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Chapter 1

Introduction

1.1 Basic Theorem and Technologies in Electromagnetics

1.1.1 Electromagnetic theory and metamaterial

Electromagnetic waves are the waves with spatial oscillations of electric fields and

magnetic fields reciprocally. The two fields have different physical features each other

and by using them based on the core technologies of electric and electronic circuits and

photonics, various electromagnetic applications such as communication technology, sens-

ing/imaging methods, electric power transmission systems, and computers, have been

created for several decades. It goes without saying that these applications are essential

for our daily life.

The basis which supports the various applications is an electromagnetic control the-

ory. Therefore, considering the scientific features of electromagnetic waves, constructing

optimal theoretical models for each use case is required for the creation of valuable elec-

tromagnetic applications. The waves have various types of propagation modes, and the

modes are determined by the electric and magnetic responses of the targeted media and

the boundary conditions. In general, when constructing the propagation models theo-

retically, the ratio between the scale of targeted spaces and the wavelength is considered.

If plane waves are assumed, the waves are described as a wave vector whose components

are the sinusoidal waves with a specific amplitude and the phase which is a function

of the wavenumber and the angular frequency. That is, the waves are expressed as the
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3D-oscillation condition that the electric field, magnetic field, and the wave vectors are

orthogonal to each other.

When the wavelength is much smaller than the scale of the targeted space, the waves

are considered to ”propagate” and we generally treat the condition as far fields. Here,

the propagation model is expressed theoretically using the phenomena such as transmis-

sion, reflection, and refraction. Thus, the behaviors of the waves are determined by the

electric constants such as permittivity and permeability of the propagating space and

the targeted media. Thus, the wave characteristics can be obtained by solving the wave

equations including the boundary conditions. This theoretical model is often applied to

the propagating waves with a relatively short wavelength in a range from microwaves to

optical waves. And for example, the propagation model is essential for the theoretical

discussion in wireless communication environments and design of optical lens [1–4]. And

such waves with the high frequency are often used as a signal carrier since they propa-

gate easily and have the potential of having a large amount of information. On the other

hand, when the wavelength is much larger than the scale of the targeted space, the waves

are considered to be ”localized” and we generally treat the condition as near fields. In

this time, for example, the electromagnetic behaviors are expressed as equivalent cir-

cuits with lumped elements such as an inductor and a capacitor, using impedances that

indicate the amplitude ratio between a voltage and a current at a specific point [5, 6].

Therefore, the characteristic-value of the fields can be obtained by solving the equation

of the lumped elements. The theoretical model is often used for the waves with a rela-

tively long wavelength in a range from kHz waves to MHz waves and is essential for the

applications such as a design of a power supply and a power generator [7,8]. The waves

of the frequency band are often used as power since they can be outputted easily and

transmitted with low losses.

However, a subwavelength region which is in a range between near field and far field

is attracted in recent years, and novel physical phenomena are discovered and their po-

tentials of industrial applications are being pioneered in the region.

Studies about artificial media with peculiar electromagnetic features that cannot

be reconstructed by using natural materials, in subwavelength regions, have been re-
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ported. These media can be realized by a periodic arrangement of a unit cell composed

of conductive or dielectric subwavelength structures and they are generally called ”meta-

materials” [9–11].

From a theoretical point of view, treating a unit cell in the media as a microscopic

resonator, the equivalent circuit of the unit cell is tuned by controlling structural pa-

rameters of the unit cell to resonate at optimal frequencies. Here, the electromagnetic

features of the periodic structure as a macroscopic artificial media can be controlled by

the lumped parameters of the equivalent circuit. Therefore, designing the unit cell as

a resonator with an equivalent circuit approach in a near field region and treating the

periodic structure of the unit cell as a macroscopic medium in a far-field region, its local

and global electromagnetic behaviors can be controlled desirably. The functional media

have been researched and expected to realize the innovative applications for an artificial

lens, a sensing system, and an antenna design in microwave bands [12–14].

For example, in the optical and THz wavebands, the interesting phenomenon that

a periodic structure of subwavelength apertures exhibit an extraordinary transmission

characteristics (EOT) was confirmed by Ebbesen et al. [15], and it develops the field of

plasmonics which has a potential of various plasmonic and photonic applications such

as band-pass filters, high sensitive measurement systems, and coherent lasers [16–18].

Also in microwave bands, by using similar techniques, a spatial filter which selects trans-

mitted or reflected waves of only limited frequency bands can be realized and it is called

frequency selective surfaces (FSS) [19]. Since FSSs are two-dimensional structures, their

electromagnetic profiles are provided as boundaries with frequency responses.Therefore,

their frequency responses follow to Babinet’s principle which means that the complemen-

tary structure shows the inverted transmission characteristics of the original structure,

due to the duality of electric and magnetic fields [20–24]. This point is different from

the case of the above effective media with a suitable thickness.

FSS has been applied to reflectarrays, radomes, and electromagnetic absorbers [25–27].

And, the studies of using metamaterials as transmission lines or functional media with

band-gap effects have been reported. These structures of microwave bands are called

electromagnetic band-gap structures (EBG) and also called photonic crystals (PC) in
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optical wavebands, and they have been used for electromagnetic absorbers, super direc-

tivity antennae, and laser [28–30].

Although these techniques are mainly based on designs of only permittivity-controllable

media except for EBG, the fact is known that the medium showing a negative refractive

index (NRI) can be realized by controlling permittivity and permeability at the same

time [31–33]. The functional media has the potential of applying to perfect lens, invisi-

bility cloaks since they can reverse the propagating direction of refracted waves in them.

Metamaterials cannot be used for only resonator-applications but also non-resonating

applications by giving them gradations of impedances in each unit cell. For example,

this technique realizes a functional reflector that controls the propagation direction of

the reflected waves, and it is called ”metasurface” as one of metamaterials [34–36]. The

classification of metamaterial is shown in Fig. 1.1.

Figure 1.1: The classification of metamaterial.

1.1.2 Surface waves

Electromagnetic waves in far-field region are often described by using the phenomena

of transparent and reflection, however in a microscopic view, the waves generate scat-

tered waves at the boundaries and they are synthesized and form the two waves with

spatial oscillations by following to Huygens’ principle.

For example, assuming that electromagnetic waves are totally reflected at the bound-

ary formed by a prism and air, the fact is known that the near field which has only time

oscillations and does not propagate is formed at the boundary. This wave is called an

evanescent wave [37, 38] and has a specific dispersion relation different from light lines.
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On the other hand, assuming that electromagnetic waves are reflected at the boundary

between a conductive surface and air, free electrons on the conductor surface are induced

by external electric fields and if the boundary satisfies the specific condition, the free

electrons are coupled to external fields and show collective oscillations as compressional

waves. The waves are known as ”surface plasmon polaritons (SPP)” [39–41]. Since the

resonant frequencies of SPPs are varied according to the boundary condition, SPPs are

applied to biomedical or chemical sensors that detect existences or contents of specific

biologicals or material chemical substances [42, 43]. SPP is one of the surface waves

and surface waves include such as a wave propagating on the boundary between plasma

and vacuum [44, 45]. Although wave numbers (or phase velocity) of incident waves and

spatial oscillations of free electrons must be matched to excite SPP modes, they can not

be coupled at normal boundary conditions because the wavenumber of the incident wave

in free space and that of free electrons are different. However, when evanescent waves

excited by total reflection at a boundary such as between a prism and air are used, the

wavenumbers of the incident waves and the oscillations of free electrons can be coupled

and SPPs are excited. Therefore, SPPs can be excited only if a specific boundary condi-

tion is provided and electromagnetic waves of an optical wave band which has sufficient

energy to excite free electron-oscillations.

In recent years, a similar phenomenon is confirmed at lower frequency bands such

as terahertz and millimeter-wave bands by using subwavelength conductive periodic

structures. This phenomenon is called spoof surface plasmon polariton (SSPP) [46–52],

and SSPP is one of metamateirials and has a potential of being applied to a mi-

crowave lens, super directivity antennae, and sensing technology in the above frequency

bands [12,29,53]. In the phenomenon, as well as SPPs, concentrated electric field distri-

butions are collectively oscillated instead of free electrons by being coupled to the optimal

incident wave at specific boundary conditions between conductive periodic structures and

air. The different point from the case of SPP is the controllability of the resonant fre-

quency, and it can be varied by changing its structural parameters such as the size of

holes or cavities, the period of unit cells, and its thickness [54, 55]. The fact indicates

that the effective permittivity of the periodic structure can be controlled by changing
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its structural parameters, and an SSPP structure has the potential of realizing novel ap-

plications such as suppression or control of unintentional near fields and simple sensing

methods in microwave bands.

1.1.3 Electromagnetic scattering in metamaterials

Based on the electromagnetic theorem, electromagnetic propagation phenomenon can

be described by dividing into the local phenomena of transmission, reflection, and scat-

tering in a macroscopic viewpoint. However, instantaneous electric and magnetic fields

of the waves at a specific point are rigorously obtained by solving the Maxwell equation,

and deriving the stationary states of the spatial addition of the local fields correspond

to the above macroscopic description. In other words, basically any local and tempo-

ral electromagnetic field can be expressed as scattered waves (except incident waves).

Assuming elastic scattering which conserves total energies before and after scattering,

the scattering phenomenon can be divided into the two types, Rayleigh scattering, and

Mie scattering, depending on the ratio of the sizes between a targeted scatterer and a

wavelength.

When the wavelength is much larger than the size of a scatterer, the case corresponds

to the Rayleigh scattering phenomenon [56,57], and in the case, spatial distributions of

the scattered waves mainly depend on the wavelength and almost not depend on the

propagation direction. On the other hand, when the wavelength is about the same size

as the scatterer, the case corresponds to the Mie scattering phenomenon [58, 59], and

in the case, the spatial distributions mainly depend on the propagation direction and

almost not depend on the wavelength.

Based on the above, in a subwavelength region that corresponds to the region between

the two regions, The spatial distributions of the scattered waves have a possibility of re-

sponding to both a wavelength and a propagation direction of an incident wave, through

the scatterer. If such a scatterer can existed in the region, the combination informa-

tion of a wavelength and a propagation direction of an incident wave can be obtained

by measuring and analyzing the spatial distribution of the scattered waves. However,

the formation of standing waves by using only the scattering near fields is required to
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confirm such feasibility. On the other hand, subwavelength periodic structures such as

PCs in the optical region and EBG structures in microwave band are known to be used

for suppressing propagation waves since they form periodic boundary conditions those

limits propagation modes. And as there is a key point that they can be treated as

macroscopic effective media controlling the wave vectors in a wide wavelength range by

their structural parameters.

1.1.4 Frequency selective surfaces

As one of the representative metamaterial-technologies in the field of antennas and

propagation, there is an FSS. FSS is a spatial filter which reflects or let waves transparent

at only specific frequency bands. As basic structures of FSSs, for example, there are a

ring-type FSS and a slot-type FSS [60,61]. FSS is a 2D periodic structure of conductive

and dielectric unit cells that function as an impedance surface with resonant frequen-

cies. Therefore, its frequency characteristics are designed by using an equivalent circuit

model, and the characteristics of transmission and reflection are generally discussed by

using the factors of S21 and S11 of a scattering matrix [62].

When using FSSs in practical, the characteristics are mainly designed as a band-stop

filter or a band-pass filter. For example, a band-stop filter can be designed by forming

a series resonant circuit in the unit cell, namely, currents strongly flow on the surface at

a resonant frequency and function as a conductor, then incident waves of the resonant

frequency reflect. On the other hand, a band-pass filter is designed by forming a parallel-

resonant circuit in the unit cell, namely, currents almost never flow on the surface at a

resonant frequency, then incident waves of the resonant frequency transmit.

Although FSSs can be designed properly based on the operating principle, it is difficult

to guaranteed its performance at any oblique incidence because the frequency charac-

teristics of FSSs are changed by an incident angle [63–65]. The undesired phenomenon

is caused by variances of a tangential component of an incident wave vector, and the

method to overcome this problem has been studied. For example, there are effective

approaches such as miniaturization of the unit cell and stratification of FSSs.

And as other technical issues of FSSs, multiband FSSs-designs [66, 67], and tuning
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method of resonant frequencies [68–72] exist. It is a general method that plural resonant

circuits are integrated in a unit cell for functioning at multiple frequencies, however

since the space is limited, the efficient methods such as forming capacitances between

layers of FSSs, multiple arrangement of single band-stop FSSs resonating at different

frequencies, and using self-similar resonators (called a fractal structure) in a unit cell to

excite resonances of different frequencies. Thus to deal with multi-band design, many

effective methods according to each user have been proposed.

On the other hand, tuning methods have been particularly studied in recent years

due to its fabrication difficulty. And the most famous tuning method is controlling

a resonant frequency by inserting active elements such as varactor diodes in FSS-unit

cells. As other methods for tunable FSSs without using external power supplies, there

are conventional approaches of tuning the resonant modes by bending the structure like

origami and changing capacitances in unit cells by controlling the pressures of liquid-like

conductors such as mercury.

1.2 Technical Issues and Approaches

1.2.1 Skin depth engineering

Device design technology is essential for the latest communication systems with

high speed and large capacities. The main carriers of their signal transmissions are

optical waves and electric waves, and circuit integrations are required for efficient signal

transmissions. In the above transmission systems, planar lightwave circuit (PLC) [73,74]

and monolithic microwave integrated circuit (MMIC) [75, 76] are used as their core

technologies. In the technologies, various analog/digital electronic devices are used for

high speed and broadband signal transmissions [77–79], and the transmission lines of

the two waves are combined efficiently to reduce the propagation losses of these carriers.

However, as the transmission systems become more miniaturized and complicated, the

losses are inevitably increased and communication qualities are become deteriorated by

such as cross talks, nonlinear effects caused by being broadened a bandwidth of the

signals, and instability of the ground of the system.
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To prevent the mutual interferences between the different signals and unintentional

signal leakages, for example, multiple reflection effects are introduced to the systems by

applying diffraction gratings or subwavelength periodic structures to the transmission

lines [80]. The method forms destructive interferences by synthesizing wavefronts of the

leaked signals, however, if the entire circuits become more integrated, their near fields

can be technical issues because of the circuit-miniaturization.

In order to overcome the potential problems, the studies about controlling the skin

depth of the near fields have been developed, and they are called skin depth engineering

[81–83]. In the studies, nearfields from the transmission lines are suppressed by applying

the best combination of the used materials to the circuits. However, there is no versatile

method to estimate the skin depth of near fields quantitatively to be applicable for any

high-speed circuit systems, although there are the methods that can be applied to the

individual circuit in the conventional studies.

Here, the propagation on the boundary between a subwavelength periodic structure

and air can be described by an SSPP theory proposed by Pendry [54] and using it, the

resonant frequency can be estimated by the structural parameters, and the skin depth

also can be estimated by the resonant frequency. Furthermore, SSPP sturucture can

be used for the waves of any frequencies, and the fact indicates that the skin depth of

the near fields leaked from both optical waves and electric waves can be estimated and

suppressed by changing the scale of an SSPP structure and controlling its structural

parameters.

1.2.2 Biomedical diagnoses and sensing methods

Electromagnetic-wave sensing technologies can be applicable for a biomedical diagno-

sis as one of the representative application targets. For example, computed tomography

(CT) [84] and magnetic resonance imaging (MRI) [85] are industrially-prevalent imaging

methods and although these methods can be useful for cancer detections effectively, they

also have technical and industrial issues such as being destructive, their cost and sizes,

safety, and convenience. Therefore, non-destructive and simple methods for biomedical

diagnosis have been studied in recent years. For example, there are applications of in-
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verse scattering analysis to the diagnosis in microwave bands, the imaging method with

high resolution using terahertz and optical imaging [86–88].

In the case of methods at microwave-bands, the signals are easily amplified and its

devices are fabricated at relatively low cost than the methods of higher frequency bands.

However, since the wavelength is larger than measuring targets, there is a technical issue

of declines of signal-to-noise ratio causing the deterioration of diagnostic abilities and

low resolutions. Furthermore, if waves at 2.45 GHz which is released as an industry

science and medical (ISM) band are used to the methods, the energy is absorbed easily

by water in living bodies, and dielectric responses of the target may not be obtained

properly.

In the case of methods at terahertz wave bands, there are merits of a good transparency

in biomedical materials and high resolutions, and since the waves have a feature of excit-

ing intermolecular vibrations and lattice vibrations (phonon), there is a possibility that

the more information can be obtained than the case of using only permittivity responses.

However, the costs of devices such as a signal generator and signal processing systems

are higher than the case of microwave bands, and their fabrication is also difficult.

In the case of methods at optical wavebands, since the wavelength is much smaller than

that of other lower frequency bands, the method has a potential of highest resolutions.

On the other hand, since the waves have almost no transparency in biomedical materials,

the diagnosis of depth directions is difficult and the fabrication cost is relatively higher

than the cases of lower frequency bands. Scanning near field optical microscopy (SNOM)

is one of the methods at optical wavebands [89], and in the microscopy, the resolution

exceeded the limitation of wavelength is realized by reinforcing near field effects. There-

fore, it is a good example in the viewpoint of using evanescent waves. Since a skin depth

of an evanescent wave is considered to be about a wavelength of an incident wave, the

more information of the depth direction can be obtained as the wavelength is longer.

Here, if we use a millimeter wave which can have both a relatively high resolution

and a large skin depth as the wave for scanning, diagnosis of the depth direction can

be much easier than conventional methods because devices of millimeter-wave band can

be fabricated easily and the costs are relatively lower than those of higher frequency
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bands and the signal processing is almost not required when using the near fields for

the diagnosis. From the above, SSPPs of millimeter-wave bands can be useful for the

novel diagnosis method which is considered to solve the industrial and technical issues

of the conventional methods. The novel method is considered to be a simple and low-

cost diagnosis as a pre-inspection of detailed examinations at hospitals such as CT and

PET [84,90].

