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ABSTRACT 

A theoretical investigation of the design of the basic unit cell structure for 

metamaterial has been carried out in this thesis work which shows a negative 

refractive index in a particular range of frequency. The basic unit cell structure 

for the metamaterial was studied and designed using a split-ring resonator 

which affected the permeability of the medium and the wire structure which 

affected the permittivity of the medium. This designed metamaterial structure 

showed a negative refractive index in the frequency range of 2.25 GHz to 2.5 

GHz.  

With this basic knowledge of metamaterials, a complementary split ring 

resonator (CSRR) loaded microstrip patch antenna was designed with a resonant 

frequency of 4 GHz. An array of CSRR is etched at the ground plane of the 

antenna affected the permittivity of the medium and helped in achieving size 

miniaturization of a microstrip patch antenna. The CSRR loaded patch antenna 

showed a size reduction of 33% when compared to the size of a conventional 

microstrip patch antenna designed at 4 GHz. Then a double-superstrate 

configuration (DSC) was used to enhance the directivity and the gain of the 

designed CSRR loaded microstrip patch antenna at 4 GHz. The thickness of two 

superstrates and the air gaps were optimized which increased the directivity of 

the antenna by 2.51 dBi and its gain increased by 1.87 dB. Thus the CSRR 

loaded patch antenna with DSC helped in achieving size miniaturization as well 

as improving the performance parameters of the designed patch antenna. 

Then a CSRR loaded wideband bandpass filter with a capacitive gap in the 

transmission line was analyzed and designed. The designed bandpass filter has 

its lower cut-off frequency equal to 2.026 GHz and the upper cut-off frequency 

equal to 4.775 GHz. The bandwidth of the designed filter was calculated equal 

to 2.750 GHz and its central frequency equal to 3.375 GHz.   

 



iv 
 

LIST OF PUBLICATION 

 Gaurav Gupta, Priyanka Jain, “Miniaturization and directivity 

enhancement of a microstrip patch antenna using complementary split 

ring resonators and double-superstrate configuration”, IEEE First 

International Conference on Power Electronics, Intelligent Control and 

Energy systems, IEEE ICPEICES 2016, DTU, 4-6 July, 2016.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

ACKNOWLEDGEMENT 

 
I take this opportunity as a privilege to thank all the individuals without whose 

support and guidance I could not have completed my project successfully in this 

stipulated period of time. 

First and foremost I would like to express my deepest gratitude to my 

supervisor Dr. Priyanka Jain, Asst. Professor, Department of Electronics and 

Communication, for her valuable support, patience, guidance, motivation and 

encouragement throughout the period this work was carried out. I would also 

like to thank Kamlesh Patel, Asst. Professor, DU for his valuable time and 

interest in this project. I am grateful to both for closely monitoring my progress 

and providing me with timely and important advice, their valued suggestions 

and inputs during the course of the project work. 

I am deeply grateful to the Prof. S. C. Sharma (Head of the Applied Physics 

Department) and Prof. Prem R. Chadha (Head of the Electronics and 

Communication Engineering Department) for their support and providing best 

educational facilities. 

I also wish to express my heartfelt thanks to the classmates as well as staff at 

Department of Electronics & Communication and Department of Applied 

Physics of Delhi Technological University for their goodwill and support that 

helped me a lot in successful completion of this project. 

Finally, I want to thank my parents and friends for always believing in my 

abilities and for always showering their invaluable love and support.   

 
Gaurav Gupta 

                                                                                                 M. Tech. MOC 

                                                                                                2K14/MOC/07 

 



vi 
 

LIST OF CONTENTS 

Certificate              i 

Declaration             ii 

Abstract              iii 

List of Research presentation and publications      iv 

Acknowledgement             v 

List of contents            vi 

List of figures                      viii 

List of tables                    xii 

1. Introduction            1 

1.1. Overview and Motivation          1 

1.2. Thesis objectives             2 

1.3. Thesis organisation          3 

2. Basic unit cell structure for a metamaterial       4 

2.1. Introduction           4 

2.2. Defining left-handed metamaterials       5 

2.3. Realization of left-handed metamaterials      9 

2.3.1.  Negative permittivity in a medium using  

            metal wire geometry                                                   10 

2.3.2.  Negative permeability in a medium using 

            split ring resonators                                                    12 

2.3.3.  Composite DNG medium using split ring 

            resonator and wire structures                                      14 

2.4.  Design and simulation of a metamaterial unit cell 

 structure                                                                                 15 

2.5.  Simulation result for a unit cell structure                               18 

3. Microstrip patch antennas based on metamaterials    22  

3.1. Introduction to microstrip patch antenna                       22 

3.1.1.  Introduction                                                                 22 

 3.1.2.  Advantages and disadvantages of microstip 

            patch antenna                                                              23 

3.1.3.  Method of analyzing a microstrip patch antenna        24 



vii 
 

 3.1.4.  Microstrip feed techniques                                         28 

3.2. Design and simulated results of  a conventional microstrip    

patch antenna at 4 GHz                                                           31                                                        

3.2.1.  Design and specification of a conventional 

            microstrip patch antenna                                             32 

3.2.2.  Simulation and simulated results for a conventional 

            patch antenna                                                              35 

3.3. Design and simulated results of a microstrip patch antenna 

using complementary split ring resonators at 4 GHz             39        

3.3.1.  Design of a CSRR loaded microstrip patch  

            antenna                                                                        39 

3.3.2.   Simulation and simulated results of  CSRR loaded 

             microstrip patch antenna                                            41 

3.4. Gain and directivity enhancement of the CSRR loaded 

 microstrip patch antenna using double-superstrate  

 configuration                                                                          45 

3.5. Comparative analysis of various performance parameter 

 for the designed patch antennas                                             49 

3.6. Fabrication and testing  of a designed  CSRR loaded 

patch antenna                                                                          50 

 

     

4. Microstrip bandpass filter based on metamaterials                          52 

4.1. Introduction to filters       52 

4.2. Design and simulated result of microstrip bandpass 

filter using CSRR                                                                  57 

4.3. Fabrication and testing of the designed CSRR  

loaded bandpass filter                                                             62 

5. Conclusion and future scope                    64 

  References                                                              67

             

    

 

 

 



viii 
 

LIST OF FIGURES 

Fig no. Caption Page no. 

2.1 Examples of Negative refractive media (a) Left-handed 

metamaterials, (b) 2D Photonic Crystals. 

5 

2.2 The wave propagation in Right handed and Left Handed 

System. 

6 

2.3 Refraction at DPS-DNG interface. 8 

2.4 Classification of materials based on ɛ and μ. 9 

2.5 Generic view of a composite medium with periodically 

place structures constituting metamaterials. 

10 

2.6 (a) Geometry for a medium with metallic wire strips,  

(b) Variation of real part of electric permittivity as a 

function of frequency. 

11 

2.7 Split Ring Resonator (SRR) Configurations. 

(a) Typical square split ring resonator 

 (b) Circular split ring resonator  

12 

2.8 Variation of effective permeability as a function of 

frequency. 

13 

2.9 Unit cell structure for metamaterials. 14 

2.10 (a) 1-D structure, (b) 2-D structure, (c) 3-D structure for 

composite medium. 

14 

2.11 Basic unit cell structure designed in CST Studio Suite. 15 

2.12 Schematic of the designed split-ring resonator for a unit 

cell structure. 

16 

2.13 Designed symmetric wire structure for unit cell of 

metamaterial. 

16 

2.14 Two waveguide ports for Unit Cell Structure. 17 

2.15 Applied boundary conditions on a unit cell structure. 17 

2.16 Magnitude plot for S(1,1) and S(2,1) parameters for the 

unit cell as a function of frequency. 

18 

2.17 Variation of phase plot for S(1,1) and S(2,1) as a 

function of frequency. 

18 

2.18 Variation of real and imaginary part of impedance as a 

function of frequency. 

19 

2.19 Variation of real and imaginary part of refractive index 

as a function of frequency. 

20 



ix 
 

2.20 Variation of real and imaginary part of the permittivity as 

a function of frequency. 

20 

2.21 Variation of real and imaginary part of the permeability 

as a function of frequency. 

21 

3.1 Fundamental structure of microstrip patch antenna. 22 

3.2 Shapes for a microstrip patch antenna. 23 

3.3 Microstrip Line. 24 

3.4 Electric field lines. 24 

3.5 Microstrip patch antenna. 25 

3.6 Top and side view of a microstrip patch antenna. 26 

3.7 Charge distribution and current density creation on the 

microstrip patch. 

27 

3.8 Microstrip line feed. 29 

3.9 Coaxial feed technique. 29 

3.10 Aperture couple feed. 30 

3.11 Proximity coupled feed technique. 31 

3.12 Microstrip patch antenna with inset feed. 34 

3.13 A schematic of a microstrip line. 34 

3.14 Schematic of a patch antenna. 35 

3.15 (a) Top view, (b) Orientation of the designed patch 

antenna. 

36 

3.16 Waveguide port 1 connected to the transmission line of 

the patch antenna. 

36 

3.17 S(1,1) parameter result of a conventional patch antenna. 36 

3.18 S(1,1) parameter with -10 dB points. 37 

3.19 Farfield directivity of a conventional patch antenna at phi 

= 0 plane. 

37 

3.20 Farfield gain of a conventional patch antenna at phi = 0 

plane. 

38 

3.21 Power pattern of a conventional patch antenna at Phi = 0 

plane. 

38 

3.22 Variation of VSWR of a conventional patch antenna as a 

function of frequency. 

38 

3.23 SRR (left) and CSRR (right) and its relevant dimension. 40 

3.24 Variation of permittivity as a function of frequency for a 

designed CSRR. 

40 



x 
 

3.25 (a) Top view, (b) Bottom view of a designed microstrip 

patch antenna with CSRRs at the ground plane. 

41 

3.26 (a) Orientation (b) Waveguide port of the CSRR loaded 

patch antenna. 

42 

3.27 S(1,1) parameter result for a CSRR loaded patch 

antenna. 

42 

3.28 S(1,1) parameters with -10 dB points. 43 

3.29 Farfield directivity of a CSRR loaded patch antenna at 

phi = 0 plane. 

43 

3.30 Farfield gain of a CSRR loaded patch antenna at phi = 0 

plane. 

43 

3.31 Power pattern of a CSRR loaded patch antenna at Phi = 0 

plane. 

44 

3.32 Variation of VSWR of a CSRR loaded patch antenna as 

a function of frequency. 

44 

3.33 Structure of a double-superstrate configuration over a 

microstrip patch antenna. 

45 

3.34 3-D view of a CSRR loaded patch antenna with two 

layers of superstrates. 

46 

3.35 S(1,1) result of a CSRR loaded Patch Antenna with 

DSC. 

47 

3.36 S(1,1) parameters with -10 dB points. 47 

3.37 Farfield directivity of a CSRR loaded patch antenna with 

DSC at phi = 0 plane. 

47 

3.38 Farfield gain of a CSRR loaded patch antenna with DSC 

at phi = 0 plane. 

48 

3.39 Power pattern of a CSRR loaded patch antenna with 

DSC at Phi = 0 plane. 

48 

3.40 Variation of VSWR of a CSRR loaded patch antenna 

with DSC as a function of frequency. 

48 

3.41 (a) Front view, (b) back view of fabricated patch antenna 50 

3.42 Experimental setup for measuring the reflection 

coefficient for the patch antenna. 

51 

3.43 Tested result of the CSRR loaded patch antenna on 

network analyzer. 

51 

4.1 (a) T-section and, (b) π-section of the lumped elements. 52 

4.2 T-section and the π-section of the low-pass filter. 53 



xi 
 

4.3 Response of a low-pass filter as a function frequency. 53 

4.4 T-section and the π-section of the high-pass filter. 54 

4.5 Response of a high-pass filter as a function frequency. 54 

4.6 T-section and the π-section of the band-stop filter. 55 

4.7 Response of a band-stop filter as a function frequency. 55 

4.8 T-section and the π-section of the band-stop filter. 56 

4.9 Response of a band-pass filter as a function frequency. 56 

4.10 (a) CSRR loaded transmission line (b) Lumped element 

model. 

58 

4.11 Design of a CSRR loaded bandpass filter. 59 

4.12 (a) Top view of designed bandpass filter, (b) Back view 

of CSRR containing CSRR. 

60 

4.13 The waveguide ports for a microstrip bandpass filter. 60 

4.14 S(2,1) result of the designed bandpass filter. 61 

4.15 (a) Lower -3dB cutoff frequency, (b) Upper -3dB cutoff 

frequency. 

61 

4.16 (a) Front view, (b) back view of fabricated patch 

antenna. 

62 

4.17 Tested result of CSRR loaded bandpass filter showing 

(a) lower cutoff frequency,  

(b) upper cutoff frequency. 

63 

 

 

 

 

 

 

 

 

 



xii 
 

LIST OF TABLES 

Tab no. Title of the Table Page no. 

2.1 Dimensions of a designed split ring resonator for a unit 

cell structure. 

16 

3.1 Comparison of different feeding techniques for a patch 

antenna. 

31 

3.2 Antenna design parameters for conventional patch 

antenna at 4 GHz. 

35 

3.3 Dimension of the designed CSRR. 40 

3.4 Antenna parameters for CSRR loaded microstrip patch 

antenna. 

41 

3.5 Design parameters for double-superstrate configuration. 46 

3.6 Comparitive analysis of performance parameters for 

designed patch antennas. 

49 

4.1 Design parameters of a CSRR loaded bandpass filter. 60 

 



1 
 

CHAPTER 1 

Introduction 

________________________________________________________ 

1.1 Overview and motivation 

In the last few decades, there has been an increased interest for the study of 

metamaterials and its related application in the scientific community. These metamaterials 

components are made artificially to exhibit exceptional properties which are not readily found 

in the nature materials. The materials exhibits a property characterized by the negative 

permittivity and negative permeability simultaneously in a particular range of microwave as 

well as optical frequencies. This type of medium which showed negative refractive index for 

a particular range of frequency was first discovered and proposed in 1968 and were termed as 

left-handed medium as they followed a left-hand rule for the wave propagation instead of 

right-hand rule for the wave equation formed by the E (electric field), H (magnetic field) and 

k (propagation constant) vectors. These left-handed materials showed a number of unique 

properties using a negative refractive index which supported backward wave propagation. 

Recently, metamaterials have been in great interest for the upcoming technologies and these 

properties of metamaterials have been very useful in designing of microwave components 

like antennas, filters, couplers, power dividers, etc. The property exhibited by the left-handed 

materials have also been used in designing invisible cloaks, light and sound filtering devices, 

superlenses, wave absorbers and various other microwave passive components which are 

being developed using the current technology. Also, these metamaterials are being used to 

enhance the performance, design approach and characteristics of the microwave components 

in the wireless communication systems. 

 In the last few decades mobile radio and wireless communication have been 

developed rapidly and widely in the modern world. The demand for high performance in 

mobile and wireless communication systems and in applications like aircraft, spacecraft, 

satellite and missile applications where the size, cost, weight, performance, ease of 

installation and low profile antennas are required. Many applications require similar 

specifications for wireless and radio communication systems. Thus to meet these 

requirements, microstrip patch antennas were designed for the communication systems. 

These microstrip antennas are conformable to planar and non-planar surfaces, low profile, 

simple and inexpensive to manufacture using printed circuit technology, compatible with 

MMIC designs, mechanically robust when mounted in rigid surfaces and very versatile in 

terms of resonant frequency, pattern and impedance. As the demand for wireless 

communication is rapidly increasing, the need for the smaller size microstrip patch antennas 

with better performance characteristics like gain, directivity and bandwidth are also required 

in the systems. The various technologies and methods have been proposed in the past few 

years for improving the performance characteristics and reducing the size of antennas for 

increasing the packing efficiency along with the better performance of the whole 

radio/wireless device used. This in turn saves the materials required by the device and thus 

the cost for manufacturing a device. Also metamaterial concepts are widely being used in 

current technology for designing a small size patch antennas with better performance result. 
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 Nowadays, filters play a very important role in many radio frequency circuits and in 

wireless communication systems such as radar, radio devices for communication, navigation 

systems, sensing and medical instruments. These filters are used to pass a certain band of 

frequency and reject the remaining band of frequency based on the filter response and the 

communication needs. Thus more practically, filters are designed to select and reject or to 

separate and combine the signals at various frequencies. Filters which are generally designed 

by using lumped elements like capacitor and inductors are bulky, costly and difficult to use 

practically and thus making them hard to implement in wireless devices. To solve these 

problems, filters were implemented using microstrip technologies which were cheap, easy to 

manufacture and can be easily integrated with the different compact circuits. With the 

emerging wireless communication technologies, the increasing numbers of user have led to 

greater demand for bandwidth and the data rates. Thus in wireless communication system, the 

wider range of frequency is required to support high data rates and large number of users, has 

led to the growth of wideband band-pass, band-stop, low-pass and high-pass filters in the  

emerging technology for the various wireless and radio communication systems. Also, as the 

application of filters are being increased in the various microwave components, the filters 

with more stringent requirements such as low insertion loss, linear phase, high selectivity, 

low cost for manufacture, light weight and small size has increased. Thus compact size 

microstrip filters are required so that the designed communication devices are small in size 

having a high packing efficiency and thus reducing the cost and material required for 

manufacturing the component. The introduction of metamaterial concepts has also allowed 

conventional approach of designing a microstrip filter to a newer technology design filters 

with improved performance characteristics and smaller size.  

1.2 Thesis objectives 

The main objective of the thesis are given as follows: 

 Study the basics of metamaterials, understanding the unique properties exhibited by 

them and how these materials are practically realized with their applications. 

 Design a basic unit cell structure for a metamaterial and analysing the simulation 

result to obtain negative refractive index region for the unit cell where the 

metamaterials exhibit left-hand property. 

 Study the basic concepts of microstrip patch antennas with their advantages and 

disadvantages, the various method of analyzing and their feeding techniques. 

 Design a conventional patch antenna with inset feeding mechanism and simulate the 

design to obtain the various performance parameters like resonant frequency, 

directivity, gain, bandwidth, power pattern and voltage standing wave ratio (VSWR). 

