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ABSTRACT 

This thesis presents a few multiband antennas designed by exploiting the unique properties of 

metamaterials. The use of metamaterials in the design not only helps us in realizing multiband 

antennas but also aids in improving certain performance parameters. All the designed antennas 

are microstrip fed and use via less metamaterial structures. The design of these antennas is 

aimed at wireless applications below 6 GHz. 

 The rapid increase in the use of wireless operating devices and their capability of 

handling multiple technologies has led to an increase in the demand of antennas operating at 

multiple frequency bands. The monopole antennas have low profile and can be easily 

manufactured and integrated into the devices. Hence, a proper combination of these antennas 

with an embedded metamaterial structures in the design is feasible for realising multiband 

antennas. The slots, composite right left-handed transmission line (CRLH-TL), split ring 

resonators (SRR), composite split ring resonators (CSRR) and meandered line structures are 

incorporated in the antenna design to realize the multiband antennas. Moreover, to enhance the 

certain performance parameters of the antenna, metasurfaces formed by artificial magnetic 

conductors (AMC) and perfect electric conductors (PEC) have been employed.  

  In this thesis, the design of antennas targeted towards the WLAN, WiMAX, and sub-

6 GHz 5G applications has been presented. Initially, a monopole antenna with slots etched on 

the radiator has been presented in chapter three. The slots are employed in the design to realise 

the dual band (2.38 - 2.7 GHz, and 3.28 - 5.8 GHz) nature of the antenna and it is backed by an 

AMC surface for enhancing the gain of 5dBi  in the first band and 2.8 dBi in the second band. 

In chapter four, a compact antenna of the order 0.3λ0 x 0.2λ0 x 0.01λ0, dual band (3.15 - 4.09 

GHz and 5.35 - 5.84 GHz) CRLH-TL metamaterial inspired design and the circuit realization 

of the antenna are also presented. In chapter five, a meandered line loaded dual band (3.26 – 

3.61 GHz, and 5.06 – 6.77 GHz) antenna backed by a meta surface has been designed and 

presented with circular polarisation in one of the bands. Finally, a split ring resonator (SRR) 

and complementary split ring resonator (CSRR) based multi band antennas suitable for 

2.5/3.5/5.5 GHz WiMAX, and 5.2/5.8 GHz WLAN applications has been presented in chapter 

six. 
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Chapter-1 

 

Introduction 

 

1.1. Introduction 

The demand for wireless operating devices, such as smartphones, laptops, tablets, and 

other wireless devices, has been steadily increasing over the years. With the technology 

advancement and widely accessible high speed wireless networks, such devices have become a 

crucial part of our everyday life. However, the miniaturization and incorporation of 

multifunctions into this wireless equipment is of great interest. An antenna is one of them, 

modern wireless devices require antennas to support portability, allowed to be integrated into 

different devices, operating across multiple frequency bands, handling multifunctions, adapting 

to emerging technologies etc.  

Many technical solutions have been introduced as part of the design to satisfy the afore-

mentioned requirements. The utilization of electromagnetic metamaterials in antenna design 

can boost its performance on the basis of miniaturization, increasing gain, enhancing 

bandwidth, generating multiband frequencies, beam steering etc. Metamaterials are a unique 

class of artificial materials with distinctive electromagnetic properties which are non-existent 

in naturally occurring materials. 

The classification of metamaterials is based on the sign of permittivity, ε, and 

permeability, μ of a homogeneous materials and is represented in Fig. 1.1.  The materials 

corresponding to the first, second and fourth quadrant are conventional and naturally existing, 

but the materials corresponding to the third quadrant where both permittivity and permeability 

are negative are called double negative materials which are not found in the nature, and they 

exhibit unusual properties. These materials when properly loaded as part of the antenna design 
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are helpful in realizing antennas with unique and novel characteristics. The interest in using 

metamaterials for antenna design to enhance its performance characteristics has been growing 

and the scope for research in this area is existent. 

 

Fig. 1.1. Classification of metamaterials based on ε and μ values[11] 

1.2. Basics of an Antenna 

An antenna is an inevitable building block in all wireless communication systems and no 

wireless communication is imagined without having an antenna. It is a normal metallic device 

(typically rod or  a wire) used for either radiating or receiving radio waves according to 

Webster’s dictionary. As per IEEE standard 145-1983, it is defined as “a source that is meant 

for radiating radio waves or receiving radio waves” [1]. As depicted in Fig. 1.2, the transmission 

line (guiding device) transports the electromagnetic energy to the antenna from the transmitting 

source. Finally, electrical signals are converted to electromagnetic waves by the antenna. At the 

receiving end, the antenna behaves as a sensor to capture the electromagnetic waves. 

As illustrated in Fig. 1.3, a sinusoidal voltage source, which has a peak voltage V, has 

been to an antenna. The internal resistance is 𝑅𝑠 and reactance is 𝑋𝑠 of the source respectively. 
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𝑅𝑙, 𝑅𝑟, and 𝑋𝑎 represent loss resistance, radiation resistance, and reactance of the antenna, 

respectively. 

 

Fig. 1.2. Antenna as a transition device [2] 

 

Fig. 1.3. Equivalent circuit of an antenna [2] 

Several antenna parameters are defined as follows: 

1.2.1. Input Impedance 

The input impedance of an antenna is described as the ratio of the voltage to current at the 

terminals of the input. If 𝑉𝑎 is the voltage and 𝐼 is the current that are fed to the antenna, the 

mathematical expression of the input impedance is defined as  

𝑍𝑖𝑛 = 
𝑉𝑎

𝐼
                                                                     (1.1)                                                                 

If 𝑅𝑎 is the antenna’s resistance and 𝑋𝑎 is the antenna’s reactance then the input impedance of 

antenna is given as   
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𝑍𝑖𝑛 = 𝑅𝑎 + j𝑋𝑎                                                             (1.2)    

                                                         

𝑅𝑎 is  expressed as sum of antenna’s loss resistance 𝑅𝑙 and antenna’s radiation resistance 𝑅𝑟. 

𝑅𝑎 = 𝑅𝑙 + 𝑅𝑟                                                             (1.3)                                                               

All conductor losses and dielectric losses are accounted in case of loss resistance 𝑅𝑙. For 

maximum power to transfer to the antenna, source impedance 𝑍𝑠 and input impedance 𝑍𝑖𝑛 must 

match properly. So, impedance must be equal to the conjugate of the impedance of the source 

for perfect impedance matching according to the maximum power transfer theorem. 

𝑍𝑖𝑛 = 𝑍𝑠
∗                                                             (1.4)                                                               

So, 𝑅𝑎 = 𝑅𝑠 and 𝑋𝑎 = -𝑋𝑠                                                (1.5)                                                  

Generally, the internal resistance is 50 Ohms for all microstrip antennas. Therefore, the input 

impedance of the antenna must be equal to 50 Ohms for perfect impedance matching.  

1.2.2. Reflection Coefficient 

Reflection coefficient Γ is a crucial parameter to find out how much incident power being 

reflected back to source. It is the amount of mismatch between the antenna and source and is 

referred to as the ratio of the reflected power 𝑃𝑟𝑒𝑓 to the incident power 𝑃𝑖𝑛.  

  Γ = 
𝑃𝑟𝑒𝑓

𝑃𝑖𝑛
                                                               (1.6)                                                              

When it is expressed in dB, the mathematical expression for the reflection coefficient is given 

as 

Γ (dB) = 10 log (
𝑃𝑟𝑒𝑓

𝑃𝑖𝑛
)                                                 (1.7)                                               

Return loss is also a parameter of antenna similar to reflection coefficient. It can also be 

expressed in dB and given as 

Return loss (dB) = -Γ (dB)                                                (1.8)                                       

A reflection coefficient of -15 dB indicates a return loss of 15 dB. So, return loss is always a 

positive quantity since reflection coefficient is a negative quantity. Generally, reflection 
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coefficient < -10 dB is preferred for an antenna. Reflection coefficient of -10dB indicates that 

one-tenth of the incident power is reflected. 

1.2.3. VSWR 

Voltage standing wave ratio (VSWR) is an important parameter to find out how much incident 

power is reflected to source. The acceptable VSWR for an antenna is less than 2. VSWR is used 

to find out the reflected power in another way and can be found out from the mathematical 

expression given below. 

VSWR = 
1 + |Γ|

1 − |Γ|
                                                          (1.9)                                                       

1.2.4. Bandwidth 

The antenna’s bandwidth is normally nothing but the frequency range, where the antenna works 

properly. The antenna’s parameters such as polarization, reflection coefficient, beam width, 

radiation efficiency, gain, etc., are within their acceptable value in the bandwidth of an antenna. 

Two types of bandwidths are generally used to express the bandwidth of an antenna. They are 

absolute bandwidth (ABW) and fractional bandwidth (FBW). The absolute bandwidth is 

nothing but the separation between the upper and lower cut-off frequencies 𝑓𝐻  and 𝑓𝐿 

respectively. Whereas the FBW  is considered as the percentage difference of  upper and lower 

cut-off frequencies over centre frequency 𝑓𝐶 . The mathematical expressions of absolute 

bandwidth and fractional bandwidth are given as 

FBW (%) = 
𝑓𝐻 − 𝑓𝐿 

𝑓𝐶
  × 100                                                (1.10)                                                

where 

𝑓𝐶  = 
𝑓𝐿+ 𝑓𝐻 

2
                                                             (1.11)                                                             

The fractional bandwidth percentage for wideband antennas and UWB antennas should be more 

than 10% and 20%, respectively, as per FCC. In case of narrowband antennas, it is less than 

10%. Impedance bandwidth is mostly considered for any antenna and generally, it is the range 

of frequency with the return loss of less than 10 dB is termed as the impedance bandwidth. 
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1.2.5. Polarization 

The plane in which the electric field exists determines the orientation of radio wave. This 

orientation of the radio wave is nothing but the polarization of the antenna. In general, three 

different types of polarization (linear, circular, and elliptical polarizations) are generally 

possible for an antenna. The concept of axial ratio is used to find out the polarization. The ratio 

of the orthogonal electric field components gives the axial ratio. Axial ratio is unity for a 

circularly polarized antenna since orthogonal components of electric field are equal in 

magnitude. It is greater than 1 in case of an elliptically polarized antenna, whereas it is infinity 

in case of a perfect linearly polarized antenna.  

1.2.6. Directivity and Gain 

The directivity is described as “the ratio of the radiation intensity 𝑈 from the antenna in a 

specific direction to the radiation intensity of an isotropic source 𝑈0” as per the IEEE Standard 

Definition of Terms for Antennas. The radiation intensity 𝑈0 is 
𝑃𝑟𝑎𝑑

4𝜋
 for an isotropic source, 

where 𝑃𝑟𝑎𝑑 is the radiated power of the antenna.  The mathematical expression of directivity is 

shown below.  

Directivity = 
𝑈

𝑈0
 = 

𝑈
𝑃𝑟𝑎𝑑

4𝜋

 = 
4𝜋𝑈

𝑃𝑟𝑎𝑑
                                           (1.12)                                             

Gain is also a crucial parameter to describe the antenna’s radiation performance. The directivity 

and radiation efficiency are taken into account in case of antenna gain. Antenna gain in a 

specific direction is described as the ratio of the radiation intensity in a specific direction 

𝑈 (𝜃, 𝜙) that is achieved if the power, which is fed to the antenna, is equally radiated in all 

directions. If 𝑃𝑖𝑛 is the total input power or power fed to antenna then the radiation intensity of 

the power radiated equally in all directions is 
𝑃𝑖𝑛

4𝜋
. The antenna gain is given as 

Gain = 
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟

4𝜋

 = 4𝜋 
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟
 = 4𝜋 

𝑈 (𝜃,   𝜙)

𝑃𝑖𝑛
              (1.13) 

Normally, antenna’s reported gain is considered in most of the cases. It is described as the 

power gain of antenna in a given direction to the power gain of an antenna that is considered as 

reference in its referenced direction. Both of the antennas must be fed with same input power 

in this case. Typically, dipole antennas, horn antennas, etc., for which their gains are known, 
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are taken as reference antennas. The reference antennas in most of the cases are lossless 

isotropic sources. The mathematical expression for the antenna relative gain is given as 

Gain = 4𝜋   
𝑈 (𝜃,   𝜙)  

𝑃𝑖𝑛 (𝑙𝑜𝑠𝑠𝑙𝑒𝑠𝑠 𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 𝑠𝑜𝑢𝑟𝑐𝑒)
                                   (1.14)                                

The expression for gain in terms of directivity and radiation efficiency is given as 

Gain = Directivity × Radiation Efficiency                             (1.15)                 

where radiation efficiency 𝜌𝑟𝑎𝑑, described as the ratio of power radiated to the power fed to the 

antenna (input power). Its mathematical expression is shown below. 

𝜌𝑟𝑎𝑑 = 
𝑃𝑟𝑎𝑑

𝑃𝑖𝑛
 = 

𝑅𝑟

𝑅𝑟+𝑅𝑙
                                                           (1.16)                                                 

1.2.7. Radiation Pattern 

Radiation pattern is a graphical representation of the radiation of the antenna as a function of 

space coordinates or a mathematical function according to IEEE std 145-1983. It is found out 

in the far-field region in most of the cases and is demonstrated as a function of the directional 

coordinates.  

 

Fig. 1.4. Three-dimensional spatial radiation distribution of an antenna [2] 

The radiation properties comprise field strength, power flux density, directivity, radiation 

intensity, polarization. Typically, the radiation pattern is spatial distribution of the 

electromagnetic energy radiated. The spatial distribution is either two dimensional or three 
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dimensional. Fig. 1.4 shows the 3D coordinate system in terms of 𝜃 and 𝜙 in space. A 

combination of several two-dimensional antenna radiation patterns gives a three-dimensional 

antenna radiation pattern. 

Antenna’s radiation performance is demonstrated with reference to two patterns in 

principal planes (E and H) in case of linearly polarized antennas. The E-plane and the H-plane 

are defined as “the plane that comprises the electric field vector and the maximum radiation’s 

direction” and “the plane that comprises the magnetic field vector and the maximum radiation’s 

direction”, respectively. Radiation patterns are classified into three types as per the radiation 

behaviour of the antenna. The first type, the second type, and third type are isotropic, 

directional, and omnidirectional, respectively. An isotropic radiation pattern, which does not 

exist in practice, is a lossless antenna radiation pattern in which same radiation exists in any 

direction. 

