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Abstract 

Dual layer periodically patterned metamaterial inspired antennas on a low cost FR4 

substrate are designed and simulated. Some of the designed antennas are also fabricated 

and tested. Eigen mode dispersion simulations are performed indicating the left handed 

metamaterial characteristics and are tunable with substrate permittivity. We present the 

design and simulations of dispersion engineered single unit cell resonant metamaterial 

(MTM) antenna with proximity feed. The antenna is also investigated with top 

metascreens made of the same MTM unit cell. The use of metascreens give enhanced 

antenna performance. A multiband operation with wideband characteristics can be 

enabled by using proximity type of input feeding. We further simulate, fabricate and 

test MTM antennas by extending the unit cells along the non-resonant length of the 

antenna and use a direct type of input feed instead of proximity feed. Again metascreen 

is applied below the proposed MTM antenna and next used as superstrate above a 

simple patch to study the effects on bandwidth, gain, efficiency and radiation patterns. 

The experimental results of these antennas are very good and closely match with the 

simulations. The radiation patterns are also very good and could be useful in the UWB 

wireless applications. 

Next, we present modeling and simulations of an absolute magnifying device in 

a geometrical sense at microwave frequencies. The device is designed and simulated 

based on a graded positive refractive index, non-resonant, weakly dispersive region of 

the I-shaped metamaterial structure at 10 GHz. The structure is simple and easy to 

fabricate. Its geometrical parameters are varied along with different dielectric powders 

as a background material, which provide a wide spectrum of graded refractive indices 

needed for proper device functionality. The complete 30 layer device is first simulated 

based on I-shape refractive index and then it is simulated with I-shape structure itself 

inserted into a significant portion of the device. The results show the bending and 

magnification process reasonably. It demonstrates an Eaton lens like functionality with 

twice magnification factor. 
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1 Introduction 

1.1 Motivation 

Every research work is based on some kind of motivation that acts as a driving force 

for new ideas, designs and implementations. This process eventually culminates into 

the development of novel devices and technologies, helping industry or society in one 

way or another way. 

In today’s age, the trend is growing towards incorporating wireless functionality 

in every upcoming device and system in the market. Mainly, the rapid development of 

communication industry is continuously launching novel and upgraded wireless 

devices and systems in order to meet the demands of high data rate multimedia 

applications. The vision for miniaturization started with the huge progress in very large 

scale integration (VLSI) technology in electronics industry and this vision has become 

a reality in the past two decades. The same miniaturization vision was inherited by the 

wireless industry, however with one exception, the antennas used in the wireless 

devices are one of the biggest components. Therefore, there are motivations for putting 

efforts in miniaturizing the size of antennas to get devices with smaller volumes and 

lighter weights, while at the same time maintaining good radiation efficiencies [1]. The 

modern trend in Mobile phone design is towards ultra-thin hardware, which suggest a 

lot of interest in the research activity for different types of patch antennas [2]. 

The progress and development in the field of Cognitive Software Defined 

Radios, which incorporate numerous multimode, multiband and reconfigurable 

modulation schemes, suggest the need for extensive research in designing multiband 

and/or broadband antennas. These antennas may provide wireless coverage over the 

frequency bands of interest which may include GSM850/900/1800/1900+3G/4G, 

Wireless LAN, Bluetooth, FM radio and GPS. It is very cumbersome and challenging 

to design a compact antenna which simultaneously fulfills the above requirements. 

Instead of using multiple antennas, a single broadband or multiband antenna is certainly 

beneficial for providing the miniaturized solution [3]. 
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Recently, research into left handed metamaterials which also have 

simultaneously right handed features has grown exponentially for microwave 

applications. The term metamaterials refers to artificial media with electromagnetic 

(EM) properties that are novel and surpass those of natural media. Contrary to natural 

materials, metamaterials are in fact effectively homogeneous media, purposefully 

synthesized by the artificial periodic structures in which the periodicity is much smaller 

than the guided wavelength. Therefore, metamaterials can be modeled by the effective 

material parameters, such as permittivity, permeability, or refractive index [4, 5]. 

Transmission-line metamaterials (TL-MTMs) can be used to design electrically 

small, broadband, multi-band antennas and radio-frequency (RF) components. 

Moreover, the planar nature of TL MTMs enables easy integration with other printed 

circuits and therefore proves to be practical in implementing RF devices and printed 

antennas. Antenna applications of transmission-line metamaterials include various 

types of compact/small resonant antennas [6-15], leaky-wave antennas [16, 17] and 

series-fed antenna arrays [18-20]. 

The first important aim of this thesis is to utilize metamaterial design concepts 

to solve some of the antenna miniaturization and bandwidth enhancement requirements 

needed for modern wireless device applications. 

The second motivation is for future imaging or lithography applications, which 

are based on devices that can provide perfect imaging, in the geometrical sense. These 

absolute devices are free of aberrations and give sharp images of 3D geometrical object 

space [21]. An example of first such absolute instrument was proposed by J.C. Maxwell 

in 1854, known as Maxwell’s fish eye [22]. While this device uses positive refractive 

index, there is another absolute device suggested by J. Pendry in 2000 based on negative 

refractive index [23]. Further in 2004 Pendry’s device was experimentally 

demonstrated [24]. These negative refractive index lenses faced severe limitation due 

to increased absorptive losses [25]. Apart from the aberration free characteristics in 

geometrical sense, additionally in wave optics sense both of these devices surpass the 

diffraction limit dictated by the conventional optical lenses and consequently give sub-

wavelength resolutions [23-28]. 

There is a special type of absolute instruments whose image and object spaces 

have uniform refractive index and hence these spaces are optically homogenous. Until 
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2006, plane mirrors were the only such devices but J. C. Minano [29] changed this by 

proposing new absolute imaging devices made up of graded refractive index that utilize 

3D homogenous object and image spaces. These newly proposed absolute devices 

utilized positive graded refractive index and had unit magnification, so these devices 

do not provide magnifying images. Recently T. Tyc in 2011 [30], first time proposed 

several absolute devices that give sharp images of 3D homogeneous object spaces with 

arbitrary magnification and these utilized numerically calculated positive refractive 

index. While these devices give aberration free images, it is not known whether these 

are able to surpass the diffraction limit for super resolution. 

We present the realization of an absolute magnifying lens in the simulation 

environment, using I-shaped metamaterial structure with varying geometrical 

parameters. This magnifying device is one of the many absolute devices proposed 

theoretically by T. Tyc [30]. Our structure based device simulation mimics very close 

to the real world practical scenario. This constitutes the second goal of this thesis. 

1.2 Basic Performance Parameters and Limitations 

Every antenna design engineer has a desire to reduce the size of the antenna and still 

get better performance. For each kind of antenna there is a limit or boundary, which 

regulates an antenna’s size and its performance. This is a one way route, if someone 

shrinks the antenna size, the radiation efficiency will also go down. 

In 1948, L. J. Chu published a paper [31] which quantified the relationship 

between the lower boundary for the radiation quality Q of an electrically small antenna 

and its physical size relative to the wavelength. This lower boundary is now known as 

the “Chu” limit. A sphere with a minimum radius, which can enclose the antenna, is 

proportional to lower boundary for radiation Q. The boundary given by Chu is based 

on a simplified model and is considered as the strictest one. Several boundaries based 

on more realistic scenarios [32-36] have been proposed since then. However, Chu’s 

limit is still the one that is most referred to. The Q and the radiation loss are inversely 

related to the antenna size [37]. Bandwidth can be derived from Q by assuming that the 

antenna is a resonant circuit with fixed values. Various studies [38-40,14] have been 

done to approach the limit. 

Small size, broad bandwidth, and high radiation efficiency are highly desirable 
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parameters of an antenna. The concept of metamaterial based or inspired antennas 

provide ways to influence the dispersion relation or the near-fields in such a way that 

an antenna size miniaturization is attained while at the same time give a reasonable 

radiation efficiency. Metamaterial inspired antennas give a way of solution for the 

problem of efficiency-bandwidth limitation for small antennas. This methodology is 

still not mature and faces many challenges to be solved. 

One of the challenges is to fabricate effectively homogenous metamaterials that 

are approximately close to the natural materials. Many solutions were initially based on 

fabulous assumptions of low-loss homogeneous metamaterials. The low cost practical 

realization of low loss metamaterials with higher homogenization ratios for a broader 

range of frequencies would certainly open doors for future advancements in the field of 

metamaterial based devices. The other main challenge as already discussed, specifically 

for antennas, lies in the conflict between the bandwidth, efficiency and the antenna size. 

The direct and inherent impact of the metamaterial design methodology results in the 

antenna size reduction. However, bandwidth enhancement and efficiency improvement 

are factors, which are still open for research. 

Some to the many approaches that have been utilized for bandwidth broadening 

include planar transmission line metamaterial concepts [41], LH metamaterial loadings 

techniques [42, 43], degenerate band edge (DBE) and magnetic photonic crystal (MPC) 

methods [44, 45], magneto-dielectrics loading techniques [46, 47]. The use of active 

non-Foster metamaterials in matching network also broadens the bandwidth [48-50]. 

The mode coupling approach can also widen the bandwidth significantly [51]. 

The radiation efficiency can be improved by utilizing low-loss materials in the 

design. If we use an antenna substrate with a smaller loss, such as the Rogers substrate, 

the efficiency would definitely improve. A conformal printing method employ a low 

loss and transparent material to fabricate small antennas on surfaces [52]. 

1.3 Objectives 

The first objective of the thesis is to design a compact microstrip metamaterial antenna 

with an enhanced bandwidth. Second objective is to design a metamaterial inspired 

electrically small antenna which can show multiband frequency characteristics. The 

third objective is to investigate meta-screens over the metamaterial antennas and study 
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their effects on antenna performances. The fourth and the last objective is to design and 

simulate a magnifying absolute lens in a geometrical sense at microwave frequencies. 

The design and simulation is based on a simple non-resonant, weakly dispersive, 

effectively homogenous I-shape metamaterial structure. 

1.4 Thesis Outline 

We started with the motivations and objectives of this thesis as already mentioned in 

the above sections. The outline of rest of the thesis is as follows. 

Chapter 2 starts with the definitions and some historical developments regarding 

metamaterials. Then it emphasizes some fundamental concepts for left handed 

metamaterials based on Maxwell’s equations. Then it introduces the Composite Right 

Left Handed (CRLH) metamaterial transmission-line theory for the one dimensional 

and then for two dimensional cases, because the work on antennas in this thesis is based 

on dispersion engineered 2D CRLH metamaterial unit cells. 

Chapter 3 starts with a brief description of CRLH metamaterial resonant 

antennas. Then it goes on to design and simulation of dispersion engineered single unit 

cell MTM antenna with proximity feed. The antenna is also investigated with top 

metascreens made of the same MTM unit cell. It is shown that a multiband operation 

with wideband characteristics can be enabled by using MTM unit cell antennas by using 

proximity type of input feeding. We further simulate, fabricate and test MTM antennas 

by extending the unit cells along the non-resonant length of the antenna with direct type 

of input feed. We also investigated by placing single and double metascreens made of 

same size below these proposed antennas. It is demonstrated that bandwidths can be 

increased by increasing the number of unit cells in the antenna design. Further in the 

end, a simple patch antenna is studied with top inverted metascreen showing a 

broadband frequency response with reasonable radiation performance. 

Chapter 4 begins with a theoretical background about the design of an absolute 

magnifying lens in a geometrical sense. We adopt and present a methodology of 

realization of this proposed magnifying lens in a simulation environment which is based 

on I-shape metamaterial structure at microwave frequencies. The frequency of 10 GHz 

is selected to operate the device in the non-resonant, weakly dispersive and positive 

graded refractive index region. The metamaterial structure dimensions are varied to 
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realize the graded refractive index needed and compare closely with the proposed 

theoretical refractive index. The lens works similar to Eaton lens but with double 

magnification factor. The retro-reflect action is implemented using double action of 

Luneburg like action combined with a reflecting metallic mirror. The device is 

assembled using 30 concentric layers of varying I-shape cubic unit cell arrangement 

with different surrounding dielectric powders. The complete device is simulated based 

on I-shape manufactured refractive index showing the magnification process. Further, 

the device is simulated with designed I-shape structure itself inserted into a significant 

portion of the device. The results show the bending and magnification process 

reasonably. 

Finally, Chapter 5 summarizes the findings of this thesis and also mentions 

some of the future tasks that can be performed. 
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2 Metamaterial History and Theory 

The quest for the unknown and finding ways to improve is in the heart and mind of 

every human being since the start of the life. It seems that every century is ending with 

a new discovery and opening doors for the novel opportunities in the fields of science 

and technology. The advent of metamaterials in the year 2000 would definitely proof 

itself in the near future to be a big event in the history of sciences. It is the name of the 

ability to have a full control over the properties or functionalities obtained by the 

emergent artificial materials synthesized by the state of the art existing fabrication 

facilities. These qualitatively novel artificial materials emerge as a result of 

geometrically quantitative mixing of constituent conventional natural materials. It 

seems that it is a start of a journey from impossible to possible or more lightly a path to 

explore novel or unexpected phenomena or functionalities. 

2.1 Definition 

The term metamaterial is a combination of two terms, meta and materials. Meta has a 

Greek (also used in Latin) origin and means beyond or after [53]. Eventually, the 

collective meaning comes out to be the novel synthetic materials having properties and 

functionalities beyond or novel than their constituent natural materials [54]. This term 

was first introduced by Rodger Walser in 1999, then at University of Texas, Austin [55, 

56]. Metamaterials are known with some other names in the literature, such as Veselago 

media [57, 58], Left handed materials [59-64], simultaneously Double Negative (DNG) 

media [65, 66], Negative Refractive Index (NRI) media [67, 68] and backward wave 

(BW) media [69, 70]. Despite some of the critiques [71-73], [56] about the 

metamaterials, which after further studies [74] have been subsided, the term is being 

used extensively in literature in compound forms such as graded index metamaterials 

[75, 76], plasmonic metamaterials [77, 78], chiral metamaterials [79-81], hyperbolic 

metamaterials [82, 83] and bianisotropic metamaterials [61, 81, 84, 85]. 