 Understanding the concept of complementary split-ring resonators. 

 Design and simulation of a CSRR loaded microstrip patch antenna and obtain 

various performance parameters. 

 Improving the characteristic of a CSRR loaded microstrip patch antenna using 

double-superstrate configuration (DSC). 

 Design and simulation of a CSRR loaded microstrip patch antenna with DSC and 

obtaining performance parameters. 
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 Fabrication and testing of a CSRR loaded microstrip patch antenna and verify the 

results obtained during simulation. 

 Study different types of filters and their characteristics response.  

 Design and analysis of a CSRR loaded bandpass filter and the equivalent lumped 

element model for the designed bandpass filter. 

 Simulation of a CSRR loaded bandpass filter to compute the passband and stopband 

and hence the bandwidth of the designed filter. 

 Fabrication and testing of a CSRR loaded wideband bandpass filter and verify the 

result obtained during simulation.  

1.3 Thesis organisation 

 The outcome of the work carried out in this thesis is divided into 5 chapters. Chapter 

1 is titled as “Introductionˮ and consists of overview and motivation for the thesis work along 

with the objectives of the thesis.  

 Chapter 2 is titled as the “Basic unit cell structure for a metamaterialˮ and consists of 

introduction to metamaterials, defining the left-handed materials, realizing the metamaterials 

using symmetric wire structure and split-ring resonators (SRR), and the designing and 

simulated result of unit cell structure.  

 Chapter 3 of the thesis is titled as “Microstrip patch antenna based on metamaterialsˮ 

which includes the basic introduction to microstrip patch antennas with their advantages and 

disadvantages, the methods for analyzing and the different feeding techniques used for 

feeding microstrip patch antennas. The next section deals with the designing and simulation 

of a conventional microstrip patch antenna at 4 GHz. The various performance characteristic 

are measured for the designed patch antenna. The next section deals with the designing of a 

patch antenna using CSRR at the same resonant frequency, i.e. 4 GHz. The simulation results 

are shown to measure the performance parameters of the proposed antenna. The next section 

of this chapter deals with the designing and simulation result of a CSRR loaded patch antenna 

with DSC to improve the performance parameters like gain and directivity of the antenna. 

The comparative analysis of the results obtained by simulating various designed patch 

antennas are formulated in the form of a table with the conclusions made from the 

comparison table. Finally, the CSRR loaded microstrip patch antenna is fabricated and tested 

experimentally whose resonant frequency is 4 GHz. 

 Chapter 4 of the thesis is titled as “Microstrip bandpass filter based on metamaterialsˮ 

which gives a brief introduction to the filters and their characteristic responses. The lumped 

equivalent models for the filters are discussed in this chapter. The next section of this chapter 

deals with the designing of the bandpass filter using a CSRR. The simulated result for the 

designed bandpass filters is used to find the lower and upper cutoff frequency using S-

parameter and hence the bandwidth of the filter. Finally, the CSRR loaded bandpass filter is 

fabricated and tested experimentally to verify the results obtained during simulation. 

 Chapter 5 is the conclusion of the work done in this thesis with some suggestion to the 

future work that can be done related to this field of microwave.   
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CHAPTER 2 

Basic unit cell structure for a metamaterial 

_______________________________________________________ 

2.1 Introduction 
 Left-handed materials which are also called as metamaterials are recently being 

studied because of their unique physical properties and exceptional behaviors. These 

metamaterials are recently used in many novel applications like compact and efficient 

antennas, waveguides and microwave components like filter, negative refractive index lenses, 

invisibility cloaks, invisible submarines, and many other microwave and optical devices. 

Negative refractive index of the EM waves is a very extraordinary phenomenon exhibited by 

left-handed metamaterial structures which make them more useful for designing the 

microwave components. The backward Cerenkov radiation and the Doppler shift are also 

some exceptional properties which arises from a left-handed metamaterials. The magnetic 

and the electric properties are determined by the magnetic permeability and electric 

permittivity of the material respectively. The permittivity ʻɛʼ and the permeability ʻμʼ 

together determine the property of a material. Generally, ʻɛʼ and ʻμʼ are both positive for an 

ordinary material, while permittivity can be negative in some materials like metals where the 

permittivity has a negative value below the plasma frequency and some ferrites material have 

negative permeability for certain range of frequency. However, for metamaterials which are 

called left-handed materials (LHM), both the effective permeability ʻμeffʼ and the effective 

permittivity ʻɛeffʼ possess a negative value. In these materials, the refractive index ʻnʼ is less 

than zero and thus the phase velocity of the wave is in opposite direction of the group 

velocity of a wave such that the direction of propagation of the wave is reversed with respect 

to the energy flow of the wave [1]. This property of negative refractive index was first 

proposed by a Prof. Veselago in the year 1968 who also figured various interesting and 

unique optical properties for negative index mediums [1]. 

 The negative effective permittivity of a medium in microwave frequency range can be 

realized using an array of symmetric thin wire structure. Dielectric permittivity can take a 

negative value where EM waves cannot propagate below the plasma frequency in the 

medium [2-4]. Electric charges are responsible for electrical response in a dielectric medium 

but due to lack of magnetic charges which are analogous to electric charges are more difficult 

to obtain in a medium which has negative magnetic permeability. Pendry et al. suggested that 

a periodic array of split-ring resonators can exhibit a negative permeability in the frequency 

range close to the magnetic resonant frequency of the material [5]. In 2000, Smith et al. 

demonstrated that a left-handed material can be implemented by stacking a split ring 

resonator (SRR) and an array of thin wire structure which was called as composite 

metamaterials [6,7]. 

 The analyses and theoretical calculation have showed that the refractive index for the 

medium is negative when both permittivity and permeability are simultaneously negative [8]. 

Also, Shelby et al. [9] experimentally verified the negative refraction in the left-handed 

materials. Composite metamaterials shown in Fig. 2.1 (a) are the materials which can give 

rise to negative refractive index medium. Negative refractive index medium can be achieved 
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using 2D photonic crystals as shown in Fig. 2.1 (b). The experimental observations [10-12] 

and the theoretical studies [13-15] confirm the existence of a negative refractive index.  

 

                                  (a)                                                                                  (b) 

Fig 2.1: Examples of Negative refractive media (a) Left-handed metamaterials, 

(b) 2D Photonic Crystals. (Taken from Ref. [16]) 

 Reversal of Doppler effect [17], Cerenkov radiation [18] and backward wave 

propagation [19] are some of the interesting physical phenomena which are exhibited by a 

negative refractive index medium and can be used in several applications like filter 

design[20,21], enhancing the performance of antenna [22,23], electromagnetic absorption 

reduction [24,25], invisibility cloaking [26,27], polarization rotator [28], etc. Moreover, 

structures which has negative permeability have been used for magnetic resonance imaging 

[29]. These metamaterials which tend to exhibit negative refractive index are also called as 

double-negative materials (DNG) because they possess negative permeability and negative 

permittivity simultaneously for a certain range of frequency and hence are very useful for 

upcoming technologies in the designing better microwave devices and components. 

2.2 Defining left-handed metamaterials 

 To have a clear understanding of left-handed medium or metamaterials, we should 

first have a clear knowledge of right-hand rule in the electromagnetism. The right-hand rule 

for EM waves states that when the direction of the electric field ʻEʼ is represented by the 

thumb and the magnetic field ʻHʼ by the index finger of the right hand placed at 90˚ to each 

other, then the middle finger perpendicular to both the fingers will give the direction of the 

propagation of the wave, thus normal to both the E-field and the H-field. All electromagnetic 

waves follow this rule and is given by the Eq. 2.1: 

�⃗�  x �⃗⃗� =  𝑆                                                                  (2.1) 

�⃗�  is the electric field intensity, H⃗⃗  is the magnetic field intensity and P⃗⃗  represents the Poynting 

vector and the direction of propagation of energy and the wave. 

The Maxwell’s equations which describe the electromagnetic wave are given in Eq. 2.2 

through Eq. 2.5: 

𝛻x�⃗� =  −
𝜕�⃗� 

𝜕𝑡
                                                             (2.2) 
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𝛻 x �⃗⃗� =  𝐽𝑐 + 
𝜕�⃗⃗� 

𝜕𝑡
                                                          (2.3) 

𝛻 . �⃗⃗� =  𝜌                                                               (2.4) 

𝛻 . �⃗� =  0                                                               (2.5) 

Here �⃗�  is the magnetic flux density, �⃗⃗�  is the electric flux density and Jc is the electric current 

density. 

The first two equations Eq.2.2 and Eq. 2.3 take the form: 

�⃗� x�⃗� =  −
𝜔

𝑐
𝜇�⃗⃗�                                                           (2.6) 

�⃗� x�⃗⃗� =  
𝜔

𝑐
𝜇�⃗�                                                          (2.7) 

Where ʻ�⃗� ʼ is the propagation constant vector along the direction of phase velocity of the 

wave, c is the speed of light and ω is the angular frequency of the wave.  

 It is evident that when a medium has negative permittivity and negative permeability, 

the wave will have its phase velocity anti-parallel to the direction of wave propagation or in 

the direction of flow of energy. Thus we can say that the wave has a negative phase velocity 

in that medium. Although, the direction of the energy propagated is from the sender to the 

receiver, the phase moves in the opposite direction and is illustrated by the Fig. 2.2 shown. 

 
Fig. 2.2: The wave propagation in Right handed and Left Handed System. 

 As we know that the refractive index of any material can be defined by the square root 

of the product of its permeability and the permittivity and is given by Eq. 2.8: 

𝑛 =  √𝜇ɛ                                                                      (2.8) 

 Here, ʻnʼ is the refractive index of the material while ʻμʼ is the permeability of the 

material and ʻɛʼ is the permittivity of the material. 

 From the above expression it might be thought that the negative permeability and 

negative permittivity will not give rise to negative refractive index medium. However, the 

negative refractive index is due to the square root of the product in this case and has been 
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proved by Ziolkowski [30] that the square root of the product of permittivity and permeability 

is correct and leads to give negative refractive index. The mathematical proof is briefly given 

in this section below. As we know that the expression for wave number ʻkʼ, the wave speed 

ʻvʼ and the wave impedance can be represented in the following equations: 

𝑘 =  𝜔√𝜇ɛ =  𝑘𝑜𝑛                                                          (2.9) 

𝑘𝑜 =  𝜔√𝜇𝑜ɛ𝑜                                                                 (2.10) 

 𝑛 =  ±√𝜇𝑟ɛ𝑟                                                                   (2.11) 

𝜗 =  
𝜔

𝑘
=  

1

√𝜇ɛ
=  

1

√𝜇𝑟ɛ𝑟  √𝜇𝑜 ∈𝑜

= 
𝑐

√𝜇𝑟ɛ𝑟

=  
𝑐

𝑛
                        (2.12) 

𝑍 =
𝐸𝑜

𝐻𝑜
= 

𝑘

𝜔𝜀
=  √

𝜇

ɛ
=  𝜉𝑍𝑜                                       (2.13) 

𝜉 =  √
𝜇𝑟

𝜀𝑟
                                                                 (2.14) 

 Here we may notice that the refractive index ʻnʼ will be positive even though μ and ε 

being negative. But for double negative material (DNG), the refractive index is negative and 

can be proved when the permittivity and the permeability of the medium is calculated in 

terms of magnitude and phase as: 

ɛ𝑟 = |ɛ𝑟|𝑒
𝑗∅∈   , where ∅ɛ = (

𝜋

2
, 𝜋]                                       (2.15)   

𝜇𝑟 = |𝜇𝑟|𝑒
𝑗∅𝜇   , where ∅𝜇 = (

𝜋

2
, 𝜋]                                     (2.16)   

Then the wave impedance and the refractive index of the medium can be written as: 

   𝑛 =  √| 𝜇𝑟ɛ𝑟| 𝑒
𝑗∅𝑛                                                               (2.17) 

𝜉 =  √|
 𝜇𝑟

∈𝑟
| 𝑒𝑗∅𝜉                                                                    (2.18) 

Where the phase for n and 𝜉 would be: 

∅𝑛 =  
1

2
(∅𝜇 + ∅𝜀)  ∈ (

𝜋

2
, 𝜋]                                             (2.19) 

∅𝜉 = 
1

2
(∅𝜇 − ∅𝜀)  ∈ (−

𝜋

4
,
𝜋

4
]                                        (2.20) 

For a positive square root choice. 

∅𝑛 = 
1

2
(∅𝜇 + ∅𝜀) −  𝜋  ∈ (−

𝜋

2
, 0]                              (2.21) 

∅𝜉 = 
1

2
(∅𝜇 − ∅𝜀) + 𝜋 ∈ (

3𝜋

4
,
5𝜋

4
]                              (2.22) 

For a negative square root choice. 
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 Irrespective of the choice of the root, the refractive index for the medium turns out to 

be negative. Upon substituting the negative refractive index in the wave equation, we find 

that the poynting vector and the wave vector for a wave in this type of medium will be anti-

parallel and hence will be exhibiting left-handed properties. In these medium or materials, 

where refractive index is negative, the wave travelling from air into the medium will bend 

towards the same side of the normal as the incident ray. This phenomenon is shown in the 

Fig. 2.3 below. 

 
Fig. 2.3: Refraction at DPS-DNG interface. 

 This property of negative refractive index materials was very useful in realizing a 

perfect lens as suggested by Pendry et al. [31]. Veselago said that it was important for a 

material to have both the permeability and permittivity of the material to be either negative or 

positive. However, recent research has proved the mediums with only one parameter 

(permittivity or permeability) are realizable and the utility of the mediums with only one 

parameter can have a real negative value. These materials are called as single negative 

materials (SNG) and can have a negative permittivity or a negative permeability value. Some 

examples of negative permittivity materials are plasmonic materials like noble metals in the 

visible or infrared region. While materials like ferromagnets and anti-ferromagnets can have 

negative permeability near the ferromagnetic resonance region. The dispersion relation in an 

isotropic medium can be given as: 

𝑘2 = 𝜔2𝜇𝜀                                                             (2.23) 

 The dispersion relation shows that a wave can propagate or decay depending upon the 

signs of ɛ and μ. The Fig. 2.4 shows the four quadrants and defines the classification of the 

materials based upon the value of permittivity and permeability. 
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Fig. 2.4: Classification of materials based on ɛ and μ. 

 The first quadrant shows a medium in which both the permittivity and permeability is 

positive and the medium exhibits a forward propagating wave. The second quadrant shows a 

material in which the permittivity is negative with positive permeability where the waves are 

evanescent in nature and decay as they propagate. They are generally implemented by thin 

wire structure using some noble metals. The third quadrant defines the materials which has 

both negative permittivity and negative permeability and exhibits a property of backward 

wave propagation. The fourth quadrant represents the materials which show negative 

permeability and are generally implemented artificially using a split-ring resonators or some 

naturally occurring materials like ferromagnets and anti-ferromagnets. The fourth quadrant 

also has an evanescent decaying wave as the wave propagates in the particular direction. 

 

2.3 Realization of left-handed metamaterials 

 Metamaterials are artificially designed materials as they don't exist in nature. These 

materials are realized by embedding periodic metallic structures in a dielectric substrate. 

Metamaterials are complex structure which alters the properties of a bulk composite medium 

and tends to exhibit negative permittivity and negative permeability for a certain range of 

frequency band. Left-handed materials (metamaterials) were first practically realized by 

Schultz et al. [6] by using a periodic array of spaced conducting non-magnetic split ring 

resonators and an array of symmetric continuous wires that showed negative permeability 

ʻμeffʼ and negative permittivity ʻɛeffʼ respectively in a particular rang of microwave frequency. 

 Earlier, some attempts were made to realize materials which showed negative 

permittivity. A mesh of conducting wires was realized as a structure which gave negative 

permittivity for a certain range of frequency. Pendry et al. [5] in the year 1999 showed that an 

array of conducting non-magnetic SRR can modify the permeability of the host medium to 

give a negative permeability as a function frequency. Schultz et al. [6] combined the array of 

composite wire structures and an array of SRR to construct a negative refractive index 

medium in which both the permittivity and permeability parameters had a negative value 

which varied as a function of frequency. By combining the wire structure and split ring 

resonators, a formula was proposed which showed the variation of propagation constant ʻkʼ as 

a function of frequency is given in Eq. 2.24. 
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𝑘2 =
(𝜔2 − 𝜔𝑝

2)(𝜔2 − 𝜔𝑏
2)

𝑐2 − (𝜔2 − 𝜔𝑜
2)

                                          (2.24) 

 The above equation showed that the range of propagation constant ʻkʼ which is real 

extends from ωo to ωb = ωo/√(1-F). Here ʻFʼ is the fractional area enclosed by the rings and 

ωo is the resonant frequency of the split ring resonator and ωb is the plasmonic frequency of 

the ring resonator. The periodic structure can give a uniform isotropic alteration in the 

properties of the base material if the size of the designed unit cell for these periodic structures 

is kept smaller than the smallest wavelength in the bandwidth which is kept under 

consideration for a medium. Thus for a typical electromagnetic wave of frequency ʻωʼ, the 

constraint on the dimension of the unit cell structure is given in Eq. 2.25 as: 

𝑎 ≪
2𝜋𝑐

𝜔
                                                               (2.25) 

 Several attempts were made to establish a theory and build materials based on the 

composite material concept [32-34].  Since the concept of composite material gives a high 

degree of freedom to design the material for various applications, numerous new designs 

were explored for these composite material structures. 2-D and 3-D structures were designed 

and their properties were analyzed along with their effect on the bulk composite medium 

were also studied based on various crucial parameters like the size of lattice, arrangement of 

structures, spacing between the structures, compositions, material used etc [35]. The Fig. 2.5 

shown shows a generic view of metamaterials made up of periodic structures which results in 

an effective bulk permeability and permittivity for a composite medium. 

 
Fig. 2.5: Generic view of a composite medium with periodically place structures constituting 

metamaterials. (Taken from Ref. [36]) 

 The array of wire strips causes negative permittivity and the split ring resonators 

which exhibit negative permeability are discussed in the coming section in this chapter. This 

section also deals that how the split ring resonator and the wire strips contribute in 

understanding and designing of a composite medium. 