The directive properties of antennas that are under test are described by taking an 

isotropic antenna as reference. But the isotropic is an ideal antenna that is not physically 

realizable. In case of antenna that has directional radiation pattern, radiation or reception of 

electromagnetic energy occurs more in some specific directions than other directions. If the 

maximum directivity of an antenna is more than that of directivity of a normal dipole antenna 

then the pattern of that antenna will be directional. If the radiation pattern of an antenna is non-

directional in one plane and directional in orthogonal planes then the antenna pattern is said to 

be omnidirectional.     

1.3. Microstrip Antenna 

Despite many varieties of antennas, such as linear wire antennas, loop antennas, horn antennas, 

lens antennas, reflector antennas etc., are being utilized for different applications in wireless  

systems, microstrip antennas have grabbed more attention due to their advantages, such as light 

weight, compactness, inexpensive, easy manufacturability with modern printed circuit 

technology, simple integration with planar structures, and conformable to nonplanar surfaces 

as well. However, the microstrip antennas have disadvantages like narrow bandwidth, low 

efficiency, low power, spurious feed radiation, etc. Microstrip antennas are often called as patch 

antennas.   

Even though the microstrip antenna was discovered in 1953, it has grabbed good 

attention in 1970s. Since then, rigorous research in microstrip antennas has been going on for 
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different applications. The geometry of the basic patch antenna is shown in Fig. 1.5. As depicted 

in Fig. 1.5, it comprises of a dielectric substrate having h and has two conducting layers at the 

front and back portions of the substrate. Typically, copper is used for conducting layers.  

 

Fig. 1.5. Structure of basic patch antenna [1] 

The upper and lower conducting layers are referred as radiating patch and ground plane, 

respectively. Rectangular and circular radiating patches are normally more preferred in practice. 

Depending on the requirements, other shapes can also be used. Various complex structures have 

also been investigated in the literature as they can be simulated easily with the help of some 

advanced simulators. Some shapes of the radiating patches are displayed in Fig. 1.6. 

 

Fig. 1.6. Different shapes of the radiating patches [1] 

In order to feed microstrip antenna, many feeding techniques are used. Some of them [3, 4] are 

the microstrip line feed [5, 6], coaxial probe feed [7], proximity and aperture coupling. 

Microstrip line feed is the simplest technique among them since its fabrication is easy and 

impedance matching of the radiating patch and the microstrip feed line can be done easily [8]. 

The microstrip line feed patch antenna is represented in Fig. 1.7.  
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Fig. 1.7. Microstrip line fed patch antenna [9] 

The mathematical equations for finding out the dimensions of the radiating patches with 

different shapes are given in [1]. The conventional radiating patches produce single resonating 

band with narrow bandwidth. So, to generate multiband, slots are incorporated in the radiating 

patches as incorporation of slots in patch leads to multiple resonating paths. Also, incorporation 

of slots in ground plane can also produce multiple resonant frequencies. When some portion of 

the ground plane is etched, perturbations in the current distributions occur. The perturbations 

in the ground plane generated by slots and the energy coupling that exists between the slots 

generate multiple resonant frequencies.  

In case of a rectangular patch, the equations involved[1] in the design for an efficient radiation  

considering the substrate dielectric constant (𝜀𝑟), its height (h), and the resonant frequency (𝑓𝑟) 

are: 

Width, 𝑊 =
1

2𝑓𝑟√𝜇0𝜀0
√

2

𝜀𝑟+1
  = 

𝑣0

2𝑓𝑟
√

2

𝜀𝑟+1
                                    (1.17)                                                 

Length, L = 
1

2𝑓𝑟√𝜀𝑟𝑒𝑓𝑓√𝜇0𝜀0
 - 2∆𝐿                                         (1.18)                                                 

where ∆𝐿 is the extension of the length and 𝜀𝑟𝑒𝑓𝑓 is the effective dielectric constant. 

In designing the circular patch and assuming dielectric constant of the substrate(𝜀𝑟), resonant 

frequency (𝑓𝑟) and height of the substrate as h. The equations for solving the radius(𝑎) of the 

patch[1] are 

𝑎 =
𝐹

{1+
2ℎ

𝜋𝜀𝑟𝐹
[𝑙𝑛(

𝜋𝐹

2ℎ
)+1.7726]}

1
2⁄
                                               (1.19)                                                 

𝐹 =
8.791 𝑋 109

𝑓𝑟√𝜀𝑟
                                                         (1.20)                                                 
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1.4. Printed Monopole Antenna 

The conventional microstrip antennas, microstrip fed slot antennas, and microstrip antennas 

with defected ground structures have narrow operating bandwidths. Since the world has been 

witnessing enormous development in modern wireless communication systems, antennas with 

wide bandwidth are of great demand. Also, single antenna with wide bandwidth covers many 

applications. A printed monopole antenna is a type of antenna that is fabricated on a printed 

circuit board (PCB) or other planar substrate. It is a variant of the monopole antenna, which is 

a simple and widely used antenna configuration with a single radiating element. The term 

"printed" indicates that the antenna is created using printed circuit board technology. 

Nowadays, printed monopole antennas (PMAs) are widely being used as they have wide 

impedance bandwidth. So, they are considered to be the one of the promising candidates due to 

their omnidirectional pattern in azimuthal plane and wide bandwidth. The conventional 

microstrip antenna has directional radiation patterns, whereas it is similar to that of radiation 

pattern of a dipole antenna in case of printed monopole antenna. Integration with other 

components can be done easily in case of printed monopole antennas since they have reduced 

size and no backing of ground plane is required. Moreover, these printed monopole antennas 

are very easy to fabricate. In general, for mobile wireless technology based low-cost systems, 

cost effective printed monopole antennas, which are generally manufactured on a cost-effective 

FR-4 substrate, are mostly preferred.   

The main consideration while designing an antenna that has an impedance bandwidth 

ratio of 3.42:1 for VSWR ≤ 2 with a large impedance bandwidth is the antenna must have 

multiple resonances. This can be realized easily by printed monopole antennas. Unlike 

conventional dipole antennas, conventional monopole antennas, and conventional microstrip 

antennas that have single resonance, some modified design considerations have to be followed. 

So, in case of printed monopole antennas, the edge frequency of lower band and bandwidth are 

the crucial design parameters to be considered. The maximum height of the printed monopole 

mainly decides the lower band edge frequency. Whereas the impedance matching needs to be 

ensured between microstrip line and impedance of various modes decides the total bandwidth. 
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Fig. 1.8. PMAs with various shaped radiators [10] 

The printed monopole antenna achieves good azimuthal radiation pattern with very wide 

impedance bandwidth. The reasons can be demonstrated in two ways. The PMA can be treated 

as microstrip antenna configuration, whose location of the backing ground plane is at infinity. 

As it is known that a patch is normally located on a  substrate (typically FR4), and it is assumed 

that the air, which is a thick dielectric substrate and has a relative permittivity of 1, exists above 

the substrate. This kind of microstrip antenna configuration with a thick dielectric substrate of 

relative permittivity close to 1 produces large impedance bandwidth.   

On the other hand, PMAs can be viewed as vertical monopole antennas. Normally, a 

monopole antenna comprises a vertical cylindrical wire that is mounted over its ground plane. 

As its diameter increases, bandwidth also increases. A cylindrical monopole antenna, which has 

a large effective diameter, can be equated to a PMA. The lower band edge frequencies can be 

determined using this analogy for all regular shapes of PMAs for various feed configurations. 
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The PMAs with various shapes are depicted in Fig. 1.8. The shapes of the radiator of PMA 

include square, rectangle, hexagon, triangle, circle, and ellipse for different feed positions, as 

illustrated in Fig. 1.8. The mathematical equation relating to lower band edge frequency of 

PMA with any regular shape is given in [10].  

1.5. Metamaterials 

Metamaterials are the artificially developed materials that exhibit unique properties like 

negative permittivity, permeability, and refractive index simultaneously, leading to their 

unusual behaviour. Meta refers to beyond, and Metamaterials are materials with properties 

beyond the naturally existing materials. Metamaterials were developed by Victor Veselago, a 

Russian scientist in 1967[11]. These materials are artificial effectively homogenous structures 

whose structural average cell size is less than one fourth of the guided wavelength (λg). The 

behaviour of these materials is more because of their metallic structure design. The waves that 

interact with these metallic structures tends to alter their electromagnetic properties and hence 

leading to negative values of permeability(μ), permittivity(ε), and the refractive index(n), they 

are related as  

n = ±√εrμ𝑟                                                                   (1.21) 

As illustrated in the Fig. 1.1, among the possible combinations of (ε, μ), the simultaneous 

negative μ and ε corresponds to materials that are left-handed and are characterized by negative 

refractive index (NRI) or antiparallel phase and group velocities. These LH structures are most 

often termed as Metamaterials. A left-handed triad of electric, magnetic fields and the wave 

vector is formed in LH materials as compared to a right-handed triad in conventional materials. 

                 

(a)                                                         (b)                 

Fig. 1.9. First Metamaterial structure composed of only metals and dielectrics (a) Thin-wire 

(b) Split ring resonator structure [11] 
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The first experimental demonstration of LH material was done 30 years later by 

Smith[11], which revealed that it is an artificially effective homogenous structure and not 

natural. Pendry introduced the structures shown in Fig 1.9, which are of plasmonic type with (-

ε, +μ) and (+ε, -μ). These structures exhibit an average cell size p less than the guided 

wavelength (p <<  λg) and hence are homogenous. 

Several unique phenomenon that occur for an electromagnetic wave that passes through 

a LH media as predicted by Veselago, include reversal of Doppler effect, Vavilov-Cerenkov 

effect, Snell’s law, and frequency dispersion etc.  

1.5.1. Reversal of Snell’s Law 

Snell’s law describes how light or electromagnetic waves change direction when they pass from 

one medium into another with a different refractive index. In the context of traditional materials, 

Snell’s law states that the angle of incidence (𝜃1) is related to the angle of refraction (𝜃2) by the 

following equation: 

𝑛1𝑠𝑖𝑛𝜃1 = 𝑛2𝑠𝑖𝑛𝜃2                                                          (1.22) 

Where n1 and n2 are the refractive index of first and second medium. In metamaterials, which 

are engineered materials, it is possible to achieve some interesting and unconventional effects, 

including the reversal of Snell’s law. This is often accomplished by manipulating the effective 

refractive index of the metamaterial. To reverse Snell’s law in metamaterials, you would need 

to design a metamaterial with a negative refractive index. When 𝑛1 and 𝑛2 are both negative, 

the angles 𝜃1 and 𝜃2 can be such that the electromagnetic wave is bent in the opposite direction 

compared to what is predicted by Snell’s law in conventional materials. 

Applying metamaterials to antenna design is an important application because antennas 

with novel characteristics can be designed, that may not be easily attained with the naturally 

occurring materials. The purpose and structure of the design determines the type of loading of 

metamaterials. These metamaterials can be applied in the form of a unit cell or a combination 

of these unit cells forming an array. Initially a unit cell is designed, and its resonance frequency, 

permittivity and permeability are evaluated and optimized to be operating at a required 

frequency.  

Metamaterials can be used as a part of the antenna design where the structure is 

embedded within, is helpful in realizing compact antennas and can also be used near the antenna 
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environment like artificial magnetic conductors and metasurfaces which are likely to improve 

the gain, bandwidth, directivity, and radiation etc. The metamaterials with left-handed 

transmission line properties are used to create compact, high-gain antennas and achieve other 

performance enhancements, such as reducing size of the antenna still maintaining good 

efficiency. 

1.6. Metamaterials in Antenna Design 

Metamaterials are incorporated in the antenna design to enhance their performance and 

capabilitiesand they electromagnetic properties that are unique and not found in naturally 

occurring materials. They are designed as unit cells, typically using patterns of conductive 

elements to manipulate electromagnetic waves in for desired performance. Metasurfaces are 

two-dimensional arrangements of structures designed to control the properties of 

electromagnetic waves. These surfaces are engineered to manipulate the amplitude, phase, and 

polarization of incident waves, allowing for control over the radiation from the antenna. 

Metasurfaces have gained significant interest in the field of antenna design due to their ability 

to control and manipulate electromagnetic waves with a high degree of precision.  

One of the fundamental functionalities of metasurfaces is the ability to control the phase of 

incoming electromagnetic waves. The AMC has a zero-reflection phase at a desired frequency 

achieved by adjusting the geometry, size, and arrangement of the structures, metasurfaces 

formed using these AMC unit cells can introduce the phase shifts to the incident waves and 

hence reflecting the waves in specific direction leading to an increase in the gain and achieving 

directional radiation patterns. The PEC based metasurface introduces a phase shift of 180 

degrees and is used to control the beam steering of the antenna. The elements on the metasurface 

are strategically arranged to induce specific phase shifts and amplitude variations for different 

polarizations and can be used as polarization converters. The use of metamaterials and 

metasurfaces could impact the performance of antenna based on the type of loading of these 

metamaterial structures and will enhance the antenna performance in terms of the following 

aspects: 

1.6.1. Miniaturization 

Miniaturization is an important aspect of modern mobile communication systems but 

traditionally the antenna performance is related to its size. However, the zero-order 

resonance(ZOR) mode of metamaterials is used to realize the miniaturized antennas with a 
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small electrical size by making the antenna size independent of its operating frequency. The use 

of CRLH metamaterials helps in achieving this zeroth order resonance and aids in realizing the 

miniaturized antennas. Metamaterials enable the creation of compact and low-profile antennas 

which are easily integrated into various devices, including smartphones, IoT sensors, and 

military equipment. 

1.6.2. Dual and Multi-band antennas 

The requirement of antennas operating across multiple frequency bands covering multiple 

technologies has increased tremendously. The dual band and   antennas can be realized using 

the metamaterial which helps in increasing the coverage in terms of operating at different 

frequency bands. The advantage of using these metamaterials is the generation of additional 

resonant modes which are symmetric with respect to ZOR and hence resulting in a similar and 

better radiation patterns at different frequency bands. 

