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Abstract 

The unusual properties exhibited by left-handed metamaterials have been of great interest to 

researchers, especially in the field of RF and Microwave communication. The property of 

backward-wave propagation has led to a number of applications which were not possible with 

natural right-handed materials. One of the most exciting applications of these left-handed 

metamaterials is the Zeroth Order Resonator (ZOR) wherein resonance is achieved even at the 

zeroth mode, which is not possible with the traditional right-handed materials. This has led to the 

design of Composite Right/Left-Handed (CRLH) ZOR antennas whose resonance frequency 

does not depend on the physical length of the resonator.  

In this thesis the theory behind the ZOR antennas is studied and their applicability for use as 

RFID tag antennas is explored. Three novel CRLH ZOR antenna configurations are proposed 

targeting the UHF RFID tag application. The antennas are simulated using Agilent ADS 

Momentum and the simulation results are compared with those of the traditional 2-cell and 4-cell 

CRLH ZOR antennas that have been previously designed. The novel antennas are also compared 

with a simple rectangular patch antenna to demonstrate the reduction in size achieved through 

the use of left-handed metamaterials. The novel antennas are also simulated with varying values 

of the substrate height, metal thickness, and dielectric loss tangent and the effect of these 

parameters on antenna performance is analyzed. The three novel antennas and a rectangular 

patch antenna are fabricated and the experimental results are presented. The novel antennas are 

found to be around 30 times smaller than the rectangular patch antenna radiating at the same 

frequency.  
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Chapter 1                                                                                          

Introduction 

1.1 The World of RFID 

 

Radio Frequency Identification (RFID) is an emerging technology that is increasingly being used 

in all sectors. Some of the most prevalent applications of RFID lie in the retail sector with the 

mandate issued by Wal-Mart acting as the major reason for most manufacturers to implement 

RFID [1].  The technical advantages of RFID over other identification technologies such as Bar 

Codes have been well documented. The RFID implementation has been profitable for some 

manufacturers while it has been a burden for others. This is because RFID proves to be a 

profitable option only when used throughout the manufacturing cycle.  

RFID systems essentially consist of a Tag and a Reader. The tag is a simple system that consists 

of a RFID chip attached to an antenna. The Reader is a much more complicated system and is 

essentially a transceiver system which has to both transmit signals to the tag and receive the tag’s 

response. RFID tags can be classified based on their mode of operation and by their operating 

frequency band [1]. 

Mode of Operation 

� Passive Tag – The tag does not have a battery and the power required to drive the chip is 

derived from the signal sent by the reader. 

� Semi-Passive Tag - The tag has a battery on-board which is used only to drive the chip 

and not to send a signal. 
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� Active Tag – The tag has a battery which is used both to drive the chip as well as to 

beacon signals to the reader. 

Frequency of Operation 

� Low Frequency Tags (LF) – Operate between 125-134 kHz and use near-field inductive 

coupling for power and communication. 

� High Frequency Tags (HF) – Operate at 13.56 MHz and also use near-field inductive 

coupling for power and communication. 

� Ultra-High Frequency Tags (UHF) – Passive tags operate between 860-960 MHz (exact 

band used varies in different countries) while active tags operate at 433 MHz. 

� Microwave Tags – Operate either at 2.4 GHz or 5.8 GHz. 

This thesis deals with the Passive UHF RFID tag, specifically the design of a novel tag antenna 

based on metamaterials. 

1.2 Antennas in RFID 

 

Antennas are the heart of any RFID system. Poor antenna design could play a major role in 

compromising the performance of the whole system. The primary characteristics to be 

considered when designing a RFID Tag antenna are the size, the read range, and the 

manufacturing cost of the antenna. The ideal tag antenna would have a really small form factor, a 

high read range, and also be manufactured at a very low cost. However as in most cases the ideal 

scenario is not feasible because when any two of the above conditions are met the third condition 

tends to fail. Hence the idea behind a tag antenna design is the management of the trade-off 
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between these three conditions. A comprehensive review of the design considerations for a tag 

antenna is given in [2]. 

Most antennas currently used in passive RFID applications are printed antennas with no ground 

planes, which have a very small form factor and can be manufactured at a very low cost although 

their read range is not very high. As mentioned in [2], various other novel antenna designs have 

been proposed such as Slotted antenna [3], Circular patch antenna [4], Meander Line antenna [5], 

Inverted-F antenna [6], and Folded Dipole antenna [7].  

The simple rectangular patch antenna has also been tested for working as a RFID Tag [8]. 

Although the patch is found to provide a good performance with respect to read range and cost, it 

cannot be used in practical applications due to its large form factor. The antenna designed in this 

thesis aims to provide a similar performance to the simple patch but with much smaller form 

factor. 

1.3 RFID Tag Antenna Metal-Water Problem 

A major problem impeding the growth of passive RFID systems is the poor performance of RF 

antennas when either metals or liquids are in close proximity [9][10][11]. Under these conditions 

the read range is found to decrease sharply and is attributed to decrease in the electric field near 

the surface which is required to meet the boundary conditions. When the tag is close to the 

object; antenna detuning plays an important role [12]. The link budget analysis in [13] shows an 

18dB loss when the tag is placed onto lossy and metallic surfaces. 

There have been various attempts made to solve the metal surface problem. The most common 

solution has involved the use of a spacer in order to separate the tag from the metal on which it 

has been affixed. The other solution has been to use a special tag designed specifically for use 
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with metals which provides a really good performance but with a considerable cost overhead. 

The solution that would be desirable is a tag which works on all materials without a significant 

performance degradation when used with metals. 

Ng et al have demonstrated the use of the simple rectangular patch antenna tag as a solution to 

this problem [8]. The concept behind the use of a patch antenna on metallic objects is the 

presence of a metallic ground plane which is part of the antenna design. When the patch antenna 

is affixed onto a metallic object it just acts as an extension of the ground plane which in fact 

could lead to an improvement in performance [14]. However, as mentioned in the previous 

section, the limiting factor of this design is the large size of the patch which precludes its use in 

real-life applications. An antenna with a ground plane which also has a small form factor, such as 

the antenna designed in this thesis, would be a good solution for the metal surface problem. 

1.4 Motivation and Related Research 

Metamaterials and RFID are both topics that have been extensively researched. The origin of 

research on Metamaterials dates back to the paper written by Viktor Veselago in 1967 [15]. 

Though Veselago theorized the concept of Metamaterials, it took a long time before it was 

actually verified experimentally [16]. The book by Caloz and Itoh [17] completely describes all 

the research that has been done on Metamaterials. Chapter 3 of this thesis delves deeper into the 

concept of Metamaterials. 

The inspiration behind the antenna designed in this thesis is the work done by Bo Zhao [18]. 

Zhao has designed a Composite Right/Left Handed (CRLH) Zeroth Order Resonant (ZOR) 

antenna which radiates at 2.4 GHz and excellent performance is shown through simulations done 

using Advanced Design System (ADS). This thesis uses the same approach to design a CRLH-
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ZOR antenna radiating at 915 MHz and the results are displayed using ADS simulations. The 

simulation results are also verified experimentally by testing the antenna in an anechoic chamber. 

The drawback in [18] is that the simulations have been performed assuming a perfect conductor 

which is an ideal case not attainable in practice. The simulations done in this thesis incorporates 

Copper conductivity for real performance of the antennas. 

As mentioned earlier, the proof of concept work done by Ng et al [8] is used to design the 

antennas in this thesis as RFID tag antennas with the goal of using these antennas within the 

metallic environment.  A patch antenna as a UHF RFID tag is also designed and tested.  

1.5 Thesis Organization 

This chapter has given a brief introduction to the concept of RFID. The antennas used in RFID 

were described. The motivation behind the research done in this thesis was outlined and a short 

overview of the related research performed in this area was provided. 

Chapter 2 gives a detailed description of Antennas and the various parameters involved. It delves 

into the different types of antennas and some of the important testing parameters used in this 

thesis. A section is dedicated to Microstrip antenna design which is the base concept for the 

CRLH antenna. 

The concept of Metamaterials is elucidated in Chapter 3. The CRLH theory and the Zeroth Order 

Resonator (ZOR) design are explained in detail. Chapter 4 details the design of the novel ZOR 

antenna and presents the simulated and experimental results. It also provides a performance 

comparison with the traditional 2-cell and 4-cell CRLH ZOR antennas. A size comparison of the 

novel antennas with the standard rectangular patch antenna is also shown. The conclusions and 

recommendations for future work are provided in Chapter 5. 
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Chapter 2                                                                                                            

Fundamentals of Antennas 

2.1 Introduction 

Antennas are the most important aspect of any communication system. They enable the 

transmission and reception of Electromagnetic waves without which a communication system 

would be rendered useless. The basic principle on which all antennas function is the 

electromagnetic theory formulated by James Maxwell in 1873 [19]. It took 13 years for 

Maxwell’s theory to be validated, when Heinrich Hertz created the first ever radio system which 

used a dipole transmitting antenna and a resonant loop receiving antenna [20]. Long distance 

communication was first achieved by Marconi in 1901 when he successfully sent signals across 

the Atlantic using a fan antenna. The paper by Kraus [21] and the book by Silver [22] describe 

some of the initial antennas which were designed. 

Antennas have applications in almost every area such as Radio, TV, Wireless Communication, 

astronomy, radar, air traffic control, etc. A detailed description of the various antenna 

applications at various frequencies and their impact on systems is provided in [23]. The 

application that this thesis is concerned about is RFID where antennas play a major role in both 

the tag and the reader systems. 

The electrical and mechanical parameters of antennas determine their suitability to any 

application. The operating frequency, directivity, antenna gain, radiation efficiency, impedance, 

etc. are some of the electrical parameters. Some of the important mechanical parameters include 
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the form factor, thickness, weight, and the dielectric material used. The parameters of interest are 

explained in further detail later in this chapter. 

2.2 Classification of Antennas 

There are a variety of antenna designs currently in existence which may be broadly classified by 

their operating frequency band or their basic operating mode. Based on the mode of operation 

[24] defines four groups of antennas: elemental electric and magnetic currents, travelling-wave 

antennas, array antennas and radiating aperture antennas. This classification is only 

approximate as there could be a number of antennas which might not fall under any single 

category. A more general classification provided by [25] classifies antennas into four types: 

electrically small antennas, resonant antennas, broadband antennas, and aperture antennas. 

Balanis [26] also gives a good description of the common antenna types.  

Wire Antennas are the most common type of antennas which come in various shapes: straight 

wire dipoles, loop antennas and helix antennas. Aperture Antennas consist of a kind of opening 

through which the electromagnetic waves are transmitted and received. Slot antennas, 

Waveguides, Horn antennas, Reflector antennas, and Lens antennas fall under this category of 

antennas. Aperture antennas are mainly used in aircraft and spacecraft applications. Array 

Antennas are used in applications where a single element does not provide sufficient radiation. 

They are formed by the arrangement of a number of antenna elements in a one or two-

dimensional configuration. The configuration can be designed in such a manner as to achieve 

maximum radiation in the desired direction.  

Microstrip Antennas, which are among the most useful antennas at microwave frequencies, are 

the antennas of utmost interest to this thesis. They are made up of a metal patch and a ground 
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plane separated by a dielectric substrate. The patch can take various shapes with the rectangular 

and circular patches being the most common due to ease of fabrication and good radiation 

performance. Some of the major advantages of microstrip antennas are that they are low-profile, 

easy to fabricate, may be used on planar and non-planar surfaces, and are mechanically robust. 

These are some of the reasons why the novel tag antenna designed in this thesis uses microstrip 

implementation. Microstrip antennas are described in more detail later in this chapter. 

2.3 Performance Parameters of Antennas 

The performance of an antenna is gauged through a number of parameters. It is through these 

parameters that an antenna can be selected for any application. Hence it is important to know the 

definition of these parameters which is available in [27]. The performance of the antennas 

designed in this thesis will also be analyzed based on some of these parameters which are 

explained below. 

2.3.1 Radiation Pattern 

The antenna radiation pattern is one of the most fundamental attributes of an antenna. Many of 

the parameters which determine antenna performance are derived from the radiation pattern. The 

radiation pattern is defined as “The spatial distribution of a quantity that characterizes the 

electromagnetic field generated by an antenna” [27]. It is commonly determined in the far-field 

region and its representation is in terms of the coordinates. The spherical coordinates system (r, 

θ, φ) is preferred over the Cartesian coordinate system (x, y, z) for the representation of the 

radiation pattern as it is simpler to express the electric field intensity over a spherical surface.  