2.3.1 Negative permittivity in the medium using metal wire geometry  

 Thin metallic wires can be used to alter the effective permittivity of the host medium 

when the medium is excited appropriately with proper boundary conditions. In the year 1998, 

Pendry [5] calculated the long wavelength limit for transverse dielectric as a function of a 

composite medium made up of long metallic cylinders in homogeneous medium based on 

photonic gap structures. The geometry for the periodically placed wire strips and the variation 
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of the real part of the electric permittivity as a function of frequency is shown in the Fig. 2.6 

in a composite medium.  

 
Fig. 2.6: (a) Geometry for a medium with metallic wire strips, (b) Variation of real part of electric 

permittivity as a function of frequency. (Taken from Ref. [37]) 

 

 It was proposed and then proved that the composite structure can be replaced by an 

effective homogeneous medium that gives the dispersion relation of the effective permittivity 

for the composite medium can be derived from Eq. 2.26 as mentioned in [38]: 

𝜀𝑒𝑓𝑓(𝜔) =  
𝑘2𝑐2

𝜔2
                                                      (2.26) 

 The effective permittivity can be represented by a Drude dielectric function which 

varies as a function of frequency and can be controlled by geometry of the wire. The Drude 

dielectric function is given in Eq. 2.27: 

𝜀𝑒𝑓𝑓(𝜔) = 1 −
𝜔 𝑝

2

𝜔2 + 𝑖𝜔𝛾
                                              (2.27) 

Here ʻωpʼ is the bulk plasma frequency of the metal and ʻγʼ represents the inverse electron 

relaxation time. The plasma bulk frequency ʻωpʼ for the metal wire structure is given by the 

Eq. 2.28: 

𝜔𝑝
2 =

𝑛𝑒2

ɛ𝑜𝑚𝑒𝑓𝑓
                                                                  (2.28) 

Where ʻnʼ is the electron density, ʻmeffʼ is the effective mass of the electron and ʻeʼ is the 

electronic charge and ʻɛoʼ is the relative permittivity of free space.  

 Considering the wire geometry for calculating the effective permittivity as a function 

of frequency, the plasma frequency of the wire structure used in the designing of a composite 

material is given in the Eq. 2.29 as:  

𝜔𝑝
2 =

2𝜋𝑐𝑜
2

𝑎2 ln (
𝑎
𝑟)

                                                          (2.29) 

Here ʻrʼ is the radius of the wire structure, ʻaʼ is the spacing between the wire strip and ʻcoʼ is 

the speed of light in free space, i.e. 3×108 m/s. 
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2.3.2 Negative permeability in the medium using split ring resonators 

 As we have already discussed, that the split-ring resonators are kept in the host 

medium which causes the permeability of the bulk composite medium to vary as a function of 

frequency. This variation of permeability as a function of frequency becomes negative for a 

certain range of frequency. This region of negative permeability is generally observed 

between the resonant the resonant frequency and the plasma frequency of the SRR. The 

design and geometry of the SRR is simple and has a split in the rings of a resonator, as the 

name suggest. The splits causes the ring to resonate at a much higher frequency than the 

closed ring of the same shape and size. Generally, a closed ring is a quarter wavelength in 

size at its resonant frequency. However, introducing a split in the ring causes the size to be 

reduced to one-tenth of the wavelength and thus enables the rings to resonate at a much 

higher frequency than the closed rings. The magnetic effect produced by the split ring 

resonators is enhanced by the capacitive elements. The splits in the ring structure gives the 

desired capacitive effect in the resonator circuit although the current in rings of the split ring 

resonator does not have a closed patch for current to flow, however the strong capacitance 

between the two concentric rings allows the flow of current. Since the split ring resonator has 

a capacitance and inductance in the structure, the effective permeability shows a resonant 

form. The resonant frequency arises due to the resonant interaction between the inductance of 

the structure and the capacitance which arises due to the gap in the structure. During 

resonance, the electromagnetic energy is being shared between the electrostatic field and the 

magnetic field with the capacitive and inductive elements in the structure respectively. This 

gives an idea that the effective permeability of the structure is above and around the 

resonance frequency. The Fig. 2.7 shows a typical structure of a split-ring resonator with its 

dimension specifications. In a square split-ring resonator, ʻaʼ is the length of the outer-most 

dimension, while for a circular split-ring resonator ʻrextʼ is the external radius. The  ʻroʼ of the 

split-ring resonator is the average radius of the two concentric rings. The width of the each 

rings is represented by ʻcʼ and their separation is represented as ʻdʼ. The split in the two rings 

in represented by ʻgʼ. 

 
Fig. 2.7: Split Ring Resonator (SRR) Configurations. 

(a) Typical square split ring resonator 

 (b) Circular split ring resonator 

The effective permeability ʻμeffʼ of the split ring resonator can be expressed using the Eq 2.30 

[5]:  
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𝜇𝑒𝑓𝑓 = 1 − 
𝐹

1 +
𝑗2𝜎
𝜔𝑟𝜇𝑜

−
3

𝜋2𝜇𝑜𝜔
2𝐶𝑟3

                                      (2.30) 

Here ʻFʼ is the fractional volume given by the Eq. 2.31 of the unit cell which is defined as the 

ratio of the area covered by the interior of the concentric rings having a radius ʻrʼ and the 

capacitance ʻCʼ to the lattice dimension. 

𝐹 =
𝜋𝑟2

𝑎
                                                                  (2.31) 

The capacitance ʻCʼ for the split ring resonator is given by the Eq. 2.32 given below. 

𝐶 =
𝜀𝑜

𝑑
=

1

𝑑𝑐 𝑜
2𝜇𝑜

                                                  (2.32) 

The effective permeability for the structure begins to diverge from a certain resonant 

frequency ʻωoʼ and is given by the Eq. 2.33 below. 

𝜔𝑜 = √
3

𝜋2𝜇𝑜𝐶𝑟3
= √

3𝑑𝑐  
𝑜
2

𝜋2𝑟3
                                          (2.33) 

And the plasmonic frequency for the resonator structure is given by the Eq. 2.34 given below. 

𝜔𝑚𝑝 = √
3

𝜋2𝜇𝑜𝐶𝑟3(1 − 𝐹)
=  √

3𝑑𝑐𝑜
2

𝜋2𝑟3 (1 −
𝜋𝑟2

𝑎2 )
                           (2.34) 

 From the above equation it can be seen that the plamonic frequency of the structure 

depends upon the fractional volume not enclosed by the inner ring. The dispersion relation of 

the effective permeability of the split ting resonators has a gap in the range between the 

resonant frequency and the plasmonic frequency where the effective permeability of the 

medium is negative. Also, the square geometries has greater area than the circular one having 

the same dimension, thus square geometries are generally used for designing the split ring 

resonator. The variation of the permeability for the split ring resonator over a range of 

frequency is shown in the Fig. 2.8.  

 
Fig. 2.8: Variation of effective permeability as a function of frequency.(Taken from Ref. [39]) 
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 From the figure it is evident that the split ring resonators designed exhibits a negative 

permeability over a range of frequency which is between the resonant frequency ʻωoʼ and the 

magnetic plasma frequency ʻωmpʼ. This property of the split ring resonators is used in 

designing a composite medium which shows the properties of left-handed materials and has a 

negative refractive index region which varies as a function frequency. 

2.3.3 Composite DNG medium using split ring resonators and wire structures 

 A double negative material can be fabricated using split ring resonators and the metal 

wire structures in a lattice design which shows a negative refractive index. The implemented 

unit cell structure which exhibit double negative medium is shown in the Fig. 2.9 below. 

 
Fig. 2.9: Unit cell structure for metamaterials. (Taken from Ref. [40]) 

 The wire strip in the unit cell of the metamaterial structure is placed in such a way 

that the electric field passes along its axis, while the split-ring resonators are placed in such a 

way that the magnetic field is parallel to the axis of the rings. The figure above generally 

deals with the 1-D structure of the composite medium. But in general, the composite medium 

can be 1-D, 2-D and 3-D structures which are illustrated in the Fig. 2.10 below. 

 
Fig. 2.10: (a) 1-D structure, (b) 2-D structure, (c) 3-D structure for composite medium. 

(Taken from Ref. [41]) 

 These composite medium can be realized artificially and can be used for wide number 

of microwave applications like in designing of filters, absorbers, superlens, cloaking devices, 

couplers, antennas with the enhanced properties and compact size.  
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2.4 Design and simulation of a metamaterial unit cell structure 

 A basic unit cell structure for a metamaterial is designed in the CST Microwave 

Studio and its simulation is done which shows the range of frequencies in which the 

permeability and the permittivity of the structure is negative which resembles the property of 

a metamaterial and thus showing the negative refractive index in a particular range of 

frequency. Sir J.B Pendry proposed that a split ring resonators (SRRs) designed can be used 

to exhibit negative permeability ʻμʼ around its resonance frequency. The continuous wires 

array structure exhibit a negative permittivity ʻɛʼ up to the plasma frequency due to the 

plasmas response in the composite structure. SRR along with the wire structure gives a 

negative refractive index ʻnʼ. The formulas for calculating the dimension of SRR and the wire 

structure are used to design the unit cell structure of metamaterial. The simulation result of 

the unit cell structure is done on CST Microwave Studio and various S-parameter's 

magnitude, phase, the real part and the imaginary part for the unit cell are computed which 

are further used to calculate the impedance, permittivity, permeability and the refractive 

index of the composite medium as a function of frequency. The graphs for the various 

parameters are plotted in MATLAB which varies as a function of frequency. The unit cell 

structure has a cell dimension ʻaʼ which is a cubical structure in which a metamaterial is 

made. The metamaterial is made using a FR-4 (Lossy) substrate having the relative 

permittivity ʻɛrʼ value equal to 4.4 and height ʻhʼ of the substrate being 1.6 mm with a loss 

tangent ʻtanδʼ value equal to 0.025. The copper is used for making the split ring resonator 

and the wire structure at the front and back side of the substrate respectively whose 

dimension are specified below. The copper used has a thickness ʻtʼ of 0.035 mm and has the 

electrical conductivity (σ) equal to 5.8×107 S/m. 

 

 
                                 (a) Front view                                (b) Back view 

Fig. 2.11: Basic unit cell structure designed in CST Studio Suite. 

 The split-ring resonator which is artificially designed on the FR-4 (lossy) substrate is 

responsible for negative permeability in the composite medium. The schematic for the 

designed split ring resonator in the CST Microwave Studio is shown in the Fig. 2.12 



16 
 

 
Fig. 2.12: Schematic of the designed split-ring resonator for a unit cell structure. 

 Here, ʻaʼ is the lattice dimension of the unit cell, ʻrʼ is the length of the outer ring of 

the designed SRR, ʻwʼ is the width of the wire placed behind the substrate, ʻdʼ is the distance 

between the two rings and ʻgʼ is the slit gap in the rings. The Eq. 2.30 through Eq. 2.34 

mentioned previously can be used for designing and verifying the designed split ring 

resonator and finding the resonant frequency and the plasmonic frequency of the SRR. The 

dimensions of the designed SRR are given in the Table 2.1. 

Table 2.1. Dimensions of a designed split ring resonator for a unit cell structure. 

Split Ring Resonator Parameters Dimensions 

Lattice Dimension (a) 12.5 mm 

Outer length of ring (r) 10.0 mm 

Width of ring (w) 1.0 mm 

Distance between the two rings (d) 0.75 mm 

Slit gap (g) 1.5 mm 

 The metal wire structure made up of copper is placed on the opposite face of the 

substrate on which the split ring resonator is designed. The copper wire strip in the unit cell is 

responsible for the negative permittivity in the composite medium. The Fig. 2.13 shows the 

designed symmetric wire structure on the back side of the substrate. 

 
Fig. 2.13: Designed symmetric wire structure for unit cell of metamaterial. 

 The metallic wire has its wire width ʻwwʼ of 1.0 mm, the copper thickness ʻtʼ of 0.035 

mm and the conductivity ʻσʼ of 5.8×107 S/m. The Eq. 2.29 mentioned previously in this 
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chapter can be used to determine plasma frequency of the metal wire and thus find the region 

in which the material exhibits a negative permittivity.  

 The two waveguide ports shown in the Fig. 2.14 are used as input and output port 

which are excited by TEM wave to calculate the S-parameters across the designed structure. 

 
Fig.2.14: Two waveguide ports for Unit Cell Structure. 

 The two waveguide ports are used for the input and output excited by TEM wave in 

which the port 1 is directed along positive X-axis while the port 2 is directed along negative 

X-axis. The time domain solver is used in CST Microwave Studio is used to find the 1-D 

results of S(1,1), S(2,1) which vary as a function of frequency. The simulation is done by 

applying some boundary conditions to the unit cell structure, i.e. the front and back side of 

the structure are bounded by a perfect magnetic conductor while the top and bottom side of 

the structure are bounded by a perfect electric conductor while the two waveguide port sides 

are kept open. The Fig. 2.15 shown below is the boundary conditions applied to the structure. 

 
Fig.2.15: Applied boundary conditions on a unit cell structure. 

 

 Here the PMC stands for perfect magnetic conductor which implies that the tangential 

component of the magnetic field is zero along it, and the PEC stands for perfect electric 

conductor implies that the tangential component of the electric field is zero along it. While 

the rest two sides are kept open and used as waveguide ports for the unit cell. 
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2.5 Simulation result for a unit cell structure 

 The basic unit cell structure of metamaterial comprising of split-ring resonator and the 

symmetric wire structure is simulated on CST Microwave Studio and the various S-

parameters results along with the impedance, permittivity, permeability and refractive index 

are shown in this section. The magnitude and phase response of the S(1,1) and S(2,1) are 

measured during simulation which is used to calculate the impedance and refractive index of 

the unit cell structure using the S-parameter retrieval techniques as proposed by Soukoulis et 

al [42]. The refractive index and the impedance of the designed composite medium is used to 

find the real and imaginary part of the relative permittivity and relative permeability. The 

impedance, permittivity, permeability and the refractive index of the medium is calculated 

using MATLAB and their corresponding graphs are plotted. 

 The Fig. 2.16 shows the magnitude plot of S(1,1) and S(2,1) parameters as a function 

of frequency. 

 
Fig. 2.16: Magnitude plot for S(1,1) and S(2,1) parameters for the unit cell as a function of frequency. 

 Here, S(1,1) is the reflection coefficient at the port 1 of the unit cell structure while 

S(2,1) is the transmission coefficient from port 1 to the port 2 of the waveguide structure. 

From the above S-parameters magnitude plot, it can be concluded that the reflection 

coefficient and the transmission coefficient of the composite structure has same magnitude 

and cut each other at nearly 2.35 GHz, after this the frequency the transmission coefficient 

value increases while the reflection coefficient value decreases. 

 The Fig. 2.17 shows the phase plot of the reflection and transmission coefficient of 

the designed unit cell structure. 

 
Fig. 2.17: Variation of phase plot for S(1,1) and S(2,1) as a function of frequency. 
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 From the phase plot for the designed unit cell structure, it can be seen that the phase 

of the reflection coefficient ʻS(1,1)ʼ and the transmission coefficient ʻS(2,1)ʼ undergoes a 

180o phase reversal in the frequency range between 2.25 GHz to 2.4 GHz.  

 Further, the magnitude and phase plot of the reflection and transmission coefficient is 

used to calculate the impedance for the unit cell metamaterial structure. The impedance of the 

structure is calculated in the MATLAB using the Eq. 2.35 given below [42]. 

𝑍 = √
(1 + 𝑆11)2 − 𝑆21

2

(1 − 𝑆11)2 − 𝑆21
2                                                          (2.35) 

 Here, ʻS11ʼ is the reflection coefficient having magnitude and phase which varies as a 

function of frequency, similarly ʻS21ʼ is the transmission coefficient with magnitude and 

phase and ʻZʼ is the impedance of the unit cell structure.  

The Fig. 2.18 shows the variation of the impedance in the medium as a function of frequency. 

 
Fig. 2.18: Variation of real and imaginary part of impedance as a function of frequency. 

 From the above plot, it is seen that the real part of the impedance takes a non-zero 

value in the frequency range from 2.2 GHz to 2.5 GHz which is close to the resonant and 

plasmonic frequency of the split ring resonator. The real part of impedance attains a 

maximum peak value at 3 GHz and then starts decreasing to zero beyond it. The real part of 

the impedance signifies a resistance offered by the medium in the range 2.2 GHz to 2.5 GHz 

and thus power absorption takes place in this region. Also, the imaginary part of the 

impedance continuously decreases to a certain value till 2.25 GHz and then starts increasing 

till 2.5 GHz, thereafter the imaginary part decreases till a frequency of 2.9 GHz and then 

increases to a zero value at 3.1 GHz. The real part of the impedance is the resistive part of the 

composite medium while the imaginary part of the impedance is the reactance part which is 

basically a capacitance shown by the unit cell structure. The impedance for the structure is 

used to calculate the effective relative permittivity and the effective relative permeability of 

the composite structure using the Eq. 2.36. 

𝜇𝑟 = 𝑛. 𝑍       𝜀𝑟 =
𝑛

𝑍
                                                             (2.36) 
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 Where ʻnʼ is the refractive index and ʻZʼ is the impedance of the composite unit cell 

structure. The refractive index ʻnʼ is calculated using the Eq. 2.37. 

𝑛 =  
1

𝑘𝑎
𝑐𝑜𝑠−1 (

1−𝑆11
2 +𝑆21

2

2∗𝑆21
)                                               (2.37)  

 The Fig. 2.19 shows the variation of real and imaginary part of the refractive index as 

a function of frequency. 

 
Fig. 2.19: Variation of real and imaginary part of refractive index as a function of frequency. 

 From the above plot, it is evident that the real part of the refractive index is negative 

in a frequency range of 2.2 GHz to 2.5 GHz and thus the medium acts as a double negative 

metamaterial. This negative refractive index region lies in the S-band of the microwave 

frequency which can be used in various microwave components like filters and antennas. The 

imaginary part of the refractive index in always positive and attains a zero value beyond 2.9 

GHz where the real part of the refractive index starts to increase. The real part of the 

refractive index accounts for refraction in the medium while the imaginary part of the handles 

the attenuation in the wave. 

