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Abstract 

The first part of the thesis presents a summary of the classification of materials, followed by 

the development of metamaterials and their salient role. Then, a study of metamaterials and the 

evolution of these 3D structures to 2D, known as metasurfaces, have been discussed. Moreover, 

the physics and practical interest behind Fano resonance have been discussed. Furthermore, the 

physical fundamentals guiding the performance of both the metamaterials and metasurfaces, 

including the temporal coupled-mode theory and the generalized laws of reflection and 

refraction, have been intensely investigated, along with some of the outstanding properties of the 

metamaterials. Then, a comparison between metamaterials and photonic/electronic bandgap 

materials, in addition to a comparison between metasurfaces and frequency-selective surfaces, 

has been shown. Finally, a literature review for previous work on the application of metasurfaces 

in different fields and the progress of Fano resonance in numerous applications are stated. 

The second part of the thesis presents the research work that has been done, in which a 

design for an electromagnetic metasurface in the microwave regime has been proposed. Breaking 

the structural symmetry of the unit cell constituting the metasurface is shown to introduce a route 

for inducing high-quality factor (Q) Fano resonance (FR). The total thickness of the structure is 

deeply subwavelength, with the metasurface’s thickness equal to 0.08 of the wavelength. The 

design has been fabricated and characterized inside an anechoic chamber. Both numerical and 

measured data show to be in perfect agreement. This work paves the way for numerous 

applications, including but not limited to sensing and polarization rotation. 
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Chapter 1 

1. Introduction 

 

Metamaterials are very intriguing human-made materials that are used in various applications 

due to their unique electromagnetic properties. In this chapter, a brief overview of the 

conventional electromagnetic materials is mentioned, and the purpose of this novel, human-made 

materials that surpass traditional materials, is deeply investigated. Furthermore, such distinctive 

behavior has been enhanced by developing these 3D materials into 2D, called metasurfaces. 

Finally, some brief introductory notes on Fano resonance are mentioned. 

 

1.1 History of Materials  

 

The material properties involved in any system mainly describe its response to the existence 

of electromagnetic waves. The two main properties that merely describe this electromagnetic 

performance are the permeability and the permittivity of these materials. A very common 

classification for the electromagnetic behavior of materials is based on the sign of the 

permeability and permittivity, as shown in Figure 1. Any dielectric material has a positive 

permeability and permittivity and they exist in nature abundantly. Dielectric materials fall into a 

category called “Double-Positive Medium or forward-wave propagation medium,”. That is the 

regular medium that is well studied such as silicon, air and water. When a wave is incident on a 

surface, part of it is reflected, and another is transmitted in a forward direction.  

The second classification is called epsilon-negative medium, which exists when we have a 

negative permittivity and a positive permeability. A good example for that is the noble metals 

(silver, gold) and plasmas. These materials are not rare. Also, if silicon is doped properly, it can 

have a negative epsilon in the mid infrared range.  

The third classification is the gyroptropic materials. In this case, the permittivity is positive, 

while the permeability is negative. This classification is referred to as a “Mu-negative medium,”. 

Gyrotropic materials can be referred to as magneto-optic materials or ferrites. 
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 The last classification is to have both negative permeability and negative permittivity at the 

same frequency. These Double negative materials, to the best of our knowledge, are not found in 

nature. It is believed that these materials were the origin of the metamaterials field. Veselago was 

the first scientist who initiated this work in 1967. He studied theoretically the behavior of light 

on having a DNG material. The metamaterial domain started where researchers were trying to 

realize a behavior similar to that of the DNG using the common known materials [1], [2].  

 

Those materials’ performance can be understood by implementing several models, such as 

the Lorentz model, Debye model, and Drude model [1]. 

 

Figure 1: Classification of Materials [1] 

 

1.2 The need for Metamaterials 

Despite the several definitions in literature that have arisen for the word “metamaterials,” 

they all agree on the fact that metamaterials have had an influx of interest in recent years which 

can be ascribed to their ability to exhibit interesting electromagnetic and optical properties 

unattainable previously by using naturally existing materials and distinguished from the 

properties of its constituents [1], [3]. 
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Accordingly, having the ability to employ and engineer wave properties permits a new era of 

innovative applications in microwave and optical regimes. Furthermore, Metamaterials enable 

substantial miniaturization in the components’ size, along with improvement in their 

performance [1]. 

It is worth mentioning that the remarkable properties of a metamaterial usually emerge 

because of its geometrical structure. Hence, the geometrical properties of the metamaterials, such 

as size, density, composition, and arrangement, play a vital role in tailoring the metamaterials’ 

behavior [1]. 

1.3 Important Metamaterials’ structures 

The late nineteenth century (1898) witnessed the emerging of metamaterials for 

electromagnetic applications in the microwave regime by Jagadis Chunder Bose, who worked on 

elements with chiral properties [1]. Followed by Lindman [4] in 1914, who studied the 

electromagnetism of chiral media. That paved the way during the twentieth century to explore 

several applications for metamaterials and their exotic behavior, including negative refraction 

angles, near-zero index, and negative refractive index, which the commonly known materials 

cannot achieve. In literature, materials with negative refractive index, as shown in Figure 2, are 

referred to as Left-handed Metamaterials [2], double-negative (DNG) materials [1], or Veselago 

medium, owing to the scientist who initiated this work in 1967 [3], [5]. They possess negative 

effective permittivity and negative effective permeability at the same frequency and result in 

wave propagation in a backward manner. [2], [3]. Such behavior occurs due to the opposite flow 

direction between the phase and the group velocity. The concept of backward waves was even 

brought up in the early twentieth century (1904) by Lamb [6], who studied mechanical systems 

and observed the existence of such waves.  As for the materials with near-zero index, the real 

part of either the permittivity or the permeability is meant to be approximately zero [7]. 

Recently, these artificial materials and their outstanding performance have led off numerous 

research activities and the emerging of innovative microwave and optical applications, [1] 

including beamformers [8] as shown in Figure 3, cavity resonators [5], and absorbers [9]. 
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Figure 2:  Double-negative Materials, consisting of thin wires and split rings resonators [2] 

 

 

Figure 3: Fabricated PCB beamformer [8] 

 

1.4 Metasurfaces 

By year 2000, metamaterials were 3D bulk structures that suffered from losses. Their size 

was large, so their integration with technology was not very smooth. Accordingly, metamaterials 

did not lead off in industry until the introduction of metasurfaces. 
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Metasurfaces are a two-dimensional (2D) or quasi 2D extension of metamaterials [10]–[12]. 

Their structures are lateral or transverse in plane. Their thickness is as small as possible and they 

manipulate the wave in 2D, rather than 3D. Metasurfaces have introduced a new class of 

metamaterials that, in addition to generally leading to less stringent loss constraints, they are also 

easier to fabricate and hence attain a wider range of applications in practical systems and 

applications. In literature, metasurfaces can be referred to as meta-films or single-layer 

metamaterials [7]. Metasurfaces can be used to manipulate the radiation patterns of antennas [8], 

reconfigurable and tunable devices [13], controllable surfaces [7] and holograms [14], as 

illustrated in Figure 4. Due to the highly resonant behavior of the metasurfaces, they exhibit high 

sensing capabilities. Additionally, it was proven that utilizing metasurfaces overcomes the 

limitations on classical resonators’ dimensions [5], [15].  

 

Figure 4: (a) Metasurface structures used in beam engineering [16] (b) Metasurface structures used in designing holograms [14] 

 

1.5 Fano resonance (FR) 

From the various applications of metasurfaces, this thesis focuses on working on a certain 

application, which is the Fano resonance. The FR is a resonance characterized by a unique, 

asymmetric profile compared to the conventional evenly shaped resonance profiles. Fano 

resonant response has been observed during the past decade in plasmonic metasurfaces, 

nanoparticles, and electromagnetic metamaterials. Its spectral response plays a vital role in 
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various applications, such as biological and chemical sensing, cloaking[17]–[19], and modulators 

[20], as demonstrated in Figure 5.  

 

Figure 5: Optical Modulator formed of electrically tunable absorber operating in the mid-infrared range [20] 
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Chapter 2 

2. Physical Fundamentals and Technical Background  

 

In this chapter, the physical fundamentals and background governing the unprecedented 

performance of metamaterials and metasurfaces are investigated. Then, a comparison between 

metamaterials and photonic/electronic bandgap materials, in addition to a comparison between 

metasurfaces and frequency-selective surfaces, will be shown. Besides, the technical background 

guiding the concept of Fano resonance is shown.  

Fano resonance first emerged in physics by the physicist Ugo Fano while he was 

theoretically explaining the peculiar line shape generated as an outcome of the inelastic 

scattering of electrons from helium [21]. Accordingly, his analysis was more related to physical 

concepts and terms that are too complex and hard to be utilized systematically. So, in this 

section, the analysis is studied from an engineering point of view to facilitate its understanding. 

