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Abstract

This work presents analytical, numerical and experimental studies of a new class of res-

onant metasurfaces (MTSs), which may also be classified as miniaturized-element fre-

quency selective surfaces (FSSs). The proposed MTS unit cells consist of circular aperture

or disc resonators that are made subwavelength through the introduction of metamaterial

(MTM) liners. First, the theory of reduced-frequency resonances in a circular aperture in a

conducting screen lined using a layer of ε-negative and near-zero (ENNZ) MTM is studied

by treating the liner as a homogeneous and anisotropic medium. It is shown that an array

of circular apertures in a conducting screen whose interior is lined through thin layers of

ENNZ MTM liners demonstrates resonant transmission at frequencies that are well below

the natural resonance frequencies of unlined circular apertures of the same size or diffrac-

tion anomalies. Resonant transmission below the natural resonance frequency allows the

use of smaller resonators at the operating frequency, resulting in miniaturization of the

MTS unit cells. This theory is then extended through the application of Babinet’s princi-

ple to the design of miniaturized resonant discs loaded using µ-negative and near-zero

(MNNZ) MTM liners. A dual transmission-reflection spectrum is obtained at the reduced
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resonant modes of the metallic disc resonators, providing frequency-selective reflection

through compact MTSs at microwave frequencies.

Both the ENNZ and MNNZ liners in the proposed MTSs are realized through prac-

tical printed-circuit board (PCB) implementations. A homogenization scheme based on

transmission-line studies of the liners is used to show that they provide the desired per-

mittivity/permeability behaviour. Numerical and experimental studies are presented to

verify the successful frequency-selective enhancement of transmission/reflection at the

resonance frequencies of extremely subwavelength MTM-lined circular apertures/discs.

As the transmission/reflection mechanism in such aperture/disc arrays does not rely on

diffraction effects, and each resonator demonstrates isolated resonance behaviour, the res-

onators can be closely spaced, resulting in compact array sizes, which is important at

RF/microwave frequencies. Furthermore, interesting Fano-shape transmission/reflection

parameters are obtained at the resonance frequency of aperture/disc arrays, which may

be beneficial for many applications. For example, this property has been used to design

for strongly decoupled aperture resonators with slightly different resonance frequencies.

Such isolated resonators are then used to design an imaging device that can magnify sub-

wavelength conducting features to the far-field. The performance of this device has been

verified numerically as well as experimentally. The Fano-shape reflection parameter in the

disc array results in very-high transmission levels above the resonant reflection frequency,

which is important for shielding applications that require the MTS to remain transparent
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outside the shielding band. Extremely subwavelength, dual-band MTS unit cells are also

developed based on the proposed MNNZ MTM-lined disc resonators combined with a

different disc resonator realized through the application of µ-positive and large (MPL)

liners. Practical MTS unit cell implementations are used throughout these studies, and

homogenized sheet models are obtained to explain the resonance behaviour at different

operating bands. The performance of the proposed dual-band MTSs is studied numeri-

cally as well as experimentally.
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Chapter 1

Introduction

1.1 Motivation

This work introduces a new class of resonant metasurfaces (MTSs) based on highly sub-

wavelength metamaterial (MTM)-lined apertures and MTM-coated conducting discs. MTSs

are the two-dimensional equivalents of MTMs and can replace them in many applica-

tions [1]. Resonant MTSs are periodic arrays of subwavelength apertures or scatterers,

and operate in the regime that both the aperture/scatterer size and their periodicity in

the array are small compared to the wavelength, but the individual apertures/scatterers

are made resonant by means of modifying their shape/material properties. The highly-

subwavelength and strongly decoupled resonant elements introduced in this work may be

closely packed, yielding compact arrays as well as control over the transmitted/reflected
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fields with high spatial resolution. Furthermore, the operating frequency as well as polar-

ization selectivity of the proposed MTS unit cells is highly controllable, resulting in versa-

tile design techniques. The bandwidth and degree of coupling of adjacent resonators may

also be easily adjusted through the control of the Fano lineshape (i.e., a peak followed by

a minimum, or vice versa) of transmission/reflection parameter. Eventually, these fea-

tures may be adapted for the design of dual-band and polarization-selective MTSs, which

demonstrate improvements as compared to the existing MTS or miniaturized-element

frequency-selective surface (FSS) designs, including the single-layer geometry, indepen-

dent control of the operating bands, and ease of designing for closely spaced bands.

Recently, it was shown that transmission through miniaturized circular waveguides

(CWGs) can be vastly improved through the introduction of thin MTM liners [2]. Re-

duction in operating frequency while maintaining the waveguide size implies miniatur-

ization. This work establishes the analogy between circular apertures and CWGs lined

using ENNZ MTM liners, and demonstrates that this method is successful in miniatur-

izing the apertures as well. Therefore, miniaturization of the apertures will be achieved

through MTM liners that do not add any additional thickness and/or transverse dimen-

sions. A similar approach based on Babinet’s principle is applied to miniaturize metallic

disc resonators at microwave frequencies, and it is shown that an array of MTM-lined disc

resonators demonstrates increased reflection at the operating frequency. Miniaturization

of the unit cells inside an array also enables the description of these arrays in terms of
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effective surface properties.

