] illustrated a numerical approach to 

design the frequency selective surface (FSS) based metamaterial absorbers (MAs). The 

dimension of the structure is 9.8 mm × 9.8 mm × 0.4 mm and the design is polarization 

sensitive with low angle of incidence.  

In the next year, Kong et al. (2017) [117] investigated a new structure with nested cross 

rings. Simulation results are providing a result of attaining absorption band from 6.08 to 

13.04 GHz and 90% value of high absorption. The Absorber behaviour is broadband in nature 

having relative absorption bandwidth achieved to be 72.8%. Moreover, the proposed 

Absorber was insensitive to the polarization of the TE and TM waves. The dimension of the 

structure is 14.4 mm × 14.4 mm × 3.5 mm and the design are polarization insensitive with 
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broad angle of incidence, and then Lee et al. (2017) [118] investigated metamaterial absorber 

working as switch using a PIN diode. The performance of the proposed absorber is gauged by 

the ON/OFF state of the PIN diode. The PIN diode ON/OFF state provide varied absorption 

levels with PIN diode working in ON state, the structure attained 90% absorption bandwidth 

from 8.45–9.3 GHz. Similarly OFF state PIN diode provides more than 90% absorption from 

9.2–10.45 GHz. The switching of the Absorption band is instrumental through PIN diode 

using ON/OFF state. Further, Sood et al. (2017) [119] investigate a wideband metamaterial 

absorber. The structure, as claimed, can attain absorption of 90% from 10.45 to 17.64 GHz. 

The dimension of the structure is 5.5 mm × 5.5 mm × 1.6 mm and the design is polarization 

sensitive in nature. 

The next year Huang et al. (2018) [120] designed a tuneable broadband metamaterial 

absorber based on graphene. The Jerusalem cross is used as a shape. A tuneable broadband 

graphene structure is investigated in infrared regions. The dimension of the structure is 3 μm 

× 3 μm × 0.1 μm. The design is polarization insensitive and has a low angle of incidence. 

Alkurt et al. (2018) [121] proposed an octagonal-shaped broadband metamaterial absorber. 

The 99.97 % absorption at 5.5 GHz involving a bandwidth of 1 GHz between 5 GHz and 6 

GHz in Transverse Electric (TE) mode is achieved. The structure is polarization insensitive. 

The dimension of the structure is 7.6 mm × 7.6 mm × 3.2 mm. Thereafter, Lei et al. (2018) 

[122] investigated a structure that is a thin nanostructure with titanium-silica (Ti-SiO2) cubes 

and an aluminium (Al) bottom film. The structure, as claimed, can attain perfect absorption 

and average absorbance of 97% is exhibited. The geometry of frame is 250 nm × 250 nm × 

300 nm. The design is polarization insensitive and has a broad angle of incidence.  

In the subsequent year, Wang et al. (2019) [123] investigated a simple structure of a 

rectangular-shaped resonator with elongated slots. The structure, as claimed, can attain near-

perfect absorption with 100% at 1.04 THz and 2.65 THz. The dimension of the structure is 88 

μm × 88 μm × 14 μm. The design is polarization sensitive and has a narrow-angle of 

incidence. After that, Ranjan et al. (2019) [124] investigated a wideband metamaterial 

structure. The structure, as claimed, can attain absorption with more than 90% absorption 

from 5.94 GHz to 11.92 GHz. The dimension of the structure is 9 mm × 9 mm × 3 mm and 

the design is polarization sensitive with narrow-angle of incidence. In the same year, Zhang 

et al. (2019) [125] investigated a structure that comprises of metal patch loading resistor with 

a variable capacitor. The structure, as claimed, can attain absorption with 90% at 0.68 GHz to 

2.13 GHz. The dimension of the structure is 24 mm × 30 mm × 6 mm. The design is 

polarization sensitive and has a narrow-angle of incidence. Qi et al. (2019) [126] 
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demonstrated a structure that comprises of graphene metamaterial absorber. The structure, as 

claimed, can attain absorption with 90% at 8.7 THz to 11.9 THz. The dimension of the 

structure is 3.6 μm × 3.6 μm × 1.76 μm. The design is polarization insensitive and has a broad 

angle of incidence.  

The next year, Nochian et al. (2020) [127] investigated a structure that comprises three layers 

of the resonator. The structure, as claimed, can attain absorption with more than 94% 

absorption from 6.5 GHz to 12 GHz. The dimension of the structure is 5.85 mm × 5.85 mm × 

3.2 mm and design is polarization insensitive with broad angle of incidence. Thereafter, 

Barde et al. (2020) [128] demonstrated a structure that is a wideband metamaterial absorber. 

The structure, as claimed, can attain absorption with more than 88% absorption from 12 GHz 

to 18 GHz. The dimension of the structure is 10 mm × 10 mm × 1.6 mm and design is 

polarization sensitive with a narrow-angle of incidence. 

The year followed with the work of Wang et al. (2021) [129] investigated a structure that 

comprises a VO2 disk, polyimide substrate, and gold ground plane. The structure, as claimed, 

can attain absorption with more than 90% absorption from 3 THz to 8 THz. The dimension of 

the structure is 12 μm × 12 μm × 7 μm. The design is polarization insensitive and has a broad 

angle of incidence, and then Luo et al. (2021) [130] investigated a structure that is a cross-

band metamaterial absorber. The structure, as claimed, can attain absorption with more than 

90% absorption from 1.18 THz and 1.85 THz. The dimension of the structure is 120 μm × 

120 μm × 270 μm. The design is polarization insensitive and has a broad angle of incidence. 

Further, Kim et al. (2021) [131] analysed a wideband metamaterial absorber. The structure, 

as claimed, can attain absorption with more than 90% absorption from 6.3 GHz to 30.1 GHz. 

The dimension of the structure is 21 mm × 21 mm × 4 mm and the design is polarization 

insensitive with broad angle of incidence. The work was followed by the contribution of Kaur 

et al. (2021) [132] investigated a wideband metamaterial absorber. The structure, as claimed, 

can attain absorption with more than 97% absorption from 12 GHz to 21 GHz. The 

dimension of the structure is 5 mm × 5 mm × 1.54 mm and the design is polarization 

insensitive with broad angle of incidence. 

2.2 Review of Isolation Techniques  

In this section, the research works that have been done in the field of MIMO isolation 

techniques are discussed. The study of MIMO isolation techniques was primarily focused on 

understanding established techniques through which isolation in MIMO setup can be 

achieved. These techniques can be broadly classified as based on [61]; 
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a) Decoupling Network. 

b) Parasitic Elements. 

c) Defective Ground analogy. 

d) Neutralization Line. 

e) Metamaterial based. 

The review on MIMO isolation techniques is focused on the level of isolation achieved, 

methodology incorporated, and attained values of ECC, DG, and EDG. All these parameters 

will determine the practical usability of techniques for establishing the desired level of 

isolation in the MIMO setup. A brief overview of various absorbers is as follows; 

In the year 2007, Chiu et al. (2007) [133] proposed that the isolation is achieved through the 

slitted ground, an isolation level of around -20 dB is achieved through the incorporation of 

defective ground methodology. The frequency of operation is 2.27-2.35GHz.  

In the subsequent year, Chen et al. (2008) [134] proposed an isolation improved level of 

more than -30 dB that is achieved through a compact decoupling network thereby making the 

design suitable for practical applications. In the same year the work of Wang et al. (2008) 

[135] used parasitic structure methodology with highest isolation level of more than -21 dB at 

4.2 GHz for making structure practical viable. 

Thereafter, Lee et al. (2011) [137] proposed that the isolation is achieved through an array of 

metamaterial unit cell, and an isolation level of around 22.2 dB is achieved through the 

incorporation of the metamaterial-based unit cell at 2.45 GHz.  

The next year through effort of Su et al. (2012) [138] saw incorporation of neutralisation line 

technique to achieve isolation level of -15 dB at 2.5 GHz. The gain achieved is 2.1 dBi and 

radiation efficiency of 81%. Moreover, diversity parameters are evaluated to test the diversity 

performance. In the same year isolation technique using dual-mode 1800 hybrid de-coupler 

was investigated by Lin et al. (2012) [139] and an isolation level above than -20 dB is 

achieved through network at 2.45 GHz and 5.25 GHz. In work of Li et al. (2012) [140] 

established an  isolation through sleeve coupled rectangle stepped impedance resonator, an 

isolation level of around -23 dB is achieved over broad operating frequency (3.1 GHz to 10 

GHz). The year witness isolation enhancement through the design of an EBG structure 

comprising slots through the research  work of Margaret et al. (2012) [141],the highest level 

of isolation is around -36 dB using through parasitic element over wide operating band (5.2 
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GHz to 6.2 GHz). The year also witnessed U- shaped slots ground, an isolation level around -

15 dB is achieved through incorporation of defective ground methodology over operating 

band of 1.7 GHz to 2.7 GHz with ECC attained as 0.01 and the work credit is effort of Zhou 

et al. (2012) [142].  

In the next year, Yu et al. (2013) [144] proposed that the isolation is obtained using the slitted 

ground. An isolation level of around -18 dB is achieved through the incorporation of 

defective ground methodology. The frequency of operation is 2.7 GHz, and the value of 

diversity gain (DG) achieved is 9.88. In the same year Singh et al. (2013) [145] proposed to 

enhance the isolation between ports by using non-radiating folded shorting strip by 

interconnecting each antenna element with ground plane. The results achieved are isolation 

values of -28 dB from 2.4-2.48 GHz and -26 dB in the range from 5.15-5.85 GHz covering 

lower and higher WLAN band. The year also witnessed electromagnetic band gap technique 

of S-EBG with vias to achieve an isolation level greater than -25 dB at 2.42 GHz through the 

work effort of Suntives et al. (2013) [146]. Subsequently, Xia et al. (2013) [147] investigated 

that the isolation is achieved using two directional couplers and two sections of the 

transmission line. An isolation level of more than - 58 dB is exhibited through a decoupling 

network at 7.5 GHz thereby confirming the practical utility of structure in applications. 

In the same year, Khan et al. (2014) [150] proposed the isolation is achieved through a 

digitated parasitic decoupling structure to obtain high isolation. They found isolation greater 

than -20 dB over ultra-wideband frequency (3.1 GHz to 10.6 GHz). Then, Chen et al. (2014) 

[151] investigated an isolation technique using a capacitor (range of 1.8 pF to 3.3 pF). The 

operating frequency range is from 704 MHz to 960 MHz and 1710 MHz to 2170 MHz having 

a value of isolation achieved greater than -10 dB and -15 dB, respectively. In the same year 

2014, a -15db isolation is achieved with T-shaped ground stub and a vertical slot cut on a T-

shaped ground stub through the efforts of Liu et al. (2014) [152] with achievement of ECC 

value of 0.1.  

The next year is marked by the contribution of Zhao et al. (2015) [154] employed a 

decoupling network technique having coupled resonator decoupling network, thereby 

achieving an isolation level of -15 dB at 2.48 GHz. The radiation efficiency arrived is 75%. 

The parameters ECC achieved equal to 0.23 and DG parameter is 9.73 dB and then in the 

same year a technique to employ parasitic and slot element technique of two coplanar strip 

line feed staircase shaped radiating elements thereby achieving an isolation level of -20 dB at 

3.1 GHz was employed by Roshana et al. (2015) [155]. The year witnessed the work of Singh 



37 
 

et al. (2015)[156] using folded shorted strips between elements and ground plane to obtain 

enhancement of isolation level by -13 dB at 2.45 GHz, -5 dB at 4.4 GHz band  and -12 dB at 

5.5 GHz. Further, Yu et al. (2015) [157] proposed an isolation technique to high isolation 

level around -18 dB and -21 dB using defective ground methodology for frequency of 2.7 and 

3.95 GHz, respectively. The ECC is calculated as 0.15 which is well below the defined limit. 

The year witness isolation achieved through wideband neutralization line, isolation level 

around -22 dB is achieved through proposed methodology over 3.1 GHz to 5 GHz through 

the research work of Zhang et al. (2015) [158]. The work of Singh et al. (2015) [53] 

involving defected ground methodology to attain high isolation of -20 dB between antennas 

for WLAN applications. The contribution of Wang et al. (2015) [159] employed the 

neutralization line technique to achieve an isolation level of -23 dB at 750 MHz. Further, Lee 

et al. (2015) [160] employed the electromagnetic band gap technique to achieve an isolation 

level greater than -53.7 dB at 2.54 GHz. The radiation efficiency is 82%, ECC is 0.002, and 

DG is 9.98 dB at designated frequency. In the same year, Zhai et al. (2015) [161] employed a 

metamaterial-based technique to achieve an isolation level of -42 dB at 2.45 GHz. The work 

of Singh et al. (2015) [162] employed two non-radiating folded shorting strips are connected 

between each antenna element and ground plane resulting an isolation level to a maximum of 

-24dB in the range of frequencies cover WLAN (2.46–2.6 GHz), WiMAX (3.37–3.75 GHz), 

and HIPERLAN (5.2–5.87 GHz). 