Radiation Pattern Lobes 

The radiation pattern is made up of a number of parts which are known as lobes. 
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Figure 2-1 shows a typical 3-dimensional radiation pattern with the different types of lobes 

which are: major, minor, side, and back lobes.  

 

Figure 2-1 Radiation Lobes and Antenna Beamwidth [26]  

 

 

The major lobe refers to the radiation lobe which has maximum radiation in the desired direction 

whereas a minor lobe is one which radiates in a direction other than the desired direction. A side 

lobe is any lobe which is not in the intended direction of radiation and a back lobe is one which 

is usually behind the plane of the antenna and radiating in the direction opposing the major lobe. 

A desirable antenna pattern would minimize the number of side and back lobes. 
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Radiation Field Regions 

The space that surrounds the antenna is divided into 3 regions based on the distance from the 

antenna – reactive near-field, radiating near-field (Fresnel) and far-field (Fraunhofer) regions. 

The three regions are shown in Figure 2-2. 

 

Figure 2-2 Antenna radiation regions [26] 

 

Reactive near-field region, as the name suggests, is the region in the immediate proximity of the 

antenna where the dominating field is the reactive field. Radiating near-field (Fresnel) region is 

the region just beyond the reactive near-field region where the dominating field is the radiating 

field and the distance from the antenna determines the angular distribution of the field. Far-field 
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(Fraunhofer) region is the region beyond the Fresnel region where the radiation field dominates 

and the angular field distribution is independent of the distance from the antenna.  

If λ is the wavelength, D is the largest antenna dimension, and R is the distance from the 

antenna, then the boundaries for the three regions is given as: 

� � 0.62 �	

�   � Reactive near-field region 

� � 0.62�	

�  
�� � � �	


�  � Fresnel region 

� � �	

�  � Fraunhofer region 

2.3.2 Antenna Directivity 

The directivity of an antenna indicates the performance of an antenna in a particular direction. 

The IEEE Definitions of Antenna Terms [27] defines the directivity of an antenna as “the ratio of 

the radiation intensity in a given direction from the antenna to the radiation intensity averaged 

over all directions.” The average radiation intensity is given as the total radiated power divided 

by 4π.  

If U is the radiation intensity, U0 is the average radiation intensity and Prad is the total radiated 

power, then the directivity D is given as: 

� � ��� � 4������ 
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2.3.3 Antenna Gain 

A parameter that is closely associated with the antenna directivity is the antenna gain. It is a 

useful parameter for analyzing the performance of an antenna. The absolute gain of an antenna is 

defined by [27] as “the ratio of the intensity, in a given direction, to the radiation intensity that 

would be obtained if the power accepted by the antenna were radiated isotropically.” The 

radiation intensity for the isotropically radiated input power is given as the input power divided 

by 4π. 

If U is the radiation intensity, Uin is the radiation intensity for isotropically radiated input power 

and Pin is the input power, then the gain G is given as: 

� �  ���� � 4�����  

2.3.4 Antenna Efficiency 

The antenna radiation efficiency (ηe ) is given as the ratio of the total power radiated by the 

antenna (Prad) to the total power accepted by the antenna (Pin).  

� ! "#
�"$%  

The antenna gain G and the antenna directivity D can be related as: 

� � �&� 

The antenna efficiency ηe takes into account the dielectric and conduction losses as well as losses 

due to mismatch at the antenna terminals. 
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2.3.5 Input Impedance 

The input impedance of an antenna is the impedance that the antenna presents at its input 

terminals. It can also be expressed as the ratio of the electric and magnetic field components at a 

point.  

In mathematical form the impedance ZA (ohms) is given as: 

'( � �( ) *+( 

where RA is the antenna resistance (ohms) and XA is the reactance of the antenna (ohms). 

The resistive component RA (ohms) is expressed as: 

�( � �� ) �, 

where Rr is the radiation resistance and RL is the loss resistance. 

2.3.6 Antenna Bandwidth 

The bandwidth of an antenna is the frequency band over which the performance of an antenna 

conforms to a specific standard with respect to a certain characteristic [26]. The center frequency 

within the bandwidth is the resonant frequency of the antenna. The bandwidth for broadband 

antennas is the ratio of the uppermost frequency of acceptable performance to the lowermost 

frequency of acceptable performance. The percentage of frequency difference over the center 

frequency is the bandwidth specification for narrowband antennas.  

2.3.7 Return Loss and VSWR 

The value of the return loss indicates the effectiveness of the impedance match between the 

transmission line and the antenna. It is expressed as a ratio of the power fed into the antenna and 
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the power reflected back to the source. The higher the value of the return loss, the better is the 

match between the line and the antenna. 

�- .�/0 � 10 log5� ����� 6 

where RL is the return loss expressed in dB, Pin is the input power and Pref is the reflected power. 

The return loss can also be expressed in terms of the reflection coefficient ρ, 

�- .�/0 �  10 log5� 17� � 820 log5� 7 

where the reflection coefficient ρ is given as 

7 �  �� 6���  

Another parameter which describes the impedance match between the transmission line and the 

antenna is the Voltage Standing Wave Ratio (VSWR). It is the ratio of the maximum voltage to 

the minimum voltage of a standing wave. When the value of the VSWR is 1 it implies that the 

impedance match is perfect and there is no loss of power. However a VSWR of 1 is not 

attainable in practice and the value is usually higher. 

2.3.8 Antenna Polarization 

The polarization of an antenna is the polarization of the electromagnetic wave it transmits, which 

is the locus of the electric field vector as a function of time. Depending on the shape traced out 

by the electric field vector, polarization can be classified into three types: linear polarization, 

circular polarization and elliptical polarization. 
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Linear Polarization 

When the electric field vector traces a straight line the wave is said to be linearly polarized. An 

antenna is said to be linearly polarized if it radiates a linearly polarized wave. 

Circular Polarization 

When the electric field vector traces out a circle, the wave is said to be circularly polarized. If the 

circle is traced in a clockwise rotation then it is called right-hand circular polarization and when 

it is traced in a counterclockwise rotation it is termed as left-hand circular polarization. 

Elliptical Polarization 

When the figure traced out by the electric field vector is an ellipse, the wave is said to be 

elliptically polarized. It is to be noted that linear and circular polarizations are special cases of 

elliptical polarization. 

A parameter which can be used to determine the type of polarization is the axial ratio. It is a 

ratio of the orthogonal components of the electric field. The axial ratio is 1 for circular 

polarization as the field is made up of two orthogonal components of equal magnitude. It is 

greater than 1 for elliptical polarization while for linear polarization the axial ratio is infinite 

because the orthogonal component of the field is zero.  

2.4 Microstrip Antennas 

As mentioned earlier the antenna of utmost interest to this thesis is the microstrip antenna. The 

earliest work done on microstrip antennas was by Deschamps [28] in 1953 and a patent [29] 

applied in 1955. However, the first microstrip was built only in the year 1972 by Robert Munson 

[30][31], after which microstrip antennas became a popular topic of research. Microstrip 
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antennas can be designed for a wide range of frequencies, and working models have so far been 

developed for frequencies from about 400 MHz to 38 GHz. 

2.4.1 Advantages and Disadvantages 

There are several advantages and disadvantages of using microstrip antennas over conventional 

antennas. 

2.4.1.1 Advantages 

Some of the advantages of microstrip antennas are: 

� Low Profile – they have a small form factor which is of utmost importance to modern 

applications where space is a constraint. 

� Highly conformal – they can be made conformable to both planar and non-planar 

surfaces. 

� Ease of manufacturing – they are simple to fabricate using modern printed circuit 

technology. 

� Highly robust – they can be placed on rigid surfaces and are quite rugged. 

� Ease of integration – they are compatible with MMIC designs and can be integrated 

easily with the circuit elements. 

� Highly versatile – they can be designed for multi-frequency operations or for dual-

polarization operations. 

2.4.1.2 Disadvantages 

Some of the drawbacks of using microstrip antennas are: 
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� Narrow bandwidth – they have a very narrow bandwidth in their basic form which is 

suitable only for certain applications. However there have been various methods proven 

to widen the bandwidth [32][33][34][35]. 

� Low power and efficiency – they cannot handle a large amount of RF power due to the 

minimal separation between the patch and the ground plane and are not highly efficient.  

� High Q factor – they have a high Q factor sometimes in excess of 100. 

2.4.2 Construction 

Microstrip antennas consist of a very thin strip of metal placed a small fraction of a wavelength 

above a ground plane. A dielectric substrate separates the strip and the ground plane. The metal 

strip is commonly referred to as a patch. The geometry of a microstrip antenna is shown in 

Figure 2-3. 

Figure 2-3 Microstrip antenna construction [26] 
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The conducting strip can be of any shape with the most common ones being a simple rectangular 

or circular patch. It could also be a resonant dipole, or an array of patches or dipoles along with 

their feed network [36].  

2.4.3 Materials Used 

The radiating top surface is normally made of thin copper. There are plenty of choices available 

for the dielectric substrate having dielectric constants ranging from as low as 1.17 to as high as 

25 and loss tangents varying from 0.0001 to 0.004 [37][38]. A detailed overview of the various 

substrate materials available and their properties is provided in [36].  

The considerations while selecting a dielectric substrate involves a trade-off between the cost, 

power loss, and performance. When a material with a high dielectric constant is used the size of 

the patch decreases significantly and the fabrication cost reduces, however the power loss 

increases and the performance is hence degraded. This was evidenced in this thesis when Rogers 

Duroid 5880 (εr= 2.2) and FR4 (εr = 4.4) were used to design the same antenna. 

2.4.4 Feeding Techniques 

There are four popular techniques for feeding microstrip antennas. A brief description of each of 

these methods is provided below. 

2.4.4.1 Coaxial Probe Feed 

This is the most common technique used to feed microstrip antennas. A coaxial probe is used to 

feed the antenna. The inner conductor of the coaxial cable is connected to the patch while the 

outer conductor is connected to the ground plane. The characteristic impedance of the coaxial 

probe is generally 50 ohms and hence the feed point on the patch should be at a point where the 

input impedance is 50 ohms, in order to achieve a good impedance match. Though the coaxial 
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probe is easy to fabricate and match, it has a narrow bandwidth and modeling becomes pretty 

complex as the thickness of the substrate increases. 

2.4.4.2 Microstrip Line Feed 

A microstrip transmission line is connected directly to the microstrip patch. In order to match the 

impedance at the edge of the patch, quarter-wavelength transformers are used. A simpler method 

to match the impedance is to extend the microstrip feed line into the patch. The microstrip line is 

easy to fabricate and the impedance can be easily matched by controlling the inset position. The 

drawback of this method is that as the thickness of the substrate increases the spurious radiations 

increase which limits the bandwidth of operation.  

2.4.4.3 Proximity-Coupled Microstrip-Line Feed 

This method uses an open-ended microstrip line to feed the patch antenna through proximity 

coupling. The open-ended line could be placed underneath the patch at the position where the 

impedance matches or it could also be placed in parallel close to the edge of the patch in which 

case the excitation is achieved through fringe-field coupling. The advantage of this method is 

that no soldering is required which increases the reliability. 

2.4.4.4 Aperture-Coupled Feed 

An open-ended microstrip line is placed on another substrate below the ground plane. There is a 

slot in the ground plane through which the patch on top of the ground plane is excited by the 

open-ended microstrip line situated below the ground plane. This method also avoids any 

soldered connection and also reduces the amount of spurious radiation. It also achieves a higher 

bandwidth when a thick substrate is used, which increases further when a resonant slot is used. 
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However this method is the most complex to model and the back radiation from the slot is a 

major drawback. 

The book by Lee and Luk [39] provides a summary of advantages and disadvantages of using the 

four feeding techniques. 

2.4.5 Analysis Techniques 

Many techniques are employed for the analysis of microstrip antennas. The three methods that 

are generally used are: transmission-line model, cavity model and full-wave model. 

Transmission-line Model 

The easiest technique for modeling microstrip antennas is the transmission-line model which 

uses transmission-line theory and models the patch as two parallel radiating slots [31]. The main 

advantage of this technique is that it is a very simple method which provides good physical 

insight. However the drawback of this method is that it is not highly accurate and it is difficult to 

model mutual coupling [40]. 

Cavity Model 

A more complex technique for modeling microstrip antennas is the cavity model. It is more 

accurate than the transmission-line model and also provides a good physical insight. However it 

is much more complex than the transmission-line model and coupling is difficult to model 

although there have been models that have successfully modeled coupling [41][42][43]. 
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Full-wave Model 

The most complex modeling technique for microstrip antennas is the full-wave model. The 

advantages of this technique, when used correctly, is that it is very accurate, very versatile, and 

can treat single elements, finite and infinite arrays, stacked elements, arbitrarily shaped elements, 

and also model mutual coupling [26]. The drawbacks of this method are that it is a very complex 

model and it does not provide good physical insight. 