 The real and imaginary part of the permittivity and the permeability of the unit cell is 

calculated using the Eq. 2.36 and the variation of the permittivity and permeability as a 

function of frequency is plotted and shown in the Fig. 2.18 and Fig. 2.19 respectively. 

 
Fig. 2.20: Variation of real and imaginary part of the permittivity as a function of frequency. 
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 From the Fig. 2.20 of relative permittivity, it can be seen that the real part of the 

permittivity is negative below 3 GHz which is the plasma frequency of the metal wire 

structure used in designing a unit cell. The real part of the permittivity deals with the energy 

stored in the medium and a negative value of permittivity implies that reflection and 

transmission depends upon the frequency. The imaginary part of the permittivity is positive 

which implies that the energy absorption takes place in the medium. 

 
Fig. 2.21: Variation of real and imaginary part of the permeability as a function of frequency. 

 From the Fig. 2.21 of permeability variations as a function of frequency, it is seen that 

the real part of the permeability for the medium increases up to the resonant frequency ʻωoʼ 

and then attains a negative value from the resonant frequency to the plasmonic frequency 

ʻωmpʼ. The ratio of imaginary part and the real part of the permeability can give us the loss 

tangent of the medium which defines the amount of power lost in the material to the amount 

of power stored in the medium. The real part of the permeability defines the amount of power 

stored in the medium, and it is seen that the medium gives away energy in between resonant 

frequency and plasmonic frequency for the designed structure. The above graph shows that 

the imaginary part of the permeability attains a value between 2.2 GHz to 2.5 GHz with its 

maximum value at 2.3 GHz. The imaginary part tells that the energy is getting absorbed in 

the medium. Also from the above graph, it is evident that the resonant frequency of the 

designed split ring resonator is 2.2 GHz and a plasmonic frequency of 2.6 GHz. 

 Hence, in this chapter a basic 1-D unit cell structure is designed which shows a 

negative refractive index property of a metamaterial. The composite structure designed on a 

FR-4 (lossy) substrate and copper conductor has a split-ring resonator which confines 

magnetic energy is responsible for negative permeability, and a symmetric wire structure 

which confines electric field and is responsible for negative permittivity. The various S-

parameters magnitude and phase plot are shown which as used to find the impedance, the 

refractive index, the relative permittivity and the relative permeability of the composite 

medium. The simulation result obtained in CST Microwave studio and MATLAB shows that 

the designed unit cell structure shows a negative refractive index in the frequency region 2.25 

GHz to 2.5GHz and hence shows a property of left-handed medium. 
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CHAPTER 3 

Microstrip patch antenna based on metamaterials 

_______________________________________________________ 

3.1 Introduction to microstrip patch antenna 
3.1.1 Introduction 
 Nowadays, microstrip antennas have become very popular due to their small size, low 

cost for fabrication, light weight, conformable to various structures and are versatile in nature 

[43]. These antennas can also be integrated with the active devices and components and 

printed strip-line feed networks. The microstrip patch antennas have various radiation 

properties which are known since mid-1950's [44]. The application of such type of microstrip 

antennas started in the year 1970's when the antennas where required for missiles and their 

communication systems. Circular and rectangular patch antennas have been in demand and 

are commonly used in many types of array configuration. Also, the manufacturing of 

microstrip antennas in the current revolution has bought circuit miniaturization and helped in 

large scale integration. Since the conventional antennas which are being used are bulky, 

costly and large in size, microstrip patch antennas have become popular and are fabricated 

using the photolithographic technology which is seen as a major breakthrough in the 

engineering technology.  

 A microstrip patch antenna in a fundamental form is designed on a dielectric substrate 

which has a radiating patch on one side of the substrate and a ground plane on the other side 

of the substrate. The Fig. 3.1 shows a fundamental structure of a microstrip patch antenna.  

   
Fig. 3.1: Fundamental structure of microstrip patch antenna. (Taken from Ref. [45]) 

 The patch is usually made up of conducting material like copper or gold and can take 

variety of shapes and configuration. The radiating patch of the antenna and the feed lines for 

the feeding mechanism are photo etched on the dielectric substrate. For simple analysis and 

prediction of the antenna performance, the patch is generally chosen to be a rectangular, 

square, circular, triangular, elliptical and some other common shapes as shown in the Fig. 3.2. 
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Fig. 3.2: Shapes for a microstrip patch antenna. (Taken from Ref. [43]) 

 Generally a rectangular patch antenna is analysed due to its simplicity in designing 

and calculation of the performance. For a rectangular patch, the length ʻLʼ of the patch is 

usually taken as 0.33λo < L < 0.5λo, where λo is the wavelength in free space. The thickness of 

the patch ʻtʼ is selected to be very thin such that t<<λo. The height ʻhʼ of the dielectric 

substrate is usually considered in the range, 0.003λo < h < 0.05λo. The dielectric constant that 

is also called as relative permittivity of the substrate ʻɛrʼ is selected in the range 2.2 ≤ ɛr ≤ 12. 

Microstrip patch antennas radiate mainly due to the fringing fields between the patch edge 

and the ground plane. For the good performance of the antenna, a thick dielectric substrate 

with a low dielectric constant is desirable to give a large bandwidth, better efficiency and 

better radiation, but these kinds of antenna configuration leads to a larger size of an antenna. 

Thus in order to design a compact size antenna, substrate having a large relative permittivity 

is selected which provides a less efficiency and a narrow bandwidth. Hence there is a trade-

off between the performance parameters of an antenna and its dimension. 

 

3.1.2 Advantages and disadvantages of microstrip patch antenna 

 Microstrip patch antennas are gaining their popularity in wireless applications because 

of their low profile structure. These antennas are compatible for embedding antennas in the 

handheld devices like pagers, cell phones, etc. These antennas have found their applications 

in missiles as they are thin and conformal and have been successful in the satellite 

communication due to their small size and planar structure. The various advantages are given 

below [43]: 

 Low cost for fabrication. 

 Low profile with a planar configuration. 

 Light in weight and has small size. 

 Supports linear and circular polarization for radiation. 

 Easy to combine with the microwave integrated circuits. 

 Can support up to three frequencies of operations. 

 Mechanically robust and can be mounted on rigid surfaces. 

 Microstrip patch antennas have certain drawbacks as compared to the conventional 

antennas used for wireless communication systems. Some of these major disadvantages are 

given below [46]: 

 Efficiency is low. 

 Bandwidth is narrow. 
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 Gain of the antenna is low. 

 Spurious radiations are emitted from feeds and junctions. 

 End fire radiation is poor. 

 Low power handling capacity. 

 Surface wave excitation exhibits. 

 The quality factor ʻQʼ of the microstrip patch antenna is very high. The quality factor 

can be used to express the losses associated with the antenna where a large value of Q gives a 

low efficiency and narrow bandwidth. The quality factor can be decreased using the thickness 

of the dielectric substrate, but as the thickness of the substrate increases, a fraction of total 

power delivered by the sources into the surface waves increases. These surface waves can be 

considered as an undesired power loss and leads to the degradation of the antenna 

characteristics. The problems like low gain and lower power handling capability can be 

overcome with the help of array configuration for the antenna elements.  

 

3.1.3 Method of analyzing a microstrip patch antenna 

 The transmission line model and cavity models are the two models which are 

preferred for the analysis of the microstrip patch antennas. The transmission line model is 

simple and gives a very good insight for analyzing a patch antenna but has a drawback of less 

accuracy in its solution. The cavity model is more accurate but the method of analyzing is 

complex in nature. We also have a full wave models which are extremely accurate, versatile 

in its approach and can be applied to single element, stacked elements, finite and infinite 

arrays as well as random shaped elements. This type of model gives a less insight as 

compared to the transmission line model and cavity model and is very complex in nature. In 

this section we will discuss about the transmission line model and then cover cavity model 

for the analysis of patch antennas. 

 

(a) Transmission line model 

 In transmission line model, it represents a microstrip patch antenna with a two slots of 

width ʻWʼ and height ʻhʼ separated by a transmission line having a length ʻLʼ. The microstrip 

is basically a non-homogenous line having two dielectrics, i.e. the air and substrate. 

 
Fig. 3.3: Microstrip Line. (Ref. [43])                      Fig.3.4: Electric field lines.(Ref. [43]) 

 The Fig. 3.3 shows a microstrip line on a dielectric substrate and the Fig. 3.4 shows 

the electric field lines which lies mostly in the substrate and some part of it lies in the air. 

Thus as a result the transmission line does not support pure transverse-electromagnetic 
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(TEM) mode of transmission. The phase velocities being different in the substrate and the air, 

the dominant mode of propagation in the transmission line would be a quasi-TEM mode 

instead of a pure TEM mode. Thus an effective dielectric constant ʻɛreffʼ for the medium is 

calculated which considers the fringing effect and wave propagation in the transmission line. 

The value of ʻɛreffʼ would be slightly less than the ʻɛrʼ of the dielectric substrate because the 

fringing field around the periphery of the patch are not completely confined in the dielectric 

substrate but are also present in the air as shown in the Fig. 3.4 above. Thus the expression 

for the effective relative permittivity ʻɛreffʼ is given in Eq. 3.1 by Balanis [43] as: 

ɛ𝑟𝑒𝑓𝑓  =
ɛ𝑟 + 1

2
+

ɛ𝑟 − 1

2
[1 + 12 (

ℎ

𝑊
)]

−1/2

                                          (3.1) 

 Here, ʻɛreffʼ is the effective relative permittivity of the transmission line structure, ʻɛrʼ 

is the relative permittivity of the substrate, ʻhʼ is the height of the dielectric substrate and ʻWʼ 

is the width of the transmission line.  

 The Fig. 3.5 shows a rectangular patch antenna having a length ʻLʼ and width ʻWʼ on 

the dielectric substrate which is generally made up of copper and the substrate height ʻhʼ. The 

co-ordinate axis of the antenna is selected in such a way that the length of the patch is along 

the X-direction, width of the patch is along the Y-direction and the height of the substrate 

along the Z-direction. 

 
Fig. 3.5: Microstrip patch antenna. (taken from Ref. [43]) 

 For the patch to operate in the fundamental mode of TM10 in which the length of the 

patch is made slightly less than λ/2, where ʻλʼ is the wavelength in the dielectric substrate and 

is equal to λo/√ɛreff where λo is the wavelength in free space. The TM10 mode means that the 

field varies one half-wavelength cycle along the length and having no variation in the field 

along the width of the patch. In the Fig. 3.6 shows a microstrip patch antenna having two 

slots which are separated by a transmission line of length ʻLʼ and is open circuited at the both 

ends. Along the width of the patch, the voltage is maximum and the current attains a 

minimum value due to open ends. The fields at the edges of the patch can be defined and 

resolved into its normal and tangential component with respect to the ground plane. 
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Fig. 3.6: Top and side view of a microstrip patch antenna. 

 From the Fig. 3.6, it can be seen that the normal components of the electric field along 

the width of the patch are in opposite direction and hence are out of phase since the patch is 

considered to be λ/2 long and hence they cancel each other in the broadside direction. The 

tangential components which can be seen in the Fig. 3.6 are in phase and thus the resulting 

fields combine to give a maximum radiation field in the direction normal to the surface of the 

structure. Thus we can say that the edges along the width of the patch can be treated as the 

two radiating slots which are λ/2 apart and excited in phase. The fringing fields can be 

modeled as radiating slots and thus the patch of the antenna seems to be greater that its actual 

physical dimension. The patch dimension along its length is extended by some distance of ∆L 

which is given in the Eq. 3.2 as [43]:  

∆𝐿 = 0.412ℎ
(ɛ𝑟𝑒𝑓𝑓 + 0.3) (

𝑊
ℎ + 0.264)

(ɛ𝑟𝑒𝑓𝑓 − 0.258) (
𝑊
ℎ + 0.8)

                                (3.2) 

 The effective length increases by twice the extension in length which is at the both 

sides of the patch and is given in Eq. 3.3 as [43]: 

𝐿𝑒𝑓𝑓 = 𝐿 + 2∆𝐿                                                              (3.3) 

For a resonance frequency of ʻfoʼ, the effective length is given by the Eq. 3.4 as [43]: 

𝐿𝑒𝑓𝑓 =  
𝑐

2𝑓𝑜√ɛ𝑟𝑒𝑓𝑓

                                                        (3.4) 

Here ʻcʼ is the speed of light in free space. 

 For a rectangular microstrip patch antenna, the resonant frequency for TMmn mode is 

given in the Eq. 3.5 as [43]: 

𝑓𝑜 = 
𝑐

2√ɛ𝑟𝑒𝑓𝑓

[(
𝑚

𝐿
)
2

+ (
𝑛

𝑊
)
2

]

1
2

                                        (3.5) 

 Where ʻmʼ and ʻnʼ are the modes along the length and width of the patch respectively. 

For efficient radiation, the width ʻWʼ is given by Eq. 3.6 as [43]: 

𝑊 = 
𝑐

2𝑓𝑜√
ɛ𝑟 + 1

2

                                                        (3.6) 



27 
 

(b) Cavity model  

 The cavity model helps in giving an insight of the radiation mechanism of the patch 

antenna as it provides a mathematical solution for electric and magnetic fields of a patch 

antenna. It uses a dielectric loaded cavity which is representing the antenna. This technique 

models the antenna as a substrate material and considers that the material is truncated at the 

patch edge. The ground plane and the patch are represented with a perfect electric conductor 

and the edges of the substrate are modeled as a perfect magnetic conductor.  

 
Fig. 3.7: Charge distribution and current density creation on the microstrip patch. (Ref. [43]) 

 Looking at the Fig. 3.7 shown above. The microstrip patch antenna which provides 

radiation power, a charge distribution on its lower and upper surfaces of the patch and also at 

the bottom of the ground plane. The charge distribution is controlled by attractive and 

repulsive mechanism in the patch and the substrate. The attractive mechanism is between the 

opposite charges at the bottom side of the patch and the ground plane for the patch which 

allows the charge concentration to be intact at the bottom of the patch. The repulsive 

mechanism is between the like charges below the patch which causes charge to be pushed 

from bottom to the top of the patch. As a result, this charge movement causes a current flow 

at the bottom and top surface of the patch. The cavity model assumes that the height of the 

substrate to the width of the patch ratio is negligible and thus the attractive mechanism 

dominates and causes the charge concentration and current to flow below the patch surface. 

Therefore, the four sidewalls could be modeled as a perfect magnetic conductor. Therefore, 

we consider TMz modes to propagate inside the cavity. The expressions for the magnetic and 

electric fields within the cavity in terms of vector potential ʻAzʼ [48] are given below in Eq. 

3.7 through Eq. 3.12. 

𝐸𝑥 = −𝑗
1

𝜇ɛ𝜔

𝜕2𝐴𝑧

𝜕𝑥𝜕𝑦
                                                                   (3.7) 

𝐸𝑦 = −𝑗
1

𝜇ɛ𝜔

𝜕2𝐴𝑧

𝜕𝑦𝜕𝑧
                                                                   (3.8) 

𝐸𝑧 = −𝑗
1

𝜇ɛ𝜔
(

𝜕2

𝜕𝑧2
+ 𝐾2)𝐴𝑧                                                       (3.9) 

𝐻𝑥 =
1

𝜇

𝜕𝐴𝑧

𝜕𝑦
                                                                          (3.10) 
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𝐻𝑦 =
1

𝜇

𝜕𝐴𝑧

𝜕𝑥
                                                                          (3.11) 

𝐻𝑧 = 0                                                                               (3.12) 

 Since the vector potential satisfies the wave equation for homogenous medium, a 

variable separable method can be used to find the general solution. Thus the general solution 

for electric and magnetic fields inside the cavity are written in Eq. 3.13 through Eq. 3.18: 

𝐸𝑥 = −𝑗
𝐾𝑥𝐾𝑦

𝜇ɛ𝜔
𝐴𝑚𝑛𝑝 𝑠𝑖𝑛(𝐾𝑥𝑥) 𝑐𝑜𝑠(𝐾𝑦𝑦) 𝑠𝑖𝑛(𝐾𝑧𝑧)                            (3.13) 

𝐸𝑦 = −𝑗
𝐾𝑦𝐾𝑧

𝜇ɛ𝜔
𝐴𝑚𝑛𝑝 𝑐𝑜𝑠(𝐾𝑥𝑥) 𝑠𝑖𝑛(𝐾𝑦𝑦) 𝑠𝑖𝑛(𝐾𝑧𝑧)                            (3.14) 

𝐸𝑧 = −𝑗
𝐾2 − 𝐾𝑧

2

𝜇ɛ𝜔
𝐴𝑚𝑛𝑝 𝑐𝑜𝑠(𝐾𝑥𝑥) 𝑐𝑜𝑠(𝐾𝑦𝑦) 𝑐𝑜𝑠(𝐾𝑧𝑧)                            (3.15) 

𝐻𝑥 = −
𝐾𝑦

𝜇
𝐴𝑚𝑛𝑝 𝑐𝑜𝑠(𝐾𝑥𝑥) 𝑠𝑖𝑛(𝐾𝑦𝑦) 𝑐𝑜𝑠(𝐾𝑧𝑧)                                    (3.16) 

𝐻𝑦 = −
𝐾𝑥

𝜇
𝐴𝑚𝑛𝑝 𝑠𝑖𝑛(𝐾𝑥𝑥) 𝑐𝑜𝑠(𝐾𝑦𝑦) 𝑐𝑜𝑠(𝐾𝑧𝑧)                                    (3.17) 

𝐻𝑧 = 0                                                                                (3.18) 

Here, ʻKxʼ, ʻKyʼ and ʻKzʼ are the propagation constant along X-direction, Y-direction and Z-

direction respectively. 

Also, the propagation constants are expressed in terms of length, width and height 

respectively along their direction of propagation.  

