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ABSTRACT 

The focus of this study is to investigate size reduction of Conventional Microstrip 

Patch Antenna (CMPA), using metamaterial structure. Metamaterial is a 

Complementary Split Ring Resonator (CSRR) unit cell which has negative 

permittivity (ε <0) and positive permeability (μ >0). The CSRR response is verified 

in simulation based on scattering parameters by using Nicolson-Ross-Weir (NRW) 

method. Results show that the relative permittivity is negative at the resonant 

frequency of CSRR. 

This study also presents the design and simulation of the CMPA and Miniaturized 

Microstrip Patch Antennas (MMPA) at 5.15 GHz resonant frequency. The reduction 

ratio reaches to 80.7 % by applying metamaterial structure via CSRR in the substrate. 

Those antennas were simulated using Computer Simulation Technology Microwave 

Studio (CST MWS). 

Keywords: Metamaterials, CSRR Unit Cell, Conventional Microstrip Patch 

Antenna, Miniaturized Microstrip Patch Antenna.   
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ÖZ 

Bu çalışmanın amacı, meta malzeme yapıları kullanarak, Geleneksel Mikroşerit 

Yama Anteninin boyut küçültmesini araştırmaktır. Meta malzeme yapı, negatif 

permitivite (ε <0) ve pozitif pemeabilite  (μ> 0) sabitine sahip bir Tamamlayıcı Split 

Halka Rezonatör (CSRR) birim hücresidir. CSRR’ın etkisi Nicolson-Ross-Weir 

(NRW) yöntemini kullanarak simülasyon tabanlı saçılma parametreleri ile 

doğrulanmıştır.  Sonuçlar permitivitenin, CSRR'nin rezonans frekansında negatif 

olduğunu göstermektedir. 

Bu çalışma, geleneksel ve minyatür mikrostrip yama antenlerinin 5.15 GHz rezonans 

frekansındaki tasarımı ve simülasyonunu da sunmaktadır. İndirgeme oranı,  CSRR 

aracılığıyla meta malzeme yapı uygulanarak % 80.7'e ulaşmaktadır. Bu antenler, 

Bilgisayar Simülasyon Teknolojisi Mikrodalga Stüdyosu (CST MWS) kullanılarak 

simüle edildi. 

Anahtar Kelimeler: Meta Malzeme, CSRR Birim Hücre, geleneksel Mikroşerit 

Yama Anten, Minyatür Mikroşerit Yama Anten.  
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Chapter 1 

INTRODUCTION 

1.1 Thesis Overview  

Microstrip patch antenna (MPA) is the most common type of antennas, which is 

small size, low weight, little cost and easy manufacturing. Due to these attractive 

properties, MPA was used in many applications for wireless communications (like 

Bluetooth and Wi-MAX), and for military operations, it is also useful in the 

fabrication of radars. In recent years, the need of smaller size communication 

systems and small size antenna has continued to increase. Therefore, many different 

techniques have been used to minimize the size of MPA, like making slots in the 

radiation part [1] and using shorting posts [2], but these techniques are still unable to 

miniaturize the antenna to the desired size [3]. Research has revealed that is another 

technique which provides the easiest way to minimize the size of MPA, using a high 

permittivity substrate (𝜀) [4]. This method will reduce the size of MPA, but using 

this method lead to expensive cost and suffer from surface waves which degrade the 

radiation pattern of MPA by increasing the amount of side lobes significantly [5]. 

Therefore, it was necessary to find a way to reduce the size of MPA without 

affecting its inherent characteristics.  

Researchers tend to use metamaterials substrate to reduce the size of MPA and 

improve their performance [6]. Metamaterials are artificial structures which have 

electromagnetic properties that do not exist in the real nature. In the past, 
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metamaterials were categorized as a structure or designs that have simultaneously 

negative permeability and permittivity. In current study, CSRR unit cell which has 

negative permittivity (𝜀) and positive permeability (µ) is used to miniaturize MPA. 

Miniaturization design consists of two separate substrates, the CSRR plane is 

sandwiched in between them. The patch antenna is on the top and ground plane in 

the bottom of the structure. 

1.2 Thesis Objective 

The objective of this thesis is to design and simulate MPA to achieve size reduction 

by using the unique properties of metamaterials via CSRR unit cell in the substrate. 

1.3 Thesis Contributions 

In this thesis, the patch size of conventional microstrip patch antenna is reduced from 

249.6 mm to 49 mm in miniaturized microstrip patch antenna at the resonant 

frequency of 5.15 GHz.  

1.4 Thesis Outline 

This thesis is organized into five chapters. Basically, the first chapter lays a 

background upon which the other four chapters built upon.  

In Chapter 2, effort is made to discuss the general theory, antenna parameters, 

feeding types and parameters of microstrip patch antennas respectively. 

Chapter 3 presents the definition and historical view of metamaterials, the general 

theory of different materials based on sign of permittivity (𝜀𝑟) and permeability (𝜇𝑟) 

by explaining the Maxwell’s equations, types of metamaterials structures. For 

example, split ring resonators (SRR) and CSRR, measurement of material properties 
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by using Nicolson-Ross-Weir (NWR) method to calculate permittivity (𝜀𝑟) and 

permeability (𝜇𝑟) properties. 