The following year witnessed the contribution of Agarwal et al. (2016) [163]. They proposed 

an isolation technique using an array of metamaterial unit cell to obtain isolation level around 

-33 dB and -32.5 dB over operating band from 5.15 GHz to 5.35 GHz and 5.72 GHz to 5.82 

GHz, respectively. They proposed an isolation technique using an array of metamaterial unit 

cell to obtain isolation level around -33 dB and -32.5 dB over operating band from 5.15 GHz 

to 5.35 GHz and 5.72 GHz to 5.82 GHz, respectively. The same year saw incorporation of S-

shaped defected ground structure and was able to achieve isolation of -55 dB at 2.57 GHz by 

the effort Wei et al. (2016) [164]. Then Chen et al. (2016) [165] employed open-ended 

defected ground slots to achieve isolation of greater than -20 dB at 1 GHz. The gain achieved 

is 2 dBi with radiation efficiency 80%. Moreover, ECC value at the designated frequency is 

0.075, while DG achieved for reference frequency is 9.97 dB. Thereafter, Ibrahim et al. 

(2016) [166] demonstrated a metamaterial-based technique to achieve an isolation level of -

28 dB at 5.55 GHz and Krishna et al. (2016) [167] employed parasitic or slot element 

technique of stepped feed line and square ring slots, thereby achieving an isolation level of -
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20 dB at 3.0 GHz in the same year. The year witness parasitic or slot element technique of 

stepped slot feed line and open-ended ground slot, thereby achieving an isolation level of -22 

dB at 3.2 GHz. The value of gain calculates as 4 dBi and radiation efficiency as 80% by the 

effort Srivastava et al. (2016) [168]. Then, in the same year, Diallo et al. (2016) [169] 

proposed that the isolation is achieved through suspending line between PIFA feeding and/or 

shorting points and by virtue of technique an isolation level around -22 dB is achieved 

through incorporation of neutralization line methodology at 1.95 GHz.  

In the next year, Xu et al. (2017) [173] employed a metamaterial-based technique to achieve 

an isolation level of -15 dB at 4.75 GHz. However, the value of radiation efficiency is 77%, 

the value of ECC is 0.02, and the value of DG is 9.89 dB at designated frequency. The 

technique has wider applications in mobile handset applications. The same year also 

witnessed a decoupling network technique having a reactive dummy load, thereby achieving 

an isolation level of -27.6 dB at 2.18 GHz through the contribution of Wu et al. (2017) [174]. 

Further, Khan et al. (2017) [175] employed parasitic or slot element technique of meandered 

feed line and stub to ground connection thereby achieving an isolation level of -15 dB at 3.0 

GHz. The value of gain achieved is 1.5 dBi and the radiation efficiency arrived is 82%. The 

parameter ECC is calculated as 0.42 and DG is 9.07dB thereby establishing practical utility 

of structure. 

In the subsequent year, Li et al. (2018) [176] demonstrated an isolation technique through an 

array of metamaterial unit cell to achieved isolation around -24 dB at 5.8 GHz. Then in the 

same year, a decoupling network technique having pattern diversity, achieving an isolation 

level of -15 dB at 3.6 GHz was proposed by Ding et al. (2018) [177]. The radiation efficiency 

achieved through technique was 50%.  

In the year 2009, Rezapour et al. (2019) [178] investigated that the isolation is achieved 

through an array of metamaterial unit cell, and an isolation level of around -23 dB is achieved 

through the incorporation of the metamaterial-based unit cell over dual band operating 

frequency bands from 2.02 GHz to 2.7 GHz and from 2.18 GHz to 3.8 GHz.  

Subsequently, the next year a -41 dB isolation at 5.3 GHz is witnessed through the 

contribution of Khan et al. (2020) [179] that employed a defective ground analogy.The value 

of gain achieved is 8.4 dBi and the radiation efficiency arrived is 98.01%. The diversity 

parameters are calculated and found ECC as 0.01 while DG as 10 dB.  In the same year, 

spatial diversity technique was employed by Hadri et al. (2020) [180] with the achievement 
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of -35 dB isolation at 28 GHz. The year also saw the contribution of Kaur et al. (2020) [181] 

proposed that the isolation is achieved through an array of metamaterial unit cell, an isolation 

level around - 25 dB is achieved through incorporation of the metamaterial-based unit cell at 

5.65 GHz resonating frequency band.  

The year 2021 was marked with the work of Dey et al. (2021) [182] employed the 

electromagnetic band gap technique with the achievement of - 32.7dB isolation at 28 GHz. 

Further, incorporation of decoupling structures by Rajmohan et al. (2021) [183] with the 

achievement of -82 dB isolation at 28 GHz. Also, radiation performances are tested and 

found the gain as 5.7 dBi and the efficiency as 82%. The same year were marked by the 

contribution of Roy et al. (2021) [184]. They employed a meander line isolator in order to 

achieve high isolation of -19 dB over 2.8 GHz to 4.2 GHz. The diversity parameters is 

calculated and found ECC equal to 0.2 and DG equal to 9.6 dB.  

The year 2022 is also witnessing various novel techniques to enhance isolation level for 

various applications suffering from mutual coupling due to interference in various elements 

of MIMO setup. The year 2022 witnessed the contribution of Khurshid et al. (2022) [185], 

who employed the slotted ground technique to achieve isolation of -20 dB over wide 

operating frequency range from 2.3 GHz to 23 GHz. Further, in the same year T-shaped 

ground branch which is acting as a decoupling network was tested for results by Mu et al. 

(2022) [186] and the highest level of isolation is obtained in the range of -20 dB at 5.4 GHz. 

The close to -20dB isolation level attainment and effectively be incorporated in practical 

setup for desired resuts. The ECC value achieved is 0.075. The antenna efficiency arrived is 

93%, while the antenna gain is 5.35 dBi. The work was followed by the contribution of 

Nithya et al. (2022) [187], that employed a decoupling element acting as an isolator to 

achieve isolation of -15 dB in the frequency range from 3.3 GHz to 5.0 GHz. The 

contribution of Kaur et al. (2022) [188] paved the way for incorporation of a reverse T-

shaped rectangular strip in the central portion of the substrate inter-connecting CPW grounds. 

The centralised reverse T-shaped rectangular strip is effectively providing an isolation level 

of the order of -17.5dB from 1.92 GHz to 3.3 GHz and 4.6 GHz to 6 GHz falling within the 

range of Wi-Fi/WLAN standards and therefore justifying its relevance for practical 

implementation in setups demanding incorporation of isolators. 
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CHAPTER 3 DESIGN, OPTIMIZATION AND DEVELOPMENT OF 

MULTIBAND ABSORBERS   

3.1 Introduction 

The innovation of metamaterial absorbers with the rising need for application-oriented 

absorbance at microwave regimes involving cloaking, mutual coupling reduction, reduced 

radar cross section, EMI/EMC (Electromagnetic interference/Electromagnetic compatibility), 

and stealth technology is well known today [34-47]. The geometry of the unit cell is a 

restricting condition to explore the possibility of multiband, wideband with optimized 

dimensions in coherence to requirement of the highest form of absorptivity. This condition 

restricts the practical usability of metamaterial-based absorbers for exploitation in commercial 

applications. The miniaturization and absorptivity are the prime region to focus and 

paramount necessity for researchers using metamaterial-based microwave absorbers. 

However, the miniaturized unit cell dimensions of the metamaterial absorber appear to be a 

hindrance since the applications demands near total or perfect absorptivity at these 

dimensions. The numerous single, multi, and wideband absorbers are available [34-47], but 

the specific necessity for a near total absorption rate that, too, with ultrathin dimensions, is 

still a difficult preposition. The work on multiband absorbers is stretched with the design of 

two absorbers.  

The first one is the absorber structure that has a combinational effect of three-square rings, 

and a square ring with a triangle annexed along sides acting as a central square ring is taken 

for analysis. The locational aspect of various patches with dimensional optimization provides 

high absorptivity levels of 99.14%, 98.29% at 6.08 GHz and 9.49 GHz, respectively, and 

above 95% absorption from 16.57 GHz to 16.83 GHz. The structure provides polarisation 

insensitivity up to 750 and has a wide angle of stability up to 600. The ultrathin dimensions 

and attainment of tri-band with high absorption make the structure fit for practical 

incorporation in various microwave applications 

The second absorber is combination of three-ring resonators along with a symmetrical patch 

inside innermost ring. The locational dimensions of rings and inner patch provide a good 

degree of coupling due to inductance and hence play an instrumental role in attaining desired 

absorptivity at multiband. The almost perfect absorption peaks are realised after fine-tuning 

the shape parameters of the structure. The proposed absorber provides peak absorptivity of 

99.96% at 4.75GHz, 99.98% at 9.47 GHz, and 99.62% at 14.40 GHz  covering C-, X-, and 

Ku-band respectively. The identical TE and TM polarized waves are symmetric in nature with 
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good absorption rates thereby supporting the claim for practical utility. The structure exhibits 

up to 450 polarization-insensitive behaviour with angular stability is wide in nature. The 

commercially desired frequency of operation with ultrathin dimensions and perfect 

absorptivity in combination with polarisation insensitive behaviour till 45° justify the 

relevance of structure as practical catchy for various microwave applications. 

3.2 Ultrathin Triple-Band Metamaterial Absorber 

The work presents design and development of compact metamaterial-based microwave 

absorber having polarisation insensitivity, broad angle of incidence in microwave frequency 

range. The unit cell focuses to achieve maximum absorption at C-, X- and broad Ku- band. 

The structure is simulated and the results are analysed for different angle of polarization and 

angle of incidence. The dimension of proposed structure is ultrathin and compact having 

overall dimension as 8 mm × 8 mm × 0.8 mm. The three different peaks at three different 

bands are achieved with optimized dimensions thereby making the triple-band behaviour of 

metamaterial absorber possible. The structure is providing absorption of 99.14% absorption at 

6.08 GHz (C-Band) while absorption of 98.29 % is achieved at 9.49 GHz (X-band) and 265 

MHz bandwidth with above 95% absorption from 16.57 GHz to 16.83 GHz (Ku-Band) in 

microwave regime. The details analysis of the designed multi-band absorber is given in below 

sections. 

3.2.1 Configuration of Triple-Band Absorber 

The absorber configuration is a combination of square rings with one square split on all sides. 

The centralized square is annexed with triangles, while the outer square ring is appended with 

four rectangles on all sides to achieve desired triple band absorption. A unit cell that 

represents the proposed absorber comprises metallic layers, one being a complete metallic 

ground plane and the other with patches on top in between two layers that exist FR4 dielectric 

with a thickness of 0.8 mm. The top layer comprising resonating patch is etched on a substrate 

with copper having 0.017 mm thickness. Since, the complete metallic back-side maintained 

the transmission coefficient component as zero. The layers of proposed structure and 

configuration are shown in Fig. 3.1. Also, the detailed shape parameters of the triple-band 

absorber are mentioned in Table 3.1. 

3.2.2 Results and Discussion  

3.2.2.1 Design and Evolution of the Triple-Band Absorber 

The structure is simulated using floquet boundary conditions for unit cells in Computer  
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Fig. 3.1: Layers and configuration of the proposed absorber. 

Table 3.1: Shape parameters of the triple-band metamaterial absorber. 

S. No. Parameters Dimension (in mm) 

1.  Ls 8 

2.  L1 6.8 

3.  L2 6 

4.  L3 5 

5.  x 2 

6.  y 2.6 

7.  z 3.92 

8.  e 0.3 

9.  k 0.32 

10.  i 0.2 

11.  m 0.4 

12.  g 0.5 

13.  a 0.3 

14.  b 0.2 

15.  c 0.34 

16.  f 0.32 

17.  d 0.65 

18.  w 0.2 

19.  h 0.8 

20.  t 0.017 

 

Simulation Technology Microwave Studio (CST MWS) incorporating finite integration 

technique. The electric and magnetic fields are polarized along the x- and y- directions as TE 

(0, 0) and TM (0,0), respectively. Fig. 3.2 and 3.3 gives information on the simulation setup 

and absorption level achieved for the proposed absorber in TE and TM mode, respectively. 

The simulation graph provides a clear indication of near-perfect absorption and the attained 
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absorption level that will surely be beneficial for all those applications that demand the 

incorporation of an absorber in its configuration setup. 

 

Z

Y

X

Floquet Port 2

Floquet Port 1

E-Field
(Periodic boundary condition)

H-Field
(Periodic boundary condition)

Unit Cell

 
Fig. 3.2: Simulation setup for the design of absorber.  

 

Fig. 3.3: Variation of absorptivity with frequency for TE and TM mode. 

The basic mathematical equation taken for absorption of the unit cell metamaterial absorber 

[5] is; 

𝐴(𝜔) = 1 − 𝑅(𝜔) − 𝑇(𝜔)                              (3.1) 

𝐴(𝜔) = 1 − |𝑆11(𝜔)|2 − |𝑆21(𝜔)|2                      (3.2) 

where, absorption, reflectance, and transmittance are denoted by A(ω), R(ω), and T(ω), 

respectively. Eq. (3.1) clearly indicates absorption A(ω) is dependent upon the S11 (reflection 

coefficient) and S21 (transmission coefficient).  
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Since, the ground geometry of the proposed absorber is completely metallic therefore, S21 

(transmission coefficient) is reduced to zero, as given in Eq. (3.3) [5]. 

                               𝐴(𝜔) = 1 − |𝑆11(𝜔)|2                               (3.3)   

The absorptivity achieved through the simulation of the desired structure is shown in Fig. 3.3.  