1.2.3 Approaches for supporting advanced wireless communication en-

vironments

Wireless communication technologies have been rapidly developed variously in re-

cent years. As for license bands, the fourth-generation wireless communication system

(4G) which enables us to share mass data not only documents and audio data but also

video through the internet prevailed, and the fifth-generation wireless communication

system (5G) which has a potential of sharing more massive data such as 3D data for

virtual reality (VR) and augmented reality (AR) is being put to practical use. Apart

from these communication systems, satellite communication systems such as a global

positioning system (GPS) and broadcasting systems are also used. Therefore, wireless

communication environments became more complicated since the waves used for vari-

ous communication systems with different frequency bands are being mixed in the same

space. Namely, in order to keep the wireless environments stable conditions for support-

ing these advanced wireless communication systems, it is necessary to operate frequency

and spatial resources effectively.

And in a viewpoint of electromagnetic environments, they also include unintentional

electromagnetic emanations from various devices. Therefore, it is also necessary to de-

sign reliable environments in terms of electromagnetic compatibility (EMC) [91, 92].

Although it is important to design the complex wireless communication environments

with the consideration of EMC design in advance, the practical systems are required to

construct advanced environments that are considered to coexistence with the existing

systems in order to realize sustainable and continuous developments of the systems. In

other words, versatile and immediate techniques to deal with problems such as elec-
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tromagnetic interferences and malfunctions of communication devices are essential in

practical developments. For example, if the method identifying unnecessary-radiation

sources in broadband and the method to separate or cut off electromagnetic waves locally

in terms of frequency and space can be applied, the above problems causing deterioration

of communication qualities can be solved instantaneously.

Here, the former method is called direction-of-arrival estimation (DOA) method and

has been actively studied so far. For example, the method using phase differences of

detected signals using array antennae and the imaging method of two-dimensional spa-

tial distributions of signal intensities using EBG structures as electromagnetic absorbers

are already existed [93, 94]. However, since the advanced environments require more

frequency bands and spaces, the above methods are essential to be miniaturized and

improved in terms of the applicable bandwidth. Here, if the subwavelength periodic

structure of scatterers are used for a DOA method, the size can be miniaturized and

the applicable bandwidth can broaden since the structure can be treated as an effective

medium since the operating principle is different from the conventional method such as

an array antenna which uses each element as an individual signal detector. The method

has a potential of extracting combination information of frequencies and incident angles

of targeted waves by detecting the spatial distributions of the scattering patterns based

on only amplitude information since the structure can form standing distributions by

the boundary between the effective medium and air.

On the other hand, the latter method is mainly based on shielding techniques, and the

electromagnetic shield has been studied so far. As the conventional methods, a perforated

conductor plate that cut off waves by magnetic dipole effects, a transparent conductive

shield film, and an electromagnetic absorber using such as an EBG structure have been

proposed [95]. However, these methods are focused on only a point of their shielding

effects such as applicable bandwidths and transparencies of the untargeted waves in use

are not considered. Therefore, the advanced method which only cuts off the targeted

wave effectively is required for supporting the complex electromagnetic environments.

As an applicable technique, there is an FSS whose reflection frequency characteristics

can be controlled. However, FSSs can be used only in the case that frequency bands of
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the targeted waves are known in advance.

Although tunable FSSs which can be controlled the operating frequency bands also

exist, they require active elements in them and an external power supply for controlling

the capacitances of the elements or the alternative method without an external power

supply is a fabrication of a three-dimensional complicated FSS of whose operating fre-

quency bands is controlled by bending.

These tunable FSSs are essential to be improved for the use in practice in terms of

simplicity and mass productivity. Here, if the metamaterial design principle is applied,

there is a possibility that the adjustable FSS can be realized with a simplified design

whose operating frequency bands can be controlled without using an external power

supply, by shifting the layers of the thin FSS to control the capacitances of each unit

cell. This is because the miniaturized FSS according to the metamaterial design principle

can be treated as a simplified equivalent circuit model using only lumped elements even

though the FSS has a multilayered structure.

1.3 Structure of this Thesis

In this thesis, electromagnetic behaviors in subwavelength periodic structures are

examined and their applications for various devices are reported, based on the theoretical

concept of metamaterials. Specifically, as followed to the outline shown in Fig. 1.2, first

electromagnetic controls of propagation conditions in two-dimensional subwavelength

periodic structures are discussed, next, the advanced technologies of SSPP, FSS, and

artificial medium based on the discussion are applied to high-frequency devices for skin

depth engineering, biomedical diagnosis, and wireless communication.

In the study of the electromagnetic controls of propagation conditions in two-dimensional

periodic structures, the change of the propagation characteristics in accordance with the

thickness of the structures are discussed by using a metal hole array (MHA) which is a

representative structures of an SSPP, and a metal plate array (MPA) which is a com-

plementary structure of an MHA. When the structures are treated as boundaries, it

is known that the propagation characteristics follow to Babinet ’s principle that the

13



Figure 1.2: The outline of this thesis.

complementary structure shows the inverted transmission characteristics of the original

structure. On the other hand, treating the structures as effective media with a suffi-

cient thickness, SSPP modes should be formed on the structures and the fact indicates

that both structures show band-pass characteristics, therefore, if the thickness is var-

ied properly the breakdown of Babinet ’s principle can be seen at a specific condition.

First a theory of SSPP generation on the structures is introduced and the breakdown

of Babinet ’s principle is discussed theoretically. Next, the changes in transmission

characteristics in the two structures in accordance with their thickness are confirmed

analytically and experimentally. By using these results, the breakdown of Babinet ’s

principle is demonstrated.

As a first application, a theoretical estimation method of skin depth of SSPPs in

millimeter or terahertz wavebands for suppressing near fields around transmission lines

is proposed and examined theoretically and experimentally. Specifically, the theoretical

value of a skin depth of an SSPP is derived and the values at different frequencies are

compared with the experimental values.

Second, a novel imaging method for a simple biomedical diagnosis focusing on a dy-

namic control of SSPP modes on an MHA is proposed and examined analytically and

experimentally. Specifically, after examining the feasibility of detecting dielectric re-

sponses on an MHA by an active control of local fields of SSPP modes intensified by

14



a needle-like conductor, two-dimensional imaging experiments of conductive, dielectric

and biomedical samples by using the method are conducted.

As wireless applications, a broadband and miniaturized devices for DOA estimations

and a simplified adjustable FSS whose resonant frequency can be controlled in broad-

band, are proposed and examined.

As a DOA device, the subwavelength periodic structure of conductive scatterers (SPCS)

for formations of scattering patterns of 2 - 6 GHz is designed and fabricated. By using

the structure, the spatial distributions of the patterns at various frequencies and incident

angles are analyzed and detected experimentally.

And a three-layered FSS which shows various resonant frequencies in accordance with

its stacked conditions is designed and fabricated. The capacitances formed between the

adjacent layers can be varied by shifting the layers each other, and the resonant fre-

quency can be controlled using the designed value of the capacitances. This operating

principle and the angular dependencies in the various cases are examined analytically

and experimentally by analyzing and measuring the transmission characteristics.

In Chapter 2, the study of the electromagnetic controls of propagation conditions in

two-dimensional periodic structures is reported. In Chapter 3, the estimation method

of the skin depth of SSPPs is explained. In Chapter 4, an imaging method for a simple

biomedical diagnosis is described. In Chapters 5 and 6, the studies of the broadband

and miniaturized DOA device and the adjustable FSS for wireless applications are in-

troduced. Finally, the studies are summarized in the conclusion.
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Chapter 2

Analysis and Observation of the

Breakdown of Babinet’s Principle

in Complementary Spoof Surface

Plasmon Polariton Structures

2.1 Introduction

The behavior of electromagnetic waves interacting with objects is broadly classified

into two cases. For wavelengths significantly larger than the object, the wave’s electric

fields are treated as near fields and electromagnetic behavior is expressed as a scattering

phenomenon. For wavelengths much smaller than the object the wave’s electric fields

are treated as far fields and the electromagnetic behavior is expressed as propagating

waves, either transmitted or reflected. However, when the wavelength is of the same

order as the object size, the scattering phenomena become more complex. In this case,

if such objects are perforated periodically, they can be provide an interesting medium

with properties, otherwise not attainable with naturally occurring materials, such as a

negative refractive index (NRI) [1–6]. In general, these artificial structures are called

metamaterials.

In 2000, Pendry showed theoretically the concept of a perfect lens with a negative
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refractive index (NRI) medium [1], and in 2001, Shelby et al. verified the possibility of

an NRI experimentally by using the two artificial resonators for negative permeability

and permittivity media [2]. Their studies demonstrated the feasibility of metamaterials,

and accelerated the advances in the field in recent years [1–3, 7–12]. In such studies,

a split ring resonator (SRR) is often used as a negative permeability medium for NRI

realizations. And the complementary split ring resonator (CSRR) is also known as the

resonator for negative permittivity realization, based on Babinet’s principle [12–16]. In

these two resonators, the essential difference in their resonance is based on the following

electromagnetic radiation mechanisms: SRR radiates the topologically overlaid waves

from the infinitesimal electric dipoles, and CSRR radiates them from the infinitesimal

magnetic dipoles. Based on this principle, the SRR and CSRR show band-stop and

band-pass characteristics if they are used as planar spatial filters.

A frequency selective surface (FSS) is also a spatial filter which ha a two-dimensional

structure with a unit cell and resonators, and is a metamaterial in a broader definition

of the term [11,17–22]. Its operating principle is often expressed by using an equivalent

circuit model. For example, a patch-type FSS and a slot-type FSS respectively show

band-stop and band-pass characteristics, since they have series and parallel resonant

circuits in their boundaries. Therefore, an FSS’s operation principle is also consistent

with Babinet’s principle. On the other hand, a spoof surface plasmon polariton (SSPP)

is also a feature of metamaterials [23–35]. It is the collective oscillation of electric fields

like a surface wave in the microwave-frequency range. A metal hole array (MHA), which

is a two dimensional conductive structure with periodic perforations, is often used for

SSPP excitations [24–29]. When SSPP modes are excited on the surface, transmittance

is up to 100 percent (extraordinary transmission) [36,37] in an optimal frequency band,

since the modes of both sides are coupled to each other.

From a different point of view, an MHA can be considered a spatial filter with band-

pass effects. According to the SSPP theorem proposed by Pendry et al.. [23,29], an MHA

can be a macroscopic medium with a controllable permittivity of Drude-type frequency

response, as is derived by solving a wave equation with microscopic boundary conditions

such as waveguide modes taken into consideration. In the theorem, the boundary condi-
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tions are not limited to specific conditions [13,31,33]. For example, a metal plate array

(MPA), which is the complementary structure of an MHA, should also be an SSPP-

structure with band-pass effects.

However, an MPA is inversely treated as a band-stop FSS when it is a very thin

structure. Although conventional studies have discussed clarifications of the relation-

ship between SSPP modes and the structural parameters or the boundary conditions,

the relevant part of an SSPP theory in terms of structural thickness in structure has not

been discussed in detail. In other words, an MPA has the potential to provide evidence

of the breakdown of Babinet’s principle.

In this study, an example of such a breakdown of Babinet’s principle is demonstrated

by using an MPA and an MHA thicknesses nearly the size of the interacting wavelength.

First, changes in the relationships between electromagnetic behavior at the boundary

conditions and the transmission or reflection properties of the two complementary struc-

tures, with the variations in their thickness, are discussed theoretically and analytically.

The theoretical wave propagation model and the analytical study of MPAs indicated

the possibility of a Babinet’s principle exception. And experimental results verified the

theoretical assumption and analytical results using fabricated MPAs and MHAs with

their wavelength-size thickness. This fact gives us more detailed physical insight into

electromagnetic wave-propagations, and is useful for designing spatial filters, antennas

and artificial lenses [20,38–41].

In Section 2.2, SSPP mode generation on an MPA is discussed by introducing a theo-

retical wave propagation model, and the effective relative permittivity and the dispersion

relation are derived. In Section 2.3, the changes in transmission and reflection proper-

ties and the angular dependencies of transmission characteristics of MPAs and MHAs

are examined by varying their thickness analytically with the use of an electromagnetic

simulator (HFSS, Ansys). In Section 2.4, the transmission characteristics of the two

structures in their thin and thick cases are examined experimentally. Finally, we sum-

marize our study, which theoretically and experimentally demonstrates the breakdown

of Babinet’s principle.
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2.2 Basis of Spoof Surface plasmon Polaritons Generations

on A Metal Plate Array

In this study, the breakdown of Babinet’s principle is discussed based on the physical

insights of SSPP mode generation and FSS’s operating principles (equivalent circuit

model) [17–19, 21]. The phenomenon can be observed in an MPA by increasing its

thickness, since the theoretical model of electromagnetic behavior on the boundary is

changed from the latter to the former. If the MPA is a thin structure like a surface, its

frequency characteristics can be expressed by using its equivalent circuit model, which

shows a series resonant circuit in the admittance of an MPA. Also, if the MPA is a

thick structure, its frequency characteristics can be expressed by using the SSPP theory

proposed by Pendry et al. [23, 29], as shown in Fig. 2.1.

Figure 2.1: Physical concept of changing a propagation model in accordance with the
boundary shift from an FSS-boundary to an SSPP-boundary in the case of a metal plate
array.

Therefore, as well as SSPP mode generation on an MHA, an MPA can also generate

SSPP modes on itself. The theoretical derivation can be described using the same
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framework. Here, TM-polarized waves entered an MPA at an oblique incidence as shown

in Fig. 2.2, and each conductive plate in the MPA is assumed to be a perfect electric

conductor. In this case, since an incident magnetic field H has only a y-component, the

vector is expressed as H = [0,Hy , 0]. And the incident electric field vector must also

have only x - and z -components, and E = [Ex , 0,Ez ]. The conductive plates are arranged

two-dimensionally with a period d , and the size of each plate is a×a, with depth w. It is

assumed that the values of a, d and w are of the same order as the incident wavelength,

and a unit cell is defined as a space d×d so as to satisfy the condition that an conductive

plate is centered in it, as shown in Fig. 2.3. Assuming the propagation is from Region 1

to Region 2 in Fig. 2.2, the waves should propagate with parallel plate-waveguide modes

around the boundary z = 0. Note that the permittivity and permeability in Region 1

are ϵ = ϵ0, µ = µ0, respectively and the two values in Region 2 are also expressed as

ϵ = ϵrϵ0, µ = µrµ0. Here ϵr and µr are effective relative permittivity and permeability in

Region 2; those also represent the macroscopic electromagnetic profiles of an MPA.

Figure 2.2: Schematic view of electromagnetic propagation on a metal plate array.

Considering the boundary conditions, energy flow around the boundary, and an SSPP

generation condition, macroscopic permittivity and permeability of an MPA are ob-

tained, and an SSPP-dispersion relation in an MPA can be derived by using the two

parameters. In the derivations, it is specified that j =
√
−1 and it is assumed that the

incident wave is a plane wave; therefore the time operator is expressed as ∂/∂t = jω.

Here, the x - and z -components of the incident electric field Ex and Ez in Region 1 are
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Figure 2.3: Microscopic view of the propagation on a metal plate array per unit cell.

Figure 2.4: Electric distributions on a metal plate array following the microscopic bound-
ary conditions.
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expressed as

Ex = Ex0 exp j(kxx+ kzz), (2.1)

Ez = Ez0 exp j(kxx− kzz). (2.2)

In the above expressions, the time vibrational term exp (jωt) is omitted for simplicity.