1.6.3. Wide Band antennas 

Metamaterials can be tailored to cover a wide range of frequencies within a single compact 

antenna design. This capability is especially important in applications where the antenna needs 

to operate across multiple frequency bands efficiently. This makes them suitable for systems 

that require versatile frequency coverage without the need for multiple antennas. Metamaterials 

can also be engineered to be tunable, and hence are adjusted to achieve the required resonant 

frequency coverage of the antenna. This feature helps in adapting to the different frequency 

requirements. 

1.6.4. Gain Enhancement and Improved radiation patterns 

Metamaterials can also enhance the gain of the antennas, which concentrate the radiation in a 

specific direction, increasing the signal strength in that direction. This is beneficial for long-

distance communication applications. Metamaterial superstrates and substrates placed above or 

below the antenna can alter the radiation characteristics. Superstrates, placed above the antenna, 

can collimate the radiation, while substrates, placed below, can enhance the impedance 

matching. These metasurfaces can be realized using the unit cells designed and can be placed 

in the antenna environment helpful in achieving the high gain and directional radiation patterns. 
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1.7. Motivation 

The microstrip antennas have several advantages that include low profile, light weight 

and can be manufactured easily on a PCB. They are manufactured to have different shapes and 

sizes and are flexible in terms of integration into various devices and components. Several 

techniques have been applied to microstrip antennas to achieve miniaturization such as using a 

substrate with high permittivity, some deformations, fractal geometries etc. However, these 

techniques when employed lead to small bandwidth and low gain. With proper loading of 

metamaterials to the antenna design its performance could be improved. 

Multiband and wideband antennas are very valuable in wireless applications as they will 

be able to cover multiple frequency bands and wide frequency range. They offer several benefits 

like cost and space saving, flexibility, and simplified design. 

Several attempts were made to design antennas operating at multi bands and to address 

the requirements of these frequency bands [12-18]. However, the tradeoff between the physical 

dimensions of the antenna and its performance parameters is of great importance. Some AMC 

based antennas have been reported [30-32], but with a large sized reflecting surface making the 

overall antenna size bulky. CRLH metamaterial antennas are suitable for realizing multiband 

antennas [46-51] but offer less gain due to their small size. Several metasurface backed antennas 

were reported [79 - 84] where size is a constraint. So, the antennas operating over multiple 

bands and are designed at a considerably smaller size and offer a decent performance 

characteristic could serve the purpose.  

 This has motivated us in presenting microstrip based multiband metamaterial 

antennas. These antennas enable efficient spectrum utilization and multi standard compatibility 

through accommodation of different frequency bands in a single antenna structure. The 

multiband antennas are engineered using metamaterials to be miniaturized and compact and 

hence can be integrated into small devices facilitating an efficient use of space. As the wireless 

communication systems are ever evolving, the antennas providing flexibility in adapting to 

emerging technologies is a key aspect and to be equipped to operate in new frequency bands as 

they become available is an added advantage. The use of these metamaterials offering unique 

electromagnetic properties in antenna design improves its performance characteristics such as 

an enhanced bandwidth, improved gain, better radiation patterns across different frequency 

bands. 
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1.8. Research Objectives 

The objectives of the proposed work for multiband antennas are:  

1. To design and develop a dual band antenna for WLAN, WiMAX, and sub-6 GHz 5G 

wireless applications and enhance the gain of the antenna considerably (by 4 - 5 dBi) 

using a metamaterial structure. 

2. To design and develop a multiband antenna for wireless applications below 6 GHz, with 

an increased bandwidth to cover the entire sub-6 GHz 5G bands (from 3.3 - 5 GHz) by 

incorporating metamaterial structure. 

3. To design and develop a multiband antenna for wireless applications below 6 GHz, with 

compact dimensions of the order < 0.5𝜆0, and a planar structure by making use of 

transmission line-based metamaterials as a part of the design. 

1.9. Thesis Organization 

The thesis is organized as seven chapters. A brief overview of each chapter is provided in this 

section. 

Chapter 1: Presents the introduction, reason for choosing the problem and objectives. 

Chapter 2: Provides the literature Survey and background information regarding the use of 

metamaterials and their type of loading. 

Chapter 3: Presents the procedure in designing a dual band monopole based radiating antenna 

for wireless applications. Also, a dual band AMC is proposed for the purpose of increasing gain. 

Chapter 4: Describes a composite right left-handed (CRLH) metamaterial inspired compact 

antenna with dual band operation and the circuit realization of antenna is also presented. 

Chapter 5: Illustrates the design of a meandered line incorporated dual band antenna covering 

some bands of WLAN/WIMAX applications. Additionally, a metasurface is presented for 

improving the gain and radiation characteristics. 

Chapter 6: Comprises of split ring resonator (SRR) and complementary split ring resonator 

(CSRR) loaded multi band antennas for wireless applications. 

Chapter 7: Provides the conclusions and a brief discussion on the future scope of the work. 
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Chapter-2 

 

Literature Survey 

 

2.1. Introduction 

In this chapter, the literature relating to microstrip antenna, monopole antenna, metamaterials 

and their effect on the performance of the antenna are reported. The literature review has been 

presented according to the objectives highlighting the current state of art. 

2.2. Literature Review 

Till now, many works have been presented on metamaterial-based antennas with multiband 

operation for wireless applications and also antennas backed by metasurface. Some of them are 

listed as follows: 

 Ashish et al., (2018) proposed a monopole antenna[12] that uses two main radiating 

elements for generating dual band with resonance at 2.5 and 5.1 GHz. Here, the rectangular 

strips with different sections L1, L2, L3 and L4 are employed, and the dimensions of these 

strips are adjusted in order to shift the resonance to a required frequency and achieve good 

bandwidth. 

 Karli et al., (2015) presented a miniaturized antenna with slots and partial ground 

plane, operating over a broadband for RFID and WLAN applications[14]. The antenna has a 

good and consistent omnidirectional radiation patterns and is manufactured on a FR-4 substrate, 

making it low cost and easily manufacturable using a printed circuit board. 

 Han Lu et al., (2014) proposed a compact antenna with a pair of L-shaped strips 

operating at 2.45/3/5.5 GHz bands[16]. A size reduction of 20% has been achieved by 
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controlling the surface currents through the T-shaped patch. The antenna has a stable radiation 

patterns with good efficiency. 

 Xiaolei L et al., (2013) presented an antenna[18] with radiator of compact size 

consisting of a stem and two branches working at 2.4 and 3.5 GHz WiMAX applications. Here, 

the frequency bands are independently set by varying the parameters of the radiating branches. 

The antenna also has a compact radiator of size 14.5 mm x 8.7 mm.     

 Malik et al., (2015) presented an antenna with a segmented ground plane in order to 

obtain a monopole like lower band resonance[21]. The microstrip line is loaded with dumbbell 

shaped defects to better the impedance matching by altering the effective reactance. An 

equivalent circuit model has also been developed and matching of the scattering parameters 

were observed. 

 Chu et al., (2015) proposed a CPW-fed rectangular patch etched with two different 

shaped slots for dual band operation. The slots are responsible in exciting the multi resonant 

modes and a very wide impedance bandwidth for the upper band[22]. The antenna has a planar 

design with a size of 30 mm x 25 mm, suitable for several bands of WLAN. 

 Jaswinder et al., (2013) proposed an antenna design that is composed of a pair of L-

shaped patches that are inverted and placed symmetrically with a gap and a modified ground 

plane[25]. Here, the ground plane is modified to achieve an enhanced bandwidth in the upper 

resonating band. The antenna operates at 3.3 - 3.5 GHz and 4.9 - 6.2 GHz, is designed using an 

FR-4 substrate making it cost effective. 

 Bharadwaj et al., (2012) presented the study and comparison of different shaped slots 

like C, E and U over a patch[26]. The c-shaped slotted antenna suffers from narrow bandwidth 

and high cross polarization. The near field antenna radiation has been analysed to observe the 

effect of these slots on antennas radiation and is used to explain far-field characteristics. 

 An et al., (2020) proposed an antenna with one main strip and three parasitic strips 

that are grounded. It has a three-dimensional structure operating over two bands from 0.7 - 0.96 

GHz and 1.6 - 5.5 GHz. The antenna covers all the three sub-6 GHz 5G bands[27]. 

 Azim et al., (2021) proposed an antenna with multi slots and a low profile for 5G 

wireless applications[28]. The incorporation of slots introduces capacitive effect and are helpful 
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in realizing a wideband operation from 3.1 - 5.5 GHz, suitable for sub-6 GHz 5G bands and 

LTE bands. The antenna offers good patterns with decent gain and efficiency. 

 An et al., (2018) presented an antenna with a wideband for 5G applications. The 

antenna operates over four resonant modes with different frequencies. All of these are integrated 

into a single structure in order to increase the bandwidth with an improved gain[29]. Folded 

walls have been introduced for a better impedance matching. 

 Zhai et al., (2017) presented a dual band and dual-polarized antenna backed by an 

AMC for WLAN applications. In this article the authors have designed two sets of bowtie 

dipoles with 45 degrees polarisation and the baluns are used to excite these dipoles[30]. A 

unidirectional radiation patterns with an increased gain have been achieved with the 

introduction of an AMC surface. 

 Coetzee et al., (2018) proposed a quad band antenna[31] with complementary 

microstrip slot pair and secondary slot on a dielectric. An AMC surface is used for the purpose 

of increasing the gain and directional patterns. The antenna has a good radiation efficiency of 

greater than 90%. 

 Liu et al., (2020) proposed a miniaturized dual band operating antenna with T-shaped 

stricture for feeding. The antenna employs a U-shaped slot and a trapezoidal slot on bowtie 

dipoles to operate at 3.14 - 3.8 GHz and 4.4 - 5.02 GHz bands[32]. The antenna is found useful 

for applications in sub-6 GHz 5G mobile communications. The antenna offers a gain of 7.1 dBi 

and 8.23 dBi in two bands. 

 Zhu et al., (2009) presented a metamaterial-inspired antenna for WiFi 

applications[35]. Initially, a traditional monopole antenna has been designed which induces the 

only resonance at 5.15 - 5.8 GHz and with the loading of metamaterial an additional resonance 

for lower WiFi applications has been achieved at 2.4 - 2.48 GHz. 

 Li et al., (2018) proposed a CRLH metamaterial inspired dual band operating antenna 

with a planar configuration for WLAN and WiMAX applications[40]. The antenna has a folded 

monopole with a CRLH unit cell loaded. The operating bands are independently regulated as 

the resonances are due to the two different structures. The antenna offers linear and circular 

polarization in the first and second bands respectively.  



22 
 

 Borhani et al., (2015) proposed a frequency reconfigurable printed microstrip antenna 

with a square slot for WLAN/WiMAX and Bluetooth applications. The antenna has a small size 

of the order 20 mm x 20 mm with a perturbed ground plane and a backplane with a cross shaped 

sleeve. The p-i-n diodes have been included as part of the design to achieve frequency 

reconfigurability[42]. 

 Chien et al., (2013) reported a very compact and a uniplanar antenna based on 

meandered monopole for laptop[44]. The dual band operation is achieved by a tuning stub that 

is introduced into the meandered design. The stub also ensures impedance matching by 

providing a proper coupling with the meandered monopole. The antenna has three resonances 

within the two operating bands. 

 Sonak et al., (2019) presented a CRLH based antenna with zero order resonance and 

low profile. The antenna has patches of shapes rectangular, square and semi-circle and are 

optimally arranged and fed using a coplanar waveguide ground plane[45]. The patches form 

series inductance and the gaps between the patches introduce the series capacitance. The shunt 

inductance is provided by the meandered line and shunt capacitance by separation of the feed 

line and ground. The antenna has a very small overall dimensions with respect to the ZOR 

frequency 1.22 GHz.  

 Zarrabi et al., (2015) reported two forms of antenna composed of CRLH cells with 

different radiation patterns at two different frequency bands[46]. First antenna has two bands 

with resonance at 1.8 GHz and 5.5 GHz and the other antenna also has two operating bands 

supporting WLAN. The CRLH cells are used to tune the radiating patterns of the antenna and 

radiate omnidirectionally. 

 Tamrakar et al., (2021) presented a CRLH metamaterial antenna for 2.4 GHz and 5 

GHz WLAN applications. A pin is used to short the edge of the radiating metal for generating 

the left-handed nature[47]. The antenna has a radiator and the ground plane separated by a 

distance of 6 mm apart by an air interface. The authors have also presented the circuit equivalent 

model of the designed antenna and the antenna has a gain of 2.3 dBi and 8.6 dBi in two bands 

respectively. 

 Ameen et al., (2021) proposed an antenna with a combination of CRLH transmission 

line resonator and an AMC, acting as a reflecting metasurface. The antenna has an improved 

performance parameters like bandwidth, gain and beamwidth with compact dimensions at 3.1 
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GHz[48]. The metasurface helps in achieving unidirectional radiation patterns in the two 

operating bands.  

 Zhou et al., (2013) presented an antenna with a CRLH unit cell as part of the radiating 

element with zero order resonance at lower frequency and positive order resonance at higher 

frequency bands[53]. An additional square shaped CSRR has been included in the design to 

achieve circular polarisation. The CRLH unit cell is analysed using the circuit model and the 

antenna offers linear polarisation in the lower band and circular polarisation in the second band. 

 Ali et al., (2016) proposed a microstrip based slot antenna operating at 2.4 GHz and 

5.8 GHz. A metal patch with several slots and a pair of slits are etched in order to achieve the 

compactness and a total area reduction of 41.2 %, when compared with a patch antenna[72]. 

The antenna has also provided good and acceptable radiation patterns at the desired operating 

frequencies. 

 Garg et al., (2019) proposed the design of an antenna inspired by metamaterial for 

dual band operation in WLAN. Its size is of the order 20 mm x 24 mm, etched over an FR4 

substrate and covering 2.4/5 GHz WLAN applications[73]. Here, the authors have made use of 

a triangular SRR and an open-ended stub to realize the dual operating bands.  