Further, the evolution process of proposed absorber started with an aim to produce tri-band in 

microwave regime is shown in Fig. 3.4 and corresponding absorption response is shown in 

Fig. 3.5. The Stage A of proposed absorber is square ring providing an absorption level of 

81.73% at 13.38 GHz, the Stage B witness slight improvement in absorption characteristics 

by tilting the square ring and appending it with four triangles at each sides thereby witnessing 

92.86% absorption at 17.10 GHz. The Stage C is a square ring engulfing proposed geometry 

of Stage A thereby providing a dual band at 9.38 GHz and 17.16 GHz with absorption level 

attained as 97.86% and 99.13%, respectively at dual frequencies. The stage D is an 

incorporation of  another square ring  thereby giving initial tri-band having resonance at 7.55 

GHz, 9.578 GHz and 17.14 GHz with absorption level attained as  98.32 GHz, 9.578 GHz and 

17.14 GHz, respectively. The Stage E is an incorporation of square ring and is preliminary 

step to widen the bandwidth with above 95% absorption level. The results attained through 

Stage E is 98.69% and 86.84% absorption at 6.36 GHz and 9.62 GHz while broad bandwidth 

of above 95% absorption is achieved from 17.05 GHz to 17.23 GHz providing a band of 180 

MHz. The split ring is introduced in intermediate ring of group of three square rings influence 

the attainment an absorption levels of 98.97% and 97.34% at 6.36 GHz and 9.49 GHz further 

above 95% band is improved from 180 MHz to 280 MHz from 16.82 GHz to 17.10 GHz as 

shown in Fig. 3.5. The stage can be presumed as final stage but the absorption levels as 6.36 

GHz and 9.49 GHz demands improvement. The quest for good absorption level and broad 

bandwidth is attained through final stage designated as Proposed Absorber, where the 

structure is witnessing absorption level of 99.14%, 98.29% as against 98.97% and 97.34% for 

previous stage for designated frequencies 6.08 GHz and 9.49 GHz, respectively. The 

attainment of broad band is reduced slightly from 280 MHz to 265 MHz (with above 

absorption 95% absorption) from 16.57 GHz to 16.83 GHz in microwave regime but this 

reduction in width is equally compensated by increase in absorption level at other frequencies 

thereby justifying the evolution step as final stage of Proposed Absorber. The evolution 

process culminates with the attainment of triple band comprising C-band, X-band and broad 

bandwidth of Ku-band.  
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Fig. 3.4: Design evolution of the tri-band absorber. 

 

Fig. 3.5: Simulated absorption for a different configuration. 

3.2.2.2 Constitutive Parameters 

The exhibition of prefect absorption is attributed to electric and magnetic resonances. When 

the wave is incident on metamaterial electric field is coupled to top metallic structure and 

controls the electric permittivity (εeff). The current circulating on top and bottom ground layer 

is couples with magnetic field and thereby controlling magnetic permeability (μeff) of 

structure. Therefore, manipulating dimensions of different layers of structure it is possible 

that incident electric and magnetic field are absorbed [5]. According to transmission line 

theory when the wave is incident to absorber metallic layer, the reflection loss (RL) [189] for 

absorber structure with given thickness is given by Eq (3.4); 

𝑅𝐿 = −20𝑙𝑜𝑔 |
𝑍𝑖𝑛−1

𝑍𝑖𝑛+1
|                                                      (3.4) 

where, Zin is normalized impedance of absorber and Zin is described as Eq. (3.5) [189], 
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𝑍𝑖𝑛 =  √
𝜇𝑟

𝜀𝑟
 𝑡𝑎𝑛ℎ [𝑗 (

2𝛱𝑓𝑡

𝑐
) √𝜇𝑟𝜀𝑟]                                      (3.5) 

where, f is the frequency, t is thickness of absorber, c is velocity of light, μr and εr are 

complex permeability and permittivity of structure. The parameter μr and εr are linked to 

normalized input impedance and for complete absorption the Zin =1 which can be achieved 

when μr = εr [189]. Thus by matching permittivity and permeability the impedance of 

structure is matched to free space impedance thereby providing maximum absorption and 

minimum reflectivity [5]. The material is characterized as metamaterial due to the exhibiting 

properties of negative permittivity and permeability. Fig. 3.6 provides an overview of 

permittivity, while Fig. 3.7 gives details of permeability. The normalized impedance of the 

proposed metamaterial absorber is shown in Fig. 3.8. From the graph, it is calculated that 

normalized impedance at 6.08 GHz, 9.49 GHz, and 16.57 GHz is 1.01 - j0.35 Ω, 1.01 + j0.00 

Ω and 1.40 - j2.18 Ω, respectively. It is observed that real and imaginary values of 

normalized impedance show the values of one and zero, respectively. The attainment of the 

unity value of normalized impedance is a clear indication of perfect absorption on account of 

impedance matching of structure with free space impedance, thereby achieving high 

absorptivity. The designed absorber possesses low reflectance and perfect impedance 

resulting in perfect absorption in the microwave regime, thereby confirming the utility of the 

absorber in practical applications that require an absorber in its design configuration. 

  

 Fig. 3.6: Variation of permittivity with frequency 
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Fig. 3.7: Variation of permeability with frequency. 

 

Fig.  3.8: Normalised impedance of the proposed absorber. 

3.2.2.3 Parametric Analysis  

The parametric study was performed for various parameters to ascertain the impact of 

dimensions on the absorptivity of the proposed absorber. The length of the innermost patch  

 (p), the dimension of the substrate (Ls) and the gap (g) of the split are analyzed for 

optimized dimensions, and clearly, the inference from the analysis suggests the role of 

patches and dimensional geometry in absorption attainment. Fig. 3.9, 3.10, and Fig.3.11 

provide insight into dimensional variation and its impact on absorptivity; the analysis was 

performed by the variation of one parameter and keeping other parameters constant. The 

dimension of parameter p varies from 4.5 mm to 5.5 mm, while the lower value of p, i.e., 

4.5 mm, provides two relevant absorption peaks. In contrast, p = 5.5 mm absorption attained 
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absorption level is attained, as shown in Fig. 3.9. The similar situation is witnessed at the 

dimension of the substrate where Ls = 8 mm provides a high absorption level in relative 

comparison to lower and higher values of relative dimension as shown in Fig. 3.10. The 

effect of gap (g) in second ring on absorptivity can be easily seen that with variation of 

parameter g when the value of g is 0.4 mm width of broadband for third peak is increased. 

Still, its absorption level at some points is reduced to below 90% value, while g = 0.6 mm 

provides a decrease in width for the desired level of absorption attained. The best response 

of absorptivity is attained at the value of g = 0.5 mm, where the attainment is of the broad 

band of 265 MHz (with above absorption 95% absorption) from 16.57 GHz to 16.83 GHz as 

shown in Fig. 3.11. The conclusion for parameterization is that for p = 5 mm, Ls = 8 mm g = 

0.5 mm provide not only high absorptivity but are responsible for the attainment of triple-

band behavior with broad Ku-band for the proposed absorber having high absorptivity levels 

of 99.14%, 98.29% at 6.08 GHz and 9.49 GHz, respectively, and above 95% absorption 

from 16.57 GHz to 16.83 GHz. 

3.2.2.4 Surface current and Electric field Distribution 

The behaviour of the absorber can be better understood with current vector distribution and 

electric field distribution in Fig. 3.12 (a-b). The current distribution clearly symbolizes that at 

6.08 GHz, greater accumulation occurs at the outside ring. Whereas at 9.49 GHz, the maximum 

current distribution is along the innermost ring, while the central square patch has maximum 

current distribution at 16.62 GHz and shown in Fig. 3.12(a). The same phenomenon is 

witnessed through charge accumulation, as shown in Fig. 3.12(b). The current distribution  

 

Fig. 3.9: Effect of the inner square ring (p).  
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Fig. 3.10: Effect of the dimension of the substrate (Ls). 

 

Fig. 3.11: Effect of gap (g) of the split ring.  

 

analysis shown in Fig. 3.12 indicates current is predominantly present on the left and right 

sides of the ring. The analysis for designated frequencies 6.08 GHz, 9.49 GHz, and 16.62 

GHz is taken on the behaviour of vector current distribution and electric field distribution. 

6.08 GHz 9.49 GHz 16.62 GHz

0.1 A/m 403 A/m 0.1 V/m 79206 V/m

6.08 GHz 9.49 GHz 16.62 GHz

 

                                    (a)                                                                    (b) 

Fig. 3.12: (a) Vector surface current distributions, and (b) Electric field distribution. 
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3.2.2.5 Experimental Characterization 

The final analysis demands practical fabrication of the proposed absorber so that practical 

verification of results can be performed by comparison with the simulated one. The VNA 

E5063A, 100 kHz -18 GHz (Full two-port Keysight Network Analyser) with two wideband 

horn antenna and proposed absorber is taken for experimentation as shown in Fig. 3.13. The 

horn antennas and proposed absorber are maintained at a distance of 60 cm. Port-1 and Port-

2 are connected to the transmitting and receiving horn antenna, respectively. The final 

analysis is drawn from measured results achieved from a practical setup and is compared 

with the simulated one in Fig. 3.14. The measured and simulated results are in close 

conformity, thereby justifying the claim for practical utility in the microwave regime. The 

results attained from measurement are 91.14%, 92.29% at 6.08 GHz and 9.49 GHz, 

respectively, and above 91% absorption from 16.94 GHz to 17.04 GHz. There is a mismatch 

between simulated and measured data is appearing which is mainly due to fabrication 

tolerances and measurement inaccuracy.  
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Fig. 3.13: Absorber measurement setup. 

 

Fig. 3.14: Comparison of simulated and measured absorption of the proposed absorber.  
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Further, the nature of polarization is verified for the proposed absorber, and the angle (ϕ) is 

varied for the values of absorption attained. Fig. 3.15 provides the level of absorption attained 

for variation in the values of polarization angle (ϕ). From the analysis of the graph, the 

inference is drawn that more than 95% absorption level is retained on the variation of angle 

(ϕ) up to 450, thereby concluding the structure is polarization insensitive in behaviour up to 

45°. 

Moreover, the verification of the angle of incidence is done by the variation of angle (θ). 

The proposed absorber has a wide angle of operation, as is verified in Fig. 3.16 and 3.17(a) 

and (b). The analysis of graphs provides a clear indication that the proposed structure is 

stable to a wide angle up to 600. The polarisation insensitivity and wide angular stability is 

the requirement for all practical applications. The unwanted peaks are due to reflection and 

interference theory [190] and parasitic resonances [191] exhibiting their role at higher 

resonant frequencies.  

 

Fig. 3.15: Variation of absorption with polarization angle (ϕ)   

 

Fig. 3.16: Variation of absorption with oblique incidence (θ) for TE mode. 
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                            (a)              (b) 

Fig. 3.17: (a) Simulated absorption, with oblique incidence (θ) for TM mode and (b) Measured 

absorption, with oblique incidence (θ) for TM mode 

 

Thus, the angle of incidence is not the limiting force in the practical implementation of the 

proposed absorber, which further strengthens the relevance of the design. 

3.3 Compact Ultrathin Triple-Band Metamaterial Absorber 

This work is an attempt to explore possibility of ultra-thin dimension with attainment of 

highest form of absorption. The C-, X-, Ku- bands with absorption peaks results in triple band 

achievement with attainment of prefect absorption. The geometric dimension of structure is   

7.2 × 7.2 × 0.8 mm3.The unit cell comprising patches provides 99.96%, 99.98% and 99.62% 

absorptivity at the 4.75GHz (C-band), 9.47GHz (X-band), and 14.40 GHz (Ku-band) 

respectively. The design of structure is compact and ultra-thin while the structure is 

polarization insensitive in behaviour till 45° and has an advantage of  wide angular stability. 

The unit cell thickness is 0.012λlowest (where λlowest is at a lowest cut-off frequency). 

3.3.1 Configuration of Compact triple-Band Absorber 

The composition of proposed absorber three layers with the unit cell designed with metallic 

layers, encompassing a dielectric in layer formation. The side view and absorber 

configuration are shown in Fig. 3.18. The copper clad patch and ground conductor having a 

thickness of 0.017 mm. The top resonating structure is etched over a low-cost FR4 substrate 

and with thickness of 0.8 mm (0.012λlowest, where λlowest is at the lowest cut-off frequency). 
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The structure comprises symmetrical patch within the innermost ring and there is total of 

three ring resonators in the structure. The back structure is the complete metallic plate to 

make the transmission coefficient zero (S21 = 0) as shown in Fig. 3.18. The dimension of the 

unit cell is listed in Table 3.2. 
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Fig. 3.18: Layers with the configuration of the proposed absorber.  

Table 3.2: Shape parameters of the compact triple-band metamaterial absorber. 