Note that Ex0 and Ez0 are the amplitudes values of Ex and Ez, and that kx and kz are

the x - and z -components of the incident wave vector k. On the other hand, considering

the propagation modes inside an MPA, the waves should have parallel-plate waveguide

modes. Here, if the incident wavelength satisfies λ << a, the fundamental waveguide

mode is dominant [23, 29]. And in a unit cell of an MPA, the propagation modes can

be classified into the two modes: Mode 1 and Mode 2, as shown in Fig. 2.4. Thus, the

x -components of the electric field Ex can take the two forms

Ex1 = E0 sin (
πy

a
) exp (−β1z), (2.3)

β1 =

√
(
π

a
)2 − ω2ϵ0µ0 (2.4)

Ex2 = E0 sin (
πy

d− a
) exp (−β2z), (2.5)

β2 =

√
(

π

d− a
)2 − ω2ϵ0µ0. (2.6)

Here, β1 and β2 are propagation constants, and Ex1 and Ex2 show the electric field Ex of

the two waveguide modes Mode 1 and Mode 2, respectively. These modes are excited on

an MPA per unit cell as shown in Fig. 2.4. When an MPA is treated as a macroscopic

medium, the average electric field intensity per unit cell can be derived as
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E0 = E0
1

d2
[(d− a)

∫ a

0
sin (

πy

a
)dy + a

∫ d−a

0
sin (

πy

d− a
)dy] (2.7)

=
4a(d− a)

πd2
E0

Where E0 is the average electric field intensity. Considering an energy flow across the

boundary z = 0, the inflow from the upper side and the outflow to lower side must take

the same value. Here, if an MPA is treated as a microscopic structure or macroscopic

uniform medium, the energy flow can be expressed in two ways, that is

(E ×H)z,micro =
−kzE

2
0

ωµ0

1

d2
[(d− a)

∫ a

0
sin2 (

πy

a
)dy + a

∫ d−a

0
sin2 (

πy

d− a
)dy](2.8)

=
−kz
ωµ0

E0
2a(d− a)

d2
,

(E ×H)z,macro =
−kz
ωµrµ0

E0
2
=

−kz
ωµrµ0

E0
2 16a

2(d− a)2

π2d4
. (2.9)

And considering the equation (E×H)z,micro = (E×H)z,macro, the macroscopic relative

permeability µr is obtained as

µr =
16a(d− a)

π2d2
. (2.10)

The macroscopic relative permittivity ϵr also can be obtained by considering the

propagation constant, as well as the energy flow. If treating an MPA as a macroscopic

medium, the waves in Region 2 cannot propagate in x- and y-directions. Therefore, the

incident wave vector in the macroscopic medium should have only a z-component. In

other words, the wave vector k′ can be expressed as k′=[0, 0, k′z], and k′z is

k′z =
√
ϵrµrk0. (2.11)
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Here, k0 is the wavenumber in free space, and it satisfies k0 = ω
√
ϵ0µ0. As shown

in the Eqs. (2.3) - (2.6), there are two fundamental modes inside an MPA, so the

macroscopic relative permittivity ϵr can be expressed by the following equation by using

the two relative permittivities ϵr1 and ϵr2, yielding

ϵr =
aϵr1 + (d− a)ϵr2

d
. (2.12)

Note that these values correspond to the behaviors of the electric fields of Ex1 and

Ex2, respectively. And considering the propagation constants inside an MPA from the

viewpoints of treating it as a microscopic and a macroscopic medium, the values of ϵr1

and ϵr2 can be derived with the use of the expressions (2.4), (2.6) and (2.11) by forming

the following equation,

(kzi =)
√
ϵriµrik0 = βi, i = 1, 2. (2.13)

Then, by substituting (2.4) and (2.6) into (2.13), the values of ϵr1 and ϵr2 are obtained

as

ϵri =
π2d2

16a(d− a)
[1− (πc0)

2

Aiω2
], Ai =


a i = 1

d− a i = 2

. (2.14)

Note that Eq. (2.10) is used in the above derivation, and c0 is the velocity of light in

free space. Therefore, by using the expressions (2.10), (2.12) and (2.14), the macroscopic

relative permittivity ϵr is obtained as

ϵr =
π2d2

16a(d− a)
[1− ωp

2

Aiω2
], ωp =

πc0√
a(d− a)

. (2.15)

Here, ωp is the cut-off frequency of an MPA. As shown in Eq. (2.15), an MPA also

has a relative permittivity with the same frequency response as an MHA [23]. This
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frequency-responsive dielectric medium is known as a Drude model, which implies the

oscillation of free electrons in a good conductor. Therefore, the fact indicates that

electric field vibrations in an MPA simulate plasmonic oscillations, so an MPA is also

considered to be an SSPP-structure as well as an MHA. Based on the above discussion,

the dispersion relation in an MPA is derived by assuming a surface wave formation on the

boundary of an MPA, treated as a macroscopic medium. Since TM-polarized incident

waves have only a y-component in the model, an amplitude with a z-dependency of

Hy on the boundary between Region 1 and Region 2 can be expressed by the following

formula with attenuation characteristics in each condition,

h(z) =


h1 exp (K1z) z < 0

h2 exp (−K2z) z ≥ 0

. (2.16)

Here h1 and h2 are amplitudes of h(z), and K1 and K2 are macroscopic propagation

constants on the boundary. And by considering the wave equation of Hy, K1 and K2 can

be derived as K1 =
√
k′x

2 − ω2ϵ0µ0, K2 =
√

−ω2ϵrµrϵ0µ0. In this derivation, it should

be noticed that, since the waves cannot propagate in the x-direction when an MPA is

treated as a macroscopic medium, the x-component of the wavenumber in Region 2 must

be zero. And considering the boundary condition between Region 1 and Region 2, both

tangential components of the magnetic field take the same value at z = 0, and the same

is true for the electric field. That is

K1 = −K2

ϵr
, h1 = h2. (2.17)

Eq. (2.17) is often called the generation condition of a surface plasmon polariton.

With the use of the above definitions of K1 and K2 and expression (2.15), an SSPP-

dispersion relation in an MPA is obtained by squaring Eq. (2.17),
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k||
2c0

2 = ω2 +
ω4

ω2
p − ω2

256a2(d− a)2

π4d4
. (2.18)

Figure 2.5: Ideal SSPP-dispersion relation in metal plate array.

Note that k′x is replaced by k|| in the derivation of Eq. (2.18). The curve is shown

in Fig. 2.5, and it confirms the similarity of this curve and that of an MHA [23, 29].

Therefore, an MPA is considered to be formed SSPP-modes and shows the phenomenon

of an extraordinary transmission as well as an MHA. Here, it is also known that this

curve does not intersect with a light line since lattice scattering effects are not taken

into account for the curve. If the effects are introduced into the curve, the wavenumber

of k|| in it has to be replaced with

k′|| = k|| ± n|Gx| ±m|Gy|, |Gx| = |Gy| =
π

d
. (2.19)

Note that k′|| is the wavenumber of an SSPP with scattering effects, n and m are

positive integers, and Gx and Gy are the reciprocal lattice vectors in the x-direction and

y-directions, respectively. The SSPP-dispersion relation in an MPA with the scattering

effects is shown in Fig. 2.6, which shows that the curve intersects a light line at several

points. SSPP-modes are formed at those points, and the frequencies are considered to

be resonant frequencies of SSPPs. The dispersion relation also shows that the MPA
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has band-pass effects caused by extraordinary transmission as in the case of an MHA.

Thus, an MPA acts as a band-pass filter if it is thick enough to be regarded as an SSPP-

structure, and also acts as a band-stop filter, if the MPA is thin enough to be regarded

as a kind of FSS. The above discussion supports the possibility that an MPA can be

changed from a band-stop filter to a band-pass filter as its thickness is increased. This

indicates that the breakdown of Babinet’s principle, since an MHA shows band-pass

effects regardless of its thickness and an MPA is a complementary structure to an MHA.

Figure 2.6: An actual SSPP-dispersion relation in a metal plate array and light line at
normal incidence and oblique incidence.

2.3 Analytical Comparison of Metal Plate Array andMetal

Hole Array in Frequency Dependencies

In this section, the breakdown of Babinet’s principle is confirmed by using MPAs and

MHAs in electromagnetic numerical analyses. According to the discussion in the previous

section, the two complementary structures, MPAs and MHAs should show different

tendencies in their electromagnetic profiles such as transmittance of incident waves if

their thicknesses are varied sufficiently. That is, an MPA should shows a change from

band-stop effects to band-pass effects as its thickness increases; on the other hand, an

MHA should consistently show band-pass effects regardless of its thickness. To examine

the above conclusions, the two models of an MPA and an MHA are provided as shown in
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Fig. 2.7. Note that the size of the MPA’s unit cell is a× a×w and the MPA unit cell is

two-dimensionally arranged infinitely with a period d, and an MHA’s holes are centered

in an unit cell with of size of a × a × w, and the MHA unit cell is two-dimensionally

arranged infinitely with a period d. Waves of 60 - 100 GHz are introduced in the two

models in a y-z direction, which has an incident angle θ. Transmission characteristics of

the two models are analyzed with variations of their thickness w in a range of 0.01 mm

- 3 mm. Here, the analyses are conducted by using an electromagnetic simulator (HFSS

R19, Ansys, Canonsburg, PA, USA) and the values of a and d are fixed as (a, d) = (2

mm, 3 mm) in the analyses. The transmittance results for the MPA and the MHA are

shown in Figs. 2.8 and 2.9, respectively.

The results in Fig. 2.8 confirm the change of transmission characteristics in the MPA

from band-stop effects to band-pass effects. In the cases of 0.01 mm and 0.1 mm, the

results show that the MPA possesses band-stop effects because the structure is much

thinner than the incident wavelengths, and the MPA is considered to act as an FSS. On

the other hand, in the case of 1 mm and 3 mm, the MPA possesses band-pass effects

since the MPA has a thickness similar to the incident wavelengths and is considered to

act as an SSPP-structure. The results also show the shift of resonant frequencies in all

the cases, with the reason considered to be related to the change of propagation models.

Specifically, the shift in the two thick cases is larger than that in the thin cases, although

the ratio of the increase in thickness in the thick cases is smaller than that in the thin

cases, thus indicating that the frequency-shift is sensitive to the ratio of the thickness

and the wavelength. From the discussion, the facts support the above assumption, since

the shift is related to the MPA-thickness.

On the other hand, the results in Fig. 2.9 confirm that the MHA consistently shows

the same transmission characteristics, with band-pass effects in all the cases. In the thin

cases of 0.01 mm and 0.1 mm, the MHA shows band-pass effects, as it is considered to act

as an FSS with parallel resonant circuits [19,21]. Also, in the thick cases of 1 mm and 3

mm, the MHA shows band-pass effects, as it is considered to act as an SSPP-structure.

Specifically, the result in the thick case of 3 mm shows almost perfect transmittance

in the two bands, while other results do not show this phenomenon. The reason is
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Figure 2.7: Analytical model of metal plate array and metal hole array for comparing
their transmittances.

Figure 2.8: Thickness dependency of transmission characteristics in the case of the metal
plate array.
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Figure 2.9: Thickness dependency of transmission characteristics in the case of the metal
hole array.

considered to be related to the change of the propagation model in the MHA because

if it acts as an FSS, its geometric configuration cannot have such characteristics in the

adjacent frequency bands. In contrast, if it acts as an SSPP-structure, its geometric

configuration can possess such characteristics in the adjacent frequency bands because

the intersection of the light line and the SSPP-dispersion relation appears at multiple

points, which indicate resonant conditions. Although these points are not certain to be

appeared in real events, the SSPP structure has the potential of having multiple resonant

frequencies. From the discussions, the facts support the above assumption since the thin

cases do not have multiple resonant frequencies and one of the thick cases shows multiple

resonances.

Next, the angular dependency of their transmission characteristics is investigated by

varying values of θ and their thickness, in the thin (0.01 mm )and thick (3 mm) cases.

The results in the four cases are shown in Figs. 2.10 - 2.13, respectively.

In Figs. 2.10 and 2.11, the two results confirm that both MPAs have several band-

gap modes that vary in accordance with incident angles. However, the behavior of

these modes differs; for example, there is no frequency distribution of the transmittance

between the adjacent band gaps in the thin case (Fig. 2.10). On the other hand, there
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Figure 2.10: Angular dependency of transmission characteristics in the case of the metal
plate array with a thickness of 0.01 mm.

Figure 2.11: Angular dependency of transmission characteristics in the case of the metal
plate array with a thickness of 3 mm.
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Figure 2.12: Angular dependency of transmission characteristics in the case of the metal
hole array with a thickness of 0.01 mm.

Figure 2.13: Angular dependency of transmission characteristics in the case of the metal
hole array with a thickness of 3 mm.
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are frequency distributions of the transmittance between the adjacent band gaps in the

thick case (Fig. 2.11). These facts indicate different propagation modes in the two

cases. Furthermore, comparing the two frequency characteristics at around 90 degrees,

it is found that there are strong transmission regions in the thin cases although there

are almost no strong transmission regions in the thick case. The reason is considered

to be that in the thin case, propagation waves treat the MPA as a boundary so that

transmission waves are formed by each scattered wave from each unit cell though incident

waves have no vertical components of the wave vector. In contrast, in the thick case, since

propagation waves treat the MPA as periodically arranged waveguides, transmission

waves are considered effectively not to be formed, as incident waves hardly have any

vertical components of their wave vector.

In Figs. 2.12 and 2.13, as well as the results for the MPAs, these results also confirm the

difference of frequency distribution of the transmittance between the adjacent modes of

the two angular dependencies. This fact shows the difference of the propagation modes

between the thin case (Fig. 2.12) and thick case (Fig. 2.13). However, it can be seen that

the modes in the thick case are band-pass modes, while the modes in the thin case are

band-gap modes. This result shows the characteristics of propagation modes in a square

waveguide which has limited higher-order modes, although a parallel plate waveguide has

unlimited higher modes. In other words, the difference of the modes between the thick

MPA and the thick MHA is originates in the difference of transmission-band percentage

in the entire frequency band. In the discussions, the differences of the propagation

modes between the thin and thick cases in both structures are confirmed for the two

structures. These results indicate that the modes in the thin cases are determined by

the boundary with frequency responses and that those in the thick cases are supported

by the waveguide modes of MPAs and MHAs.
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2.4 Experimental Demonstration of The Breakdown of Babi-

net’s Principle Using Metal Plate Arrays and Metal

Hole Arrays

To experimentally validate the situations described in Section II experimentally, the

measurement system shown in Fig. 2.14 was used. In this system, MPAs and MHAs, the

pair of complimentary SSPP structures, are used as samples to show the breakdown of

Babinet’s principle by comparing the transmission characteristics of the complementary

structures. The experimental setup is very similar to that in our previous report [34,35],

which is briefly reviewed below. The horn antennae are used as a transmitter and a

receiver. The transmitted signals, the frequencies of which vary continuously from 60

GHz to 95 GHz continuously in time are detected by the oscilloscope as a time waveform

which shows the frequency characteristics of the transmitted waves. By comparing the

measured results in the cases with and without the sample, the transmission character-

istics are obtained.

The samples used in the experiments are shown in Fig. 2.15. Samples of (a) and

(b) are the thin and thick MPAs on PET substrates, and the conducive parts of sample

(a) are silver ink which is printed on the substrate. The thickness of the ink and the

substrate are 1.3 µm and 0.125 mm. The unit cell of the conductor parts is a square (2

mm × 2 mm) with a period of 3 mm. The unit cell of (b) has rectangular-shaped copper

conductors (2 mm × 2 mm × 3 mm) that are arranged two-dimensionally with a period

3 mm, and the frame is made of the silver ink. Samples (c) and (d) are the thin and

thick MHAs; (c) is also made of the silver ink, and its unit cell has a square aperture

(2 mm × 2 mm) with a period of 3mm. Sample (d) is made of a stainless steel 3 mm

thick, and its unit cell has a square aperture (2 mm × 2 mm) with period 3 mm. The

experimental results with these MPAs and the MHAs are shown in Figs. 2.16 and 2.17,

respectively.

In Fig. 2.16, the result confirms the difference of the transmission characteristics

between the thin and thick MPAs. Consideration together with the analytical results

shown in Fig. 2.8 shows that the thin MPA has a band-stop effect around 88 GHz, which
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Figure 2.14: Measurement system.

Figure 2.15: Experimental samples of MPAs and MHAs; (a) a sample of MPA with a
thickness of 1.3 µm made of silver ink, (b) a sample of MPA with a thickness of 3 mm
made of copper blocks, (c) a sample of MHA with a thickness of 1.3 µm made of silver
ink, (d) a sample of MHA with a thickness of 3 mm made of stainless steel.
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Figure 2.16: Thickness dependency of transmission characteristics in the thin and thick
cases of the metal plate array (solid lines), compared to the corresponding analytical
results (dotted lines).

Figure 2.17: Thickness dependency of transmission characteristics in the thin and thick
cases of the metal hole array (solid lines), compared to the corresponding analytical
results (dotted lines).
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Figure 2.18: Experimental demonstration of the breakdown of Babinet’s principle using
the complimentary structures (MPAs and MHAs) with a wavelength-size thickness.

originates in a functional impedance surface based on its equivalent circuit model. In

contrast, the thick MPA has a band-pass effect around 77 GHz caused by the excitation

of the SSPP modes. Furthermore, since the two samples were fabricated by using the

PET substrates, which have a higher relative permittivity, the experimental resonant

frequencies are considered to be slightly lower than those of the analytical results, and

the same can be said for their values of transmittance. However, the experimental re-

sults are consistent with the corresponding analytical results from the viewpoint of the

tendency of the frequency responses. In Fig. 2.17, as opposed to the MPA cases, the

results shows the invariance of the transmission characteristics with the band-pass effect

between the thin and thick MHAs around 88 GHz in both cases. And they are also

consistent with the corresponding analytical results from the viewpoint of the tendency

of the frequency responses. Also, as well as the above MPA cases, the resonant fre-

quency and the transmittance of the thin case are considered to be lower than those of

the analytical results due to the effect of the PET substrates. The transmittance of the

thick case is considered to be lower than that of the analytical results because of the loss

due to the thick conductive substrate. Since the result of the thin case shows a band-

pass effect, considered together with the above MPA results, this fact also supports the
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idea that the two thin models can be considered to be based on the impedance surface

theory with lumped elements, and they follow Babinet’s principle. Also, as well as the

above discussion of the thin case, the fact that the results of the two thick cases confirm

band-pass effects also supports the idea that the two thick structures excite the resonant

modes originating from each SSPP mode.

Finally, the breakdown of Babinet’s principle is demonstrated by the analytical and

experimental results of the thick cases in Fig. 2.18. The results confirm that the compli-

mentary structures (with the same 3 mm thickness) show the same transmission char-

acteristics of band-pass effects. If the results are in accordance with the principle, the

MPA results and the MHA results must respectively show opposite characteristics, such

as band-pass and band-stop effects. This study provides the new physical insight that

the principle, based on the symmetry of the physical behaviors of electric fields and

magnetic fields, can be applied to the electromagnetic structure only when the compli-

mentary structures used can be treated as boundaries.

2.5 Conclusions

The breakdown of Babinet’s principle was discussed and examined with the use of

complementary SSPP structures, MPAs and MHAs. First, SSPP mode formation on an

MPA was introduced by theoretically deriving the effective relative permittivity with a

Drude-type frequency response and the SSPP dispersion relation on an MPA following

Pendry’s theory of SSPPs in the case of an MHA.