2.1 Metamaterials and Metasurfaces 

Metamaterials exhibit unique electric and magnetic properties that make them a good 

candidate in several applications, like, biosensors, broadband light manipulation, and energy 

harvesting. 

2.1.1 Double Negative Material 

As mentioned before, the behavior of any material on an applied electromagnetic field is 

attributed to its relative permittivity (𝜀𝑟) and permeability (𝜇𝑟) (relative to the vacuum 

permittivity and permeability parameters, 𝜖𝑟,𝑣𝑎𝑐𝑢𝑢𝑚 = 𝜇𝑟,𝑣𝑎𝑐𝑢𝑢𝑚 = 1) of this material. 

Dielectrics, for example, have positive relative permittivity and permeability, other materials 

behave differently, but our focus here is on the double negative behavior. There is no material 

found in nature in this intriguing region that exhibits a double negative behavior (both relative 

permittivity and permeability are negative). Fortunately, we can engineer and design these 

materials. Moreover, some materials have different electromagnetic parameters on various 

frequencies, which means these parameters do not have a constant value. They are dependent on 
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the frequency. So, our goal here is to model the electric properties as a function of the frequency 

of these double negative materials [1].  

Let us focus on the electric properties of a material under an applied electric field. At the 

equilibrium state, nothing happens, and the material is not polarized. A polarization from an 

atomic point of view is the displacement of an electron cloud far from the nucleus generating a 

dipole between it and the positively charged nucleus. The Lorentz model is a mathematical 

model used to model the electric properties of materials based on the assumption that the 

electrons are moving due to the applied electric field with a damped factor. We want to model 

the electric susceptibility 𝜒𝑒, where 𝜀𝑟 = 1 + 𝜒𝑒 and 𝑃𝑖 is the polarization density due to an 

applied electric field. 

𝑑2

𝑑𝑡2
𝑃𝑖(𝜔) +

𝛤𝐿𝑑

𝑑𝑡
𝑃𝑖 + 𝜔0

2𝑃𝑖 = 𝜖0𝜒𝐿𝐸𝑖                      (1) 

where the first term is the accelerating term, the second term is the damping term, the third term 

is the restoring force term, and the free term is the driving force due to the electric field 𝐸𝑖 

The solution of the equation (1) is written as,  

𝑃𝑖(𝜔) =
𝜖0𝜒𝐿𝐸𝑖

−𝜔2 + 𝑗𝛤𝐿𝜔 + 𝜔0
2 

                                      (2) 

𝜒𝑒,𝐿𝑜𝑟𝑒𝑛𝑡𝑧(𝜔) =
𝑃𝑖(𝜔)

𝜖0𝐸𝑖
=

𝜒𝐿

−𝜔2 + 𝑗𝛤𝐿𝜔 + 𝜔0
2 

        (3) 

From this model, there are exceptional cases, 

1st case – the acceleration term is small relative to the other terms: 

𝜒𝑒,𝐷𝑒𝑏𝑦𝑒(𝜔) =
𝑃𝑖(𝜔)

𝜖0𝐸𝑖
=

𝜒𝑑

𝑗𝛤𝑑𝜔 + 𝜔0
2                      (4) 

2nd case – the restoring force is small relative to the other terms: 

The physical meaning of small restoring force is that the electrons are not bound.  

𝜒𝑒,𝐷𝑟𝑢𝑑𝑒(𝜔) =
𝑃𝑖(𝜔)

𝜖0𝐸𝑖
=

𝜒𝐷

−𝜔2 + 𝑗𝛤𝐿𝜔 
              (5) 

The only two cases that can yield a negative susceptibility are Lorentz and Drude model as 

the Lorentz model exhibits a resonance over a narrow range, while the Drude model can exhibit 
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negative electric susceptibility over a larger range, governed by the following inequality 𝜔2 <

𝜒𝐷 − Γ𝐿
2. A lossy Drude model is widely used in modeling metamaterials [1].  

For magnetic susceptibility (𝜒𝑚), the same analysis with 𝐻𝑖 as the driving force and 𝑀𝑖 as 

the magnetic response could be used, resulting in the same expression.  

 

2.1.2 Scattering in Metamaterials 

When an electromagnetic wave is incident on a material, part of the electric field is reflected, 

and the other part is transmitted, as demonstrated in Figure 6. The ratio between the reflected and 

incident wave and the transmission and incident wave are reflection and transmission 

coefficients receptively [1].  

𝑅 =
𝜂2 − 𝜂1

𝜂2 + 𝜂1
∗

1 − 𝑒−𝑗2𝑘2𝑑

1 − [
(𝜂2 − 𝜂1)
(𝜂2 + 𝜂1)

]
2

𝑒−𝑗2𝑘2𝑑

                 (6) 

𝑇 =
4𝜂2𝜂1

(𝜂2 + 𝜂1)2
∗

𝑒−𝑗𝑘2𝑑

1 − [
(𝜂2 − 𝜂1)
(𝜂2 + 𝜂1)

]
2

𝑒−𝑗2𝑘2𝑑

           (7) 

where 𝑘𝑖 = 𝜔√𝜀𝑖√𝜇𝑖 and 𝜂𝑖 = √𝜇𝑖/√𝜀𝑖 

 

Figure 6: Schematic scattering of an incident wave on a material. 

Assume a matched double-negative (DNG) material that means 𝜂1 = 𝜂2 , 𝑅 = 0 and 𝑇 = 𝑒𝑗𝑘2𝑑 
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It is evident that the transmitted wave in DNG material will add a positive phase shift, unlike 

the conventional double-positive (DPS) material that adds a negative phase shift. From this 

point, we can conclude that metamaterials that exhibit DNG behavior could be used in phase 

compensation applications [1].  

 

2.1.3  Generalized Laws of Reflection and Refraction 

Beam formation can be manipulated with the commonly known optical devices depending on 

the gradual phase shift gathered along the wave path. When an electromagnetic wave is incident 

on the interface of two media with different refractive indices, part of the incident wave is 

reflected in the first medium. The other part is transmitted to the second medium. Such behavior 

and the beam direction are guided by the continuity equation governing the electromagnetic 

waves at the boundary and by the optical characteristics of the two media separated at the 

interface. This is shown in Fresnel equations and Snell’s law, respectively. In classical optics, it 

is generally presumed that the interface between any two media is ideal, introducing no change 

to the light beam falling on it. However, the introduction of metasurfaces introduces new degrees 

of freedom and a difference in the boundary conditions. They give rise to new terms in the laws 

of reflection and refraction by applying Fermat’s principle [11], [12], [22].   

Arranging the unit cells of metasurfaces in a particular fashion allows complete control over 

the wavefront, phase, polarization, and the properties of light. When the light collides at the 

interface of metasurfaces, each unit cell introduces a distinct phase shift, different from the 

neighboring one. On collision, a surface plasmon phenomenon occurs, where a surface 

electromagnetic wave is induced, oscillating the charges found in the unit cell. This surface wave 

and the fundamental incident wave interact, resulting in the phase discontinuity across the 

metasurface, as shown in Figure 7; thus, replacing the commonly used Snell’s law with a 

generalized law of refraction [22] and replacing the conventional law of reflection with a 

generalized law of reflection [23]. 
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Figure 7: Phase Shift exists along the metasurface interface resulting in random reflection and refraction directions [23] 

To be able to understand how the electromagnetic wave acts on interaction with a 

metasurface, it is essential to derive the generalized laws of reflection and refraction.  

 

Figure 8: Sketch illustrating the derivation of the generalized law of refraction on having a wave incident at the interface, tailored 

with metasurfaces between two media with different refractive indices.  

 

In Figure 8, let us presume that the two optical paths are significantly close to the real light 

path, then the total phase difference between the two paths is zero. [12]  The total phase of the 

grey path can be written as the summation of its path difference and its phase (Φ + dΦ). The 

path difference of the grey path can be written as 

𝛥𝑃𝑎𝑡ℎ1 = 𝑠𝑖𝑛(𝜃1)𝑑𝑥                                                  (8) 



[12] 

 

𝑃ℎ𝑎𝑠𝑒1  = (
2𝜋

𝜆1
) ∗  𝛥𝑃𝑎𝑡ℎ1  +  (𝛷 + 𝑑𝛷)            (9) 

While the phase of the black path can be written as the summation of its path difference and its 

phase (Φ). The path difference of the black path can be written as 

𝛥𝑃𝑎𝑡ℎ2 = 𝑠𝑖𝑛(𝜃2)𝑑𝑥                                            (10) 

𝑃ℎ𝑎𝑠𝑒2  = (
2𝜋

𝜆2
) ∗  𝛥𝑃𝑎𝑡ℎ2  +  𝛷                       (11) 

where 𝜃1 and 𝜃2 are the angle of incidence and refraction, respectively, and 𝜆1 and 𝜆2 are the 

effective wavelength of the first and second medium, respectively. The total phase difference 

between the two lines can be written as, 

𝑘0 𝑛1 𝑠𝑖𝑛(𝜃1)𝑑𝑥 +  (𝛷 + 𝑑𝛷) −  𝑘0 𝑛2 𝑠𝑖𝑛(𝜃2)𝑑𝑥 −  𝛷 = 0            (12) 

where 𝑘0  =
2𝜋

𝜆0
, where 𝜆0 is the free space wavelength.  