 Huang et al., (2014) investigated a metamaterial loaded multi band antenna covering  

several applications[75]. The monopole antenna of rectangular shape is designed with a 

resonance at 5.2 GHz and further a L-shaped inverted slot is incorporated, which introduces a 

resonance at 4.1 GHz. A reactive metamaterial loading of the antenna has shifted its operating 

frequency and also the third resonance is generated covering 2.4 GHz band. The antenna has a 

small size with good radiation and decent gain. 

 Ji et al., (2010) proposed an antenna configuration for the purpose of enhancing the 

bandwidth by making use of CRLH-TL structure[76]. The dispersion diagram-based analysis 

of the CRLH-TL is performed and the characteristics of the antenna with wideband operation 

are realized. 

 Niu et al., (2013) presented an asymmetric coplanar waveguide fed CRLH-TL based 

antenna with an improved bandwidth for LTE/WLAN/WIMAX applications[77]. The antenna 

offers an approximate fractional bandwidth of 58%, operating from 2.1 - 3.8 GHz. The ZOR of 

the antenna aids in size reduction of the antenna. 
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 Sharma et al., (2015) proposed a planar antenna design based on composite 

metamaterial structure which consists of a patch consisting of a series gap, meandered line-

based inductor and a radiating stub[78]. The antenna has a very compact size with dual band 

behaviour resonating at 1.22 GHz and 3.97 GHz. The antenna offers a wide impedance 

bandwidth of 60% in its second band. 

 Foroozesh et al., (2010) presented an investigation of several artificial magnetic 

conductors based on their reflection phase[79]. The monopole antenna configuration is used to 

analyse the performance, L-shaped monopole antenna and vertical monopole antenna are placed 

above the AMC surface and the effect of this surfaces on the performance parameters such as 

Gain, bandwidth, beamwidth and size of the antenna are explored. The broadband 

characteristics are achieved using the smaller size AMC ground planes and hence enabling the 

compact design. 

 Yi et al., (2013) presented a circularly polarised dual band antenna[80] based on 

electromagnetic band gap surface which is polarization dependent. The dipole antenna has an 

operational range of 3 - 3.5 GHz and 6.01 - 6.16 GHz with a bandwidth of 13.4% and 3.2%, is 

backed by reflector which converts a LP wave to a CP wave and hence leading to circular 

polarization in both the bands.  

Ta et al., (2017) proposed an antenna with an AMC with a low profile and dual band 

operation[83]. The authors have made use of single feed and two crossed asymmetric dipoles 

as radiators and is backed by a dual band AMC. Here, fours slits have been incorporated in a 

single unit cell to reduce the separation between the two bands and adjust them to work at a 

desired frequency. The antenna operates at 2.2 - 2.6 GHz and 4.9 - 5.5 GHz with 3-dB axial 

ratio bandwidths of 2.3 - 2.45 GHz and 5.05 - 5.35 GHz respectively. 

Xie et al., (2012) presented a CSRR based patch antenna. The CSRRs are etched on the 

ground plane of the antenna instead of the radiator and hence keeps the radiator as a 

conventional patch and providing a better gain[85]. The resonances of the antenna are observed 

at 3.87 GHz and 5.46 GHz respectively. 

Ma et al., (2010) presented a microstrip antenna with a negative permittivity and 

permeability generated by CSRR array that is incorporated on ground of the antenna for size 

reduction. The authors have achieved a size reduction of about 35% with this design due to the 
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phase compensation between the substrate and the CSRR cells[86]. Further size reduction can 

also be achieved by tuning the CSRR dimensions properly. 

Saurav et al., (2014) proposed two antenna configurations including a tri band linearly 

polarised antenna and a dual band dually polarised patch antenna[88]. A square slot is etched 

diagonally on a conventional patch and is further loaded with mushroom unit cell to achieve 

triple band operating antenna. Later, the lower order modes of the antenna are combined to 

form a circularly polarised mode and hence realising a dual band dually polarised antenna. 

Yousufi et al., (2019) has presented a monopole-based antenna[89] with an inverted L- 

shape operating at 2.45/5.8 GHz suitable for RFID applications. The monopole is fed by a 

meandered line the ground plane is perturbed two complimentary split ring resonators. Initial 

resonance of 2.45 GHz is combined with an additional resonance due to the loading of the 

CSRRs at 5.8 GHz is realised. The antenna offers a decent bandwidth of 0.4 GHz and 1.6 GHz 

with an acceptable gain.  

Paul et al., (2017) presented a tri band antenna with slots and independent tuning 

capability. A square shaped slot and two split ring resonators are loaded in order to generate 

multiband nature[91]. The SRRs are with single and multiple splits to obtain the resonance at 

4.3 and 4.7 GHz. The antenna also has an acceptable gain of greater than 3.8 dBi with an 

omnidirectional patterns in all the bands. 

Basaran et al., (2013) proposed a compact and a planar antenna based on complimentary 

split ring resonators[92]. The CSRRs are used for the purpose of size reduction and has its 

applications in WiMAX/ WLAN. It exhibits omnidirectional radiation patterns with an overall 

dimensions of 30 mm x 34 mm with the other dimensions that are optimised to realise the tri 

band nature. 

Cheung et al., (2015) presented a four band antenna[95] with slots wireless applications. 

The antenna has a rectangular shaped slot with dimensions of 48 mm x 18 mm, E-shaped and 

T-shaped stubs in order to derive the four bands. The antenna has a reasonable dimensions 

considering its operation in four frequency bands.  

Xu et al., (2017) proposed a tri band operating antenna with wide bands and circular 

polarisation. The design includes a L-shaped radiator and also the slits for a wide axial ratio 

bandwidth in the upper band[98]. The antenna offers circular polarisation in all the three 
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operating bands with an impedance bandwidth measuring up to 44% and 71% making it suitable 

for WLAN and X-band applications. 

Baek et al., (2013) proposed a triple band circularly polarised antenna with hexagonal 

slot and slits[99]. The circular polarisation is achieved by adding these slits to the slot and is 

excited using a tapered line. A reflector is placed to improve the gain. The antenna operates 

from 3.2 - 4.5 GHz and 4.7 - 6 GHz having bandwidths of 33.1% and 22.7%. 

2.3. Conclusion 

It is obvious that the antenna design using the metamaterials for improving the performance 

and in realizing of multiband antennas is a well-researched topic. However, it is still at stage 

where most of the antenna designs in the literature survey are compromising on some of the 

parameters in order to improve certain desired parameters. So, this thesis presents the antenna 

designs that has an improved performance parameters with a reduced size and simple design 

configuration.   
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Chapter-3 

 

Dual Band Antenna Designs with AMC for Wireless 

Applications 

 

3.1. Introduction 

With ever-growing wireless communication systems there is a need for the subsequent increase 

in the growth of the antenna technology that is being employed in these systems. The 

requirement for a simple design yet well performing antenna is the need of the hour. 5G wireless 

communications are being initiated all around the world and the necessity emerges for the 

design of an antenna covering these 5G bands and the already existing wireless frequency 

bands. 5G spectrum being divided into three bands low frequency band (below 1GHz), mid 

frequency band (sub-6 GHz) and high frequency band (mm Wave) with the mid-band offering 

good data rates with decent coverage.  

Multiband antennas are most desirable because they are flexible, and their role becomes 

even more important in this switching phase as they should be able to operate at both the 

existing WLAN and WiMAX bands as well as the upcoming technology. The frequency band 

between 3-5 GHz being promoted for the sub-6 GHz mid-band communications, the 

N77/N78/N79 bands are being operated in this range and a wider bandwidth covering the entire 

range is of interest. Microstrip antennas has become a popular choice amongst the different 

available antennas because they are low profile, inexpensive and easy to integrate within the 

IC’s. 

This chapter presents a monopole antenna with dual band operation for WLAN, 

WiMAX, and sub-6 GHz 5G wireless applications as a first contribution of this thesis. Initially 

a monopole antenna with U-shaped slot is realized for dual band operation and later in a slight 

modification to the radiating antenna, an additional rectangular slot is introduced for better 
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matching and a required band of operation. Moreover, a dual band AMC unit cell exhibiting a 

reflection phase of zero at 2.5 GHz and 5.5 GHz is designed and used as a reflector by placing 

it at the ground side of radiator to improve the gain and radiation. 

3.2. Dual Band Antenna Design 

Initially a patch with circular shape of radius 10.5 mm is designed, and the feeding is provided 

by the help of a 50-ohm microstrip fed line with the width 3.059 mm on FR4 dielectric substrate 

offering a relative permittivity 𝜀𝑟 of 4.4 and the substrate thickness of 1.6 mm respectively.  

The geometrical design of the proposed U-slot antenna is as shown in Fig. 3.1. 

A U-shaped slot of length 30 mm in three directions and width 0.6 mm is etched on to 

the patch. The position and the dimensions of the slot are optimally chosen upon the results 

obtained from the parametric study. The dimensions of antenna are length, L = 38 mm, width, 

W = 22  mm, and length of the ground plane, G = 10 mm. The design was simulated with the 

help of HFSS. The antenna was initially simulated without etching the slot, for which the 

antenna was operating only at a single band of frequencies and with the etching of U-slot into 

the antenna design makes it to operate at an extra band of frequencies. 

 

Fig. 3.1. Geometry of the proposed U-slot antenna 

3.3. Results and Discussions 

The simulation was carried out for the designed antenna and the Return loss characteristics is 

as shown in Fig. 3.2. It is to be noticed that the antenna is operating at two different frequency 

bands. The first band of frequencies for which |S11| < -10 dB are ranging from 2.32 - 2.70 with 

the resonance occurring at 2.45 GHz and the next band of frequencies ranging from 3.4 - 3.76 

GHz with a resonance at 3.5 GHz. The percentage impedance bandwidths of the design are 
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obtained as 15.5 and 10.2 respectively. Fig. 3.2 shows that the antenna is suitable for covering 

2.4 GHz WLAN band and 2.5, 3.5 GHz WiMAX bands. 

 

Fig. 3.2. Simulated return loss of proposed U-slot antenna 

 

3.3.1. 3D Radiation Patterns of the Antenna 

The 3D Radiation plots from Fig. 3.3 illustrates the radiating nature of the antenna at both the 

resonant frequencies of 2.45 GHz and 3.5 GHz. It is observed that the radiation is minimal 

along the X-direction and the maximum in the YZ plane, that is normal to the X direction. The 

maximum gains of 2.06 dBi and 2.24 dBi were observed along the direction of radiation at their 

resonant frequencies. The gain was also noticed to be almost stable throughout the range of 

antenna operation. 

 

 

                                            (a)                                                               (b) 

Fig. 3.3. The 3D radiation pattern at (a) 2.45 GHz, and (b) 3.5 GHz 
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3.3.2. The E and H plane radiation patterns of the antenna 

The Simulated 2D E and H-plane patterns of the U-slot antenna at 2.45 GHz and 3.5 GHz are 

simulated and presented in Fig. 3.4. At both the resonant frequencies it is noted that the H-plane 

radiation pattern (phi = 90֯) is omnidirectional and in the E-plane (phi = 0֯)is observed to be 

bidirectional, which is comparable to that of the conventional antenna pattern. Hence, the 

antenna is observed to be providing good radiation characteristics. The antenna besides 

exhibiting good return loss and radiation characteristics has performed well in terms of radiation 

efficiency by maintaining it above 90 percent at both the frequency bands. 

 

 

Fig. 3.4. The E and H-plane radiation patterns at (a) 2.45 GHz, and (b) 3.5 GHz 

 

3.4. Dual Band Antenna with AMC 

The antenna represented in the Fig. 3.1 has been slightly modified by introducing an extra 

rectangular shaped slot and an inset feed, which improvises the bandwidth of the antenna. 

Further, a dual band AMC unit cell has been designed to construct an AMC surface which is 

placed at a distance from the radiator at the ground side to better the gain and radiation 

characteristics. 

3.4.1. Antenna Design 

The radiator is a microstrip circular antenna with a U-shaped slot and a rectangular slot 

incorporated on it, a symmetrical AMC reflector surface of the size 64 x 64 x 1.6 mm3 is 

employed at a distance of H = 14 mm on the ground side of the antenna. A Styrofoam layer 

with a permittivity value of 1.1, is used to separate the two structures. The overall configuration 

of the antenna is represented in Fig. 3.5. 
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(a)                                                                           (b) 

 

                                                                        (c) 

Fig. 3.5. Configuration of  dual band AMC backed antenna (a) top view, (b) fabricated 

prototype, and (c) side view. 

 

The geometry of the main radiator is shown in the Fig. 3.6(a). It is printed on a 1.6 mm 

thick rectangular FR-4 substrate having a 𝜀𝑟 of 4.4 and a loss tangent value of 0.02. The size of 

the antenna is of the order of 0.3λ0 x 0.2λ0 x 0.01λ0 (where λ0 is wavelength pertaining to 

centre frequency of the first band). It is a microstrip fed antenna with inset feed for better 

impedance matching. A partial ground plane is being employed on the other side of the substrate 

in order to achieve a wider bandwidth. A U-shaped slot is introduced at an optimized position 

on the patch to enhance the bandwidth and lower the cross-polarization levels. Further an 

additional rectangular slot is also introduced to achieve proper impedance matching levels in 

the second band. The optimal dimensions antenna are stated in Table 3.1. The simulations were 

carried out on the Ansys HFSS tool. 
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(a) 

           

(b)                                                                      (c)            

              Fig. 3.6. (a) Design of the radiating antenna, (b) Evolutionary steps in the design of 

radiator, and  (c) Reflection coefficients of the radiating elements. 

 

The evolutionary steps involved in the design of the radiating patch are shown in the 

Fig. 3.6 (b). The S11 response of them is shown in the Fig. 3.6 (c). A circular patch antenna is 

initially designed for which a wide band resonance is achieved from 2.9 GHz to 5.9 GHz. Then 

a U-shaped slot is etched, which introduces a notch at the frequency band between 2.73 - 3.23 

GHz. Hence, the antenna now works as a dual band antenna with operating frequencies ranging 

from 2.49 - 2.73 GHz and 3.23 - 5.73 GHz. Further, with the introduction of an additional 

rectangular slot, the impedance matching, and the bandwidth of the antenna are enhanced. 