In the electromagnetic numerical analyses, the thickness dependencies of the transmis-

sion characteristics in the case of MPAs and MHAs were discussed. The analytical results

confirmed that the characteristics of the MPA changed from band-stop to band-pass as

its thickness increased. On the other hand, with MHAs, all the cases showed band-pass

features regardless of thickness. From the angular dependencies of the MPAs and the

MHAs, the their resonant mechanisms in the thin and thick cases were considered to be

based on an impedance surface model with lumped elements used for frequency selective

surfaces (FSSs) and the SSPP theory, respectively.

In the experiments, thin and thick models of MPAs and MHAs with the same size as

45



the analytical models were provided and their transmission characteristics investigated.

The results also showed the same tendencies as the analytical results. Finally, the break-

down of Babinet’s principle was demonstrated experimentally by using the thick models

of the MPA and the MHA, and this fact gives us the new physical insight that the

principle can be applied to the electromagnetic structure only on the premise that the

complimentary structures used can be treated as boundaries.
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Chapter 3

Symmetrical estimation method

for skin depth control of spoof

surface plasmon polaritons using

dispersed waves from a metallic

hole array

3.1 Introduction

Electromagnetic surface waves can propagate on the interface between two media

with permittivities of the opposite sign, such as a plasma–dielectric interface [1–5] or

a metal–air or metal–dielectric interface. [6–12] In this phenomenon, the electric fields

of the waves are localized in the interface and attenuate exponentially with distance.

Surface waves can propagate only on such boundaries, since these waves are supported

by oscillations of free electrons.

It is well known that in the case of a metal–air interface, such waves (surface plasmon

polaritons, SPPs) can be excited on the metal surface in the optical range. Recently,

however, a similar wave propagation phenomenon has been predicted in the microwave

range under certain conditions [13] and has been investigated in a number of studies
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using metals with a periodic structure. [14–24] This wave phenomenon is called a spoof

surface plasmon polariton (SSPP), [25–32] and its propagation characteristics are similar

to those of an SPP. Among the structures for which SSPP modes can be excited are

metallic hole arrays (MHAs), which are conductive plates with two-dimensional periodic

structures of sub-wavelength holes and which are members of a wider class of so-called

metamaterials. [25–27,33–35]

MHAs have a macroscopic negative permittivity, as can be shown analytically by an

integration technique devised specifically for metamaterials. If it is assumed that metals

are perfect conductors at frequencies lower than the infrared, the resonant frequencies

of MHAs and the wave propagation ranges can be controlled by varying the spatial

periodicity and size of the holes. Extraordinary transmission rates of up to 100% have

been observed in MHAs, and it has been found that dynamic tuning of the frequency of

this extraordinary transmission is possible. [33, 34,36,37]

One of the key issues in optical wave propagation, namely, controllability of skin

depth, has recently attracted much attention [38–40] owing to its importance for the

design of plasmonic devices, as well as its relevance to the spatial resolution of optical

instruments. [7] It is possible to regulate the skin depth by forming a waveguide-like

cladding structure that induces anisotropy in the boundary between dielectric substrates,

allowing the skin depth of evanescent waves to be decreased outside the core region. [38]

As well as the waveguide properties of these spatial configurations, SSPP modes ex-

hibit anisotropic features and field leakage behavior similar to that of the skin depth,

and the electric fields of these modes exhibit exponential attenuation with respect to

structural parameters. [30] The relation between the structural parameters of MHAs

and the skin depth of the SSPP modes that they generate has been investigated both

theoretically and analytically. It has also been shown that the skin depths of SSPP

modes have values of order of the wavelength. [30, 31, 41] According to numerical sim-

ulations, SSPP modes are generated symmetrically on both sides of an MHA interface

when waves are incident from free space at an appropriate frequency, [41] as shown in

Fig. 3.1, a feature that is not shared by cladding structures. However, there is as yet no

experimental evidence for such symmetric field patterns.
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Figure 3.1: Symmetrical generation of SSPP modes on an MHA.

In this study, we propose a symmetrical estimation method for SSPP skin depth that

furthermore allows determination of the electromagnetic properties of dielectric media

on an MHA using the estimated skin depth. Since an SSPP is supported by the surface

morphology of the periodic microstructure of an MHA, the electric fields have near-field

components, but there should also be components of the propagating wave that are

localized on the interface owing to the macroscopic spatial properties of the SSPP.

We report here an experimental study of the profiles of macroscopic electric fields on

the surface of an MHA on which SSPPs propagate. By detecting signals reflected from a

movable flat metal plate above the MHA, we obtain data on the scattering of millimeter

waves obliquely incident on the MHA, and from this data we are able to determine the

excitation frequencies of the SSPPs. We confirm the existence of dispersed waves on the

incident side. Using these dispersed waves, the skin depths of the electric fields of SSPP

waves can be measured experimentally, and we find that our measurements of the skin

depth agree well with their theoretical values, indicating that the proposed method can

be used for the investigation of unknown materials on a surface.

The remainder of this paper is organized as follows. In Sec. 3.2, we give a theoretical

description of the generation of SSPPs by an MHA using the Maxwell equations and

the dispersion relation for SSPPs given by Pendry et al., [25] and we also propose a

theoretical expression for the skin depth of the SSPP around the MHA. In Sec. 3.3,

from the results of experiments using millimeter waves, the MHA, and a movable flat

metal plate, we describe the characteristics of the MHA during SSPP excitation and the
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detection of wave scattering signals related to the SSPPs around the MHA. In Sec. 3.4,

we present our conclusions.

3.2 Theoretical Derivation of Skin Depth in SSPPs

To describe SSPP generation in a metallic sub-wavelength-hole array, we begin by

introducing the electromagnetic model that describes the MHA and electromagnetic

waves in the millimeter-wave range. In this model (Fig. 3.2), the MHA is regarded

as a uniform effective medium whose effective permittivity responds to the frequency

of incident waves. Millimeter waves incident at an appropriate frequency lead to a

concentration of electric fields in and around an MHA with a square array (with period

d) of square holes (with cross section a × b and depth w). Resonance of the waveguide

modes inside the sub-wavelength holes and the incident wave modes generates a surface

mode on the MHA.

Figure 3.2: Schematic of the theoretical model for generation of SSPPs on an MHA.

First, we define the expression for the electric and magnetic fields in two regions: in

the incident vacuum region (region 1) and inside the holes (region 2). We assume that

the permittivity and permeability in these two regions are those of the vacuum, ϵ0 and

µ0. In region 2, since the holes are not filled with dielectric material, the permittivity and

permeability in a hole again correspond to those of vacuum, so their relative permittivity

and permeability are ϵh = µh = 1. As described above, we regard the MHA as a uniform

effective medium with macroscopic relative permittivity ϵm and macroscopic relative

permeability µm based on the theoretical expressions of Pendry et al. [25] The relative
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permittivity ϵm and relative permeability µm in region 2 have the following forms:

ϵm =
π2d2

8ab

(
1−

ω2
p

ω2

)
, (3.1)

ωp =
πc

a
, (3.2)

µm =
8ab

π2d2
. (3.3)

The dispersion relation of the SSPPs is

k2||c
2
0 = ω2 +

ω4

ω2
p − ω2

(
64a2b2

π4d4

)
, (3.4)

where ω is the frequency of the incident waves, ωp is the cutoff frequency of the holes in

the MHA, and k|| is the wavenumber of the SSPP. The x component of the permittivity

tensor and the y component of the permeability tensor are related to the effective relative

permittivity ϵm and effective relative permeability µm by ϵx = ϵmϵ0 and µy = µmµ0, re-

spectively. For simplicity, we assume that the material of the MHA is a perfect electrical

conductor and that the fields have a time dependence ∼ exp(jωt), where j =
√
−1 . The

dispersion relation of the SSPPs is shown in Fig. 3.3(a).

Figure 3.3: Dispersion relation: (a) SSPPs; (b) SSPPs in the case of lattice scattering,
with account taken of spatial periodicity.

When ω is very close to ωp, the group velocity of the SSPPs is almost 0, and localized

waves are generated. However, since the curve does not intersect with a light line, no

lattice scattering is found in Fig. 3.3(a). Therefore, the actual curve of the SSPPs is
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different from the theoretical one. Hence, we introduce the effects of spatial periodicity

into Eq. (3.4) via

ksspp = k′
|| = k|| − iGx − jGy, (3.5)

|Gx| = |Gy| =
π

d
, (3.6)

where kx is the x component of the wave vector of the electromagnetic wave, i and j

are integers, and Gx and Gy are the reciprocal vectors of the square lattice in the x

and y directions. In this study, we consider the two lowest scattering effects for the

cases (i, j) = (±1, 0) and (i, j) = (0,±1), which correspond to the first Brillouin zone.

The curve in Fig. 3.3(b) shows the dispersion relation with account taken of spatial

periodicity. An SSPP occurs on the MHA at the point where the light line crosses the

curve in Fig. 3.3(b).

The wave equation describing a magnetic field in a dielectric medium is

∇2H = ϵiµi
∂2H

∂t2
, (3.7)

where, in the present case,

(ϵi, µi) =


(ϵ0, µ0) (z < 0),

(ϵmϵ0, µmµ0) (z ≥ 0).

(3.8)

We consider TM-polarized incidence in Fig. 3.2, [26] with the magnetic field vector given

by H = Hy[0, 1, 0]. The y component Hy then satisfies

(
∂2

∂x2
+

∂2

∂z2

)
Hy = −ω2ϵiµiHy. (3.9)

Since the SSPPs are localized on the surface of the MHA, they propagate along the

x direction (as defined by the incident TM-polarized waves [26]), attenuating at an

exponential rate in the z direction. Therefore, Hy can be expressed as

Hy = h(z) exp[j(kxx− ωt)], (3.10)
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where h(z) is the magnetic field amplitude, which depends on z, and kx is the x compo-

nent of the wave vector. Substituting Eq. (3.10) into Eq. (3.9), we obtain the following

equation for h(z):

∂2

∂z2
h(z) = (k2x − ω2ϵiµi)h(z). (3.11)

In region 2 (z ≥ 0), as z increases, the amplitude h(z) decreases exponentially, and

therefore the propagation constant of the wave in the z direction is purely imaginary.

Since there are holes in region 2, the waves do not propagate in the x direction when

each of the holes and the surrounding area are treated as a unit cell of a macroscopic

medium. Therefore, kx = 0 in region 2, and

h(z) = h2 exp(−β2z),

β2 =
√
−ω2ϵmµmϵ0µ0 ,

(3.12)

where h2 is a constant. From Eq. (3.12), we define the skin depth of the SSPP as

L = 1/β2. Since millimeter waves generally have millimeter-order skin depths, we have

confirmed the order of the skin depth of the SSPP mode from these theoretical expres-

sions. As described above, when the curve of the SSPP dispersion relation and the light

line at any incident angle intersect, SSPPs will occur on the MHA at those points. In

other words, the resonant frequency follows a light line. The skin depth L can be deter-

mined from the cutoff frequency ωp, resonant frequency ωSSPP, and light velocity c as

follows:

L =
1

β2
= 1√

−ω2
SSPPϵmµmϵ0µ0

= 1√√√√√−

1−
ω2
p

ω2
SSPP

ω2
SSPP

c2

= c√
ω2
p−ω2

SSPP

, (3.13)

where ωSSPP is the SSPP resonance frequency. Therefore, since ωSSPP depends on the

incident angle of the electromagnetic waves, so does L. If an SSPP mode in an MHA

occurs at a point of intersection of the SSPP dispersion relation and a light line of any
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incident angle up to the first folding in Fig. 3.3, then the resonant frequency is in the

range r ≃ 0.5–0.8, with the exact value depending on the particular case. Note that

the variable r here takes the role of a fitting parameter that varies from 0 to 1. From

Eq. (3.13), the skin depth L takes values in the range 1.15c/ωp to 1.66c/ωp. These

values are obviously of the same order of magnitude as the incident wavelength. It is

also found that the skin depth varies with the SSPP frequency as shown in Fig. 3.4.

Note that the skin depth curve depends on the structural parameters of the MHA, since

these determine the cutoff frequency.

Figure 3.4: Relationship between skin depth and angular frequency of SSPP modes on
an MHA.

3.3 Experimental Observation of SSPPs

3.3.1 Experimental setup

In this subsection, we describe the experimental system for investigating SSPPs on

an MHA shown in Fig. 3.5. We use the MHA shown in Fig. 3.2 (in our experiments,

a = 1.5 mm, b = 2 mm, d = 3 mm, and w = 4 mm), a conductive board made of phosphor

bronze, transmitter and receiver antennae, a signal generator, and an oscilloscope. Waves

of frequency 75–110 GHz arrive at the MHA with an incident angle θi from a transmitter

antenna, and the reflected and dispersed waves are received at a detection angle θd. First,

using the system without the conductive board, we investigated the SSPP frequency by

detecting the signals of the reflected and dispersed waves. Then, with the conductive

board in place, we used the reflected and dispersed waves to confirm the presence of
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an electromagnetic field distribution with exponential attenuation around the SSPP

frequency.

Figure 3.5: Experimental system for SSPPs on an MHA.

3.3.2 Detection of frequency spectra

We detected the reflected and dispersed signals from the MHA using a receiver antenna.

The incident angle θi = 45◦, and we varied the detection angle θd from 35◦ to 45◦. Note

that since the turnover region from 45◦ to 55◦ can be considered to be equivalent to this

range of θd for symmetrical radiation patterns of a reflector or an antenna, only one side

was chosen for measurement. The experimental results are shown in Fig. 3.6.

We can roughly divide the wave signals into two types: reflected and dispersed. The

former are detected around 45◦ and the latter from 39◦ to 43◦. It can be seen that the

frequency dependences of the two types of signals are remarkably different. Specifically,

when the frequency exceeded about 103–105 GHz, the reflected wave intensity decreased

rapidly, whereas the dispersed wave intensity increased rapidly. Thus, the propagation

mode on the MHA changes at a frequency of about 103–105 GHz. Also, at this frequency,

since the intensities of both reflected and dispersed waves are locally decreased, it can

be assumed that there is an increase in the transmitted wave intensity and that this is

due to the extraordinary transmittance that is characteristic of SSPPs.
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Figure 3.6: Dependence of reflected and dispersed signal intensity on detection angle.

3.3.3 Measurement of skin depth

Next we conducted a experiment to determine the sample-height dependence using

our experimental system and the conductive board described in Sec. 3.3.1. As shown

in Fig. 3.7, with TM incidence of electromagnetic waves of frequency 95–108 GHz, we

varied the height of the board from 0.02 mm to 3 mm and detected the reflected and

dispersed wave signals at the detection angles corresponding to each frequency. We

detected reflected wave signals at 45◦ for all the frequencies used in this experiment.

The experimental results are shown in Figs. 3.8–3.12.

Figure 3.7: Schematic of experiment on sample-height dependence.

In Fig. 3.8, the 104 GHz and 108 GHz signals show attenuation characteristics at

0.02–0.5 mm. However, these signals differ in their electromagnetic characteristics. Since
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the 108 GHz signals have a local maximum at 1 mm, and the 108 GHz detection intensi-

ties at 0.26 mm and 3.0 mm were nearly the same, it can be seen that the dependence has

a periodicity at 108 GHz. This periodicity is related to the wavelength, since the wave-

length at 108 GHz (2.8 mm) also nearly corresponds to the difference between 0.26 mm

and 3.0 mm (2.74 mm). The periodicity is related to the wavelength generated by the

transmitted waves of the waveguides in the MHA. Therefore, waves of 108 GHz are not

considered to be related to the SSPP modes, although they exhibit similar attenuation

characteristics. In addition, the 95 GHz signals have different attenuation characteristics

from the 104 GHz waves.

Figure 3.8: Sample-height dependence of dispersed wave signals at frequencies 95 GHz,
104 GHz, and 108 GHz at detection angles of 40◦, 39.5◦, and 42◦, respectively.

Figure 3.9: Sample-height dependence of reflected wave signals at frequencies 95, 104,
and 108 GHz.
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In Fig. 3.9, the 95 GHz signals resemble those in Fig. 3.8, so these signals can be

considered to be propagating waves, which are not related to SSPP modes. The 108 GHz

signals in Fig. 3.9 also have a periodicity related to their wavelength, like the signals in

Fig. 3.8. Since the 108 GHz signals in Figs. 3.8 and 3.9 are similar, the dispersed wave

signals at this frequency are not related to the SSPPs that are generated around the

MHA. On the other hand, the 104 GHz signals in Fig. 3.9 are clearly different from the

signals in Fig. 3.8, since the 104 GHz signals in the former do not exhibit attenuation

characteristics.

From the above discussion, it can be seen that the dispersed wave signals at 104 GHz

have the potential to reveal the skin depth of SSPP modes. Specifically, we have con-

firmed that the 104 GHz waves exhibit attenuation characteristics at 0.02–0.5 mm in the

case of the dispersed wave detection, and this attenuation seems to be exponential. At

0.02 mm, the detected signal intensity at 104 GHz is approximately 0.6, and at 0.5 mm,

it is approximately 0.3. Therefore, the dependence at 104 GHz can be considered to

have a millimeter-order skin depth.