By some algebraic manipulations, we get   

𝑘0 𝑛1𝑠𝑖𝑛(𝜃1)𝑑𝑥 + (𝑑𝛷) −  𝑘0 𝑛2 𝑠𝑖𝑛(𝜃2)𝑑𝑥 =  0                 (13) 

 

𝑛2 𝑠𝑖𝑛(𝜃2) − 𝑛1 𝑠𝑖𝑛(𝜃1) =
1

𝑘0

𝑑𝜙

𝑑𝑥
                                           (14) 

Upon investigating the generalized Snell’s law of refraction, which is illustrated in equation 

(14), it can be noticed that the light beam could be refracted in a random direction, given that a 

convenient steady phase gradient exists along the interface. And from this nonzero phase 

gradient, we can deduce that different refractive angles would be obtained from the two incident 

angles (±𝜃𝑖). Thus, such salient behavior allows tailoring the wavefronts and accordingly paved 

the way for various applications, including beam steering [24], beam focusing [22], and 

polarization change [22]. 

If no phase shift exists parallel or perpendicular to the plane of incidence, equation (14) 

would be expressed as shown in equation (15), which is the conventionally known Snell’s law 

governing the refraction of light propagating along plane surfaces. 

𝑛𝑡 𝑠𝑖𝑛(𝜃𝑡) = 𝑛𝑖 𝑠𝑖𝑛(𝜃𝑖)                                     ( 15) 
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Figure 9: Sketch illustrating the derivation of the generalized law of reflection on having a wave incident at the interface, tailored 

with metasurfaces between two media with different refractive indices. 

 

Similarly, in Figure 9, let us presume that the two optical paths (AEB and AFB) are 

significantly close to the real light path passing from point A to B, then the total phase difference 

between the two paths is zero [25]. The total phase of the grey path is due to the path difference 

and its phase (Φ + dΦ), the path difference of the grey path will be written as 

𝛥𝑃𝑎𝑡ℎ1 = 𝑠𝑖𝑛(𝜃1)𝑑𝑥                                                (16) 

𝑃ℎ𝑎𝑠𝑒1  = (
2𝜋

𝜆1
) ∗  𝛥𝑃𝑎𝑡ℎ1  +  (𝛷 + 𝑑𝛷)         (17) 

While the phase of the black path is due to the path difference and its phase (Φ), the path 

difference of the black path will be written as 

𝛥𝑃𝑎𝑡ℎ2 = 𝑠𝑖𝑛(𝜃2)𝑑𝑥                                         (18) 

𝑃ℎ𝑎𝑠𝑒2  = (
2𝜋

𝜆1
) ∗  𝛥𝑃𝑎𝑡ℎ2  +  𝛷                  (19) 

where 𝜃1 and 𝜃2 are the angle of incidence and reflection, respectively, and 𝜆1 is the effective 

wavelength of the first medium. The total phase difference between the two lines will be written 

as, 

𝑘0 𝑛1 𝑠𝑖𝑛(𝜃1)𝑑𝑥 + (𝛷 + 𝑑𝛷) − 𝑘0 𝑛1 𝑠𝑖𝑛(𝜃2)𝑑𝑥 −  𝛷 = 0          (20) 
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where 𝑘0  =
2𝜋

𝜆0
, where 𝜆0 is the free space wavelength.  

By some algebraic manipulations, we get 

𝑘0 𝑛1𝑠𝑖𝑛(𝜃1)𝑑𝑥 +  (𝑑𝛷) − 𝑘0 𝑛1 𝑠𝑖𝑛(𝜃2)𝑑𝑥 =  0           (21) 

 

𝑠𝑖𝑛(𝜃2) − 𝑠𝑖𝑛(𝜃1) =
1

𝑛1𝑘0

𝑑𝜙

𝑑𝑥
                                          (22) 

Thus, the generalized law of reflection, demonstrated in equation (22), indicates that the light 

beam could be reflected in a random direction, based on the refractive indices of the surrounding 

media and the phase gradient existing at the interface. 

In case no phase gradient occurs along the interface, then equation (22) could be simplified to 

the conventional equation governing reflection on plane surfaces, which states that the angle of 

reflection must be equal to the angle of incidence, as shown in equation (23) 

𝜃1 = 𝜃2                                                                     (23) 

Furthermore, it was commonly known that there is only one critical angle found when light 

passes from a denser medium to a lower dense one with a transmission angle equals to 90∘. 

When the incident angle is greater than this critical angle, total internal reflection takes place. 

However, when the light falls on a metasurface, there would be two critical angles. 

From equation (14), by setting 𝜃2 = 90∘ and solving for 𝜃1, we get that the critical angle is as 

follows, taking into consideration the different refractive angle obtained by each of 𝜃1 and −𝜃1 

as a result of the non-zero phase gradient. 

𝜃𝑐 = 𝑠𝑖𝑛−1(±
𝑛2

𝑛1
 − 

1

𝑘0𝑛1

𝑑𝜙

𝑑𝑥
)                               (24)  

 

2.2 Metamaterials compared to photonic bandgap (PBG) or 

electromagnetic bandgap (EBG) structure 

Metamaterials are three-dimensional (3D) artificial structures of metal and dielectric. They 

are usually constructed out of arrays of scatterers [7], [9] that exhibit strong interactions with the 

incident electromagnetic fields due to the resonant features of the constituent unit cells [7]. 
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To understand the difference between metamaterials and bandgap structures, it is worth 

spotlighting the classification of periodic composite materials and their electromagnetic behavior 

based on the operating wavelength scale, as shown in Figure 10. When the wavelength of the 

propagating wave is large compared to the dimensions of the unit cell, the structure can be 

studied using the classical effective medium method [7]. When the wavelength becomes 

comparable to the dimensions of the unit cell, the structure exhibits resonances due to both the 

individual resonances of the unit cells and the periodicity of the structure. Metamaterials emerge 

when the resonance is due to the individual resonances of the unit cells. However, when the 

lattice of the structure resonates, this gives rise to photonic bandgap (PBG) or electromagnetic 

bandgap (EBG) material. These materials are characterized by the existence of passbands, at 

which the electromagnetic waves are permitted to flow, and stopbands, at which EM waves are 

blocked. 

 

Figure 10: 3D Composite material classification regions 

 

2.3 Metasurfaces compared to frequency-selective surfaces 

The same approach mentioned with metamaterials in section 2.2 is applicable with 

metasurfaces, as demonstrated in Figure 11. Metasurfaces emerge when the resonance is due to 

the individual resonances of the unit cells. However, when the lattice of the structure resonates, 

this gives rise to frequency-selective surfaces [7]. Frequency selective surfaces are established 

from repeatedly arranged units, which are fabricated of metal with random geometries with the 

aim of absorbing or reflecting electromagnetic waves based on the operating frequency, thus 
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behaving as a filter [26] in the communication field. Each unit of these FSS resonant at the 

frequency of resonance, and they are separated with a distance equal to half the wavelength of 

the aforementioned frequency. There are other applications in which frequency selective surfaces 

are implemented. Other than being used in signal filtering, they could be used as beam splitters 

and some antenna components fabrication [27]. 

 

Figure 11: 2D Composite material classification regions 

 

2.4 Temporal Coupled-Mode Theory  

The temporal coupled-mode theory is used to describe the dynamical behavior of mode 

coupling in a time-dependent formalism. If we have two modes, B and D, as shown in Figure 12, 

at small proximity of each other and one of them is excited, then this mode will be coupled to the 

other mode [28]. Assume the excited mode will be in the form of  

𝐵 = 𝑏𝑒𝑗𝜔𝑏𝑡                   (25) 

The derivative respect to the time will be written as 

𝑑𝐵

𝑑𝑡
= 𝑗𝜔𝑏𝐵                  (26) 

where, |𝐵|2 is the energy stored in the mode and 𝜔𝑏 is the frequency of the excited mode.  
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Figure 12: A schematic of two modes coupling with each other, while the first mode is excited due to an incident wave. 

 

Equation (26) assumes that the mode does not radiate energy. If we presume radiative losses, 

then the equation will be, 

𝑑𝐵

𝑑𝑡
= 𝑗𝜔𝑏𝐵 − 𝜏𝑏

−1𝐵                              (27) 

where, 𝜏𝑏 is the radiative lifetime.  