In chapter 4, design and simulation results of CMPA at 5.15 GHz are presented, 

using the CST software. For the design and simulation results of CSRR unit cell at 

5.15 GHZ, the CST software is also used. The design and simulation results of 

MMPA at 5.15 GHZ by using CST software are presented.   

While in Chapter 5, the conclusions and suggested areas for possible future research 

are outlined.  
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Chapter 2 

ANTENNA THEORY 

2.1 Overview of Antennas 

In general, antennas are metallic structures that radiate and receive electromagnetic 

waves. The first experiment of antenna was done by the German physicist, Heinrich 

Rudolf Hertz in 1887 [7]. After that, antennas were developed by many other 

scientists during the last century. Today, we have various types of antennas, which 

have different structures and characteristics such as: 

1- Wire Antennas 

2 - Aperture Antennas 

3 – Microstrip Patch Antennas 

4 - Array Antennas 

5 - Reflector Antennas 

6 - Lens Antennas 

2.2 Parameters of Antennas 

Any type of antenna has various parameters that determine the eventual quality 

outcome. In various cases, some of the parameters need improvement and very 

common examples are gain and bandwidth  

2.2.1 Antenna Gain 

Antenna gain is known as rate of the intensity, in a given direction, to the radiation 

intensity that would be obtained if the power accepted by the antenna was radiated 

isotropically. It describes how the antenna converts input power into radio waves to 
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specified direction in a transmitting antenna that is called antenna’s directivity. Also, 

it describes how the antenna converts radio waves, which arrive from specified 

direction into electrical power in a receiving antenna known as electrical efficiency.  

2.2.2 Radiation Pattern 

The radiation pattern of an antenna is a plot of the far-field radiation from the 

antenna. In general, the radiation pattern is a plot of the power radiated from an 

antenna per unit solid angle (𝜃) or its radiation intensity (∪). This pattern is divided 

into three lobes: the main lobe is the radiation lobe in the maximum direction of the 

radiation; the back lobe is the minor lobe, which is opposite to the main lobe; while 

side lobes are the minor lobes between the main lobe and the back lobe. Figure 2.1 

shows a radiation pattern. 

 
Figure 2.1: 3D of a Radiation Pattern 
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2.2.3 Voltage Standing Wave Ratio (VSWR)    

(VSWR) is defined as function of reflection coefficient, which describes the power 

reflected from the antenna. VSWR is given by equation 2.1 below. 

VSWR = 
1+|𝛤|

1−|𝛤|
                        (2.1) 

VSWR is always larger than l.0 and a positive number. The smallest value of VSWR 

(VSWR=1.0), means the antenna is matched to the transmission line, where all 

power is delivered to the antenna and no power is reflected, then the case is in an 

ideal form. The highest acceptable value of VSWR is 2.0 and that means the antenna 

is matched with reflected power to the source, and this case is the worst situation to 

match. When the value of VSWR is more than 2.0, it means all power is reflected to 

the source and no power is delivered and this case is mismatching. 

2.2.4 Return Loss (RL) 

The return loss (S-parameter) is the loss of the input power in transmitted signal due 

to input impedance and is given by equation 2.2 as follows. 

RL = −20 log|Γ|                         (2.2) 

2.2.5 Bandwidth 

Another parameter of antennas is the bandwidth (BW). The bandwidth is known as 

the frequency range (in terms of performance of the antenna) with respect to some 

characteristics conforming to a specific standard. Figure 2.2 below shows bandwidth 

of an antenna. 
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Figure 2.2: Bandwidth of an Antenna 

The bandwidth efficiency is determined by equation 2.3 below. 

  BW% = 
𝑓2 − 𝑓1

𝑓𝑐
 × 100            (2.3) 

2.2.6 Antenna Directivity 

The directivity of an antenna is the rate of radiation intensity in a given direction to 

the radiation intensity that would be obtained if the total power radiated by the 

antenna were to be radiated isotropically. 

2.3 Definition of MPA  

Historical account reveals that in year 1950, was when the first MPA appeared. Then 

it took about twenty years for it to take the ideal form [9]. Today, MPA is the most 

useful antenna which operates at high frequency (f > 1 GHz). MPA consists of three 

layers: the radiation part (which is called patch), dielectric material (which is called 

substrate) and ground plane. The topology of MPA is shown in figure 2.3. 
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Figure 2.3: MPA Topology 

The patch and ground plane are made from conducting materials such as copper. The 

substrate made from a poor conductor of electricity material. The substrate has a big 

effect on the resonant frequency ( 𝑓𝑟 ) and the bandwidth BW. When there is increase 

or decrease in the relative permittivity constant 𝜀𝑟 of the substrate, the resonant 

frequency 𝑓𝑟 will change. In addition, the substrate is also able to control the 

bandwidth (BW) of the antenna by increasing or decreasing the thickness of the 

substrate (h).  

2.4 Advantages and Disadvantages of MPA 

The most notable advantages of MPA are that it comes in small sizes, has low 

profile, has light weight and tend to be conformable on planar and non-planar 

surfaces. However, there are some disadvantages of MPA. The main disadvantages 

are the low efficiency and narrow bandwidth of less than 6%. 
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2.5 Types of MPA 

The patch antennas may have different patch shapes which have been designed to 

match specific characteristics. Figure 2.4 shows the some of the common types of 

patches are rectangular, square, triangular and circular patches. Whereas, the 

substrate and ground plane always have rectangular or square form in general.  