𝐾𝑥 =
𝑚𝜋

𝐿
 ,𝑚 = 0,1,2,…                                                            (3.19) 

𝐾𝑦 =
𝑛𝜋

𝑊
 , 𝑛 = 0,1,2,…                                                               (3.20) 

𝐾𝑧 =
𝑝𝜋

ℎ
 , 𝑝 = 0,1,2,…                                                               (3.21) 

Where m=n=p≠0 and ʻAmnpʼ is the amplitude coefficient. 

The resonant frequency ʻfrʼ of the cavity is given in the Eq. 3.22. 

(𝑓𝑟)𝑚𝑛𝑝 =
1

2𝜋√𝜇𝜀
[(

𝑚𝜋

𝐿
)
2

+ (
𝑛𝜋

𝑊
)
2

+ (
𝑝𝜋

ℎ
)
2

]

1
2

                           (3.22) 

Where m, n and p defines the modes in the designed cavity. 

 

3.1.4 Microstrip feed techniques 

 There are various methods which can be used to feed a microstrip patch antenna. 

These can be categorized into two parts, first being the contacting type feeds and other being 

the non-contacting type feeds. In contacting method, the radio frequency power is directly fed 

to the radiating patch using a connecting element like a microstrip line. In non-contacting 

method, electromagnetic field coupling is employed to feed the power from the microstrip 
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line to the radiating patch. The four techniques which are used for feeding are microstrip line 

method and coaxial probe method which comes under contacting type scheme, while aperture 

coupling method and proximity coupling method comes under non-contacting type schemes. 

These four methods of feeding are discussed in the section below. 

(a) Microstrip line feed 

 Microstrip line feed method is also called as offset microstrip line feed which uses a 

conducting strip connected directly to the edge of the patch to fed RF power as shown in the 

Fig. 3.8. The width of the conducting strip is much smaller than the patch width and this type 

of feed has an advantage that the feed is etched on the same substrate as that of the patch to 

provide a planar structure to the antenna. 

 
Fig.3.8: Microstrip line feed. (Taken from Ref. [43]) 

 An inset cut is generally used to obtain a good impedance matching without the need 

of any additional matching elements. This can be done by a proper selection of inset position 

and hence this provides an easy technique for feeding, as well as an easy way for fabrication 

and allows simple modeling. However, the surface waves and spurious radiation increases as 

the thickness of the substrate is increased which affects the bandwidth of the patch antenna. 

This type of feeding technique suffers a drawback of cross polarization effects. 

(b) Coaxial feed 

 The coaxial feed method which is also called as the probe feed is a common technique 

for feeding the microstrip patch antennas. The Fig. 3.9 shows the inner conductor of the 

coaxial cable or connector is extended to the radiating patch through the dielectric substrate 

while the outer conductor of the coaxial cable is connected to the ground plane of the patch. 

 
Fig. 3.9: Coaxial feed technique. (Taken from Ref. [43]) 

 The major advantage of this type of feeding technique is that it can be placed at any 

desired position inside the patch to obtain impedance matching. Thus this type of feed 

method is easy to fabricate and has low spurious radiation. This type of feeding technique has 
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a disadvantage of a narrow bandwidth and difficult modeling as a hole has to be drilled into 

the substrate. For thick substrates, as the probe length increases the impedance gets more 

inductive and hence matching problems arises in such feeding technique. 

(c) Aperture coupled feed 

 The aperture coupling is shown in the Fig. 3.10 which has a radiating microstrip patch 

element etched on the top of the antenna substrate and the microstrip feed line etched at the 

bottom of the feed substrate so that aperture coupling is achieved. Thus the dielectric constant 

and the thickness of the two substrates are chosen independently to optimize the electrical 

functions of circuit and its radiation. The coupling aperture is placed at the center below the 

patch, which reduces the cross-polarization effect due to the symmetry of configuration. The 

amount of coupling to the patch from the feed line is dependent on the size, shape and the 

position of the aperture. Since the patch and the feed line is separated by a ground plane, the 

spurious radiation is minimized in this type of feeding technique.  

 
Fig. 3.10: Aperture couple feed. (Taken from Ref. [43]) 

 Usually, a thick material with a high dielectric constant is used for the bottom 

substrate and a material with low dielectric constant is used for the top substrate to optimize 

the radiation pattern from the patch of the antenna. This type of non-contacting method of 

feed can provide a very high bandwidth and also the effect of spurious radiation is very less 

compared to other feeding techniques. The major disadvantage of this type of feeding 

mechanism is that it is difficult to fabricate due to the presence of multiple layers of dielectric 

and also increases the thickness of the antenna. 

(d) Proximity coupled feed 

 Proximity coupled feed method is also called as electromagnetic coupling technique is 

shown in the Fig. 3.11. The figure shows two dielectric substrate placed in such a way that a 

feed line is used between the two substrates and the radiating patch is etched on the top of the 

upper substrate. The main advantage of this type of feeding technique is that it provides a 

very high bandwidth and completely eliminates the spurious feed radiation and is because of 

the increase in the thickness of the microstrip patch antenna. This feeding technique also 

provides a choice between the dielectric material, one used for the patch and the other is used 

for the feed line to optimize the performance of the antenna. 
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Fig. 3.11: Proximity coupled feed technique. (Taken from Ref. [43]) 

This scheme has major disadvantage that it is very difficult to fabricate as two dielectric 

layers are need with a proper alignment and also increases the thickness of the antenna. 

 The table 3.1 gives a comparison among the various feeding techniques used for a 

microstrip patch antenna based on their characteristic such as reliability, spurious radiation, 

impedance matching, bandwidth and ease of fabrication. 

Table 3.1 Comparison of different feeding techniques for a patch antenna. 

Characteristics Microstrip 

Line Feed 

Coaxial Feed Aperture 

Coupled Feed 

Proximity 

Coupled Feed 

Spurious Radiation High High Low Very Low 

Impedance 

matching 

Very Easy Easy Easy Easy 

Reliability Good Poor Very Good Very Good 

Bandwidth 2-5% 2-5% 7-10% 13% 

Ease of Fabrication Easy Difficult Difficult Difficult 

 

3.2 Design and simulated results of a conventional microstrip patch 

antenna at 4 GHz 

 In this section, a conventional method for designing a microstrip patch antenna has 

been used and is designed on an FR-4 (Lossy) substrate having relative permittivity ʻɛrʼ= 4.4, 

and relative permeability ʻμrʼ = 1.0 with a loss tangent ʻtanδʼ value equal to 0.025 and having 

substrate height ʻhʼ of 1.6 mm. The copper is used as ground plane and designing a patch 

whose dimension, i.e the length and the breadth is calculated in the design section. The 

copper conductor is a lossy metal with ʻμrʼ= 1.0 (dielectric permeability) and electrical 

conductivity ʻσʼ = 5.8×107 S/m. The copper thickness ʻtʼ has a value equal to 0.035mm for 

both the patch and the ground plane. The inset microstrip feeding technique is used for the 

impedance matching of the antenna with the RF power source which is normalized to 50Ω of 

transmission line. The width, notch width and the cut depth of the feed is also calculated 

during the design of the patch antenna. The dimensions of the patch on the substrate are 

calculated very accurately for the antenna to resonate at its desired resonant frequency. The 

feed line dimensions are also calculated very accurately for the proper matching of the 

impedance of the source and the antenna and therefore allowing the maximum transfer of 

power from the source to the patch of the radiating antenna. The designing and simulation of 
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the conventional microstrip patch antenna is done in CST Microwave Studio and various 

simulation results like far-field directivity, far-field gain, main lobe power, 3-dB angular 

width, bandwidth, voltage standing wave ratio (VSWR) and the side lobe level are computed.  

 

3.2.1 Design specification of a conventional microstrip patch antenna 

 There are three essential parameters which are used in designing of microstrip patch 

antenna. These are the frequency of operation, i.e. the resonant frequency ʻfoʼ of the patch 

antenna, dielectric constant for the substrate ʻɛrʼ and the height ʻhʼ of the substrate on which 

the patch is designed. The patch antenna in this design has a resonant frequency of 4 GHz, 

the relative permittivity of 4.4 and the substrate height of 1.6 mm. Now after choosing the 

resonant frequency, substrate height and the dielectric constant of the substrate, we calculate 

the other parameters like the width and length of the patch antenna along with the feeding 

technique parameters used in the current design. This section shows the various steps which 

needs to be followed for designing a patch antenna with accurate results. 

Step 1: Calculating the width of the patch. 

 The width ʻWʼ of the patch is calculated using the Eq. 3.23 given below. 

𝑊 = 
𝑐

2𝑓𝑜√
ɛ𝑟 + 1

2

                                                                  (3.23) 

Here, ʻcʼ is the speed of light equal to 3×108 m/s, ʻfoʼ is the desired resonant frequency of the 

antenna which is selected to be 4.0 GHz and ʻɛrʼ is the relative permittivity of the substrate 

and is equal to 4.4. Substituting the values in the above equation, we get the width of the 

patch equal to 22.82 mm. 

Step 2: Calculating the effective dielectric constant. 

 The effective dielectric constant ʻɛreffʼ is calculated using the Eq. 3.24 given below. 

ɛ𝑟𝑒𝑓𝑓  =
ɛ𝑟 + 1

2
+

ɛ𝑟 − 1

2
[1 + 12 (

ℎ

𝑊
)]

−
1
2

                                 (3.24) 

Here, ʻhʼ is the height of the substrate and ʻWʼ is the width of the patch calculated using Eq. 

3.23. Substituting the value of relative permittivity, height of the substrate and the width of 

the patch in the above equation, we get the effective relative permittivity equal to 3.952. This 

value of effective dielectric constant is used to calculate the effective length and the extension 

in length of the patch due to fringing effect. 

Step 3: Calculating the effective length of the patch. 

 The effective length ʻLeffʼ of the patch is calculated using the Eq. 3.25 given below. 

𝐿𝑒𝑓𝑓 = 
𝑐

2𝑓𝑜√ɛ𝑟𝑒𝑓𝑓

                                                                 (3.25) 

Substituting the value of speed of light, the resonant frequency and the effective dielectric 

constant calculated using Eq. 3.24 in the above expression, we get the effective length of the 

patch equal to 18.86 mm. 
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Step 4: Calculating the extension in the length. 

 The extension in the length ʻ∆Lʼ of the patch is due to the fringing effect and is 

calculated using the Eq. 3.26 given below.  

∆𝐿 = 0.412 × ℎ ×
(ɛ𝑟𝑒𝑓𝑓 + 0.3) (

𝑊
ℎ + 0.264)

(ɛ𝑟𝑒𝑓𝑓 − 0.258)(
𝑊
ℎ + 0.8)

                                    (3.26) 

 Substituting the value of effective relative permittivity, width of the patch and the 

height of the substrate in the above expression gives the extension length equal to 0.925 mm. 

This extension in length is used to find the actual length of the patch which has a resonating 

frequency of 4 GHz. 

Step 5: Calculating the actual length of the patch. 

 The actual length of the patch is less than the effective length of the patch because of 

the fringing fields which is encountered along the length of the patch. Thus the physical 

dimension of the patch is less than the electrical length of the patch and is given by the Eq. 

3.27 below. 

𝐿 = 𝐿𝑒𝑓𝑓 − 2∆𝐿                                                              (3.27) 

 Substituting the value of effective length and the extension in length in the above 

equation gives the value of the actual length of the patch and is equal to 17.01 mm. 

Step 6: Calculating the edge impedance of the patch. 

 The impedance of the patch antenna at the edge ʻZaʼ is calculated using the Eq. 3.28 

which is used further to calculate the cut depth in the inset feed technique used so that proper 

impedance matching is achieved between  the patch and maximum transfer of power takes 

place from the RF source to the patch of an antenna. 

𝑍𝑎 = 90 ×
ɛ𝑟

2

ɛ𝑟 − 1
× (

𝐿

𝑊
)
2

                                                     (3.28) 

 Substituting the value of the length and width of the patch, and the relative 

permittivity of the substrate, the impedance at the edges is found using the above equation. 

The edge impedance of the designed antenna comes out to be 284.42Ω. 

Step 7: Calculating the cut depth of the inset feed technique. 

 Since the current is low and the voltage is maximum at the ends of a half-wave patch 

of the antenna, the voltage decreases and current increases in magnitude as we move towards 

the center of the patch, thus the input impedance (Z=V/I) could be reduced if the patch is fed 

closer to the center. One method to do this is by using the inset feed (a distance R from the 

end of the patch) as shown in Fig. 3.12. 
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Fig. 3.12: Microstrip patch antenna with inset feed. 

 Since the current has a sinusoidal distribution, moving a distance ʻRʼ from the edge 

will vary the sinusoidal current by a factor cos(π×R/L), and so does the phase difference vary 

by the (π×R/L). The voltage also decreases in magnitude by the same amount as that the 

current increases, hence using Z=V/I relation, the input impedance at the distance ʻRʼ is given 

by the Eq. 3.27 given below. 

𝑍𝑖𝑛(𝑅) = 𝑍𝑖𝑛(0)𝑐𝑜𝑠2 (
𝜋𝑅

𝐿
)                                                   (3.29) 

 Here, ʻZin (0)ʼ is the edge impedance of the patch which is calculated in the step 6, 

while ʻZin(R)ʼ is the characteristic impedance of the patch antenna at the depth R. The 

impedance of the patch is kept equal to 50Ω so that maximum transfer of power takes place 

from the transmission line to the patch for radiating the EM wave whose characteristic 

impedance is normalized to 50Ω. Substituting the value of edge impedance and the length of 

the patch in the Eq. 3.29, we calculate the value of the cut depth ʻRʼ where the value of the 

edge impedance is equal to the value of the transmission line impedance. The value of the cut 

depth comes out to be 20.239 mm. 

Step 8: Calculating the width and length of the feed line. 

 The microstrip transmission line is used for the impedance matching and has the 

characteristic impedance of the 50Ω. The width and the length of the transmission line is 

calculated by using a line calculator which depends upon the height of the substrate, the 

dielectric constant of the substrate, the operating frequency and the electrical length, i.e. βl. 

 
Fig. 3.13: A schematic of a microstrip line. 

𝑍𝑜 = 
120𝜋

√ɛ𝑟𝑒𝑓𝑓

{
𝑤𝑓

ℎ
+ 1.393 + 0.677 ∗ 𝑙𝑛 [

𝑤𝑓

ℎ
+ 1.444]}

−
1
2
                   (3.30) 

 The Eq. 3.30 in the above expression is used to find the feed width of the transmission 

line whose characteristic impedance is 50 Ω. Substituting the value of substrate height, 
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effective permittivity and the characteristic impedance of the transmission line, the feed 

width ʻwfʼ is calculated using the above equation and is equal to 3.11 mm. The length of the 

feed is considered at a electrical length βl = 180o, i.e. at the length equal to λ/2. The length of 

the feed line ʻLfʼ comes out to be equal to 17.54 mm. 

A schematic for the designed patch antenna is shown in the Fig. 3.14. 

 
Fig. 3.14: Schematic of a patch antenna. 

 The table 3.2 given below summarizes the design parameters for the patch antenna 

having a resonant frequency of 4 GHz. 

Table 3.2 Antenna design parameters for conventional patch antenna at 4 GHz. 

Antenna Parameters Dimension 

Width (W) 22.82 mm 

Length (L) 17.01 mm 

Cut depth (yo) 5.74 mm 

Feed width (wf) 3.11 mm 

Feed length (Lf) 17.54 mm 

Cut width (x) 5.00 mm 

 

Step 9: Designing the waveguide port for the patch antenna. 

 The width of the waveguide port should be six times the width of the microstrip line 

and the height of the waveguide port should be the sum of the five times the height of the 

substrate and twice the height of copper thickness for proper power feeding. 

Length of the port = (5×h+2×t) 

Width of the port = (6×wf) 

 Substituting the value of the height and the thickness of the substrate and the copper 

respectively in the above expression of the length and width of the port, the length of the 

waveguide port comes out to be 8.07 mm and the width of the port comes out to be 18.66 

mm which is symmetrically place along the width of the transmission line. 

 

3.2.2 Simulation and simulated results for a conventional patch antenna 

 The microstrip patch antenna designed in CST Microwave Studio is simulated and the 

various performance parameters for the antenna like the reflection coefficient, far field gain, 

far field directivity, main lobe power pattern, 3-dB angular width, VSWR and the bandwidth 
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are computed during the simulation. The top view of the designed patch antenna is shown in 

the Fig. 3.15 (a) and the orientation of the designed patch antenna in the 3-D space is shown 

in the Fig. 3.15 (b). 

         
                                         (a)                                                                 (b) 

Fig.3.15: (a) Top view, (b) Orientation of the designed patch antenna. 

 From the above figure, it can be seen that the patch antenna lies in the XY-plane of 

the simulation and Z-axis being normal to the plane of an antenna.The Fig. 3.16 shows the 

waveguide port connected to the transmission line to feed the power to the patch.  

 
Fig. 3.16: Waveguide port 1 connected to the transmission line of the patch antenna. 

 The orientation of the feed signal is along the positive Y-direction of the patch and 

has a fundamental mode of TM10. The reflection coefficient of the patch antenna is simulated 

at the waveguide port 1. The S-parameter S(1,1), i.e. the reflection coefficient of the 

microstrip patch antenna measure at the port 1 and hence find the resonant frequency of the 

patch is shown in the Fig. 3.17. 

 
Fig. 3.17: S(1,1) parameter result of a conventional patch antenna. 
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 The S(1,1) parameter which is the reflection coefficient of the antenna shows that the 

patch antenna has the resonant frequency at 4 GHz and having a magnitude of -20.5 dB. The 

S(1,1) parameter which varies as a function of frequency can also be used to calculate the 

bandwidth of the antenna with the help of a -10 dB line. The Fig. 3.18 shows S-parameter 

with the two -10 dB points. 

 
Fig. 3.18: S(1,1) parameter with -10 dB points. 

 From the above diagram it is evident that the two -10 dB points are at 3.936 GHz and 

4.0675 GHz which gives the bandwidth of the patch antenna equal to the difference between 

these two frequency points. The bandwidth of this conventianal patch antenna is found out to 

be 131.5 MHz. 