2.5 The Rectangular Patch Antenna 

The most commonly used microstrip antenna is the rectangular patch antenna. In this thesis the 

rectangular patch antenna is used as a reference antenna. The theory behind the working of a 

patch antenna, its fundamental characteristics, and a transmission-line model for the patch is 

summarized in this section. 

2.5.1 Geometry 

The rectangular patch antenna is characterized by its length (L), width (W), substrate thickness 

(h) and relative permittivity (εr). The geometry of the rectangular patch is shown in Figure 2-4. 

 

Figure 2-4 Rectangular patch antenna geometry [26]  
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Effective Length 

The fringing edge effects cause the electrical length of the patch to appear longer than its 

physical length. The increase in length on each side (∆L) is a function of the W/h ratio and the 

effective dielectric constant εreff. Hammerstad [45] gives an expression for the normalized length 

extension which is generally followed: 

9-: � 0.412 ;<� 66 ) 0.3> ?@: ) 0.264A
;<� 66 8 0.3> ?@: ) 0.8A  

The increase in the length of the patch is 2 ∆L and hence the effective length of the patch is: 

- 66 � - ) 29- 

Resonant Frequency 

The resonant frequency of the patch for the dominant TM010 mode including the fringing effects 

is a function of its length and is given by: 

.C�D0�5� � 12- 66E<� 66EF�<� � G2.- ) 9-0E<� 66 

where C is the speed of light in free space 

2.5.2 Design Procedure 

The steps for the design of a microstrip patch antenna can be outlined as follows: 

� The initial step for the design of a rectangular patch antenna is the specification of the 

resonant frequency (fr), the dielectric constant of the substrate (εr), and the height of the 

dielectric substrate (h). 
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� The width (W) of the patch, the effective dielectric constant (εr), and the extension of 

length (∆L) are calculated using the equations described previously. 

� Using the value of ∆L the actual length of the patch can be determined as: 

- �  12C#E<#&CCEF0<0 8 29- 

� The transmission-line model assumes the size of the ground plane to be infinite; hence a 

practical approximation of the size of the ground plane needs to be identified. It has been 

shown in [46] that a ground plane with dimensions that are greater than the patch 

dimensions by approximately 6 times the substrate height (h); provides results that are 

almost similar as those obtained with an infinite ground plane. 
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Chapter 3                                                                                                                     

Left-Handed and Composite Right/Left Handed Materials 

3.1 Overview of Metamaterials 

3.1.1 Introduction 

The fundamental properties of a material which determine the propagation of electromagnetic 

waves through it are the permittivity ε and the permeability µ. For most naturally occurring 

materials the values of ε and µ are positive. However, materials with negative permittivity ε or 

negative permeability µ have been known to exist for a very long time. The Drude-Lorentz 

models actually predicts regions of negative ε or µ above each resonance if the losses are small 

enough [47]. There are many examples of materials which have negative ε such as low-loss 

plasmas, and semiconductors and metals at optical and infrared frequencies. However materials 

with negative µ are not very common as most solid-state materials have weak magnetic 

interactions [48]. Ferrimagnetic materials have strong magnetic interactions which produce 

regions with negative permeability. The non-reciprocity of these materials makes them very 

useful in Microwave engineering. The materials mentioned thus far possess either negative 

permittivity ε or negative permeability µ but not both simultaneously. The materials which 

possess both negative permittivity and negative permeability are of particular interest and are 

known as metamaterials. 

Metamaterials are defined as artificial effective homogeneous electromagnetic structures with 

unusual properties and not readily available in nature [17]. A structure is said to be homogeneous 

when its average cell size is much smaller than the guided wavelength. Left-Handed (LH) 
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materials are the most popular form of metamaterials and are characterized by antiparallel phase 

and group velocities or by a negative index of refraction. Composite right/left handed materials 

are a generalization of LH metamaterials and are the basis of the research done in this thesis. 

3.1.2 Evolution of the Theory of Left-Handed Materials 

The idea of Left-Handed materials was first speculated in 1967 by Viktor Veselago [15]. The 

term Left-Handed was coined by Veselago because the electric field vector, magnetic field 

vector, and the wave vector formed a left-handed triplet as opposed to a right-handed triplet 

formed by substances with positive ε and µ. The major physical impact of left-handedness is 

backward-wave propagation which implies that the energy and the wavefronts travel in opposing 

directions. Some of the other names for left-handed materials are negative-refractive materials 

[49], backward materials [50], and double-negative materials [51]. 

Although the theory of left-handedness was proposed in 1967, it was only after three decades 

that it was proven experimentally. This was done by a group at the University of California, San 

Diego who proposed a LH metamaterial structure based on the work done by Pendry at the 

Imperial College at London [16]. Pendry created two structures, one with positive ε and negative 

µ and the other with negative ε and positive µ [52][53]. The two structures are the split-ring 

resonator structure (positive ε/negative µ) and the thin-wire structure (negative ε/positive µ).  

The two structures created by Pendry were combined by the group at UCSD [16] to form a 

composite structure which was officially the first LH metamaterial to have been experimentally 

demonstrated. This structure provides a frequency range in which both the permeability and the 

permittivity have negative values. This was a mono-dimensional LH structure which was 

improved to create a bi-dimensional LH structure [54].  This structure is shown in Figure 3-1. 
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Figure 3-1 First experimental LH structure [54]  

 

After the first experimental demonstration of LH metamaterials a number of publications 

emerged ratifying the theory of left-handed materials. Various numerical approaches have also 

been used to verify the concept of LH metamaterials [51][55][56][57][58][59]. Some of the 

works confirming the theory are [50][60][61][62][63][64] and other experimental confirmation 

can be found in [54][64][65][66]. 

3.2 Special Properties of Left-Handed Metamaterials 

There has been tremendous interest in LH metamaterials ever since they were experimentally 

verified. The main reason for this interest is the extraordinary properties that they exhibit. Some 

of the physical phenomena which occur in natural (right-handed) materials are seen to be totally 
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reversed in LH materials. This makes the LH materials very useful for a lot of existing and novel 

applications. Some of the special properties of LH materials are explained in this section. 

3.2.1 Backward Wave Propagation 

 Backward wave propagation is essentially the origin of the term ‘left-handed’ materials by 

Veselago [15]. It can be better explained by initially considering the wave form of Maxwell’s 

equations: 

HI� 8 ��J� K�KL�MN � 0 

where η is the refractive index and c is the velocity of light in vacuum, which are related as: 

��J� � <F 

Hence when the square of the refractive index is considered there is no effect due to the 

simultaneously negative values of ε and µ. The intuition from this is that the solutions to the 

Maxwell’s equation in wave form do not change even with simultaneously negative values of ε 

and µ. 

However considering Maxwell’s equations in differential form: 

I + O � 8*PFQ and I + Q � *P<O 

Now it is intuitive that for simultaneously negative values of ε and µ the solutions are quite 

different. The electric and magnetic field vectors for a planar wave are given as: 

O �  O�&.RST.UVSWX0 
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Q � Q�&.RST.UVSWX0 

which can be reduced to: 

T + O �  PFQ 

T + Q �  8P<O 

From these two equations it is evident that for positive values of ε and µ, the electric field, 

magnetic field, and wave vectors form a right-handed triplet. 

For negative values of ε and µ, 

T + O � 8 P|F|Q 

T + Q �  P|<|O 

which indicates that the E, H, and k vectors now form a left-handed triplet.  

 

Figure 3-2 System of vectors E, H, S, and k in conventional and Left-Handed media 

 

The impact of the above result, as can be seen in Figure 3-2, is that the propagation of the wave 

is now in a direction opposite to that in a normal (right-handed) material. It is also important to 



 

note that the direction of the Poynting vector 

as Backward-wave propagation. 

3.2.2 Negative Refractive Index

One of the most interesting properties of LH materials is the reversal of the fundamental Snell’s 

law of refraction. According to Snell’s law:

Where η1 is the refractive index of the incident medium, 

medium, θ1 is the angle of incidence, and 

When both the incident and the refracted media are ordinary materials, the angle of incidence 

and the angle of refraction have the same signs. However when the refracted 

material θ1 and θ2 have opposite signs. This 

propagation in LH materials which was explained in the previous section. This phenomenon is 

shown in Figure 3-3 where θ1 = θ

a left-handed metamaterial.  

Figure 

 

Hence it follows that when the re
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note that the direction of the Poynting vector S does not change. This phenomenon is referred to 

 

Negative Refractive Index 

t interesting properties of LH materials is the reversal of the fundamental Snell’s 

law of refraction. According to Snell’s law: 

 

is the refractive index of the incident medium, η2 is the refractive index of t

is the angle of incidence, and θ2 is the angle of refraction. 

When both the incident and the refracted media are ordinary materials, the angle of incidence 

and the angle of refraction have the same signs. However when the refracted 

have opposite signs. This follows directly from the concept of Backward

propagation in LH materials which was explained in the previous section. This phenomenon is 

θ2 = 8 degrees for a conventional material and θ2

 

Figure 3-3 Refraction in conventional and LH materials 

Hence it follows that when the refracted medium is a LH material, 

does not change. This phenomenon is referred to 

t interesting properties of LH materials is the reversal of the fundamental Snell’s 

is the refractive index of the refracted 

When both the incident and the refracted media are ordinary materials, the angle of incidence 

and the angle of refraction have the same signs. However when the refracted medium is a LH 

follows directly from the concept of Backward-wave 

propagation in LH materials which was explained in the previous section. This phenomenon is 

2 = -8 degrees for 
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sin ]5sin ]� � ���5 � 0 

Since the refractive index of any ordinary material is positive, η1 > 0. This implies than the 

refractive index of the LH metamaterial, η2 < 0.  The implication of this result is that when LH 

materials are used, convex lenses which are normally convergent become divergent and concave 

lenses which are normally divergent become convergent [15]. 

3.2.3 Reversal of Doppler Effect 

A popular concept useful in many applications is the Doppler Effect which is the shift in the 

frequency of the wave observed from a source depending on the relative velocity of the observer 

and the source. For an ordinary medium this implies that when the observer is moving towards 

the source, the wave and the observer are moving in opposite directions and hence the frequency 

of the wave shifts upwards. The frequency shifts downwards when the observer moves away 

from the source.  

However in a LH medium, backward wave propagation occurs and hence when the observer 

moves towards the source the wave propagates in the same direction and hence the frequency 

shifts downwards. The frequency shifts upwards when the observer moves towards the source. 

This is a reversal of the Doppler Effect described above. This has been proven both theoretically 

[15][17] and experimentally [67]. 

3.3 Transmission Line (TL) Theory for LH Metamaterials 

The LH structures initially designed in [16] are lossy resonant structures and have very narrow 

bandwidth. This drawback precluded their use in many applications and other alternative 

approaches were proposed. One of the approaches, which provided a more useful structure, was 



 

the Transmission Line (TL) approach 

and a capacitor, which is the dual of a simple LC circuit, is an ideal LH TL and is proven to 

exhibit the properties of LH materials 

RH TL and a homogeneous LH TL are sh

Figure 3-4 Equivalent circuit model (a) Homogeneous RH TL (b) Homogeneous LH TL

 

The circuit model for the homogeneous RH TL consists of a series inductance 

and shunt capacitance C
’
R per-unit length. The circuit model for the homogeneous LH TL can 

been seen to be the dual of the RH TL case and consists of a series capacitance 

length and a shunt inductance L
’
L

medium could be created with a cascade of such cells with the condition that the cell size is 

much smaller than the guided wavelength. Such a structure was prop

to be nonresonant with low loss and a high bandwidth. 

3.3.1 Advantages of TL Metamaterial Structures

The LH metamaterial structures realized through the transmission line theory have a number of 

advantages over the earlier structures. Some of the advantages are:

� The structures are nonresonant in nature. This implies that they have low loss and broad 

operating bandwidth. 
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the Transmission Line (TL) approach [63][68][69][70][71]. A basic cell consisting of an inducto

and a capacitor, which is the dual of a simple LC circuit, is an ideal LH TL and is proven to 

exhibit the properties of LH materials [17]. The LC equivalent circuit model for a homogeneous 

RH TL and a homogeneous LH TL are shown in Figure 3-4.  

Equivalent circuit model (a) Homogeneous RH TL (b) Homogeneous LH TL

mogeneous RH TL consists of a series inductance L

unit length. The circuit model for the homogeneous LH TL can 

been seen to be the dual of the RH TL case and consists of a series capacitance 

’
L times-unit length. From this result it was evident that a LH TL 

medium could be created with a cascade of such cells with the condition that the cell size is 

much smaller than the guided wavelength. Such a structure was proposed by [70]

to be nonresonant with low loss and a high bandwidth.  