S. No. Parameter Dimension (in mm) 

1.  Ls 7.2 

2.  L1 7 

3.  L2 6 

4.  L3 5 

5.  L4 4 

6.  L5 0.5 

7.  X 0.2 

8.  v 0.2 

9.  w 0.2 

10.  g 0.2 

11.  z 1 

12.  a 0.5 

13.  b 0.3 

14.  c 0.3 

15.  h 0.8 

16.  t 0.017 

3.3.2 Results and Discussion 

3.3.2.1  Design and Evolution of the Compact Triple-Band Absorber 

The proposed structure is simulated using methodology of finite integration technique-based 

Computer Simulation Technology Microwave Studio (CST MWS). The simulation setup is 

shown in Fig. 3.19. The methodology of floquet port excitation and Floquet port boundary 
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condition is used to understand the proposed metamaterial absorber. The x- and y-direction  

are used for TE (0, 0) and TM (0, 0) modes respectively for electric and magnetic fields. The 

simulated absorption of the proposed design for TE and TM mode is shown in Fig. 3.20. The 

absorption is achieved through expression given above by Eq. (3.1 to 3.3). For a condition 

with θ = 0° that is the case of the normal angle of incidence, the Eq. 3.1 reduces to Eq. 3.6;  

𝐴 = 1 − 𝑅 = 1 − |
𝑍−𝑍𝑜

𝑍+𝑍𝑜
|

2

=  1 − |√𝜇𝑟−𝜀𝑟

√𝜇𝑟+𝜀𝑟
|

2

                                  (3.6) 

where,  𝑍 = √
𝜇

𝜀
   being impedance of structure and 𝑍𝑜 = √

𝜇𝑜

𝜀𝑜
  Is the impedance of free space. 

The impedance matching is achieved by Z = Z0 or μr = εr, and it is referred to as the perfect 

condition for maximum absorption. The absorption achieved is nearly perfect, as shown in 

Fig. 3.20. 

Z

Y

X

Floquet Port 2

Floquet Port 1

E-Field
(Periodic boundary condition)

H-Field
(Periodic boundary condition)

Unit Cell

 

Fig. 3.19: Simulation setup for compact triple-band absorber. 

 

Fig. 3.20: Variation of absorptivity for TE and TM mode of compact triple-band absorber. 
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Further, the Stage 1 to Stage 4 evolution of structure is shown in Fig. 3.21. The Absorber A 

where outer CRR was designed and simulated the outer CRR is providing absorption of 

99.5% at 4.694 GHz and is regarded as Stage 1. The Absorber B where outermost and one 

more CRR was simulated for results is taken as Stage 2. The results achieved were 98.9% and 

99.8% at 4.694 GHz and 14.572 GHz, respectively. Further Stage 3 is Absorber C providing 

98.9% absorptivity at 4.76 GHz and 9.6 GHz. The Proposed Absorber is  final stage regarded 

as  Stage 4 where CRRs with inner patch is simulated for results and absorptivity is 99.96%, 

99.98% and 99.62% at 4.755 GHz, 9.468 GHz and 14.396 GHz, respectively. The inner patch 

with combination of CRR provide near total absorptivity at various bands of microwave 

regime thereby justify it as near total tri-band absorber. The simulated absorption 

characteristics of various stages are shown in Fig. 3.22. 

           Absorber A                                 Absorber B                                   Absorber C                         Proposed Absorber

Fig. 3.21: Design evolution of the compact triple-band absorber. 

 

Fig. 3.22: Simulated absorption for various configuration. 
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3.3.2.2 Constitute Parameters 

The negative permittivity and permeability of the proposed structure with normalized 

impedance are shown in Fig. 3.23, 3.24, and 3.25, respectively. The permittivity of the 

proposed structure is shown in Fig. 3.23 which is extracted using CST MWS. From the 

graph, it is clear that permittivity is negative at specific frequencies that are 4.76 GHz, 9.47 

GHz, and 14.40 GHz. Fig. 3.24 gives an indication of negative permeability at 4.76 GHz, 

9.47 GHz, and 14.40 GHz. Moreover, Fig. 3.28 is the calculation of normalized impedance 

against frequency for the designed triple-band absorber. From the figure, it is calculated that 

normalized impedance at 4.755 GHz, 9.468 GHz, and 14.396 GHz is 0.96 + j0.001, 0.98 + 

j0.01, and 1.08 - j0.09, respectively. It is observed that real and imaginary values of 

normalized impedance show the values of one and zero, respectively at the desired frequency.  

 
Fig. 3.23: Variation of permittivity with frequency. 

 

Fig. 3.24: Variation of permeability with frequency.  
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Fig. 3.25: The normalized impedance of the proposed absorber 

 

The attainment of unity value of normalized impedance is a clear indication of perfect 

absorption on account of impedance matching of structure with free space impedance, 

thereby achieving near total absorptivity. The designed absorber possesses low reflectance 

and perfect impedance resulting in perfect absorption in the triple band microwave regime. 

3.3.2.3 Parametric Analysis 

The normal incidence criteria are taken for variation of dimensional parameters. The ‘w,’ ‘v,’ 

and ‘x,’ represent width of the outermost ring, split ring, and innermost ring respectively and 

that are varied to achieve optimum results. The analysis of dimension parameters is 

understood taking one parameter and keeping other parameters as constant. The parameter 

‘w’ is varied in accordance with dimensional aspects, and it was seen that the optimized value 

is attained at w = 0.2 mm. The dimensions of ‘w’ are taken as 0.05 mm the absorption value 

achieved is 97.34% at 4.76 GHz, likewise attainment of 99.55% absorption at 9.424 GHz and 

99.27% absorption at 14.374 GHz. When the dimension of w = 0.3, absorption of 98.97% is 

achieved 4.848 GHz while 99.10% is attained at 9.534 GHz and 99% absorption at 14.396 

GHz, while the best values are attained at w = 0.2 mm, where the results achieved, are 

99.96%, 99.98% and 99.62% at 4.755 GHz, 9.468 GHz and 14.396 GHz respectively. 

Clearly, it can be seen at when the value of ‘w’ is decreased from w = 0.2mm to lower 

dimensions, absorptivity of the first peak starts receding and when the dimension of ‘w’ is 

increased to higher dimension absorption attained is again reducing. Therefore, the best 

possible dimension by virtue of testing points at a lower and higher scale of the dimension of 

‘w’ is w = 0.2 mm, as shown in Fig. 3.26. 
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The same hypothesis is taken for selecting the dimension of parameter ‘v’ by keeping another 

parameter in a constant state, and optimized parameter v = 0.2 mm is achieved. The value of 

v = 0.1 mm, the absorption attained is 97.25%, 99.25%, 98.59% at 4.76 GHz, 9.468 GHz and 

14.396 GHz while when the dimension of v =0.3 mm, absorption achieved is 60.41%, 

42.74%, and 99.98% at 4.76 GHz, 9.468 GHz, and 14.396 GHz, respectively. The optimized 

value is achieved at v = 0.2 mm with 99.96%, 99.98% and 99.62% at 4.755 GHz, 9.468 GHz, 

and 14.396 GHz, respectively. Clearly, it can be seen as dimensions of ‘v’ is reduced, 

absorption of 1st and 3rd peak is reduced while for v = 0.3 mm, absorption of 1st and 2nd peak 

is reduced as shown in Fig. 2.27. Thus, by above analysis it can be concluded that for 

attaining maximum absorption, the optimized dimension for v = 0.2 mm as other values of 

‘v’ provide reduced absorption, and practical applications demand absorption of highest 

possible level. 

 

Fig. 3.26: The effect of width (w) of the outermost ring. 

 

Fig. 3.27: Effect of width (v) of the split ring. 
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A similar approach is followed for deciding the dimensional aspect of parameter ‘X’, and it is 

seen that X = 0.2 mm provides optimum results in relative comparison to higher and lower 

values of ‘X’ in terms of dimensions. At X = 0.1 mm, absorption achieved is 94.74% and 

95.81% at 9.424 GHz and 14.418 GHz while for x = 0.3 mm, absorption achieved is 97.69%, 

97%, and 99.24% at 7.716 GHz, 9.644GHz and 14.374 GHz, respectively. From the relative 

comparison, it can be deduced that x = 0.2 mm provides optimum results in terms of 

absorption attained and therefore selected for further analysis purpose, as shown in Fig. 3.28. 

Thus, from the parameterization of structure, clearly it can be deduced that for w = 0.2 mm, v 

= 0.2 mm, and X = 0.2 mm, the unit cell comprising patches achieve almost perfect 

absorption (close to 100%) at C-, X-, and Ku-bands, thereby justifying the term perfect 

metamaterial absorber. The requirement of an absorber in any practical application is to 

provide the maximum possible level of absorption at the desired frequency of operation, and 

by virtue of parameterization, the final design achieved is successful in providing 99.96%, 

99.98%, and 99.62% absorptivity at the 4.75 GHz (C-band), 9.47 GHz (X-band), and 14.40 

GHz (Ku-band), respectively. The attainment of perfect absorption at different bands clearly 

justifies the triple-band utility in applications that demand the incorporation of the absorber in 

its operation.  

3.3.2.4 Surface Current and Electric Field Distribution 

In-depth analysis can be visualized for absorptivity by current distribution at various resonant 

peaks that are 4.75 GHz, 9.47 GHz, and 14.40 GHz, represented in  Fig. 3.29 (a-b). The 

current distribution clearly symbolizes that at 14.40 GHz, greater accumulation occurs at the  

 

Fig. 3.28: Effect of width (X) of innermost ring.  
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innermost patch. Whereas at 9.47 GHz, mutual coupling occurs between the innermost and 

next CRR and the innermost patch with the innermost CRR. The current distribution indicates 

accumulation at outer CRR for 4.75 GHz as shown in Fig. 3.29 (a). Therefore, the conclusion 

arrives that the Inner patch and innermost CRR are responsible for absorption peaks at 14.40 

GHz and 9.47 GHz while outermost CRR and mutual coupling of inner CRR is responsible 

for absorption peak at 4.75 GHz. Thus, the proposed structure comprising CRR and the inner 

patch is responsible for achieving near total absorptivity at designated frequencies, thus 

justifying its claim for a triple-band metamaterial absorber. Similarly, electric field 

distribution analysis in Fig. 3.29 (b) signifies charge accumulation on top and bottom for 4.75 

GHz along the outermost ring, while the three rings show charge accumulation along top and 

bottom while for 14.40 GHz, maximum charge accumulation is witnessed along the inner 

square patch. The current and field distribution provides insight into absorption levels 

attained at designated frequencies. Clearly, the design of the absorber is as such that its 

absorption is visible in surface current and electric field distribution.      

0.1 A/m 350 A/m

             4.75 GHz                          9.47 GHz                                  14.40 GHz      4.75 GHz 9.47 GHz 14.40 GHz

2000 V/m 20792 V/m

 
                                 (a)                                                          (b) 

Fig. 3.29: (a) Vector surface current distributions and (b) Electric Field Distribution. 

3.3.2.5 Experimental Characterization 

The last step is fabrication part of optimized design for measurement. The space wave 

measurement setup with fabricated prototype and the is shown in Fig. 3.30. The composition 

of experimental setup is wideband horn antennas two in number, VNA E5063A with a range 

of 100KHz-18GHz (full two-port Keysight Network Analyser), and a fabricated prototype for 

experimentation. The transmitting horn antenna (operating over a range of 2 GHz to 20 GHz) 

is connected to Port-1 of the VNA, and receiving horn antenna (operating over a range of 2 

GHz to 20 GHz) is connected to Port-2 of the VNA. A 60 cm distance is maintained between 

the fabricated structure and horn antennas. The behaviour of the proposed absorber is 

understood by analysing simulated and experimental values as exhibited in Fig. 3.31. The 

results are found in agreement for simulated and experimental values, the slight variation is 

attributed to the substrate non-conformity and free space measurement. 
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Fig. 3.30: Fabricated prototype and experimental setup. 

 

Fig. 3.31: Comparison of simulated and measured absorption of the proposed absorber. 

 

 

Fig. 3.32: Variation of absorption with polarization angle (ϕ).  
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Further, the variation from 00 to 750 is taken for polarization angle (ϕ) to visualise 

polarization sensitivity. The Fig. 3.32 provides information on results of the polarization 

angle with absorptivity. From the analysis, it is clearly seen that the structure exhibit 

polarization insensitivity and, therefore, is useful for incorporation in microwave-based 

engineering applications. 

 
 

Fig. 3.33: Variation of measured absorption with oblique incidence (θ) for TE mode 

 

                                   (a)                            (b) 

Fig. 3.34: (a) Simulated absorption, with oblique incidence (θ) for TM mode and (b) Measured 

absorption, with oblique incidence (θ) for TM mode 
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Moreover, the variation of absorptivity at various incidence angles (θ) under TE mode and 

TM mode are plotted in Fig. 3.33 and Fig. 3.34(a) and(b). The experimentally verified values 

clearly indicate that the structure exhibit stable for a wide incident angle up to 450 for both 

TE and TM mode. The practical applications demand wide angle stability to oblique 

incidence angles, and the   unit cell size leads to practical angularly stable designs. In Fig. 

3.33 and Fig. 3.34(a) and(b), additional peaks appear at higher resonance frequency which is 

due to reflection and interference theory [190] and deviation in absorption curves is linked to 

parasitic resonances [191] and fabrication tolerances.  

3.4 Conclusion 

The experimentally verified metamaterial absorber is discussed for practical implementation in 

applications pertaining to the triple-band microwave regime. The design of first structure is 

verified through surface current and electric field distribution over designated frequencies. The 

attainment of 99.14% and 98.29% absorption at 6.08 GHz and 9.49 GHz, respectively and a 

band of 265 MHz from 16.57 GHz to 16.83 GHz having a continuous absorption level of above 

95% is achieved. The first multi-band structure is practically fabricated as a finite absorber 

having 20 × 10 unit cells. The structure is verified for polarisation insensitivity and angle of 

incidence operation. The comparisons of measured and simulated results conform to and testify 

to the practical utility of the proposed absorber in applications pertaining to the C-, X-, and Ku-

band of microwave frequency regimes.  