Figure 2.4: Patch Shapes (a) Rectangular (b) Square (c) Triangular (d) Circular 

2.6 Feeding Techniques of MPA 

There are mainly four methods for feeding the MPA. These are: 

1. Microstrip line feed. 

2. Coaxial feed. 

3. Proximity coupling feed. 

4. Aperture coupling feed. 

In this study, microstrip line feed is used because of its advantages. 
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2.6.1 Microstrip Line Feed 

This type of feed technique is a strip line feed is linked directly to the edge of the 

patch. This method is very simple to design and fabricate. In addition, the strip line 

feed is etched on the same substrate to supply a planar structure. However, this 

technique has some limitations. If thickness of the substrate rises, then the surface 

waves and the spurious radiation also will increase. There are two ways to connect 

microstrip line feed with the patch. The first way is using a quarter wave transformer 

impedance (𝑍𝑡) to matching a microstrip line impedance (𝑍𝑜) 50 Ω with the patch 

antenna impedance (𝑍𝑎). As represented in the figure 2.5 below. 

 
Figure 2.5: Microstrip Line with Quarter Wave Impedance Transformer 

The value of the quarter wave transformer impedance (𝑍𝑡) is given by equation 2.4. 

  𝑍𝑡 = √𝑧𝑎𝑧𝑜                     (2.4) 

Where the microstrip line impedance 𝑍𝑜 always is equal 50 Ω.  
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The antenna impedance 𝑍𝑎 could be found by equations 2.5 if ( 
𝑤𝑝

ℎ
> ℎ ). 

  𝑍𝑎=
120𝜋

√𝜀𝑒𝑓𝑓
[
𝑤

ℎ
+ 1.393 + 0.667 ln [

𝑤𝑝

ℎ
+ 1.444]]         (2.5) 

When (
𝑤𝑝

ℎ
< ℎ) the antenna impedance 𝑍𝑎is calculated by equation 2.6. 

  𝑍𝑎 = 
60

√𝜀𝑒𝑓𝑓
ln[

8ℎ

𝑤𝑝
+ 

𝑤𝑝

4ℎ
]                (2.6) 

The second way is the inset feed in the patch to achieve 50-Ω input impedance. The 

useful of the inset feed in the patch is to connect the impedance of the feed line to the 

patch input impedance without the need for any additional connecting element as 

illustrated in the figure 2.6 below. 

 
Figure 2.6: Microstrip Line with Inset Feed 

The width of inset cut is optimized, whereas, the length of inset cut (𝑦𝑜)is calculated 

in equation 2.7below[8]. 

  𝑦𝑜 = 10−4[0.001699𝜀𝑟
7 + 0.1376𝜀𝑟

6 − 6.1783𝜀𝑟
5 + 93.187𝜀𝑟

4 − 682.69𝜀𝑟
3 +

              256.9𝜀𝑟
2 − 4043𝜀𝑟 + 6697] 

𝐿𝑝

2
                                        (2.7) 
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2.7 Methods of Analysing MPA 

There are many methods which are used to analyse MPA. For instance, the 

transmission line method, cavity method, wire grid method, integral equation method, 

vector potential approach, dyadic green’s function technique and radiating aperture 

method. However, the transmission line method is selected for discussion in this 

chapter. 

2.7.1 Transmission Line Method 

The transmission line method is one of the most famous methods used to analyze the 

MPA. This model is illustrated in figure 2.7 below. 

 
Figure 2.7: Transmission Line Model 

Generally, the transmission line method is considered the simplest way to study 

MPA and it has two different cases. The first case is (w/h) < 1 (narrow strip line), but 

this case is not important to apply on microstrip antenna. The second case is (w/h) >1 

(wider strip line), which is more common than the first case and is used here to 

explain the characteristics of the MPA.   

In this method, transmission line model equations are used to design MPA. The first 

step to design MPA is to select the type of substrate and operating frequency (𝑓𝑜). 
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The second step is calculating the suitable thickness of the dielectric substrate (h) as 

given in the equation below. 

 h ≤
0.3 𝑐

2𝜋𝑓0√𝜀𝑟
                                         (2.8) 

Where, h is height of dielectric substrate, c is the speed of light 3× 108 m/s and (𝜀𝑟) 

is the electrical permittivity of the dielectric substrate.  

The third step is to find the width (𝑤𝑝) of the patch antenna by using formula 2.9 

below. 

  𝑤𝑝 =
𝑐

2𝑓𝑜√
ɛr+1

2

           (2.9) 

 The fourth step is to calculate the effective of dielectric constant ( 𝜀𝑒𝑓𝑓 ). Due to 

move the electric field lines via the vacuum before passing throe the substrate as 

shown in figure 2.8 below. 

 
Figure 2.8: Electric Field Lines 

The effective of dielectric constant  𝜀𝑒𝑓𝑓 is given by formula 2.10. 

𝜀𝑒𝑓𝑓  =
εr+1

2
+
εr−1

2
[1+12

𝑤𝑝

ℎ
]
1

2              (2.10) 
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The fifth step is to calculate the length of the patch antenna (𝐿𝑝) as given in formula 

2.11. 