Advantages of TL Metamaterial Structures 

The LH metamaterial structures realized through the transmission line theory have a number of 

over the earlier structures. Some of the advantages are: 

The structures are nonresonant in nature. This implies that they have low loss and broad 

. A basic cell consisting of an inductor 

and a capacitor, which is the dual of a simple LC circuit, is an ideal LH TL and is proven to 

. The LC equivalent circuit model for a homogeneous 

 

Equivalent circuit model (a) Homogeneous RH TL (b) Homogeneous LH TL[72]  

L
’
R per-unit length 

unit length. The circuit model for the homogeneous LH TL can 

been seen to be the dual of the RH TL case and consists of a series capacitance C
’
L times-unit 

unit length. From this result it was evident that a LH TL 

medium could be created with a cascade of such cells with the condition that the cell size is 

[70] and was found 

The LH metamaterial structures realized through the transmission line theory have a number of 

The structures are nonresonant in nature. This implies that they have low loss and broad 
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� The resonant frequency of the structure is determined by the LC parameters which can be 

controlled easily. 

� The structures can be designed in planar configurations. 

� They are easily compatible with modern microwave integrated circuits. 

� Since the transmission line theory has been thoroughly researched, the structures can be 

efficiently designed for microwave applications. 

3.4 Composite Right/Left Handed (CRLH) Metamaterials 

The ideal LH transmission line detailed in the previous section is hypothetical and cannot be 

realized in practice. This is due to the presence of a series inductance caused by current flow in 

the metal and a shunt capacitance caused by voltage gradients. This implied that a structure 

cannot be purely left-handed and led to the introduction of the term Composite Right/Left 

Handed (CRLH) for such materials [73][74]. 

3.4.1 CRLH Transmission Line (TL) Theory 

The fundamental characteristics of CRLH metamaterials can be understood by analyzing the 

equivalent TL model [17]. For ease of analysis an ideal homogeneous loss-less TL is initially 

considered. Although an ideal homogeneous CRLH TL cannot be realized in practice, artificial 

structures which provide effective homogeneity can be constructed and hence the analysis of the 

ideal case does describe the fundamental properties of the CRLH metamaterials. The equivalent 

LC circuit model for a homogeneous loss-less CRLH TL is shown in Figure 3-5. 



 

Figure 3-5 Equivalent circu

 

It can be seen from Figure 3-5 that the model for a homogeneous CRLH TL is a combination of 

the circuits described for RH and LH TLs. The serie

L
’
R and a capacitance C

’
L in series, while the shunt arm consists of a capacitance 

inductance L
’
L in parallel. The impedance per

(Y
’
) are a function of frequency and are given as:

The equation for the propagation constant 

where α denotes the attenuation and 

The characteristic impedance of the TL
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Equivalent circuit model for a homogeneous CRLH TL[72]  

that the model for a homogeneous CRLH TL is a combination of 

the circuits described for RH and LH TLs. The series arm of the circuit consists of an inductance 

in series, while the shunt arm consists of a capacitance 

in parallel. The impedance per-unit length (Z
’
) and the admittance per

on of frequency and are given as: 

 

 

The equation for the propagation constant γ of a TL is: 

 

 denotes the attenuation and β denotes the dispersion. 

The characteristic impedance of the TL is given as: 

 

that the model for a homogeneous CRLH TL is a combination of 

s arm of the circuit consists of an inductance 

in series, while the shunt arm consists of a capacitance C
’
R and an 

) and the admittance per-unit length 
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'^ � �^ ) *+^ � '_̀ � a'_b_ � '^.P0 
The dispersion relation for a homogeneous CRLH TL can be written as: 

c.P0 � d.P0�P�-ef Gef ) 5W
,gh ^gh 8 ?,ih,gh ) ^ih^ghA    

Where s(ω) is a sign function which is given as: 

d.P0 � j81 kC P � min.Pm , Pmo0 )1 kC P p max.Pm , Pmo0 s 
Here ωse and ωsh are the series and shunt resonance frequencies which are expressed as: 

Pm � 1
E-ef G,f  

Pmo � 1
E-,f Gef  

When the sign function takes on a positive value the phase constant β is purely real and there 

exists a pass band since ` � *c. This is a typical characteristic of a RH TL. However when the 

sign function is negative the phase constant is purely imaginary and a stop band is present since 

` � t. This stop band characteristic is unique to the CRLH TL.  

Figure 3-6 shows the dispersion diagrams for homogeneous RH, LH, and CRLH TLs. β is the 

phase constant and c is the speed of light in free space. Since the group velocity of a TL is 

uv � KP/Kc and the phase velocity of a TL is ux � P/c, they can be obtained from the 

dispersion diagram. It is evident that for a purely RH TL the phase and group velocities are 



 

parallel (have the same sign) as

that the phase and group velocities are antiparallel (have opposite signs). 

 

Figure 3-6 Dispersion diagrams (a) Homogeneous RH TL (b) Homogeneous LH TL (c) Homogeneous CRLH TL

 

In the case of the CRLH TL it can be seen that there exists a band where the phase and group 

velocities are parallel (RH region) and a band where the phase and group velocities are 

antiparallel (LH region). There is also a band gap which occurs when 

to the difference in the shunt and series resonant frequencies (
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, whereas for a purely LH TL 

that the phase and group velocities are antiparallel (have opposite signs).  

Dispersion diagrams (a) Homogeneous RH TL (b) Homogeneous LH TL (c) Homogeneous CRLH TL

In the case of the CRLH TL it can be seen that there exists a band where the phase and group 

elocities are parallel (RH region) and a band where the phase and group velocities are 

antiparallel (LH region). There is also a band gap which occurs when γ is purely real. This is due 

to the difference in the shunt and series resonant frequencies (ωsh and ωse), and the CRLH TL is 

 which implies 

 

Dispersion diagrams (a) Homogeneous RH TL (b) Homogeneous LH TL (c) Homogeneous CRLH TL[72]  

In the case of the CRLH TL it can be seen that there exists a band where the phase and group 

elocities are parallel (RH region) and a band where the phase and group velocities are 

 is purely real. This is due 

), and the CRLH TL is 



 

then said to be unbalanced [17]

series resonances are equal in which case the band gap disappears and there is smooth transition 

from the LH region to the RH region 

model for a balanced CRLH TL is also shown in 

Figure 3-7 Balanced Homogeneous CR

 

In the balanced CRLH TL the phase constant 

RH phase constant (βR) and the other rep

written as: 

where 
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[17]. The CRLH TL is said to be balanced when the shunt and the 

series resonances are equal in which case the band gap disappears and there is smooth transition 

from the LH region to the RH region [72]. This is shown in Figure 3-7(b). The equivalent circuit 

model for a balanced CRLH TL is also shown in Figure 3-7(a). 

Balanced Homogeneous CRLH TL (a) Equivalent circuit (b) Dispersion diagram

In the balanced CRLH TL the phase constant β can be split into two parts, one representing the 

) and the other representing the LH phase constant (β

 

 

. The CRLH TL is said to be balanced when the shunt and the 

series resonances are equal in which case the band gap disappears and there is smooth transition 

. The equivalent circuit 

 

LH TL (a) Equivalent circuit (b) Dispersion diagram[17][72]  

 can be split into two parts, one representing the 

resenting the LH phase constant (βL). This can be 
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c, � 81PE-,f G,f  
This indicates that at low frequencies the CRLH TL is essentially LH and less dispersive while at 

higher frequencies the CRLH TL is essentially RH and becomes more dispersive. This can be 

clearly seen in the dispersion diagram in Figure 3-7(b). The frequency at which the CRLH TL 

moves from the LH region to the RH region is termed as the transition frequency (ω0), which is 

given as: 

P� � 1
E-ef Gef -,f G,fy  

For the balanced CRLH TL, this reduces to: 

P� � 1√-_G_ 
The transition frequency is also the frequency at which the maximum attenuation occurs [17]. 

Also, at the transition frequency the phase constant β=0 which implies that the guided 

wavelength is infinite. However, since the group velocity uv p 0 wave propagation still occurs at 

this frequency.  

The characteristic impedance of the unbalanced CRLH TL can now be written as: 

'^ � ',a-ef G,fP� 8 1-,f GefP� 8 1 

For the balanced case this reduces to: 

'^ � ', � 'e 
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where the impedance contribution of the LH part is ', � �,gh^gh and the impedance contribution of 

the RH part is 'e � �,ih^ih  . 

3.4.1.1 Relation of CRLH TL Parameters to the CRLH Metamaterial Parameters 

The TL parameters that were derived in the previous sections can be related to the actual 

constitutive parameters of the CRLH metamaterial [17][72].  

Propagation Constant 

The propagation constant γ for a CRLH TL, as seen in the previous section, is given as: 

` � *c � E'_b_ 
In the case of a CRLH metamaterial, the propagation constant is expressed as: 

c � PEF< 

Squaring and equating the two expressions, a relationship for the parameters can be written as: 

8P�F< � '_b_ 
Characteristic Impedance 

For the CRLH TL the characteristic impedance is given as: 

'^ � a'_b_ 
The intrinsic impedance of the metamaterial is given by the equation: 
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� � �F<  

These two expressions can be related as: 

'_b_ � F<  

From the two relations, the permittivity and permeability of the metamaterial can be written in 

terms of the impedance and admittance of the TL. 

F � '_*P � -ef 8 1P�G,f  

< � b_*P � Gef 8 1P�-,f  

3.4.1.2 Advantages of Balanced CRLH TL over Unbalanced CRLH TL 

From the results derived in the previous sections, a number of advantages of Balanced CRLH 

TLs over their unbalanced counterparts can be identified. They can be summarized as: 

� There is no coupling between the LH and RH parts of the balanced CRLH TL circuit. 

This makes it much simpler than the unbalanced model. 

� There is no stop band in the balanced CRLH which results in a smooth transition between 

the LH and RH regions, whereas there is a band gap in the unbalanced case. 

� From the expression derived for the characteristic impedance, it is evident that for the 

balanced CRLH TL the characteristic impedance is independent of the frequency. This 

implies that the balanced CRLH TL can be matched over a broad bandwidth. However 

this is not true in the case of the unbalanced CRLH TL where the characteristic 
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impedance is dependent on the frequency and hence can be matched only over a very 

narrow bandwidth. 

� In the balanced CRLH TL there is wave propagation even at the transition frequency as 

the group velocity is not zero, whereas in the case of the unbalanced CRLH TL the group 

velocity is zero within the stop band. 

� An extension of the previous point is that the phase shift at the transition frequency, 

{ � 8c| � 0. This becomes positive when the frequency decreases (LH region), and 

becomes negative when the frequency increases beyond the transition frequency (RH 

region). 

3.4.2 L-C Based CRLH TL Model 

The ideal homogeneous CRLH TL described in the previous section is not practically realizable 

and is purely theoretical. However it is possible to realize an effectively homogeneous CRLH TL 

within a specific frequency band using an LC-based ladder network circuit structure [17]. 

The LC-based CRLH model is obtained by a cascade of LC unit cells shown in Figure 3-8(a). 

The resultant ladder network is shown in Figure 3-8(b). It is notable that unlike the basic LC 

model introduced in the ideal homogeneous case the unit cell in this case is not associated with a 

physical length (∆z) and is dimensionless. The size of the structure is represented in terms of its 

electrical length ] � |∆{| (rad). It is proved in [17] that, if the length of the footprint of the unit 

cell ~ � ∆� � 0 this LC model becomes equivalent to the basic model in Figure 3-5. This 

condition is known as the homogeneity condition which ensures that the TL is seen to be 

effectively homogeneous. For the practical case the homogeneity condition translates to ~ � ���  

where λg is the guided wavelength, and the electrical length ] � ��. 



 

Figure 3-8 LC-Based CRLH Model (a) Unit cell (b) Periodic ladder network 

 

The impedance (Z) and the admittance (

As in the case of the ideal homogeneous TL, the series and shunt resonant frequencies are 

defined as: 
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Based CRLH Model (a) Unit cell (b) Periodic ladder network [72]

) and the admittance (Y) of the unit cell are given as [17]: 

 

 

eal homogeneous TL, the series and shunt resonant frequencies are 

 

 

 

[72]  

eal homogeneous TL, the series and shunt resonant frequencies are 
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The dispersion relation of the LC unit cell is found by applying the Bloch-Floquet theorem [17]: 

c.P0 � 1~ cosR5 �1 ) 'b2 � 

The Taylor’s approximation cos c~ � 1 8 �x
�  is applicable because the electrical length of the 

LC unit cell is very small. Also using the expressions for Z and Y given previously, the 

dispersion relation now becomes: 

c.P0 � d.P0~ aP�-eGe ) 1P�-,G, 8 �-e-, ) GeG,� 

This expression shows that, at small electrical lengths this model is equivalent to the ideal 

homogeneous CRLH TL model. Although the LC-based CRLH TL model is seen to exhibit band 

pass filter properties there is no relation between the CRLH TL design and filter design [17]. 