At equilibrium, after adding the coupling coefficient, the two systems equation of the two modes 

can be written in this form,  

 

𝑑𝐵

𝑑𝑡
= −𝑗𝜔𝑏𝐵 + 𝜏𝑏

−1𝐵 + 𝑗𝜅𝐷 = 0          (28) 

 
𝑑𝐷

𝑑𝑡
− 𝑗𝜔𝑑𝐷 + 𝜏𝑑

−1𝐷 + 𝑗𝜅𝐵 = 0         (29) 

 

2.5 Resonance 

The term “resonance” refers to a sharp peak or dip in the field spectral response when the 

frequency of the incident electromagnetic wave is close to or equal to the natural frequency of 

the designed structure. Such behavior can be made use of in numerous applications, such as 

biosensing and resonators. 
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2.6 Fano Resonance 

The term “Fano Resonance (FR)” was used to describe the asymmetrical spectral lines of the 

energetic atoms from a quantum mechanics point of view. The mechanism of Fano resonance 

resembles the mechanism of Auger recombination as explained below. To be more specific, 

assume we have an energetic photon that bombards an atom or a molecule. This energetic photon 

will excite an electron from its bound state. The mechanism of excitation has two different paths, 

 

1- An electron gained enough energy, which makes it transit from a bound state to an 

unbound state.  

2- A mechanism like Auger recombination (it is a type of recombination between 

electron/hole pairs, where, an excess amount of energy is transferred to another electron 

during recombination), where an electron got excited and transferred its energy to another 

electron, the second electron got ionized from the atom to an unbound state, while the 

original electron is relaxed to its original state.  

The second mechanism is the one that we want to focus on because a resonance arises from it 

due to electron-electron excitation and interaction. The asymmetric pattern of spectral lines is a 

result of the quantum-mechanical interaction between the two different paths. So, FR is, briefly, 

a quantum-mechanical interaction of energetic electron-electron interaction forming constructive 

or destructive interferences.  

In photonics, FR is a little bit different. Since there is no electrons excitation in photonics, 

Fano resonance is an interaction between two electromagnetic modes in the metamaterial. These 

two resonance modes got excited by an incident electromagnetic field resembling a high-

energetic photon. The reflected wave will be a constructive or instructive interference of these 

two modes, depending on their lifetimes, wavelengths, and dipole strength. The two modes are 

called “bright” and “dark,” the bright mode is characterized by strong incident electromagnetic 

wave coupling and a shorter radiative lifetime. In comparison, the dark mode is characterized by 

weak incident electromagnetic wave coupling and longer radiative lifetime [29].  
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Figure 13: A schematic of two resonators coupling with each other, while the first resonator is excited due to an incident wave. 

If we assumed that the meta-molecule is modeled as single input/output port coupling 

resonators, as shown in Figure 13, we can employ the equations governing the coupling between 

the incident wave with the bright resonator and the two resonators coupling with each other are 

as following,  

�̇� − 𝑗 (𝜔𝑏 +
𝑗

𝜏𝑏
) 𝑏 + 𝑗𝜅𝑑 = 𝛼𝑏𝑆𝑖𝑛𝑒𝑗𝜔𝑡       (30) 

�̇� − 𝑗 (𝜔𝑑 +
𝑗

𝜏𝑑
) 𝑑 + 𝑗𝜅𝑏 = 0                      (31) 

where, 𝑏 and 𝑑 are the amplitudes of the bright and dark modes receptively, 𝑆𝑖𝑛 is the amplitude 

of the incident wave with natural frequency 𝜔, 𝜏 is the radiative lifetime that models the radiative 

losses, 𝛼𝑏 is the coupling factor between the incident wave the bright mode, and 𝜅 is the 

coupling factor between the bright and the dark modes within the two resonators.  The free term 

in equation (30) is due to the incident wave exciting the bright mode in the first resonator.  

The reflection and transmission coefficient of the incident wave is given by, 

𝑟 =
𝑆𝑟

𝑆𝑖𝑛
=

−|𝛼𝑏|2𝑗 (𝜔 − 𝜔𝑑 −
𝑗

𝜏𝑑
)

(𝜔 − 𝜔𝑏 −
𝑗

𝜏𝑏
) (𝜔 − 𝜔𝑑 −

𝑗
𝜏𝑑

) − 𝜅2
          (32) 

𝑡 =
𝑆𝑡

𝑆𝑖𝑛
= 1 + 𝑟                                                                    (33) 
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where, the reflected and transmitted wave are given by 𝑆𝑟 = 𝛼𝑏
∗𝑏 and 𝑆𝑡 = 𝑆𝑖𝑛 + 𝑆𝑟 = 𝑆𝑖𝑛 +

𝛼𝑏
∗𝑏 in terms of the amplitude of the bright mode.  

To generalize equation (32), we can include non-radiative losses as another lifetime 𝜏0, 

where the reciprocal of the total lifetime will be the summation of the reciprocal of the individual 

lifetimes (Radiative and non-radiative lifetimes), its equation is given by this formula,  

1

𝜏𝑏,𝑑
=

1

𝜏𝑏,𝑑
0 +

1

𝜏𝑏,𝑑
𝑅                                                        (34) 

Now, let us calculate the decay of the stored energy in the two resonators assuming the 

incident wave amplitude is zero 𝑆𝑖𝑛 = 0 and the medium is lossless to have a relation between 

the radiative lifetime of the bright mode and the coupling coefficient between the bright mode 

and the incident wave. By assuming an infinite lifetime for the dark mode (𝜏𝑑 = ∞), and the 

coupling coefficient is zero (𝜅 = 0), the total decay of the stored energy will be solely due to the 

bright mode’s stored energy decay, 

𝑑

𝑑𝑡
𝑊 =

𝑑

𝑑𝑡
(|𝑏|2 + |𝑑|2) = −

2|𝑏|2

𝜏𝑏
−

2|𝑑|2

𝜏𝑑
= −

2|𝑏|2

𝜏𝑏
          (35) 

By imposing the conservation of energy condition (1 = |𝑟|2 + |𝑡|2 → |𝑆𝑖𝑛|
2

= |𝑆𝑟|2 +

|𝑆𝑡|2), the decay of the stored energy can be, 

𝑑

𝑑𝑡
𝑊 = −

2|𝑏|2

𝜏𝑏
= |𝑆𝑟|2 + |𝑆𝑡|2 = −2|𝛼𝑏|2|𝑏|2                    (36) 

From equations (35) and (36), we can notice that the coupling coefficient of the incident 

wave with the bright mode is related to the bright mode lifetime by this equation,  
1

𝜏𝑏
= |𝛼𝑏|2.  

This model can easily predict the spectral response of a system before running any 

simulations. It also verifies the physical analogy that was explained for the coupling between the 

two modes. The next step is to determine the reflectance and transmittance at a given input 

angular frequency.  

Assuming lossless environment (
1

𝜏0 = 0), so by plotting the reflectance and transmittance 

using equation (32), with different 𝛿, where 𝛿 = 𝜔𝑏 − 𝜔𝑑, three curves are plotted for each of 

them with different 𝛿 (𝛿 = 0.1𝜔𝑏, 0 𝑎𝑛𝑑 − 0.1𝜔𝑏) and the Fano resonance of each curve will be 
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investigated. The different lifetimes and the coupling coefficient used to plot the reflectance and 

transmittance are illustrated in Table 1. 

Table 1: Parameters used to generate the reflectance and transmittance graphs. 

Description Parameter Value 

Bright mode radiative lifetime 𝜏𝑏
𝑅 10

𝜔𝑏
 

Dark mode radiative lifetime 𝜏𝑑
𝑅 ∞ 

Non-radiative lifetime (Ohmic) 𝜏0 ∞ 

Coupling Coefficient 𝜅 0.05 𝜔𝑏  

 

 

Figure 14: A graph of reflectance assuming negligible Ohmic losses. The red and blue curves correspond to the Fano resonance's 

asymmetric behavior, while the green figure is the electromagnetically induced transparency case. 
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Figure 15: The transmittance of the three Fano resonance cases. It is noticeable that by adding both curves (Reflectance and 

Transmittance), the value will be one (Ohmic losses are negligible) 

 

In Figure 14 at 𝜔 = 𝜔𝑏, it is evident that the reflection peaks of both the red and blue curves 

have a relatively broad range, however, at 𝜔 = 𝜔𝑑, the reflection exhibits a sharp dip. Due to the 

interface between the two modes, the asymmetric behavior of the reflectance and the 

transmittance is noticeable at 𝜔𝑏 ≠ 𝜔𝑑 as shown in Figure 14 and Figure 15. By adding non-

radiative losses ( 
1

𝜏0 is finite), the magnitude of the reflectance will be reduced.   