𝐿𝑝 =𝐿𝑒𝑓𝑓 - 2ΔL                                          (2.11) 

Where, 𝐿𝑒𝑓𝑓 is the effective length, which occurs because of the electric filed lines 

movement as shown in figure 2.9 below. 

 
Figure 2.9: Top View of Electric Field Lines 

The effective length can be calculated from equation 2.12. 

𝐿𝑒𝑓𝑓 =
𝑐

 2 𝑓𝑜√𝜀𝑒𝑓𝑓
             (2.12) 

The change of length (ΔL) can be calculated from equation 2.13 below. 

ΔL =0.412h
(ε𝑒𝑓𝑓 + 0.3 )  ( 

𝑤𝑝

ℎ
 + 0.264 )

(ε𝑒𝑓𝑓− 0.264 )   ( 
𝑤𝑝

ℎ
 + 0.8 )

                      (2.13) 

The sixth step is to calculate the width and the length of the substrate by using 

equations 2.14 and 2.15 respectively. 

Ws ≥ 𝑤𝑝+6*h                                               (2.14) 

Ls ≥ 𝐿𝑝+6*h                          (2.15)  
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Chapter 3 

THEORY OF METAMATERIALS 

3.1 Metamaterials: A Review 

Metamaterials are artificial materials having negative value of relative permittivity 

(ε<0) and permeability (μ<0), which are not available in nature. Metamaterials 

became the one of the hottest topics in microwave applications during the last years 

due to their rare properties which are absent in nature. The most famous application 

of metamaterials in microwave, is their use in microstrip patch antennas to improve 

antenna performance or reduction in antenna size [9][3]. The word metamaterial was 

proposed by Rodger M. Wasler of University of Taxas. The root of the word “meta” 

is Greek, and it means beyond, which in its real sense, metamaterial means beyond 

the material [10]. In 1967, a Russian Physicist Viktor Veselago, was the first to study 

the electrodynamics of substances with simultaneously negative values of dielectric 

permittivity (ε) and magnetic permeability (μ) [11]. Later in year 2000, precisely 33 

years on, Dr. Smith and his colleagues conducted the first experiment to achieve 

negative permittivity (ε) and negative permeability (μ) when they designed thin wire 

(TW) (that shows the negative permittivity) and SRR structure (that shows the 

negative permeability) [12]. 

3.2 Materials Classification 

The materials are divided into four types based on values of permeability and 

permittivity [13].  
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The first type is the conventional material, which has double positive structure (DPS) 

(μ>0) and (ε > 0). These are the basic properties available in nature called Right 

Handed Materials (RHM).  

The second type has (ε< 0) and (μ > 0) value (ENG). These materials show the class 

of metamaterials are defined as artificial dielectrics. Due to its highly negative 

dielectric value, these type of metamaterials can be able to reduce the size of MPA.  

The third type shows the materials with (ε> 0) and (μ < 0) value (MNG). This class 

of metamaterials is called artificial magnetic. These type of metamaterials can be 

able to increase the gain.  

The last type has Double Negative (DNG) permeability and permittivity (μ<0), and 

(ε < 0). This class of metamaterials is called Left Handed Materials (LHM) because 

it has backward waves propagation. Figure 3.1 below illustrates materials 

classification.  

 
Figure 3.1: Graph of Materials Classification 

 



   

17 

3.3 RHM and LHM from Maxwell's Equations 

The electromagnetic properties of the materials (that is, the relative permittivity and 

permeability) determine the direction to which the electromagnetic waves propagate 

through a material. Maxwell’s equations can explain the direction of the 

electromagnetic wave propagation through various media.  

The first condition where a materiel has positive sign of (ε) and (μ) is normal 

situation and the electromagnetic waves travel from left to right as shown in figure 

3.2 (a). The second condition when the sign of (ε) and (μ) is different, therefore, the 

electromagnetic waves cannot be propagated and they are attenuated. The last 

condition when material has negative sign of (ε) and (μ), the electromagnetic waves 

travel from right to left as Veselago predicted as illustrated in figure 3.2 (b). 

 
Figure 3.2: Transverse Electromagnetic Wave in (a) RHM (b) LHM [13] 
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The Maxwell’s equations are; 

𝛻 × 𝐸⃗ =  −
𝜕𝐵

𝜕𝑡̇
                (3.1) 

𝛻 × 𝐻⃗⃗ =     
𝜕𝐷

𝜕𝑡
    (3.2) 

𝐵⃗   = 𝜇𝐻⃗⃗      (3.3) 

𝐷⃗⃗ =  𝜀 𝐸⃗      (3.4) 

From these equations, we can conclude the equations of propagation of 

electromagnetic waves for conventional material DPS are given in equations 3.5, 3.6. 

𝑘⃗ × 𝐸⃗ =  𝜔𝜇𝐻⃗⃗     (3.5) 

𝑘⃗ × 𝐻⃗⃗ =  − 𝜔𝜀𝐸⃗     (3.6) 

Where (𝑘⃗⃗⃗⃗ ) is propagation constant, (𝜔) is the angular frequency. 