3.4.3 Microstrip Implementation 

The LC-based model discussed in the previous section needs to be physically implemented to 

design a CRLH TL structure. The two popular methods for physically implementing the LC 

network are through surface-mount technology (SMT) chip components or by using distributed 

components. A popular method of implementing distributed components is the microstrip 

implementation. This method of implementation is chosen because of it is easy to meet the 

design specifications such as the frequency of operation and phase responses. 

The first distributed microstrip CRLH TL structure that was realized consisted of interdigital 

capacitors and stub inductors which were shorted to the ground by a via [17][64][75]. This 

structure is shown in Figure 3-9. The unit cell of this structure is equivalent to the unit cell of the 



 

LC-based model seen in Figure 

capacitors and the stub inductors while 

Figure 3-9 Microstrip CRLH with Interdigital capacitors and stub inductors

 

A CRLH prototype based on this model was designed in 

experimental and simulated results provided by this prototype showed a very good similarity 

with the LC network model over a wide bandwidth, thus ratifyi

characterization of the CRLH metamaterials. This prototype is shown in 
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Figure 3-8(a). The CL and LL are contributed by the interdigital 

and the stub inductors while CR and LR are contributed by their parasitic reactances.

Microstrip CRLH with Interdigital capacitors and stub inductors [72]

rototype based on this model was designed in [17] with 24 unit cells. The 

experimental and simulated results provided by this prototype showed a very good similarity 

with the LC network model over a wide bandwidth, thus ratifying the models developed for the 

characterization of the CRLH metamaterials. This prototype is shown in Figure 3

are contributed by the interdigital 

are contributed by their parasitic reactances. 

 

[72] 

with 24 unit cells. The 

experimental and simulated results provided by this prototype showed a very good similarity 

ng the models developed for the 

3-10. 



 

Figure 

 

3.5 Radiation Applications of CRLH Metamaterials

The ability of the CRLH metamaterial structure

a number of applications. Radiation occurs when the metamaterial structure 

space and supports the leaky-wave (LW) mode. This property leads to the use of CRLH 

metamaterial structures as antennas or reflectors. There have been many applications designed 

using the LW mechanism, such as a Backfire

LW antenna, and Reflecto-Directive structures 

to this thesis is the Zeroth Order Resonating

applications is based on a resonance mechanism rather than the LW mechanism.

3.5.1 Zeroth Order Resonating (ZOR) Antenna

The Zeroth Order Resonating antenna is based on the concept of the Zeroth Order Resonator 

(ZOR) which is explained in the next section. A LC network i

realization for the ZOR are then explained. This is the fundamental basis of the antenna designed 

in this thesis.  

3.5.1.1 ZOR Principle 

The CRLH TL, when open-ended or short

travelling waves. When this occurs the CRLH TL becomes a resonator. This characteristic is not 
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Figure 3-10 24-cell Microstrip CRLH TL prototype [72]  

Radiation Applications of CRLH Metamaterials 

The ability of the CRLH metamaterial structures to radiate is of tremendous interest and leads to 

a number of applications. Radiation occurs when the metamaterial structure is left open to free 

wave (LW) mode. This property leads to the use of CRLH 

metamaterial structures as antennas or reflectors. There have been many applications designed 

using the LW mechanism, such as a Backfire-to-Endfire LW antenna, an electronically scanned 

Directive structures [17]. However the primary application of interest 

Zeroth Order Resonating (ZOR) antenna, which unlike the previous 

ons is based on a resonance mechanism rather than the LW mechanism.

Zeroth Order Resonating (ZOR) Antenna 

The Zeroth Order Resonating antenna is based on the concept of the Zeroth Order Resonator 

(ZOR) which is explained in the next section. A LC network implementation and a Microstrip 

realization for the ZOR are then explained. This is the fundamental basis of the antenna designed 

ended or short-ended, produces standing waves as opposed to 

ves. When this occurs the CRLH TL becomes a resonator. This characteristic is not 

 

to radiate is of tremendous interest and leads to 

is left open to free 

wave (LW) mode. This property leads to the use of CRLH 

metamaterial structures as antennas or reflectors. There have been many applications designed 

antenna, an electronically scanned 

. However the primary application of interest 

(ZOR) antenna, which unlike the previous 

ons is based on a resonance mechanism rather than the LW mechanism. 

The Zeroth Order Resonating antenna is based on the concept of the Zeroth Order Resonator 

mplementation and a Microstrip 

realization for the ZOR are then explained. This is the fundamental basis of the antenna designed 

ended, produces standing waves as opposed to 

ves. When this occurs the CRLH TL becomes a resonator. This characteristic is not 
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unique to CRLH TLs and occurs even in a RH TL. However the resonance characteristics of the 

CRLH TL are unique as even negative and zeroth-order resonances are allowed, which is not the 

case for a RH TL resonator. 

For the conventional resonator the resonant frequencies are the frequencies where the physical 

length of the structure (l) is a multiple of �/2 which equates to the electrical length (θ) being a 

multiple of π. Since the phase constant for a RH TL is always positive (β>0), the electrical 

length (θ= βl) can only have a positive value. This implies that only positive resonances are 

allowed in a purely RH TL. 

In the case of the CRLH TL it has been seen that the value of β at the transition frequency is 0, 

and is negative in the LH region. This implies that the electrical length may be zero (β =0, λg= 

infinity) and can take even negative values. Hence for an ideal CRLH TL resonator with physical 

length l, the condition for resonance to occur is: 

c� � ��|           .� � 0, �1,�2,… 0 
The resonant modes in the CRLH resonator are shown in Figure 3-11. The zeroth mode (n=0) is of 

particular interest because it corresponds to a flat field distribution and hence is independent of 

the physical length of the TL. This characteristic can theoretically be used to design very small 

resonators. 



 

Figure 3-11

 

3.5.1.2 LC Implementation 

The CRLH TL considered in the previous section is a theoretical case. The equivalent circuit of a 

practically realizable CRLH TL consisting of a cascade of unit cells is shown in 

major difference between the ideal case and the LC network implementation is that the 

bandwidth is infinite for the ideal case while it is limited for the LC
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11 Modes of resonance in a CRLH TL resonator[74]  

The CRLH TL considered in the previous section is a theoretical case. The equivalent circuit of a 

practically realizable CRLH TL consisting of a cascade of unit cells is shown in 

major difference between the ideal case and the LC network implementation is that the 

bandwidth is infinite for the ideal case while it is limited for the LC-network implementation.

Figure 3-12 Equivalent circuit models[74]  

 

The CRLH TL considered in the previous section is a theoretical case. The equivalent circuit of a 

practically realizable CRLH TL consisting of a cascade of unit cells is shown in Figure 3-12. A 

major difference between the ideal case and the LC network implementation is that the 

network implementation. 
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The resonant frequencies of the CRLH TL in this case can be found by applying the Bloch-

Floquet theorem to the unit cell of the structure [74]. 

c�� � ���| � ��� � cosR5 �1 8 12 �P,�P�� ) P��Pe� 8 HP,�Pm � ) P,�Pmo� M�� 

where � � 0,�1,�2,… ,�� 8 1, d is the length of the unit cell, N is the number of unit cells, 

and the frequencies are defined as: 

P, � 1
E-,G,  , Pe � 1

E-eGe   

Pm � 1
E-eG,  , Pmo � 1

E-,Ge   
The solutions for the resonant frequencies are shown in the dispersion diagram of the CRLH TL 

(assuming lossless case) in Figure 3-13. It can be seen from the diagram than the resonant 

frequencies are found at multiples of π/N along the β axis. 

 

Figure 3-13 Dispersion diagram of the CRLH ZOR [74] 
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The input impedance of an open-ended CRLH ZOR when β�0 is given by: 

'�� � 8*'� 1c| � 8*a'_b_ H 18�√'_b_M 1| � 1b_ 1�� � 1�b 

where 'f � * ?P-, 8 5W^iA /�,  bf �  * ?P-e 8 5W^gA /�  and b � b_�  

 

Figure 3-14 CRLH ZOR in resonance state[74]  

 

The ZOR can be represented as shown in Figure 3-14. The equivalent circuit also shown is a LC 

anti-resonant tank circuit with inductance LL/N and a capacitance of NCR. Hence the resonant 

frequency of the ZOR can be written as: 

P � 1E.-,/�0�Ge � 1
E-,Ge � Pmo 

This is a very interesting result as it shows that the resonant frequency of the ZOR is independent 

of the physical length l of the ZOR. It is dependent only on the resonant frequency shunt circuit 

with inductance LL and capacitance CR of the unit cell. 

The unloaded Q factor of the ZOR is obtained from the equivalent circuit in Figure 3-14(b) as: 



49 

 

�� � 1/��Pmo-/� � 1/�Pmo- � Pmo.1/�0G 

This is similar to the unloaded Q of the unit cell alone which indicates that the unloaded Q of the 

ZOR is independent of the number of unit cells [74]. 

3.5.1.3 Microstrip Implementation 

Simulations and experiments have successfully been performed by [74] in order to validate the 

ZOR theory. An example of a 7-cell ZOR and a 1.5 cell ZOR implemented on microstrip lines is 

shown in Figure 3-15.  

 

Figure 3-15 Microstrip realizations of CRLH ZOR [74]  

 

The theoretical, simulated, and experimental results show a high level of agreement with each 

other thus validating the theory of the CRLH ZOR. The work done in [18] also verifies the 

validity of the ZOR theory by simulating a 2-cell ZOR at a resonance frequency of 2.4 GHz. The 

novel tag antenna designed in this thesis is an extension of the ZOR antenna discussed in this 

section. The design of this antenna is discussed in the next chapter.                                                                                    
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Chapter 4                                                                                                                       

Design, Simulation, and Experimental testing of the Novel 

RFID Tag Antennas 

The design of the novel tag antennas, based on the CRLH Zeroth Order Resonant (ZOR) 

antenna, is presented in this chapter. The designs are simulated using Agilent ADS Momentum 

and the results obtained are discussed and analyzed. The experimental testing of the antennas in 

an anechoic chamber is then demonstrated and the performance of the antenna is evaluated.   

4.1 Antenna Design 

The fundamental basis of the antenna designed is the CRLH ZOR, which was explained in the 

previous chapter. The design of the CRLH unit cell, which is the basic component of the 

antenna, is first explained.  

4.1.1 The CRLH Unit Cell 

The design of a CRLH unit cell has been explained in detail in [18]. The unit cell in [18] is 

designed to radiate at a frequency of 2.4 GHz. The same method has been used by Shi [76] to 

design a unit cell radiating at a frequency of 915 MHz.  The unit cell used by the novel CRLH 

ZOR antennas is designed using the same procedure.  

The substrate chosen for the design is FR4 substrate rather than Rogers Duroid 5880. The reason 

for this choice is that FR4 is more commercially available and involves a simpler fabrication 

process for small antennas. The drawback of using FR4 is that it has a higher dielectric constant 

and a higher tangent loss which leads to a reduction in antenna performance [77]. The target 

application of this thesis is RFID, wherein the antenna needs to be as small as possible and the 



 

cost of tag production needs to be low. This dictates the choice of FR4 as the dielectric substrate 

of the antennas designed in this thesis. 

Figure 

The unit cell consists of an interdigital capacitor and a shunt inductor which consists of a T

section and a meander-line, as shown in 

straight inductor is used which is replaced in this design by a meander

provides a larger inductance and reduces the size of the structure. A via connects the meander

line inductor to the ground plane. The para

Figure 4-2 and the values used are 

4.832 mm x 4.832 mm x 0.7 mm

39.5 mm. The diameter of the via connecting the meander
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cost of tag production needs to be low. This dictates the choice of FR4 as the dielectric substrate 

of the antennas designed in this thesis.  