A particular case is evident in Figure 14 and Figure 15, where 𝛿 = 0, this is known as 

electromagnetically induced transparency (EIT). This is a special case of FR at which the bright 

and dark modes occur at the same frequency. It needs complex unit cells to design it. In the 

literature, some designs are implementing this concept by using metamaterial’s structure.  
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Chapter 3 

3. Literature Review and Previous Work 

 

In this chapter, a literature review for the applications of metasurfaces in the different fields 

is presented. In addition, research work that has been done on Fano resonance with various 

efficiency and applications is stated. 

 

3.1 Applications of Metasurfaces in various regimes 

Recently, metasurfaces have been involved in a wide range of microwave applications. 

Metasurfaces can behave as waveguides, capable of trapping and guiding the electromagnetic 

wave along a specific path by inserting metasurfaces on both of their sides. These metasurfaces 

have been designed to cause total reflection of any incident wave falling on it [7], as shown in 

Figure 16. 

 

Figure 16:A schematic of waveguide consisting of metasurfaces.[7] 

In the late twentieth century, metasurfaces have widely invaded applications in the chemistry 

domain. Their central role was to enhance the coupling between the analyte and the 

electromagnetic waves. So, they merely act as chemical and biochemical catalysis [7]. 

Furthermore, metasurfaces also have a strong influence in the biomedical field. Metasurfaces are 

used as biosensors capable of measuring the resonant shift due to any change in the refractive 

index of the surrounding medium. 
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 The main applications that are extensively built on the concept of phase gradient and the 

introduction of beam shaping are V-shaped metasurfaces with an anisotropic design. Such design 

grants 360∘ phase control of any incident wave. However, it suffers from high reflection losses 

that strongly impact its transmission efficiency to the half [23], [30].  To overcome these 

reflection losses, Huygens’ surfaces have been introduced. In 2013, Pfeiffer et al. [31] 

manipulated wavefronts in the microwave spectral region using metamaterial Huygens’ surfaces, 

which are referred to as reflectionless surfaces. That work was based on Huygens’ principle to 

gain complete control of wavefronts. Such principle states that every single locus on the 

wavefront gives rise to new spherical wavelets, which interfere with each other. Pfeiffer 

designed these reflectionless surfaces by adjusting the metasurface electric (𝛼𝑒) and magnetic 

(𝛼𝑚) polarizabilities to satisfy equation (37),  where 𝜂0 represents the surrounding medium 

impedance. 

√𝛼𝑒𝛼𝑚 = 𝜂0                 (37) 

Accordingly, this introduces an alteration in the boundary conditions at the metasurfaces and 

causes scattering of the wavefronts. Figure 17 shows Pfeiffer’s design, which is composed of a 

pattern of 12-unit cells spread on the substrate. Those patterns are formed of copper designs on 

one side of a substrate, producing electric polarization currents and split-ring resonators on the 

other side of producing magnetic polarization currents. Such design achieved 86% transmission 

efficiency at 10 𝐺𝐻𝑧. 

 

(a) 

 

(b) 

 

Figure 17: (a) Huygens’ surface with the copper design of 12-unit cells on the top side  (b) Huygens’ surface with  SRR on the 

bottom side [31] 
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Pfeiffer et al. [32] not only implemented Huygens’ surfaces in the microwave field but also 

introduced them in the optical region to witness their effect in bending the incident light beam 

efficiently, as illustrated in Figure 18. He designed an isotropic unit cell fabricated of gold sheets 

with a certain pattern on a dielectric substrate. The fabrication process took place using electron 

beam lithography. Such design permits manipulating the wavefronts of the light beam falling 

onto the metasurface. Furthermore, Pfeiffer introduced a parallel LC circuit model for his design 

and solved the reflection and transmission properties using the ABCD matrix.  

 

Figure 18:Huygens’ surface formed of a periodic array of 5 unit cells in the optical region [32] 

In 2013, Monticone et al. [30] controlled the transmission of optical nanocircuits through 

Huygens metasurfaces. He designed cascaded arrays of metal and dielectric of variant ratios, 

which work as LC nanocircuit components. Such design proved its efficiency to function as a 

deflector and focusing lens by tailoring the impedance of the surface and varying its materials’ 

ratio. 

Furthermore, an ultrathin lens could be designed by metasurfaces. In 2014, Capasso et al. 

[23] managed to emphasize the progress of metasurface flat, ultrathin components in the optical 

regime. These components result in phase gradients and instantaneous changes in the light wave 

amplitude and polarization. He pointed out that to have beam focusing at a certain distance (a), 

the phase profile of the metasurface should follow equation (38) 

𝜙𝐿(𝑥, 𝑦) =
2𝜋

𝜆
 (√𝑥2 + 𝑦2 + 𝑎2 − 𝑎)             (38) 

Such profile guarantees an essential condition for focusing, which is converting the shape of 

the incident wavefront from planar to spherical. When the electromagnetic wave is normally 
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incident on the surface of a flat lens, the reflected and transmitted wavefronts keep the spherical 

shape, which results in a high numerical aperture. On the other hand, if the incidence was not 

normal to the surface, a phenomenon called “coma” occurs, at which a remarkable degradation in 

the numerical aperture occurs. In this phenomenon, the metasurface exhibits a linear phase 

profile. Consequently, the transmitted and reflected wavefronts lose their spherical shape, and 

they no longer follow the phase profile mentioned in equation (38).  

Furthermore, metasurfaces were not only used in microwave, optical, and communication 

regimes, but they also proved their efficiency in the electronics field by protecting sensitive 

electrical components and minimizing unwanted interference. Such feature was introduced using 

non-linear metasurfaces, in which diodes and capacitors are included in the structure design and 

manipulate the metasurface performance by absorbing the RF signals with high power and 

reducing any external distortion caused to signals with low power. 

Based on the superior features owned by metasurfaces and their inclusion in numerous 

applications, they still face several challenges, such as exhibiting steady spectral response over a 

wide range of frequency for RF applications, which require wide bandwidth. In addition, further 

investigation could be done to design switchable and active metasurfaces. This initiative would 

be easy to fabricate and economical. 

 

3.2 Fano Resonance Applications 

By 2007, the term “Fano resonance” has not yet been widely spread or common. It was 

thought by then that the high-quality factor, which is defined as the ratio between the frequency 

at which the resonance occurs, and the resonant width as shown in equation (39), was extremely 

difficult to be achieved in metasurfaces. This restriction to small values was due to the strong 

coupling of the metasurface unit cells to free space, which leads to high radiation losses. And 

also, the dimensions of the metasurfaces are known to be in the order of sub-wavelength, which 

is insufficient to hold and confine the electromagnetic wave [33]. 

𝑄 =
𝑓

𝛥𝑓
   (39) 
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However, in 2002, it was theoretically mentioned that trapped modes could be excited in 

metasurfaces when the structural symmetry of the metasurface is broken [3]. It is worth noting 

that the term “trapped modes” is the same as “Fano resonance.” Also, Fano resonance was 

sometimes referred to as “extraordinary optical transmission (EOT). In 2007, Fedotov managed 

to observe those sharp resonance on designing an array of asymmetric split rings metasurface 

structures with an overall size 220 𝑚𝑚 ∗ 220 𝑚𝑚. He studied the performance of two different 

asymmetric structures, the first one denoted with “Type A” with different arc length and the 

second one denoted with “Type B” with different splits, as shown in Figure 19. 

 

Figure 19: Structure "A" represents a symmetric split ring, while structure "B" represents an asymmetric split ring metasurface 

structure [33]. 

He referred the appearance of this Fano resonance to the excitation of symmetric current 

modes or as called “inaccessible modes” arisen due to weak coupling with free space on 

breaking the structure symmetry. He also stated the strong correlation between the reflection and 

transmission structure behavior with the polarization state of the incident wave. The most 

substantial spectral response was captured on the orthogonality of the electric field to the mirror 

line of the structures mentioned above, which stands for x-polarization for type (A) and y-

polarization for type (B). 

As shown in Figure 20(a), type (A) structure demonstrated a Fano resonance at around 

6 𝐺𝐻𝑧, which is referred to by (ΙΙ) with quality factor = 20, one order of magnitude higher than 
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any previously mentioned metamaterial structure. In addition, the type (B) system showed a 

Fano resonance at around 5.5 𝐺𝐻𝑧. However, in case of a symmetric split rings, no sharp 

resonance was noticed at all polarization states, which indicates the unavailability of the trapped 

modes in such a state. 

 

(a) 

 

(b) 

Figure 20: (a)  Reflection spectral response for metasurface structure of Type (A)  (b)  Reflection spectral response for 

metasurface structure of Type (B) [33] 

As illustrated in Figure 21 (a) at region Ι and ΙΙΙ, the currents in both arcs are flowing in the 

same direction, but with different amplitudes, which are remarkably lower than that in case of 

region ΙΙ, leading to the low-quality factor. 