 The directivity of the patch antenna is defined as the figure of merit which measures 

the power density of the antenna in the direction of main lobe versus the power density of the 

ideal isotropic antenna radiating the same amount of total power. The Fig. 3.19 shown below 

shows the far field directivity of the designed patch antenna at 4 GHz at phi = 0 plane, i.e. the 

E-plane of the antenna. 

 
Fig. 3.19: Farfield directivity of a conventional patch antenna at phi = 0 plane. 

 From the above figure, it can be seen that the directivity of the designed conventional 

patch antenna is 6.81 dBi and has an angular beamwidth (3-dB) of 82.1o and a side lobe level 

of -16.3 dB. The main lobe direction is along Theta = 0o , i.e. along the z-direction of the 

patch antenna and normal to the surface of the patch. 

 The gain of the antenna gives a relative measure of the antenna's ability to direct or 

concentrate the radiated energy in a particular direction. The Fig. 3.20 shows the far field 

gain of the designed patch antenna at 4 GHz at phi = 0 plane. 
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Fig. 3.20: Farfield gain of a conventional patch antenna at phi = 0 plane. 

 From the far-field gain figure, it can be seen that the gain of the designed 

conventional patch antenna is equal to 3.93 dB which is respect to the gain of the isotropic 

antenna for the same amount of input power. 

 The farfield power pattern of the designed conventional patch antenna is shown in the 

Fig. 3.21 at phi = 0 plane at the resonant frequency of 4 GHz. 

 
Fig. 3.21: Power pattern of a conventional patch antenna at Phi = 0 plane. 

From the figure, it is seen that the power of the main lobe magnitude for the designed patch 

antenna is -7.1 dBW/m2. 

 The voltage standing wave ratio (VSWR) is the function of reflection coefficient and 

defines the power reflected from the antenna due to mismatch between the load impedance 

and the impedance of the antenna. The Fig. 3.22 shows the VSWR of the designed antenna as 

a function of frequency. 

 
Fig. 3.22: Variation of VSWR of a conventional patch antenna as a function of frequency. 

 From the above plot of VSWR, it is seen that the VSWR is minimum at the resonant 

frequency of the designed antenna and is equal to 1.201. 
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3.3 Design and simulated results of a microstrip patch antenna using 

complementary split ring resonators at 4 GHz 

 As the technology is rapidly growing, the needs for better patch antennas are being 

proposed with better performance and compact size. Nowadays, metamaterial based patch 

antennas have become very popular wireless communication. Many techniques have been 

proposed for the size reduction of the microstrip patch antenna which are like embedded tails 

along the edges [48], loading a substrate with high dielectric [49], employing shorting pins 

and wall at the patch [50,51] and making cutting slots on the radiating patch [52] which are 

different from the metamaterial based technique for size miniaturization. In this section, 

metamaterial based concept is used for reducing the size of the patch and hence achieves a 

compact size antenna with higher packing efficiency. Complementary split ring resonator 

(CSRR) which is the dual of split ring resonator (SRR) is etched at the ground plane of the 

patch antenna. The microstrip patch antenna with an array of complementary split ring 

resonator is designed on a FR-4 (Lossy) substrate with relative permittivity ‘εr’ value equal to 

4.4 and relative permeability ‘µr’ value equal to 1.0. The height of the substrate ‘h’ has a 

value equal to 1.6 mm and having a loss tangent ʻtanδʼ value equal to 0.025. The patch is 

designed using the Eq. 3.21 through Eq. 3.28 using copper and has the electrical conductivity 

ʻσʼ equal to 5.8×107 S/m. The copper has a thickness of 0.035 mm for both the patch and the 

ground plane of the designed antenna. The dimension of the CSRR is given in the coming 

part of this section and the results for the designed CSRR loaded patch antenna are simulated. 

The inset feed technique is used for impedance matching of the antenna with a transmission 

line having a characteristic impedance of 50 Ω. The various parameters like S-parameter, far-

field gain, far-field directivity, main lobe power pattern, bandwidth and VSWR for the 

designed CSRR loaded patch antenna are shown in the result part of this section. 

 

3.3.1 Design of a CSRR loaded microstrip patch antenna 

 The complementary split-ring resonator which is also called as the slotted split-ring 

resonator or dual split-ring resonator comprises of slots corresponding to the SRR structure. 

These slots have the exact dimension which corresponds to the SRR to introduce capacitance 

in the rings. By using the principle of duality, the CSRRs exhibit the properties that are dual 

to that of the SRRs. The SRRs shows the property of magnetic point dipole, and by using the 

duality principle as proposed by Babinet [53], the CSRR can behave as an electric point 

dipole with the negative polarizability. Thus the fields scattered by the CSRR are given by 

the fields which are produced by the electric dipole. Since the CSRR is the dual of SRR, the 

CSRR is not excited by the magnetic field but is excited by the electric field. The electric 

field is kept parallel to the axis of the CSRR and thus CSRR are etched on the ground plane 

of the patch antenna such that they are easily excited by the electric field which is parallel to 

the axis. The CSRR unlike SRR will not affect the relative permeability of the material but 

will affect the relative permittivity of the medium. The equation used for designing the SRR 

can also be used for designing the CSRR. The schematic for the split ring resonator and its 

dual complementary split ring resonator is shown in the Fig. 3.23. 



40 
 

 
Fig. 3.23: SRR (left) and CSRR (right) and its relevant dimension. 

 Here, ʻaʼ is the lattice dimension for the designed CSRR, ʻrʼ is the length of the outer 

ring, ʻdʼ is the distance between the two concentric rings, ʻwʼ is the width of the ring and ʻgʼ 

is the slit gap in the rings. The grey portion in the above figure represents the copper while 

the white portion is the substrate which is exposed after etching the copper from the substrate. 

The relevant dimension of the designed CSRR is given in the table 3.3. 

Table 3.3 Dimension of the designed CSRR. 

CSRR Parameters Dimension 

Lattice Dimension (a) 6.00 mm 

Outer length of ring (r) 5.00 mm 

Width of ring (w) 0.65 mm 

Distance between two rings (d) 0.50 mm 

Slit gap (g) 0.40 mm 

 The simulated result of relative permittivity for the designed CSRR as a function of 

frequency is shown in the Fig. 3.24. 

 
Fig. 3.24: Variation of permittivity as a function of frequency for a designed CSRR. 

 The simulated result for the CSRR shows that the real part of permittivity is negative 

in the frequency range from 4.7 GHz to 5.3 GHz while the imaginary part of the permittivity 

takes a value in frequency range from 4.3 GHz to 5.2 GHz. The real part of the permittivity 

continuously increases from DC frequency to resonant frequency of the CSRR and then 

attains a negative value till plasmonic frequency and thereafter again starts to increase. The 

real part of the permittivity attains a maximum value of 4 at 4.6 GHz while the imaginary part 

of the permittivity attains a maximum value at 4.8 GHz. Here, the complementary split ring 
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resonator has a resonant frequency of 4.5 GHz where the relative permittivity attains a 

negative value and continues to be negative till 5.3 GHz which is the plasmonic frequency for 

the designed CSRR. The simulated result for the designed CSRR can be verified 

mathematically using the Eq. 2.30 through Eq. 2.34 as proposed in the previous chapter of 

metamaterials. 

 In our proposed work, a microstrip patch antenna is designed whose resonant 

frequency is in the range of 4.4 GHz to 4.7 GHz where the CSRR exhibits a positive and 

large value of permittivity. In this work, a microstrip patch is designed whose resonant 

frequency is equal to 4.62 GHz. 

  The dimensions of the patch antenna with resonant frequency equal to 4.62 GHz are 

calculated using the Eq. 3.21 through Eq. 3.28. The dimensions for the patch antenna are 

formulated in the form of a table and are given in the table 3.4. 

Table 3.4 Antenna parameters for CSRR loaded microstrip patch antenna. 

Antenna Parameters Dimension 

Width (W) 17.50  mm 

Length (L) 14.86 mm 

Cut Depth (yo) 5.64 mm 

Feed Width (wf) 3.11 mm 

Feed Length (Lf) 17.79 mm 

Cut Width (x) 5.00 mm 

3.3.2 Simulation and simulated results of CSRR loaded microstrip patch antenna 

 The CSRR loaded microstrip patch antenna designed in CST Microwave Studio is 

simulated and the various parameters like reflection coefficient, far-field gain, far-field 

directivity, main lobe power pattern, 3-dB angular width, VSWR and the bandwidth are 

computed during the simulation are their plot are shown. The designed microstrip patch 

antenna has an array of CSRR etched at the ground plane of the patch antenna. The Fig. 3.25 

(a) shows the top view of the designed patch antenna, while Fig. 3.25 (b) is the bottom view 

of the designed patch antenna which contains three CSRR etched at the ground plane of the 

antenna just behind the patch. 

 
                                                 (a)                                                          (b) 

Fig. 3.25: (a) Top view, (b) Bottom view of a designed microstrip patch antenna with CSRRs at the 

ground plane. 
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 The Fig. 3.26 (a) gives the orientation of the designed patch antenna while the Fig. 

3.26 (b) shows the waveguide port connected to the transmission line feed of the microstrip 

patch antenna. 

 

 
                                  (a)                                                                       (b) 

Fig. 3.26: (a) Orientation, (b) Waveguide port of the CSRR loaded patch antenna. 

 The feed signal for the CSRR loaded patch antenna is oriented along the Y-direction 

and has a fundamental mode of TM10. The reflection coefficient is simulated at the 

waveguide port 1 for the microstrip patch antenna. The S-parameter S(1,1) which is the 

reflection coefficient of the patch is shown in the Fig. 3.27. 

 
Fig.3.27: S(1,1) parameter result for a CSRR loaded patch antenna. 

 The reflection coefficient for the patch antenna shows that the resonant frequency of 

the CSRR loaded patch antenna is 4 GHz and has a magnitude of -65 dB.  

 The reflection coefficient which varies as a function of frequency is also used to 

calculate the bandwidth of the antenna using a -10 dB points. The Fig. 3.28 shows S-

parameter plot with two -10 dB frequency points. 
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Fig. 3.28: S(1,1) parameters with -10 dB points. 

 From the above diagram it is seen that the two -10 dB points are at 3.9392 GHz and 

4.0821 GHz which gives the bandwidth of the patch antenna equal to the difference between 

these two points. The bandwidth of this CSRR loaded patch antenna is found out to be 142.89 

MHz. 

 The Fig. 3.29 shown below shows the far-field directivity of the designed CSRR 

loaded microstrip patch antenna at 4 GHz at phi = 0 plane, i.e. the E-plane of the antenna. 

 
Fig. 3.29: Farfield directivity of a CSRR loaded patch antenna at phi = 0 plane. 

 From the simulation result of farfield directivity of a patch antenna, it is seen that the 

designed antenna has a directivity equal to 5.77 dBi, angular 3-dB width equal to 101.1o and 

a side lobe level of -6.9 dB. The main lobe direction is along Theta = 0o , i.e. normal to the 

surface of the patch. 

 The Fig. 3.30 shows the far-field gain of the CSRR loaded patch antenna at 4 GHz for 

phi = 0 plane. 

 
Fig. 3.30: Farfield gain of a CSRR loaded patch antenna at phi = 0 plane. 
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 From the figure, it is seen that the farfield gain of the CSRR loaded patch antenna has 

a value of 3.16 dB which is with respect to the isotropic antenna for the same amount of input 

power. 

 The farfield power pattern of the designed CSRR loaded patch antenna is shown in 

the Fig. 3.31 at phi = 0 plane having a resonant frequency of 4 GHz. 

 
Fig. 3.31: Power pattern of a CSRR loaded patch antenna at Phi = 0 plane. 

 From the figure shown for the far-field power pattern, it is seen that the designed 

CSRR loaded patch antenna has a main lobe magnitude of -7.84 dbW/m2. 

 The figure 3.32 shows the VSWR for the designed CSRR loaded microstrip patch 

antenna as function of frequency. 

 
Fig. 3.32: Variation of VSWR of a CSRR loaded patch antenna as a function of frequency. 

 From the above plot of VSWR, it is seen that the VSWR is minimum at the resonant 

frequency of the designed antenna and is equal to 1.008. 

 From the simulated result of the CSRR loaded patch antenna and conventional patch 

antenna, it can be concluded that the resonant frequency of the conventional microstrip patch 

antenna decreases when the ground plane of the antenna is loaded with an array of CSRR 

with appropriate dimensions. Thus the CSRR loaded patch antenna helps in miniaturization 

of the patch antenna. Also from the above results of conventional patch antenna and CSRR 

loaded patch antenna, it is seen that the far-field directivity, far-field gain and the magnitude 

of main lobe power pattern slightly decreases as the size of the patch is reduced while there is 

an increase in its bandwidth, 3-dB angular width and side lobe level. 
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3.4 Gain and directivity enhancement of the CSRR loaded microstrip patch 

antenna using double-superstrate configuration. 

 In the previous section, we simulated a CSRR loaded patch antenna which suffered a 

drawback of reduced directivity, gain and main lobe power pattern. These drawbacks need to 

be overcome as nowadays antennas with high directivity, high gain and main lobe power are 

required for wireless communication system. High directivity and gain antennas are required 

to direct the power in a particular direction and for transmitting more power towards the 

receiver respectively. Many techniques like spiral-shaped electromagnetic bandgap structures 

antennas [54], Fabry-Perot cavity antenna [55] and parasitic patch small patch antenna [56] 

are used to increase the directivity and gain of the designed patch antenna. 

 In this section, a double-superstrate configuration is used to enhance the directivity 

and gain of the designed CSRR loaded patch antenna. The two dielectric superstrates are used 

above the patch which are separated by the air gaps and acts like an aperture to the antenna 

and thus increases the effective aperture size which further enhances the directivity of the 

patch antenna when compared to a conventional patch antenna [57]. Dielectric superstrates 

over the ground plane of the patch uses the concept of multiple reflection phenomenon [58-

60] in order to improve the directivity, gain and the main lobe power pattern of the microstrip 

patch antenna. The two dielectric layers which are used as superstrates have some finite 

thickness and are separated to each other by an air gap. The thickness of the superstrates and 

the thickness of the air gaps are the key parameters for controlling the directivity and gain 

enhancement for the patch antenna. The structure of the double-superstrate configuration 

(DSC) over the designed CSRR loaded patch antenna is shown in the Fig. 3.33. 

 
Fig. 3.33: Structure of a double-superstrate configuration over a microstrip patch antenna. 

 The superstrate 1 in the figure shown for the structure of DSC has a relative 

permittivity of ʻεr3ʼ and the thickness of ʻt3ʼ which is separated by an air gap of thickness ʻt4ʼ 

with the superstrate 2 which is placed above the superstrate 1. The superstrate 2 has a 

thickness of ‘t5’ and the relative permittivity of ‘εr5’. The patch of the antenna is separated 

from the superstrate 1 by an air gap of thickness ‘t2’. The thickness of the air gaps and the 

superstrates are optimized to give the maximum directivity and gain of a designed patch 

antenna [57]. The thickness of the superstrates is given in the Eq. 3.29. 
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𝑡𝑖 =
𝜆𝑜

4√𝜀𝑟𝑖

      𝑖 = 3,5                                                          (3.29) 

 The thickness of the two superstrates is calculated using the above expression where 

ʻλoʼ is the wavelength in free space. The resonant frequency of the designed CSRR loaded 

patch antenna is 4 GHz, thus the free space wavelength ‘λo’ is equal to 75 mm. The relative 

permittivity of both the superstrates has the same value, i.e. εr3 = εr5 = 3.0. In order to 

maximize the directivity and gain of the antenna, the thickness of the air gap 2, i.e. ‘t4’ is 

optimized to a value equal to 0.27λo and the thickness of the air gap 1, i.e. ‘t2’ is optimized to 

value equal to 0.44λo as proposed by Kaymaram [57]. The dimension of the two superstrates, 

i.e. the length and the width of the superstrates are kept equal to the length and the width of 

the substrate respectively on which a patch antenna is designed. The parameters for the 

thickness of the superstrates and the air gaps of the double-superstrate configuration are given 

in the table 3.5 shown below. 

Table 3.5 Design parameters for double-superstrate configuration. 

Parameter Thickness (mm) 

Superstrate 1 (t3) 10.82 

Air Gap 1 (t2) 33.00 

Superstrate 2 (t5) 10.82 

Air Gap 2 (t4) 20.75 

 The 3-D view of the CSRR loaded patch antenna with the double-superstrate 

configuration designed in CST Microwave Studio with the calculated superstrates thickness 

and the thickness of the air gaps is shown in the Fig. 3.34. 

 
Fig. 3.34: 3-D view of a CSRR loaded patch antenna with two layers of superstrates. 

 The dimensions of the designed patch antenna is kept same, thus the above antenna 

has the same frequency of operation, i.e. at 4 GHz. The simulation of the above designed 

patch antenna is done in CST Microwave Studio to verify the results of the proposed CSRR 

loaded patch antenna with DSC. The various parameters like S-parameter, far field gain, far 

field directivity, main lobe power pattern, bandwidth and VSWR are computed.  

 The S-parameter S(1,1), i.e. the reflection coefficient of the CSRR loaded patch 

antenna with DSC is shown in the Fig. 3.35. 
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Fig. 3.35: S(1,1) result of a CSRR loaded Patch Antenna with DSC. 

 The reflection coefficient for the patch antenna shows that the resonant frequency of 

the CSRR loaded patch antenna with DSC is 4 GHz and has a magnitude of -19 dB. The 

reflection coefficient which varies as a function of frequency is also used to calculate the 

bandwidth of the antenna using a -10 dB points. The Fig. 3.36 shows S-parameter plot with 

two -10 dB frequency points. 

 
Fig. 3.36: S(1,1) parameters with -10 dB points. 

 From the above diagram it is seen that the two -10 dB frequency points are at 3.9455 

GHz and 4.0608 GHz which gives the bandwidth of the patch antenna equal to the difference 

between these two points. The bandwidth of this CSRR loaded patch antenna is found out to 

be 115.25 MHz. 