Figure 4-1 Unit Cell of CRLH ZOR Antenna 

 

The unit cell consists of an interdigital capacitor and a shunt inductor which consists of a T

line, as shown in Figure 4-1. In the traditional CRLH ZOR 

straight inductor is used which is replaced in this design by a meander-line inductor, which 

provides a larger inductance and reduces the size of the structure. A via connects the meander

line inductor to the ground plane. The parameters of the interdigital capacitor are 

and the values used are provided in Table 4-1 .The dimensions of the T

4.832 mm x 4.832 mm x 0.7 mm. The width of the meander-line is 0.6 mm and its total length is 

39.5 mm. The diameter of the via connecting the meander-line to the ground plane is 0.35 mm.

cost of tag production needs to be low. This dictates the choice of FR4 as the dielectric substrate 

 

The unit cell consists of an interdigital capacitor and a shunt inductor which consists of a T-

. In the traditional CRLH ZOR [17], a shunt 

line inductor, which 

provides a larger inductance and reduces the size of the structure. A via connects the meander-

meters of the interdigital capacitor are shown in 

.The dimensions of the T-section are 

line is 0.6 mm and its total length is 

line to the ground plane is 0.35 mm.  



52 

 

 

Figure 4-2 Interdigital Capacitor [78] 

 

 

Parameter Dimension (mm) 

INTERDIGITAL CAPACITOR 

Finger Width (w) 0.3 

Gap between fingers (G) 0.2032 

Gap at the end of the fingers (Ge) 0.2032 

Length of Overlapped region (L) 9.2 

Number of finger pairs (Np) 5 

Width of interconnect (Wt) 0.2 

Width of the feed line (Wf) 4.8 
 

Table 4-1 Parameters of the Interdigital Capacitor 

The equivalent circuit of the unit cell is the same as that of the LC-based model of the CRLH TL, 

as shown in Figure 3-8(a). The parameters of the CRLH TL are extracted using the procedure 

specified in [18] and the resonant frequency is verified to be close to 915 MHz. The parameter 

extraction is performed by first obtaining the S parameters by simulating the entire structure 

(with a microstrip line attached on both sides of the unit cell) followed by the S parameters of the 

microstrip line. The ABCD matrix of the whole structure and that of the microstrip line are then 



53 

 

calculated from which the ABCD matrix of the unit cell is found. The S parameters of the unit 

cell are then calculated from the corresponding ABCD matrix, from which the phase constant 

and hence the transition frequency is found. The interdigital capacitor and the shunt inductor are 

then simulated separately to obtain their S parameters. The admittance matrix of the capacitor 

and the impedance matrix of the inductor are then found from the S parameters from which the 

values of the parameters are calculated.  

This unit cell is the basic component of the 1-cell, 2-cell, and 4-cell CRLH ZOR antennas which 

are described in the next sections. 

4.1.2 1-Cell CRLH ZOR Antenna 

The single unit-cell CRLH ZOR antenna is shown in Figure 4-3. The unit cell described in the 

previous section is cascaded with a single input port through which the antenna is fed. The 

energy is coupled into the antenna through a gap. The dielectric substrate is FR4 which has a 

dielectric constant εr = 4.4 and a loss tangent of 0.002. The thickness of the substrate is 1.57 mm 

and the thickness of the copper is 35um. The design is simulated using Agilent ADS Momentum 

and the results are shown below. Figure 4-4 shows the S11 characteristics which gives the return 

loss for the antenna. Figure 4-5 shows the radiation characteristics of the antenna which include 

the 2-D and 3-D radiation patterns, the radiated power distribution, and the antenna parameters.  



 

Figure 4-3

 

 

Figure 4-
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3 1- Unit Cell CRLH ZOR Antenna with a feed gap. 

-4 S11 characteristics of 1-cell CRLH ZOR Antenna 
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dB(Final_CRLH_Unit_Cell_mom_a..S(1,1))=-3.265



55 

 

 

 

Figure 4-5 Radiation characteristics of 1-cell CRLH ZOR Antenna 
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It is evident from the results that the antenna is radiating at a frequency close to 

is the desired operating frequency. From the radiation pattern it can be inferred that the antenna 

is an end-fire antenna and not a broadside antenna, because the minimum radiation occurs at 90 

degrees. This is also evident from the power ra

antenna is 16.5 mm x 9.6 mm with an area of 158.4 sq. mm.

4.1.3 Multiple Cell (2-cell) CRLH ZOR Antenna

An additional unit cell is cascaded to the 1

as shown in Figure 4-6. According to the theory of the ZOR antenna described in the previous 

chapter, the change in the physical dimensions of the structure should not affect the resonant 

frequency of the antenna. The ADS Mome

characteristics are shown in Figure 

in Figure 4-8. 
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It is evident from the results that the antenna is radiating at a frequency close to 

is the desired operating frequency. From the radiation pattern it can be inferred that the antenna 

fire antenna and not a broadside antenna, because the minimum radiation occurs at 90 

degrees. This is also evident from the power radiation characteristics. The overall size of the 

antenna is 16.5 mm x 9.6 mm with an area of 158.4 sq. mm. 

cell) CRLH ZOR Antenna 

An additional unit cell is cascaded to the 1-cell ZOR antenna described in the previous section, 

. According to the theory of the ZOR antenna described in the previous 

chapter, the change in the physical dimensions of the structure should not affect the resonant 

frequency of the antenna. The ADS Momentum simulation results are presented 

Figure 4-7 and the radiation characteristics of the antenna are shown 

Figure 4-6 2-cell CRLH ZOR Antenna 

It is evident from the results that the antenna is radiating at a frequency close to 915 MHz, which 

is the desired operating frequency. From the radiation pattern it can be inferred that the antenna 

fire antenna and not a broadside antenna, because the minimum radiation occurs at 90 

diation characteristics. The overall size of the 

cell ZOR antenna described in the previous section, 

. According to the theory of the ZOR antenna described in the previous 

chapter, the change in the physical dimensions of the structure should not affect the resonant 

ntum simulation results are presented - the S11 

and the radiation characteristics of the antenna are shown 
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Figure 4-7 S11 characteristics of 1-cell CRLH ZOR Antenna 

 

 

 

  

Figure 4-8 Radiation characteristics of the 2-cell CRLH ZOR Antenna 
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The simulation results verify the theory of the ZOR antenna because the resonant frequency is 

seen to be shifted only by a very small margin due to the addition of the extra cell. The radiation 

pattern indicates that this is also an end

that of the 1-cell antenna. A slight increase in the directivity and gain is observed which implies 

a more efficient radiator. A decrease in the bandwidth of t

overall size of the 2-cell antenna is 27.2 mm x 9.6 mm with an area of 261.12 sq. mm.

4.1.4 Multiple Cell (4-Cell) CRLH ZOR Antenna

The 4-cell CRLH ZOR antenna is a cascade of 4 unit cells as shown in 

increase in the number of cells, although the antenna size increases, it is expected that the 

performance of the antenna will improve. The ADS Momentum simulation results are presented

S11 characteristics are shown in 

shown in Figure 4-11. 
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The simulation results verify the theory of the ZOR antenna because the resonant frequency is 

seen to be shifted only by a very small margin due to the addition of the extra cell. The radiation 

ern indicates that this is also an end-fire antenna and the direction of radiation is similar to 

cell antenna. A slight increase in the directivity and gain is observed which implies 

a more efficient radiator. A decrease in the bandwidth of the antenna is also observed. The 

cell antenna is 27.2 mm x 9.6 mm with an area of 261.12 sq. mm.

Cell) CRLH ZOR Antenna 

cell CRLH ZOR antenna is a cascade of 4 unit cells as shown in Figure 

increase in the number of cells, although the antenna size increases, it is expected that the 

performance of the antenna will improve. The ADS Momentum simulation results are presented

S11 characteristics are shown in Figure 4-10 and the radiation characteristics of the antenna are 

Figure 4-9 4-Cell CRLH ZOR Antenna 

The simulation results verify the theory of the ZOR antenna because the resonant frequency is 

seen to be shifted only by a very small margin due to the addition of the extra cell. The radiation 

fire antenna and the direction of radiation is similar to 

cell antenna. A slight increase in the directivity and gain is observed which implies 

he antenna is also observed. The 

cell antenna is 27.2 mm x 9.6 mm with an area of 261.12 sq. mm. 

Figure 4-9. With the 

increase in the number of cells, although the antenna size increases, it is expected that the 

performance of the antenna will improve. The ADS Momentum simulation results are presented.  

and the radiation characteristics of the antenna are 
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Figure 4-10 S11 characteristics of the 4-cell CRLH ZOR Antenna 

 

  

  

Figure 4-11 Radiation characteristics of the 4-cell CRLH ZOR Antenna 
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The 4-cell ZOR antenna shows a significant increase in the directivity and gain which implies 

that it is an even more efficient radiator than the 2-cell ZOR. It is interesting to note that the 

increase in the number of cells does not change the orientation of the antenna radiation. The 

radiation pattern of the 4-cell ZOR also indicates that the antenna is end-fire and radiates in the 

same direction as the previous configurations. The overall size of the antenna is 48mm x 9.6mm 

with an area of 460.8 sq. mm. 

4.2 The Novel CRLH Tag Antennas 

This section presents three novel CRLH ZOR antenna configurations which were designed and 

simulated using Agilent ADS Momentum. The simulation results for each antenna are presented 

and the performance of the antennas is compared with that of the traditional 2-cell and 4-cell 

antennas described in the previous section. 

4.2.1 CRLH ZOR Antenna with 1 Unit Cell on each side (AUT1) 

The traditional 2-cell CRLH ZOR antenna was seen in the previous section. In this novel CRLH 

ZOR antenna there are two unit cells present but are separated by a microstrip in-between, 

through which the antenna is fed. The layout of the antenna is shown in Figure 4-12  and a 3-

dimensional view of the antenna is shown in Figure 4-13. The dielectric substrate is FR4 which 

has a dielectric constant εr = 4.4 and a loss tangent of 0.002. The thickness of the substrate is 

1.57 mm and the thickness of the copper is 35um. 



 

Figure 4

 

 

The antenna is simulated using Agilent ADS Momentum and the S11 characteristic is shown in 

Figure 4-14. The radiation characteristics of the antenna are shown in 

from the S11 characteristics that the return loss of the antenna is 

than the traditional 2-cell ZOR antenna discussed earlier. This indicates that this configuration is 

a much better radiator than the traditional 2
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4-12 CRLH ZOR Antenna with 1-cell on each side 

Figure 4-13 3-D view of the antenna 

The antenna is simulated using Agilent ADS Momentum and the S11 characteristic is shown in 

. The radiation characteristics of the antenna are shown in Figure 4-15

from the S11 characteristics that the return loss of the antenna is -24.69 dB which is much lesser 

cell ZOR antenna discussed earlier. This indicates that this configuration is 

a much better radiator than the traditional 2-cell ZOR. 

 

 

The antenna is simulated using Agilent ADS Momentum and the S11 characteristic is shown in 

15. It can be seen 

24.69 dB which is much lesser 

cell ZOR antenna discussed earlier. This indicates that this configuration is 
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Figure 4-14 S11 characteristics of AUT1 

 

 
 

  

Figure 4-15 Radiation characteristics of AUT1 
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The radiation pattern of AUT1 shows that the radiation occurs in a similar direction as that of the 

traditional 2-cell ZOR. A significant increase is observed in the radiate

implies that the antenna is more efficient when compared to the traditional 2

motivation behind this configuration is the application of this antenna as an RFID tag antenna. 

The size of the tag antenna needs to be 

RFID applications. The RFID tag is constructed by attaching a chip to the tag antenna. In the 

traditional 2-cell ZOR antenna this implies that the chip attachment would be outside the 

structure and hence lead to an increase in the total size of the structure. In the novel configuration 

it is possible to attach the chip to the microstrip feed within the structure. Hence the total size of 

the structure is not increased which keeps the tag size small. Th

28mm x 9.6mm with an area of 268.8 sq. mm.

4.2.2 CRLH ZOR Antenna with 2 Unit Cells on each side (AUT2)

The traditional 4-cell ZOR antenna was found to provide a better performance when compared to 

the 2-cell ZOR antenna. Hence the

with 2 unit cells on each side of the microstrip, as shown in 

of the antenna is shown in Figure 
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The radiation pattern of AUT1 shows that the radiation occurs in a similar direction as that of the 

cell ZOR. A significant increase is observed in the radiated power and gain which 

implies that the antenna is more efficient when compared to the traditional 2-cell ZOR. The main 

motivation behind this configuration is the application of this antenna as an RFID tag antenna. 

The size of the tag antenna needs to be as small as possible because of the space constraints in 

RFID applications. The RFID tag is constructed by attaching a chip to the tag antenna. In the 

cell ZOR antenna this implies that the chip attachment would be outside the 

ence lead to an increase in the total size of the structure. In the novel configuration 

it is possible to attach the chip to the microstrip feed within the structure. Hence the total size of 

the structure is not increased which keeps the tag size small. The total size of the antenna is 

28mm x 9.6mm with an area of 268.8 sq. mm. 