However, in Figure 21 (b) at region ΙΙ,  the currents flowing in both arcs of the split ring are 

opposite in direction but almost equal in magnitude. Thus, resulting in the scattering of weak 

electromagnetic fields that significantly minimizes the free-space coupling and radiation losses.  
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(a) 

 

(b) 

Figure 21: (a) Current Distribution in Type (A) metasurface  (b) Current Distribution in Type (B) metasurface [33] 

Furthermore, in Figure 22, Fedotov showed that as the asymmetry reduces, the reflection and 

transmission spectral response would be red-shifted. In addition, on using the lossless dielectric 

substrate shown in the dashed line graph, a weak relation between the resonant magnitude and 

the degree of asymmetry exists. Also, the quality factor is inversely proportional to the degree of 

symmetry. However, on using lossy dielectric as demonstrated in the solid line graph, the same 

trend is followed until it reaches a summit value and then decreases, which corresponds to higher 

losses, weaker and broader ‘‘trapped-mode’’ resonance until it vanishes at the symmetric 

metasurface structure.  
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Figure 22: Quality factor of the Fano resonance of Type A structure Vs. asymmetry factor [33] 

 

In 2008, Hao et al. [34] and Christ et al. [35] studied the effect of inducing a symmetry break 

in plasmonic nanocavities, constructed of concentric ring and disk and a structure of two nano-

wires gratings separated by a nano-gap respectively, as shown in Figure 23. Hao stated that both 

the dipolar disk and ring plasmons interact with each other, giving rise to two types of resonance; 

bonding resonance which is low in energy, and antibonding one, which is higher in energy. This 

antibonding resonance is referred to as superradiant as the dipolar disk, and ring plasmons are 

aligned and in phase, thus resulting in intense radiations. However, the bonding resonance is 

referred to as sub radiant as the disk and ring plasmons are found to be out of phase. The 

coupling between both resonances excites the Fano resonance as demonstrated in Figure 24. 

 

Figure 23: Schematic for the nano gratings proposed by Christ et al. [35] 
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Figure 24:Spectral response showing the Fano resonance along with a parametric sweep of different disk position with respect to 

the ring [34] 

In 2013, Pu et al. [36] presented a periodic planar metamaterial formed of 3 repeated metallic 

wires of different widths in order to break the structure symmetry, thus inducing a sharp Fano 

resonance. Those wires have a fixed center-to-center distance between adjacent wires and fixed 

dielectric thickness, as shown in Figure 25. The electromagnetic wave is incident normally to the 

surface. [36] used COMSOL Multiphysics to examine the effect of asymmetry introduced in the 

structure by plotting the transmission spectrum for the symmetric and the asymmetric design as 

illustrated in Figure 26. For the asymmetric system, Figure 26 demonstrates a sharp asymmetric 

peak at 9.8 𝐺𝐻, along with a sharp dip at 10.8 𝐺𝐻𝑧 achieving a quality factor of 100. 

 

Figure 25:Schematic of a repeated unit cell formed of 3 metallic wires of different widths [36] 
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Figure 26: Transmission spectrum for symmetric and asymmetric structures [36] 

Fano resonance could be physically interpreted in metamaterials by the classical analogy 

[37], which is a broad, but not thorough definition. It could also be explained by ab initio theory 

in plasmonic nanostructures and metamaterials depending on the Feshbach formalism [38]. 

However, it is vague and too complex to be understood. On the other hand, Pu [36] managed to 

analyze the physical interpretation of Fano resonance using the generalized sheet impedance 

theory and an appropriate circuit model, by which the effective electric and magnetic impedances 

can be solved based on the extracted s-parameters from either the simulation or the 

measurement. 

In Figure 26, it is evident that the symmetric structure exhibits an asymmetric Fano 

resonance. The notion behind this asymmetric behavior is the interference between the electric 

and magnetic resonances. This idea is illustrated in Figure 27 by using equation (40) for the 

sheet impedances. The real and imaginary parts of both electric admittance and magnetic 

impedance are plotted versus frequency. It is noted that electric admittance has a nearly flat 

response, while magnetic impedance has just a single narrow resonance.  

𝑌𝑒 = 2𝑌0

1 − 𝑟 − 𝑡

1 + 𝑟 + 𝑡
 

                                                                 (40) 

𝑍𝑚 = 2𝑍0

1 + 𝑟 − 𝑡

1 − 𝑟 + 𝑡
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Figure 27: a) Normalized Electric admittance spectrum b) Normalized Magnetic impedance spectrum c) Transmission spectrum 

when electric admittance and magnetic impedance are included and when just the magnetic impedance is included (Admittance is 

infinity) [36] 

Since we can model the transmission coefficient as two parts, each of which is electric 

admittance and the other is magnetic impedance as depicted in equation (41), the transmission 

coefficient behaves as a symmetric resonance when there is infinite electric admittance (electric 

impedance is zero). That means the asymmetric Fano resonance behavior, shown in Figure 27, is 

due to the interference between both resonances (electric and magnetic). 

𝑟 =
1

2
 (

2𝑌0 − 𝑌𝑒

2𝑌0 + 𝑌𝑒
+

𝑍𝑚 − 2𝑍0

𝑍𝑚 + 2𝑍0
) 

                                                                                               (41) 

𝑡 =
1

2
 (

2𝑌0 − 𝑌𝑒

2𝑌0 + 𝑌𝑒
−

𝑍𝑚 − 2𝑍0

𝑍𝑚 + 2𝑍0
) 
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For the asymmetric structure, the electric admittance and magnetic impedance, as well as the 

electric and magnetic sheet currents, are plotted. As the symmetric structure, the electric 

admittance exhibits a flat frequency response, so it has no resonance. However, the resonance is 

well-spotted in the magnetic impedance and sheet current, as depicted in Figure 28. These 

figures are plotted from the generalized impedance theory. 

 

Figure 28: a) Normalized Electric admittance (b) Electric sheet current (c)Normalized Magnetic impedance (d) Magnetic sheet 

current for asymmetric structure [36]. 

 

It is noted that there are three resonant frequencies at 9.79 𝐺𝐻𝑧, 10.77𝐺𝐻𝑧 𝑎𝑛𝑑 10.87𝐺𝐻𝑧. 

The first resonator dominated at the first frequency, while at 10.8𝐺𝐻𝑧 the other two resonators 

dominate. Moreover, between 9.79𝐺𝐻𝑧 < 𝑓 < 10.77𝐺𝐻𝑧 the first resonator’s magnetic current 

is out of phase compared to the other resonators, while between 10.77𝐺𝐻𝑧 < 𝑓 < 10.87𝐺𝐻𝑧, 

the third resonator is out of phase compared to the other resonators. This result is simulated with 
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COMSOL Multiphysics and compared with the analytical data. It is found that the simulated 

results fit entirely with the analytical data as depicted in Figure 29.  

 

Figure 29: (a) Normalized magnetic fields (Hz) of the three resonators. (b) (c) (d) (e) and (f) show the magnetic field distribution 

for the three resonators at different frequencies. 8GHz, 9.79GHz, 10.77GHz, 10.82Ghz and 10.87 GHz [36]. 

 

In this figure, the magnetic field is obtained for the three resonators at different frequencies. 

At 8GHz, the three resonators are in phase. However, when the frequency is increased to become 

9.79GHz, the first one dominates, as depicted in (c). Moreover, at 10.77GHz, the second 

resonator dominates, also, between 10.77 GHz and 10.87 GHz, both the second and the third 

resonator dominate but out of phase. Finally, at 10.87GHz, the third resonator dominates.  

All the above analysis was based on neglecting any material loss as the dielectric substrate 

was lossless, and the wires were PEC. Then, Pu [36] studied the effect of having lossy dielectric 

substrate and copper with a certain conductivity as a material for the wire structure. As shown in 

Figure 30, the transmission and reflection spectrums show evident absorption, which could be 

used to design wideband absorbers. 
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Figure 30: Optical spectrum of the proposed design with lossy materials [36] 

 The general scope of achieving FRs is by breaking the structural symmetry of the unit cell. 

Worth mentioning here is that Wang et al. [39] were capable of exciting a single FR in a 

symmetric planar plasmonic structure, as shown in Figure 31 (a), by the coupling between a 

radiative resonance, represented in the highly-radiative nanorod and known as bright mode and a 

non-radiative resonance. The incident electromagnetic wave excites the bright mode directly, and 

the non-radiative dark LC resonance, at which the nanorod represents a central component, is 

excited by the interaction with the bright resonance in an indirect manner.   