 The Fig. 3.37 shown below shows the farfield directivity of the designed CSRR 

loaded microstrip patch antenna with DSC at 4 GHz at phi = 0 plane, i.e. the E-plane of the 

antenna. 

 
Fig. 3.37: Farfield directivity of a CSRR loaded patch antenna with DSC at phi = 0 plane. 

 From the simulation result of far-field directivity of a patch antenna with DSC, it is 

seen that the designed antenna has a directivity equal to 8.28 dBi, angular 3-dB width equal 
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to 57.5o and a side lobe level of -5.8 dB. The main lobe direction is along Theta = 0o, i.e. 

normal to the surface of the patch. 

 The Fig. 3.38 shows the far-field gain of the CSRR loaded patch antenna with DSC at 

4 GHz for phi = 0. 

 
Fig. 3.38: Farfield gain of a CSRR loaded patch antenna with DSC at phi = 0 plane. 

 From the above figure, it is seen that the farfield gain of the CSRR loaded patch 

antenna has a value of 5.03 dB which is with respect to the isotropic antenna. 

 The farfield power pattern of the designed CSRR loaded patch antenna with DSC is 

shown in the Fig. 3.39 at phi = 0 plane having a resonant frequency of 4 GHz. 

 
Fig. 3.39: Power pattern of a CSRR loaded patch antenna with DSC at Phi = 0 plane. 

 From the far-field power pattern figure, it is seen that the power of the main lobe 

magnitude is -6.01dBW/m2. 

 The figure 3.40 shows the VSWR for the designed CSRR loaded microstrip patch 

antenna with DSC as function of frequency. 

 
Fig. 3.40: Variation of VSWR of a CSRR loaded patch antenna with DSC as a function of frequency. 

 From the above plot of VSWR, it is seen that the VSWR is minimum at the resonant 

frequency of the designed antenna and is equal to 1.2532. 



49 
 

3.5 Comparative analysis of various performance parameter for the 

designed patch antennas 

 In this section, the comparison between the performance parameters of the 

conventional microstrip patch antenna, CSRR loaded microstrip patch antenna and CSRR 

loaded microstrip patch antenna with double-superstrate layer is shown and formulated in the 

form of a table. The table 3.6 summarizes the comparison of various type of patch antennas 

having the same resonant frequency. The comparison table has performance parameters like 

dimensions (width×length), area of the patch antennas, far-field directivity, far-field gain, 

main lobe power magnitude, bandwidth, 3-dB angular beamwidth and side-lobe level. The 

percentage miniaturization of the CSRR loaded patch with respect to conventionally designed 

patch antenna is calculated in terms of the area using the Eq. 3.30 given below. 

% 𝑆𝑖𝑧𝑒 𝑚𝑖𝑛𝑖𝑎𝑡𝑢𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =  
𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑃𝐴 − 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑆𝑅𝑅𝑃𝐴

𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑆𝑅𝑅𝑃𝐴
× 100                   (3.30) 

Here, ʻCPAʼ stands conventionally designed patch antenna and ʻCSRRPAʼ stands for CSRR 

loaded patch antenna. 

Table. 3.6 Comparitive analysis of performance parameters for designed patch 

antennas. 

Parameter Conventional 

Patch Antenna 

CSRR loaded 

Patch Antenna 
CSRR loaded Patch 

Antenna with DSC 

Dimensions 

(Width×Length) 

(mm×mm) 

 

22.82 × 17.01 

 

17.50 × 14.86 

 

17.50 × 14.86 

Area (mm2) 388.1682 260.05 260.05 

Farfield Directivity 

(dBi) 
6.81 5.77 8.28 

Farfield Gain (dB) 3.93 3.16 5.03 

Main Lobe Power 

(dBW/m2) 
-7.1 -7.84 -6.01 

Bandwidth (MHz) 131.5 142.89 115.25 

VSWR 1.201 1.008 1.253 

Angular Width (3dB) 

(deg.) 
82.1 101.1 57.5 

Side Lobe Level (dB) -16.3 -6.9 -5.8 

  From the above table we can conclude that the CSRR loaded patch antenna has 

smaller dimension than the dimensions of a conventional patch antenna having the same 

resonant frequency of 4 GHz. The CSRR loaded patch antenna showed a significant 

improvement in its bandwidth but suffered a drawback of reduced far-field directivity, far-

field gain and magnitude of main lobe power which was overcome by using double-

superstrate layers over a microstrip patch. The CSRR loaded patch antenna with DSC showed 
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a significant improvement in the performance parameters of the antenna which had the same 

dimensions to that of a CSRR loaded patch antenna. From the above table, it is seen that the 

directivity of the CSRR loaded patch antenna with DSC has increased by 2.51 dBi and its 

gain improved by 1.87 dB. The proposed CSRR loaded patch antenna with DSC helped us 

achieve a size reduction of 33% with better performance parameters to that of a 

conventionally designed patch antenna. 

 

3.6 Fabrication and testing of a designed CSRR loaded patch antenna 

 The CSRR loaded microstrip patch antenna is designed on a printed circuit board 

(PCB) with a copper as the perfect electrical conductor (PEC) of height 0.035 mm on a FR-4 

substrate having a dielectric constant of 4.4 and thickness equal to 1.6 mm. The layout of the 

designed patch and the CSRR is designed in Coral Draw graphic design software for 

preparing the masks. Once the mask is printed on the transparent sheet, the patch and the 

CSRR at the ground plane is fabricated using conventional photolithography process. 

Photolithography method is a chemical etching process which is used to remove the 

unwanted metal regions of the PCB. Photolithography method produces highly accurate 

etched pattern for a microstrip patch. The fabrication accuracy is very important and critical 

as the microstrip patch antennas are narrow band resonant structure in which the errors in the 

patch dimensions will shift the resonant frequency of the antenna. The front and the back 

view of the fabricated patch antenna are shown in the Fig. 3.41. 

 
                                         (a)                                                                   (b) 

Fig. 3.41: (a) Front view, (b) back view of fabricated patch antenna 

 

 The measurement and testing of the fabricated CSRR loaded patch antenna is done 

using a Scalar Network Analyzer, Model No.: HP8757A having a sweep oscillator to control 

the display of the analyzer, Model No.: HP8350B. A RF Plug-In, Model No.: HP83525A is 

used to feed power to the patch antenna which is connected to it via Directional Bridge, 

Model No.: HP85027C. The figure 3.42 shows the setup for measuring the reflection the 

reflection coefficient for the designed patch antenna. 
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Fig. 3.42: Experimental setup for measuring the reflection coefficient for the patch antenna. 

 

The Fig. 3.43 shows the result obtained during testing on the scalar network analyzer. 

 

 
Fig. 3.43: Tested result of the CSRR loaded patch antenna on network analyzer. 

 The tested result shows that the designed CSRR loaded patch antenna has a resonant 

frequency of 4.0850 GHz which is very close to the resonant frequency of the proposed 

design. 
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CHAPTER 4 

Microstrip bandpass filter based on metamaterials 

_______________________________________________________ 

4.1 Introduction to filters 
 A basic review of some of the microwave filters are presented in this section before 

designing a bandpass filter. A filter is a device which removes the undesired frequency 

components from a signal while allowing the desired signal components to pass through 

them, or in other words we can say that a filter is a two port device which attenuates 

unwanted frequency component and allows transmission of the desired frequency component 

of an electrical signal. For the microwave filters, the range of frequency lies from ~300 MHz 

to ~300 GHz. The ability of the filter to reject the unwanted frequencies in a signal and pass 

the desired frequency find its application in several areas in wireless communication and 

signal processing field. For designing a microwave filters, certain important factors like cost 

for the device, fabrication difficulty, size of the filter and the ability of the component to be 

easily integrated with the other technologies are considered. These filters can be classified 

into three types: active filters which require an external power for its operation, passive filters 

which requires no external power and hybrid filters which is the combination of active and 

passive filters. In addition to it, filters can be classified into four types based on the frequency 

response: low-pass, high-pass, band-stop and band-pass filter.  

 A microwave filter can be represented as a two-port network which has two pairs of 

terminals that connects the network to the external circuit. This pair of terminal is known as 

ports and has a condition that the current entering in one terminal is equal to the current 

exiting the second terminal. The two-port network can be analyzed with the help of several 

performance measures like scattering (S) parameters, ABCD parameters, impedance (Z) 

parameters, admittance (Y) parameters, etc. In this work, S-parameters are used for analyzing 

the designed filter.  

  The passive RF and microwave filters are often represented by the lumped element 

models in which the circuits is made up of series and parallel or shunt combination of 

capacitors and inductor components. The lumped components can be usually represented in 

dual types of network configuration, first is the T-section network and second is the π-section 

network.  

The Fig. 4.1 shows the T-section and the π-section of the lumped element. 

 
                                        (a)                                                           (b) 

Fig. 4.1: (a) T-section and, (b) π-section of the lumped elements. (Taken from Ref. [61]) 
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 The T-section has a series element that is connected to a single end of the shunt 

element and thus making a ʻTʼ shape. Similarly, the π-section has two shunt elements 

connected to a series element in between the shunt elements thus making a ʻπʼ shape. Both 

the T-section and π-section are symmetric and contains odd number of elements in order to 

have symmetry during analysis. 

 The microwave components are classified into four categories depending upon the 

characteristics of their frequency response. First is the low-pass filter in which the lower 

frequency components of the signal are passed through the network while the higher 

frequency components of the signal get attenuated. The lumped element T-section and the π-

section of the low-pass filter are shown in the Fig. 4.2. 

 
Fig. 4.2:  T-section and the π-section of the low-pass filter. (Taken from Ref. [61]) 

 The Fig. 4.3 shows the response of a low-pass filters where ʻfʼ is the cutoff frequency 

of the filter after which the stopband region starts and provides attenuation to the frequency 

components of the signal. The normalized output power in the stopband region is less than 

the half.  

 
Fig. 4.3: Response of a low-pass filter as a function frequency. 

 In the low-pass filter, the inductor serves as a series element while capacitance acts a 

shunt element. At lower frequencies below the cutoff frequency, the capacitance acts like 

open circuit and current flows through the inductor. At higher frequencies above the cutoff 

frequency, currents flows through the capacitor and effectively short circuiting the line to 

ground. Thus a very low amount of power is transmitted through the device at the higher 

frequencies and hence the signal gets attenuated. 

 The opposite of the low-pass filter is a high-pass filter in which the lower frequency 

components below the cutoff frequency are attenuated and the higher frequency components 

of the signal are passed through the network. The T-section and the π-section of the high-pass 

filter is shown in the Fig. 4.4 below. 
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Fig. 4.4:  T-section and the π-section of the high-pass filter. (Taken from Ref. [61]) 

 In a high-pass filter, the capacitance is a series element while the inductance is a shunt 

element. At lower frequencies below the cutoff frequency, the inductor acts like a short 

circuit to the ground thus preventing the signal to pass through the network. At the higher 

frequencies greater than the cutoff frequency, the inductor acts as an open circuit and 

capacitance acts as a shirt circuit which allows the signal to propagate through the network. 

The low-pass and high-pass filters are duals in nature can be transformed from one to another 

by replacing the inductance with the capacitance and capacitance with the inductance. The 

Fig. 4.5 shows the response of a high-pass filter. 

 
Fig. 4.5: Response of a high-pass filter as a function frequency. 

 Apart from low-pass and high-pass filter, there exist band-stop and band-pass filter. 

The band-stop filter is a filter which is designed to allow frequencies from DC onward except 

a certain band of frequencies. This band is called as the stopband of the signal in which the 

signal gets attenuated and allows propagation to take place in other frequency range. In the 

band-pass filter, a single band of frequency components is passed while the region outside the 

passband is attenuated by the network.   

 The Fig. 4.6 shows the T-section and π-section of the band-stop filter using lumped 

elements. 
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Fig. 4.6: T-section and the π-section of the band-stop filter. (Taken from Ref. [61]) 

 The series element of the band-stop filter has a parallel combination of an inductor 

and capacitor which forms an ideal tank circuit, while the shunt element of the stop-band 

filter has a series combination of an inductor and capacitor. At the lower and higher 

frequencies, the capacitance provides very high impedance while the inductor provides very 

low impedance in the series combination and this provides very low impedance and allows 

the frequency components of the signal to pass through it. At lower and higher frequencies, 

the shunt combination acts as an open circuit and thus preventing the signal from being 

shorted to ground. In the medium frequency range, the shunt elements provide very low 

impedance which shorts the signal to the ground and hence the medium frequency component 

of the signal does not pass through the network and forms a stopband. 

The Fig. 4.7 below shows the response of the band-stop filter. 

 
Fig. 4.7: Response of a band-stop filter as a function frequency. 

 Here, ʻf1ʼ is the lower cutoff frequency and ʻf2ʼ is the higher cutoff frequency and the 

stopband lies between the upper and lower cutoff frequency in which the normalized output 

power is below the 0.5. Thus the frequency components between the higher and lower cutoff 

frequency components get attenuated while other frequency components pass through the 

network.  

 The Fig. 4.8 shows the T-section and π-section of the band-pass filter using lumped 

elements. 
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Fig. 4.8: T-section and the π-section of the band-stop filter. (Taken from Ref. [61]) 

 The series elements of the band-pass filter has a series combination of inductor and 

capacitor while the shunt element of the network has parallel combination of inductor and 

capacitor. The series element offers high impedance at lower and higher frequencies which 

attenuates the signal to pass through the network. While at medium frequencies, the series 

elements provide medium impedance which allows signal to propagate through the network 

while the parallel combination of inductor and capacitor provides high impedance and thus 

avoiding short circuited condition. 

The Fig. 4.9 shown below is the response of the band-pass filter. 

 
Fig. 4.9: Response of a band-pass filter as a function frequency. 

 Here, ʻf1ʼ is the lower cutoff frequency and ʻf2ʼ is the higher cutoff frequency and the 

passband lies between the upper and lower cutoff frequency in which the normalized output 

power is above the 0.5. The frequency components outside the passband get attenuated by the 

system. 

 To realize microwave filters, a planar microstrip transmission line design approach is 

used to design a filter. Microstrip offers several engineering advantages which includes ease 

to integrate with active and passive devices, small size, low cost and light weight. For 

designing a microstrip filters various methods have been proposed. The image parameter 

method on one of the method is conventionally used for designing a microwave filter in 

which the specification of the passband and the stopband characteristic is defined and the 

cascade combination of the two-port networks is used for designing a filter. This method is 

relatively simple but suffers a drawback of arbitrary frequency response of a system and 

hence not practically used. The image parameter method has various methodologies like 

constant f-filter section, m-filter section and composite filter structures which are used to 

design a low pass and high pass filter based on passband and stopband characteristics 
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specified. The cascade of lowpass and highpass filter designed can be used to design a 

bandstop and bandpass filter by selecting proper cutoff frequencies of the low-pass and high-

pass filters. The insertion loss method is another method which is practically used for 

designing filters with high degree of freedom to control the passband and the stopband 

amplitude and phase characteristic and hence synthesize a desired frequency response. The 

filter response in this method depends upon the power loss ratio and uses some practical 

response like maximally flat (Butterworth), equal ripple (Chebyshev) and elliptical function 

for designing a filter. In insertion loss method, first a low-pass filter prototype is designed 

and then with proper scaling and frequency conversion, other high-pass, bandstop or 

bandpass filter is designed using this low-pass filter prototype. The filters designed are 

lumped element filters applicable at lower frequencies. Thus to implement them for 

microwave range, Richard's transformation and Kuroda's identity are applied to the lumped 

element filters designed. The Richard's transformation is used to convert the lumped elements 

into a transmission line section and Kuroda's identity is used to separate this transmission line 

section and thus makes the microwave filter design more realizable. Impedance and 

admittance inverters is also used for designing microwave filters. The stepped impedance 

approach of designing the filters can also be used for designing a lowpass, highpass, bandpass 

and stopband filter. A parallel coupled transmission line is another approach which can be 

used to design many types of filters.  

 Fabrication of bandpass and bandstop filter using coupled line techniques is easy in 

microstrip lines with a bandwidth less than 20%. The bandpass filters can also be designed 

using coupled line resonators which includes quarter-wave resonators, capacitively coupled 

series resonators, capacitively coupled shunt resonator. All the above method provide a 

narrow bandwidth in its designing thus to achieve a greater bandwidth a new approach of 

designing a bandpass filter with greater bandwidth is proposed. The wideband bandpass filter 

is proposed in the next section.   

 

4.2 Design and simulated result of microstrip bandpass filter using CSRR 

 In this section, a wideband bandpass filter has been designed for wireless 

communication system. Nowadays, wideband bandpass filter with low insertion loss, low 

cost and high performance are being desired for its application in various communication 

fields. A planar bandpass filter are fabricated on printed circuit board by pattern forming 

which is a very attractive feature for practical use and has a easy method to fabricate it. The 

planar wideband bandpass filters are usually formed with the help of a transmission lines and 

requires some proper resonator circuits which may acquire a large area in the communication 

devices. Thus a compact size wideband bandpass filters are needed to be designed. 

Complementary split-ring resonators which exhibits negative permittivity and exhibit the 

characteristics of left-handed metamaterials in planar configuration [62] are proposed in this 

section for the designing of a wideband bandpass filter. Some of the attractive features of the 

designed CSRRs are their compact size, high quality factor (Q), low radiation loss and low 

cost of designing it in a planar structure [63]. Many compact filters using the CSRRs with 

different structures have been proposed to achieve a wide passband. These includes cascading 

highpass and lowpass CSRR filters [64], stepped impedance resonators and an open-circuited 
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stub [65], coupled square loop [66], odd-even modes CSRR bandpass filter [67], dual mode 

open loop microstrip filters [68], etc. In this proposed work, a improved structure for 

wideband bandpass filter is designed by changing the crucial design parameters of the filters. 

A parameter optimizing procedure and a numerical computation were used as proposed by 

K.T Kim et al [69] for designing a wideband bandpass filter with a compact size and good 

performance characteristics.  

 The Fig. 4.10 shows the design of a CSRR loaded transmission line with a capacitive 

gap and its equivalent lumped element model which is used to design a bandpass filter. This 

first left-handed transmission line based on the concept of CSRR above it was implemented 

in the year 2004 [62] with a series gap in the transmission line.  