It would be helpful in understanding the metamaterial term if we draw an 

analogy with the material understanding. We all know that materials are made up of 

tiny atoms of different elements. The arrangement of these tiny atoms in space make  
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Figure 2-1 Metamaterial design concept. 

periodic or aperiodic geometrical structures and give rise to novel material synthesis. 

The arising resultant materials have some useful properties or functions. Similarly 

metamaterials consists of an arrangement of an artificial structural building block or 

unit cell, also known as Meta-atom. Metamaterials draw their properties from these 

Meta-atoms. These mesoscopic or macroscopic fundamental unit cells are designed and 

fabricated from conventional natural materials to get some novel or unusual properties, 

one such as negative refraction. Consequently we can say that metamaterials represent 

a higher level of structural abstraction as shown in fig. (2-1). 

Meta-atoms may be designed which are sensitive to electromagnetic excitations. 

Therefore they exhibit enhanced or unusual response functions such as enhanced 

electric permittivity, enhanced magnetic permeability, separately or simultaneously 

negative values of permittivity and permeability. Also these artificial unit cells may be 

designed to possess isotropic, anisotropic, bianisotropic, hyperbolic, chiral or gyrotroic 

characteristics. Further they may have resonant, non-resonant, linear or non-linear 

inclusions [54]. A diagram showing 3D periodic arrangement of some examples of 

metamaterial unit cell structures is given in fig. (2-2). 
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Figure 2-2 Artificial meta atoms for metamaterial design. 

2.2 Homogeneity Condition 

The material response to exciting EM wavelength can be represented by collective 

average response of all constituent atoms in terms of effective material parameters i.e. 

electric permittivity and magnetic permeability. These material parameters can only 

make any sense if observing EM wavelength is much longer than the atomic sizes or 

inter atomic distances. Materials that qualify such condition are said to be 

homogeneous. The homogenization ratio of optical wavelength to atomic sizes 

(wavelength/atomic size) approximately approaches 1000. 

Similarly the metamaterials can be studied with conventional material analytical 

methods and characterized by effective material parameters if the homogenization 

condition is satisfied. In case, the excitation wavelength approaches the size of a basic 

unit cell, diffraction and scattering phenomena take place, then effective material 

parameter description losses its significance. We know that the most metamaterial unit 

cells contain complex composite inhomogeneous structures inside. Since these are 

artificially synthesized with utilization of resolution limited fabrication technologies, 

the homogenization condition cannot pass an upper limit for application specific 

wavelengths. Practically, reasonable results may be achieved if homogenization ratio is 
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greater than 10, greater the better. This condition can be met easily for RF and 

microwave applications due to longer operating wavelengths and availability of higher 

resolution fabrication technologies. 

It is a well-known fact in the metamaterials community that the anomalous 

values of the metamaterial EM parameters are due to the necessarily highly dispersive 

behavior near the resonance of the unit cell. Accordingly, the unit cell size is dependent 

on the resonant frequency (wavelength) and can be optimized anyhow for sub 

wavelength compactness. You cannot design micrometer or nanometer unit cells for 

microwave metamaterial applications, because this scale corresponds to Terahertz and 

optical resonant wavelengths. Generally, larger the resonant wavelength, greater is the 

unit cell size. The unit cells are in the cm and mm ranges for RF and microwave 

applications respectively. 

2.3 Metamaterial Advantages 

Materials use atoms as their basic building blocks, exclusively naturally created. While 

metamaterials are based on artificially purposefully synthesized meta-atoms. These 

meta-atoms or unit cells may be designed from very complicated geometry, highly 

inhomogeneous composition of natural materials, components and even systems, with 

possibly imaginary or supernatural objectives in mind, for example, designing 

invisibility cloak for the visible spectrum. 

Atoms need highly sophisticated and complicated technologies for 

experimentation and manipulations while metamaterial unit cells are dimensionally 

easier to experiment with. Similarly the theoretical and simulation analysis of 

metamaterials are based on classical electrodynamics which is very easy as compare to 

the atomic analysis which is based on quantum physics. 

Tunable, reconfigurable and nonlinear hardware can be easily incorporated in 

these meta-atoms for better performance and control of operation in certain 

applications. 

Metamaterials promise some of the remarkable and unusual emergent properties 

and phenomena such as negative refraction, perfect lens, enhanced magnetic optical 

response, bianisotropy and enhanced nonlinear effects. 
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2.4 Historical Notes 

The precursors and the circumstances that lead to the birth of metamaterials are 

diversified. This encompass many efforts over the years in the fields of physics and 

engineering. The theoretical speculations and ideas for unusual properties and 

phenomena regarding materials with their electromagnetic wave interaction date back 

to the times of Maxwell. 

The first known sign for theoretical speculation of negative refraction was given 

by Mandelshtam in 1944 [86]. He did not mentioned negative refraction in detail but 

showed mathematically a second unusual solution (π – θ2) of Snell’s Law. He also 

mentioned in another paper in 1945 [87], about periodical structures that supported 

electromagnetic waves with negative group velocity. 

Electromagnetic waves with opposite phase and group velocities were known 

as Backward Waves (BW), as termed by Brillouin and Pierce in their work on modeling 

the periodic structures by equivalent LC networks [88, 89]. These BW structures had 

periodicities of the order of λ/2 and hence were not homogeneous for effective medium 

parameter (ε, μ) description. 

It seems that Sivukhin in 1957 [90], was the first who gave speculation of 

homogeneous medium with simultaneous negative permittivity and permeability. Then 

Silin in 1959 [91], investigated negative refraction in BW periodic structures, which 

were also known as slow wave structures, in the Bragg’s diffraction λ/2 limit. 

After this preliminary work, Veselago in 1967 [59], gave a detailed analysis of 

homogeneous substances with simultaneous negative permittivity and permeability 

parameters. He was indeed the first person who presented this unusual material 

characteristics in a systematic way. He called these hypothetical substances as Left 

Handed (LH) materials, due to the fact that the EM wave propagating in these media 

followed the left hand rule of the (E, H, k) triade, instead of the right hand rule followed 

in the usual Right Handed (RH) materials. He gave theoretical vision for some of the 

novel consequent phenomena such as Negative Refraction, Reversal of Vavilov-

Cerenkov Radiation, Doppler Effect and boundary conditions at the interface of a RH 

and LH mediums respectively. Focusing of a point source into a point image using a 

LH material slab was also speculated. More importantly it was emphasized that the LH 
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material constitutive parameters (ε, μ) are necessarily frequency dispersive. Veselago 

also suggested the possibility of some natural LH substances which may be gyrotropic 

and anisotropic but was not sure about their existence. He was also not sure about the 

existence of isotropic negative permeability substances. However, G. H. B. Thomson 

had already shown negative permeability in ferrites in 1955 [92]. Thomson also had 

shown BW in ferrite filled wave guides to incorporate electric plasma (- ε) along with 

negative μ [93]. 

After the concise and systematic treatment of LH materials by Veselago, there 

seemed no direct efforts for designing or conceiving these unusual materials for almost 

thirty years. Pendry in 1990’s, was working on effective media having negative 

permittivity and positive permeability, known as electric plasmonic materials (-ε, +μ) 

[94, 95]. A 2D array of effectively homogeneous thin wires (TWs) media, as shown in 

fig. (2-3a), was considered to provide negative permittivity. 

Similarly Pendry was also working on effective media having negative 

permeability and positive permittivity, known as magnetic plasmonic materials (+ε, -μ) 

[96]. This media was made up of 2D arrangement of sub wavelength Split Ring 

Resonators (SRRs), as shown in fig. (2-3b). However it should be noted that the TWs 

and the SRRs were under investigations long before Pendry’s work. The wire medium 

was first used in 1950’s for microwave lenses [97, 98], while SRRs had been reported 

in the works of Schelkunoff and Friis in 1952 [99]. Also media with different shapes 

  

Figure 2-3 (a) Electric plasmonic materials [95]. (b) Magnetic plasmonic 

materials [96]. 

(b) (a) 
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such as helix, spirals and other forms of loops were in the literature of 1980’s and 

1990’s, under the name of chiral and bi-anisotropic materials [100]. 

All these research efforts spanning over the period of sixty years, from 1940’s 

onwards, had somehow contributed to the advent of first experimental demonstration 

of LH metamaterial by Smith et. al. of UCSD, in the year 2000 [101]. Smith’s work as 

shown in fig. (2-4a, 2-4b) was inspired by the work of Pendry. He simply joined 

together the TWs and SRRs media into a single composite medium having electric and 

magnetic plasma frequencies overlapping in the microwave region. This characteristic 

of simultaneous double negative parameters was concluded based on the transmission 

pass band appearing in the frequency range of interest. Later, a wedge shaped array of 

metamaterial elements were arranged in an experimental setup, as shown in fig. (2-5), 

for negative refraction demonstration [102]. 

After this first realization of LH metamaterial, scientists and engineers turned their 

attentions towards theoretical, simulation, experimental and application aspects of 

metamaterials. Characterization of metamaterials by effective medium constitutive 

parameters were improved gradually in the papers [103-112]. Various numerical 

techniques were employed for physics and novel properties demonstration in the 

simulation works [113-116]. Electromagnetic theory (EMT) based investigations were 

done in the papers [63, 69, 74, 117, 118]. Planar transmission line theory based studies 

were performed in the papers [64, 67, 68, 119-121]. Experimental bulk metamaterial 

and planar transmission line researches were done in [62, 102, 109, 110] and [64, 122, 

123] respectively. 

  

Figure 2-4 Simultaneous double negative materials [101]. (a) 1D TW and SRR 

array. (b) 2D TW and SRR array [102]. 

(a) (b) 



Chapter 2 Metamaterial History and Theory 

 

14 

 

2.5 Maxwell’s Equations in Left Handed Media 

The Maxwell’s equations in time domain are given as 

∇  × ℰ̅  =  − 
∂ℬ̅

∂t
 −  ℳ̅s (2-1) 

∇ × ℋ̅  =  
∂�̅�

∂t
 +  𝒥s̅ (2-2) 

∇ ⋅  �̅� =  ϱe (2-3) 

∇ ⋅  ℬ̅ =  0  (2-4) 

Here ℰ̅ (V/m) and ℋ̅ (A/m) are the electric and magnetic field intensities 

respectively. �̅� (C/m2) and ℬ̅ (W/m2) are the electric and magnetic flux densities 

respectively. ℳ̅𝑠 (V/m2) is the fictitious magnetic current density, 𝒥�̅� (A/m2) is the 

electric current density, ϱe (C/m3) is the electric charge density. The linear, isotropic 

and non-dispersive constitutive relations between the field quantities are given as 

�̅� =  ε0ℰ̅ +  �̅� =  ε0(1 + χe)ℰ̅ =  ε0εrℰ̅ =  εℰ̅ (2-5) 

 

Figure 2-5 An experimental setup for negative refraction demonstration using 

wedge shaped metamaterial sample [102]. 
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ℬ̅ =  μ0ℋ̅ +  ℳ̅ =  μ0(1 + χm)ℋ̅ =  μ0μrℋ̅ =  μℋ̅ (2-6) 

Here �̅� =  ε0χeℰ̅ and ℳ̅ =  μ0χmℋ̅ are the electric and magnetic 

polarizabilities respectively. χe , and χm are the electric and magnetic susceptibilities 

respectively. εr = 1 +  χe , and μr = 1 +  χm are the electric permittivity and magnetic 

permeability respectively for the material. ε0 , and μ0 are the permittivity and 

permeability of the free space respectively. The permittivity and permeability can also 

be represented in complex notation as given below, where imaginary part signifies the 

loss factor. 

εr =  ε′ −  jε′′ (2-7) 

μr =  μ′ −  jμ′′ (2-8) 

In case of time harmonic fields with time dependency taken as e+jωt, the field 

quantities are given in terms of phasors as 

ℰ̅(r, t) =  Re[E̅(r̅)e+jωt] (2-9) 

ℋ̅(r, t) =  Re[Η̅(r̅)e+jωt] (2-10) 

Maxwell equations in time independent form i.e. in the frequency domain are 

given as 

∇  × E̅  =  − jωμH̅  −  M̅s (2-11) 

∇  × H̅  =  jωεE̅  +  Js̅ (2-12) 

∇ ⋅  D̅ =  ρe (2-13) 

∇  ⋅  B̅ =  0  (2-14) 

Constitutive relations are given as 
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D̅ = εΕ̅ (2-15) 

B̅ =  μΗ̅ (2-16) 

We consider a plane wave solution denoted by 

E̅ =  E̅0e−jk̅⋅r̅ (2-17) 

H̅ =  
E̅0

η
e−jk̅⋅r̅ (2-18) 

Here η = |Ε̅| |Η̅|⁄  is the wave impedance in the medium. As a simple case we 

take a source free region in a loss-less medium i.e. M̅s = Js̅ = 0. We take the case of a 

right handed (RH) medium where ε , μ > 0. Substituting plane wave solutions, 

equations (2-17), (2-18) in the first two Maxwell’s equations (2-11), (2-12) and 

applying the (del) ∇ operator we get 

k̅  × E̅  =  + ωμH̅ (2-19) 

k̅  × H̅  =  − ωεE̅ (2-20) 

This formalism gives the usual right handed triad among E̅, H̅ and k̅ vector 

quantities as shown in the fig. (2-6b)  

When we take the case of a left handed medium, where ε, μ < 0 , the dynamic 

equations take the form as 

k̅  × E̅  =  − ω|μ|H̅ (2-21) 

k̅  × H̅  =  + ω|ε|E̅ (2-22) 
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Figure 2-6 Handedness of wave in a medium. (a) Left handed vector triad of  

(�̅�, �̅�, �̅�). (b) Right handed vector triad of (�̅�, �̅�, �̅�). 