 

                                     (a)                                                           (b) 

Figure 31: (a) Schematic of a symmetric two U-shaped SRRs with a nanorod inserted in the middle (b) Spectral scattering 

response for SRR and nanorod at normal incidence and x-polarized electric field [39]. It is important to state that split-ring 

resonators (SRRs) are essential components of plasmonic metamaterials [40]. 
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Figure 31 (b) illustrates the scattering response of each split ring resonator and the nanorod 

alone, which exhibits a normal resonant frequency around 260 THz. However, on the 

introduction of the nanorod between the SRR, a Fano resonance peak and dip appear at 206 THz 

and 211 THz, respectively, which are known as D mode, in addition to a B mode referring to a 

normal broad plasmon resonance at 293 THz. Thus, Wang [39] achieved a Fano-resonant-like 

response in a structure without breaking its symmetry. 

Furthermore, Wang [39] studied the tangential current distribution at the normal resonant 

frequency and the Fano resonance peak frequency, as shown in Figure 32 (a) and (b), 

respectively. At the normal resonance, the conduction currents in both the nanorod and the SRR 

are in phase, resembling an electric dipole resonance. However, at the Fano resonance, the 

currents are parallel but oppositely directed, forming circular currents. That parallel LC 

resonance, found between the nanorod and each of the SRRs, excites the magnetic dipole 

resonance. It is essential to mention that two LC resonances are present at the same frequency 

due to the identical distance between the nanorod and each of the U-shaped split-ring resonators. 

Thus, the Fano resonance was excited because of the spectral overlap between those electric and 

magnetic resonances. Both resonances are referred to as bright and dark modes, respectively. 

Accordingly, it was concluded that the excitation of the Fano-resonance does not merely require 

breaking the symmetry of a structure. However, it demands coupling between electric and 

magnetic resonances, which occurs when a common source for both the bright and dark modes 

exists, which is the nanorod. 

      

                                          (𝑎)                                      (b)  

Figure 32: (a) In-phase Tangential Current Distribution at normal resonance (293 𝑇𝐻𝑧)  (b) Out-of phase Tangential Current 

Distribution at Fano-resonant frequency (206 𝑇𝐻𝑧) [39] 
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When Wang [39] broke this symmetry by changing the coupling length between the nanorod 

and the two SRRs, two Fano resonances were achieved, as shown in Figure 33, as the magnetic 

dipole resonance takes place at different frequencies. The first Fano resonance denoted as 𝐷1 

mode occurs at 206 𝑇𝐻𝑧 and the second one, denoted as 𝐷2 mode, arises at 218 𝑇𝐻𝑧.   

 

Figure 33: Spectral scattering  response for asymmetric SRRs and nanorod at normal incidence and x-polarized electric field [39] 

 

In 2020, Long et al. [41] utilized a similar concept to achieve a sharp FR response in an all-

dielectric metasurface composed of non-symmetric double silicon nanorods, as shown in Figure 

34. Such design was able to achieve high-quality factor by omitting the radiative losses usually 

associated with metals in different frequency regimes. 

 

Figure 34: Schematic of Asymmetric double nanorods unit cell [41] 
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As demonstrated in Figure 35, a Fano resonance can be observed at the quadrupole at both 

TE and TM modes at 916 𝑛𝑚 and 1029 𝑛𝑚 respectively with approximately 100%  reflection 

and transmission and exceptionally high Q-factor.   

Like the analysis mentioned in previous work, the normal resonance, which is termed 

“dipole” in this paper, is excited on the direct interaction of the asymmetric structure with the 

incident wave. At the same time, this incident EM wave excites indirectly the dark mode 

resonance, which is known in this paper as quadrupole mode, by coupling with the bright mode. 

These two modes couple with each other destructively and results in the excitation of the Fano 

resonance. Moreover, the field distribution of 𝐸𝑧 at the dipole mode shows in phase induced 

currents; however, at quadrupole, the induced currents are out of phase. Accordingly, the 

coupling between both modes gives rise to the Fano resonance. Thus, the dipole and quadrupole 

can be referred to as bright and dark modes, respectively. 

 

                                                  (𝑎)                                                 (b) 

Figure 35: (a) Spectral TE mode response and real 𝐸𝑧 field component at quadrupole (𝜆 = 916 𝑛𝑚) and dipole resonances (𝜆 =
1029 𝑛𝑚)  (b) Spectral TM mode response and real 𝐻𝑧 field component at quadrupole (𝜆 = 1029 𝑛𝑚)and dipole resonances 

(𝜆 = 936 𝑛𝑚) [41] 
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Figure 36 shows a parametric sweep, studying the effect of the degree of symmetry on the 

spectral response, where the length of one of the nanorods was changed while keeping the other 

fixed at 0.25 𝜇𝑚. The absence of the Fano resonance was observed on having a symmetric 

structure. As the length of the nanorod increases, the resonant wavelength was red-shifted with a 

broad spectrum. Furthermore, while studying the effect of implementing lossy materials, Long  

[41] proved that it only affects the reflection and transmission spectrum intensity.  

 

Figure 36: Parametric Sweep of different lengths of one of the nanorods, while the length of the other rod is fixed at 0.25 𝜇𝑚 

[41] 
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Chapter 4 

4. Cross-junction based metasurface 

This chapter presents the research work that has been done, in which a design for an 

electromagnetic metasurface in the microwave regime has been proposed. The purpose of this 

work is to observe and investigate the presence of Fano resonance in the microwave regime. In 

addition to a parametric sweep over the degree of the asymmetry, the simulated structure 

performance has been studied using both CST Studio Suite® and Ansys HFSS. Then, the theory 

and physical concept behind such performance have been analyzed. The design has been 

fabricated and characterized inside an anechoic chamber. Both numerical and measured data 

show to be in perfect agreement.  

4.1 Proposed Design 

In this work, we present a unit cell consisting of an asymmetric metallic cross-junction 

surrounded by four square patches over a thin subwavelength substrate. The unit cell is chosen to 

have a square footprint with a pitch of 22.86 𝑚𝑚 throughout the work. A schematic of the 

proposed unit cell is shown in Figure 37(a), which shows the proposed unit cell with all the 

relevant dimensions used in our work to manipulate the electromagnetic response of the 

metasurface. Figure 37 (a) and (b) show alternative perspectives for the unit cell that are useful 

in visualizing and interpreting the unit cell behavior, as shown in the following sections. In the 

simulations, the metal is assumed to be a perfect electric conductor (PEC), and the substrate is 

chosen to be a dielectric of permittivity 4.4. The thickness of the substrate is 1.57 𝑚𝑚, and the 

side length of the square patches (W) is 5.5 𝑚𝑚. Figure 38 shows several screenshots of the 

simulated unit cell on CST with two different perspective views. 
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Figure 37: Schematic of the proposed periodic structure, where (a) is the unit cell in cross junction perspective and (b) is the unit 

cell in the asymmetric ring and patch perspective. 

 

Figure 38:  CST screenshots for the schematic of the unit cell (a) asymmetric structure in the ring and patch 

perspective (b) symmetric structure in the ring and patch perspective (c) asymmetric structure in the cross junction 

perspective (d) ) symmetric structure in the cross junction perspective 

 

4.2 Theory and Analysis 

Firstly, we study the behavior of the symmetric unit cell, in which all stubs’ thicknesses 

(𝑑1, 𝑑2, 𝑑3, 𝑑4) are of the same width that is set to 6 mm. The unit cell is surrounded by periodic 

boundary conditions in all the simulations and is excited by a normally incident plane wave, as 

shown in Figure 39 and Figure 40, respectively.  
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Figure 39: (a) Periodic array of the simulated unit cells.  (b) Periodic Boundary conditions 

 

Figure 40: (a) Port (1) and (b) Port (2) in CST 

 

As shown in Figure 41, the magnitude of the reflection coefficient |R| shows two distinct 

resonances at 5 GHz and 11.4 GHz. This spectral profile is shown for an incident wave whose 

electric field is polarized along the x-direction. Obviously, in this configuration, the polarization 

of the incident electric field does not affect the response of the metasurface due to the structural 

symmetry of the unit cell. Next, we introduced structural asymmetry to the unit cell and 

investigated the effect of such asymmetry on the spectral behavior of the metasurface. In this 

case, we fixed  𝑑2, 𝑑3 and 𝑑4 to be 6 mm and changed 𝑑1 to be 0.4 mm. As shown in Figure 41, 

the asymmetric cross-junction retains the two resonances previously exhibited by the symmetric 
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unit cell at 3.8 𝐺𝐻𝑧 and 11.6 𝐺𝐻𝑧. This slight shift to a lower frequency is because the electrical 

path increased. Interestingly, when the polarization of the electric field of the incident wave was 

set to be along the direction of the variation of arms’ widths (x-direction), a distinct FR reveals 

itself at around 6.7 GHz, achieving a quality factor of 122.24. 

 

Figure 41: Simulated |R| for the symmetric and asymmetric unit cell. 