For further understanding of these matters, we compared the dependence at 104 GHz

with those at the nearby frequencies of 103.5 GHz and 104.5 GHz in Figs. 3.10–3.12, from

which it can be seen that the 103.5 GHz and 104.5 GHz waves also exhibit exponential

attenuation characteristics like those of the 104 GHz waves. In Figs. 3.10–3.12, a

curve is fitted to the experimental values, using a least squares method, with a yellow

dotted line indicating the fitting area in each case. The experimental values of the

skin depth at 103.5 GHz, 104 GHz, and 104.5 GHz are 0.283 mm, 0.422 mm, and

0.265 mm, respectively. We also compared the theoretical values of the skin depth at

these frequencies using Eq. (3.13). These theoretical values are 0.327 mm, 0.328 mm,

and 0.329 mm, respectively, and are in good agreement with the experimental values,

with an average error of 20.5%. Note that in the calculations, we assumed that coupling

occurred around the point by the first folding; in this study, we confirmed r = 0.58 in

Fig. 3.3. A comparison of the experimental and theoretical dependences of skin depth on

angular frequency is shown in Fig. 3.13, where the red circle indicates the correspondence

between experimental measurements and the theoretical curve in this study. The errors

61



can be categorized as statistical errors, since errors in signal transmission in electronic

devices in the millimeter-wave or optical ranges are almost of the same order in terms

of dB level.

A similar analysis was conducted by Miramaru and Hangyo, [41] who showed that

the skin depth of the electric field at the edge of a circular hole was 0.37 mm for incident

electromagnetic waves at 260–270 GHz. Since their analysis focused on the edge of a

thin MHA with circular holes, the relationships between the incident wave and the skin

depth that they found were slightly different from our experimental results. However,

their analysis supports the validity of our experiments and analysis in the sense that

the skin depth of the SSPPs around the MHA is of submillimeter magnitude when the

frequency of the incident waves is in the sub-terahertz range.

The scheme for skin-depth estimation described here is applicable to other configura-

tions that have recently been reported. For instance, at microwave frequencies, an SSPP

mode can propagate along a transmission line composed of a bow-tie cell array. [32] To

determine the skin depth of this SSPP mode, one can install a similar movable con-

ductive board above the transmission line and then detect dispersed waves using a tiny

monopole antenna placed on the side of the line. For light propagating along a dielectric

waveguide, [42] skin depths of sub-wavelength order have been found in the light con-

finement configuration, and these can be measured by installing a scattering object near

the waveguide. In this case, if space is available near the waveguide, a scattering metallic

probe [43] can be installed instead of a conductive board. With such a modified scheme,

the dispersed wave signals around the SSPP frequency provide information about SSPPs

on an MHA.

3.4 Conclusions

We have presented a theoretical analysis of the skin depth of SSPP waves around an

MHA based on considering the latter as an electromagnetically uniform medium. From

the results of experiments using an MHA and a conductive board, we have determined

the SSPP frequency, and, by detecting reflected and dispersed wave signals at specific

frequencies, we have clarified the differences between the two types of wave. We have also
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Figure 3.10: Sample-height dependence of dispersed wave signals at 103.5 GHz and a
detection angle of 39◦.

Figure 3.11: Sample-height dependence of dispersed wave signals at 104 GHz and a
detection angle of 39.5◦.

Figure 3.12: Sample-height dependence of dispersed wave signals at 104.5 GHz and a
detection angle of 39◦.
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Figure 3.13: Comparison of theoretical curves and experimental results for the depen-
dence of skin depth on angular frequency.

determined the sample-height dependences of the detected signals and have found that

they exhibit exponential attenuation. Finally, using dispersed waves from the MHA,

we have shown that our theoretical expression for the skin depth is consistent with

experimental results in a specific frequency band.
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Chapter 4

Two-Dimensional Imaging of

Permittivity Distribution by an

Activated Meta-Structure with a

Functional Scanning Defect

4.1 Introduction

Electromagnetic waves have huge potential for various applications such as wireless

communication, micro processing, and sensing, and as a result, they will become indis-

pensable in our daily lives. In recent years, millimeter waves or terahertz waves, with

wavelengths shorter than microwaves and longer than infrared, have been attracting

considerable attention. One of the features of these waves is their combination of high

resolution and non-destructiveness. Therefore, a number of imaging methods that use

these waves have been reported [1–3]. However, since these waves generally propagate

in straight lines and attenuate immediately in lossy media, such methods frequently

encounter technical issues due to the deterioration of information-carrying detection sig-

nals and their physical separation due to multipath propagation. From a microscopic

point of view, an electromagnetic wave includes two components: electric and magnetic

fields with their spatial distributions varying in time. This is significantly different from
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other waves, like sonic waves, which can be interpreted in terms of single-variable wave

propagation.

When we impose specific boundary conditions on electromagnetic waves, there is

a wave component with a wavenumber vector that does not propagate spatially and

concentrates around the boundaries or interfaces with exponential attenuation. This

phenomenon corresponds to an evanescent wave, and in classical cases it has only been

observed in the optical region [4]. In a microscopic view, when the evanescent waves

get close to a conductive plate, oscillations are excited in the free electrons in the plate

surface. This phenomenon is called a surface plasmon polariton (SPP) or simply, a

surface wave [5–8], and it has been used in applications such as biosensors, chemical

sensors and field enhancement in spectroscopy [9–11]. As described above, although

an SPP can be excited only in the optical region, a similar phenomenon, with the

concentration and oscillation of electric fields on the surface of a conductive plate, has

also been confirmed at lower frequencies than optical bands. These are called spoof

surface plasmon polaritons (SSPP) [12–16], and are broadly considered to be a unique

phenomenon involving a metamaterial. One of the features of SSPPs that is not observed

in other propagating modes, is the concentration of its electric field at interfaces, so that

it has the potential to give us significant information about objects near such surfaces

without complex signal processing. The standard example of an SSPP structure is a

metal hole array (MHA), which is a conductive plate with periodic holes [17–20]. An

MHA is considered to be a macroscopic effective medium in terms of controlling relative

permittivity by the structural parameters of its holes. Since its structure has only a

few parameters, an MHA is expected to serve as a ready-to-use functional and practical

medium as well as a readily available sample for experiments [21]. Therefore, many

studies of SSPPs on MHAs have been reported, although so far, they have focused on

static properties as SSPP applications.

In this study, a two-dimensional imaging method using an MHA as a dynamic func-

tional material is proposed for permittivity imaging, mainly aimed at a non-invasive

medical diagnostic. Specifically, the proposed method uses the intentional formation of

electromagnetic defects in the uniform electric distributions of SSPPs on an MHA, where
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the defect is formed by scanning a metallic needle across the surface of the MHA. Viewed

another way, the proposed method is also a non-destructive diagnostic method used as a

dynamic dielectric sensor for an MHA, which is sensitive to the side opposite the needle-

scanned surface. Compared to other non-destructive diagnosis tools such as confocal

microscopy and near-field optical microscopy, an advantage of the proposed method is

that the electromagnetic properties of subsurface tissues can be measured because sur-

face waves in millimeter or terahertz wave bands have deeper skin penetration depths

than those in optical frequency bands [22–24]. At present, the imaging of inner issues is

typically achieved using a destructive method such as CT (Computer Tomography) or

some other high-cost technique such as MRI (Magnetic Resonance Imaging). Actually,

conventional imaging methods face difficulties arising from these issues [25–27]. Biomed-

ical imaging based on the electromagnetic properties of biomedical tissues is considered

to be an effective method because the electromagnetic properties of a malignant tumor

and normal breast tissue are different [28].

In Sec. 4.2, the excitation mechanism of SSPPs on an MHA is described. In Sec. 4.3,

the numerical analysis of the electromagnetic properties of an MHA, such as transmit-

tance and reflectance, and the localized distortion of the electric fields of the SSPP mode

around the MHA with a conductive probe (a needle-like conductor) is demonstrated. In

Sec. 4.4, we report one- and two-dimensional imaging experiments including the exper-

imental demonstration of biomedical diagnosis in the case of a rat lung that apply the

localized distortion mechanism, with the use of an MHA targeting conductive, dielectric,

and biomedical samples.

4.2 The Basis of Spoof Surface Plasmon Generation

The SSPP phenomenon was discovered by Pendry et al., who also derived the theory

of its generation. Here, SSPP is used for imaging by detecting the local deformation

of its propagation modes. Therefore, in order to explain the proposed imaging method,

we begin with the theoretical derivation of SSPP generation as its basis. First of all,

the mechanism of SSPP generation on an MHA is explained. In order to describe SSPP

generation on an MHA, the electromagnetic model of the process is introduced. In this
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study, the MHA has holes whose size is the same order of magnitude as the wavelengths

of incident waves. The model is shown in Fig. 4.1. In this model, the MHA is treated

as a uniform, effective medium with a frequency-based response to incident waves. As

shown in Fig. 4.1, we consider that with the incidence of optimized millimeter waves,

electric fields concentrate in and around an MHA that has two-dimensional waveguide

arrays (period d, cross section p× q, depth w,) extended to infinity. It is assumed that

the incident waves are TM-polarized optimal waves. Note that the electric field-vector

of the wave has only x- and z- components, and the magnetic field-vector has only y-

component in the situation. In the derivations, the coupling phenomenon between the

dispersion relation of the incident waves and the waveguide modes is considered. That is,

the electric fields are considered to be concentrated on the surface, and this distribution

forms longitudinal waves. Thus, the SSPP modes are generated on the MHA.

Before beginning the derivation of SSPP generation, the definitions of the electric

and magnetic properties in two regions are introduced. In Fig. 4.1, Region 1 indicates

the space on the upper side of the MHA, and Region 2 indicates the space inside the

holes of the MHA. Since Region 1 is filled with vacuum, the permittivity and the per-

meability in Region 1 are ϵ0 and µ0 respectively. On the other hand, as described above,

since the MHA is presumed to be a macroscopically uniform medium, the MHA has

to have an effective relative permittivity of εm and a relative permeability μm that

is frequency dependent [12]. When electromagnetic waves whose frequency is below a

cut-off frequency are introduced to an MHA, waves are attenuated with fundamental

mode [29]. Therefore, the electric fields of incident waves are expressed as below.

Ex = E0 sin(
πy

a
) (4.1)

Note that in this manuscript, time oscillation terms are omitted for convenience of

formulation if necessary. Here, E0 is a constant value, and Eq. 4.1 indicates that Ex = 0

at the edges of the holes. Therefore, the x-component and z-component of an incident

wavevector kx and kz can be expressed as

kx =
π

a
(4.2)
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Figure 4.1: The theoretical model of the metal hole array (MHA) with TM incident
waves. Region 1 is the space above the MHA. Region 2 is the space in the holes of the
MHA.

kz =

√
(
π

a
)
2
− ω2ϵhµhϵ0µ0 (4.3)

where ϵh and µh are respectively, the relative permittivity and relative permeability in

the holes of the MHA. At this point, remembering the precondition that the MHA is

a macroscopic medium and has an effective relative permittivity, for example, when

focused on a unit cell of the MHA (shown in Fig. 4.2), the macroscopic wave vector

only has a component in the z-direction kz
′ because the waveguide mode occurs only

in the holes and provides no propagation in the x- and y- directions. From the above

discussions, kz
′ can be expressed as below.

kz
′ = k0

√
ϵxµy = k0

√
ϵmµm, k0 =

ω

c0
. (4.4)

where c0 is the velocity of light in a vacuum. The wave number of kz
′ and that of kz

should be essentially the same value, because the unit cell in Fig. 4.2 has one waveguide

and there is no propagation in the conductive medium of the MHA. Therefore, the

equation below is obtained by using the expression kz = kz
′.

ω

c0

√
ϵmµm =

√
(
π

a
)
2
− ω2ϵhµhϵ0µ0 (4.5)

On the other hand, in the matching procedure at z = 0, the instantaneous flow of energy
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Figure 4.2: The unit cell of the MHA.

across the surface has to be considered by treating the unit cell as both a microscopic

and a macroscopic medium. With the average electric fields of the unit cell regarded as

a macroscopic medium

E0 = E0
a

d2

∫ b

0
sin (

πy

a
)dy =

2ab

πd2
E0. (4.6)

(E ×H)z,mic =
−kzE0

2

ωµhµ0

a

d2

∫ b

0
sin2 (

πy

a
)dy =

−kz
ωµhµ0

E0
2 ab

2d2
. (4.7)

(E ×H)z,mac =
−kzE0

2

ωµhµ0
. (4.8)

Since Eq. 4.7 and Eq. 4.8 for the instantaneous flow of energy across the surface must have

the same value, the equation (E ×H)z,mic = (E ×H)z,mac is always useful. With this

equation and Eqs. 4.5–4.8, the effective relative permittivity ϵm and relative permeability

µm can be obtained as below.

µm = µh
8ab

π2d2
(4.9)

ϵm =
π2d2

8ab
[1− (

ωp

ω
)
2
], ωp =

πc
√
ϵhµha

(4.10)

where ωp is a cutoff frequency, and ϵh is the relative permittivity and µh is the rela-

tive permeability in the holes of the MHA. Eq. 4.10 confirms that the effective relative
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permittivity of the MHA is frequency dependent. Thus, the MHA can be treated as an

electromagnetic functional material.

On the other hand, remembering the magnetic field of the incident waves, this can

be also solved by a wave equation for the value of Hy. Here, in discussing the generation

of SSPPs in the MHA, we start by considering the magnetic field near the MHA. First,

the wave equation for Hy is obtained by considering the Maxwell equations.

(
∂2

∂x2
+

∂2

∂z2
)Hy = −ω2ϵrµrϵ0µ0Hy (4.11)

where ϵr and µr are the relative permittivity and the relative permeability. With the

precondition that the TM wave is incident to the MHA, it is considered that if SSPPs

occur on the surface of the MHA, they must propagate along the x-direction. Also, since

the incident magnetic field has the propagation constants of x and z, the y component

of the magnetic field vector Hy can be expressed thus,

Hy = h(z) exp [j(k||x− ωt)]. (4.12)

where k|| is the wavenumber of an SSPP, and h(z) is the amplitude of the magnetic field,

depending only on the value of z. Substituting Eq. 4.12 into Eq. 4.11, the equation for

h(z) is obtained. It has the form

∂2

∂z2
h(z) = (ki

2 − ω2ϵrµrϵ0µ0)h(z). (4.13)

where ki is the wavenumber of the magnetic field. In Region 1, k1 =
√
k||

2 − ω2ϵ0µ0, in

Region 2, k2 =
√

−ω2ϵmµmϵ0µ0. In Region 2, when regarding the MHA as a macroscopic

medium, there is no propagation of the EM waves in x-y directions, and k1 and k2 are

required to have positive values. Considering the solution of Eq. 4.13, as the value of |z|

increases, the value of the amplitude h(z) is supposed to decrease exponentially. From

these assumptions, the relative equation obtained is:

At z < 0

h(z) = h1 exp (k1z). (4.14)
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On the other hand, at z ≥ 0

h(z) = h2 exp (−k2z). (4.15)

When considering the boundary condition of the electromagnetic field and magnetic

field between Region 1 and Region 2 (at z = 0), the tangent components of the electric

field and the magnetic field in Region 1 and Region 2 must have the same value. This

condition corresponds to the condition of conventional surface plasmon generation, that

is

k1 = − k2
ϵm

, (h1 = h2). (4.16)

The above expression is often used to derive the dispersion relation of a surface

plasmon. However, Eq. 4.16 can also be used to derive the dispersion relation of the

SSPP. By squaring Eq. 4.16 and using Eq. 4.10 and the values of k1 and k2, the dispersion

relation that is fundamental to comprehending the results in this paper is obtained. That

is,

k||
2c0

2 = ω2 +
ω4

ωp
2 − ω2

(
8ab

π2d2
)
2

. (4.17)

Note that the formula c0
2 = 1/ω2ϵ0µ0 is used when deriving Eq. 4.17. The above

expression is called the SSPP dispersion relation. The curve of the dispersion relation

is shown in Fig. 4.3. If an angular frequency ω is close to the cutoff frequency ωp, the

wavenumber k|| diverges to infinity. In other words, the SSPP modes stop propagating

then. On the other hand, as the value of ω approaches zero, the dispersion relation curve

comes close to a light line, although they do not cross each other, as shown in Fig. 4.3.

Therefore, if an actual dispersion relation corresponds to this curve, SSPP modes are

not generated. However, since the MHA is a periodic structure, it has to be treated as a

two-dimensional crystal. Therefore, it should be considered that lattice scattering effects

are occurring in the MHA. Here, introducing the reciprocal lattice of its structure, the

definition of the wavenumber k|| can be replaced as
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k′
|| = k|| − iGx − jGy, |Gx| = |Gy| =

π

d
(4.18)

where Gx and Gy are the reciprocal lattice vectors in the x-direction and y-direction,

respectively. So, the dispersion relation of the MHA in infinite space is also replaced

by one with the spatial periodicity shown in Fig. 4.4. Fig. 4.4 confirms that there are

intersection points between the actual dispersion relation and a light line. Therefore,

SSPPs are indeed generated in the MHA, especially when the angular frequency ω is close

to the cutoff frequency ωp. If the SSPPs are generated on the surface of the incidence

side of the MHA, the waves are also generated on the opposite side because the waves

transmitted through the waveguides of the MHA also couple with the SSPP mode in the

same way as with the incident waves. The important feature of an SSPP mode is the

concentration of the electric field on the MHA. Therefore, we focused on a modification

of the concentrated electric fields for a novel use as an imaging method.

Figure 4.3: The dispersion relation of spoof surface plasmon polaritons (SSPP).

4.3 Electromagnetic Numerical Analyses of The MHA and

Electromagnetic Distortion

In Sec. 4.2, we overviewed the physical basis of SSPP propagation and its dispersion,

which showed that its frequencies are in fact caused and assured by the MHA. The

concentration of its fields around the propagation interface was also pointed out, leading

76



Figure 4.4: The real dispersion relation of SSPP with lattice scattering effects.

to potential applications of this propagation mode to 2D permittivity imaging that

requires field uniformity over the area to be surveyed. However, the SSPP itself cannot

provide us with local information on its responses to an electric field or permittivity, so

in this section we confirm the effects of defect introduction on SSPP propagation.