This formalism gives the left handed triad of E̅, H̅ and k̅ vector quantities as 

shown in the fig. (2-6a) 

The phase velocity and propagation constant are related by 

υ̅p =  
ω

k
k̂    ,     (k̂ =  k̅ |k̅|⁄ ) (2-23) 

Since propagation vector (wave number) is positive in the right handed medium, 

eq. (2-23) gives positive phase velocity hence forward wave propagation, i.e., the wave 

propagates outward from the source. 

k >  0        (υp  >  0) (2-24) 

While, in left handed medium the wave propagates inward to the source, giving 

negative wave number and hence eq. (2-23) gives negative phase velocity. The phase 

propagates backward to the source and due to this reason these media are also known 

as backward propagation media. 

k <  0        (υp  <  0) (2-25) 

The wave number is given in terms of refractive index by 

k = nk0 = n
ω

c
 (2-26) 
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Here n is the refractive index of the medium given by 

n =  ±√εrμr (2-27) 

Since, k is negative in LH medium, eq. (2-26) implies n is negative in LH 

medium. Due to negative index of refraction these media are also known as Negative 

Refraction Index (NRI) media. Also it is clear from the definition of refractive index, 

eq. (2-27), that the LH medium possesses simultaneous negative values of permittivity 

and permeability. Due to this reason they are popular with the name of double negative 

(DNG) materials. 

Poynting vector S̅ and power flow P0 out of the surface S enclosing the source 

free loss-less medium are related with each other by the expressions 

P0 =  
1

2
∮ (E̅ × H̅∗)

S

⋅ ds̅ (2-28) 

S̅ =  E̅ × H̅∗ (2-29) 

Since Poynting vector S̅ is only dependent on E̅ and H̅, not on medium 

parameters (εr μr), therefore the direction of power flow is always positive. 

Phase velocity does not correspond to the energy, instead it is related to the 

propagation of disturbances in the medium and can be negative. While group velocity 

given in eq. (2-30), corresponds to the energy, the modulated wave packet information, 

and cannot take negative values. 

υ̅g =  
dω

dk
 (2-30) 

υg > 0 (2-31) 

Most often in the texts and literature, the negative slope dispersion curves of 

ω(k) for positive values of k apparently may be misunderstood as a case for negative 
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group velocity. This is not the true interpretation but instead it should be understood as 

eigen solutions for the case when the source is placed on the positive side of the space 

coordinate and the energy travels from positive to the negative space variable. 

Graphically it could be understood as folding of the negative k space of the dispersion 

plot to the positive portion of the k space. Actually this negative dispersion slope 

indicates the negative phase velocity and as means of characterizing LHM. 

2.6 Necessary Frequency Dispersion of Metamaterials 

A frequency dispersive medium possesses a nonlinear dispersion relation between ω 

and k, which results in frequency dependent phase and group velocities. Also the 

medium parameters (ε, μ, n) as a consequence become frequency dependent. This 

property is a necessary condition for real physical media having simultaneous negative 

values, as non-dispersive constant negative parameters give unrealistic or non-physical 

result of negative energy density given by the conventional relation 

W =
1

4
[εE̅2 + μH̅2] (2-32) 

In the absence of external electromagnetic energy, the stored internal energy 

will consequently dissipate into heat energy. Since the entropy of a system is always 

increasing which requires the condition 

W > 0 (2-33) 

A general expression in case of frequency dispersive media can be derived for 

energy density as 

W =
1

4
[
d(ωε)

dω
E̅2 +

d(ωμ)

dω
H̅2] > 0 (2-34) 

After expanding the derivatives in eq. (2-34), the positive energy density 

condition for real physical media grinds down to the following inequalities 
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ω
dε(ω)

dω
+ ε(ω) > 0 (2-35) 

ω
dμ(ω)

dω
+ μ(ω) > 0 (2-36) 

These inequalities (2-35) and (2-36) show that both simultaneous negative 

values for ε(ω) and μ(ω) are possible in certain frequency range, provided there exist 

a certain amount of positive derivative for respective ε(ω) and μ(ω), given by 

dε(ω)

dω
>

|ε|

ω
> 0 (2-37) 

dμ(ω)

dω
>

|μ|

ω
> 0 (2-38) 

Therefore real physical metamaterials are highly dispersive near the resonances 

of the constituent geometrical objects which are responsible for the simultaneous 

negative values for permittivity and permeability. However, very far away from these 

highly dispersive resonance fluctuations, the non-dispersive approximation given by 

equations (2-39) and (2-40), work well for these materials which gives weakly 

dispersive or almost constant positive values of material parameters. 

dε

dω
= 0       ;           ε > 0 (2-39) 

dμ

dω
= 0       ;           μ > 0 (2-40) 

2.7 Planar Transmission Line Metamaterial Theory 

Metamaterials (MTMs) are in fact effectively homogeneous structures therefore they 

can be modeled by using the well-known knowledge of transmission lines (TLs) [124-

126]. Here we present the analysis and design of 1D MTM TLs which are generally 
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known as Composite Right Left Handed (CRLH) TLs [127-129]. These general CRLH 

TLs can be reduced into more specific models of conventional Purely Right Handed 

(PRH) TLs or Purely Left Handed (PLH) TLs. Further, a brief theory for 2D MTMs is 

also presented. 

2.7.1 CRLH Transmission Lines 

Fig (2-7) shows a model of an ideal homogeneous TL, which is perfectly uniform in 

the direction of propagation (z-axis). Coaxial and microstrip lines are some of the 

examples of purely right handed (PRH) TLs. Perfectly homogeneous Purely Left 

Handed (PLH) TLs are not possible but effectively homogeneous CRLH TLs can be 

artificially synthesized based on LC networks which incorporate both right handed and 

left handed characteristics in separate specific frequency bands. 

In ideal homogeneous TLs, ∆𝓏 → 0, while in effectively homogeneous TLs the 

∆𝓏 ≪ λg. Here ∆𝓏 represents the unit cell size of a MTM construct while λg is the 

guided wavelength in the constructed medium. We analyze the ideal CRLH TLs due to 

their usefulness in describing the fundamental MTM concepts in terms of simplified 

relations. The model for an ideal CRLH TL is shown in fig. (2-8). It constitutes a per-

unit length impedance Z′ (Ω/m) and a per-unit length admittance Y′ (S/m). Z′ (Ω/m) is 

given in eq. (2-41) by a RH per-unit-length inductance LR
′  (H/m), which is in series with 

a LH times-unit-length capacitance CL
′  (F.m). Similarly Y′ (S/m) is given in eq. (2-42) 

 

 

Figure 2-7 Ideal homogeneous transmission line model with instantaneous and 

steady state voltages and currents. 
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Figure 2-8 Ideal lossless CRLH TL equivalent circuit model. 

by a RH per-unit-length capacitance CR
′  (F/m), which is in parallel with a LH times-

unit-length inductance LL
′  (H.m). 

Z′ = j (ωLR
′ −

1

ωCL
′ ) (2-41) 

Y′ = j (ωCR
′ −

1

ωLL
′ ) (2-42) 

The CRLH TL model of fig. (2-8) can be simplified to a Purely Right Handed 

(PRH) TL, if the LH immittances given in the equations (2-41) and (2-42) are nullified, 

that are, ZL
′ = −j(1 ωCL

′⁄ ) = 0 (CL
′ = ∞) and YL

′ = −j(1 ωLL
′⁄ ) = 0 (LL

′ = ∞). 

Similarly, the model of Fig (2-8) can be simplified into a Purely Left Handed (PLH) 

TL model, if the RH immittances given in equations (2-41) and (2-42) become zero, 

that are, (LR
′ = 0 and CR

′ = 0). PLH TL is the dual of the PRH TL. In fact, PLH TL is 

not realizable due to the parasitic effects of series metallization inductance and shunt 

capacitance between the top metallization and the ground. In real world designs, all 

four immittances ZR
′ , ZL

′ , YR
′ , YL

′  are present, therefore, all of the elements LR
′ , CL

′ , CR
′ , 

LL
′  contribute to the most general type of characteristic known with the name of CRLH 

TL. 

The characteristics of the CRLH TL can also be predicted by incorporating the 

extreme possible values with respect to frequency. As can be seen from equations (2-
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41) and (2-42), at low frequencies, ZR
′  and YR

′  go to zero, so that the CRLH TL 

approximates to a PLH TL. On the other hand, at high frequencies, ZL
′  and YL

′  go to 

zero, resulting into a PRH TL. At all other frequencies, the characteristics depend on 

the frequency of operation and contribution from LH and RH immittances. 

In order to find out characteristic propagation parameters of these CRLH TLs, 

we start the analysis based on generalized telegraphist equations given by 

dV

d𝓏
= Z′I (2-43) 

dI

d𝓏
= Y′V (2-44) 

Here V and I are the position based voltage and current along the TL as shown 

in fig. (2-7). Z′and Y′ are the series and shunt immittances as shown in fig. (2-8) and 

given by equations (2-41) and (2-42) respectively. Solving telegraphist equations (2-

43) and (2-44) simultaneously we get Helmoltz equations for the voltage and current 

on the TL as 

d2V

d𝓏2
− γ2V = 0 (2-45) 

d2I

d𝓏2
− γ2I = 0 (2-46) 

Where γ (1/m) is the complex propagation constant and is given in the form of 

immittances as 

γ = α + jk = √Z′Y′ (2-47) 

General solution for the voltage and current in equations (2-45) and (2-46), in 

the form of propagation travelling waves in the (+𝓏 , -𝓏) direction is given by 

 V(𝓏) =  V0
+e−γ𝓏 + V0

−e+γ𝓏 (2-48) 

 I(𝓏) =  I0
+e−γ𝓏 + I0

−e+γ𝓏 (2-49) 



Chapter 2 Metamaterial History and Theory 

 

24 

 

Taking the derivate of V(𝓏) in eq. (2-48), comparing with the eq. (2-43) and 

after little manipulations we get 

I(𝓏) =
γ

Z′
(V0

+e−γ𝓏 − V0
−e+γ𝓏) (2-50) 

The characteristic impedance ZC of the TL is determined by comparing the 

coefficients of e−γ𝓏 or e+γ𝓏 waves in equations (2-49) and (2-50). Further incorporating 

equation (2-47) in equation (2-51) we get equation (2-52). 

ZC =
V0

+

I0
+ = −

V0
−

I0
− =

Z′

γ
 (2-51) 

ZC = RC + jXC =
Z′

γ
= √

Z′

Y′
 (2-52) 

We introduce some CRLH TL variables for simplification 

ωR
′ =

1

√LR
′ CR

′
 (2-53) 

ωL
′ =

1

√LL
′ CL

′
 (2-54) 

ωse =
1

√LR
′ CL

′
 (2-55) 

ωsh =
1

√LL
′ CR

′
 (2-56) 

κ = LR
′ CL

′ + LL
′ CR

′  (2-57) 
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κ =
1

(ωse)2
+

1

(ωsh)2
 (2-58) 

Where ωse and ωsh are the series and shunt branch resonances of the TL. Using 

the values of series and shunt immettances from equation (2-41) and (2-42) in equation 

(2-47) and manipulation of the above TL variables from equations (2-53), (2-54), and 

(2-57) we get complex propagation constant as 

γ = √Z′Y′ = j s(ω)√(
ω

ωR
′ )

2

+ (
ωL

′

ω
)

2

− κ(ωL
′ )2 (2-59) 

Here s(ω) is the sign rule given as 

s(ω) = {
−1, ω < min(ωse, ωsh)   LH Region
    1, ω > max(ωse, ωsh)   RH Region

 (2-60) 

The propagation constant in eq. (2-59) is a function of frequency and it is known 

as the dispersion relation for the CRLH TL. It may be purely complex (jk) for some 

frequencies which result in the pass band characteristics of the CRLH TL. While, it 

may result into purely real values (α) for some frequencies which appear as a stop band 

or as a bandgap in the propagation characteristics of a CRLH TL. The curves defined 

by eq. (2-59) are plotted in fig. (2-9). Fig (2-9a) depicts the CRLH dispersion and 

attenuation for wave propagation along the positive (+ superscript) and negative (- 

superscript) 𝓏 directions. 

Fig (2-9b) compares the dispersion of the CRLH TL wave along positive 𝓏 axis 

with the dispersion of the corresponding PRH and PLH TLs. It indicates that the CRLH 

dispersion curve asymptotically reaches the PLH dispersion branch at lower 

frequencies while it approaches PRH dispersion at higher frequencies. We can also see 

the presence of a propagation bandgap in fig. (2-9), where k is zero over that bandgap. 

Consequently, it indicates a certain amount of attenuation constant (α), in spite of 

lossless TL. This gap is due to the different series and shunt immettances providing 

different series and shunt resonances (ωse ,ωsh) of the CRLH TL. Due to the unbalance 

in the series and shunt immettances the CRLH TL is said to be unbalanced. When series 

and shunt frequencies happen to be equal, the CRLH bandgap vanishes with nonzero 
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Figure 2-9 Dispersion diagrams for the CRLH TLs. (a) Left Handed (LH) and 

Right Handed (RH) wave propagation along the positive (+) and negative (-) 𝔃 

directions. (b) Comparison of the CRLH dispersion with the dispersion of PRH 

and PLH TLs along positive 𝔃 axis. 

group velocity. In this case, due to the balance in the series and shunt immettances, the 

CRLH TL is said to be balanced. 

The sign rule in eq. (2-60) can be explained from the fig. (2-9a) or fig. (2-9b), 

for the curve section corresponding to ω < min(ωse, ωsh), the phase velocity 

represented by a slope of a line segment from the origin to the curve is negative, 

meaning that k is negative and therefore the TL is LH in nature. On the other hand the  

 

 

Figure 2-10 CRLH TL characteristic impedance 𝐙𝐂 plot. 