Figure 42 (a) and (b) show the 𝑦 and 𝑥 polarized electric fields, respectively. It is worth 

mentioning that the different field orientations will react similarly in the symmetric structure. In 

Figure 43(a), both the 𝑦 and 𝑥 oriented fields have the same profile since the structure is 

symmetric. However, on having a structure asymmetry, the FR only appeared in the X-oriented 

since breaking the symmetry was along the x-axis and it did not appear in the y-orientation as 

shown in Figure 43(b). So, breaking the symmetry allowed only a certain mode in a certain 

orientation to couple with the bright mode and generated the FR. 

 

Figure 42: (a) Y-polarized Electric Field  (b) X-polarized Electric Field 
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(a) 

 

(b) 
Figure 43: (a)  𝑆11 parameter for both the x and y oriented field in symmetric structure  (b) 𝑆11 parameter for the x and y 

oriented field in an asymmetric structure   

 

In order to better understand the physical origin of this sharp FR, we investigate the field 

distribution on the structure in the x-y plane. The bright modes corresponding to the electric 

dipoles show up as transmission peaks both in the symmetric and asymmetric designs, as shown 

in Figure 41. Furthermore, the dark mode corresponding to the quadrupole mode appears as a 

transmission peak in the asymmetric structure. Figure 44 (a) and (b) show the z component of the 

magnetic field distribution in the x-y plane for the first bright mode in the symmetric and 

asymmetric structures at 5 𝐺𝐻𝑧 and 3.8 𝐺𝐻𝑧, respectively. Obviously, both the symmetric and 

asymmetric structures support in-phase conduction currents at those frequencies. Like an electric 

dipole oscillation, those correspond to a broad bright mode due to the radiative damping.  

 For the FR at 6.7 𝐺𝐻𝑧 (Dark mode), anti-parallel oscillation currents are observed. 

Corresponding magnetic field component 𝐻𝑧 in the x-y plane is presented in Figure 44 (c). At 
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this resonance, the structure is weakly coupled to the free space. If we imagined this eigenmode 

in a symmetric structure, it would exhibit the same profile but with equal amplitude. So, applying 

the right-hand rule would generate currents equal in magnitude and opposite in direction, thus 

canceling each other, which describes the disappearance of this mode in the symmetric structure. 

Once we broke the symmetry, these magnitudes differed, and the FR evolved from the 

interaction and coupling between the bright and dark modes in the structure at 6.7 GHz.  

In the present metasurface, the dipolar resonance of the unit cell represents the bright mode, 

and the symmetry breaking leads to the excitation of the dark subradiant mode. The coupling 

between these two modes leads to the FR in the transmission spectra of the metasurface. The 

same approach mentioned for the first bright mode is applicable for the second bright modes in 

the symmetric and asymmetric structures at 11.4 𝐺𝐻𝑧 and 11.6 𝐺𝐻𝑧, respectively, which are 

regarded as higher-order modes of the first bright modes as shown in Figure 44 (d) and (e). 
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Figure 44: Magnetic field distribution (𝐻𝑧) for the first bright mode in (a) symmetric and (b) asymmetric ring-patch. (c) Magnetic 

field distribution (𝐻𝑧) at FR asymmetric ring-patch Magnetic field distribution (𝐻𝑧) for the second bright mode in (d) symmetric 

and (e) asymmetric ring-patch.                           

 

4.3 Simulation Results 

Next, we perform a parametric study to inspect the effect of the degree of asymmetry through 

changing 𝑑1 on the spectral response of the metasurface. As can be seen in Figure 45, three arms 

of the cross were set to 6 𝑚𝑚 width, and 𝑑1 is initially set to be 0.4 𝑚𝑚, and its value is 

incremented in linear steps. This study aims to observe and investigate the evolution of the FR as 

the structural asymmetry is reduced until the unit cell becomes symmetric. As depicted in Figure 

45(a), as the structural asymmetry is decreased, the FR shifts to a higher frequency as the 

electrical size of the unit cell decreases. Also, as the structural asymmetry is reduced, the 

resonance becomes of higher Q. As shown in Figure 45(b), the bandwidth of the FR becomes so 

small as the degree of asymmetry decreases, it becomes approximately zero, thus giving a very 

high Q. Accordingly, this means that the range of frequencies at which the bright and dark modes 

couple with each other becomes very narrow until it reaches zero. And the frequency does not 

increase with the same ratio. So, if we calculated the quality factors, it will become of high 

value. Furthermore, as the structure becomes symmetric (𝑑1=6 mm), the FR disappears.  
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(b) 

Figure 45: (a) |R| of the asymmetric unit cell at different arm widths over a wide bandwidth, (b) and over narrow bandwidth 

around the Fano resonance 

 

4.4 Fabricated Results and Measurements 

This section shed some light on the experimental setup we utilized to characterize our 

proposed structure.  We fabricated the metasurface whose constituent unit cell having 𝑑2 = 𝑑3 =

𝑑4 =  6 𝑚𝑚. 𝑑1 was set to be 0.4 mm, as shown in Figure 46.  As shown in Figure 46(a), the 

fabricated sample contains 10× 13 unit cells, with a total size of about 

6237 ( 210 𝑥 297 )  𝑚𝑚2. The patches and the stubs are made of copper etched on top of FR4 

dielectric substrate of thickness 1.57 mm and dielectric permittivity of 4.4 and loss tangent of 

0.02.  
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The measurement was carried out at an anechoic chamber (see Figure 46(a)).  As a far-field 

characterization process, we shine the metasurface by a plane wave emitted from a linear-

polarization horn antenna. At the other side of the metasurface, we placed another identical horn 

antenna. The transmitting and receiving antennas were perfectly aligned. The scattering matrix of 

the structure was characterized using a network analyzer.  

Figure 46(b) shows the measured response of the metasurface in comparison with the 

simulated response in CST Studio Suite® and Ansys HFSS. The measured results show excellent 

agreement with the numerical simulations. These losses and low-quality factor are due to the use 

of a lossy substrate. FR4 is the cheapest substrate, and at the same time, we wanted to have a 

large size of the structure to resemble the periodic boundary condition. So, to compromise 

between the cost and the size, we chose FR4. Although there were other substrates with better 

performance, they were expensive. We were only trying to prove the concept with the least price. 

 

(a) 
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(b) 

Figure 46:(a) Measurement setup and the fabricated metasurface, (b) Simulated and experimentally measured magnitude of the 

reflection coefficient |R|. 
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Chapter 5 

5. Conclusion and Future Work 

 

This chapter recaps all the information that was mentioned in the previous chapters. In addition, 

future work is also presented. 

5.1 Conclusion 

In chapter (1), a summary of the conventional materials that existed before metamaterials and 

their limitations that gave rise to the development of metamaterials and their salient role has been 

introduced. Then, an introduction of metamaterials and the evolution of these 3D structures to 

2D, known as metasurfaces, have been presented. Furthermore, a glance at Fano resonance has 

been discussed. 

Chapter (2) demonstrates the physical fundamentals guiding the metamaterials and 

metasurfaces' performance, including the generalized laws of reflection and refraction. In 

addition, a comparison between metamaterials and photonic/electronic bandgap materials, in 

addition to a comparison between metasurfaces and frequency-selective surfaces, has been 

shown. 

Chapter (3) is a literature review for previous work on the application of metasurfaces in 

different fields and the progress of Fano resonance in numerous applications. 

In Chapter (4), my research work is presented, in which a unit cell has been proposed, 

resulting in the excitation of a single sharp FR by breaking the structural symmetry in a single 

layer cross-junction based metasurface structure owing to the interaction between the bright and 

dark modes. The spectral response of the proposed design has been studied. Furthermore, the 

system was fabricated and characterized. The simulated and measured results prove to be in good 

agreement with each other. 
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5.2 Future Work 

It is intended  to apply the proposed design in real-time applications and study its 

performance. These applications could include refractive-index sensing applications, which will 

be mainly concerned with bio-sensing to check its efficiency and sensitivity. Another application 

is polarization rotation and chirality, at which the polarization of the incident wave could be 

changed. 

Moreover, an RLC circuit model will be designed to represent the source of resonance in the 

structure and represent it theoretically. The temporal coupled-mode theory is an abstract model. 

It would be beneficial to reach a relation joining between the coupling and the structure 

geometry. For instance, if we want to increase the coupling between the bright and dark modes, 

we will change the stub width or the patch size. We aim to reach a closed-form equation 

describing the structure geometry before simulating with CST or HFSS. 

Furthermore, on inserting two-unit cells inside a rectangular waveguide while studying the 

behavior of the proposed design, a unique behavior was observed. Although it is known that no 

wave can propagate before the cut-off frequency of the waveguide, a sharp resonance was 

noticed. Such peculiar behavior needs further investigation and analysis.  
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