Finally, the design of the antenna is simple making use of FR-4 substrate which is of low cost, 

operating in two bands with good impedance bandwidths covering the entire sub-6 GHz 5G 

frequency bands besides the existing 2.4/5 GHz WLAN, 2.5/3.5/5.5 GHz WiMAX bands. 
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Table 3.1. Optimized dimensions of the proposed AMC backed slot antenna 

Parameter Dimension(mm) Parameter Dimension(mm) 

H 14 T 1.6 

Lg 64 Wg 64 

L1 36 W1 24 

L2 13.55 W2 3.059 

L3 10 W3 14 

L4 8 W4 11 

L5 3.9 W5 0.3 

L6 1.8 W6 0.2 

LG 13 W7 1.3 

La1 16 WG 24 

La2 15.2 Wa1 16 

La3 2 Wa2 15.2 

La4 0.6 Wa3 0.8 

La5 0.8 Wa4 0.8 

 

3.4.2. AMC Design 

The design geometry of the artificial magnetic conductor(AMC) unit cell incorporates a square 

outline with slots at the centre on the opposite sides and an additional cross shaped patch at the 

centre as shown in the Fig. 3.7 (a). A low-cost FR-4 substrate is employed with relative 

permittivity of 4.4 and a loss tangent value of 0.02. A metal ground is present at the bottom 

surface of the unit cell. The unit cell is simulated using the master-slave boundary set up. The 

reflection phase plot of this dual band AMC is as shown in the Fig. 3.7 (b). Initially a single 

band AMC with the reflection phase and of zero at 2.5 GHz is designed with no central cross 

shaped patch and with the introduction of the cross, a dual band AMC is realized with the other 

zero reflection phase occurring at 5.5 GHz. The reflection magnitude plot is shown in the Fig. 

3.7 (c) and the values about 0.78 and 0.71 and is high enough to realize the gain enhancement 

of the antenna. The AMC unit cell dimensions are evaluated in accordance with the operating 

frequency range of the antenna which are also listed in the Table 3.1. 
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(a) 

           

                                           (b)                                                                   (c)   

Fig. 3.7. (a) Geometry of the proposed dual band AMC unit cell, (b) Reflection phase of the 

AMC unit cell, and (c) Reflection magnitude of the AMC unit cell 

 

3.4.3. Antenna with AMC reflector 

The designed dual band AMC unit cell is periodically repeated in x and y directions to form a 

4 x 4 array metal surface and is placed at the groundside of the antenna separated by Styrofoam. 

The effect of the AMC surface on the S11 curve is depicted in the Fig. 3.8 (a). The antenna 

performance is influenced by the extent of separation between the antenna and the AMC 

surface. The radiation from the antenna get reflected from the AMC surface with zero phase 

reversal to aid the radiations unidirectionally and hence increasing the gain of the antenna. A 

measurable increase in the gain is observed in the first band and a reasonable increase in the 

second band of operation as shown in the Fig. 3.8 (b). 
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(a)                                                                   (b) 

 Fig. 3.8. (a) Simulated S11 of the antenna with and without AMC reflector, and  (b) 

Simulated gain of the antenna with and without AMC reflector. 

The performance in terms of the band selection and bandwidth of antenna depends on 

the dimensions of the slots. A parametric analysis based on the variation of these dimensions is 

as shown in the Fig. 3.9. The values of these dimensions for which the choice of frequency 

bands is covered, is considered in the design. 

  

                                     (a)                                                                      (b) 

 

(c) 

Fig. 3.9. Simulated S11 of the antenna for different (a) W6, (b) L4, and (c) W4 
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3.5. Results and Discussions 

The simulated dual band antenna design and the AMC surface are fabricated and is as shown 

in the Fig. 3.5 (b) and is of the size 0.53λ0 x 0.53λ0 x 0.14λ0. The measurement setup for 

measuring the reflection coefficient and gain of the antenna is represented in the Fig. 3.10. The 

reflection coefficient of the antenna is measured using the vector network analyzer . The 

measured and simulated S11 of the antenna and the AMC surface are shown in the Fig. 3.11 

(a). The slight variation in the measured results from the simulated is due to the losses incurred 

during the fabrication process. A quarter wavelength separation should be maintained between 

the antenna and the AMC reflector in order to have an effect in the performance of the antenna, 

but the low-profile nature of the design will get affected. So, a trade-off amongst the 

performance and size of the antenna needs to be considered. It is observed from the Fig. 3.12, 

that as the separation decreases, though the gain of the antenna increases, there is deterioration 

in the S11 performance of the antenna. So, an optimal separation (H=14 mm) is chosen in order 

to preserve both the S11 and gain performances. The antenna is suited for 2.4/5 GHz WLAN 

applications, 2.5/3.5/5.5 GHz WiMAX applications and with the second band being wideband 

is able to cover the entire sub-6 GHz, 5G bands (3.3-3.8 GHz, 3.3-4.2 GHz and 4.4–5 GHz). 

                             

Fig. 3.10. Measurement setup of proposed antenna (a) for S11 using VNA, and (b) in an 

anechoic chamber. 
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(a)                                                                     (b) 

Fig. 3.11. (a) Simulated and measured Reflection coefficient of the antenna with AMC 

reflector, and (b) Simulated and measured gain, simulated efficiency of the antenna with 

AMC 

 

        

(a)                                                                    (b) 

Fig. 3.12. Simulated (a) S11, and (b) gain, for different H. 

The simulated radiation properties of the antenna are validated by radiation pattern 

measurements. These patterns are measured in an anechoic chamber (controlled environment) 

using NSI patterns recording system. The antenna was evaluated for its radiation patterns in 

two cuts(E-plane and H-plane). Antenna gain is also calculated from these radiation patterns  

by gain comparison/gain transfer method. The standard horn antenna has been used for gain 

calculations. The patterns of the antenna loaded with the AMC reflector at frequencies 2.55 

GHz, 3.6 GHz, 4.7 GHz and 5.5GHz are shown in the Fig. 3.13. The measured and simulated 

patterns were observed to be agreeing well with each other. The inconsistency in the cross-

polarization plots is due to losses that were incurred during the fabrication and measurement 

process. The antenna exhibits unidirectional patterns because of the reflections from the AMC 



38 
 

surface. The radiation patterns at 5.5 GHz diverge because the antenna is operating in its second 

mode. The gains of the antenna and the simulated radiation efficiency are shown in the Fig. 

3.11(b). 

       

(a)                                                              (b) 

 

  

                                   (c)                                                          (d)         

 

  

                                         (e)                                                          (f) 

 



39 
 

  

                                                (g)                                                          (h) 

Fig. 3.13. Simulated and measured patterns of the antenna (a) 2.55 GHz-XZ plane, (b) 2.55 

GHz-YZ plane, (c) 3.6 GHz-XZ plane, (d) 3.6 GHz-YZ plane, (e) 4.7 GHz-XZ plane, (f) 4.7 

GHz-YZ plane, (g) 5.5 GHz-XZ plane, and (h) 5.5 GHz-YZ plane 

 

Table 3.2. Comparison of the dual band proposed antenna with the existing 

Ref. Size(mm3) With AMC 

Reflector 

Operating 

Range (GHz) 

Gain(dBi) Radiation 

Efficiency 

[27] 135 X 80 X 0.8 No 0.7 - 0.9 

1.6 - 5.5 

-1.3 - 4.7 (41 - 88) % 

[28] 20 X 30 X 1.5 No 3.15 - 5.55 1.8 - 2.7 (68.4 -

79.6)% 

[29] 63 X 51.2 X 4.5 No 2.84 - 5.15 4.4 - 6.2 64% 

[30] 104 X 104 X 11 Yes 2.36 - 2.76 

5.12 - 5.62 

7.2 

7.3 

65% 

[32] 63 X 63 X 7 Yes 3.14 - 3.83 

4.40 - 5.02 

8.2 90% 

[33] 105 X 105 X 25 Yes 2.5 - 2.7 

3.3 - 3.6 

8.4 N/A 

proposed 36 X 24 X 1.6 No 2.48 - 2.73 

3.15 - 5.8 

2.1 

4.3 

>90% 

>80% 

proposed 64 X 64 X 17.2 Yes 2.38 - 2.7 

3.28 - 5.8 

7.1 

7.1 

>90% 

>80% 
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It can be ascertained from the Fig. 3.11(b), that the radiation efficiency is above 90% 

for the entire first band and the sub-6 GHz 5G operating bands. The measured and simulated 

gains are about 6.7 dBi and 7.1 dBi in the first band and almost agree with each other for the 

entire range in the second band. 

 

3.6. Conclusion 

In this chapter, a low-profile dual band antenna configuration designed for 2.4/5 GHz WLAN, 

2.5/3.5/5.5 GHz WiMAX and sub-6 GHz 5G bands. The antenna is fabricated with both the 

simulated and measured patterns nearly matched. The size of the antenna without AMC 

reflector is of the order of 0.3λ0 x 0.2λ0 x 0.01λ0 and with AMC reflector, it is of the order 

0.53λ0 x 0.53λ0 x 0.14λ0 (where λ0 is the free space wavelength of  the centre frequency of the 

first band) with impedance bandwidths of 9.8% (2.48 - 2.73 GHz) and 56% (3.28 - 5.8 GHz). 

The antenna gain within the bands were observed to be 2.1 and 4.2 dBi respectively. In order 

to enhance the gain and radiation of the antenna a dual band AMC reflector which was designed 

at 2.5 GHz and 5.5 GHz was employed. A significant improvement in the gain of 5 dBi in first  

and 2.8 dBi in the second bands was observed. Therefore, the antenna could be used alone for 

WLAN, WiMAX and 5G applications or with the AMC reflector for high gain base station 

applications. 
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Chapter-4 

 

CRLH Metamaterial-Inspired Dual Band Compact 

Antenna for Wireless Applications 

 

4.1. Introduction 

With an ever-evolving wireless communication technology and miniaturization of the wireless 

operating gadgets, the need for the antennas capable of operating in multiple bands without 

losing their low-profile nature [36-38] is of utmost priority. With proper loading of 

metamaterial cells into the design of the conventional antennas can address some of these 

requirements [39]. The left-handed nature of the metamaterials helps in exhibiting negative 

permeability and negative permittivity simultaneously, which are unusual with the existing 

right-handed materials. MTMs additionally showcase antiparallel phase velocities and group 

velocities, negative refractive index (NRI) and zero order resonance (ZOR) modes. Composite 

right left-handed (CRLH) transmission line metamaterial (TL-MTM) provide zeroth-order 

resonance (ZOR) modes which are useful in designing miniaturized multiband antennas. CRLH 

TL-MTM possesses both right and left-handed effect with a series and parallel combination of 

capacitor and inductor providing the ZOR [40]. The ZOR frequency of the antenna is 

independent of its physical size and hence can be used as an advantage in miniaturization of the 

antenna. Several techniques have been used to realize multiband antennas like reconfigurability 

[41], [42] or by loading capacitive elements [43] but increase the design complexity. CRLH 

MTMs are suitable in realizing the multi band antennas using higher order resonances but may 

offer less gain due to their small size. However, high gain offering monopole antennas loaded 

with the CRLH cells could serve the purpose. The traditional monopole antenna with MTM 

loading, introduces the second resonance in addition to the regular monopole resonance are 
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proposed [44], [45], operating at 2.4/5/5.2/5.8 GHz WLAN and 5.5 GHz for Wi-Fi applications. 

Antennas loaded with CRLH unit cell to achieve dual band nature based on the ZOR for 

wireless applications are realized [46–49]. However, the aforementioned antennas are slightly 

larger in volume. In [50], a single feed dual band antenna loaded with mushroom like TLMTM 

structure with circuit analysis is presented. A 2 x 2 array formed by the unit cell elements is 

loaded to the conventional microstrip patch antenna and a similar mushroom unit cell loaded 

antenna with dual band nature and dual modes is presented [51], yet the planar nature of the 

antennas is lost due to the vias that are part of the mushroom unit cells.  

In this chapter, a simple and miniaturized dual band monopole antenna incorporated 

with CRLH MTM inspired unit cell, with circular polarization in one band is proposed. Initially 

a monopole antenna is designed for single band operation, then with the loading of the MTM 

inspired unit cell enables it to work as a dual band antenna operating at 3.15–4.09 GHz and 

5.35–5.84 GHz. The impedance bandwidths of the antenna in two bands are 26.8% and 8.9% 

with the maximum peak gain of 4 dBi and 5.1 dBi, respectively. The circular polarization is 

achieved in the second band with good radiation efficiencies in both the bands. The circuit 

realization and radiation characteristics of antenna are also discussed. The designed antenna is 

suitable and can be adapted for 3.5/5.5 GHz WiMAX and mid band 5G wireless applications. 

The remaining contents of this chapter are represented as follows: The design procedure 

of the dual band antenna is presented in Section 4.2. The simulated results and their analysis 

with comparison to the measured results are mentioned in Section 4.3. The conclusion of this 

chapter is discussed in Section 4.4. 

4.2. Design Procedure of the CRLH MTM Inspired Antenna 

The design and configuration of the proposed planar microstrip fed dual band antenna with the 

MTM unit cell is depicted in Fig. 4.1. The overall size of the antenna along with its dimensions 

is listed in Table 4.1. The antenna design parameters include a cost effective FR4 as substrate 

(permittivity of 4.4 and loss tangent value 0.02) of height 1.6 mm and an L-shaped patch with 

dimensions W1, L2 and L3 which are optimized and fed from a  50-ohm microstrip line that 

induces resonance at a frequency of 4.3 GHz. A metamaterial unit cell is designed and loaded 

on either side of the FR4 substrate and is united with the ground on the ground side of the 

antenna through a thin rectangular strip with dimensions L4 and W5. A partial ground plane is 

employed to help in improving the bandwidth of antenna. With the loading of the MTM unit 

cell, the antenna operates works over dual band (S11< –10 dB) with a wider first band and the 
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resonant frequencies 3.5 GHz and 5.5 GHz. The position of the rectangular strip connected to 

the ground and the strip part of the unit cell play a significant role in the antenna performance. 

 

Fig. 4.1. Geometry and configuration of the proposed CRLH MTM inspired antenna. 