(a) (b) 
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group velocity represented by a slope of the curve at that point, have positive slope, and 

hence possesses positive sign. Therefore the CRLH TL holds the antiparallel relation 

in the LH frequency range. While, in the RH range ω > max(ωse, ωsh), using similar 

arguments for the slope of a line from the origin to the curve (υp) and for the slope of 

the curve at that point (υg), the phase and group velocities respectively have the positive 

signs and hence are parallel to each other. 

The frequency ω0 at the maximum attenuation can be found from the derivative 

of the complex propagation constant in eq. (2-59) 

dγ

dω
= j s(ω)

ω

ωR
′ 2 −

ωL
′ 2

ω3

√(
ω

ωR
′ )

2

+ (
ωL

′

ω )
2

− κ(ωL
′ )2

= 0 (2-61) 

Which is derived as 

ω0 = √ωR
′ ωL

′ =
1

√LR
′ CR

′ LL
′ CL

′4
 (2-62) 

The CRLH characteristic impedance is obtained by using equations (2-41),  

(2-42), (2-55), (2-56) into equation (2-52) as 

ZC = ZL√
(

ω
ωse

)
2

− 1

(
ω

ωsh
)

2

− 1
 (2-63) 

ZL and ZR are the PLH and PRH impedances respectively given as 

ZL = √
LL

′

CL
′  (2-64) 
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ZR = √
LR

′

CR
′  (2-65) 

It can be seen in eq. (2-63) that the characteristic impedance has a pole and a 

zero at ω = ωsh and ω = ωse, respectively, corresponding to the shunt and series 

resonances, respectively. 

ZC(ω = ωsh) = ∞ (2-66) 

ZC(ω = ωse) = 0 (2-67) 

The CRLH impedance is shown in fig. (2-10). Eq. (2-63) shows that the 

impedance is purely imaginary in the bandgap. The CRLH TL can only be matched in 

a certain frequency range due to the frequency dependent characteristic impedance.  

The phase velocity (υp), group velocity (υg), and the guided wavelength (λg) of 

the CRLH TL can be derived from eq. (2-59) and are given below as 

υp =
ω

k
= s(ω)

ω

√(
ω

ωR
′ )

2

+ (
ωL

′

ω )
2

− κ(ωL
′ )2

 

(2-68) 

υg = (
dγ

dω
)

−1

=

|
ω

ωR
′ 2 −

ωL
′ 2

ω3 |

√(
ω

ωR
′ )

2

+ (
ωL

′

ω )
2

− κ(ωL
′ )2

 

(2-69) 

λg =
2π

|k|
=

2π

√(
ω

ωR
′ )

2

+ (
ωL

′

ω )
2

− κ(ωL
′ )2

 
(2-70) 
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Figure 2-11 Phase velocity and group velocity plots. (a) Velocities for PLH TLs. 

(b) Velocities for unbalanced CRLH TLs. 

Fig (2-11) plots the phase and group velocities for the PLH and CRLH TLs 

respectively. In the PRH TL, not shown here, both of these velocities are constant and 

equal to ωR
′ . In the case of PLH TL, we can simplify equations (2-68) and (2-69), by 

neglecting the RH contributions (LR
′ = CR

′ = 0), and get the values of υp = − ω2 ωL
′⁄  

and υg = ω2 ωL
′⁄ . The velocities are opposite to each other as shown in fig. (2-11a) and 

are unbounded at high frequencies. This apparently violates Einstein’s relativity, which 

says that modulated information signals cannot propagate faster than the speed of light. 

This apparent violation is removed if we take into account the unavoidable parasitic RH 

contributions and make the medium effectively a CRLH medium, where phase and 

group velocities are bounded at high frequencies by the velocity of the RH contribution, 

υg = ωR
′  , as shown in the fig. (2-11b). 

2.7.2 Equivalent MTM Constitutive Parameters 

A direct correspondence of variables and parameters can be made between Maxwell’s 

equations and the telegraphist’s equations, if the electromagnetic waves in the MTM 

are propagating in a transverse electromagnetic mode (TEM), where the components of 

the electric and magnetic fields in the direction of propagation are both zero (Ez = 0 

and Hz = 0). Such a mapping can be manifested if we consider the (TEM) parallel-

plate waveguide structure shown in fig. (2-12) filled with a fictitious CRLH material. 

Maxwell’s equations in this case become 

dEy

d𝓏
= −jωμHx (2-71) 

(a) (b) 
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dHx

d𝓏
= −jωεEy (2-72) 

These equations are identical to the telegraphist’s equations using the following 

transformations of variables and parameters 

Ey → V (2-73) 

Hx → I (2-74) 

ε = ε(ω) = CR
′ −

1

ω2LL
′  

(2-75) 

μ = μ(ω) = LR
′ −

1

ω2CL
′  

(2-76) 

where ε = εrε0 (F/m) and μ = μrμ0 (H/m). Equations (2-75) and (2-76) give 

the equivalent constitutive parameters of TL MTM in terms of CRLH TL circuit 

parameters. The constitutive parameters at higher frequencies approach to the PRH TL 

equivalent parameters μ(ω → ∞) = LR
′  and ε = ε(ω → ∞) = CR

′ . Whereas at lower 

frequencies, they approach to the PLH TL equivalent dispersive parameters, 

μ(ω → 0) = −1 ω2CL
′⁄  and ε(ω → 0) = −1 ω2LL

′⁄ . 

 

Figure 2-12 TEM mode of a CRLH material in a parallel plate waveguide. 
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Figure 2-13 Equivalent constitutive electromagnetic parameters for a CRLH 

material. (a) Permittivity and permeability. (b) Refractive index. 

The CRLH TL equivalent refractive index can be written using equations (2-75) 

and (2-76) as 

n =  ±√εrμr =  ±c√εμ (2-77) 

n = c
s(ω)

ω
√(

ω

ωR
′ )

2

+ (
ωL

′

ω
)

2

− κ(ωL
′ )2 (2-78) 

The refractive index in eq. (2-78) is related to the propagation constant k by  

k = nk0 (2-79) 

Where k0 = ω c⁄ . Primarily, refractive index of a MTM can be calculated from 

eq. (2-78) by using the CRLH TL model parameters(LR , CR , LL , CL ). Otherwise it can 

also be derived from eq. (2-79) by just scaling the propagation constant, that is  

n = k(ω) k0⁄ , which we can get analytically or by full wave analysis in a commercial 

software. 

These equivalent material parameters are plotted in fig. (2-13). These plots show 

that μ(ω) becomes negative when ω < ωse and ε(ω) becomes negative when  

ω < ωsh. Consequently, in most of the cases where the CRLH TL is unbalanced, that 

is ωse ≠ ωsh, the bandgap has single negative (SNG) material characteristics. This 

single negative parameter condition leads to the imaginary refractive index. In the case, 

if ωsh < ωse, the TL behaves as μ-negative (MNG) in the gap, and the gap is 

(a) (b) 
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consequently known as a magnetic gap. Otherwise, in the case where ωse < ωsh, the 

TL behaves as ε-negative (ENG) in the gap, and the gap is therefore termed as an 

electric gap. 

2.7.3 LC Network Based CRLH TLs 

Modeling of ideal homogenous CRLH TLs was presented in the previous sections for 

analysis purposes. These ideal TLs does not exist is the real world. However, effectively 

homogeneous CRLH TLs of finite length ℓ are realizable. This can be done by joining 

the sub-wavelength CRLH LC unit cell of fig. (2-14a) in a periodic ladder network 

shown in fig. (2-14b). Periodicity is adopted for fabrication and mathematical 

simplicity. The size of the LC unit cell of fig. (2-14a) is described by its electrical 

length, which is given by the phase of LC circuit, θ = Δφ (rad or degree). Whereas the 

size of ideal homogeneous unit cell model in fig. (2-8) is represented by Δ𝓏 in meters. 

However, the realizable periodical length p will primarily depend on the technology 

used for practical implementation of the LC unit cell, e.g., microstrip distributed TL 

and/or surface mount components, etc. 

The realizable unit cell of fig. (2-14a) becomes effectively equivalent to the 

ideal model of fig. (2-8), if the practical unit cell size is smaller than the quarter of 

guided wavelength, p < λg 4⁄ , that is the electrical length of the unit cell is smaller than 

π 2⁄ . Under this effective homogenization, a CRLH TL of length ℓ can be formed by 

joining the LC unit cells in series, as shown in fig. (2-14b). 

Applying the Bloch-Floquet theorem to the LC unit cell, the dispersion relation 

is given as [127] 

k(ω) =
1

p
cos−1 (1 −

ZY

2
) (2-80) 

Here the series impedance (Z) and the parallel admittance (Y) of the LC unit cell are 

given by 

Z(ω) =  j (ωLR −
1

ωCL

) (2-81) 
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Figure 2-14 (a) Unit cell of a realizable LC based CRLH TL. (b) Realizable 

periodic LC network and its equivalent ideal TL of finite length 𝓵. 

Y(ω) =  j (ωCR −
1

ωLL

) (2-82) 

By applying the Taylor approximation cos(kp) ≈ 1 − (kp)2 2⁄   and neglecting 

the higher order terms due to the small size of the unit cell, the eq. (2-80) after little 

manipulations becomes as 

k(ω) =
s(ω)

p
√(

ω

ωR

)

2

+ (
ωL

ω
)

2

− κ(ωL )
2
 (2-83) 

k(ω) =
s(ω)

p
√ω2LR CR +

1

ω2LL CL

− (
LR

LL

+
CR

CL

) (2-84) 

This obtained dispersion becomes equal to the homogeneous dispersion of  

eq. (2-59) with the incorporation of periodic length based transformation, that is LR
′ =

(a) 

(b) 
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LR p⁄ , CR
′ = CR p⁄ , LL

′ = LL p, CL
′ = CL p. The dispersion diagram for this realizable 

LC-based CRLH TL is shown in fig. (2-15). This figure depicts that unlike the ideal 

homogenous case, the practical LC-based CRLH TL has a stop band at lower 

frequencies provided by the LH high-pass network, while there is another stop band at 

higher frequencies which is due to the RH low-pass network. Although the LC-based 

CRLH TL acts as a bandpass filter, the design of CRLH metamaterials is totally 

different from the filter design. 

2.7.4 Two Dimensional (2D) CRLH TL as Extension 

A 1D CRLH TL can be extended to a 2D CRLH TL by considering an extended unit 

cell of fig. (2-16a). The 2D CRLH TL can be realized by periodically cascading the 2D 

unit cell in two directions. This arrangement supports wave propagation in any direction 

within the plane of structure. Therefore, the propagation constant k becomes a 2D 

vector quantity, that is k = kxx̂ + kyŷ, where kx and ky are the propagation constants 

along the x and y directions. By applying the Bloch-Floquet theorem to the 2D unit cell, 

the 2D dispersion is evaluated as 

 

Figure 2-15 Dispersion plot for the LC based CRLH TL. Balanced case: 

 𝐋𝐑 = 𝐋𝐋 = 𝟎. 𝟕 𝐧𝐇, 𝐂𝐑 = 𝐂𝐋 = 𝟎. 𝟕 𝐩𝐅. Unbalanced case: 𝐋𝐑 = 𝟎. 𝟕 𝐧𝐇,  

 𝐋𝐋 = 𝟎. 𝟒 𝐧𝐇, 𝐂𝐑 = 𝟎. 𝟕 𝐩𝐅, 𝐂𝐋 = 𝟏. 𝟐 𝐩𝐅. 
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Figure 2-16 Two dimensional LC based CRLH TL. (a) Unit cell model.  

(b) Dispersion plot. Balanced case: 𝐋𝐑 = 𝐋𝐋 = 𝟎. 𝟕 𝐧𝐇 , 𝐂𝐑 = 𝐂𝐋 = 𝟎. 𝟕 𝐩𝐅. 