Electromagnetic numerical analyses were performed to reconfirm the electromagnetic

properties of the MHA predicted in Sec. 4.2 and to specify the electromagnetic field dis-

tortion on the MHA by a needle-like conductor. Fig. 4.5 shows the analytical model

using an electromagnetic simulator (HFSS R18, Ansys, Canonsburg, PA, USA). In this

simulation model, the MHA is made of copper and its thickness is 2 mm. The size of the

embedded waveguide is 2 mm × 1.5 mm and the period in both the x- and y- directions

is 3 mm. The coordinate notations used here correspond to those in Sec. 4.2. Periodic

boundary conditions applied to the sides of the model yield a hypothetical infinite area

of SSPP propagation, and the incident surface (underside, port 1) is on the side opposite

the receiving surface (topside, port 2) along the long side of the model, which explains

the macroscopic wave propagation; they are defined as a Floquet port. Assuming the

dispersion relation shown in Fig. 4.4 for the MHA, SSPP modes exhibit resonant frequen-

cies in a range lower than the cutoff frequency. To confirm this prediction, S-parameters

(S11 and S21) are analyzed under the above conditions in our numerical calculation, as

shown in Fig. 4.6 and Fig. 4.7.

In Fig. 4.6 and Fig. 4.7, the frequency spectrum of the transmission rate has peaks
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Figure 4.5: The MHA model for numerical analysis of the frequency characteristics of
reflectance and transmittance.

Figure 4.6: The frequency dependence of the reflectance of the MHA.
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Figure 4.7: The frequency dependence of the transmittance of the MHA.

around 78.4 GHz and 90.4 GHz. This indicates the existence of at least two resonant

frequencies in the MHA. These two resonances coincide with the intersection points of

the dispersion relation of the SSPP and the light line in Fig. 4.4; at these frequencies,

energy conversion from the mode in free space propagation to the SSPP mode is smooth,

thanks to good wave matching conditions. This phenomenon was termed extraordinary

transmission as one of the features of an MHA [17–21]. In other words, at 78.4 GHz

and 90.4 GHz, SSPP generation/propagation is possible where SSPP modes are able to

uniformly concentrate electric fields on and in the vicinity of MHAs due to the multiple

lattice scattering described in Eq. 4.18.

In this uniform 2D field, localized distortion is induced by inserting a needle-like con-

ductor into a hole of the MHA. Electric fields are distorted strongly at sharp conductive

boundaries, a phenomenon known as the near field effect [30], unlike wave propagation

that includes a dispersion relation. Such distorted electric fields decay spatially with a

wavelength-order attenuation constant. For this reason, another set of two analytical

models (shown in Fig. 4.8) was tested in our simulation runs. One has the MHA equipped

with a conductive probe, and the other has only the MHA with its periodic 2D structure.

That is, although the shape of both MHAs is the same as that in the model in Fig. 4.5,

the model has 5 × 5 holes in order to observe the difference in electric field distributions
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between case 1, insertion of a conductive probe in the MHA, and case 2, removal of the

conductive probe. Note that the model of a conductive probe is positioned in or near a

center hole. The probe has a cone shape, with a radius at the bottom plane of 0.5 mm

and a height of 6 mm. Under these conditions, by using the model as shown in Fig. 4.8,

the electric field distributions of the two cases were monitored at 78.4 GHz, which is a

candidate for the SSPP frequency near the resonant frequency observed in Fig. 4.6. The

results of the distributions in the two cases and their numerical comparison at z = +0.5

mm and −0.5 mm, are shown in Fig. 4.9.

Figure 4.8: The two models for numerical analyses of the electric field distribution around
the MHA.

From Fig. 4.9a, in the case on the left, electric fields are concentrated around the

MHA, which is unlike the electric fields of the waveguide mode because those fields are

concentrated not around holes but in holes. However, the results indicate that the fields

are like compression waves, strongly affected by existing holes. Since the distribution of

the fields around the MHA is symmetrical in the y-z plane, the electric-field distributions

are partial components of an SSPP. This fact is consistent with a feature of SSPPs in

which the mode expands its field on the side opposite the incident side when the mode

is excited at an incident side. This result shows that the fields distribute by a coupling

phenomenon between the SSPP mode and transmission waves. On the other hand, in the

case on the right, looking at the electric distribution in the red circle, it was found that
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Figure 4.9: (a) The two electric field distributions around the MHA without (left) and
with (right) a conductive probe; (b) the numerical results of the two cases (z = +0.5,
−0.5 mm), which is the difference between the distributions with and without a conduc-
tive probe.
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the electric field distributions are less concentrated than the distributions at the same

region in the case on the left, while field distributions of the other holes in the case on the

right are at the same level as those in the case on the left. These facts indicate that the

electric fields in the region with the red circle are locally distorted by a conductive probe.

Consequently, the results specifically show that localized electromagnetic distortions can

be generated by inserting a conductive probe in a hole of an MHA.

From Fig. 4.9b, as shown in the numerical results in the case of z = +0.5 mm

in Fig. 4.9a, it was found that there are significant differences in the region around a

conductive probe. This is because the electric field distribution on the MHA is deformed

by the insertion of a conductive probe, as displayed in Fig. 4.9a. On the other hand, from

the numerical results in the case of z = −0.5 mm, it was found that the difference between

the two electric field distributions under the MHA is much smaller than the one on the

MHA. This might be explained by the suggestion that the field distributions around the

MHA are only distorted by a near-field effect. From these results, the differences in the

two cases are potentially sufficient to detect the information in the deformed distributions

because in practice, these differences are detected as signal intensities related to the

square of the electric field.

The discussion above suggests that by taking the difference between the electric-

field distributions of the holes when a conductive probe is inserted, and when not, local

signals in the limited vicinity of each hole of the MHA can be obtained with detectable

intensities and enhanced spatial resolution.

4.4 Two-Dimensional Imaging Experiments Using MHA

and a Conductive Probe

In Sec. 4.3, the numerical results showed that an SSPP propagates in the MHA when

electromagnetic waves at optimal frequencies enter the plate, and that its propagation

can be locally deformed by a conductive metallic probe. To detect wave media informa-

tion at the deformation point where electromagnetic waves enter the MHA, scattered

waves generated apart from reflected waves play important roles in the frequency range,
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which includes the incidence of optimal waves. In the experiments discussed in this sec-

tion, we used scattered waves, which exhibit the characteristics of local electromagnetic

distribution [31]. Transmitter and receiver antennae, and a conductive probe are the

main diagnostic tools manipulated for signal detection.

We performed experiments on one- and two-dimensional imaging using an MHA with

structural parameters that were the same as those in the analytical model, and the MHA

was equipped with a scanning conductive probe. After the one-dimensional imaging

experiments, two-dimensional imaging experiments were performed using conductive

and dielectric samples. Finally, we demonstrated a biomedical diagnosis in the case of

a rat lung by using the system. The experimental system is shown in Figs. 4.10 - 4.12,

with a schematic view of the corresponding MHA and the conductive probe.

Figure 4.10: The experimental system for one- and two- dimensional imaging experi-
ments.

Figure 4.11: MHA of the imaging experiments.

As suggested by the above analyses, we searched for the most appropriate frequency
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Figure 4.12: The conductive probe for localized electromagnetic distortion.

for electromagnetic-wave experiments in the optimal bands for SSPP propagation, by

using one-dimensional imaging experiments, which gave us simple and straightforward

evidence as the conductive probe scanned along one line. With the incidence of elec-

tromagnetic waves at 78-86 GHz from a transmitter antenna into the structure shown

in Fig. 4.11 , SSPPs form on the MHA and scattered waves are emitted, partly at the

reflection angle of 38 degree. For a specific diagnostic sequence, two signals detected by a

receiver antenna were recorded; in case 1: the conductive probe is inserted into a hole of

the MHA, and in case 2: the conductive probe is removed from the MHA. By repeating

the process, the signals in case 1 and case 2 of all the used holes shown in Fig. 4.13

were obtained. Subtracting the signal of case 2 from that of case 1 for each hole, the

differential signals of all the holes create one signal data set with a spatial profile. The

processes described above were conducted for the following two series; for data set A; a

sample (cylindrical aluminum stick, radius 1.6 mm, height 110 mm) on the MHA and

for data set B; the sample was removed from the MHA. Finally, the one-dimensional

imaging map was completed by subtracting the signals of data set A from those of data

set B. The sample, and the results as an example are shown in Fig. 4.13.

Fig. 4.13 shows that the detected signals of a conductive sample obtained at x ∼ 8

mm, which corresponds to the location of the sample, are remarkable when electromag-

netic waves in the frequency range of 78-80 GHz and around 83 GHz are incident. It also

indicated that other waves cannot detect significant signals. Since the incident angle at

each hole of the MHA differs slightly from the reflective angle in the system, detection

capacity might depend on the frequency of incident waves to some degree. For this rea-
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son, using a longer distance from the MHA to the transmitter and receiver antennas may

provide greater uniformity in SSPPs generated on the MHA. From the results shown in

Fig. 4.13, we fixed the operation frequency at 83 GHz.

Figure 4.13: (a) The holes used for one-dimensional imaging; (b) the result of one-
dimensional imaging for incident waves of 78-86 GHz.

After the selection of the wave frequency based on the one-dimensional experiment,

we performed experiments for two-dimensional permittivity imaging. Three samples

with different permittivity values were provided, and we used them for two-dimensional

imaging experiments, using an experimental system similar to that shown in Figs. 4.10

- 4.12. Similar to the one-dimensional imaging experiments, the samples were set up on

the MHA, and optimal signals were assured by executing the process described above

(two procedures for data sets A and B in which cases 1 and 2 are for profiling). The

samples included one conductive material, copper sticks, and a dielectric solid and liquid,

an alumina stick and DMSO (dimethyl sulfoxide). The values of relative permittivity of

alumina and DMSO are 9.9 and 43 − j10.9, respectively, in the millimeter-wave band.

DMSO works as a biomaterial phantom in our experiment, since its permittivity is

nearly equal to that of the human body [32]. To contain the liquid DMSO in the setup,

an acrylic capsule array was used as a supporting experimental tool. Therefore, when

comparing signals, in data set A the sample was on and in; in data set B, the sample was

removed from the MHA and an acrylic capsule array was set up in the same position

on the MHA in both cases. The results of the two-dimensional imaging experiments for
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these three types of sample are shown in Figs. 4.14 - 4.17.

Figure 4.14: Two-dimensional imaging of conductive samples (two copper sticks).

Figure 4.15: Two-dimensional imaging of conductive samples (four copper sticks).

In Figs. 4.14 and 4.15, although the positions of the detected signals are slightly

different from the actual positions of the samples, the existence of the conductive sam-

ples was clearly detectable and related to their position. Also, in Figs. 4.16 and 4.17,

the results confirm the detection of dielectric samples at almost their proper positions

even when the positions of the samples varied, though DMSO is a lossy material. These

results show the effectiveness of the use of concentrated electric distributions for per-

mittivity signal detection in this scheme, which differs from conventional methods of

signal detection in the microwave band. Also, comparing the results of the conductive

samples (Figs. 4.14 and 4.15) to those of the dielectric samples (Figs. 4.16 and 4.17), the
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Figure 4.16: The two-dimensional imaging of dielectric samples (an alumina stick).

Figure 4.17: Two-dimensional imaging of dielectric samples (DMSO).
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positions of the detected signals of the former are less accurate than those of the latter.

Considering the fact that the electric distributions of SSPPs are distorted to a greater

extent by conductors than by dielectrics, the detection accuracy in the latter case may

be superior to that in the former case. Furthermore, Figs. 4.14 and 4.15 suggest that the

detection accuracy for samples near corners is low in comparison with that of samples

on inner locations. Since, in these experiments, the MHA has a limited size and SSPPs

on the MHA are reflected at its corners, the electric distribution of SSPPs near corners

tends to be non-uniform. Therefore, the distributions in the vicinity of its corners are

not stable, and the detection accuracy of samples on corners tends to be low. By using

an MHA with a larger number of holes, the detection capacity might be sufficiently ac-

curate for practical use. On the other hand, the maximum values of the detected signal

intensities of conductive samples are more intense than those of dielectric samples. In

general, electric fields are affected more by conductors than dielectrics because of the

boundary condition on the surface of conductors. Since DMSO has the large value of the

imaginary part, it is consistent with the fact that the average value of the detected signal

intensities in the case of the alumina sample was larger than that of DMSO. However,

sufficient signal intensities were monitored in both cases for practical imaging, since the

intensities satisfied the dynamic ranges of dB-order in the experiments. The results in

all the cases confirm that the proper signals are obtainable at a mm-order distance by

using the proposed method. This is an advantage over the conventional sensing method

in which lasers or other strong light sources are required in the optical range.

The above discussions support the feasibility of a biomedical diagnosis that uses the

proposed system. Finally, the result of the biomedical diagnosis in the case of a rat

lung is reported. As shown in Fig. 4.18, the results confirm a detection of the sample in

more than half of the area. Although there is some slight signal misdetection, it shows

that two-dimensional dialectic responses of the biomedical sample can be obtained in

the proposed system.

The above discussions and results indicate that the proposed method can be used

for 2D imaging of permittivity distribution, and may be useful for biomedical diagnosis

after optimization as a medical facility tool.
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Figure 4.18: The result of biomedical diagnosis by using an MHA with rectangular holes
(the size is 1.8 mm × 1.4 mm, the periods of each direction are 2.5 mm, 2 mm and the
thickness is 2.3 mm) in the case of a rat lung.

4.5 Conclusions

A 2D imaging method is proposed in this study, based on a meta-structure with a

scanning defect, using a metal hole array (MHA) and a conductive probe (a needle-like

conductor) in the millimeter-wave range. In order to validate the proposed method, a

theoretical model of SSPP generation on an MHA was introduced, numerical electro-

magnetic analyses of localized distortions of the electric fields on and around the MHA

were conducted, and one- and two-dimensional imaging experiments using conductive

and dialectic samples verified the theoretical predictions.

In Sec. 4.2, the dispersion relation of SSPPs in the case where the MHA has rectan-

gular holes with oblique incidence of sampling waves was derived, which indicated the

physical phenomenon of SSPP generation on an MHA. In Sec. 4.3, with the use of HFSS,

the transmission and reflection properties of an MHA were analyzed when millimeter

waves were injected into the structure, and this analysis implied that SSPP modes exist

under the cut-off frequency in our MHA model. In addition, the electromagnetic distri-

butions around an MHA with an inserted conductive probe were compared with those

of an MHA without the probe, confirming the difference in the electric distributions

around the MHA in the two cases. Specifically, insertion of a conductive probe into an
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MHA can be useful for localized electromagnetic distortion. In Sec. 4.4, using an MHA

and a conductive probe, a one-dimensional experiment was performed and confirmed the

frequency dependency of the detected signal intensity in the range of 78-86 GHz. This

showed that a wave at 83 GHz can be monitored, producing the most intense level of

detected signals. Then, two-dimensional imaging experiments with conductive samples

(copper sticks) and dielectric samples (an alumina stick and DMSO (liquid)) were per-

formed with the use of optimal waves at 83 GHz. Consequently, it was confirmed that

the proposed measurement system allows the detection of the positions of conductive

and dielectric samples by comparing the intensity levels of reflected signals with and

without the samples. Finally, we demonstrated a biomedical diagnosis in the case of a

rat lung by using the system. The result shows that although there is slight signal mis-

detection, two-dimensional dialectic responses of the biomedical sample can be obtained

using the proposed method. Therefore, the proposed method has the potential for use

in the two-dimensional imaging of permittivity distribution, such as in the biomedical

task of localized tumor detection.
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Chapter 5

Direction-of-Arrival Estimation

from Scattering Patterns in a

Subwavelength Periodic Structure

of a Conductive Scatterer

5.1 Introduction

Unintentional electromagnetic radiation from electric devices, and other electro-

magnetic interference, can cause quality deterioration in wireless communications. The

expansion of mobile networks such as 5G and IoT is increasing the use of communication

devices such as laptops and smart phones, making the deterioration of wireless commu-

nication quality a source of increasing concern. Therefore, it is necessary to rapidly and

effectively detect the causes of such interference with wireless communications. This has

led to many studies of direction-of-arrival (DOA) estimation methods and 2D imaging

methods, using microwave lenses, array antennas, and electromagnetic absorbers that

use electromagnetic band gap (EBG) structures [1–3]. However, these techniques still re-

quire significant development effort to achieve adequate versatility and portability. Many

problems remain, including bandwidth coverage, as well as device size and complexity.

In microwave bands, the relatively long wavelength compared to the visible spectrum
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makes the miniaturization of lenses difficult. Furthermore, in the cases without lens, i.e.,

with array antenna, they require to detect phases of incident waves in order to estimate

the incident angles. Such requirements tend to make these devices expensive.

Electromagnetic-wave control about propagation and scattering has been actively

studied in microwave bands and optical wave-bands. Typical applications include frequency-

selective surfaces (FSS) for microwave bands, and photonic crystals for optical wave-

bands [4, 5]. Their common feature is the use of periodic structures of conductive or

dielectric materials, which demonstrates the utility of periodic structures for manipu-

lating or controlling electromagnetic waves. Since the aim of these studies is mainly

to control intentional waves and reduce scattered waves, periodic structures have been

used to construct resonating or other mechanisms to control the radiation of intentional

waves. However, scattered waves are generated by the interaction of incident waves and

scatterers such as periodic structures, so scattered waves naturally carry information

about incident waves. Thus is it reasonable to consider the uses of scattered waves, and

since their capture does not require the rigorous adjustment of resonating structures de-

signed for intentional waves, there is a possibility for information capture of broadband

waves.