CRLH ZOR Antenna with 2 Unit Cells on each side (AUT2) 

cell ZOR antenna was found to provide a better performance when compared to 

cell ZOR antenna. Hence the novel antenna described in the previous section is replicated 

with 2 unit cells on each side of the microstrip, as shown in Figure 4-16. The 3-dimensional view 

Figure 4-17. 

Figure 4-16 Layout of AUT2 

The radiation pattern of AUT1 shows that the radiation occurs in a similar direction as that of the 

d power and gain which 

cell ZOR. The main 

motivation behind this configuration is the application of this antenna as an RFID tag antenna. 

as small as possible because of the space constraints in 

RFID applications. The RFID tag is constructed by attaching a chip to the tag antenna. In the 

cell ZOR antenna this implies that the chip attachment would be outside the 

ence lead to an increase in the total size of the structure. In the novel configuration 

it is possible to attach the chip to the microstrip feed within the structure. Hence the total size of 

e total size of the antenna is 

cell ZOR antenna was found to provide a better performance when compared to 

novel antenna described in the previous section is replicated 

dimensional view 
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Figure 4-17 3-D view of AUT2 

 

The antenna is simulated using Agilent ADS Momentum and the S11 plot is shown in Figure 

4-18. The radiation characteristics of the antenna are shown in Figure 4-19. It can be seen from 

the S11 characteristics that the return loss of the antenna is -15 dB which is much lesser than that 

of the traditional 4-cell ZOR. 

 

 
Figure 4-18 S11 plot of AUT2 
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Figure 4-19 Radiation characteristics of AUT2 

As in the previous cases it is evident from the radiation patterns that this configuration is also an 

end-fire antenna. The power radiated by this antenna is much higher than that of the traditional 

4-cell ZOR antenna which makes it more ideal for use as a RFID tag antenna. The gain and 

directivity are also seen to be much higher. As in AUT1 the chip attachment for a tag can be 

made within the structure reducing the size of the tag. The overall size of the structure is 49.2mm 

x 9.6mm with an area of 472.32 sq. mm. 

4.2.3 CRLH ZOR Antenna with 4 Unit Cells fed by a strip on top (AUT3) 

Another novel configuration with 4 unit-cells is presented in this section. In this configuration 

the 4 unit-cells are cascaded in the same way as the traditional 4-cell ZOR antenna but the 

E_co E_cross

-1
35

°

-9
0
°

-4
5
°

0°

45
°

9
0
°

13
5
°

180°

-40

-30

-20

-10

-0

-50

10

THETA (-90.000 to 90.000)

M
a
g
. 
[d
B
]

Radiated Power

-135°

-9
0
°

-4
5°

0°

45°

9
0
°

13
5°

180°

0.000005

0.000010

0.000015

0.000020

0.000025

0.000000

0.000030

THETA (-90.000 to 90.000)

M
a
g
. 
[W

/s
te

ra
d
]



 

energy is coupled through a horizontal microstrip on top of the unit

antenna is shown in Figure 4-20

4-21. The dimension of the microstrip line on top is 42.8 mm x 3.1 mm. The motivation behind 

this configuration is that more energy will be coupled through the strip on top which will lead to 

better antenna performance. It is al
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energy is coupled through a horizontal microstrip on top of the unit-cells. The layout of this 

20 and a 3-dimensional view of the antenna is shown in 

. The dimension of the microstrip line on top is 42.8 mm x 3.1 mm. The motivation behind 

this configuration is that more energy will be coupled through the strip on top which will lead to 

better antenna performance. It is also seen to provide a better match with the 50 ohm feed line.

Figure 4-20 Layout of AUT3 

Figure 4-21 3-D view of AUT3 

cells. The layout of this 

dimensional view of the antenna is shown in Figure 

. The dimension of the microstrip line on top is 42.8 mm x 3.1 mm. The motivation behind 

this configuration is that more energy will be coupled through the strip on top which will lead to 

so seen to provide a better match with the 50 ohm feed line. 
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Figure 4-22 S11 plot of AUT3 

 

  

  

Figure 4-23 Radiation characteristics of AUT3 
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Figure 4-22 shows the S11 plot and Figure 4-23 shows the radiation characteristics of the 

antenna. It can be seen from the S11 characteristics that there is a very slight shift in the resonant 

frequency due to the increased number of unit cells as was seen in the traditional 4-cell ZOR 

antenna. It is also evident that the return loss of this antenna is much higher than any of the other 

configurations. The directivity and gain of AUT3 is equivalent to that of AUT2 but much higher 

than that of the traditional 4-cell ZOR antenna. The overall size of the structure is 42.8mm x 

13.1mm with an area of 560.68 sq. mm. 

4.2.4 Novel and Traditional CRLH ZOR Antenna Comparison 

The results obtained from the ADS simulations for the traditional and novel CRLH ZOR 

antennas are summarized in  

Table 4-2. It can be seen from the table that the novel antennas perform much better than the 

traditional antennas.  

Antenna Return 

Loss (dB) 

Power 

Radiated 

(Watts) 

Gain (dB) Radiation 

Orientation 

Size (mm) 

1-Cell CRLH ZOR -3.265 9.99e-06 -15 End-fire 16.5 x 9.6 

2-Cell CRLH ZOR -1.3 6.4e-07 -13.5 End-fire 27.2 x 9.6 

4-Cell CRLH ZOR -0.34 2.3e-06 -9.75 End-fire 48 x 9.6 

AUT1 -24.69 5.1e-05 -11.8 End-fire 28 x 9.6 

AUT2 -15 1e-04 -8.8 End-fire 49.2 x 9.6 

AUT3 -28 9.5e-05 -9 End-fire 42.8 x 13.1 

 

Table 4-2 Summary of simulation results 
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4.3 Performance Comparison with a Rectangular Patch Antenna 

A standard rectangular patch antenna is designed to radiate at 915 MHz and the simulation 

results are compared with those of the novel CRLH ZOR antennas. 

4.3.1 Rectangular Patch Antenna  

The most popular microstrip antenna is the simple rectangular patch antenna. A rectangular patch 

antenna with inset feed is designed as a reference antenna to evaluate the performance of the 

novel CRLH ZOR antennas. The design procedure described in Chapter 2 is used to design the 

patch antenna at 915 MHz. The layout of the antenna is shown in Figure 4-24. The antenna is 

simulated using ADS Momentum and the S11 characteristic is shown in Figure 4-25. The 

radiation characteristics are shown in Figure 4-26. The size of the rectangular patch is 104.6mm 

x 78mm with an area of 8158.8 sq. mm. 

 

Figure 4-24 Patch antenna layout 
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Figure 4-25 S11 plot of the patch antenna 

 

 
 

  

Figure 4-26 Radiation characteristics of the patch antenna 
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It can be seen from the S11 characteristics that the patch antenna has an excellent return loss of -

45 dB. The radiation pattern shows that the direction of maximum radiation is normal to the 

plane of the antenna which implies that the patch antenna is a broadside radiator rather than an 

end-fire radiator. The power radiated is close to 1.8 mW and the gain and directivity are also 

quite high. As expected, the results indicate that the simple rectangular patch antenna exhibits 

very good radiation characteristics.  

4.3.2 Comparison of Results 

The simulation results of the three novel CRLH ZOR antennas and the rectangular patch antenna 

are summarized in Table 4-3.  

Parameter AUT1 AUT2 AUT3 Patch 

Antenna Area (sq. mm) 268.8 472.32 560.68 8158.8 

Resonant Frequency (MHz) 918.7 918 922 915 

Return Loss (dB) -24.69 -15 -28 -45 

Radiated Power (Watts) 5.2e-05 1e-04 9.5e-05 1.8e-03 

Directivity (dB) 4.7 4.77 4.75 6.3 

Gain (dB) -11.8 -8.8 -9.4 4.9 

Radiation Pattern End-Fire End-Fire End-Fire Broadside 

 

Table 4-3 Comparison of the novel CRLH ZOR antennas and the patch antenna 

It is evident from Table 4-3 that the biggest differentiator between the novel CRLH ZOR 

antennas and the rectangular patch antenna is the size of the antenna. The area of the patch 

antenna is 30 times that of AUT1, 17 times that of AUT2, and 15 times that of AUT3. This is the 

major factor which prevents the use of the rectangular patch antenna in RFID applications. The 

other difference that is evident is that while the patch antenna is a broadside radiator, the CRLH 
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antennas are end-fire radiators. This can be used as an advantage in certain RFID applications 

such as pallet tags.  

The power radiated by AUT2 is higher than AUT1 and AUT3, and is comparable with the power 

radiated by the patch antenna. The directivity of the novel antennas is around 4.7 dB which is 

comparable to that of the patch antenna. The drawback of the novel CRLH ZOR antennas is the 

low antenna gain and radiated power compared to the patch antenna. This implies that they are 

not suitable for long-range applications and can only be used for short-range applications. 

However this drawback is made up by the reduction in the size of the antenna which makes them 

suitable for short-range RFID applications. 

4.4 Effect of Substrate and Metal properties on Antenna performance 

The effect of the substrate and metal properties on the performance of the novel antennas 

designed is explored in this section. Three parameters – substrate height (h), metal thickness (t), 

and dielectric loss tangent (δ) - are varied and the effect of the variation on the antenna 

performance is analyzed. Simulations are performed for the three cases and the results are 

compared. 

4.4.1 Substrate Height (h) 

The simulations are performed for three values of substrate height: 1.57mm, 1mm, and 0.75mm. 

The other parameters are not varied – Dielectric material is FR4 (εr=4.4 and δ=0.002) and the 

copper thickness is 35um. As the substrate height is reduced it is noted that the resonant 

frequency decreases. In order to maintain the desired resonance frequency the length of the 

meander line is accordingly decreased. The results obtained for AUT1, AUT2, and AUT3 are 

shown in Table 4-4, Table 4-5, and Table 4-6. 
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Parameter AUT1 AUT2 AUT3 

Resonant Frequency (MHz) 918.7 918 922 

Return Loss (dB) -24.69 -15 -28 

Radiated Power (Watts) 5.2e-05 1e-04 9.5e-05 

Directivity (dB) 4.7 4.77 4.75 

Gain (dB) -11.8 -8.8 -9.4 

Table 4-4 Results with h=1.57mm 

Parameter AUT1 AUT2 AUT3 

Resonant Frequency (MHz) 919.8 919 917.7 

Return Loss (dB) -7.85 -5.4 -19.7 

Radiated Power (Watts) 1.82e-05 3.16e-05 1.8e-04 

Directivity (dB) 4.90 5.03 5.75 

Gain (dB) -14.79 -11.76 -5.53 

Table 4-5 Results with h=1mm 

Parameter AUT1 AUT2 AUT3 

Resonant Frequency (MHz) 913.7 912.4 911.8 

Return Loss (dB) -4.2 -2.67 -7.48 

Radiated Power (Watts) 8.4e-06 8.57e-06 4.09e-05 

Directivity (dB) 4.86 5.00 4.86 

Gain (dB) -16.83 -14.03 -7.75 

Table 4-6 Results with h=0.75mm 

 

As the height of the substrate decreases, the following observations can be made from the results: 

� There is an increase in the return loss for all 3 antennas. 

� The directivity is seen to be slightly higher when the substrate height is 1mm. 

� There is a significant decrease in the radiated power and the gain of AUT1 and AUT2 whereas 

AUT3 shows an increase in power and gain when the height is 1mm. 
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4.4.2 Metal (Copper) Thickness (t) 

Simulations are carried out with copper thicknesses of 17um, 35um, and 70um. The other 

parameters are not varied - Dielectric material is FR4 (εr=4.4 and δ=0.002) and the copper 

thickness is 1.57mm. The results obtained for AUT1, AUT2, and AUT3 are tabulated and 

analyzed. 

Parameter AUT1 AUT2 AUT3 

Resonant Frequency (MHz) 915.6 916.7 923.6 

Return Loss (dB) -24.19 -16.49 -24.057 

Radiated Power (Watts) 5.6e-05 1.1e-04 9.9e-05 

Directivity (dB) 4.7 4.79 4.74 

Gain (dB) -11.7 -8.6 -9.2 

Table 4-7 Results with t=17um (1/2 oz Copper) 

Parameter AUT1 AUT2 AUT3 

Resonant Frequency (MHz) 918.7 918 922 

Return Loss (dB) -24.69 -15 -28 

Radiated Power (Watts) 5.2e-05 1e-04 9.5e-05 

Directivity (dB) 4.7 4.77 4.75 

Gain (dB) -11.8 -8.8 -9.4 

Table 4-8 Results with t=35um (1 oz Copper) 

Parameter AUT1 AUT2 AUT3 

Resonant Frequency (MHz) 915.2 916.7 923.2 

Return Loss (dB) -19.9 -14.23 -32.594 

Radiated Power (Watts) 5.1e-05 1e-04 9.2e-05 

Directivity (dB) 4.73 4.79 4.75 

Gain (dB) -12 -8.9 -9.6 

Table 4-9 Results with t=70um (2 oz Copper) 
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It can be seen from the results that the variation in the thickness of the copper metallization layer 

does not have much of an impact on the performance of the antenna. There is only a slight 

decrease in the return loss while all the other parameters are not affected by the change in copper 

thickness. 