Unbalanced case: 𝐋𝐑 = 𝟎. 𝟕 𝐧𝐇, 𝐋𝐋 = 𝟎. 𝟒 𝐧𝐇, 𝐂𝐑 = 𝟎. 𝟕 𝐩𝐅, 𝐂𝐋 = 𝟏. 𝟐 𝐩𝐅 

(e−jkxpx − 1)
2

e−jkxpx
+

(e−jkypy − 1)
2

e−jkypy
− ZY = 0 (2-85) 

Which can also be written as eq. (2-86) and further simplified as eq. (2-87). 

sin2 (
kxpx

2
) + sin2 (

kypy

2
) −

χ

4
= 0 (2-86) 

(a) 

(b) 
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2 − cos(kxpx) − cos(kypy) −
χ

2
= 0 (2-87) 

χ = ZY = (
ω

ωR

)

2

+ (
ωL

ω
)

2

− κ(ωL )
2
 (2-88) 

The wave numbers kx, ky and ki along the Brillouin Zone (BZ), shown in the 

inset of fig. (2-16b), are obtained from the dispersion eq. (2-87) as 

kx =
1

px
cos−1 (1 −

χ

2
) , {Γ − Χ ∶ ( 0 < kxpx < π , kypy = 0) } (2-89) 

ky =
1

py
cos−1 (3 −

χ

2
) , {Χ − M ∶ ( kxpx = π ,0 <  kypy < π) } (2-90) 

ki =
1

pi
cos−1 (1 −

χ

4
) , {M − Γ ∶ ( 0 < kipi < π , i = x, y) } (2-91) 

The eigen-frequencies at the symmetry points can be evaluated from the 

dispersion eq. (2-85) as 

ωΓ1 = min(ωse, ωsh) (2-92) 

ωΓ2 = max(ωse, ωsh) (2-93) 

ωX1

= √
ω𝑠𝑒

2 + ω𝑠ℎ
2

2
+ 2ω𝑅

2 − √(
ω𝑠𝑒

2 + ω𝑠ℎ
2

2
+ 2ω𝑅

2 )

2

− (ωseωsh)2 

(2-94) 

ωX2

= √
ω𝑠𝑒

2 + ω𝑠ℎ
2

2
+ 2ω𝑅

2 + √(
ω𝑠𝑒

2 + ω𝑠ℎ
2

2
+ 2ω𝑅

2 )

2

− (ωseωsh)2 

(2-95) 
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ωM1

= √
ω𝑠𝑒

2 + ω𝑠ℎ
2

2
+ 4ω𝑅

2 − √(
ω𝑠𝑒

2 + ω𝑠ℎ
2

2
+ 4ω𝑅

2 )

2

− (ωseωsh)2 

(2-96) 

ωM2

= √
ω𝑠𝑒

2 + ω𝑠ℎ
2

2
+ 4ω𝑅

2 + √(
ω𝑠𝑒

2 + ω𝑠ℎ
2

2
+ 4ω𝑅

2 )

2

− (ωseωsh)2 

(2-97) 

The refractive index can also be obtained from the dispersion eq. (2-87) as 

nΓ−Χ =
c0kx

ω
=

c0

ωpx
cos−1 (1 −

χ

2
) (2-98) 

nΧ−M =
c0kx

ω
=

c0

ωpx
cos−1 (1 −

χ

4
) (2-99) 

Fig. (2-16b) shows the corresponding dispersion diagram and Brillouin Zone 

(BZ) for the 2-D CRLH TL. The figure shows that the structure is LH from ωΓ1 to ωM1 

and RH from ωΓ2 to ωM2. A stop band appears between ωΓ1 and ωΓ2 in the unbalanced 

case, whereas it disappears in the case of balanced TL, that is ωΓ1 = ωΓ2 = ω0. 
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3 Metamaterial Inspired Microstrip Antennas 

with Metascreens 

Patch antennas have been the most demanded candidates for research activity due to 

their multiple advantages like low cost, low profile, easy to fabricate, compact size and 

conformability with the monolithic microwave integrated circuits (MMIC) [130, 131]. 

It is the most widely used component in the wireless industry. 

Since the practical advent of metamaterials, metamaterials have been keenly 

studied as a potential artificial material for a number of applications in the microwave 

and optical region [132-134, 24]. One such application is the substrate material for 

microstrip patch antennas. Researchers have investigated extensively to improve its 

features like return loss, VSWR, bandwidth, gain and directivity [135-140]. 

The metamaterial substrates may be realized based on 3D regular periodic 

arrangements of Split Ring Resonator (SRR) and Rod structures [141-144]. These types 

of substrates are bulky and very much lossy in the microwave region which hinders 

their use for the wireless applications [145]. Alternatively many researchers have 

studied planar transmission line metamaterials for antenna applications due to their ease 

of fabrication, compact size and high efficiency [146-150, 67, 123]. 

There are many types of planar metamaterial based antennas [151], which are 

inspired from the metamaterial unit cell designs to enhance their performance. These 

planar metamaterial antennas can be broadly categorized as dispersion engineered 

antennas [8, 41, 152, 153], metamaterial unit cell loading antennas [154, 14], meta-

resonator antennas [155, 156], and meta-surface loaded antennas [157-160]. 

Previously Li et al. [152] demonstrated a patch antenna based on the modified 

form of the planar metamaterial structure proposed by Matsunaga et al. [161]. These 

structures were proposed to avoid the use of via hole in the unit cell for the ease of 

fabrication purposes. These structures were designed using left handed (LH) dispersion 

engineering approach. Recently Han Xiong et al. [162] also demonstrated a patch 
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antenna based on similar structure with modified ground pattern for enhanced 

performance. 

The aim of our work is to design, simulate, fabricate and investigate a novel 

metamaterial antenna realized by the metamaterial unit cell structure proposed by 

Matsunaga et al. [161]. The same metamaterial structure is further utilized to fabricate 

a metascreen. The size of the metascreen is kept equal to the size of antenna to 

miniaturize the overall design. The proposed metascreen is used in the near field of the 

proposed metamaterial antenna and also over a simple patch antenna to investigate its 

effect on impedance bandwidth, gain and radiation patterns. 

3.1 Metamaterial Resonator Based Antennas 

There are many applications in which CRLH TLs s are matched to the external devices 

to support the propagation of traveling waves. But instead of matched load conditions, 

if they are terminated as open-ended or short-ended, they produce standing waves and 

behave as a resonator at certain discrete frequencies. 

The standing wave resonator can also be produced using conventional (PRH) 

distributed TLs. The standing wave resonance frequencies ωm, as shown in dispersion 

curve of fig. (3-1a), correspond to the frequencies where the physical length ℓ of the 

structure is a multiple of half a wavelength as shown in fig. (3-1b) and given in  

eq. (3-1) respectively. Equivalently, the electrical length θm = kmℓ is a multiple of π, 

as given in eq. (3-2) and shown in fig. (3-2b) respectively. 

 

Figure 3-1 Conventional PRH TL resonator. (a) Dispersion curve. (b) Voltage 

distribution for resonant modes of an open ended TL. 

(a) (b) 
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Figure 3-2 Ideal CRLH TL resonator. (a) Dispersion curve. (b) Voltage 

distribution for resonant modes of an open ended TL. 

ℓ = m
λ

2
 (3-1) 

θm = kmℓ = (
2π

λ
) (

mλ

2
) = mπ (3-2) 

km =
mπ

ℓ
 (3-3) 

m = +1, +2, … … . , +∞, {modes for PRH TL} (3-4) 

m = 0, ±1, ±2, … … . , ±∞, {modes for CRLH TL} (3-5) 

An infinite number of strictly positive resonances exist in an ideal continuous 

distributed TL, because such an ideal line has infinite bandwidth. Also, since the 

dispersion curve is linear, therefore the resonances are integer harmonics of the 

fundamental resonance, given as ωm = mω1. 

On the other hand, the dispersion curve for the CRLH TL is non-linear as shown 

in the fig. (3-2a). The dispersion is strongly compressed, especially in the low frequency 

range, therefore the resonant modes are not related in harmonic relations, that is,  

ωm ≠ mω1 or ωm ≠ ω−1 𝑚⁄ . It can be seen that it can particularly give zeroth order 

resonant mode (m = 0) for k = 0, that is, infinite wavelength at some non-zero 

transition frequency ω0. This mode can be utilized to provide an important application 

of size independent resonators because the field distribution is independent of the 

physical length (flat response) of the structure as shown by the voltage wave in the fig. 

(3-2b). Further, CRLH dispersion can also provide negative order modes (m < 0) for  

(a) (b) 
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Figure 3-3 Unit cell. (a) Top and (b) Bottom dimensions. 

k < 0 in the LH frequency range. Therefore, as an additional characteristic, the 

electrical length θm = kmℓ can be zero or negative, giving the index (m) values 

symmetrically defined around zero as in eq. (3-5). This property of dual symmetrical 

modes (−m, +m) around zero can provide dual band applications. 

3.2 Metamaterial Unit Cell Design 

Metamaterial unit cell was geometrically designed and its dispersion analysis is 

performed using full wave simulations in HFSS commercial software. 

3.2.1 Geometrical Model 

The metamaterial unit cell is a dual layer planar copper structure on FR4 substrate for 

which the dimensions for the top and bottom layers are shown in fig. (3-3). The unit 

cell top layer consists of a small square copper patch of (5 x 5) mm with disconnected 

triangular shaped slit gaps on the edges. The bottom layer consists of similar copper 

patch with cross slits, having gap width of 0.64 mm. 

3.2.2 Dispersion Plots 

Different eigen mode dispersion plots for the same structure on different substrate 

materials are shown in fig. (3-4). The left handed material (LHM) characteristic is 

indicated by the negative slope of these curves. The permittivity values of the substrates 

Roggers, FR4 and Duroid are 10.2, 4.4 and 2.2 respectively, giving eigen frequencies 

approximately around 6 GHz, 9.1 GHz and 11.5 GHz respectively. The curves illustrate 

that the eigen mode response shifts towards the higher frequency side with the decrease 

(a) (b) 
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Figure 3-4 (a) Eigen frequency dispersion plots for the metamaterial unit cell.  

(b) Brillouin zone showing the phase traversal path in the xy-plane. 

of substrate permittivity. So permittivity variation keeps left handed characteristics of 

the curve intact but only scales the frequency response to the desired frequency band 

giving an option for substrate based tunability. All the curves give LH characteristics 

between points X and M. The steepest descent makes a valley close to point M. These 

curve variations suggest the non-homogeneous and anisotropic nature of the unit cell 

structure. The LH eigen frequency band is very narrow confirming the band limited and 

dispersive nature of the metamaterial structures. 

The effect of substrate thickness is studied and it does not change the left handed 

characteristics of the curve. Interchanging the top and bottom structure in the unit cell 

also does not change the characteristics of the eigen response. A comparison between 

eigen mode dispersion and one dimentional driven mode dispersion for FR4 substrate 

is shown in the fig. (3-5). 

(a) 

(b) 
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Figure 3-5 Driven mode and eigen mode dispersion plots for the metamaterial 

unit cell on FR4 substrate. 

3.3 Single Cell MTM Resonant Antenna 

The single unit cell metamaterial (MTM) antenna with perspective views of 

metascreens are shown in the fig. (3-6). The substrate FR4 is used with dielectric 

constant εr = 4.4, loss tangent = 0.02 and thickness h = 1.6 mm. The feed is designed 

as proximity coupling type of 50 ohms microstrip line. The single cell MTM antenna 

design dimensions with top and bottom layers are shown in fig. (3-7). 

 

Figure 3-6 Perspective views for the single unit cell metamaterial antennas.  

(a) Single cell metamaterial antenna. (b) Single cell antenna with top metascreen 

without ground. (c) Single cell antenna with top metascreen with ground. 

(a) 

(b) 

(c) 
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Figure 3-7 Patch antenna dimensions. (a) Bottom view. (b) Top view. 

The design gives FeedL = 3.9 mm, FeedW = 3.3 mm, FeedGap = 0.1 mm, L = 

5 mm, W = 5 mm, SubL = 14 mm, SubW = 15 mm, SubV = 5 mm. 

The input impedance of any microstrip antenna can be estimated by using 

HFSS. A 50 ohms microstip line is directly attached to the edge of the antenna from the 

input exciting port. Further the de-embedding feature is utilized to estimate the 

impedance at the edge of the antenna. The real and imaginary parts of the antenna 

impedance are plotted in the fig. (3-8). The frequency where the real part of the antenna 

impedance has maximum value, provides the resonant frequency of the antenna. The 

fig. (3-8) shows three peaks of the real part of the impedance which correspond to the 

three resonant modes of the open ended single unit cell resonator. As can be seen the 

resistance of the modes are higher than 300 ohms. Such a high resistance cannot be 

transformed into 50 ohms by utilizing conventional quarter wave impedance matching, 

since it gives physically unrealistic dimensions of the line. Alternative method is to use 

the proximity type of capacitive gap feed (gap = 0.1 mm), which is inherently 

broadband and helps to excite multiple resonance modes of the antenna. 

The mode resonant frequencies and the corresponding impedance values are 

given in the table (3.1). The frequencies fall close to the predicted modes in the 

dispersion curve given in the fig. (3-5). The return loss of the single cell MTM antenna 

has also three dips as shown in the fig. (3-9), corresponding to the three modes of the 

structure. The return loss dips are little shifted from the impedance resonance peaks 

since the 50 ohms proximity matching occurs a little away from these resonances. 

(a) (b) 
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Figure 3-8 Simulated single cell MTM antenna impedance plot. 

The antenna performance parameters for the corresponding three modes are 

given in table (3.2). The antenna parameters show that the zeroth order mode (m = 0) 

of this structure does not radiate efficiently due to losses. While the negative order mode 

(m = -1) which is left handed in nature has the highest efficiency of 79 % with peak 

gain and bandwidth (-10 dB) given as 4.8 dB and 8.6 % respectively. The positive mode 

(m = +1) also radiates but with lesser efficiency of 44 % giving gain and bandwidths of 

2.3 dB and 1.9 % respectively. The results show that the antenna can be utilized for 

dual band applications. 

The electric field distribution of the antenna’s zeroth order mode (m = 0) is 

shown in fig. (3-11). This is at the frequency of 11.373 GHz, which corresponds to the 

infinite wavelength, that is k = 0. The figure shows that the field lines are in phase and 

hence have zero phase difference among the field lines along the length of the resonant 

antenna. The field distributions for negative (m = -1) and positive (m = +1) order modes 

occur close to the frequencies where k = 180 in the dispersion curve. 

Table 3.1 Resonance peaks from single cell MTM antenna impedance. 

Mode m Frequency (GHz) Antenna Input Impedance Zin = R + jX 

-1 9.796 373+j45 

0 11.518 376-j29 

+1 14.158 324-j56 

 



Chapter 3 Metamaterial Inspired Microstrip Aantennas with Metascreens 

 

46 

 

 

Figure 3-9 Simulated return loss for single cell MTM antenna. 

 

Figure 3-10 Electric field distribution of single cell MTM antenna, 

mode m = -1 at 8.655 GHz. 

 

Figure 3-11 Electric field distribution of single cell MTM antenna, 

mode m = 0 at 11.373 GHz. 
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Figure 3-12 Electric field distribution of single cell MTM antenna, 

mode m = +1 at 13.596 GHz. 

The corresponding field distributions are given in the fig. (3-10) and fig. (3-12) 

respectively, which show that the fields become 180 out of phase along the length of 

the resonant antenna. 

3.3.1 Single Cell MTM Antenna with Top Metascreens 

In this section we present the results for the effects of using metascreens on top of the 

proposed single cell MTM antenna. The metascreens are made up of the same unit cell 

as that of the MTM antenna itself. This makes the design symmetric and compact. We 

explored two cases of metascreens above the MTM antenna. One case is metascreen 

without ground metal while the second case is metascreen with ground as can be viewed 

in the perspective view of fig. (3-6). 