In this study, a novel DOA estimation method is proposed, which is based on for-

mation of electromagnetic scattering patterns. Specifically, electromagnetic scattering

patterns of incident waves are created by using subwavelength periodic structures of

conductive scatterers (SPCS), with the scattering patterns extracted as sensor-detected

spatial distributions of signal intensity. Finally, the incidence angles and frequencies of

the waves are estimated by analyzing the spatial distributions as inverse problems. The

proposed technique has the potential to realize miniaturized, low cost, and broadband

devices. Periodic structures of subwavelength-size make the device miniaturized. And

the device is simplified by using only spatial distributions of the signal intensities de-

tected by sensors. Since the device requires no rigorous structural optimizations for a

specific wave such as resonator, its available bandwidths consequently broaden.

On the other hand, periodic structures of subwavelength size are also used for su-

per lenses, negative refractive index media, and spoof surface plasmon-structures, and
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such structures are known as metamaterials, which has attracted much attention and

have been actively studied recently [3, 4, 6, 7]. As described above, metamaterial is also

based on resonance mechanism, and has the feature of structural optimization for inten-

tional waves. However, when focused on not resonance structure but scattering pattern

forming, it has the potential of acquisition of information about electromagnetic-wave

parameters by controlling scattering patterns with the use of periodic structures of sub-

wavelength size. Actually, it is the confirmed phenomenon that the standing waves which

are different from the case of diffraction grating are generated around periodic structures

of subwavelength size.

In this report, first, the generation mechanism of the scattering patterns in SPCS is

described. Then, analytical studies are presented that show the formation of scattering

patterns like standing waves for each frequency and each incidence angle. Finally, ex-

perimental results of spatial distributions of signal intensities of the corresponding wave

are reported.

5.2 Scattering Production of Subwavelength Periodic Struc-

ture of a Conductive Scatterer

To describe the electromagnetic scattering phenomena of SPCS, the electromagnetic

propagation model shown in Fig. 5.1 is considered. In this study, the electromagnetic

propagation model in Fig. 5.1 is provided as a 2D space. And for simplicity, there is

a one-dimensional SPCS of rectangular scatterers with the incidence of TM-polarized

waves. Assume that incident electric field E and magnetic field H in Region 1 are

defined as E = [Ex, 0, Ez] and H = [0,Hy, 0] respectively, and wavenumber vector of

incident waves is defined as k = [kx, 0, kz] = [k0 sin θ, 0, k0 cos θ]. Note that k is an

incident wavenumber vector, k0 is a scalar value of a free space wavenumber vector, and

θ is an incident angle.

In this case, the x-component and z-component of a wavenumber vector in Region

2 k′x and k′z can be expressed as below from a periodic boundary condition based on

Floquet’s theorem,
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Figure 5.1: Schematic view of a theoretical model of electromagnetic propagation in an
SPCS.

k′x = k′x(m) = kx +
2mπ

d
(m = 0, 1, 2, ...) (5.1)

k′z =

√
k0

2 − k′x
2 (5.2)

Where d is the period of SPCS. From [7], the SPCS has the potential to be used as

an artificial lens with a high refractive index. In order to derive the effective refractive

index, the TEM incidence condition (Ez = 0) is considered. Also, the average electric

and magnetic fields in the unit cell are expressed as E′ = (a/d)E, and H ′ = H.

Therefore, assuming effective permittivity ϵ′, permeability µ′, and refractive index n′,

the quantitative relationship between electric and magnetic fields can be derived as

|E|
|H|

=

√
µ0

ϵ0
, (5.3)

|E′|
|H ′|

=

√
µ′

ϵ′
, (5.4)

n′ =

√
(
ϵ′

ϵ0
)(
µ′

µ0
), (5.5)
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Where ϵ0 and µ0 are permittivity and permeability in free space. Then, since the in-

stantaneous energy flows of actual electromagnetic fields and the average electromagnetic

fields must be the same value, the following equation is obtained,

(E ×H)z × L× a = (E′ ×H ′)z × L′ × d (5.6)

Here L is the thickness of the SPCS, and L′ is the effective thickness when SPCS

is treated as an effective medium, and a is the width of a slit. By solving Eq. 5.6, the

effective permittivity and permeability are obtained as below,

ϵ′

ϵ0
= (

d

a
)
2

(5.7)

µ′

µ0
= 1 (5.8)

n′ =
d

a
(5.9)

From Eq. 5.9, it is found that the effective refractive index n′ can be enhanced by

reducing the value of a. In this model, although the SPCS works as an artificial lens

only in the z-direction, when the shape of the scatterer is replaced with a circle, it is

considered that SPCS of a circle can work as an artificial lens for both x- and z-directions

of TM incidence. Therefore, each scattering pattern can be generated in a closed area

by the SPCS in accordance with the frequency and incidence angle of incident waves.

5.3 Electromagnetic Analyses of Scattering Patterns

In order to examine the frequency and angular dependencies of the scattering patterns

of electric fields in an SPCS, the analysis model shown in Fig. 5.2 is provided by using

HFSS. In the model, the SPCS is composed of 9 cylindrical aluminum scatterers, with

conductive plates set near the side of the model to avoid the invasion of other waves.

It is assumed that incident waves are plane waves and propagate in the direction of

the red arrow shown in Fig. 5.2. Under these analytical conditions, the electric field
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intensity distributions in the red dotted area in Fig. 5.2 are analyzed as the frequency

and incidence angle of the waves are changed. Note that the electric field intensities

are calculated by taking a time average. These analyses were conducted for these four

cases: (2 GHz, θ = 30◦, r = 10 mm), (4 GHz, θ = 30◦, r = 10 mm), (2 GHz, θ = 45◦,

r = 10 mm), (2 GHz, θ = 30◦, r = 15 mm) to compare the different scattering patterns

produced by waves of different frequency and incidence angle, and scatterers of different

radius. Here r is the radius of scatterers and θ is the incidence angle. The analytical

results are shown in Fig. 5.3.

Figure 5.2: Analyzed model of scattering pattern.

In Fig. 5.3, comparing (a) with (b) shows that the scattering pattern of electric fields

in (b) is more apparent than that in (a), and the number of entire patterns in (b) is also

larger than that in (a). However, a number of scattering patterns is considered not to

be proportional to the wavenumbers of the incident waves. And comparing (a) with (c),

the number of entire patterns in (c) is seen to be smaller than that in (a). The contrast

in the scattering patterns in (c) is higher than those in (a) especially in the y-direction.

This effect is due to the wavenumbers in the y-direction, because that wavenumber is

larger in case (b) than in case (a). The contrast in the scattering patterns of (d) is

much larger than that in case (a). This is consistent with the theoretical model of SPCS

explained in Sec. 5.2 because the effective refractive index is increased as the radius
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Figure 5.3: Frequency, structural-parameter, and angular characteristics of scattering
patterns.
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of the scatterers increases, and more striking scattering patterns are also thought to

be generated as the effective refractive index increases. These observations confirm the

expectation from metamaterial theory that the scattering patterns generated by SPCS

will display non-linear frequency and angular dependency [6, 7].

5.4 Scattering Pattern Detection Experiments

To detect the spatial distribution of signal intensities in scattering patterns, the ex-

perimental system shown in Fig. 5.4 was used. The transmitter antenna (double ridged

horn antenna), emits electromagnetic waves into the SPCS with the two parallel plates.

The scattering patterns generated in the SPCS are detected by the sensor (monopole

antenna) as spatial distributions of electric signal intensities. Note that the SPCS used

here is composed of cylindrical aluminum scatterers (N = 9) placed between two par-

allel plates. The two dielectric spacers are 3-mm thick, and are inserted in the spaces

between the SPCS and the parallel plates. Electromagnetic absorbers are inserted on

both sides of the SPCS to avoid invasion by other incident waves. The distance between

the transmitter antenna and the SPCS is 3 m. The signals produced are measured by

using a vector network analyzer, with the transmitter antenna considered Port 1 and the

sensor Port 2. As the sensor is moved, signal intensities are obtained at (x, y, z) = (150,

0, 50) - (150, 0, 250) unites of mm at 10-mm increments as a sampling of the spatial

distribution of S21. The spatial distribution of various scattering patterns was obtained

by changing frequencies in the range of 2 - 4 GHz, the incidence angle in the range of 0

- 30◦, and the structural parameter of r/d. Frequency and angular dependencies of the

spatial distributions are shown in Figs. 5.5 - 5.7.

Fig. 5.5 shows how the number of waves in the spatial distributions increases with

increasing input signal frequency. On the other hand, in Fig. 5.6, it can also be seen

that the number of waves in the spatial distributions decreases with increasing incidence

angle. However, in both results, the number of waves in the spatial distributions are

considered not to be proportional to the wavenumbers of incident waves. This fact

indicates that the scattering phenomena generated by SPCS are singular phenomena,

different from general diffractions. These tendencies are in good agreement with the
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Figure 5.4: Experimental set up.

Figure 5.5: Frequency dependency of 1D spatial distributions of the scattering patterns.
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Figure 5.6: Angular dependency of 1D spatial distributions of the scattering patterns.

Figure 5.7: Structural parameter r/d dependencies of 1D spatial distributions of the
scattering patterns.
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analytical results. Although the contrast of the experimental spatial distributions is

influenced by propagation losses, the maximum contrast of 25 dB is confirmed in the

case of 3 GHz, 15◦ and this result shows that scattering patterns can be detected by

sensors even in practical situations. Fig. 5.7 confirms that the contrast of the spatial

distributions in the case of r/d = 0.48 is largest in these results. The results indicate

that more scattering patterns are generated by SPCS as its effective refractive index

increases, a fact that is consistent with the theoretical model.

5.5 Conclusions

A novel direction-of-arrival (DOA) estimation method that uses subwavelength pe-

riodic structures generated in conductive scatterers (SPCS) is proposed. In analytical

studies, it is confirmed that significant scattering patterns are generated when a sub-

wavelength periodic structure is used, and the patterns display frequency and angular

dependencies. In experimental studies, the 1D spatial distributions of the scattering

patterns in the SPCS are measured. Together with the analytical studies, this confirms

that the spatial distributions also display frequency and angular dependencies that can

be controlled by the structural parameters of the periodic structures. This indicates that

the proposed method has the potential for use in a miniaturized, low cost, broadband

DOA estimation device.
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Chapter 6

A Three-Layered Adjustable

Frequency Selective Surface for

Wireless Applications

6.1 Introduction

A frequency selective surface (FSS) is a two-dimensional periodic structure of con-

ductive unit cells and works as a spatial filter; a surface that can select frequencies of

transmitted or reflected waves. FSSs are expected to be widely used in wireless communi-

cation and EMC technologies, such as reflector antennas, radomes, and electromagnetic

absorbers [1–3]. In recent years, since wireless communications have been developed

and diversified in services like the fifth-generation mobile communication system (5G)

and the Internet of Things (IoT), the frequency bands used and the number of commu-

nications devices such as mobile phones and laptop computers have increased rapidly.

These devices often use multiple communication standards such as 4G, Wi-Fi, and 5G.

Even when they use only one standard, multiple frequency bands are used for wireless

communication. To improve their communication qualities, it is useful to employ re-

flectors with frequency selectivity in any specified wireless communication, because they

can avoid disturbing other wireless communication environments as shown in Fig. 6.1.

In order to apply FSSs to such practical situations, they must be designed appropri-
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Figure 6.1: An example of the utility of a frequency selective surface as a reflector for
complex wireless communication environments with multiple wireless standards.

ately in terms of simplicity and reproducibility. Therefore, equivalent circuit approaches

have been studied and developed to express their electromagnetic behavior more sim-

ply and with higher precision [4–13]. Their angular stability is also essential for use

in practical situations and has been studied as well in the above approaches. Conven-

tional work has found that the angular stability is closely related to the size of an FSS

unit cell in terms of its operating wavelength [14–20]. This indicates the importance of

FSS-miniaturization [10–20].

However, in practice, since the frequency bands used vary with location and situation,

a single-band FSS cannot deal with such variety. Therefore, various types of single-

band FSS or a multiband FSS are required, when we use conventional techniques. If

various single-band FSSs are used for communication, more different designs must be

used, adding to the cost and effort. On the other hand, if a multiband FSS is used,

disturbance of other wireless communication environments becomes a concern, since the

FSS may act as an unintentional reflector of untargeted frequency bands in another

wireless network.

As one of the advanced techniques to deal with these situations, a tunable FSS has

already attracted significant attention and research. Most common tuning techniques

focus mainly on inserting active circuit elements such as varactor diodes and micro

electro mechanical systems (MEMS) to vary the capacitance components of FSSs by
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applying an optimal voltage [21–32]. And as methods with no active elements required,

the technique of combining an FSS with a conductive liquid in the dielectric tube array

in multilayers or with liquid metal and a carrier fluid [33,34], and the technology to bend

an FSS into an origami-like structure [35,36]have both been reported.

However, using the above techniques in active elements presents practical disadvan-

tages in terms of running cost due to the need for an external power supply. The above

techniques that do not use active elements also suffer from several disadvantages, espe-

cially for mass production application, since they are costly to fabricate. Furthermore,

real-time tuning based on the above techniques is not necessarily required, depending

on the situation [37–39]. However, there is an alternate and simpler method, which is to

change capacitance by varying the overlap ratio of two or more layers of FSSs. Although

this can adjust the resonant frequency without requiring a complicated configuration or

a power supply, the FSS characteristics in vertical and horizontal polarizations cannot

be guaranteed because of structural variations in the frequency-adjustment.

In this study we propose a three-layered adjustable frequency selective surface as a

simple adjusting method that keeps the characteristics of vertical and horizontal polar-

ized waves the same. The FSSs are composed of a main resonator as the middle layer and

two sub-resonators as the upper and lower layers, all overlaid on each other. By shifting

the layers symmetrically, the operating frequency can be controlled over a broad range

while keeping the polarization-equivalence. Also the FSSs can be fabricated easily and

don’t require electronic elements such as a varactor diode for the frequency-adjustment.

Furthermore, the FSSs preserve angular stability because of their miniaturized design.

The proposed FSS is designed and fabricated as a single-band reflector, the operating

frequency of which can be varied from 2.1 GHz to 3.6 GHz, giving it a wide range of

applications. Although the frequency band used is different for each situation, the FSS

does not require restructuring in order to adjust its frequency, as it adjusts optimally

for each frequency band simply by altering the operating frequency by shifting its layers

appropriately. Thus it enables us to reduce the cost and effort otherwise required for

redesigning, while limiting the influence on the different waves used for other wireless

communications.
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In the following sections, the technical concepts of the FSS are introduced and the an-

alytical and experimental results on the frequency characteristics of the FSS are reported.

In Sec. 6.2, the operating principle of the FSS is described with the use of an equiva-

lent circuit applied to a miniaturized-element FSS. In Sec. 6.3, electromagnetic analyses

are conducted to examine the adjustment capability and polarization-equivalence and

angular stabilities. In Sec. 6.4, we use FSSs fabricated by simply stacking and shifting

three-layered films made with a silver ink printer, in experimental demonstrations to

confirm their adjustment capability and angular dependencies.

6.2 Operational Principle of Adjustable Frequency Selec-

tive Surfaces

In this study, the adjustment capability of the proposed FSS is based on the variability

of capacitance in its unit cell as well as on conventional studies [21–39]. Therefore, the

operating principle of the FSSs can be expressed by considering the correspondence

between the structure and an equivalent circuit.

One design of the FSS is shown in Fig. 6.2. The FSS consists of a loop-like main

resonator in the middle layer, and two patch-like sub-resonators in the upper and lower

layers. The equivalent circuit model involving only the main resonator is expressed as

the simple LC resonant circuit shown in Fig. 6.3a. In this circuit, the inductance comes

from the sides of the loop and the capacitance comes from the gap between the loops.

However, when the patch of a sub-resonator is placed above and below the four corners

of the square loops of the main resonator, more capacitors are formed, originating in

the gaps between layers as shown in Fig. 6.3b, corresponding to the FSS’s circuit. The

resonant frequency of the FSS is expressed as below by using the lumped parameters

shown in Fig. 6.3b [5].

Lm = µ0
p

2π
log

1

sin (πw2p )
(6.1)

Cm = ϵ0
2(p− g)

π
log

1

sin (πg2p )
(6.2)
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ft =
1

2π
√
Lm(Cm + Cs)

(6.3)

Where Lm and Cm are an inductance and a capacitance of a unit cell in a main resonator,

Cs is an additional synthetic capacitance formed by the sub-resonators in upper and

lower layers. And C is the total capacitance of the unit cell, ϵ0 and µ0 are respectively

the permittivity and permeability in free space. As shown in Fig. 6.4a and Fig. 6.4b,

by shifting the upper and lower layers relative to the middle layer in mutually opposite

directions by the same distance d (for x- and y- directions), the value of Cs can be changed

while retaining the circuit-equivalency for both vertical and horizontal polarizations. The

correspondence between the parameters and the FSS unit cell is shown in Fig. 6.4a, and

the correspondence between the three additional capacitances (Cs1, Cs2, and Cs3) in the

FSS unit cell and its equivalent circuit is shown in Fig. 6.4b. Since the equivalent circuit

model is the same for both polarizations, the resonant frequency of both polarizations can

be controlled while keeping the same value. This mechanism is realized by a construction

that maintains the symmetrical movement of the two sub-resonators. The additional

capacitances can be expressed as follows by using a value of d. Note that the following

expressions of the capacitances are varied in accordance with the variation of d because

the outer corner of a sub-resonator exceeds the inner corner of the main resonator if

d takes a value larger than the threshold. Also, the value of d is varied by keeping

the condition that the inner corner of a sub-resonator must not move beyond the inner

corner of the main resonator.