 The equations of propagation of electromagnetic waves for metamaterials DNG are 

given in equations 3.7, 3.8. 

𝑘⃗ × 𝐸⃗ =  − 𝜔𝜇𝐻⃗⃗     (3.7) 

𝑘⃗ × 𝐻⃗⃗ =   𝜔𝜀𝐸⃗                                              (3.8) 

 

Energy flow is determined by the real part of the Poynting vector (𝑆 ) as shown in 

equation 3.9 below. 

𝑆 =
1

2
[𝐸⃗⃗⃗⃗ × 𝐻⃗⃗ ∗]                                             (3.9) 
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The propagation constant (k) is given by equation 3.10 below. 

𝑘2 = 
𝜔2

𝑐2
𝑛2

              (3.10) 

For simultaneous change of sign of (ε) and (μ), the direction of energy flow is not 

affected, therefore, the group velocity is positive for both LHM and RHM. Refractive 

index is given by equation 3.11 and the phase velocity is given by equation 3.12 

below. 

𝑛 = ± √𝜀 𝜇                (3.11) 

𝑣𝑝 = 
𝑐

𝑛
      (3.12) 

3.4 Types of Metamaterials Structures  

Metamaterials are artificially produced structures, having negative permittivity ε and 

permeability μ values. There are four basic metamaterials structures that are based on 

the values of permittivity and permeability. SRR and slot structures have (μ< 0) and 

(ε> 0). CSRR and TW structures have (μ>0) and (ε<0). Figure 3.4 below shows the 

most common structures of metamaterials used in microwave area. 

 
Figure 3.3: Different Metamaterials Structures (a) SRRs (b) Thin Wires (c) CSRRs 

(d) Slots Lines (LS) 
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left-handed metamaterials, which have double negative (μ<0) and (ε <0) made from 

two metamaterials structures MNG (negative permeability) and ENG (negative 

permeability) are companied together in one structure. The structure composed of 

SRR and TW was designed by Dr. Smith and his colleagues in 2000, has negative 

permittivity ε and negative permeability μ [12]. Figure 3.4 shows metamaterials with 

Negative Index of Refraction (NIR). 

 
Figure 3.4: Metamaterials with NIR 

Clearly, there has been several debates about the SRR and CSRR structures during 

the last years by researchers around the world.    

3.4.1 SRR 

The first appearance for SRR was in 1999 by Prof. Pendry when he made two split 

rings, which was printed on a substrate [14]. The rings are made of non-magnetic 

metal like copper and have a small gap between them. SRR has (μ<0) and (ε >0), 

therefore, it is called artificial magnetic MNG. Topology of the SRR and its 

equivalent-circuit model are shown in figure 3.5. 
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Figure 3.5: Topology of SRR and Its Equivalent Circuit [15] 

From figure 3.5 the resonant frequency for SRR is given by equation 3.14 below. 

𝑓𝑟 = 
1

2𝜋 √𝐿𝑠𝐶𝑠
                             (3.14) 

3.4.2 CSRR 

CSRR was made by Falcone in 2004, as new material has (ε<0) and (μ>0) [16]. 

CSRR structure, considered being a negative image of an SRR, may be used on the 

ground plane of substrate, on the radiation patch or as a unit cell in the substrate. 

There are many shapes for CSRR but circular shape and square shape are the most 

famous designs. Sometimes, CSRR has more than one ring. The number of rings and 

their sizes have a big effect on resonant frequency of CSRR. Figure 3.6 illustrates the 

topology of CSRR and its equivalent circuit. 
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Figure 3.6: Topology of CSRR and Its Equivalent Circuit [15] 

By the analysis of the equivalent circuit of CSRR, resonant frequency is given by 

equation 3.15. 

𝑓𝑟 = 
1

2𝜋 √𝐿𝑐𝐶𝑐
                     (3.15)  

3.5 Measurement of Material Properties 

Many methods have been used to measure (ε) and (μ) such as techniques in time 

domain or frequency domain. The methods are used to convert from S-parameter to 

permittivity (𝜀𝑟) and permeability (𝜇𝑟) properties. Some of these methods are: 

1 - Nicolson-Ross-Weir method 

2 - NIST iterative method 

3 - New non-iterative method 

4 - Short circuit line method 

In this section, the Nicolson-Ross-Weir method is considered for the calculation of 

permittivity (𝜀𝑟) and permeability (𝜇𝑟). 
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3.5.1 Nicholson-Ross-Weir (NRW) 

NRW is the most popular method which use to calculate of both the (ε) and (μ) from 

the S-parameters [17]. The reflection coefficient is given by equation 3.16 below. 

Γ = 𝑥 ∓ √𝑥2 − 1               (3.16) 

From (𝑆11 ,𝑆21)taken from the simulation results, one can calculate (x) as given in 

equation 3.17 below. 

𝑥 =  
𝑆11
2 − 𝑆21

2 +1

2𝑆11
               (3.17) 

The transmission coefficient is calculated by equation 3.18 below. 

𝑇 =  
𝑆11+𝑆21− 𝛤

1−(𝑆11+𝑆21)𝛤
                         (3.18) 

The permeability (𝜇𝑟) is given by equation 3.19 below. 