In the next design, a compact triple-band with perfect absorption is designed and verified 

through experimentation. The different resonant frequencies, 4.75 GHz, 9.47 GHz, and 14.40 

GHz providing absorption of 99.96 %, 99.98 %, and 99.86 %, respectively is signified 

through surface current distribution. The 32 × 32-unit cells are used for finite proposed 

absorber which is practically fabricated and tested. There is conformity in practical and 

simulated results. Finally, insensitive behaviour for polarization parameter till 45° and wide 

angle of stability is analysed at the microwave regime, and overall conclusion is that 

proposed structure finds capability in incorporation for engineering designs. The transition of 

technology from 4G to 5G requires absorbers as isolators in multi-antenna systems. In this 

context, both the multiband absorbers having miniaturized dimensions and compact design 

will be a viable solution for solving the isolation problem in the MIMO setup and radar cross 

section issues in stealth application. 
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CHAPTER 4 DESIGN, OPTIMIZATION AND 

DEVELOPMENT OF WIDEBAND ABSORBER 

4.1 Introduction 

The research domain in metamaterial-based absorbers is witnessing rapid advancement from 

single-band absorbers to multi-band absorbers [34-42]. The research aims to develop a 

wideband [43-47] absorber with a prime focus on attaining the highest form of absorption for 

the continuous band in the microwave regime. The goal of near-perfect absorption is 

achieved in single and multi-band absorbers but achieving the highest state of absorption in 

the continuous band, and that too with polarization insensitivity and wide incident angle of 

operation is difficult. The methodology of lumped elements and multilayer structure result in 

fabrication constraints, thereby restricting the practical implementation of metamaterial-based 

absorbers on account of complexity in design. The level of attaining polarisation insensitive 

(up to 45°) near-perfect absorption with a wide incident angle is a dream to be realized. 

The work’s prime objective is to design and develop a simple wideband absorber witnessing 

near-perfect absorption and to suffice absorption is polarization insensitivity and wide 

incident angle of operation justifying the practical prospect of the absorber in microwave 

applications. The work attempts to attain polarization insensitive broadband absorber till 45°.  

by incorporating conductive ink. The patch prepared through conductive ink comprises a 

square ring appended with a triangle at all sides of the square to appear as a consolidated 

structure. The compact design is etched with T-shaped geometry along four sides (at the 

triangular part) to attain the desired form of absorption. The patch adjustment with 

dimensional aspects is achieved through evolutionary methodology and parameterization. 

The proposed absorber is achieving more than 99% absorption from 11.17 GHz to 19.40 GHz 

with the attainment of an ultra-wideband bandwidth of 8.23 GHz.  

4.2 Configuration of Wideband Absorber 

The layout of the proposed structure comprises three layers with the ground as a metallic 

layer of copper with a thickness of 0.017 mm and having finite conductivity of 5.8 × 107 S/m, 

while the top layer is a consolidated shape of a square ring appended with triangles patterned 

with conductive silver ink. The conductive ink composition is of nano-silver and carbon 

filler, with surface resistance of the conductive ink of 50 Ω/sq. The top and bottom layers are 

separated by substrate, acting as the dielectric. The material composition of dielectric is of 

Rogers RT5880 having dielectric constant (εr) = 2.2 and loss tangent (tan δ) = 0.0009. The 
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bottom structure is entirely metallic in the design, thereby providing a zero value of 

transmission coefficient (S21 = 0). The side view and absorber configuration are shown in Fig. 

4.1. The dimension of the unit cell used for the design of structure is listed in Table 4.1.  

 
 

Fig. 4.1: Layers with the configuration of the absorber.  

Table 4.1: Shape parameters of the wideband absorber. 

S. No. Parameters Dimension (in mm) 

1.  Ls 9.00 

2.  L1 5.34 

3.  L2 4.00 

4.  L3 8.00 

5.  L4 2.66 

6.  a 1.60 

7.  b 0.40 

8.  c 0.60 

9.  d 0.40 

10.  h 3.2 

11.  t 0.017 

4.3 Results and Discussion 

4.3.1 Design and Evolution of the Wideband Absorber 

The finite integration technique (FIT) based EM solver, i.e., Computer Simulation 

Technology Microwave Studio (CST MWS), is used for simulation by using floquet port 

excitation and floquet port boundary condition. The simulation setup (floquet port excitation 

and floquet port boundary condition) used to analyze the proposed wideband metamaterial 

absorber is shown in Fig. 4.2. The TE (0, 0) and TM (0, 0) modes for electric and magnetic  
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Floquet Port 1
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(Periodic boundary condition)

H-Field
(Periodic boundary condition)

 

Fig. 4.2: Simulation setup for wideband absorber. 

 

fields are polarized along x- and y- direction, respectively. The absorption level of the 

proposed absorber in TE and TM mode is shown in Fig. 4.3. The mathematical expression for 

defining absorption is as follows [5]; 

                            𝐴(𝜔) = 1 − 𝑅(𝜔) − 𝑇(𝜔)                     (4.1)    

                            𝐴(𝜔) = 1 − |𝑆11(𝜔)|2 − |𝑆21(𝜔)|2                   (4.2)  

where, absorption, reflectance, and transmittance are represented by A(ω), R(ω), and T(ω), 

respectively. From Eq. (4.1), it is evident that the parameter absorption [A(ω)] is linked to the 

parameter reflection coefficient (S11) and transmission coefficient (S21). In the methodology 

of using a complete metallic bottom layer as the ground plane, the value transmission 

coefficient (S21) or T(ω) becomes zero and taking the value of S21 or T(ω) = 0, the Eq. (4.1) is 

modified as;  

   𝐴(𝜔) = 1 − |𝑆11(𝜔)|2                                                    (4.3) 

The matching of effective permeability µ(ω) and effective permittivity ε(ω) results in the 

reduction of transmission parameter. The frequency range for which the value of R(ω) is 

minimized through matching of free space impedance to normalized impedance, 

consequently enhancing the absorption parameter. The normalized input impedance is 

calculated using Eq. (4.4) [5]; 

                                 𝑧 = ±√
(1+𝑆11)2−𝑆21

2

(1−𝑆11)2−𝑆21
2                    (4.4) 

The proposed absorber is a completely metallic ground plane, thereby making the value of 

|𝑆21|2 = 0 on substituting the 𝑆21 = 0, then Eq. (4.4) reduces to; 
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Fig. 4.3: Variation of absorptivity for TE and TM mode. 

 

     𝑧 = ±
1+𝑆11

1−𝑆11
                                           (4.5)     

Further, the wideband absorber evolved from various stages marked for Stage A and 

culminated at the final stage designated as Proposed Absorber for design purposes, as shown 

in Fig. 4.4. The response to the evolution process in the form of absorption level attained for 

various stages is also shown in Fig. 4.5. The evolution process starts at Stage A, where a 

square-shaped design is used to analyze the behaviour of the 1.55 GHz band from 10.92 GHz 

to 12.475 GHz with 59% absorption. Still, neither the absorption achieved nor the band is 

widening enough to suffice the requirement of a wideband absorber. The second stage is the 

square ring, where the middle portion is etched from the square, thereby relinquishing the 

shape of the square ring. The band achieved is 6.48 GHz from 12.27 GHz to 18.75 GHz 

having 99% absorption. The absorption level achieved is good, but the desire to further 

enhance the band led to the transition from Stage B to Stage C. In Stage C, the square ring is 

appended with four triangles at four sides of square ring. The two wide bands provide with 

more than 99% absorption of 1.95 GHz and 2.08 GHz from 9.92 GHz to 11.87 GHz and 

18.27 GHz to 20.35 GHz, respectively.  

Stage A Stage B Stage C
Proposed

Absorber
 

Fig. 4.4: The design evolution of the wideband absorber. 
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The clue from this stage is two bands, but one consolidated band is yet to be attained, which 

led to the transition from Stage C to Proposed Absorber. The desire for a complete wideband 

with more than 99% absorption was realized through the final stage designated as the 

Proposed Absorber, where a T-shaped slot is created from the main square-shaped ring 

(square ring with triangles at the sides) as shown in Fig. 4.4. The result from this step 

provides attainment of wideband from 11.17 GHz to 19.40 GHz of 8.23 GHz and the 

attainment of the near total highest form of absorption above 99%, as shown in Fig. 4.5. 

 

Fig. 4.5: Simulated absorption for a different configuration. 

4.3.2 Constitutive Parameters 

The proposed structure is characterized by metamaterial properties, as shown in Fig. 4.6 and 

4.7. The material constituent properties are retrieved from S-parameters [reflection coefficient 

(S11) and transmission coefficient (S21)] [14]. From the graphs, it is verified that the proposed 

absorber is attaining negative values of effective permittivity (εeff) and effective permeability 

(μeff), indicating the characteristics of the proposed absorber as metamaterial in behaviour. 

The value of normalized impedance for proposed absorber Z = 1 matches with free space 

impedance. From Fig. 4.8, the proposed absorber achieves a value of unity and zero for the 

real and imaginary part of the normalized impedance, absorption (more than 99%), with a 

broad band of 8.23 GHz from 11.17 GHz to 19.40 GHz. 

The absorber’s performance is linked to proper substrate selection for the design of the 

proposed absorber. The selection of substrate material is based on the dielectric constant (εr), 

which affects the performance of the proposed absorber. The Fig. 4.9 provides a detailed 

picture on the behaviour of various substrate materials on absorption characteristics. The 
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Fig. 4.6: Variation of permittivity with frequency. 

 

Fig. 4.7: Variation of permeability with frequency.  

       

Fig.  4.8: The normalized impedance of the proposed absorber 
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various substrate material included for comparison are FR-4 with dielectric constant (εr) = 

4.3, Rogers RO4350B with dielectric constant (εr) = 3.61, Rogers RO3003 with dielectric 

constant (εr) = 3, Rogers RT6002 with dielectric constant (εr) = 2.94, Rogers RT5880 with 

dielectric constant (εr) = 2.2 and Rogers RT5880LZ with dielectric constant (εr) = 1.96. The 

criteria for absorption are set to be above 99% for analysis purposes. The net outcome for 

comparison is that FR4 (εr = 4.3) provides 0.7 GHz bandwidth from 10.05 GHz to 10.75 

GHz, Rogers RO4350B (εr =3.61) provides 2.73 GHz bandwidth from 10.27 GHz to 13 GHz. 

The Rogers RO3003 (εr =3) provides a bandwidth of 4.52 GHz from 10.55 GHz to 15.07 

GHz, while a bandwidth of 4.52 GHz from 10.55 GHz to 15.07 GHz is achieved from Rogers 

RT 6002 (εr = 3). The outcome from Rogers RT6002 (εr = 2.94) is a wideband of 4.85 GHz 

from 10.44 GHz to 15.40 GHz, and the outcome from Rogers RT5880 (εr = 2.2) is a 

wideband of 8.23 GHz from 11.17 GHz to 19.40 GHz, Rogers RT5880LZ (εr = 1.96) is a 

wideband of 3 GHz from 11.47 GHz to 14.47 GHz. It is clearly noted that the Rogers 

RT5880 provides a wideband with a determined absorption level of 99% taken for 

comparison. The dielectric constant (εr) in the range of 2 to 3 provides a good absorption 

level in the wideband perspective. With the further reduction of the dielectric constant (εr) 

below 2, the width of the wideband is substantially decreased. The dielectric constant (εr) 

plays a pivotal role in the absorption level attained and deciding factor for the bandwidth of 

the proposed wideband absorber. 

 

Fig. 4.9: Variation of absorption with change in material properties. 

4.3.3 Parametric Analysis 

The parametric analysis is performed to provide optimized dimensions to attain the desired 

objective of near total absorption with wide bandwidth. The parametric analysis is performed 
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with normal incidence under the condition of θ = 00 and ϕ = 00. The parameters taken for 

optimization are length (Ls), substrate height (h), and proper selection of surface resistance 

for conductive ink. The parameter Ls is studied for Ls = 8 mm, Ls = 9 mm, and Ls = 10 mm, 

as shown in Fig. 4.10, with the pre-requisite condition of near-total absorption with wideband 

achievement. The Ls = 8 mm and Ls = 10 mm reduce wideband achievement in comparison 

to Ls = 9 mm, where the best bandwidth of 8.23 GHz is achieved. 

Similarly, from optimization, the best result was achieved for the substrate height (h) = 3.2 

mm with a bandwidth of 8.23 GHz and more than 99% absorption, as shown in Fig. 4.11. The 

resistance per square provided by conductive ink is studied for optimum results through 

parameterization, as shown in Fig. 4.12. The resistance value of 40 ohm/sq. provides two 

bands of 1.8 GHz and 2.25 GHz from 10 GHz to 11.8 GHz and 18.35 GHz to 20.6 GHz, 

respectively. The resistance value of 45 ohm/sq. provides two bands of 2.1 GHz and 2.82 

GHz from 10.47 GHz to 12.58 GHz and 17.18 GHz to 20 GHz, respectively. The 50 ohm/sq. 

provides a wideband from 11.17 GHz to 19.4 GHz with a bandwidth of 8.23 GHz, clearly 

providing an increase in the width of the band with more than 99% absorption.  