 
                                         (a)                                                          (b) 

Fig. 4.10: (a) CSRR loaded transmission line (b) Lumped element model. (Taken from Ref [69]) 

 From the equivalent circuit of the complementary split-ring resonators at the ground 

plane of the substrate, the CSRR can expressed as a resonant tank circuit with ʻLcʼ as the 

inductance and ʻCcʼ as the capacitance of the CSRR tank circuit. ʻLʼ models the line 

inductance of the transmission line above the CSRR and ʻCgʼ represents the gap capacitance 

in the designed transmission line. Here ʻCʼ is the capacitance due to the electrical coupling 

between the transmission line and the CSRR [70]. In the CSRR circuit shown in the above 

figure, ʻLcʼ is the parallel inductance of the two rings and is given by the equation Eq. 4.1 

given below [71]. 

𝐿𝑐 =
𝐿𝑜

4
                                                                            (4.1) 

 Here each inductance of the parallel rings is given by Lo/2 where ʻLoʼ is defined in the 

Eq. 4.2 given below [71]. 

𝐿𝑜 = 2𝜋𝑟𝑜𝐿𝑝𝑢𝑙                                                                 (4.2)  

 Here, ʻLoʼ is obtained for a single ring of average radius ʻroʼ and the width of the ring 

ʻcʼ. Here ʻLpulʼ is called as the inductance per unit length of the coplanar waveguide which 

connects the inner wall of the rings to the ground [71]. The capacitance ʻCcʼ of the CSRR 

resonant circuit can be approximated by the average radius, width of the wire and the 

dielectric [62]. The ʻCgʼ which is the total capacitance of the transmission line for designing a 

bandpass filter can be expressed in terms of ʻCsʼ and the ʻCparʼ. Here the ʻCparʼ is the parasitic 

capacitance which is given in the Eq. 4.3 [71]. 

𝐶𝑝𝑎𝑟 = 𝐶𝑓 + 𝐶𝐿                                                               (4.3)    
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 Here ʻCfʼ is the fringing capacitance of the gap due to fringing of the fields and ʻCLʼ is 

the inductance of the transmission line. The capacitance ʻCgʼ is expressed in Eq. 4.4 given 

below [71]. 

𝐶𝑔 = 2𝐶𝑠 + 𝐶𝑝𝑎𝑟                                                               (4.4)    

 Here, ʻCsʼ is the series capacitance of the gap. The series gap introduced in the 

transmission line on the phase opposite to the CSRR is mainly responsible for negative 

permittivity in the filter design. Thus combining the gaps and the CSRRs in the structure, a 

narrow band with simultaneously negative permeability and permittivity appears in the region 

close to the resonance frequency of the designed CSRR and hence exhibit a left-handed 

behavior in that band [72]. From the design of the bandpass filter, it can be said that the ʻLcʼ 

is useful for determining the central frequency of the filter and ʻCcʼ is used to the varying the 

bandwidth of the filter. The total capacitance ʻCgʼ of the transmission line is the key factor for 

varying the passband of the filter. The increase in the line capacitance increases the passband 

of the bandpass filter. As shown in the Eq. 4.4, the gap capacitance which is the sum of 

fringing capacitance, line capacitance and series gap capacitance can vary the bandwidth of 

the filter, but in our design model we do not restrict the variation to only series gap 

capacitance but also use a parallel line gap capacitance in the series gap in order to design a 

simple and better bandpass filter which has higher degree of freedom to vary the passband 

characteristic of the filter. The schematic of the proposed wideband bandpass filter with a 

parallel transmission line stub on it with a series gap on one side of the substrate and the 

CSRR in the opposite side of the substrate [69] is shown in the Fig. 4.11 below. There are 

eight design parameters for a bandpass filter which controls the central frequency and the 

bandwidth of the filter.  

 
Fig. 4.11: Design of a CSRR loaded bandpass filter. (Taken from Ref. [69]) 

 The eight design parameters crucial for designing a bandpass filter are the width of 

the ring ‘ring_w’, ring distance between the two concentric rings ‘ring_d’, ring gap in the 

rings ‘ring_gap’, radius of the outer ring ‘out_r’, the capacitance stub width ‘stub_w’, the 

capacitance stub length ‘stub_l’, transmission line width ‘t_line_w’ and the transmission line 

gap ‘t_line_gap’. 

 The wideband bandpass filter (WBPF) is designed on a FR-4 (Lossy) substrate having 

its relative permittivity ʻɛrʼ equal to 4.4 and the height of the substrate ‘h’ equal to 1.6 mm. 

The transmission line and the ground plane of the filter is made up of copper whose 
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conductivity ‘σ’ is equal to 5.8×107 S/m and the thickness of the copper ‘t’ equal to 0.035 

mm.  The design parameters for the WBPF are formulated in the Table 4.1 given below. 

Table 4.1 Design parameters of a CSRR loaded bandpass filter. 

Parameters for CSRR loaded bandpass filter Dimensions 

Outer Ring radius (out_r) 5.0 mm 

Ring Width (ring_w) 0.5 mm 

Ring distance ( ring_d) 0.35 mm 

Ring gap (ring_g) 0.75 mm 

Transmission line Width (t_line_w) 3.05 mm 

Transmission line Length (t_line_l) 7.0 mm 

Transmission line Gap (t_line_gap) 0.75 mm 

Capacitance stub width (stub_w) 0.5 mm 

Capacitance stub length (stub_l) 4.5 mm 

  

 The transmission line designed has width of 3.05 mm in order to have a characteristic 

impedance normalized to 50Ω so that maximum power is transferred from the waveguide 

port to the filter. The top view of the WBPF containing the transmission line having the 

capacitive gap and parallel stub capacitance is shown in the Fig. 4.12 (a) while the bottom 

view containing the CSRR which is etched on the substrate of the proposed WBPF is shown 

in the Fig. 4.12 (b). 

 
                                       (a)                                                                             (b) 

Fig. 4.12: (a) Top view of designed bandpass filter, (b) Back view of CSRR containing CSRR. 

 The Fig. 4.13 shows the two waveguide ports of the designed filter across which the 

S-parameters of the filter are measured. 

 
Fig. 4.13: The waveguide ports for a microstrip bandpass filter. 
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 The frequency domain solver is used in CST Microwave Studio for obtaining the S-

parameter of the designed bandpass filter. The Fig. 4.14 shows the simulated S(2,1) result of 

the filter. 

 
Fig. 4.14: S(2,1) result of the designed bandpass filter. 

 The S(2,1) result which is the transmission coefficient from port 1 to port 2 of the 

filter can be used to find the bandwidth of the filter with the help of -3dB points where the 

power of the of wave received at the port 2 becomes half the power inputted at the port 1. The 

Fig. 4.15 (a) and Fig. 4.15 (b) shows the upper and lower -3dB cutoff frequencies 

respectively. The difference between these -3dB cutoff frequencies gives the bandwidth of 

the designed filter. 

 
(a) 

 
(b) 

Fig. 4.15: (a) Lower -3dB cutoff frequency, (b) Upper -3dB cutoff frequency. 
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 From the above graph it can be seen that the lower -3dB cutoff frequency of the 

bandpass filter is at 2.026 GHz while the upper cutoff -3dB cutoff frequency of the designed 

filter is at 4.775 GHz. The difference between the upper and lower cutoff frequency of the 

bandpass filter gives the bandwidth of the designed filter. Thus the bandwidth of the designed 

filter is approximately equal to 2.750 GHz. From the S(2,1) parameter variation as a function 

of frequency, it can be seen that the central frequency of the designed filter is 3.375 GHz. 

The quality factor ʻQʼ of the designed filter can be determined using the Eq. 4.5 as shown 

below. 

𝑄 =
𝑓𝑜

𝐵𝑊
=

𝑓𝑜
𝑓ℎ − 𝑓𝑙

                                                         (4.5) 

 Here, ʻfoʼ is the central frequency of the bandpass filter, ʻfhʼ is the -3dB upper cutoff 

frequency and ʻflʼ is the -3dB lower cutoff frequency of the filter. From the above expression, 

the quality factor of the bandpass filter comes out to be 1.227. Thus a compact size wideband 

bandpass filter is designed using the CSRR at the ground plane of the substrate and its 

passband and stopband plots are simulated in the software. 

 

4.3 Fabrication and testing of the designed CSRR loaded bandpass filter  

 The CSRR loaded bandpass filter is designed on a printed circuit board (PCB) with a 

copper as the perfect electrical conductor (PEC) of height 0.035 mm on a FR-4 substrate 

having a dielectric constant of 4.4 and thickness equal to 1.6 mm. The layout of the designed 

transmission line and the CSRR is designed in Coral Draw graphic design software for 

preparing the masks. Once the mask is printed on the transparent sheet, the patch and the 

CSRR at the ground plane is fabricated using conventional photolithography process. The 

front and the back view of the fabricated CSRR loaded bandpass filter are shown in the Fig. 

4.16. 

 

                                          (a)                                                                     (b) 

Fig. 4.16: (a) Front view, (b) back view of fabricated CSRR loaded bandpass filter. 
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 The measurement and testing of the fabricated CSRR loaded bandpass filter is done 

using a Scalar Network Analyzer, Model No.: HP8757A having a sweep oscillator to control 

the display of the analyzer, Model No.: HP8350B. A RF Plug-In, Model No.: HP83525A is 

used to feed power to one of the port of the designed filter which is connected to it via 

Directional Bridge, Model No.: HP85027C. The Fig. 4.17 shows the tested result of the 

CSRR loaded bandpass filter. 

 

                                         (a)                                                                           (b) 

Fig. 4.17: Tested result of CSRR loaded bandpass filter showing (a) lower cutoff frequency,  

(b) upper cutoff frequency 

The tested result of the CSRR loaded bandpass filters shows that the lower 3dB cutoff 

frequency of the fabricated component is equal to 2.0640 GHz and the upper 3dB cutoff 

frequency is equal to 5.0057 GHz which is nearly equal to the cutoff frequencies of the 

proposed bandpass filter. Thus the bandwidth of the fabricated filter is equal to 2.9417 GHz 

with a central frequency of 3.53485 GHz. The results obtained by testing the fabricated 

bandpass filter is in accordance with the proposed design with some error which is 

encountered during the fabrication of the component. 
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CHAPTER 5 

Conclusion and Future Scope 

________________________________________________________ 

5.1 Conclusion 

 In this thesis work, basic knowledge of the left-handed materials is studied, i.e. how 

these left-handed materials are different from the materials which are naturally found and 

follow a backward propagation of the wave in the material. The various progress and 

advancement in the field of metamaterials were studied and the property of the metamaterials 

to show a negative refractive index was also analyzed. The thesis analyzed the basic concept 

of metamaterials and how the combination of the wire array and the split ring resonator acts 

as a basic cell structure for the implementation the metamaterials. The wire array geometry 

placed at certain distance apart confines the electric field in it and showed a negative 

permittivity to a certain range called the plasma frequency, and the split ring resonator which 

confines the magnetic field around it produces a negative permeability in a certain range of 

frequency. The design geometry of the wired array and split ring resonators were also 

studied. With the basic knowledge of a metamaterials, a unit cell structure for a metamaterial 

was designed and simulated in CST Microwave Studio and the S-parameters results were 

obtained from the simulation and using S-parameter retrieval technique in the MATLAB, the 

range of frequencies in which the basic cell structure was computed which showed a negative 

refractive index and hence behaving as a metamaterial. The unit cell structure is designed on 

a FR-4(lossy) substrate having a height of 1.6 mm and relative permittivity of 4.4, and on it 

we designed a split ring resonator having its thickness t = 0.035 mm, lattice dimension a = 

12.5 mm, the width of the ring w = 1.0 mm, the distance between the two rings d = 0.75 mm, 

the slit gap g = 1.5 mm and the length of the outer ring r = 10 mm. The results of the 

MATLAB show that this split ring resonator which confines the magnetic field around it 

showed a negative permeability in the range of 2.2 GHz to 2.6 GHz. The back side of the 

substrate was loaded with a symmetric wire geometry which had a width w = 1 mm and the 

thickness t = 0.035 mm which showed a negative permittivity to a range of 3.0 GHz. The 

program code for calculating the negative refractive index and the impedance for the unit cell 

structure were written in the MATALB using the S-parameter retrieval technique and its 

result showed that the refractive index of the unit cell has its negative refractive index in the 

range of 2.25 GHz to 2.5 GHz. Thus a basic unit cell metamaterial structure showing a 

negative refractive index in a particular range of frequency was designed and simulated in 

CST Microwave Studio and the results for impedance and refractive index were plotted in 

MATLAB.  

 This knowledge of basic unit cell structure was used to design a CSRR loaded 

microstrip patch antenna. The next chapter of this thesis introduced the basic knowledge of a 

microstrip patch antenna. A conventional microstrip patch antenna was designed on CST 

Microwave studio on a FR-4 (Lossy) substrate with a relative permittivity of 4.4 and height 

of 1.6 mm with a resonant frequency of 4 GHz, and the various performance parameters of 

the designed patch were computed during simulation. Then a CSRR loaded microstrip patch 

antenna was designed on the same substrate, i.e. the FR-4 (lossy) with the same height of the 
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substrate. The CSRR etched at the ground plane of the patch antenna has its lattice dimension 

a = 6.0 mm, outer ring length r = 5.0 mm, width of the ring w = 0.65, distance between the 

two rings d = 0.5 mm and the slit gap g = 0.4 mm. The CSRR designed showed a negative 

permittivity in the frequency range 4.5 GHz to 5.3 GHz. The CSRR loaded patch antenna was 

designed and simulated in CST Microwave Studio which had a resonant frequency of 4 GHz. 

The dimensions (width×length) of the patch for a designed CSRR loaded patch antenna are 

17.50 mm and 14.86 mm and an area of 260.05 mm2, while the conventional patch antenna 

designed has the dimensions (width×length) as 22.82 mm and 17.01 mm and an area of 

388.1682 mm2. Thus the CSRR loaded patch antenna operating at the same resonant 

frequency had its dimensions reduced by 33%. The CSRR loaded patch antenna with double-

superstrate configuration was designed in order to improve the performance parameters of the 

patch antenna. The CSRR loaded patch antenna with DSC had the same operating frequency 

of 4 GHz and was designed on the same substrate. The proposed patch antenna with DSC had 

its directivity increased by the 2.51 dBi and its gain increased by 1.87 dB. Thus the proposed 

CSRR loaded patch antenna with DSC helped us in reducing the size of the patch antenna 

with better performance parameters when compared to a conventional patch antenna. The 

designed patch antenna was fabricated and tested to verify the simulation results obtained.            

 Further, the concept of this metamaterials where used to design a wideband band-pass 

filter. The equivalent model of the designed bandpass filter was also studied. The wideband 

band-pass filter was designed on a FR-4 (lossy) substrate with a height of 1.6 mm and the 

relative permittivity of 4.4. The filter designed has a CSRR etched at the ground plane with 

the dimensions of outer ring radius out_r = 5.0 mm, ring width ring_w = 0.5 mm, ring 

distance between the two rings ring_d = 0.35 mm and a ring gap ring_g = 0.75 mm which 

represented a parallel tank circuit for the bandpass filter to control the central frequency and 

bandwidth of the filter. The transmission line designed at the top of the substrate represents 

the series inductance and capacitance of the designed bandpass filter and has its dimensions 

of transmission line width t_line_w = 3.05 mm, t_line_l = 7 mm, t_line_gap = 0.75 mm, 

capacitance stub width stub_w = 0.5 mm and stub length stub_l = 4.5 mm. The designed 

bandpass filter has its lower cutoff frequency equal to 2.026 GHz and the upper cutoff 

frequency equal to 4.775 GHz. Thus the band-pass filter has bandwidth equal to 2.750 GHz 

and a central frequency of 3.375 GHz. The designed filter has the dimensions width equal to 

15 mm and the length equal to 15 mm. Thus, a wideband bandpass filter with compact size is 

designed and simulated in CST Microwave Studio. The quality factor computed for the 

designed CSRR loaded bandpass filter has a value equal to 1.227. The wideband bandpass 

filter is fabricated and tested to verify the results obtained from the simulation. 

5.2 Future work 

 The future work of this thesis includes the designing of a unit cell structure for 

metamaterials for different ranges of microwave frequency where the materials can exhibit 

negative permittivity and negative permeability and thus achieving negative refractive index 

for a composite medium. These metamaterial structures which exhibit left-handed properties 

in microwave band region can be used in designing the microwave components like antennas, 

filters, couplers, etc. The concept of unit cell metamaterial structure can also be used for 

designing the 2-D and 3-D structures for metamaterials which can be used as a composite 
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structure to enhance the properties of the microwave components. In recent technologies, the 

materials can also be used to design superlenses, absorbers for microwave radiation, cloaking 

devices, light and sound filtering and many passive microwave components. 

 The designed microstrip patch antenna with the concept of metamaterials and 

superstrate configuration can be used in future for designing small and compact microstrip 

antennas with enhanced performance characteristics. Hence the antenna size miniaturization 

can be used to reduce the size of the microwave components and pack more number of patch 

antennas onto a single device. Hence the packing efficiency as well as the performance of the 

designed antennas can be increased in the wireless communication systems. The superstrate 

configuration provides an easy and compatible way to improve the directivity and gain of the 

designed patch antennas based upon the applications of the microstrip patch antennas for 

microwave frequencies. The small size of patch antennas helps is reducing the cost and 

material used for fabricating the component. 

 The designed bandpass filter using CSRR at the ground plane can be used in future in 

the wireless communication systems for wideband and ultra-wideband applications where a 

certain microwave band like L-band, S-band, C-band, etc. is filtered out from the received 

signal in the various microwave systems. Moreover, the designed bandpass filters are 

compact and small in size as compared to the size of a conventional bandpass filters designed 

which makes a component more packing efficient and thus would help in future technology 

for making miniaturized components for wireless communication. Due to size miniaturization 

of the components, more number of microwave filters can be fabricated in a small region to 

reduce the cost and material used for the final fabricated microwave component. 
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