 

Table 4.1. Dimensions of the proposed CRLH MTM inspired antenna 

Parameter Dimension(mm) Parameter Dimension(mm) 

L 24 W 17 

L1 13 W1 7 

L2 11.5 W2 2.5 

L3 2 W3 5 

L4 6 W4 4 

L5 6 W5 1 

L6 4 W6 0.5 

 

4.2.1. Design stages of the proposed antenna 

The evolutionary stages of the MTM inspired antenna design are depicted in Fig. 4.2(a) to (d). 

The respective S11 and axial ratio plots of the aforementioned antenna configurations are 

shown in Fig. 4.3(a) and (b). Initially an L shaped conventional patch antenna is designed for 

the purpose of size reduction and fed by strip line, which resonates only in one frequency band 

ranging from 4 - 4.64 GHz with a mid-frequency of 4.3 GHz (as seen for Antenna 1 in Fig. 

4.3(a)). A CRLH MTM-TL inspired unit cell is designed in different steps shown in Fig. 4.2 

and is etched only on the ground side of the antenna which induces an additional band. Later 

unit cell is placed on either side of the substrate, inducing a resonance band near the first band 

along with the existing band from 5.16 - 5.64 GHz with mid frequency of 5.4 GHz, due to the 
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additional series and shunt elements. A thin rectangular strip is used to connect the ground with 

the unit cell ensuring a good impedance matching and a wider first band with a considerably 

large bandwidth from 3.15 - 4.09 GHz due to the merging of two resonances which are close to 

each other, and the rectangular strip also ensures that the CP is realized in second band with 

AR < 3 dB (see Antenna 3 in Fig. 4.3(b)). 

         

                                       (a)                                                                (b) 

           

  (c)                                                               (d) 

Fig. 4.2. Evolutionary stages in the design of the antenna (a) Antenna 1, (b) Antenna 2, (c) 

Antenna 3, and (d) Antenna 4 

        

(a)                                                                    (b) 

Fig. 4.3. Simulated design stage responses: (a) Reflection coefficient, and  (b) Axial ratio 
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4.2.2. Circuit realization of the antenna 

The antenna geometry indicates that there is a CRLH TL inspired unit cell loaded on either side 

of the substrate. The unit cell and its effective equivalent circuit are represented in Fig. 4.4(a), 

and it is evident that there is a series and parallel combination of inductor and capacitor. The 

series capacitor 𝐶L is provided by the gap separating the L shaped radiator and the unit cell, the 

rectangular ring structure results in the series inductor 𝐿R. A thin rectangular strip connected 

from the rectangular ring structure to the virtual ground indicated in Fig. 4.4(a), forms the shunt 

inductor 𝐿L. The shunt capacitor 𝐶R is provided by the solid rectangular patch etched on both 

the sides of the substrate. The approximate overall equivalent circuit of  antenna including the 

main radiator and the unit cells is as shown in Fig. 4.4(b). In the circuit diagram, the first unit 

cell etched on top surface of substrate has a series arm with the elements 𝐿R1, 𝐶L1 and shunt 

arm with the elements 𝐿L1, 𝐶R1. The cell placed on the ground side of the antenna has a series 

arm with inductance 𝐿R2 and shunt arm with inductance 𝐿L2 and capacitance 𝐶R2. The two-unit 

cells are separated by the FR4 substrate acting as a dielectric and forming a capacitance 𝐶3. The 

L shaped radiator has an inductance of 𝐿1 and a capacitance 𝐶1 is set up by a line and partial 

ground plane. 

Further, the lumped equivalent circuit represented in Fig. 4.4(b) is simulated with the 

ADS software and the S11 response is compared to the HFSS simulated result. The obtained 

lumped element values are 𝐿1 = 1.775 nH, 𝐶1  = 1.15 pF, 𝐿R1 = 2.675 nH, 𝐶L1 = 0.92 pF, 𝐿L1 = 

1.525 nH, 𝐶R1 = 0.5 pF, 𝐶3 = 0.54 pF, 𝐿R2 = 0.9 nH, 𝐿L2 = 0.69 nH, and 𝐶R1 = 1.91 pF. A 

comparison is drawn between the S11 responses of HFSS simulation and circuit simulation 

results as displayed in Fig. 4.4(c) and a close match is observed between them. A slight 

mismatch can be attributed to the parasitic elements such as capacitance, inductance, and 

resistance can have different values in HFSS and circuit simulations. High-frequency signals 

may experience transmission line effects, such as reflections and impedance mismatches. HFSS 

may account for these effects differently than circuit simulators, leading to discrepancies. 
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(a) 

 

 

(b) 

 

 

(c) 

Fig. 4.4. (a) Circuit realization of the proposed unit cell, (b) Circuit realization of MTM 

loaded antenna, and (c) Reflection coefficient responses of HFSS and circuit simulation. 
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4.3. Results and Discussions 

4.3.1. Reflection Coefficient 

The overall volume of the proposed antenna is 24 mm x 17 mm x 1.6 mm and its size in terms 

of λ0 (the wavelength that corresponds to the lowest resonance frequency band’s center 

frequency) is 0.3λ0 x 0.2λ0 x 0.01λ0. Hence, it is of compact size with dimensions smaller than 

that of the typical monopole antenna operating at the same frequency. The antenna has been 

fabricated and the prototype of the same is as shown in Fig. 4.5(a). The antenna’s S11 

characteristics are extracted using a VNA and are illustrated in Fig. 4.5(b). It can be observed 

from Fig. 4.5(c), that a decent consistency is maintained between the simulated and the 

measured S11 results. It is observed from the S11 response of antenna that the lower band is 

wider band ranging from 3.15 - 4.09 GHz with an impedance bandwidth of 26.8%, which is 

suitable for 3.5 GHz WiMAX, n77 and n78 sub-6 GHz 5G NR bands. The higher band is 

narrower with frequency range 5.35 - 5.84 GHz and an impedance bandwidth of 8.9% covering 

the 5.5 GHz WiMAX band. The antenna being dual band, can be well adapted in the devices 

having multiple applications. 

               

(a) 

               

(b) 
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(c) 

Fig. 4.5. (a) Front and back view of the fabricated prototype, (b) Measurement setup of the 

proposed antenna using VNA and in anechoic chamber, and (c) Simulated and measured 

reflection coefficients 

       

(a) (b) 

 

(c) 

Fig. 4.6. The radiation patterns of the antenna in the plane:(a) XZ at 3.5 GHz, (b) YZ at 3.5 

GHz, and (c) XZ and YZ at 5.6 GHz 
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4.3.2. Polarization 

This section discusses the polarization of the designed antenna in two frequency bands. The 

axial ratio plot of the antenna indicates that it is below 3 dB from 5.51 to 5.66 GHz as 

represented in Fig. 4.7(a). The CP of the antenna is achieved from the proper loading of the 

MTM unit cell at the ground side and adjusting the position of the thin rectangular strip acting 

as an inductor. Initial L shaped monopole antenna design helps in achieving the CP at a required 

operating frequency. In the other band linear polarization of the antenna is observed. Hence, 

the antenna acts as a dual polarized antenna with linear polarization in the first band and circular 

polarization in the other. 

 

(a) 

 

 

(b) 
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(c) 

Fig. 4.7. (a) Simulated and measured axial ratio responses of the antenna, (b) Surface current 

distributions of the antenna at 3.5 GHz, and (c) Surface current distributions of the antenna at 

5.6 GHz 

The surface current distributions of the antenna are illustrated in Fig. 4.7(b) and (c). At 

3.5 GHz, the strong surface currents are concentrated on the main L shaped radiator and on both 

the thin rectangular strips that are part of the unit cells. It is also observed that a strong current 

is passing through the narrow strip connected between the unit cell and the ground plane 

introducing an inductance. At 5.5 GHz, the strong surface currents are present at the edges of 

the L shaped radiator and at the strip connecting to the ground plane. The position of the narrow 

strip part of the unit cell is manoeuvred to attain the CP of antenna in the frequency band 5.51 

- 5.66 GHz. The maximum surface current density also exists on this narrow strip representing 

the current flow through it and hence creating an inductance. It is also observed from Fig. 4.8 

that the orthogonal currents with almost an equal magnitude flowing in the opposite directions 

through the L shaped radiator with a phase shift of 90 degrees are responsible in achieving the 

circular polarization. 

 

4.3.3. Polarization 

The antenna’s peak gains both simulated and measured in the two resonant frequency bands 

with center frequencies, of 3.5 GHz and 5.5 GHz are depicted in Fig. 4.9. The maximum gain 

that is observed within the first band is 4 dBi and in the second band is 5.2 dBi respectively. It 

is also noticed from the radiation efficiency plot of Fig. 4.8 that it is >85% in the first band and 

>90% in the second band. Hence, the antenna offers decent gains and good efficiencies 

throughout the bands of operation, making it suitable for targeted applications. 
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4.3.4. Gain and Radiation Efficiency 

The simulated radiation properties of the antenna are validated by radiation pattern 

measurements. These patterns are measured in an anechoic chamber represented in Fig. 4.5(b), 

using NSI patterns recording system. Antenna gain is also calculated from these radiation 

patterns by gain comparison/gain transfer method. The standard horn antenna has been used for 

gain calculations.The antenna’s simulated and measured peak gains in the two resonant 

frequency bands with center frequencies of 3.5 GHz and 5.5 GHz are shown in Fig. 4.9. The 

maximum gain that is observed within the first band is 4 dBi and in the second band is 5.2 dBi 

respectively. It is also noticed from the radiation efficiency plot of Fig. 4.9 that it is >85% in its 

first and >90% in the second band respectively. Hence, the antenna offers decent gains and 

good efficiencies throughout the bands of operation, making it suitable for targeted applications. 

                       

(a)                                                   (b) 

Fig. 4.8. Vector current distributions of the antenna at 5.5 GHz for phases (a) 0 deg, and (b) 

90 deg. 

 

Fig. 4.9. Simulated, measured gains and simulated efficiency of the proposed antenna. 



52 
 

Table 4.2. Comparison of the proposed CRLH MTM inspired work with the existing literature 

Ref. No. of 

bands 

Frequ-  

ency 

(GHz) 

Physical Size 

(𝑚𝑚3) 

Electrical 

Size (𝜆0
2
) 

Impedance 

Bandwidth 

(%) 

Effici-

ency 

(%) 

Gain 

(dBi) 

[35] 2 2.46 

5.5 

36 x 24 x 1.59 0.26 x 0.19  3.65 

52 

64 

89.2 

0.71 

1.53 

[44] 2 2.5 

5.8 

44 x 70 x 1.6 0.36 x 0.58 22.8 

10.8 

94 

92.1 

> 0.2 

> 3.1 

[47] 2 1.8 

5.2 

40 x 30 x 1.6 0.24 x 0.21 2.2 

13 

>60 -2 

4 

[48] 2 2.45 

5.5 

38.2 x 29.1 x 6 0.31 x 0.23 4 

12 

84.2 

90.3 

2.3 

8.6 

[50] 2 2.76 

5.23 

36 x 36 x 3 0.33 x 0.33 1.44 

3.05 

79.4 

90.8 

1.02 

6.8 

[52] 2 2.6 

3.6 

31.7 x 27 x 1.6 0.27 x 0.23 2.2 

28.53 

79.3 

95.6 

<1.44 

<1.98 

[39] 3 2.45 

3.5 

4.7 

32 x 25 x 

0.064 

0.26 x 0.2 3.08 

15.17 

8.33 

- 2.1 

2.8 

3.5 

[57] 3 1.78 

4.22 

5.8 

20 x 20 x 

0.508 

0.11 x 0.11 3.08 

15.17 

8.33 

70 

96 

>80 

-0.15 

2.18 

3.58 

[58] 3 2.6 

3.6 

5.8 

35 x 32 x 1.6 0.3 x 0.27 7.7 

14.1 

10.7 

- 0 

1.6 

2.7 

proposed 2 3.5 

5.5 

24 x 17 x 1.6 0.28 x 0.2 26.8 

8.9 

>82 

>89 

>2.9 

>4.1 

 

4.3.5. Parametric study 

The parametric study by varying the positions of rectangular strips is carried out and the results 

are depicted in Fig. 4.10. The position x1(starting position of the thin rectangular strip part of 

the unit cell) is varied in the positive x-direction and the respective S11 and axial ratio curves 

are plotted, and it is observed that at an optimum position of x1 = 5.5 mm, the dual band nature 

with an AR of less than 3 dB is achieved. It is also observed that without a significant 
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degradation in the S11 performance of the antenna the CP is observed at this position. Since the 

narrow strip connecting the ground plane with the unit cell placed at the ground side aids the 

current flow, the starting position of the strip y1 is varied along the positive y-direction and the 

respective S11 and axial ratio plots are indicated in Fig. 4.10(c) and (d). At an optimum position 

of y1 = 2.5 mm, the restoration of dual band nature with CP in the second band is observed. 

The parametric analysis is conducted by keeping all the other parameters unchanged except the 

parameter under consideration. 

            

                                           (a)                                                             (b) 

           

                                           (c)                                                        (d) 

Fig. 4.10. Influence of variation in the position of the (a) x1 on S11, (b) x1 on axial ratio, (c) 

y1 on S11, and (d) y1 on axial ratio. 

The performance of several dual and tri band antennas that are composed of different 

metamaterial structures and operating in the similar frequency range which are published in the 

literature, are compared with the proposed antenna in Table 4.2. It can be summarized that the 

designed antenna offers a larger fractional bandwidth over the first band when compared with 

other literature mentioned in the table and the antenna also offers circular polarization in the 

second band with a considerably smaller size. Moreover, the antenna offers a better average 
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gain across both the bands with good radiation efficiencies throughout the bands. Hence the 

antenna can become a good candidate for several Wi-Fi applications. 

 

4.4. Conclusion 

In this chapter, a new compact CRLH MTM-TL based dual band antenna has been presented. 

It makes use of a FR4 substrate which is of low cost with a planar structure and hence can be 

easily fabricated. The CRLH MTM inspired unit cell composed of inductors and capacitors 

induce the dual band nature with center frequencies of 3.5 GHz and 5.5 GHz. The percentage 

impedance bandwidths of antenna in two bands are 26.8 and 8.9 with the peak gains ranging 

in-between 2.9 - 4 dBi and 4.1 - 5.2 dBi. The antenna is linearly polarized in the first band and 

circularly polarized in the second with good radiation characteristics. A decent size reduction 

is achieved with a good matching between the simulated and measured results. The antenna has 

a great potential to be installed in 3.5/5.5 GHz WiMAX bands and the sub-6 GHz 5G bands. 
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Chapter-5 

 

Dual-Band Meandered Line Based Antenna with 

Metasurface for Wireless Applications 

 

5.1. Introduction 

Metamaterials have been used in antennas because of their distinctive electromagnetic features. 