The analysis part extended intending to establish the effect of a further increase in 

resistance/sq. but with the Selection of resistance of 55 ohm/sq. The width of the wideband 

decreased from 8.23 GHz to 6.9 GHz in a range of 11.97 GHz to 18.87 GHz. The effect was 

further confirmed with a further increase in resistance to 60 ohm/sq. clearly providing a 

further decrease in width from 6.9 GHz achieved in the case of 55 ohm/sq. to 5.45 GHz in 

case of 60 ohm/sq. from 12.67 GHz to 18.12 GHz. The inference drawn from the resistance 

parameterization per square indicates that 50 ohm/sq. resistance of conductive ink is best 

suited for the design of the proposed absorber to attain optimum results. 

 

Fig. 4.10: Variation of absorption with parameter ‘Ls’. 
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Fig. 4.11: Variation of absorption with parameter ‘h’. 

 

 
 

Fig. 4.12: Variation of absorption with surface resistance of conductive ink. 

 

4.3.4 Surface Current and Electric Field Distribution 

The field and current distribution are also analyzed to provide more insight into the behaviour 

of geometrical shape on absorption levels, as shown in Fig. 4.13. Three frequencies, i.e., 

12.14 GHz, 15 GHz, and 20 GHz, are taken to understand the absorption behaviour in the 

proposed wideband absorber. From Fig. 4.13(b), it is seen that the electric field is dominant 

along the top and bottom of the geometrical shape of the proposed absorber. At the same 

time, the current distribution is more prevalent along the sides as shown in Fig. 13 (a). Thus, 

the structure is responsible for achieving near total absorptivity at designated frequencies, 

thus justifying its claim for a wideband metamaterial absorber.  
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12.14 GHz 15 GHz 20 GHz

45 A/m0 A/m

       
12.14 GHz 15 GHz

0 V/m 8483 V/m

20 GHz
 

                                 (a)                                                                         (b) 

Fig. 4.13: (a) Vector surface current distribution and (b) Electric field distribution.  

4.3.5 Experimental Characterization 

The measurement setup for establishing experimental verification of results is done through 

space wave measurement. The requirements for space wave measurement are a fabricated 

prototype of the proposed absorber, wideband Horn antennas two in number (with operating 

range from 2 GHz to 20 GHz), and a two-port Keysight Network Analyser (E5063A, 100 

kHz - 18 GHz). The initial step is a measurement of the reflectance of the bottom side of the 

proposed absorber with an utterly metallic ground plane. The methodology incorporated is 

Port-1 of VNA is connected to the transmitting antenna and Port-2 is connected to receiving 

antenna (both being Horn antennas), and the 60 cm distance is set as a separation between 

antennas (Transmitting and Receiving Horn antenna) and fabricated prototype. The final step 

involves measuring the front side with a patch placed 60 cm from Horn antennas, as shown in 

Fig. 4.14. The results achieved through experimentation are up to 18 GHz; after that, a 

prediction based on results achieved up to 18 GHz and simulated results are taken for 

reference (due to unavailability of the VNA beyond 18 GHz in the department). The 

experimentally verified results conform to simulated results with attainment of more than 

90% absorption, as shown in Fig. 4.15, thereby confirming the significance of the proposed 

absorber as a wideband absorber with near-perfect absorption of more than 99% absorption 

value. The minimum variation in results is attributed to measurement in free space and the 

non-conformity of the substrate. The proposed absorber is evaluated on the polarization angle 

parameter. The absorption parameter for the proposed absorber is studied for variation of 

polarization angle from 0° to 90° under normal incidence by taking electric and magnetic 

fields along x-direction and y-direction, respectively.  
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Fig. 4.14: Fabricated prototype and measurement setup. 

 
 Fig. 4.15: Comparison of simulated and measured absorption of the proposed absorber. 

 

The measurement is done using the same setup as shown in Fig. 4.14. The measured 

behaviour of the proposed absorber is insensitive to polarization angle variation till 45°, as 

shown in Fig. 4.16. The highest form of absorption is achieved for broad bandwidth in a 

range varying from angle ϕ = 0° to 90°, thereby confirming the polarization insensitive of the 

proposed absorber till 45°. 

The performance of the proposed absorber is also measured on the angle of incidence for 

oblique incidence under the condition of TE and TM mode. The behaviour under TE mode is 

taken by the variation of magnetic field component and wave propagation in tandem by an 

angle (θ) with respect to y- and z-direction. The direction of the electric field is along the x-

direction. Similarly, the TM mode is taken by keeping the direction of the magnetic field 

along the y-direction and variation of the electric field and wave propagation component 

simultaneously by an angle (θ) with respect to y- and z-direction. The measured performance 

of the proposed absorber in TE mode is stable for an angle θ = 0° to 45°, and after that 

absorption, the level decreases to 80%, as shown in Fig. 4.17(a) and (b). A similar pattern is 
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exhibited in TM mode, as shown in Fig. 4.18 (a) and (b). The unwanted peaks in the analysis 

of theta variation are attributed to reflection and interference theory [189]. 

 

Fig. 4.16: Variation of absorption with polarization angles (ϕ). 

 

 

                                 (a)                     (b) 

 

Fig. 4.17: (a) Simulated absorption, with oblique incidence (θ) for TE mode and (b) 

Measured absorption, with oblique incidence (θ) for TE mode 
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                                  (a)                     (b) 

 

Fig. 4.18: (a) Simulated absorption, with oblique incidence (θ) for TM mode and (b) Measured 

absorption, with oblique incidence (θ) for TM mode 

4.4 Conclusion 

This chapter proposes a metamaterial-based wideband absorber with near-perfect absorption 

for practical applications in microwave regimes. The absorption level attained is more than 

99%, from 11.17 GHz to 19.40 GHz, and the bandwidth is 8.23 GHz. The attainment level 

and width of the proposed absorber are verified experimentally. The experimental verification 

is performed with a fabricated proposed absorber having finite dimensions comprising 7 × 7 

unit cells. The results achieved match the results obtained through the simulation process, and 

the minor contrast is observed ascribed to fabrication and measurement inaccuracy. The 

practicability of the proposed absorber is verified by polarization insensitive behaviour and 

wide incident angle of operation till 45°. The article claims the proposed structure will be a 

viable solution for wideband mutual coupling problems in practical design implementation 

for microwave applications. 
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CHAPTER 5 APPLICATION OF METAMATERIAL ABSORBER TO 

IMPROVE ISOLATION FOR MIMO CONFIGURATION 

 

5.1 Introduction 

The mobile systems are exhibiting ever-rising demand due to surge in customer base and 

enormous user-based daily applications. The intent of researchers is an attempt to provide 

services with highest form of quality to subscribers, and in this attempt for quality-based 

services, Multiple-Input Multiple-Output (MIMO) configuration is incorporated in practical 

antenna systems by the researchers with extremely demanding features of high data rate and 

reliability [48-49]. The availability of limited space is a hindrance in exploitation of MIMO 

setup in communication arena. The limited area incorporation of the MIMO setup will surely 

increase the capacity of the system, but isolation problem will be the disadvantageous part. 

The strong case of mutual coupling exists between antenna elements in the experimental 

setup so isolation parameter will be compromised, meaning thereby overall performance 

deterioration of performance [50]. The gain in channel capacity will be marred by correlated 

signals, and hence the prime focus shall be to improve performance by neutralizing strong 

mutual coupling. The -15 dB reference level for isolation is considered as reference level for 

practical applications involving MIMO systems [51]. However, the demanding proposition 

shall be high isolation level in practical applications, and the focus of the work is to provide 

optimum isolation for enhanced performance in the MIMO setup. The practical applications 

used for design consideration are realised with compact size and dimension. The overall 

performance and practical applicability of the communication setup are interlinked to many 

parameters like antenna size, isolation technique, isolator placement, MIMO performance, 

and antenna configuration that provide a limitation to the feasibility of the MIMO antenna for 

wireless applications.  

The prime focus of work is aimed in high isolation levels through elevated metasurface-based 

absorber in height conformity to planar inverted F-antenna (PIFA) which is designed, 

simulated, and practically verified for results. The inference from results achieved is an 

indication that the practically designed MIMO configuration holds good for applications. The 

achievement part is high isolation level below -23 dB, thereby realising complete isolation 

between elements of the MIMO setup. The simple structure, high isolation, low envelope 

correlation coefficient will be the advantageous aspect for the proposed PIFA antenna having 

metasurface absorber.  
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5.2 Design and Configuration of Antenna and Isolator 

The design of MIMO configuration setup is composed of two antenna elements and the 

resonant frequency of 4.712 GHz is taken for realising PIFA [51] antenna elements. The side 

view and dimension of the individual element for overall MIMO configuration, is shown in 

Fig. 5.1. The Eq. (5.1)is used for the design of PIFA; 

        f = 
𝑐

4×(𝐿+𝑊)
                                                     (5.1) 

where, ‘c’ is free space velocity, ‘L’ and ‘W’ represent dimensions of radiating element 

having a value of L = f (corresponding to proposed design) = 5 mm and W = b (corresponding 

to proposed design) = 10 mm, respectively, for the design of PIFA.  

The two antenna elements of MIMO configuration are exact mirror images of each other and 

are geometrically maintained at extreme edges of the FR4 substrate having material 

properties of εr = 4.4 and tan δ = 0.02, the geometrical dimension is 100 × 50 × 0.8 mm3. The 

copper clad ground plane is completely metallic with a thickness of 0.035 mm and is used on 

the other side of the substrate as ground plane. The antenna element PIFA structure is 

radiating and a height of 4.2 mm is maintained from the printed circuit board (PCB) surface 

in the design. The pattern diversity is witnessed in Antenna-1 and Antenna-2 of MIMO setup. 

A 50Ω coaxial cable is used to fed each antenna element and the feed location is optimized in 

relation to shorting strip in order to achieve perfect impedance matching for maximization of 

results. The geometrical dimensions of the single element in MIMO configuration are 

discussed in Table 5.1, and its arrangement are shown in Fig. 5.2.  

Antenna-1

Antenna-2

L
W

Shorting Pin

Perspective view

x

yz

 

Fig. 5.1: The different views of MIMO antenna without isolator.  
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Fig. 5.2: Details of the single antenna element.  

Table 5.1: Dimensions of single antenna element. 

S. No. Parameter Dimension (in mm) 

1.  L 100 

2.  W 50 

3.  a 15 

4.  b 10 

5.  c 3.2 

6.  d 1 

7.  e 1.5 

8.  f 5 

9.  g 6.5 

10.  x 5.5 

11.  y 5 

12.  tshort 1 

13.  h 0.8 

14.  t 4.2 

 

The unit cell used as an isolator is already designed and analyzed in Chapter 3 under Section 

3.2. The structure and dimensional configuration is shown in Fig. 5.3. The absorber is a 

composition of three layers and is a unit cell comprising two metallic layers, and a dielectric 

in between the top and bottom layer. The thickness of 0.017 mm is maintained for patch and 

ground conductor which is made of copper. The top resonating structure is etched over a low-

cost FR4 substrate with and thickness of 0.8 mm. The complete metallic back structure is 

used to make the transmission coefficient zero (Complete analysis given in Section 3.2). 
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Fig. 5.3: Layers and configuration of unit cell. 

5.3 Results and Discussion  

The design, simulation, and optimization have been carried out using finite integration 

numerical technique based Computer Simulation Technology Microwave Studio (CST 

MWS). The discussion of the finding is given below. 

5.3.1 Design Evolution 

The evolution is divided into two important segments, the first being the evolution of the 

antenna structure. The antenna element of MIMO is taken for simulation as shown in Fig. 

5.4. It comprises of completely covered patch on the substrate at the upper layer of the PIFA 

antenna and its characteristics in terms of S11 and S21 parameters denoted for various stages. 

Also, variation of S-parameters of the various stages is visualised in Fig. 5.5.  From the 

graph, it is seen that value of S11 and S21 achieved is -5.21 dB and -13.78 dB, respectively 

which clearly indicates the designed antenna unable to cover the WLAN frequency band also 

showing poor isolation. Then, a modification of the patch is done with the removal of the 

partial portion from the complete covering metallic patch named as Stage B given in Fig. 5.4. 

The results achieved are not encouraging and failed to cover the desired operating frequency 

band (WLAN) as shown in Fig. 5.5. The evolution process is further extended to L-shaped 

patch which termed as Stage C for proper impedance matching. The result attained, in this 

case, is covering the operating frequency band from 4.1 GHz to 5.2 GHz with -34 dB 

impedance matching level based on -10 dB reflection coefficient. The level of isolation 

achieve through this stage is -12 dB. Then, process of evolution is completed with the 

removal of the extra substrate portion where non-metallic portion lies thereby giving the 

h                     FR4 Dielectric Layer

Top Layer

Bottom layer

t

X,E

Y,H

Z
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Final Stage to the antenna element. Through design, impedance bandwidth and isolation is 

significantly improved. The result achieved in this case is the improvement of S11 to cover 

from 4.2 GHz to 5.5 GHz based on -10 dB reflection coefficients with -13 dB isolation level 

as shown in Fig. 5.5. Also, the evolution process of the second segment is a unit cell of the 

absorber which is already discussed in depth in Chapter-3 (Section 3.2.2), where the design 

evolution of absorbers from stage A to the Final stage was discussed with the attainment of 

the highest form of absorption is shown in Fig. 5.6. 