Metascreen without Ground Metal 

The comparison of the return loss of the single cell MTM antenna with the two cases 

of using metascreens above the MTM antenna is shown in fig. (3-13). The return loss 

result shows that, in the case of metascreen without surrounding copper (dashed curve), 

Table 3.2 Performance parameters for single cell MTM antenna. 

Mode 
Frequency 

GHz 
Bandwidth % 

Directivity 

dB 

Gain  

dB 
Efficiency % 

m = -1 8.655 8.6 5.8 4.8 79 

m = 0 11.373 0.7 3.8 -4.9 14 

m = +1 13.596 1.9 5.9 2.3 44 
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Figure 3-13 Comparison of simulated return loss for single cell MTM antennas 

with top metascreens. 

the three resonance modes appear with little frequency shift and better impedance 

matching. Also the performance parameters in this case of metascreen, as shown in the 

table (3.3), are much better than the alone single cell MTM antenna case. The 

efficiencies for the negative and positive modes have been increased to 85 % and  

58 % respectively. Also the bandwidths for the two modes have increased to 10.8 % 

and 3 % respectively. On the other hand, the efficiency for the zeroth order mode has 

comparatively increased a little but still not potentially enough to radiate fruitfully. This 

may be due to the imperfect impedance matching and other material losses. 

Nevertheless, the overall improvement in the results indicate that the metascreens can 

be utilized to enhance the performance of the proposed antenna. 

Metascreen with Ground Metal 

In the second case of metascreen, we also introduce the metal part surrounding the unit 

cell. This makes the antenna slab and the metastreen slab very much identical to each 

other, with the exception that the antenna feed only goes to the lower antenna slab as 

shown in the perspective view of fig. (3-6). The return loss for this case (dotted line) is 

shown and compared in fig. (3-13). As can be seen there are some parasitic resonances, 

at 6.855 GHz and 9.915 GHz, that have appeared in the vicinity of left handed mode 

frequency at 8.736 GHz. The zeroth order mode frequency, which is close to 11.3 GHz, 

remains almost the same with little variation for all the cases of perspective antennas. 
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Table 3.3 Performance parameters for single cell MTM antenna with top 

metascreen without ground metal. 

Mode 
Frequency 

GHz 
Bandwidth % 

Directivity 

dB 

Gain  

dB 
Efficiency % 

m = -1 7.845 10.8 6.0 5.3 85 

m = 0 11.292 0 5.1 -0.6 27 

m = +1 13.299 3.0 3.6 1.2 58 

While the positive mode (m = +1), in this case of metascreen, covers both the 

resonances for the cases of alone MTM antenna and MTM antenna with metascreen 

without ground metal. 

Table (3.4) provides the antenna performance parameters for the MTM antenna 

with metascreen with ground metal. It is noticed that the radiation efficiencies of the 

left handed modes (m = -1) are much better than the other modes. The highest efficiency 

is 94 % at 6.855 GHz with bandwidth of 6.3 %. Still in this case, the zeroth order mode 

at 11.238 GHz has very low efficiency. While the right handed mode has reasonable 

efficiencies and bandwidths. 

It is obvious from the above investigations that the MTM resonant antennas can 

be designed and utilized for multiband applications. Further the use of metascreens can 

enhance the efficiencies and bandwidths of the perspective MTM antennas. 

Table 3.4 Performance parameters for single cell MTM antenna with top 

metascreen with ground metal. 

Mode 
Frequency 

GHz 
Bandwidth % 

Directivity 

dB 

Gain  

dB 
Efficiency % 

m = -1 6.855 6.3 4.1 3.8 94 

m = -1 8.736 0 5.0 3.2 66 

m = -1 9.915 3.7 6.9 5.4 72 

m = 0 11.238 0.5 6.2 -0.3 23 

m = +1 13.299 3.9 5.2 2.0 48 

m = +1 13.578 3.8 5.0 2.3 53 

3.3.2 Radiation plots for the perspective antennas 

Fig. (3-14), fig. (3-15) and fig. (3-16) respectively show the simulated two dimensional 

radiation patterns for the three modes (m = -1, 0, +1) of the single cell MTM antenna. 

The radiation patterns for each mode are plotted in the orthogonal planes, that is xz  

(Phi = 0) plane and yz (Phi = 90) plane. The antenna feed is given from the +x or +90 
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degree direction, so the resonant length of the antenna is along the x-axis, while the 

non-resonant length of the antenna is along the y-axis. 

Fig. (3-14) shows that the LH mode (m = -1) at 8.655 GHz radiates efficiently 

in the broadside direction in both of the orthogonal planes, as usually is the case of 

conventional microstrip antennas. The cross polarization is desirably low in both 

planes. The plot in xz plane is little asymmetric, which may be due to the effect of 

antenna feed in this plane. Unlike the conventional microstrip antennas, here the 

radiation is also seen along the -180 degree direction, which is in the bottom direction 

of the antenna. This is because of the slotted ground structure of the MTM antenna. 

 

Figure 3-14 Simulated radiation patterns for mode m = -1, Single Cell MTM 

antenna, Co-polarization (solid line) and cross-polarization (solid circle line) at 

8.655 GHz (a) xz plane (b) yz plane. 

 

Figure 3-15 Simulated radiation patterns for mode m = 0, Single Cell MTM 

antenna, Co-polarization (solid line) and cross-polarization (solid circle line) at 

11.373 GHz (a) xz plane (b) yz plane. 

(a) (b) 

(a) (b) 
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Figure 3-16 Simulated radiation patterns for mode m = +1, Single Cell MTM 

antenna, Co-polarization (solid line) and cross-polarization (solid circle line) at 

13.596 GHz (a) xz plane (b) yz plane. 

Fig. (3-15) shows the radiation patterns for the zeroth order mode (m = 0) at 

11.373 GHz. This mode has low efficiency, radiation in xz plane is between 0 and -180 

degrees, while in the yz plane it is more towards the z-axis, which is the broadside 

direction. The cross polarization in the yz plane is greater in the non-resonant direction, 

which is along the y-axis. 

Fig. (3-16) shows the radiation pattern for the RH mode (m = +1) at 13.596 

GHz. Unlike the LH mode, this mode mostly radiates from the bottom slotted structure 

of the MTM antenna in the -180 degree direction in both orthogonal planes. The cross 

polarization in the yz plane is greater in the top direction but is effectively low in the 

highest radiation direction. 

The effect of incorporation of metascreen without ground metal on top of the 

MTM antenna is shown in fig. (3-17), fig. (3-18) and fig. (3-19) for the three modes 

respectively. The radiation patterns for the respective modes are very much similar to 

the respective modes of the alone MTM antenna case. The disagreement between the 

results are very little and non-significant. 

However, the incorporation of metascreen with surrounding metal on top of the 

MTM antenna has significantly changed the radiation patterns. It has introduced some 

parasitic resonances along with the usual modes. So, there are total of six resonances as 

shown in fig. (3-13) and their data is depicted in the table (3.4). 

(a) (b) 
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Figure 3-17 Simulated radiation patterns for mode m = -1, Single Cell MTM 

antenna with top Metascreen without ground, Co-polarization (solid line) and 

cross-polarization (solid circle line) at 7.845 GHz (a) xz plane (b) yz plane. 

 

Figure 3-18 Simulated radiation patterns for mode m = 0, Single Cell MTM 

antenna with top Metascreen without ground, Co-polarization (solid line) and 

cross-polarization (solid circle line) at 11.292 GHz (a) xz plane (b) yz plane. 

 

Figure 3-19 Simulated radiation patterns for mode m = +1, Single Cell MTM 

antenna with top Metascreen without ground, Co-polarization (solid line) and 

cross-polarization (solid circle line) at 13.299 GHz (a) xz plane (b) yz plane. 

(a) (b) 

(a) (b) 

(a) (b) 
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Figure 3-20 Simulated radiation patterns for mode m = -1, Single Cell MTM 

antenna with top Metascreen with ground, Co-polarization (solid line) and cross-

polarization (solid circle line) at 6.855 GHz (a) xz plane (b) yz plane. 

 

 

Figure 3-21 Simulated radiation patterns for mode m = -1, Single Cell MTM 

antenna with top Metascreen with ground, Co-polarization (solid line) and cross-

polarization (solid circle line) at 8.736 GHz (a) xz plane (b) yz plane. 

 

 

Figure 3-22 Simulated radiation patterns for mode m = -1, Single Cell MTM 

antenna with top Metascreen with ground, Co-polarization (solid line) and cross-

polarization (solid circle line) at 9.915 GHz (a) xz plane (b) yz plane. 

(a) (b) 

(a) (b) 

(a) (b) 
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Figure 3-23 Simulated radiation patterns for mode m = 0, Single Cell MTM 

antenna with top Metascreen with ground, Co-polarization (solid line) and cross-

polarization (solid circle line) at 11.238 GHz (a) xz plane (b) yz plane. 

 

 

Figure 3-24 Simulated radiation patterns for mode m = +1, Single Cell MTM 

antenna with top Metascreen with ground, Co-polarization (solid line) and cross-

polarization (solid circle line) at 13.299 GHz (a) xz plane (b) yz plane. 

 

 

Figure 3-25 Simulated radiation patterns for mode m = +1, Single Cell MTM 

antenna with top Metascreen with ground, Co-polarization (solid line) and cross-

polarization (solid circle line) at 13.578 GHz (a) xz plane (b) yz plane. 

(a) (b) 

(a) (b) 

(a) (b) 
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Their respective radiation patterns for the corresponding six resonances are 

shown in fig. (3-20), fig. (3-21), fig. (3-22), fig. (3-23), fig. (3-24) and fig. (3-25). The 

observation shows that generally all the radiation patterns have been squeezed in the x 

and y horizontal directions. The radiation patterns have become vertically elongated in 

oval shape and have become more directional along the z-axis. 

3.4 Metamaterial Antenna with Extended Unit Cell 

The unit cell is repeated twice in the xy plane to generate the pattern of the patch 

antenna. The dimensions of the bottom and top antenna layers are shown in  

fig. (3-26a) and fig. (3-26b) respectively. The substrate thickness is 1.51mm. Here, in 

this design we have utilized 50 ohm direct feed instead of proximity feed. Since direct 

feed is not broadband so it is expected that we observe only single dominant mode. 

 

Figure 3-26 MTM patch antenna dimensions with extended unit cell along non-

resonant length. (a) Top view. (b) Bottom view. 

(a) 

(b) 
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3.4.1 Geometrical Model 

The proposed metamaterial (MTM) antenna is parametrically analyzed in a FEM based 

simulation software HFSS to get the optimum values for different antenna dimensions.. 

The design gives FeedLoc = 0.5 mm, FeedL = 4.2 mm, FeedW = 3 mm, L = 5 mm,  

W = 10 mm, SubL = 17.2 mm, SubW = 26 mm, SubV = 8 mm, GndGap = 0.5 mm 

Further we design, simulated, fabricated and investigated the MTM antenna and the 

simple patch antenna with metascreens made of the same metamaterial unit cell 

structure. Fig. (3-27) shows the perspective views for the MTM antenna, MTM antenna 

with single and double metascreens. The gap between the antenna and the metascreeen 

is also parametrically varied to investigate the effect of SubGap. 

 

Figure 3-27 Perspective views of antennas with Metascreens. (a) Metamaterial 

(MTM) antenna. (b) MTM antenna with single metascreen. (c) MTM antenna 

with double metascreen. 

3.4.2 Simple Patch Antenna 

A simple patch antenna with dimensions for length L = 5 mm and width W = 10 mm is 

designed, simulated, fabricated and tested. The purpose is to compare the performance 

(a) 

(b) 

(c) 
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of simple patch antenna with MTM antenna and MTM antenna with metascreens, all 

having same dimensions. This antenna gives resonance at 12.5 GHz with off-centered 

feed location at FeedLoc = 0.5 mm, as shown in the fig. (3-28a). This is about 3 GHz 

away from the eigen response. Plots for various FeedLoc are shown in fig. (3-28a). The 

measured -10 dB bandwidth is 8.4 % (simulated 13 %). The simulated peak gain and 

radiation efficiency is 3.9 dB and 69 % respectively. The fabricated antenna at 13 GHz 

has a total size of (0.216λ0 x 0.433λ0 x 0.065λ0). 

Table 3.5 Simulated performance parameters for simple patch antenna. 

Frequency GHz Bandwidth % FeedLoc mm 
Gain  

dB 
Efficiency % 

12.5 13 0.5 3.9 69 

 

 

Figure 3-28 (a) Measured and simulated return loss for simple patch antenna.  

(b) Photograph for the fabricated simple patch (5mm x 10 mm), FeedLoc = 1mm. 

(a) 

(b) 
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3.4.3 MTM Antenna with Single and Double Metascreens 

We simulated the proposed MTM antenna having the dimensions  

(5 mm x 10 mm) with FeedLoc at 0.5 mm. It gave a resonance at 8.85 GHz, as shown 

in the fig. (3-29a) (solid line). The response is very weak but very close to the eigen 

response at 9.1 GHz. When we simulated with a metascreen made of the same structure 

and size below this metamaterial antenna, it also gave resonance very close to the eigen 

frequency but stronger than the simple MTM antenna, as shown in fig. (3-29a) (dash 

line). The weak response is due to the lossy nature of these metamaterials and this fact 

is already reported in literature [151]. Another factor may be the loss tangent of FR4 

material which is high at higher frequencies. 

 

 

Figure 3-29 (a) Response for simulated MTM antenna and MTM antenna with 

single metascreen SubGap = 1.5 mm. (b) Fabricated MTM antenna, metascreen 

top and bottom layers. (c) Side view showing the adhesive foam tape of 1.5 mm 

between MTM antenna and metascreen. 