In the range of d < c− 1
2(a− g),

Cs1(d) = ϵrϵ0
1

t
[
1

2
(a− g)− d]

2

, (6.4)

Cs2(d) = ϵrϵ0
1

t
[
1

2
(a− g) + d][

1

2
(a− g)− d], (6.5)

Cs3(d) = ϵrϵ0
1

t
[
1

2
(a− g) + d]

2

, (6.6)
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Figure 6.2: Design of the proposed FSS, which is composed of the main resonator in the
middle layer and the sub-resonators in the upper and lower layers.

Figure 6.3: Operating principle of the proposed FSS when using only the main resonator
(a) and the main and sub-resonators.
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Figure 6.4: Correspondences between (a) the parameters and the FSS structure, and (b)
the FSS structure and the equivalent circuit for both polarizations.

Cs(d) = (Cs1//Cs2) + (Cs2//Cs3) = ϵrϵ0
1

t
[
1

2
(a− g) + d][

1

2
(a− g)− d]. (6.7)

In the range of c− 1
2(a− g) ≤ d ≤ 1

2(a− g),

Cs1(d) = ϵrϵ0
1

t
[
1

2
(a− g)− d]

2

, (6.8)

Cs2(d) = ϵrϵ0
1

t
c[
1

2
(a− g)− d], (6.9)

Cs2(d) = ϵrϵ0
1

t
c2, (6.10)

Cs(d) = (Cs1//Cs2) + (Cs2//Cs3) = ϵrϵ0
1

t
c[
1

2
(a− g)− d]. (6.11)
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Here ϵr and t are the relative permittivity and the thickness of the FSS substrate,

respectively. Eqs. 6.3 - 6.11 indicate that the resonant frequency ft can be controlled

by the distance d. In other words, although these FSSs are composed of one type

of main resonator and sub-resonator, they can be used as different spatial filters with

variable operating frequencies without re-designing, if a mechanism is provided to vary

the distance d.

6.3 Analytical Studies of an Adjustable Frequency Selec-

tive Surface

In order to examine the operating principles of the FSS discussed in Sec. 6.2, numerical

analyses are conducted by using an electromagnetic simulator (HFSS, R19). The model

of the FSS analyzed is shown in Fig. 6.5. To compare the analysis with experimental

results, it is assumed that the conductive material used for the FSS is silver from inkjet

printing (conductivity: 2230000 Ω−1 m−1), and that conductive patterns with thickness

m = 1.3 µm are set on PET-substrates with thickness t = 0.125 mm. The parameters

of the analyzed model are shown in Table 1. As shown in Fig. 6.5, the FSS unit cell is

composed of the three layer-substrates, with a periodic boundary condition applied to

the sides of the analyzed model. Incident waves are assumed to enter the top side (Port

2) from the bottom side (Port 1) with an incident angle θ. Note that the direction of

the incident electric field at normal incidence is the y-direction, and the incident angle

is changed in an x-z plane (TE) or a y-z plane (TM) in the model. Under the above

conditions, transmission characteristics (S21) are analyzed by changing the values of d

and θ at the different polarizations (vertical and horizontal, or TE and TM).

First, the distance dependency of resonant frequency ft is investigated in two cases:

vertical and horizontal at normal incidence. These results are shown in Fig. 6.6.

Note that the theoretical curve is derived by substituting the structural parameters

of the FSS model into Eqs. 6.3, 6.7, and 6.11, and the analytical values of resonant

frequencies ft are obtained from the analytical results of S21. The adjustment capability

is defined as the ratio between the minimum and maximum resonant frequencies of the
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Figure 6.5: Analyzed model of the FSS which possesses three conductor parts with
thickness m and three PET substrates with thickness t.

Figure 6.6: Distance dependence of the adjustment capability of the FSS.
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Table 6.1: Parameter Settings

proposed FSS achievable by adjustment, and is obtained by determining the ratio of each

value and the fundamental value corresponding to the case of d = 0 in both the theoret-

ical and analytical cases. In Fig. 6.6, the result confirms that the analytical results for

both polarizations are in good agreement with the theoretical curve. These results show

that the FSS can be operated by equivalent circuits as shown in Fig. 6.4b. Specifically,

the resonant frequency can be changed from f0 to approximately 1.7 f0 by varying the

capacitance Cs from 0.060 pF to 0.793 pF. Note that f0 is defined as the lowest resonant

frequency, and the values of the inductance Lm and the capacitance Cm are fixed as

6.476 nH and 0.302 pF, respectively. This adjustment capability is comparable or su-

perior to that in conventional studies [21–39]. Also, this is considered to be an optimal

range, since if the area of the sub-resonator is larger, the range of distance-variation is

narrowed, and if the area of the sub-resonator is smaller, the adjustment capacity of Cs

is less effective. In designing the FSS, to retain its adjustment capability it is best to

use thin substrates. In this study, considering the workability and cost, substrates 0.125

mm thick were used. Here, it should be emphasized that the requirements of the FSS

can be realized by any dielectric substrate and any conductor.

The analytical results in the case of vertical polarization and the circuit simulation

results of transmission characteristics (S21) were compared, as shown in Fig. 6.7. Note

that the equivalent circuit model shown in Fig. 6.8 is used for the circuit simulation.

The inductance Lm and Cm in the cases of d = 0 - 1.8 mm are set as the fixed values
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of 3.0 nH and 0.5 pF respectively, to best match the analytical results. Quantitative

consistency between the analytical results and the results of circuit simulations is difficult

because the structural interaction between inductances and capacitances in the FSS

cannot be derived strictly [5]. The values of the variable capacitance Cs in all the cases

are respectively 1.4 pF, 1.32 pF, 0.96 pF, 0.438 pF, and 0.15 pF. The results shown in

Fig. 6.7 show good agreement in all cases, indicating that the proposed equivalent circuit

model is qualitatively consistent with the electromagnetic behavior of the analytical FSS

model. The analytical result also confirms that the attenuation is kept at around 30 dB

over the full range of d. Another point of view suggests that no other resonant mode

exists in each curve. This indicates that since the unit cell does not have long wires and

bent lines such as meander lines, unintentional resonant modes are considered not to be

significantly excited.

Figure 6.7: Distance d dependence of S21 of the FSS in the case of normal incidence
(vertical) compared to the corresponding numerical simulation results in the equivalent
circuit model.

The angular dependence of the FSS was also investigated in TE and TM polariza-

tions. The model values of d = 0 mm and d = 1.8 mm are used, and the incident angle θ

is changed from 0 to 60 degrees in both polarizations. The results are shown in Figs. 6.9

- 6.12.
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Figure 6.8: Equivalent circuit model for numerical simulation of frequency responses of
S21 for comparison with the results of the electromagnetic analyses.

Figure 6.9: Angular dependence of S21-frequency characteristics of the FSS with d = 0
mm and TE incidence.
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Figure 6.10: Angular dependence of S21-frequency characteristics of the FSS with d = 0
mm and TM incidence.

Figure 6.11: Angular dependence of S21-frequency characteristics of the FSS when d =
1.8 mm and TE incidence.
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Figure 6.12: Angular dependence of S21-frequency characteristics of the FSS when d =
1.8 mm and TM incidence.

In Figs. 6.9 - 6.12, these results confirm the angular stability of the FSS for both

polarizations. The angular stability is considered to originate in the size of the FSS

relative to its resonant wavelength. The resonant wavelengths of the FSSs in the two

cases are 0.066 λ and 0.125 λ respectively. Thus, since their unit cells are sufficiently

small compared to their resonant wavelengths, good angular stability can be obtained,

and other modes such as grating lobes are considered to be suppressed, as is indicated

in related studies [14–20]. And since the thickness of the FSS is an essential factor in

retaining its angular stability, thinner substrates are more desirable in FSSs.

6.4 Experimental Studies on an Adjustable Frequency Se-

lective Surface

In this section, the adjustment capability and angular stability of the FSS are demon-

strated experimentally. The FSS samples were fabricated by stacking three PET sub-

strates on which the resonator patterns were printed with a silver ink printer. The

substrates were A4-size (210 mm × 297 mm) and the main parameters such as res-

onator size are the same as the analytical model in Sec. 6.3. The fabricated samples and

experimental setup are shown in Fig. 6.13 and Fig. 6.14, respectively. Measurements
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were conducted in a shielded room, and electromagnetic absorbers were set around the

aperture and behind the two antennae in the room to prevent multiple reflections. Elec-

tromagnetic waves in the range of 1 - 9 GHz were introduced to the samples by the

transmitter antenna (double ridged horn antenna, 3115, ETS-Lindgren), and the trans-

mitted waves were detected by the receiver antenna (the same product as the transmitter

antenna). Thus, S21 measurements were made with a VNA (E8364B, Agilent Technolo-

gies) and transmission coefficients were calculated by taking the difference between the

S21 result and the reading without the samples. The incident angle of the entering waves

was changed by rotating the aperture and the transmitter antenna. Note that the an-

tenna was rotated around the radiating direction only when the polarization condition

was changed (TE polarization: 0 degrees, TM polarization: 90 degrees). The experi-

mental transmission coefficients were compared to the analytical S21-results at normal

incidence in order to examine the adjustment capability by varying the value of d in the

experimental samples. This result is shown in Fig. 6.15. Also, their incident angle de-

pendencies were examined by changing the incident angle of TE and TM polarizations.

These results are shown in Figs. 6.16 - 6.19.

Figure 6.13: The fabricated FSSs (d = 0.1 mm and 1.8 mm) consisted of three conductor
parts with thickness m =1.3 µm and three PET substrates with thickness t = 0.125 mm.

In Fig. 6.15, the experimental results display good agreement with the analytical

results. Although the differences between experimental and analytical results are con-

sidered to be caused by the error of shifted distance d in fabrication, the experimental
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Figure 6.14: Experimental setup in a shielded room, with electromagnetic absorbers
near the FSS and around both antennae.

Figure 6.15: Comparison of experimental and analytical results for transmission coeffi-
cients of the proposed FSS with normal incidence.
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Figure 6.16: Angular dependence of transmission coefficients of the proposed FSS for
d = 0 mm and TE incidence.

Figure 6.17: Angular dependence of transmission coefficients of the proposed FSS for
d = 0 mm and TM incidence.
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Figure 6.18: Angular dependence of transmission coefficients of the proposed FSS for
d = 1.8 mm and TE incidence.

Figure 6.19: Angular dependence of transmission coefficients of the proposed FSS for
d = 1.8 mm and TM incidence.
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results show that the operating frequency of the FSS can actually be controlled by chang-

ing the distance d. Since the resonant frequency is varied from approximately 2.1 GHz

to 3.6 GHz, the experimental adjustment capability is from f0 to approximately 1.7 f0,

a range that is almost consistent with the theoretical curve shown in Fig. 6.6. Therefore,

if the lowest resonant frequency f0 is set to 1.5 GHz, the operating frequency bands that

the FSS can actually cover include GPS, Wi-Fi, and LTE bands, since the covered fre-

quencies range from 1.5 GHz to approximately 2.55 GHz. Also, the result confirms that

all the samples have sufficient attenuation of around 30 dB at the resonant frequency

bands. And the distance-dependencies of the attenuation at the resonant frequencies

expected from the analytical results are also demonstrated, in that the attenuation is

decreased slightly as the distance d increases. From Figs. 6.16 - 6.19, all the samples

show angular stability in TE and TM polarizations over a range of 0 - 30 degrees. Since

the experimental results are consistent with the analytical results, the samples are con-

sidered to have angular stability over a range of 0 - 60 degrees. In Fig. 6.16 and Fig. 6.17,

although the attenuation varies significantly with the change of incidence angle, the ten-

dency of each polarization condition is consistent with the analytical results as shown

in Fig. 6.9 and Fig. 6.10. Namely, the attenuations with TE polarization are larger

than with normal incidence, and with TM polarization, they are smaller than that with

normal incidence. Also, in Fig. 6.18 and Fig. 6.19, the tendency in the attenuation of

each polarization condition is consistent with the analytical results as shown in Fig. 6.11

and Fig. 6.12 in terms of the small variance of the attenuations.

From the discussion in the experimental results, in practical situations, the demon-

strated FSS can be applied as a functional reflector, the operating frequency of which

can be adjusted to different wireless communication bands by placing marks in the upper

and lower substrates to include the distance corresponding to each of the targeted fre-

quency bands. If the targeted wireless communication standard with multiple frequency

bands is in the range from 2.1 GHz to 3.6 GHz in a specified use situation, the FSS

can be adjusted to the optimal frequency band regardless of the location used, without

re-designing.
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6.5 Conclusions

A three-layered adjustable frequency selective surface is proposed. The proposed

FSS is composed of a main resonator in the middle layer and two sub-resonators in the

upper and lower layers. In the FSS, its resonant frequencies for vertical and horizontal

polarizations can be controlled while keeping the same resonant frequency in both, by

shifting the upper and lower layers symmetrically. Therefore, the FSS can be fabricated

easily and achieves frequency adjustment capability without using electronic elements

such as varactor diodes although the FSS is not suitable for a situation that requires

real-time tuning.

The analytical results confirm that the resonant frequency can be varied from f0

to approximately 1.7 f0 with polarization-equivalence and that there is good angular

stability in the range of 0 - 60 degrees.

In the experiments, FSS samples with the same profiles as the analytical models

were fabricated simply by using a silver ink jet printer, and their adjustment capability

and angular stability were demonstrated. The experimental results also confirm the

analytical results by showing that almost the same adjustment capability and good

angular stability are realized in TE and TM polarizations. Therefore, the FSS has

usability potential in wireless applications such as a frequency-selective reflector for

various wireless communication bands.
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Chapter 7

Conclusions

In the thesis, electromagnetic control of the propagation condition on subwavelength

periodic structures are discussed and their applications for various devices are reported,

based on the theoretical concept of metamaterials. Specifically, first electromagnetic con-

trols of propagation conditions in complementary subwavelength periodic structures are

discussed, and the advanced technologies of SSPP, FSS, and artificial medium based on

the discussion are applied to high-frequency devices for skin depth engineering, biomed-

ical diagnosis and wireless communication.

In the study of electromagnetic controls of propagation conditions in the subwavelength

periodic structures, the change of the propagation characteristics in accordance with the

thickness of the structures is discussed by using the complementary structures of MHAs

and MPAs. As a result, it finds that when the structures are treated as boundaries

their propagation characteristics follow to Babinet ’s principle and MHAs and MPAs

show the band-pass effects and band-stop effects, respectively. On the other hand, when

the structures are treated as propagation media their propagation characteristics follow

to the SSPP theorem and both structures show the band-pass effects. Therefore, the

breakdown of Babinet ’s principle is demonstrated in the condition that the thickness

is about a wavelength, analytically and experimentally. The studies give us a physical

insight of electromagnetic behaviors in a subwavelength periodic structure in terms of

the propagation control between a boundary surface, and an effective medium.

As a first application, a theoretical estimation method of skin depth of SSPPs in
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millimeter or terahertz wavebands for suppressing near fields around transmission lines

is proposed and examined theoretically and experimentally. Specifically, the formula of

a skin depth of an SSPP is derived and the values at different frequencies are compared

with the experimental values by measuring the skin depth of SSPPs with the use of an

MHA and a conductor plate. As a result, it finds that the theoretical values of the skin

depth of SSPPs are in good agreement with the experimental values.

Second, a novel imaging method of a simple biomedical diagnosis focusing on a dy-

namic control of SSPP modes on an MHA is proposed and examined analytically and

experimentally. Specifically, first, the feasibility of detecting dielectric responses on an

MHA is examined by an active control of local fields of SSPP modes intensified by a

needle-like conductor. And two-dimensional imaging experiments of conductive, dielec-

tric and biomedical samples by using the method are conducted. The results find that

the permittivity distributions of all the samples including a lung of a rat can be obtained

by using the method without requiring complex signal processing.

As wireless applications, a broadband and miniaturized devices for DOA estimations

and a simplified adjustable FSS whose resonant frequency can be controlled in broad-

band, are proposed and examined.

As a DOA device, the subwavelength periodic structure of conductive scatterers for

formations of scattering patterns of 2 - 6 GHz is designed and fabricated. The spatial

distributions of the patterns in it at various frequencies and incident angles are analyzed

and detected experimentally. Both results confirm the fact that the scattering patterns

can be generated as standing waves near the SPCS, and find that the patterns show

the variances responding to frequencies and angles of incident waves due to changes of

tangential components of incident waves.

Finally, a three-layered adjustable FSS which resonates at various frequencies in ac-

cordance with its stacked conditions is designed and fabricated. The operating principle

is based on the functional capacitances formed between the adjacent layers that can be

varied by shifting the layers of each other. And the resonant frequency can be controlled

using the designed value of the capacitances. This operating principle and the angular

dependencies in the various cases are examined analytically and experimentally by ana-
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lyzing and measuring the transmission characteristics. It confirms the good agreements

between the analytical and experimental results in all the samples. And the FSS also

shows good angular stability which is important in practical use.

Through these studies, the applicable potential of metamaterial technologies is ex-

panded and the application targets of metamaterials are clarified. In other words, the

studies revealed that metamaterial technologies can be applied to various devices used for

high-frequency analog devices, biomedical diagnoses, and supporting methods of wireless

communications. And as followed to the future direction of metamaterial-studies (Fig.

7.1), they enrich our future lives by innovating devices.

Figure 7.1: The future direction of metamaterial-studies
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