Stage A Stage B Stage C Final Stage

Fig. 5.4: The design evolution of antenna element. 

 

Fig. 5.5: S-parameters for various stages. 

           Absorber A                                  Absorber B                                 Absorber C                          Proposed Absorber

 
Fig. 5.6:   The design evolution of unit absorber  
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Fig. 5.7. Proposed MIMO configuration with metamaterial absorber (as an isolator). 

The evolution process is moved to the combination of two segments, one with the finally 

evolved antenna element and the second being the absorber attained through the evolution of 

the metamaterial-based unit cell. The combination is such that in between the two antenna 

elements of MIMO configuration, the absorber unit is placed as shown in Fig. 5.7. The aim of 

placing the absorber (as an isolator) between antenna elements is to reduce mutual coupling 

between the two elements. The placement and number of a unit cell of metasurface absorber 

(as isolator) are optimized to increase the isolation of MIMO configuration. The 3 × 2 unit 

cell of the absorber is placed within the area of 15 × 23 mm2 between multiple antenna 

elements to improve the isolation, as shown in Fig. 5.7. 

5.3.2 Effect of Isolator 

The elements of the MIMO antenna is symmetrically approached in design such that 

Antenna-1 and Antenna-2 of MIMO configuration mirror image; therefore, the scattering 

parameters S11 = S22 and S21 = S12 express reciprocity. The Fig. 5.8 is behaviour of S-

parameters without isolation. As 1.4 GHz bandwidth is achieved from 4.04 GHz to 5.48 GHz 

and the reflection coefficient attained with respect to a -10 dB, while the resonant peak value 

is achieved at 4.712 GHz. The strong coupling exists between antenna elements as shown in 

Fig. 5.8, and is signified by a value of S21 achieved equal to -11.44 dB, which under normal 

circumstances should be less than -15 dB, thus the inference drawn is performance 

degradation in MIMO configuration, and when practically fabricated, it will have further 

deterioration thereby resulting in unsuitable for practical applications. The field radiated by 

the driven antenna element coupled to adjacent antenna elements, as well as there exist 

common ground planes is prime source of deterioration. To achieve suitability in 

applicability the situation demands incorporation of an isolator which in turn will turn the 

design practically viable.  



83 
 

 

Fig. 5.8: Variation of S-parameters without isolator. 
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Fig. 5.9: Surface current distribution at 4.8 GHz without metasurface absorber (isolator). 

 

The effectiveness of the proposed absorber is analysed to further support the claim for high 

isolation using the aid of surface current distribution (plotted at 4.8 GHz), as shown in Fig. 

5.9. The condition without absorber is demonstrating surface current distribution having 

strong mutual coupling in PIFA antennas. The reason being the radiated field from a driven 

element inducing field on a nearby antenna and the other reason is common ground due to 

which strong coupling exists between PIFA elements. The Antenna-1is kept in excited mode 

while the other one is terminated with 50Ω matching impedance for preparing plots. The 

visualisation can be inferred as Antenna-2 is coupled to Antenna-1. The analogous procedure 

is repeated, keeping other antenna Antenna-2 in excited mode while 50Ω matching 

impedance is used for Antenna-1 termination.  

 Then, an isolator with the optimized metamaterial absorber is incorporated geometrically 

such that it is in between two PIFA antennas, and the S-parameter characteristics due to 

incorporation of the isolator on are shown in Fig. 5.10. The result attained justify the 

placement of isolator with attainment of maximum possible isolation in MIMO configuration. 

-40

-35

-30

-25

-20

-15

-10

-5

0

3 3.5 4 4.5 5 5.5 6 6.5 7

S
-p

ar
am

et
er

s 
(d

B
)

Frequency (GHz)

S21S
11

 



84 
 

The analysis of the metasurface absorber in close proximity to the PIFA antenna clearly gives 

the indication that resonant values are affected due to the placement of the absorber in close 

vicinity of the PIFA antenna. This result obtained through reflection coefficient can be 

properly interpreted by the placement of isolator, the reflection coefficient deteriorated due to 

the placement of the absorber in close proximity however, the desired operating band 

(WLAN) is achieved and it is observed that -10dB level is achieved for S11 and S22 shown in 

Fig. 5.10 thereby signifying the practical utility of MIMO configuration. The analysis of 

transmission coefficient is taken for in depth analysis for metasurface isolator in MIMO 

configuration and it is seen that from Fig. 5.10, that a drastically improved isolation is 

witnessed with rise from -11.44 dB to -23.42 dB (approximately 12 dB isolation 

improvements), thereby concluding that the practical relevance of proposed MIMO PIFA 

configuration in mobile applications.  

The negligible coupling on account of both radiated field and common ground is witnessed in 

surface current distribution for the proposed MIMO configuration (antenna along with 

isolator) and from the absorber analysis, it can be clearly seen that high absorptivity levels of 

the absorber is instrumental for providing good isolation shown in Fig. 5.11.  

 

Fig. 5.10: S-parameters variation (with and without isolator). 
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Fig.  5.11: Surface current distribution at 4.8 GHz with metasurface absorber (isolator). 
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The special behaviour due to presence of a metasurface-based absorber is responsible for 

coupling current becoming antiparallel to metasurface based absorber current, which is 

instrumental for magnetic resonance and therefore absorbing a considerable portion of 

coupling wave and the flow of current through ground plane is blocked the leftover coupled 

field is reflected perpendicular in response to the polarization to incident angle behaviour 

thereby enhancing the decoupling effect. The decoupling mechanism is responsible for high 

rate of isolation in the proposed MIMO configuration, thereby justifying its practical 

incorporation on account of highest form of isolation attained. The reflection coefficient less 

than a -10 dB (in the desired band of operation) is achieved for MIMO configurations (with 

and without absorber).  

Thereafter, the parametric analysis is done by verifying the impact of the number of unit cells 

on the isolation characteristics of the MIMO setup. The number of unit cells between antenna 

elements is varied to understand the behavioural properties of the increase in the number of 

unit cells on the isolation level. The coupling is analysed with the incorporation of 3 × 1 

metamaterial unit cell as an isolator, as shown in Fig. 5.12, and S21 (with 3 × 1 unit cell) is 

shown in Fig. 5.13. The result achieved reflects an increase in the Isolation level with a slight 

drop in S21 from -11.44 dB to -15.64 dB. The parametric analysis is further extended with an 

increase in number from 3 × 1 to 2 × 2, and the drop of S21 is from -11.44 dB to -11.61 dB 

with a shift in the band. The investigation is strengthened by increasing the number from 2 × 

2 to 3 × 2 and the result achieved is quite encouraging, with decreasing in S21 from -11.44 dB 

to -23.62 dB to confirm the behaviour and decide the final outcome. We increased the 

number to 4 × 2 by keeping the symmetric approach of the setup into account, but there was 

again a rise in coupling with the increase in the number of unit cells due to the loading effect 

as the S21 parameter increased from an earlier stage of -23.62 dB to -12.24 dB as shown in 

Fig. 5.13. Thus, from the parametric study of isolator in MIMO setup, it is evident that when 

the number of unit cells is 3 × 2 for isolation purposes, the desired optimized result is 

achieved, so 3 × 2 unit cells are chosen for the design of MIMO setup with isolator.  

5.3.3 Experimental Validation  

The fabrication of metasurface absorber (as isolator) is done to determine the relevance of the 

work, the proposed MIMO antenna configuration with absorber is measured using VNA 

E5063A (Full two-port Keysight Network Analyser) having range from100 kHz – 18 GHz. 

The Fig. 5.14 provide insight to network parameter and radiation pattern measurement setup 

as shown in Fig. 5.14. The practically achieved reflection coefficient are found to be in 
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Fig. 5.12: Configuration of various number of unit cell as an isolator for MIMO setup.  

 

Fig. 5.13: Impact of various number of unit cell on S21 parameter. 

agreement with the simulated one, as shown in Fig. 5.15 and 5.16. The desired band of 

operation for both configurations (with and without an Isolator) for proposed setup is 

witnessing less than -10 dB value for reflection coefficient. The comparison in experimental 

and simulated values is inferred with the conclusion that the results achieved are in close 

agreement, thereby approving the claim for incorporation in mobile phone applications. 

Further, the radiation pattern behaviour of the MIMO antenna provide visualisation to deep 

fading environment that can be observed at the designated resonant frequency. The calculated 

reflection coefficient parameter provides insight into the behaviour of MIMO setup as any 

demanding application based on isolation will strive for the achievement of minimum values 

of coupling between antenna elements of MIMO setup. 
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Fig. 5.14: Measurement setup along with fabricated prototype. 

  

Fig. 5.15: Comparison of simulated and measured S-parameters without isolator. 

 

Fig. 5.16: Comparison of simulated and measured S-parameters with isolator. 
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complimentary radiation pattern in space clearly indicating that the proposed MIMO 

configuration is further supporting the claim for practical implementation in real mobile 

environment. To verify the 3D pattern diversity, the comparison of simulated and measured 

2D radiation patterns is also carried out, as shown in Fig. 5.18 and the results for simulated 

and measured radiation patterns are in close agreement. However, fabrication and 

measurement inaccuracy are responsible for insignificant deviation observed in the measured 

results. Further, at a designated resonant frequency the deep fading environment is witnessed 

that is clearly visualized from the radiation pattern behaviour of the MIMO antenna.  

Antenna-1 Antenna-2
 

Fig. 5.17: 3D radiation patterns at 4.8 GHz (Simulated). 
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Vertical-plane (Simulated)

Vertical-plane (Measured)

 

 Fig. 5.18: Comparison of simulated and measured 2D radiation patterns at 4.8 GHz. 
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5.3.4.2 Gain and Efficiency 

To determine the radiation performance of the proposed design the peak realized gain and the 

total antenna efficiency of the proposed MIMO configuration are calculated. The Fig. 5.19 

provide calculated values of the peak realized gain and total antenna efficiency. The 

simulated and measured peak realized gain are compared and the calculated total antenna 

efficiency is shown in Fig. 5.19. The variation from 3.41 dBi to 3.61 dBi over the operating 

frequency band is achieved for parameter realized gain. The comparison of measured gain 

with the simulated one, provide an inference of excellent matching between simulated and 

measured realized gain. However, measurement and fabrication tolerances are responsible for 

small deviations (within acceptable limit) that are observed. The Fig. 5.19 provide 

information that the numerically calculated values of total radiation efficiency varying from 

72.14% to 84.85 % over desired operating bands. The calculation for total antenna efficiency 

is done after taking all losses into account [192]. Thus, it is noticed that total antenna 

efficiency greater than 80% (proposed MIMO antenna) is maintained throughout the 

operating frequency band, which signifies its practical utility in practical mobile applications. 

The minimal complexity in design of proposed MIMO configuration is additional advantage, 

thereby clearing all decks in practical incorporation at microwave frequency regime. 

 
 

Fig. 5.19: Peak realized gain (simulated and measured) and total antenna efficiency.  
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5.3.4.3 Total Active Reflection Coefficient (TARC) 

The ratio of the square root of total reflected power to the square root of total incident power 

using equation Eq. (5.2) [180] is defined as TARC for the N-port antenna. The minimum and 

maximum range of TARC value is between 0 and 1, while the maximum radiation is signified 

by 0 value, and the value of 1 represent maximum reflection parameter. The inference from 

attainment of near 0 value of TARC is that the maximum power is radiated or moved to 

adjoining ports.  

                                                   Γ = 
√(∑ |𝑏𝑖|2𝑁

𝑖=1 )

√∑ |𝑎𝑖|2𝑁
𝑖=1

                                                               (5.2) 

where, bi and ai are reflected and incident power, respectively. The proposed antenna is 

achieving a value of 0.128 for TARC parameter as shown in Fig. 5.20. 

5.3.5 Diversity Performance  

The characterisation of MIMO is done through the calculation of various important 

parameters to establish the practical usability of the designed setup. The following parameters 

were taken to understand the practical aspects of the designed structure; 

5.3.5.1 Envelope Correlation Coefficient (ECC) 

The value ECC is calculated from Eq. (5.3) [51] using different pairs of antennas. The value 

of ECC achieved is 0.5 as shown in Fig. 5.21, thereby justifying its practical usability on 

account of very low cross correlation between two antenna elements   

 

Fig. 5.20: Variation of TARC with frequency. 
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From the Fig. 5.21, it is seen that the simulated and measured ECC are in close agreement. 

The achievement of low correlation is attributed to incorporation of metasurface-based 

absorber (as isolator), resulting in achievement of decoupling for antenna port. 

                        𝜌𝑒(𝑖, 𝑗) =
|∑ 𝑆𝑖,𝑛  

∗ 𝑆𝑛,𝑗
𝑁
𝑛=1 |

2

(1−∑ 𝑆𝑖,𝑛  
∗ 𝑆𝑛,𝑖

𝑁
𝑛=1 )(1−∑ 𝑆𝑗,𝑛  

∗ 𝑆𝑛,𝑗
𝑁
𝑛=1 )

                                       (5.3) 

Where, the N represents the number of ports in MIMO configuration, whereas alphabets i and 

j are a number of elements in MIMO configuration. 