(a) 

(b) (c) 
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Figure 3-30 Return loss for metamaterial antenna with single and double 

metascreens. 

We fabricated the MTM antenna and metascreens. Experiments were performed 

by using single and then double metascreens below the metamaterial antenna. We got 

the measured resonance at the LH Eigen frequency of 9.1 GHz as shown and compared 

in fig. (3-30) with simulation results. The overall curve shapes are similar with some 

shift seen in the resonant frequencies. The reason for this frequency shift is due to the 

difference in boundary conditions [151]. The dispersion plots are obtained by using 

periodic boundary conditions while antennas use limited unit cells with radiation 

boundary conditions. Another factor is the permittivity variation of commercial FR4 

substrates. It decreases with frequency and this causes the resonance to move towards 

higher side as depicted in fig. (3-30) (blue cross line). The comparison shows that the 

frequency range from 8 GHz to 9.5 GHz the measured results for the single (solid line) 

Table 3.6 Simulated performance parameters for MTM antenna with single 

metascreen below the antenna. 

Frequency GHz Bandwidth % FeedLoc mm 
Gain  

dB 
Efficiency % 

8.85 22 0.5 0.7 90 
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and double metascreens (solid square line) under the MTM antenna closely match with 

each other. However there is another resonance appeared near 7.6 GHz in the measured 

results for double metascreen which does not appear in the measured results for the 

single metascreen. The simulated results for the double metascreen are not shown since 

they follow the results for single metascreen case. The measured -10 dB bandwidths at 

9.1 GHz are 14.56 % (simulated 22 %) and 22.86 % for the MTM antenna with single 

and double metascreens respectively. The simulated peak gain and radiation efficiency 

is 0.7 dB and 90 % for single metascreen case. The fabricated MTM antenna with single 

metascreen at 9.1 GHz has a total size of (0.152λ0 x 0.303λ0 x 0.106λ0). 

3.4.4 Inverted Metascreen over Simple Patch Antenna 

We performed more experiments by putting the metascreen slab inverted upside down 

over the simple patch antenna of the same size (5 mm by 10 mm) as shown in the 

perspective view of fig. (3-32b).  

 

 

Figure 3-31 Measured and simulated return loss for inverted metascreen over 

simple patch antenna. 
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As can be seen the measured resonances shown in fig. (3-28a) of the simple 

patch at 13 GHz and 15 GHz have been changed as shown in fig. (3-31) (solid line) by 

using an inverted metascreen. The measured result is compared with the simulation 

results by varying the SubGap, i.e. gap between simple patch and the metascreen. There 

are two adjacent resonances in the measured result with a small stopband of about  

250 MHz. The first and second bands have measured -10 dB bandwidths of 9.6 % and 

16.66 % (21 % simulations). But these resonances are far away from the eigen 

frequency of the MTM unit cell i.e. 9.1 GHz. Nevertheless, these metascreens can be 

used to broaden the impedance bandwidths of the simple patch antennas. 

 

 

Figure 3-32 Perspective views. (a) Simple patch antenna. (b) Metascreen over 

simple patch antenna. (c) Photograph for the fabricated simple patch antenna 

with metascreen bottom and top layers. (d)- Side view. 

(a) 

(b) 

(c) (d) 
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Table 3.7 Simulated performance parameters for inverted metascreen over 

simple patch antenna. 

Frequency GHz Bandwidth % FeedLoc mm 
Gain  

dB 
Efficiency % 

13.95 21 0.5 1.83 74 

 

The simulated peak gain and radiation efficiency is 1.83 dB and 74 % 

respectively at 13.95 GHz as shown in table (3.7). The fabricated antenna with single 

metascreen at 13 GHz has a total size of (0.216λ0 x 0.433λ0 x 0.13λ0). 

 

 

Figure 3-33 Simulated radiation patterns for MTM antenna, Co-polarization 

(solid line) and cross-polarization (solid circle line) at 8.85 GHz (a) xz plane  

(b) yz plane. 

 

 

 

Figure 3-34 Simulated radiation patterns for MTM antenna with single 

metascreen, Co-pol (solid red line) and cross-pol (solid red circle line) at 8.45 

GHz, Co-pol (solid blue line) and cross-pol (solid blue triangle line) at 9 GHz  

(a) xz plane (b) yz plane . 
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3.4.5 Radiation Patterns 

The two dimensional radiation patterns for the MTM antenna, MTM antenna with 

single metascreen and simple patch with inverted metascreen are ploted in fig. (3-33), 

fig. (3-34), and fig. (3-35) respectively. The simple MTM antenna radiates at 8.85 GHz 

which is mostly along the broad side and back side in the xz plane while it is between 

(0 to -180) degrees in the yz plane. The single metascreen under the MTM antenna also 

radiates along the broad side and back side in the xz and yz planes. The radiation pattern 

is also broadband as can be seen from response of two frequencies within the band. The 

radiation pattern for the metascreen over the simple patch is directional with maximum 

from (-30 to -120) degrees in the xz plane and (0 to -60) degrees in the yz plane. 

 

 

Figure 3-35 Simulated radiation patterns for simple patch with inverted 

metascreen, Co-pol (solid red line) and cross-pol (solid red circle line) at 13.95 

GHz, Co-pol (solid blue line) and cross-pol (solid blue triangle line) at 14.64 GHz 

(a) xz plane (b) yz plane. 
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4 Geometrically Magnifying Absolute 

Microwave Lens using Metamaterial 

Perfect imaging is one of the keenly investigated topic in the scientific community, 

since the start of the last decade. Perfect imaging is different in the sense of geometrical 

optics than as compared in the wave optics sense. In the wave optics, perfect imaging 

is provided by the devices that can focus waves to a spot size that is smaller than the 

wavelength itself. Such perfect imaging devices, which provide super resolution below 

the diffraction limit, are called perfect lenses. However, in the geometrical optics, 

perfect imaging is talked in connection with devices that are aberration free instead of 

super resolution. If the aberrations can be eliminated completely then such perfect 

devices are called absolute devices. A device may be perfect or close to perfect in one 

sense but it is not necessary for a device to be simultaneously perfect in both 

geometrical and wave optics sense, however, there is a need of research and 

investigations into such devices for imaging and lithography applications. 

A brief history and motivation for research in absolute devices is already 

described in section (1.1), chapter no. 1 of this thesis. Here we present the metamaterial 

structure based full wave simulations of one of the many absolute devices proposed by 

T. Tyc [30]. This realization is based on the artificially manufactured non resonant, 

weakly dispersive, effectively homogenous I-shaped meta-material structure [163, 

164], arranged in a particular disk like geometry that approximate spherically 

symmetric positive refractive index profile to give magnifying absolute device in a 

geometrical sense at microwave frequencies. 

4.1 Theoretical Background 

Here we explain the idea by giving an example of a magnifying absolute device similar 

to Eaton lens [165] and then describe the Luneburg lens [166] using the same idea. 

Then we utilize the Luneburg lens action combined with mirror reflection to attain 

Eaton like lens functionality along with magnification. 
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Figure 4-1 An Eaton lens geometry defined as an absolute magnifying lens. The 

device consists of region-I and region-II. Region-III and region-IV define the 

surrounding space. 

The ideal device consists of two distinct spherical regions with distance in the 

radial direction represented by r. These regions are denoted by region-I and region-II. 

Apart from these two regions there are also two distinct surrounding regions namely 

region-III and region-IV as shown in fig. (4-1). The region-I is a sphere of unit radius 

r = 1, and the region-II lies between two hemispheres with r = 1 and r = R > 1 

respectively. The region-III consists of space defined by (r ≥ 1) and (y < 0), while 

the region-IV consists of (r ≥ R) and (y > 0). 

The refractive index at the boundaries of these distinct intersecting regions is 

defined in such a way that the indexes match at these intersecting boundaries. We 

denote nI(r) and nII(r) as refractive indexes in region-I and region-II respectively. The 

index at intersecting boundary r = 1 is selected as nI(1) = nII(1) = R and at r = R as 

nII(R) = 1. The index in the device surrounding, region-III and region-IV, is selected 

as nIII = R and nIV = 1 respectively. In this arrangement the index matches at all 

intersecting boundaries accept for the annulus defined by (1 < r < R) and (y = 0) 

between region-II and region-III. 

The selection of the refractive index distribution within the device is selected in 

such a way that the ray entering from the region-IV bends towards the center of the 

device as shown in fig. (4-2). Afterwards it crosses the boundary between region-II and 

region-I. After turning around the center the rays pass through the boundary between 

region-I and region-III. Eventually the rays in region-III become parallel but opposite 
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in direction (180 degree) to the original incoming rays in region-IV. The impact 

parameter of the incoming rays is R times greater than the outgoing rays, giving R time 

magnification factor. This device works like magnifying Eaton lens. 

The above functionality of the proposed device is dictated by the spherically 

symmetric refractive index profiles in region-I and region-II. There are numerous 

options to attain these index profiles. One such option for the region-II, used here is 

nII(r) =
[1 + c(r − 1)(R − r)]R

r
 (4-1) 

Here, c > 0 is taken as c = 1 in the ray tracing shown in fig. (4-2). 

The refractive index nI in region-I is designed by utilizing the analogy between 

the ray propagating in a plane in spherically symmetric refractive index and the 

mechanical angular momentum of a particle motion in a central potential [166, 167], 

given by 

L = nr sin(α) (4-2) 

Here α is the angle between the ray and the radius vector [168]. According to 

fig. (4-2), a plane wave propagating from infinity in region-IV enters the region-II at 

 

Figure 4-2 Ray tracing for the Eaton lens with magnification R = 2. The rays in 

region-III and region-IV are parallel but opposite in direction. The rays within 

the device take bend of 180 degrees around the center. 
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Figure 4-3 Ray tracing for the Modified Eaton lens using double action of the 

Luneburg lens with combination of reflecting mirror near the point of 

convergence. 

point A and leaves this region at point B. The polar angle h(L) representing the change 

of the ray direction in region-II from point A to B is given [169] by 

h(L) = L ∫
dr

r√[rnII(r)]2 − L2

R

1

 (4-3) 

Since we need 180 degree (π) bending of the ray inside the magnifying lens, 

then the remaining change of ray direction in the region-I must be provided by the polar 

angle 

φ(L) = π − h(L) (4-4) 

The implicit analytical expression for the refractive index in region-I is derived 

by solving the inversion problem [166, 167], given as 

nI(r) = R(e
[
1
π ∫

φ(L)dL

√L2−[rnI(r)]2

R
rnI(r) ]

) 
(4-5) 

The device center r = 0 in region-I gives singularity in the corresponding 

refractive index, which is practically unrealizable. To overcome this problem we use 

the Luneburg lens with a reflecting mirror on its surface. The combination of the 

Luneburg lens and the mirror shifts the turning point from the center of the device to  
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Figure 4-4 Refractive index profile plotted for Eaton lens and Luneburg lens in 

region-I (r < 1) and in region-II (1 < r <2). 

the surface between the region-I and region-II as shown in fig. (4-3). However these 

alterations interestingly give the functionality similar to Eaton like lens, i.e., the rays 

are anti-parallel before and after passing through the device. In this case the change in 

ray angle after entering the region-I and reaching the reflecting mirror is calculated as 

φ(L) = sin−1 (
L

R
) −

h(L)

2
 (4-6) 

The refractive indices for the Eaton lens and the modified Luneburg lens are 

shown in fig. (4-4). 

4.2 Design and Simulations 

The proposed magnifying absolute lens is spherically symmetric in 3D geometry, which 

can be approximated by a cylindrical disk of suitable height for simplicity for 

practically realizable lens in 2D shown in fig. (4-5). The design frequency of the lens 

is 10 GHz. The inner radius of region-I measures 50 mm and consequently for 

magnification factor of 2, the outer region-II has a radius of R = 100 mm. The 

frequency of 10 GHz has wavelength of 30 mm, which for a structural unit cell size of 

p = 3.33, suggests a ratio of λ p⁄ = 9, and gives a good estimate for practically 

realizable effective homogeneous material. The height of the lens is two unit cells i.e. 

2p = 6.66 mm. 
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Figure 4-5 Fabricated and assembled cylindrical disk shape absolute magnifying 

lens, (a)-without dielectric powder (b)- filled with dielectric powder. 

Since the refractive index is symmetrically distributed in the radial direction, 

the lens is divided into concentric layers of distinct index around the center of the 

device. The total no. of layers in the region-I is calculated as (50 mm / 3.33 mm = 15). 

Similarly the outer region-II is divided into 15 additional concentric layers. The outer 

region-II layers are not completely circular, as can be seen from fig. (4-1), but instead 

constitute half of their circumference. So the lens in total is made up of 30 layers of 

different refractive indices. The number of cubic unit cells in each concentric layer in 

the inner region-I are calculated as 2πr p⁄ , and in the outer region-II as πr p⁄ . 

I-shaped cubic meta-material unit cell, with period length of p = 3.33 mm, 

shown in fig. (4-6), is utilized as constructional unit for realizing this magnifying lens. 

The height g of this I-shape is parametrically varied to change the effective permittivity 

of the unit cell, keeping the permeability almost equal to 1. I-shape structure is 

successfully used earlier for realizing microwave devices [163, 164]. The studies of its 

effective parameters dispersion for E field polarized along the height g and for k 

propagation vector in two directions perpendicular to height g show that this structure 

is isotropic in two dimensions [164]. 

The PCB material used in the design is flexible and thus can be easily turned 

into circular shape layers as shown in fig. (4-5). The PCB material has thickness of 0.1 

mm, permittivity value of 2.9 and dielectric loss tangent of 0.0025.The width of the I-

shape is w = 0.2 mm. The thickness of the lens is kept at a height of two unit cells i.e. 