𝜇𝑟 = 
1+𝛤

Ʌ(1−𝛤)√
1

𝜆𝑜
2−

1

𝜆𝑐
2

     (3.19) 

1

Ʌ2 = − [
1

2𝜋𝐿
𝐿𝑛(

1

𝑇
)]

2
      (3.20) 

The permittivity (𝜀𝑟) is given by equation 3.21. 

𝜀𝑟 = 
𝜆𝑜
2

𝜇𝑟
[

1

𝜆𝑐
2 +

1

Ʌ2]                (3.21) 
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Chapter 4 

ANTENNA DESIGNS AND RESULTS 

4.1 Introduction 

This chapter illustrates the design and simulation results for CMPA and MMPA. 

CMPA and MMPA are designed at operation frequency of 5.15GHz. CSRR unit cell 

is used to reduce the size of CMPA.  

In general, there are three different methods of CSRR that are used with CMPA. The 

first method is called Defected Ground Structure (DGS) [18]. DGS can reduce the 

size of the CMPA but this has some limitations as decreasing the front to back ratio 

of the radiation pattern. The second method is etched CSRR in the patch, this method 

cannot reduce the size of CMPA but it is commonly used to get better the 

performance of CMPA [9]. The third method is the structure obtained by placing the 

CSRR metamaterial unit cell in substrate or between two substrates [6] [19]. In this 

study, the CSRR metamaterial unit cell in substrate is utilized to miniaturize the size 

of CMPA. Results of the traditional microstrip patch antenna and miniaturized 

microstrip patch antenna of [6] and CMPA and MMPA introduced in this study will 

be compared. Computer Simulation Technology Microwave Studio (CST MWS) is 

used in this study.  
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4.2 CMPA Design and Results 

4.2.1 CMPA Design 

The CMPA consisting of three layers of square patch made from copper, Rogers 

RT6002 (lossy) substrate which has permittivity 𝜀𝑟= 2.92 and square ground plane 

made from copper as shown in figure 4.1 below. 

 
Figure 4.1: Topology of CMPA 

Microstrip feed line with (𝑊𝑓 ) as width and (𝐿𝑓 ) as length is considered. connecting 

between the patch and the microstrip feed line, is achieved by the inset cut with cut 

length (yo) and cut width (Wg). The first step of CMPA is to select the operation 

frequency 𝑓𝑜 = 5.15 GHz, permittivity 𝜀𝑟 = 2.92 and the thickness of substrate 

h=1.524 mm. By applying the equations of MPA, all parameters of CMPA are 

illustrated in table 4.1. 
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Table 4.1: Parameters of CMPA 

Value of parameter 

mm 
Definition of the parameter Parameters of the 

antenna 

40 Substrate width Ws 

40 Substrate length Ls 

15.95 Patch width Wp 

15.95 Patch length Lp 

951.0  Feed line width Wf 

15.28 Feed line length Lf 

2 Inset cut width Wg 

5.8 Inset cut length yo 

0.035 Patch thickness t 

 

4.2.2 CMPA Results 

After calculating the parameters of CMPA, the design is simulated by using the 

microwave simulation software CST. Figure 4.2 below shows the 3D design 

structure of CMPA in CST. 

 
Figure 4.2: 3D CMPA Structure in CST 
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The simulation process demonstrates that return loss of CMPA was -25.004 dB at 

resonant frequency 5.15 GHz and the bandwidth efficiency of the CMPA at -10 dB is 

2.3 %. Figure 4.3 below illustrates return loss of CMPA. 

 
Figure 4.3: Return Loss of the CMPA 
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The antenna gain of CMPA is 7.22 dB as illustrated in figures 4.4 and 4.5 below. 

 
Figure 4.4: 3D Gain of CMPA in dB  

 
Figure 4.5: Polar Plot of Antenna Gain of CMPA 
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The antenna directivity of the CMPA is 7.29 dBi as shown in figures 4.6 and 4.7 

below. 

 
Figure 4.6: 3D Directivity of CMPA in dBi  

 
Figure 4.7: Polar Plot of Antenna Directivity of CMPA  
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4.3 MMPA Design and Results 

The MMPA has CSRR unit cell which is placed in between two separate substrates, 

while a patch is printed on the surface of the top plane, and the ground is printed on 

the surface of the bottom plane. Figure 4.8 shows topology of MMPA. 

 
Figure 4.8: Topology of MMPA 

The design methodology of MMPA is divided into two parts. First, the design of 

CSRR unit cell at resonant frequency 5.15 GHz and then the design of MMPA. 

Figure 4.9 illustrates the flowchart of MMPA design methodology. 
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Figure 4.9: Flowchart of MMPA Design Methodology 
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4.3.1 CSRR Unit Cell Design 

Before designing MMPA, CSRR unit cell was designed. Design of the CSRR unit 

cell was optimized at resonant frequency 5.15 GHz by using parametric analysis of 

CST. The CSRR unit cell consisting of three circular slit rings were etched in a 

square metal. The square metal was placed on square Rogers RT6002 (lossy) 

substrate having 𝜀𝑟 = 2.92 as illustrated in figure 4.10 below. 