5.3.5.2  Effective Diversity Gain (EDG) 

To demonstrate the capability of the MIMO system in a fading environment the diversity gain 

(DG) is one of the key parameters and is calculated by using Eq. (5.4) [53], and the results 

achieved for DG are plotted in Fig. 5.22. From the results it is seen that the DG are nearly 10 

dB for calculated values of overall operating frequency band ranging from 4.04 GHz to 5.48 

GHz. Hence, a clear inference can be drawn that the of proposed MIMO configuration is 

providing good diversity performance which is prerequisite for practical applications. 

                          Diversity Gain (DG) =10  √1 − |𝐸𝐶𝐶|2                                                    (5.4) 

The effectiveness in diversity capability is through inclusion of total radiation efficiency as in 

case of apparent diversity gain, 1% distribution level is without consideration of total antenna 

efficiency. The total antenna efficiency provide realistic judgement therefore calculation of 

effective diversity gain (EDG) is attained by multiplication of apparent diversity gain (DG) 

with total antenna efficiency calculated Eq. (5.5) [53], and from the graph plotted in Fig. 5.23 

it is observed that there is a variation of EDG from 7.14 dB to 8.40 dB in the range from 4 

GHz to 5.5 GHz. The calculation of total antenna efficiency is by considering all the losses 

[192]. 

                    Effective Diversity gain (EDG) = DG × Total Antenna Efficiency                (5.5) 

 
Fig. 5.21: Variation of ECC with frequency 
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Fig. 5.22: Variation of DG and EDG with frequency.  

5.3.5.3 Mean Effective Gain (MEG) 

The random route calculation for ratio of mean received power of antennas, and at antenna 

elements total received mean incident power is defined as mean effective gain (MEG).  

The MEG for the designed configuration is calculated through following expression [53] 

𝑀𝐸𝐺 = ∫ ∫ [
𝑋𝑃𝑅

1+𝑋𝑃𝑅
 𝐺𝜃(𝜃, 𝜙)𝑃𝜃(𝜃, 𝜙) +

1

1+𝑋𝑃𝑅
𝐺𝜃(𝜃, 𝜙)𝑃𝜃(𝜃, 𝜙)]

𝜋

0

2𝜋

0
𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜙             (5.6) 

where, XPR represent cross-polarization ratio when polarization of transmitted radio waves is 

horizontal to reciprocal of cross-polarization when polarization of transmitted wave is 

vertical. The Gθ, Gϕ are power gain pattern while Pθ and Pϕ are angular density function of θ- 

and ϕ- components of incident power. The value of MEG is calculated for different XPR [53] 

at frequency of reference. The MEG is calculated by various values of XPR [53] and shown 

in tabular form as Table 5.2. It is visualised that the ratio of MEG1/MEG2 is equal to one 

thereby justifying the equality criteria for antenna elements used in MIMO setup. 

Table 5.2 Evaluation of MEG in free space. 

Frequency 

at  

4.712 GHz 

Indoor (XPR = 5dB) Outdoor (XPR = 1dB) Isotropic (XPR = 0dB) 

MEG1 MEG2 MEG1 MEG2 MEG1 MEG2 

-3.451 -3.451 -3.3002 -3.3002 -3.0103 -3.0103 

MEG Ratio MEG1 / MEG2 = 1 MEG1 / MEG2 = 1 MEG1 / MEG2 = 1 
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5.3.6 Performance in Mobile Phone Proximity 

The practical mobile environment provides better understanding to implementation in real 

environment. The mobile setup comprising an LCD touch screen, battery, speaker, camera, 

connector, microphone, and the outside mobile covering is used for analysis and MIMO setup 

with metasurface absorber is placed in mobile setup. The dimensions of the LCD touch 

screen are 70 mm × 50 mm × 2 mm, the battery dimension is fixed as 6.4mm × 46 mm × 3 

mm, the camera dimension is a circle with a diameter of 12mm, and with a thickness of 6.5 

mm, the microphone has dimensions of 3 mm × 10 mm × 1.8 mm, the dimensions of 

connectors are 2 mm × 5 mm × 1 mm, the speaker has a dimension of 4 mm × 2 mm × 1 mm. 

The perfect electric conductors (PEC) is used for mobile components mentioned above and 

are taken as for simulation purposes. The battery and LCD touch screen is maintained at a 

1mm distance from the main PCB. The outer covering is Mobile cover that encompasses all 

mobile components with a 1mm thick plastic box having electric conductivity of 0.02S/m and 

dielectric constant of 3.4. The Fig. 5.23 provides insight into the mobile environment, the 

comparison of result in the form S-Parameters under two conditions that are with and without 

a mobile environment is shown in Fig. 5.24. The inference from the analysis of the graph is 

attainment of -19.48dB value for S11 parameter and -15.57dB attainment for S21 parameter for 

MIMO configuration (with isolator) in mobile environment, so operating band of WLAN is 

covered in the real environment of mobile phone which indicates that the metasurface 

absorber in MIMO setup is suitable for practical implementation. 

Speaker

Main PCB

LCD

Mobile Covering

Buttons
Connectors

Microphone

Battery

Antenna

Camera

 

Fig. 5.23: The mobile environment with designed antenna.   
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Fig. 5.24: S-Parameters behaviour with the mobile environment.  

5.4 Conclusion 

The attainment of results for designed MIMO setup is providing good isolation on account of 

implementation of metamaterial absorber thereby justifying the practical usability and 

implementation in applications at microwave regime. The diversity in pattern further 

supplements the practical implementation scenario for mitigating multipath fading in real 

scenarios. The surface current visualisation provide insight to utility of optimally placed 

absorber in reducing mutual coupling among antenna elements. The achieved value of 

envelope correlation coefficient is below the standard value of 0.5 which further suffice the 

claim for practical implementation. The results attained for peak realized gain and total 

radiation efficiency are good enough to propose MIMO configuration with metasurface 

absorber for practical mobile based applications. 
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CHAPTER 6                                  CONCLUSION AND FUTURE SCOPE 

 
 

6.1 Overall Conclusion of the Thesis 

The thesis work was cantered on the attainment of two objectives, the first being design, 

development, and characterization of the multi-band and wideband absorber and the second 

one is the application part involving the designed absorber in attaining isolation for MIMO 

configuration. The work starts from the realization of design in terms of desired parameters 

and then the development of a prototype as a part of fabrication with a comparison of 

experimentally established results with results achieved through simulation. The work was 

focused not only on design and fabrication but on establishing technical usability and 

applicability of work in practical applications that fall under the microwave regime. The 

design of various structures in a multi and wideband category is processed through a 

systematic evolutionary approach followed by parameterization of important parameters of 

design to attain the best possible result through geometric alteration, thereby focussing on 

optimization of geometrical aspects of structure in relation to the level of absorption 

achieved. The outcome of evolutionary and parameterization is the attainment of two 

important destinations, one being the highest form of absorption, which is near unity in most 

cases, and the other being minimization of geometrical dimensions, which is attained 

geometrical dimensions of fabricated designs. The absorption phenomenon was further 

investigated through surface current and electric field distribution in the design of multi-band 

and wideband absorbers. The work is further tested through polarization and incident angle 

criteria to conform its performance in the practical arena, and it was found that structures 

fabricated are polarization insensitive in nature till 45° and have a wide incident angle of 

operation, which is concluded in various portions of the work under design development and 

fabrication of both multi-band and wideband absorber. 

The design of the multiband section is enriched with the investigation of two multi-band 

absorbers. The first structure focussed on the attainment of multi-band absorption focuses on 

the design and development of a metamaterial-based microwave absorber having polarisation 

insensitivity, broad angle of incidence, low profile, and compactness in the microwave 

frequency range. The unit cell focuses on achieving maximum absorption at C-, X-, and broad 

Ku-band. The dimension of the proposed structure is ultrathin and compact, having an overall 

dimension of 8 mm × 8 mm × 0.8 mm. The dimensions are optimized in such a fashion to 

achieve three different peaks at three different bands, thereby making the triple-band 



 

96 
 

behaviour of the metamaterial absorber. The structure provides absorption of 99.14% 

absorption at 6.08 GHz (C-Band), while absorption of 98.29 % is achieved at 9.49 GHz (X-

band) and 265 MHz bandwidth with above 95% absorption from 16.57 GHz to 16.83 GHz 

(Ku-Band) in the microwave regime. The structure is experimentally verified for results and is 

found to be in close agreement with simulated ones establishing its utility in practical 

applications.  

The second structure focuses on absorption achievement in C-, X-, and Ku-bands from design 

of super compact ultrathin absorber having polarization insensitive response till 45° with wide 

angular stability to be called as triple-band metamaterial absorber. The perfect absorption 

(close to 100%) is achieved through unit cell comprising patches thereby justifying the term 

perfect metamaterial absorber. The structure provides 99.96% at 4.75 GHz  in C-band, 99.98% 

at 9.47 GHz  in X-band, and 99.62% absorptivity at 14.40 GHz in Ku-band, respectively. The 

dimension of  7.2 × 7.2 × 0.8 mm3 make the structure super compact having ultrathin profile. 

The unit cell thickness is 0.012λlowest (where, λlowest is at a lowest cut-off frequency). The 

composition of proposed absorber is an outermost ring, split ring, innermost ring, and square 

line with triangle patches at the boundary. The rings and internal patches are instrumental in 

providing close to perfect absorption at designated frequencies. The transverse electric, and 

transverse magnetic polarized waves analysis shows that absorptivity remains insensitive till 

45° and exhibits matched absorption. Moreover, the practical utility of structure is signified by 

stability of the proposed design which validated with the different incident (for TE and TM 

modes) angles. Finally, the close agreement is witnessed in behaviour of simulated results and 

measured results. 

The objective of a wideband absorber is attained through a systematic approach to designing 

and developing a metamaterial-based ultra-wideband absorber with a prime focus on attaining 

more than 99% absorption for ultra-wideband covering a bandwidth of 8.23 GHz from 11.17 

GHz to 19.40 GHz. However, the proposed absorber achieves more than 95% absorption from 

9.77 GHz to 20.87 GHz, covering a bandwidth of 11.10 GHz. The structure provides a full-

width half maximum (FWHM) of 17.68 GHz from 6.67 GHz to 24.35 GHz. The proposed 

absorber demonstrating polarisation insensitive behaviour till 45° and broad incident angle 

stability affirm that the proposed absorber stands up for incorporation in practical applications.  

The attainment of the highest form of absorption with minimized dimension is instrumental 

in its usability in those engineering applications having dimensional constraints and requiring 

absorption in its working, and one such application is a practical MIMO (multiple-input and 
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multiple output) setup that demands both dimensional aspect and highest form of absorption 

in subduing coupling among various antenna elements in practical MIMO configuration. The 

work succeeded in incorporating a designed absorber in a practical MIMO setup with the 

attainment of good isolation. The work with practical relevance in communication is 

presented through a design of isolation improved MIMO antenna having two elements 

working in 4.04 GHz to 5.48 GHz operating band. The two antenna elements MIMO 

configuration is designed so that elements are maintained at two extreme edges of a substrate 

having the dimension of 100 × 50 × 0.8 mm3. The incorporation of a metasurface-based 

isolator between MIMO antenna elements provides exceptional isolation (< -23dB) for 

practical mobile and wireless applications. The major deterrent to exploiting the optimum 

performance of the MIMO antenna is factors involving mutual coupling of unwanted fields 

between MIMO antenna elements. The work is an attempt to design and develop MIMO 

elements with a metasurface-based isolator (acting as absorber) clearly with an intention to 

provide high order optimum isolation levels between two antenna elements. The insight to the 

high isolation level is signified through surface current distribution by visualising impact of 

metasurface-based isolator in MIMO configuration. The technical parameters like 

spatial/pattern diversity and envelope correlation coefficient clearly testify the suitability for 

MIMO based mobile application in microwave regime and thereby concluding the work with 

the attainment of the goal for which the work was carried upon.    

6.2 Future Scope of the Work 

The work can further be extended with equivalent circuit modelling. The survival of the 

human race is possible through the ability of human race to continuously evolve for 

betterment in different circumstances and for the betterment of the human race researchers 

and scientists always strive for achieving better results. The work on metamaterial area 

extended with its incorporation in various engineering applications which started with single 

and dual band and then extended to multi-band and from multi-band to wideband.  

The future scope of work in multi-band absorber section will be to realize mobile equipment 

with layer composition designed in such a fashion so as to provide complete absorption in 

specific bands thereby providing not only the highest form of isolation but provide protection 

of human intervention in an undesired radiation environment. The work can be extended to 

the realization of smart absorbers, which can change their normalized impedance in real-time 

based on feedback received in accordance with radiations.  
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The wideband section can extend to the attainment of perfect absorption in the infinite band, 

ideally providing all band absorption (especially in communication spectrum). The concept is 

an extension of the realization of a dynamically controlled fabricated device in response to an 

infinite band of incoming radiation, thereby completely isolating the reference area under 

observation. The human race will be benefited with the realization of space that is totally 

isolated from impact from radiations of the ideally infinite band. The impact of radiation on 

the human race is a subject of research, and a completely isolated reference section will aid a 

true comparative analysis of the impact of radiation on the human race, which can only be 

realized when the impact of any form of radiation is somehow isolated. The study will surely 

be a guiding force for the future and survival of the human race. 
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