6.66 mm. The dimensional details for a small section of the lens are shown in  

fig. (4-7). I-shape unit cell is simulated using CST software inside a fundamental TE  
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Figure 4-6 I-shape metamaterial cubic unit cell structure with period p and 

height h, placed inside a waveguide to extract S-parameters and refractive index. 

mode waveguide to give two port full wave S-parameters. From these S-parameters we 

retrieve the EM parameters and refractive index [112] shown in fig. (4-8). The 

parameters in fig. (4-8) show dispersion with frequency from 8 GHz to 12 GHz for fix 

g = 2.1 mm value. We performed multiple simulations to study the dispersion of I-

shape structure for different values of height parameter g. We studied that when the g 

parameter was small the index was very weakly dispersive with frequency. Also we 

utilize the non-resonant portion of the dispersion curve that gives the positive refractive 

index well below the Lorentzian type resonance to avoid the possible uncertainty in the 

index value due to fast frequency fluctuations near this resonance. Considering all these 

facts, we decide to take 10 GHz frequency as our device operating frequency. 

I-shape copper structure is etched on the PCB with its height parameter g varied 

between 0.2 mm to 2.1 mm. Each g value gives distinct refractive index. As a result of 

this geometric parametric study at fix operating frequency of 10 GHz, we choose those 

values of g that closely give the desired refractive indices predicted by the proposed 

index shown in fig. (4-4). This index ranges between n = 2.516 and n = 1, 

corresponding to r = 0 and r = R = 2 respectively. Besides the height g of the I-shape, 

the permittivity of the background dielectric material of this I-shape unit cell structure 

is also varied to achieve the full spectrum of desired refractive indices. The background 

permittivity values are chosen as 1, 2.5, 4, and 6. The permittivity values of 2.5, 4 and 

6 are realized by using different dielectric powders. The permeability is 1 for all 

materials used. 
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Figure 4-7 Dimensional details for a small section of the magnifying lens with g 

parameter distinct for each distinct layer. Substrate permittivity is 2.9 and loss 

tangent is 0.0025. 

The variation of the refractive index with g parameter for different background 

materials at 10 GHz is shown in fig. (4-9). From this parametric index data we choose 

the required designed index values for the magnifying lens, plotted and compared with 

analytical refractive index data in fig. (4-10). The comparison shows that the I-shape 

structure based refractive index closely matches with the proposed analytical index 

data. The geometrical design and refractive index data for the complete 30 layer 

magnifying device is given in table (4.1). The table shows the radius, circumference, 

no. of I-shape unit cells with background dielectric powder, parameter g of each layer. 

Based on the data given in table (4.1), we simulated the complete 30 layers 

magnifying lens in CST software shown in fig. (4-11). A waveguide port is defined on 

one side of the waveguide formed in region-III of the lens. The plane waves originating 

from the port then enter the region-I and converge to a point diametrically on the 

opposite side. A reflecting mirror is realized using a PEC layer around the surface of 

the lens, near the point of convergence. After reflecting from the PEC layer the waves 
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Figure 4-8 Frequency dispersion for the EM parameters retrieved from the S-

parameters for the I-shape structure with fixed g = 2.1 mm. (a) Refractive index. 

(b) Impedance. (c) Permittivity. (d) Permeability. 

start bending slowly, propagate into region-II of the lens and eventually become plane 

waves on the boundary of the region-II. These plane waves propagate exactly in the 

direction parallel but opposite to the direction of incidence in region-III. This functions 

like an Eaton lens as a whole, but Luneburg lens action is utilized two times in this 

process along with reflection near the point of convergence. As we can see, there is a 

small amount of leakage in region-II while bending, that do not become parallel in 

region-IV. 

The simulated wave propagation shown in fig. (4-11) is based on the I-shape 

structure refractive index. While we also simulated the device with the I-shape structure 

itself inserted into the layers, instead of the refractive index. This makes the simulation 

very close to the real world device performance. A section of the device is shown in 

fig. (4-12), where one can see the different I-shapes arranged and inserted into different 

layers of the region-I. The details of the I-shape geometry, no. of unit cells in each layer 

with background dielectric are given in table (4.1). Since the device size was big (100 

mm radius) and computational resources were limited, we only inserted the region-I 
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Figure 4-9 Refractive index variation with I-shape unit cell height parameter g 

and with different background dielectric materials having permittivities of 1, 2.5, 

4 and 6 at 10 GHz. 

with the structure (50 mm radius), while other layers of the outer regions used the 

refractive index from table (4.1). Also the region-I of the device is the portion where 

the wave is experiencing the most of the bending. 

 

Figure 4-10 Comparison of the refractive index data for the analytic and I-shape 

synthesized versus the normalized radial distance of the magnifying lens. 
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Table 4.1 Magnifying lens design data for the 30 layers. 

Layer 

No 
Radius Circumference 

No. of  I-

Shapes 

Background 

Epsilon 

g 

(mm) 

Refractive 

Index 

1 1.665 10.4562 3 6 0.8 2.5154 

2 4.995 31.3686 9 6 0.8 2.5154 

3 8.325 52.281 16 6 0.775 2.5038 

4 11.655 73.1934 22 6 0.7 2.4907 

5 14.985 94.1058 28 6 0.6 2.4755 

6 18.315 115.0182 35 6 0.45 2.4589 

7 21.645 135.9306 41 4 1.6 2.4415 

8 24.975 156.843 47 4 1.525 2.4051 

9 28.305 177.7554 53 4 1.55 2.3745 

10 31.635 198.6678 60 4 1.45 2.3424 

11 34.965 219.5802 66 4 1.425 2.3207 

12 38.295 240.4926 72 4 1.35 2.2428 

13 41.625 261.405 79 4 1.25 2.2077 

14 44.955 282.3174 85 4 1.1 2.1335 

15 48.285 303.2298 91 4 0.75 2.0531 

16 51.665 162.2281 49 2.5 1.736 1.9938 

17 54.995 172.6843 52 2.5 1.7 1.9751 

18 58.325 183.1405 55 2.5 1.675 1.9548 

19 61.655 193.5967 58 2.5 1.6 1.918 

20 64.985 204.0529 61 2.5 1.45 1.8601 

21 68.315 214.5091 64 2.5 1.325 1.7936 

22 71.645 224.9653 68 2.5 1.15 1.7565 

23 74.975 235.4215 71 2.5 0.9 1.6716 

24 78.305 245.8777 74 2.5 0.2 1.596 

25 81.635 256.3339 77 1 2.1 1.5375 

26 84.965 266.7901 80 1 1.9 1.404 

27 88.295 277.2463 83 1 1.8 1.353 

28 91.625 287.7025 86 1 1.55 1.249 

29 94.955 298.1587 90 1 1.15 1.158 

30 98.285 308.6149 93 1 0.6 1.0549 
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Figure 4-11 Complete 30 layers magnifying lens simulated based on the I-shape 

structure refractive index. Waveguide port in region-III excites plane waves and 

after bending through the device the waves become anti-parallel in region-IV 

with double magnification. 

Fig. (4-13) shows the wave propagation simulations using the time domain 

solver of the CST for the inserted I-shape structure based magnifying lens. The bending 

of the plane wave in region-I of the device can be seen. There is a little amount of ripple 

in the wave front, which usually occurs in time domain solvers, if the energy criterion 

is not fully satisfied, in order to get reduced simulation time. Further the strength of the 

electric field is getting weaker as it travels through the region-II and enters the  

region-IV. In order to resolve this problem we used a PEC layer around the device 

covering a section of the region-II and region-IV, as shown in fig. (4-14). This makes 

the device exactly bounded to give a magnification factor of two as desired and 

prohibits the early leaking of the wave as it touches the background region in case of 

without PEC cover. 

Fig. (4-15) shows the frequency domain solver results for the wave propagation. 

Here one cannot see the ripples as seen in the case of time domain solver but it took a 

longer simulation time (two days) to solve the problem in a restricted frequency range 

around 10 GHz. The overall field strength is very weak and we have used a big scaling 

factor to see the wave front clearly. Also a little fading with respect to region-I can be 

observed as the wave enters region-II and then region-IV. 
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Figure 4-12 A geometrical section of the magnifying lens with I-shape structure 

imprinted on the flexible PCB material and inserted in the device. 
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Figure 4-13 Magnifying lens simulations using time domain solver with I-shape 

structure inserted in region-I. 

 

 

 

 

Figure 4-14 Magnifying lens simulations using time domain solver with I-shape 

structure inserted in region-I and region-IV is bounded by PEC layer  
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Figure 4-15 Magnifying lens simulations using frequency domain solver with I-

shape structure inserted in region-I. 
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5 Conclusions and Future Work 

5.1 Conclusions 

Dual layer metamaterial inspired resonant microstrip antennas based on dispersion 

engineered metamaterial unit cells on a low cost FR4 substrate are designed, simulated, 

fabricated and tested. The metamaterial structure is dispersion engineered and show left 

handed characteristics in a band around an eigen frequency of 9 GHz for the FR4 

material. This eigen frequency can be tuned to higher frequencies by using other 

substrate materials with lower permittivity values. 

We present the design and simulations of single unit cell resonant metamaterial 

(MTM) antenna with proximity feed. The antenna is also investigated with two types 

of top metascreens made of the same MTM unit cell. It is shown that a multiband 

operation with wideband characteristics can be manifested by using MTM unit cell 

antennas by using proximity type of input feeding. Since proximity feed is inherently 

broadband, therefore this multiband response is due to the appearance of different 

resonant modes of the metamaterial unit cell. The left handed (LH) mode for single cell 

antenna appeared at 8.655 GHz with a -10 dB bandwidth of 8.6 %. The peak gain and 

efficiency are 4.8 dB and 79 % respectively. The same single cell antenna when utilized 

with a top metascreen gave LH mode bandwidth, gain and efficiency of 10.8 %, 5.3 dB 

and 85 % respectively, which show good improvements in the results. The zeroth order 

modes did not demonstrate much performance due to significant loss factors. However, 

right handed (RH) modes showed reasonable performance. 

We further simulate, fabricate and test MTM antennas by extending the unit 

cells along the non-resonant length of the antenna and use a direct type of input feed 

instead of proximity feed. Since the direct feed is narrow band as compared with the 

proximity feed, therefore the multiband operation is inhibited in this case. Only the left 

handed (LH) mode which is the lowest and hence dominant appear in the antenna 

response. Also, in this extended case, the MTM structure is utilized to fabricate a 

metascreen. This metascreen is applied this time below the proposed MTM antenna and 

also over a simple patch antenna to study their performance parameters such as 
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impedance bandwidths, gains and radiation patterns. The measured -10 dB bandwidths 

at 9.1 GHz are 14.56 % (simulated 22 %) and 22.86 % for the MTM antenna with single 

and double bottom metascreens respectively. The simulated peak gain and radiation 

efficiency is 0.7 dB and 90 % for single bottom metascreen case. The -10 dB bandwidth 

for the simple patch with inverted metascreen is measured as 9.6 % and 16.66 % (21 % 

simulations) for dual band operation. The simulated peak gain and radiation efficiency 

is 1.83 dB and 74 % respectively. The radiation patterns are also very good and could 

be useful for the UWB wireless applications. 

Our first application on antennas is based on planar metamaterial structure, 

while our second application is a microwave device, which is based on volumetric 

metamaterial structure. We design and simulate an absolute magnifying lens in a 

geometrical sense, using effectively homogeneous, volumetric I-shape metamaterial 

structure at microwave frequencies. The frequency of 10 GHz is selected to operate the 

device in the non-resonant, weakly dispersive and positive refractive index region. The 

I-shape metamaterial structure dimensions are varied to realize the graded refractive 

index needed and which compare closely with the proposed theoretical refractive index. 

The device is assembled using 30 concentric layers of varying I-shape cubic unit cell 

arrangement with different surrounding dielectric powders. The complete device is 

simulated based on I-shape refractive index showing the magnification process. 

Further, the device is simulated with designed I-shape structure itself inserted into a 

significant portion of the device. This structure based device simulation is very helpful 

for the real world practical realization of the device. The results show the bending and 

magnification process reasonably. The lens works similar to Eaton lens but with double 

magnification factor. 

5.2 Future Work 

As a future work we propose some additional MTM antenna designs as shown in  

fig. (5-1). This may include some cases such as, extending the number of unit cells 

along the resonant length of the antenna, increasing the number of unit cell in both 

resonant and non-resonant lengths of the antenna and using metascreens with different 

types of proximity and direct input feeds. Such MTM antennas with a larger aperture 

size are expected to give better performances but it may complicate the design and 

operation of the proposed antennas. 
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Figure 5-1 Perspective views for the double unit cell metamaterial antennas. (a)-

Double cell metamaterial antenna. (b)- Double cell antenna with non-resonant 

extension. (c)- Extended double cell antenna with top metascreen. 

Moreover, a metamaterial unit cell design may be adopted for some commercial 

multiband or broadband applications. 

In these designs and realizations FR4 was used as substrate material which is 

very much lossy at high frequencies. In future Rogers may be used as low loss substrate 

material. This low loss substrate will help enable the MTM antenna to radiate fruitfully 

at the zeroth order mode as well, which is not radiating successfully for the FR4 

material. Zeroth order mode corresponds to the infinite wave length, that is k = 0, this 

makes possible to get benefits of this mode for antenna applications. Additionally, the 

(a) 

(b) 

(c) 
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use of low loss substrate in previous designs will also improve the antenna performance 

parameters for the LH and RH modes. 

In case of magnifying microwave lens we can further do simulations and find 

solutions for the problems of leaking of waves in the region-II as shown in fig. (4-11), 

fading of the wave when travelling from region-II to region-IV as shown in fig. (4-13). 

Use of PEC around the device to improve the fading, as shown in fig. (4-14), will stop 

the device to function as a virtual imaging device, as proposed by T. Tyc in [30]. We 

should use PEC carefully and in a selected way around the device. 

Further, in future we can use a computational machine with better resources to 

fully simulate the structure based spherically symmetric imaging device, instead of 

limited cylindrical design used in this thesis. 
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