 
Figure 4.10: CSRR Structure 

The optimized parameters of CSRR unit cells are shown in table 4.2. The main 

condition to design CSRR is the diameter of the outer ring ‘𝑎’ and  should be less 

than the wavelength at 5.15 GHz, (𝑎 << 𝜆)[20] [21]. 
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Table 4.2: Optimized Parameters of CSRR Unit Cell Structure. 

Values of 

parameters 

mm 

 

Definition of the parameters 

Parameters of the 

CSRR 

26 The width of substrate Ws 

26 The length of substrate Ls 

14.69 The width of CSRR unit cell Wm 

14.69 The length 0fCSRR unit cell Lm 

0.51 The width of metal rings s 

0.25 The width of slit rings c 

0.3 The width of metal gap g 

0.762 The thickness of substrate h 

0.035 The thickness of metal t 

 

TEM waveguide method was used to excite CSRR unit cell structure [22] [23]. 

CSRR unit cell structure embedded at the middle of a TEM waveguide (which has 

two waveguide ports) are used. The perfect magnetic conductor (PMC) boundary 

condition is applied to the y-axis, whereas, the perfect electric conductor (PEC) 

boundary condition is applied to the z-axis. A time-domain solver was used for the 

simulation. The simulation model is illustrated in figure 4.11 below. 

 
Figure 4.11: CSRR Unit Cell Structure Embedded in a TEM Waveguide 
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The simulation process of CSRR unit cell is done by CST. Figure 4.12 below 

demonstrates the S-parameter characteristics of the circular CSRR unit cell at 

different values of the outer ring diameter. 

 
Figure 4.12: S-parameters of the Circular CSRR Unit Cell. 

As illustrate in the figure 4.12, CSRR unit cell has resonant at desired frequency 

when a = 5.89 mm. By using NRW method, the permittivity𝜀𝑟 of CSRR unit cell at 

resonant frequency 5.15 GHz was calculated. Microsoft excel was used to plot the 

curve of permittivity 𝜀𝑟 as shown in figure 4.13. 
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Figure 4.13: Real Values of Permittivity 𝜺𝒓 

4.3.2 MMPA Design 

The purpose of using CSRR in substrate, the resonance frequency of MMPA will 

shift to CSRR unit cell resonance frequency at the desired frequency [3]. The design 

of MMPA was optimized at resonant frequency 𝑓𝑟=5.15 GHz with CSRR unit cell. 

MMPA consists of two separate Rogers RT6002 (loss) substrates, which has 

permittivity 𝜀𝑟=2.92, substrate thickness of h= 0.762 mm for each. CSRR unit cell is 

placed in between the patch and the ground. All values of the optimized parameters 

are shown in table 4.3. 
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Table 4.3: Optimized Parameters of MMPA 

Values of 

parameters 

mm 

 

Definition of the parameters 

Parameters of 

the antenna 

26 Substrates width  Ws 

26 Substrates length Ls 

7 Patch width Wp 

7 Patch length  Lp 

0.96 Feed line width  Wf 

14 Feed line length  Lf 

1.96 Inset feed width  Wg 

62.  Inset feed length  yo 

0.035 Thickness of the patch  T 

 

4.3.3 MMPA Results 

The design of MMPA is done by CST. Figure 4.14 below represents 3D structure of 

MMPA in CST. 

 

Figure 4.14: MMPA Structure in CST 
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For more illustration, MMPA design has been simulated at three different values of 

outer slit ring diameter of CSRR unit cell, whereas, the size of MMPA was fixed. 

Figure 4.15 shows the return loss of MMPA at different size of CSRR unit cell. 

 
Figure 4.15: Return Loss of MMPA at Different CSRR Unit Cell Size 

As represented in figure 4.15 the simulation result of MMPA were investigated at 

three different values of CSRR unit cell. MMPA has resonant frequency at 5.15 GHz 

and the return loss is -17.369 dB when the values of outer slit ring diameter of CSRR 

unit cell is a = 5.89 mm. The bandwidth efficiency of MMPA at -10 dB is 0.8 % by 

calculation as represented in figure 4.16. 
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Figure 4.16: Return Loss of MMPA 

The gain of MMPA is 5.76 dB as shown in figures 4.17 and 4.18 below. 

 
 Figure 4.17: 3D Gain of MMPA in dB  
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Figure 4.18: Polar Plot of Antenna Gain of MMPA 

The antenna directivity of MMPA is 6.83 dBi as shown in figures 4.19 and 4.20 

below. 

 
 Figure 4.19: 3D Directivity of MMPA in dBi  
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Figure 4.20: Polar Plot of Antenna Directivity of MMPA 

4.4 Results Discussion 

In this part, a discussion on the results of simulation of CMPA and MMPA is made. 

The return loss of CMPA was -25.004 dB at frequency resonator 5.15 GHz better 

than the return loss of MMPA which was -17.369 dB. Figure 4.21 illustrates the 

return loss of CMPA and MMPA. 

 
Figure 4.21: Return Loss of CMPA and MMPA 
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Results show that, the directivity of CMPA has slightly dropped from 7.29 dBi to 

6.83 dBi in MMPA. Consequently, gain of 7.22 dB is decreased to 5.76 dB. In 

addition, the band width efficiency of 2.3 % is dropped to 0.8 % in MMPA and the 

antenna efficiency has little reduction from 98.4 % to 78.16 % in MMPA. On the 

other hand, the size of the patch antenna was reduced from 254.402 mm2 to            

49 mm2and the ratio of size reduction was reached to 80.7 % for the patch. 