Several metamaterial structures have been loaded in the antenna design to achieve dual and 

multi band nature. Though the traditional microstrip antennas provide some of the required 

features, the research is going on in realizing the desired compact antennas with optimized 

performance using metamaterial loading. Traditional monopole antennas with MTM loading 

are proposed [69], [70], working at 2.4/5 GHz WLAN and 5.5 GHz WiMAX for Wi-Fi 

applications, introducing an extra resonance in addition to the existing resonance. Multiple 

techniques were employed in realizing multiband antennas like reconfigurability [71] but with 

an increase in design complexity. The metamaterials can achieve some of these requirements 

when properly loaded in the antenna design.  

Metamaterials have been used in antennas because of their distinctive electromagnetic 

features. Several metamaterial structures have been loaded in the antenna design to achieve dual 

and multi band nature [72-75]. Composite right left-handed transmission line (CRLH-TL) 

based antennas particularly helps in achieving the miniaturization but with a drawback of 

narrow bandwidths limiting their applications. Hence, the extension in the bandwidth of such 

antennas have been the subject of an investigation [76-78]. Several antennas backed by 

metasurface (MS) have been proposed [79- 84] to improve gain and radiation performance of 

antenna. The proposed antenna consists of meandered line structures placed as a part of the 

radiating antenna which leads to an increase in the bandwidth operating from 5.06 - 6.77 GHz  

with an impedance band width of 33.7% and is realized on a cost-effective FR-4 substrate. 
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Moreover, the metasurface has been designed and employed as a part of the design to improve 

the gain. 

In this chapter, a dual band meandered line loaded antenna backed by a MS with an 

improved bandwidth and CP radiation in one of the bands, for wireless application is proposed. 

The meandered line structure acts as a shorted inductor and aids in realizing the dual band. The 

antenna has an operating range of 3.26 - 3.61 GHz and 5.06 - 6.77 GHz, working in two bands 

with a bandwidth of 11.4% and 33.7% respectively. The maximum gain of antenna was noted 

to be 7.66 dBi and 8.7 dBi within the two bands with decent radiation efficiencies making it 

suitable for 5.2/5.8 WLAN, 3.5/5.5 WiMAX bands. 

The remaining contents of this chapter are detailed as follows: The design comprises of 

a meandered line-based radiator and the metasurface is described in Section 5.2. The results of 

the antenna along with the working and discussions pertaining to the performance parameters 

of antenna are listed in the Section 5.3. The conclusion of this chapter is given in Section 5.4. 

5.2. Antenna Design 

The proposed meandered line-based antenna configuration is as shown in the Fig. 5.1. The FR4 

substrate of height 1.6 mm is used for the main radiator and 3.2 mm is used for the metasurface 

and is employed at the groundside of the radiating antenna. Firstly,  rectangular microstrip fed 

antenna is designed and a cut is introduced followed by loading a meandered line metamaterial 

inspired structure. However, to introduce an additional band for dual band operation of the 

antenna, two more similar meandered line structure are incorporated in the design. In addition, 

a metasurface layer is also introduced to boost the gain and better the radiation efficiency of the 

antenna. The antenna’s optimized dimensions are listed in the Table 5.1. 

Table 5.1. Optimized dimensions of the proposed meandered line-based antenna 

Parameter Dimension(mm) Parameter Dimension(mm) 

L 27 WF 3 

W 27 L1 43.8 

LP 12 W1 43.8 

WP 22 h1 1.6 

LG 13.5 h2 3.2 

𝑊G 17 H 18.4 

LF 14 

 



57 
 

  

(a)                                                           (b) 

 

(c) 

Fig. 5.1. Geometry and configuration of the proposed meandered line loaded antenna (a) 

Schematic view of the radiator antenna, (b) Metasurface, and (c) Side view of the antenna 

 

5.2.1. Design of the meandered line radiator antenna 

The various design stages of the MTM inspired radiating antenna are depicted in the Fig. 5.2. 

Initially a microstrip fed rectangular patch is designed, that induces a single wide band as 

represented in the Fig. 5.3(a). Further, a MTM inspired meandered line structure is slotted in, 

which acts as a shorted inductor and the dimensions of the meandered line structure are adjusted 

to achieve a single operational wideband from 5.04 - 5.99 GHz having a mid-frequency of 5.63 

GHz. The antenna also offers wide band circular polarization almost covering the entire band 

from 5.08 - 5.81 GHz as depicted in Fig. 5.3(b). With the introduction of two other similar 

meandered line structures, adds to the inductance and induces an additional band, it also aids in 

increasing the bandwidth compared to the unloaded antenna. A partial ground is employed to 
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improve the bandwidth and improve the input reflection coefficient. Antenna 3 as shown in the 

Fig. 5.2(c), operates at 3.13 - 3.56 GHz and 5.17 - 6.88 GHz with CP in the second band from 

5.14 - 5.46 GHz. The S11 and axial ratio performance of the three antennas is shown in the Fig. 

5.3.  

 

                     

(a)                                                              (b) 

 

(c) 

Fig. 5.2. Evolutionary stages involved in design of the proposed antenna (a) Antenna 1, (b) 

Antenna 2, and (c) Antenna 3. 
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(a) 

 

(b) 

Fig. 5.3. Antenna Response (a) Reflection Coefficient, and (b) Axial Ratio 

5.2.2. Design of the Metasurface 

The design configuration of the meandered line antenna backed by MS is displayed in the Fig. 

5.1(b). The detailed view of a single unit cell and its dimensions are presented in the Fig. 5.4(a). 

The optimized dimensions (in mm) are listed as A1 = 21.9, A2 = 18.3, A3 = 10.7, A4 = 1.8. An 

Artificial magnetic conductor (AMC) unit cell is designed, and its simulated reflection phase 

plot is presented in Fig. 5.4(b). It has a zero phase at 3.5 GHz which coincides with the first 

band of the antenna and hence affects an increase in the gain. The AMC unit cell acts as perfect 

electric conductor (PEC) with 180-degree phase in the second band of antenna operation. The 

unit cell is repeated to form an array of 2 x 2 AMC-MS and is separated by a distance of H from 

the radiating antenna. The MS antenna has a reduced size compared to the existing MS backed 

antennas. 
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                                 (a)                                                                       (b) 

Fig. 5.4. Proposed Metasurface design (a) Unit cell, and (b) Reflection phase of the unit cell 

5.3. Results and Discussions 

The photo representing prototype of this proposed meandered line antenna is illustrated in the 

Fig. 5.5(a) and (b). The measurements were carried out for the antenna using the VNA and the 

setup is represented in the Fig. 5.5(c) for the frequency range 2 to 7 GHz and its performance 

is compared with their simulated plots. The measured reflection coefficient of the antenna 

without and with the metasurface (MS) are depicted in the Fig. 5.6(a) and Fig. 5.6(b). It is seen 

from the Fig. 5.6(a), that the antenna has dual bands from 3.13 - 3.56 GHz and 5.17 - 6.88 GHz. 

The antenna has a wider second band with dual resonance, which is due to the loading of the 

multiple meandered line structures. These meandered line structures introduce resonances 

which are closer, and they merge to form a wide band. The antenna almost has similar response 

when backed by a MS, with the S11 ranging from 3.26 - 3.61 GHZ and 5.06 - 6.77 GHz.  

The simulated radiation properties of the antenna are validated by radiation pattern 

measurements. These patterns are measured in an anechoic chamber(controlled environment)  

represented in the Fig. 5.5(d), using NSI patterns recording system. Antenna gain is also 

calculated from these radiation patterns by gain comparison/gain transfer method. The standard 

horn antenna has been used for gain calculations. The peak gains of the antenna with and 

without the metasurface, in the two operating  bands is shown in the Fig. 5.6(c). The maximum 

gain of the antenna without the MS is observed to be 3.7 dBi and 7.4 dBi and with the 
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introduction of the MS, due to reflections there is an increase in the radiation in one direction. 

Hence there is an increase in the antenna gain, measuring 7.66 dBi in the first band with a 

betterment of 3.96 dBi and 8.7 dBi in the second band with an improvement of 1.3 dBi. A 

considerable increase in the gain in the first band is due to the zero-reflection phase of the AMC 

unit cell when compared with the second band where the AMC unit cell acts as PEC.  

 

                          

(a) (b) 

                    

                                         (c)                                                              (d) 

Fig. 5.5. Fabricated prototype of the proposed antenna (a) Top view, (b) Side view, (c) 

Measurement setup for S11 of antenna using VNA, (d) Measurement setup of antenna in 

anechoic chamber. 

 



62 
 

         

                                     (a)                                                                       (b) 

         

                                     (c)                                                                       (d) 

 

(e) 

Fig. 5.6. Simulated and measured results (a) S11 without MS, (b) S11 with MS, (c) Gain, (d) 

Radiation Efficiency, and (e) Axial Ratio with MS 
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The radiation efficiency plot is presented in the Fig. 5.6(d), a decent value of >89% in the 

first and >60% in the second bands (>85% upto 6.4 GHz) is measured. The comparison of the 

presented work with similar existing MS backed antennas is listed in the Table 5.2. As depicted 

in the Fig. 5.6(e), the antenna provides the circular polarization in its second band from 5.62 – 

5.99 GHz. 

 

      

                                 (a)                                                                        (b) 

       

 

(c) 

Fig. 5.7. The simulated and measured radiating patterns a of the proposed MS backed antenna 

in (a) XZ plane at 3.45 GHz, (b) YZ plane at 3.45 GHz, and (c) XZ and YZ planes at 5.8 

GHz. 
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Table 5.2. Comparison of the designed MS backed antenna with similar antennas. 

Ref. No Operating 

Frequency 

Overall size of 

antenna (mm) 

Impedance 

Bandwidth 

(%) 

Gain (dBi) Radiation 

Efficiency 

(%) 

[80] 3.25 

6.08 

80 x 80 x 13.5 15.4 

2.5 

- 

- 

- 

- 

[81] 2.15 

5.45 

120 x 120 x 40 60.45 

16.51 

5.5 

5.7 

- 

- 

[82] 2.56 

5.37 

104 x 104 x 11 15.6 

9.3 

7.2 

7.3 

>65 

>65 

[83] 2.42 

5.15 

72 x 72 x 11 16.7 

11.5 

>5 

>5 

>78 

>80 

[84] 5.6 

10 

80 x 80 x 14.8 4.1 

2.7 

10.1 

15.2 

>80 

Proposed 

Antenna 

3.4 

5.5 

43.8 x 43.8 x 23.2 11.4 

33.7 

7.66 

8.7 

>89 

>89(upto 6.4 

GHz) 

 

5.4. Conclusion 

A meandered line loaded antenna backed by a MS for wireless applications is presented. The 

antenna makes use of a cost effective FR4 substrate for both radiator and MS layers. The single 

meandered line loaded antenna operates over a single band from 5.04 - 5.99 GHz with a wide 

AR bandwidth of 730 MHz. With the loading of two other similar meandered line structures 

and backed by MS layer, the antenna operates over a dual band from 3.26 - 3.61 GHz and 5.07 

- 6.77 GHz with a bandwidth of 11.4% and 33.7% respectively. The antenna has peak gain of 

7.66 dBi and 8.7 dBi in the two bands with good radiation characteristics and CP radiation in 

the second band. A proper match of the simulated results and their respective measured ones 

were identified making the antenna suitable for 5.2/5.8 GHz WLAN, 3.5/5.5 GHz WiMAX 

bands. 
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Chapter-6 

 

SRR and CSRR based Multiband Antennas for Wireless 

Applications 

 

6.1. Introduction 

The SRR and CSRR are a type of metamaterial structures that consists of a split ring with a 

small gap. They are typically etched or printed on a substrate or circuit board as a part of the 

design. The size of the ring and the gap can be adjusted in order to vary the resonant behaviour 

at certain frequencies. The use of these structures allows us in achieving specific properties or 

to improve the antenna performance. These structures are often employed to manipulate 

electromagnetic waves in a way that is not possible with conventional materials, leading to a 

novel antenna design. The focus is to develop and design multiband antennas with simplest of 

structures and compact in size. The use of split ring and complementary split ring resonators 

(SRR and CSRR) have attracted a lot of researchers in realizing multiband and miniaturized 

antennas. A dual band operating antenna is proposed by etching two CSRR on the ground plane 

[85], but with both narrow bands. An antenna loaded with four CSRR cells has been constructed 

to achieve size reduction [86]. A modified CSRR being implemented with EBG loading to 

achieve miniaturization in the design of antenna [87]. A multiband antenna is realized using a 

mushroom unit cell loaded CSRR to a patch antenna [88]. Several such dual and multi band 

antennas are proposed for wireless applications [89-92]. However, these antennas have a very 

low impedance bandwidth or larger in size. 

In this chapter, the SRR and CSRR structures have been effectively used to realize multi 

band antennas with an improved performance characteristics. The antennas incorporated with 

SRR and CSRR structures provide additional resonance modes and hence allowing the antenna 

to work across multiple bands. A CSRR loaded antenna with dimensions of 30 mm x 24 mm 
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1.6 mm is presented with dual band operation of 2.45 - 2.54 GHz and 3.27 - 5.97 GHz. The 

impedance bandwidths of the antenna are 3.6% and 72%. The antenna is suited for 2.5/3.5/5.5 

GHz WiMAX, 5.2/5.8 GHz WLAN, and sub-6 GHz 5G. The efficiency of the antenna was 

observed to be greater than 62% in the first and more than 80% in the second band. 

This chapter also presents a triband antenna with two split ring resonators of different 

dimensions has been proposed. The inclusion of the split ring resonators induces the additional 

operating bands, and a slot is etched at the ground side and its dimensions are chosen to offer a 

good impedance bandwidth and CP in one band. The antenna dimensions are 40 mm × 40 mm 

× 1.6 mm with operating bands of 2.5 - 2.78 GHz, 3.05 - 3.75 GHz and 4 - 5.9 GHz and peak 

gains 3.4, 4.81, and 8.15 dBi in the three bands respectively. The antenna has its applications in 

2.5/3.5/5.5 GHz WiMAX, 5.2/5.8 GHz WLAN frequency bands. 