4.4.3 Dielectric Loss Tangent 

The simulations are carried out with three values of the dielectric loss tangent – 0 (Ideal case), 

0.0009 (Duroid), and 0.002 (FR4). The results obtained for AUT1, AUT2, and AUT3 are 

tabulated and analyzed. 

Parameter AUT1 AUT2 AUT3 

Resonant Frequency (MHz) 919 916.4 923.3 

Return Loss (dB) -36.6 -23.6 -17.09 

Radiated Power (Watts) 6.7e-05 1.3e-04 1.1e-04 

Directivity (dB) 4.72 4.82 4.73 

Gain (dB) -10.9 -7.85 -8.56 

 

Table 4-10 Results with δ = 0 

 

Parameter AUT1 AUT2 AUT3 

Resonant Frequency (MHz) 919 916.4 923.3 

Return Loss (dB) -29.5 -18.66 -20.77 

Radiated Power (Watts) 6e-05 1.2e-04 1e-04 

Directivity (dB) 4.72 4.82 4.74 

Gain (dB) -11.4 -8.3 -8.98 

 

Table 4-11 Results with δ = 0.0009 
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Parameter AUT1 AUT2 AUT3 

Resonant Frequency (MHz) 918.7 918 922 

Return Loss (dB) -24.69 -15 -28 

Radiated Power (Watts) 5.2e-05 1e-04 9.5e-05 

Directivity (dB) 4.7 4.77 4.75 

Gain (dB) -11.8 -8.8 -9.4 

 

Table 4-12 Results with δ = 0.002 

As the dielectric loss tangent is decreased, the following observations are made: 

� There is no impact on the resonant frequency of the antennas. 

� There is a significant decrease in the return loss of the antennas. 

� There is a slight increase in the radiated power. 

� The gain of the antennas increases. 

Hence it can be concluded from the above observations that a dielectric material with a lesser 

loss tangent will provide a better overall performance. However dielectric materials which have a 

very low loss tangent are more expensive and will not be suitable for cost-effective applications. 

4.5 Experimental Verification 

The novel CRLH ZOR antennas – AUT1, AUT2, and AUT3 – are fabricated on a FR4 substrate 

and experiments are performed to evaluate the performance of the antennas. The antennas are 

first tested using a Vector Network Analyzer (VNA) to check the resonant frequency and the 

return loss. The radiation characteristic of the antennas is then tested in an Anechoic Chamber 

and the results are presented. The VNA and the anechoic chamber are shown in Figure 4-27. 
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Figure 4-27 Vector Network Analyzer (HP8510) and Anechoic Chamber 

4.5.1 AUT1 – Testing Results 

The novel CRLH ZOR antenna with 1-unit cell on each side is fabricated on a 1.57mm thick FR4 

substrate. The weight of the copper for the top and ground layers is 1 oz (35um). The size of the 

ground plane is taken to be more than the size of the antenna by 6 times the substrate height. 

Figure 4-28 shows a photograph of the fabricated antenna placed next to a cent for size 

comparison. 

 

Figure 4-28 Photograph of AUT1 
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The antenna is first tested using the Vector Network Analyzer (VNA) to check the frequency of 

resonance and the return loss. The VNA is initially calibrated in the frequency band of interest, 

which is 900 MHz to 1000 MHz. Single-port mode of operation is chosen and the antenna is 

connected to the VNA using the coaxial cable connector. The S11 data is collected from the 

VNA and the graph plotted is shown in Figure 4-29. It can be seen from the S11 plot that the 

frequency of resonance is 938 MHz and the return loss is -9 dB .  

 

Figure 4-29 Measured S11 - AUT1 
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The radiation of the antenna is then tested in an anechoic chamber. Two tests are performed; one 

with the test and reference antennas parallel to each other and the other with the test and 

reference antennas perpendicular to each other. The antenna is rotated along the

power received at each step is recorded. The resultant plot of the power over a complete 360 

degree rotation provides an insight into the radiation characteristics of the antenna. The polar 

plots for both test cases are shown in 

Red: AUT1 parallel to reference

Blue:  AUT1 perpendicular to reference
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Figure 4-30 Measured radiation plot of AUT1 

of the antenna is then tested in an anechoic chamber. Two tests are performed; one 

with the test and reference antennas parallel to each other and the other with the test and 

reference antennas perpendicular to each other. The antenna is rotated along the 

power received at each step is recorded. The resultant plot of the power over a complete 360 

degree rotation provides an insight into the radiation characteristics of the antenna. The polar 

plots for both test cases are shown in Figure 4-30. 
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of the antenna is then tested in an anechoic chamber. Two tests are performed; one 

with the test and reference antennas parallel to each other and the other with the test and 

 feed line and the 

power received at each step is recorded. The resultant plot of the power over a complete 360 

degree rotation provides an insight into the radiation characteristics of the antenna. The polar 
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4.5.2 AUT2 – Testing Results 

The novel CRLH ZOR antenna with 2 cells on each side (AUT2) is fabricated on a FR4 

substrate. The thickness of the substrate is 1.57mm and the copper thickness is 35 um. A 

photograph of the fabricated antenna placed next to a quarter is shown in Figure 4-31. 

 

Figure 4-31 Photograph of AUT2 

 

The S11 of the antenna is measured by connecting it to the VNA and the result is shown in 

Figure 4-32. It can be seen that the antenna resonates at 950 MHz and has a return loss of -7 dB. 

The antenna is then tested in the anechoic chamber as in the case of AUT1 and the measured 

power plots are shown in Figure 4-33. 
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Figure 4-32 Measured S11 - AUT2 

 

 

 

 

Figure 4-33 Measured power plot – AUT2 
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4.5.3 AUT3 – Testing Results 

The novel CRLH ZOR antenna with 4 cells fed through a strip on top (AUT3) is fabricated on a 

FR4 substrate. The thickness of the substrate is 1.57mm and the copper thickness is 35 um. A 

photograph of the fabricated antenna is shown in Figure 4-34.  

 

Figure 4-34 Photograph of AUT3 

 

The S11 of the antenna is measured and the plot is shown in Figure 4-35. It can be observed that 

the antenna resonates at a frequency of 950 MHz and has a return loss of -10 dB.  

 

Figure 4-35 Measured S11 – AUT3 
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The antenna is then tested in the anechoic chamber as in the previous cases and the measured 

power plots are shown in Figure 4-36. 

 

 

Figure 4-36 Measured power plot – AUT3 

 

It can be observed from the measured results in all three cases that the frequency of resonance 

has shifted by about 20 MHz from the simulated design. It is also evident that the radiation 

characteristics of the antennas are not exactly as predicted by the ADS simulations. This can be 

attributed to the following reasons: 

� The ADS simulations assume an infinite ground plane whereas the ground plane is finite in 

practice. This leads to a change in the pattern of radiation. It can be seen from Figure 4-37 that 

Red: AUT2 parallel to reference 

Blue:  AUT2 perpendicular to reference 
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when AUT3 is simulated in HFSS with a finite ground plane the radiation pattern is indeed seen 

to be a broadside pattern which is in agreement with the experimental results. 

 

 

Figure 4-37 HFSS simulation result for AUT3 with finite ground plane 

� The small form factor of the antennas makes them very sensitive to fabrication errors. Even a 

slight error in the etching process can lead to degradation in antenna performance. 

� The use of the metal coax connector to connect the antenna to the VNA and the anechoic 

chamber might cause a difference in the resonant frequency. 

4.5.4 Size comparison with a Rectangular Patch Antenna 

The simple rectangular patch antenna radiating around the same frequency is also fabricated in 

order to compare the antenna sizes. The photograph in Figure 4-38 shows the three novel CRLH 

ZOR antennas placed next to a single rectangular patch antenna. 
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Figure 4-38 Size comparison of rectangular patch and the novel CRLH ZOR antennas 

 

It is clearly visible that the novel CRLH ZOR antennas achieve a significant reduction in size 

when compared to the rectangular patch antenna. Hence an RFID tag made using the novel 

CRLH antennas would be the preferred choice rather than a patch antenna RFID tag. 
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Chapter 5                                                                                                          

Summary and Recommendations for Future Work 

5.1 Summary 

The significant increase in the number of applications with a constraint on component size has 

made metamaterials a prime topic of research. The major impact of these materials, which are 

not readily available in nature, lies in the decrease in the component size that can be achieved 

with proper design. An important microwave application of metamaterials is the Zeroth Order 

Resonator (ZOR) wherein resonance is achieved at the zeroth mode, which is not possible with 

traditional materials. The zeroth order resonance implies that the resonance is independent of the 

physical length of the resonator which makes is theoretically possible to design physically small 

resonators. This is the concept that has been used to design the ZOR antenna which has a much 

smaller size when compared to traditional microstrip antennas. 

In this thesis the use of metamaterial ZOR antennas for RFID applications has been explored. 

Three novel configurations (AUT1, AUT2, and AUT3) of the CRLH ZOR antenna radiating in 

the UHF RFID frequency band were proposed. The novel antennas were simulated using Agilent 

ADS Momentum and the results were presented and analyzed. The performance of the antennas 

was compared with that of the traditional CRLH ZOR antennas which were also simulated. The 

superior performance of the novel configurations was evident from the results shown.  

In order to evaluate the performance of the novel antennas, a simple rectangular patch antenna 

resonating at the same frequency was simulated and the results were compared. Although the 

performance of the patch antenna was seen to be slightly better, a tremendous reduction in the 

size of the antenna was achieved in the novel antenna configurations. 
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The three novel antennas were also simulated for varying values of substrate height, metal 

thickness, and dielectric loss tangents. The results were presented and the effect of the variation 

of these parameters on the antenna performance was analyzed. It was found that an increase in 

the height of the substrate led to an improved antenna performance but with an increase in the 

weight of the antenna. It was also observed that the change in metal thickness did not have much 

of an impact on the antenna performance while the decrease in the loss tangent led to a slight 

improvement in the performance. 

The experimental verification of the novel antennas was then presented. The pictures of the 

fabricated antennas were shown and the antennas were tested using the Vector Network 

Analyzer to obtain the S11 parameters. The antennas were also tested inside an anechoic 

chamber and the results were presented. A simple rectangular patch antenna was also fabricated 

and its size was compared with that of the novel ZOR antennas. 

The reduction in size of the novel antennas compared to the patch antenna is one of the most 

important motivations behind this research. This makes the novel antennas suitable to be used as 

short-range RFID tag antennas. The RFID tag antennas that are currently used are mostly printed 

antennas which face a problem of antenna detuning when placed on metal surfaces. This problem 

is also overcome by the novel CRLH ZOR antennas as it is known that microstrip antennas, 

which have a ground plane, work well even when placed on metal surfaces. 

5.2 Future Work 

There exists a lot of opportunity for research in the field of Metamaterials. The exciting 

possibilities that are promised by the theory of metamaterials need to be physically realized. In 

this thesis novel CRLH ZOR antennas based on metamaterials were proposed to be used as 

RFID tag antennas. Although the antenna was simulated and experimentally verified, the 
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immediate extension of this work would be the actual creation of UHF RFID tags using these 

antennas. This would require the attachment of a RFID chip to the antennas and a UHF RFID 

reader to test the tags.  

The CRLH ZOR antennas have been found to provide even better results at higher frequencies. 

Their use at frequencies such as the 1.575 GHz GPS frequency needs to be explored further. It is 

also important that the radiation characteristics of the ZOR antennas can be understood in a 

better manner through finite-time domain analysis. This would lead to more efficient antenna 

designs with beams tailored for specific applications. 

There has been some research done on CRLH ZOR antenna arrays such as [79]. The 

performance improvements provided by an array of CRLH ZOR antennas seems promising and 

needs to be explored further. The novel antennas proposed in this thesis can also be extended to 

work as antenna arrays and the performances can be investigated. 

The most important constraint for modern-day applications is the size of the components. As 

further research in the field of metamaterials is performed and smaller components are realized, a 

lot of potential exists for these components to replace the bigger components currently used. The 

creation of exciting new applications is also in the offing. 
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