4.5 Antenna Design and Results of [6]  

The results of this study are compared with the results of the reference paper titled 

“A Miniaturized Patch Antenna by Using CSRR Loading Plane” [6]. In the reference 

paper, there are two designs. The design of CMPA called as traditional antenna in the 

paper, consists of three layers, square patch, substrate and ground plane. The design 

of MMPA called as miniaturized antenna in the paper, consists of five layers, square 

patch, ground plane and CSRR plane having three square slip rings, which are placed 

between two substrates as shown in figure 4.21. The type of substrate which is used 

for both designs is Rogers RT6002 (lossy) with permittivity (𝜀𝑟= 2.92). Substrate 

thickness is (h=1.524 mm) for the traditional antenna, where the thickness is            

(h = 0.762 mm) for substrate 1 and 2. Both designs used microstrip line with quarter 

wave transformer impedance to feed the antenna as shown in figure 4.22 below. 

 
Figure 4.22: 3D Structure of Miniaturized Antenna of [6] 
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Figure 4.23: Top View of Miniaturized Antenna with Physical Parameters of [6] 

The parameters of traditional and miniaturized antennas are shown in table4.4. 

Table 4.4: Physical Parameters of Traditional and Miniaturized Antennas of [6] 

Miniaturized antenna 

(mm) 

Traditional antenna 

(mm) 

Parameters of the 

antennas 

28 40 Ws 

28 40 Ls 

8 15.95 Wp 

8 15.95 Lp 

4 4 Wf 

1 4 Lf 

1.2 0.7 Wt 

14.4 9 Lt 

14.4 - Wm 

14.4 - Lm 

0.51 - S 

0.3 - G 

0.25 - W 

 

The simulation results of the reference paper were done by using ANSYSHFSS 

software. Figure 4.24 shows the return loss of traditional and miniaturized antennas 

in the reference paper. 
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Figure 4.24: Return loss of Traditional and Miniaturized Antennas of [6] 

4.6 Comparison of Results 

The comparison will be between the new design and the reference paper in terms of 

the simulation results and designs. Table 4.5 shows the most important point of the 

comparison. 
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Table 4.5: Comparison between Results of this Study and [6] 

Reference paper The thesis  
Parameters Miniaturized 

antenna 
Traditional 

antenna 

MMPA CMPA 

 
64 

 
254.4 

 
49 

 
254.4 

Patch size  

(𝑚𝑚2) 
Square ring - Circular ring - Metamaterial 

shape  

Microstrip line 

with 

impedance 

quarter wave 

transform   

Microstrip 

line with 

impedance 

quarter wave 

transform   

 

Microstrip 

line with inset 

feed 

 

Microstrip 

line with 

inset feed 

 

Feed technique 

type  

 
-16 

 
-17.5 

 
-17.369 

 
-25.004 

Return loss 

(dB) 

 
5.72 

 
7.35 

 
5.76 

 
7.22 

Gain 
(dB) 

 
6.78 

 
7.39 

 
6.83 

 

7.29 

Directivity 

(dBi) 

 
0.4 

 
2 

 
0.8 

 
2.3 

Bandwidth 

efficiency  

(%) 

 
78.3 

 
99 

 
78.16 

 
98.4 

Antenna 

efficiency (%) 

 
74.8 

 
- 

 
80.7 

 
- 

Reduction ratio 

(%) 

 

The comparison demonstrates that patch size of MMPA is 49 mm2 in this study is 

smaller than the patch size of miniaturized antenna which was 64 mm2 in the 

reference paper. With reduction ratio 80.7 % the value in current study is 

significantly better than the reduction ratio in the reference which is 74.8 %. In 

addition, the gain 5.76 dB and directivity 6.83 dBi of MMPA are better than gain 

5.72 dB and directivity 6.78 dBi of the miniaturized antenna in the reference paper. 

In total, the thesis achieves smaller size with better performance of MMPA. 
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Chapter 5 

CONCLUSION AND FUTURE WORK 

5.1 Conclusion 

The important goal of this study, is to reduce the size of CMPA, which has resonant 

frequency 5.15 GHz by using metamaterial substrate. CSRR metamaterial unit cell 

was placed in the substrate to make artificial dielectric. The reduction size was 

achieved in MMPA, which has smaller dimensions than CMPA and both antennas 

have resonant frequency of 5.15 GHz. 

The return loss (𝑆11) for both design was less than -10 dB at the resonant frequency. 

This implies that the matching impedance is achieved by using microstrip line feed 

with inset cut in the patches. The results of this study were successful when 

compared with the results of [6], reduction ratio recorded in this study was 5.9 % 

more than reduction ratio in documented reference paper. Overall, all the planed 

works and the objectives of this study were successfully carried out and considered 

accomplished. 

5.2 Future Work 

The suggestion in this study proposes for future research to seek to achieve high 

reduction ratio of MMPA that operate at 5.15 GHz frequency by using metamaterial 

structure. Future study will also will include the use of CSRR unit cell in different 

position (for instance, etch CSRR unit cell on ground plane or on patch) to increase 

reduction ratio and performance of the patch antenna.    
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