The remaining contents of this chapter are structured as follows: The design of a CSRR 

based  antenna for WLAN/WiMAX/sub-6 GHz 5G applications is demonstrated in Section 6.2. 

The design of a SRR loaded multiband antenna for wireless applications is presented in Section 

6.3. The conclusion of this chapter is given in Section 6.4. 

6.2. A CSRR Based Dual Band Antenna for Wireless 

Applications 

A rectangular patch is employed as a radiator that is etched on a cost effective FR4 substrate of 

relative permittivity 4.4 and having a thickness of 1.6 mm. The dimensions of designed antenna 

are 30 x 24 x 1.6 mm3 and is fed by a simple microstrip line, as represented in the Fig. 6.1. The 

antenna simulations were done, and its operating range is observed to be 3.27 - 5.97 GHz as 

shown in the Fig. 6.2.  

 

6.2.1. CSRR loaded Antenna 

The antenna loaded with CSRR as shown in the Fig. 6.1. An extra narrow band operating from 

2.45 - 2.54 GHz is introduced because of this loading. The dimensions of the CSRR are 

optimized to obtain a band at the required frequency. The antenna’s dimensions are optimally 

chosen and the same are listed in the Table 6.1. Since its design is simple, makes use of a cost 

effective FR4 substrate and can be easily integrated in RF devices, it can be considered as a 

viable option for wireless based devices and applications. 
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Fig. 6.1. Geometry of the proposed CSRR based antenna  

 

Table 6.1. Dimensions of the proposed CSRR based antenna 

Parameter Value(mm) 

L 30 

W 24 

L1 16 

W1 14 

L2 11.5 

W2 1 

L3 2.1 

L4 9.5 

 

6.2.2. Results and Discussions 

The antenna operates over two bands (|S11| < -10dB) with the first band being a narrow band 

2.45 - 2.54 GHz is due to the loading of the CSRR and second being an ultrawide band 3.27 - 

5.97 GHz is due to radiating patch, as depicted in S11 curve shown in the Fig. 6.2. The realized 

bandwidth of antenna in first and the second band is 3.6% and 72% respectively. 
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Fig. 6.2. S11 of the CSRR loaded antenna  

The radiation characteristic pattern of the antenna at frequency 2.5, 3.7, 4.8 and 5.5 GHz are 

shown in the Fig. 6.3. It can be noticed that the antenna offers a similar and omnidirectional 

radiation patterns, but with a slight distortion at higher frequency is due to operation of the 

antenna in higher ordered modes. From Fig. 6.4, the peak gains are observed to be -1.61, 2.92, 

4.33, and 4.49 dBi at 2.5, 3.7, 4.8 and 5.5 GHz respectively. It is also realized that the antenna 

offers a good radiation efficiency over the two bands. 

 

         

                                         (a)                                                                   (b) 
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                                         (c)                                                                   (d) 

Fig. 6.3. Antenna’s simulated radiation patterns at frequency (a) 2.5 GHz, (b) 3.7 GHz, (c) 4.8 

GHz, and (d) 5.5 GHz 

 

Fig. 6.4. Radiation efficiency and Gain of the proposed antenna 

6.3. A Triband Dual SRR Loaded Antenna for Wireless 

Applications 

The antenna is designed on a square shaped FR4 substrate having a relative permittivity 4.4 and 

with a thickness 1.6 mm. The dimensions are listed in the Table 6.2 with an overall size of 40 

x 40 x 1.6 mm3 and is excited by a simple microstrip feedline, as depicted in the Fig. 6.5. The 

design of the antenna and its simulations were done using the HFSS software, and the antenna 

is observed to be operating over three bands as shown in the Fig. 6.6.  The slot with the feedline 
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alone induces a single band and with the introduction of two split ring resonators, two more 

bands are introduced and hence making it a triband antenna.  

 

(a)                                                   (b)    

 

                                                 (c)                                                    (d) 

Fig. 6.5. Design Configuration of the SRR loaded antenna (a) Top view, (b) Bottom view,  

(c) Top SRR, and (d) Bottom SRR 

6.3.1. SRR loaded Antenna 

The unloaded antenna with only the slot and feedline induces a single band with resonance at 

3.3 GHz. The antenna is loaded with the top SRR which induces an additional band and hence 

making antenna work as a dual band antenna with resonances at 2.7 GHz and 4.5 GHz. 

Furthermore, a SRR with slightly smaller dimensions as shown in the Fig. 6.5(d) is introduced 
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at the bottom side of the first SRR and it results in an additional resonance at 5.75 GHz. Hence, 

the antenna operates over three bands with a wider third band. Moreover, the dimensions of the 

slot are adjusted in order to achieve circular polarization from 4.87 - 5.2 GHz. 

Table 6.2. Dimensions of the proposed SRR based antenna 

Parameter Value(mm) Parameter Value(mm) 

L 40 W3 2.2 

W 40 L4 9 

L1 10.5 W4 9 

W1 14 L5 6 

L2 12 W5 6 

W2 10.5 W6 0.9 

L3 22 W7 0.6 

 

6.3.2. Results and Discussions 

The proposed antenna has a triband operation(|S11| < -10dB) from 2.5 - 2.78 GHz, 3.05 - 3.75 

GHz and 4 - 5.9 GHz with resonance at 2.7, 3.55 and 5.75 GHz respectively as displayed in the 

Fig. 6.6(a). The unloaded antenna with a modified square slot has a single band operation with 

resonance at 3.3 GHz. The different bands of operation are achieved by the loading of SRRs 

where the loading of the top SRR induces the first band and the bottom SRR induces the third 

band. Moreover, the asymmetry in the slot dimensions is due to the parametric optimization 

carried out to attain the circular polarization in third band from   4.87 - 5.2 GHz as illustrated 

in the Fig. 6.6(b) 

        

                                         (a)                                                                    (b) 

Fig. 6.6. Simulated Antenna parameters (a) S11, and (b) Axial Ratio 
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The radiation patterns at  frequencies 2.6, 3.55, 5.2 and 5.75 GHz are shown in the Fig. 6.7. The 

antenna offers a near omnidirectional radiation patterns, but with a slight distortion at higher 

frequencies due to operation of antenna in higher order modes. From Fig. 6.8, the peak gains of 

the antenna within three operating bands is observed to be 3.4, 4.81, and 8.15 dBi respectively. 

It is also realized that the antenna offers good radiation patterns with respectable gains in all 

the three bands making the antenna a suitable candidate for 2.5/3.5/5.5 GHz WiMAX and 

5.2/5.8 GHz WLAN  applications. 

 

            

                                    (a)                                                                      (b) 

             

                                     (c)                                                                       (d) 

Fig. 6.7. Antenna’s simulated radiation patterns at frequency (a) 2.6 GHz, (b) 3.55 GHz, (c) 

5.2 GHz, and (d) 5.75 GHz 
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Fig. 6.8. Simulated Gain of the Antenna 

6.4. Conclusion 

A monopole antenna with a  CSRR for wireless applications with dual band operation has been 

presented in this chapter. The wideband operating antenna is etched with CSRR, which induces 

a narrow band operating from 2.45 - 2.54 GHz and hence leading to a dual band operation. The 

antenna offers a wide second band with an impedance bandwidth of 72% and an 

omnidirectional radiation patterns. This antenna is suited for 2.5/3.5/5.5 GHz WiMAX, 5.2/5.8 

GHz WLAN, and sub-6 GHz 5G. Also, a SRR loaded antenna has been presented with a triband 

operation. The inclusion of the split ring resonators induces the additional operating bands, and 

a slot is etched at the ground side to achieve good impedance bandwidth and CP in one band. 

The dimensions are 40 mm × 40 mm × 1.6 mm with operating bands of 2.5 - 2.78 GHz, 3.05 - 

3.75 GHz and 4 - 5.9 GHz and peak gains 3.4, 4.81, and 8.15 dBi in the three bands respectively. 

The antenna has its applications in 2.5/3.5/5.5 GHz WiMAX, 5.2/5.8 GHz WLAN frequency 

bands. Moreover, the proposed CSRR and SRR based antennas are simple, of low cost and have 

an advantage of getting easily integrated into the wireless operating devices. 
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Chapter-7 

 

Conclusions and Future Scope 

 

7.1. Conclusions 

In this thesis, the research has been presented on the design of metamaterial-based antennas 

which include an AMC backed antenna, a CRLH metamaterial inspired compact antenna, a 

meandered line antenna backed by a metasurface, and CSRR, SRR based antennas for wireless 

applications. It is composed seven chapters, with this as the last chapter.  

In Chapter 1, introduction, background, and motivation factor for carrying out this 

work has been described.  

In Chapter 2, the literature background of basics of an antenna, different parameters of 

an antenna, microstrip antenna, printed monopole antenna, metamaterials, and the effect of 

metamaterial utilization in antenna design have been provided.  

In Chapter 3, by utilizing the slots that are etched on a monopole antenna, a dual band 

antenna operating at 2.4 GHz and 3.5 GHz has been designed. Moreover, the radiating antenna 

has been modified to achieve an increased bandwidth and it is backed by an AMC surface 

which is designed using a dual band AMC unit cell. The introduction of an AMC surface leads 

to enhanced gain and directional radiation patterns. The designed antenna has been compared 

with the other similar antennas which were presented in the previous literatures in terms of 

size, bands of operation, gain and efficiency. It covers 2.4/5 GHz WLAN applications, 

2.5/3.5/5.5 GHz WiMAX applications.     

In Chapter 4, a CRLH metamaterial inspired dual band antenna operating at 3.15 - 4.09 

GHz and 5.35 - 5.84 GHz for wireless applications has been presented. A unit cell based on  

CRLH metamaterial is designed and has been included as part of the radiating antenna which 
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helped in realizing a dual band antenna with a wide first band and circular polarisation in the 

second band. Moreover, the circuit realisation of this unit cell and the overall radiating antenna 

are also presented. The results of the antenna are represented, and they indicate the antenna has 

a decent performance and is suitable for 3.5/5.5 GHz WiMAX and mid band 5G wireless 

applications. 

In Chapter 5, a meandered line based dual band antenna backed by a MS with an 

improved bandwidth and CP radiation in one of the bands, for wireless application has been  

presented. The meandered line structure acts as a shorted inductor and aids in realizing the dual 

band. A metasurface is also designed using a unit cell which has an AMC behaviour in the 

lower band and PEC behaviour in the higher band which helps in increasing the gain of  antenna. 

The results of the antenna along with the comparison of them with the existing antennas in the 

literature is also presented. The antenna is suitable for 5.2/5.8 GHz WLAN, 3.5/5.5 GHz 

WiMAX bands.  

In Chapter 6, the SRR and CSRR structures have been effectively used to realize multi 

band antennas with an improved performance characteristics. A CSRR based antenna with dual 

operating bands for wireless applications has been presented. The antenna offers a wide second 

band with an impedance bandwidth of 72% with a near omnidirectional radiation patterns. The 

antenna is suited for 2.5/3.5/5.5 GHz WiMAX, 5.2/5.8 GHz WLAN, and sub-6 GHz 5G. Also, 

a dual split ring resonator loaded triband antenna for wireless applications has been presented. 

The inclusion of the split ring resonators induces additional operating bands, and a slot has been 

etched at the ground side and its dimensions were optimized to achieve good impedance 

bandwidth and CP in one band. The antenna has dimensions of 40 mm × 40 mm × 1.6 mm 

with operating bands of 2.5 - 2.78 GHz, 3.05 - 3.75 GHz and 4 - 5.9 GHz and peak gains 3.4, 

4.81, and 8.15 dBi in the three bands respectively. The antenna has its applications in 2.5/3.5/5.5 

GHz WiMAX, 5.2/5.8 GHz WLAN frequency bands. Both the designed antennas are multiband 

operating that are based on the SRR and are covering some of the widely used wireless 

frequency bands. Moreover, the proposed antennas are very compact, simple, and inexpensive.  

All the antennas designed as a part of the thesis were targeted to cover certain frequency 

bands of WLAN, WiMAX, and sub-6 GHz 5G communications. A total of six antennas were 

designed and the list of the bands for which the antenna is suitable has been listed in Table 7.1. 

The antenna designed above can have applications in all the wireless operating devices working 

at the above-mentioned frequency bands. The size of the antenna is a constraint especially with 
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the inclusion of a metasurface and these antennas have a comparatively larger dimensions and 

hence can be used as base station antenna and panel antenna where a higher gain is required. 

 

Table 7.1. List of Antennas designed, and frequency bands covered 

Antenna Frequency bands covered 

Antenna 1 2.45 GHz WLAN, 3.5 GHz WiMAX 

Antenna 2 (with MS) 2.4/5 GHz WLAN, 2.5/3.5/5.5 WiMAX and sub-6 GHz 5G bands 

Antenna 3 3.5/5.5 GHz WiMAX and sub-6 GHz 5G bands 

Antenna 4 (with MS) 5.2/5.8 GHz WLAN, and 3.5/5.5 WiMAX 

Antenna 5 5.2/5.8 GHz WLAN, 2.5/3.5/5.5 WiMAX and sub-6 GHz 5G 

bands 

Antenna 6 5.2/5.8 GHz WLAN, and 2.5/3.5/5.5 WiMAX 

 

7.2. Future Scope 

In this thesis, design of an AMC based antenna, design of CRLH metamaterial inspired antenna,  

design of a metasurface backed meandered line-based antenna and a CSRR, SRR loaded multi 

band antennas have been investigated. Based on the work presented in this thesis, many research 

works may be performed in the future. Some of them are listed below: 

• Higher element antenna arrays based on these metamaterial unit cells can be designed 

for an improved gain and radiation performance, which are better suited for the 

advanced wireless communication technology.  

• Several improvements in the performance parameters can be achieved like circular 

polarization in each of the operating bands along with polarization diversity could also 

be realised. 

• Also, novel metasurfaces can be designed and used as a part of the antenna design which 

are helpful in improving its overall performance. 
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