The first proposed MTS structure in this work is a uniform array of MTM-lined aper-

tures designed to demonstrate ET at microwave frequencies. Extraordinary optical trans-

mission (EOT) through a square array of subwavelength apertures on a metallic film was

reported in 1998, when experiments in the optical regime observed unusual transmission

and direct beaming of light through arrays of subwavelength apertures which were ex-

pected to transmit no light to the other side [3–5]. A peak was observed in the transmission

spectrum, and found to be caused by the interaction of surface plasmon polaritons (SPPs)

at the interface between imperfect metallic screens and air. Many works after that have

further investigated the physical mechanisms responsible for the phenomenon, and the ef-

fect of changing different design parameters on the transmission behavior [6–13]. A wide

range of applications, such as filtering, switching, sensing, and absorption spectroscopy

were developed to benefit from this direct beaming of light through arrays of holes on

the screen. Also, there have been extensive research activities to improve the transmis-

sion peak level and extend it to the other frequency ranges, such as microwave and mil-

limeter wave frequencies [14–17]. Extraordinary transmission (ET) has been known in

general to rely on diffraction effects, and occur at frequencies where the spacing of aper-

tures measures one wavelength. Since a reasonably high number of apertures is needed to
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get a strong transmitted beam through this mechanism, and considering the larger wave-

length of microwaves, such arrays would possess a large overall size, which is unde-

sirable. Thus, proposing ET mechanisms at the microwave regime that do not depend

on diffraction effects but are realized by means of improved transmission through sub-

wavelength apertures are preferred. Therefore, the proposed MTM-lined apertures that

demonstrate strong resonant transmission while being subwavelength and closely spaced

are suitable candidates for achieving ET in the microwave regime.

Another goal of this project was to develop cost- and size-effective imaging/sensing

approaches using a nonuniform MTS consisted of these MTM-lined apertures. Imaging

in general is limited by the diffraction limit [18], which expresses that the smallest feature

that can be detected using a wave with wavelength of is λ/(2n), where n is the refractive

index of the medium in which imaging is performed (Abbe’s limit, 1873). This results in

a maximum resolution of λ/2 in free space. Therefore, development of techniques that

enable imaging of obstacles beyond the diffraction limit is an ongoing challenge.

Periodic surfaces such as the ones introduced in this work may also be used to filter

an interfering RF frequency adjacent to a desired transmission frequency in several an-

tenna applications. This is particularly relevant to the shielding of ISM bands, which are

unregulated frequency bands reserved internationally for industrial, scientific and medi-

cal applications. Specifically, the 2.4 GHz ISM band is often used by specialized medical
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devices. The proposed MTSs could be used to mitigate interference taking place in criti-

cal situations, such as that between medical diagnostic devices and other ubiquitous RF

sources in a hospital. Interpretation mistakes because of low-quality recordings caused by

electromagnetic interference is another problem, which may result in misdiagnoses and

unnecessary medical treatment, and may even be life-threatening. Therefore, more strin-

gent shielding requirements are the answer to prevent electromagnetic interference from

causing medical equipment malfunction. The MTSs designed here can be easily integrated

to the medical devices operating at ISM frequency bands to protect them from possible in-

terference. Although metallic sheets could be easily used for shielding, the advantage of

the proposed periodic surfaces is to provide frequency and/or polarization selectivity. We

show the possibility of polarization-selective and multi-band shielding with single-layer

MTSs that offer independent control of operating bands and ease of designing for closely

spaced bands. Other applications of such MTSs include shielding electronic devices in

wireless-communication applications such as broadcast radio, Wi-Fi, mobile communica-

tion, and linear-polarization satellite communication systems, to protect the devices from

malfunction and/or mitigate multipath effects.

Access to the interior region provided by aperture arrays can also be beneficial in

sensing or characterization of fluids or biological materials. When a biological substance

passes through the aperture and fills the empty interior, it is expected to cause a down-

shift in the resonance frequency. Additionally, when that material comes in contact with
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the MTM liner region, it causes additional downshifting of the operating frequency by

affecting the properties of the MTM liner. This can result in the design of highly sensitive

sensors.

1.2 Objectives

The objectives of this work can be summarized as follows: (1) develop a complete ana-

lytical solution for the miniaturization of circular apertures in a conducting screen based

on the analogy to MTM-lined circular waveguides, (2) apply Babinet’s principle to ob-

tain miniaturization of metallic disc resonators at microwave frequencies, (3) investigate

the effective material properties of fully printed MTM liners and field distributions of re-

duced resonant modes in each of the above-mentioned designs, (4) use miniaturized cir-

cular apertures for obtaining ET at microwave frequencies; (5) design an imaging device

capable of magnifying subwavelength distributions of obstacles that would otherwise be

indistinguishable due to the diffraction limit; and (6) employ the MTM-lined discs for

the design of novel MTSs that provide the possibility of polarization-sensitive and/or

multi-band shielding through compact prototypes, and model the unit cells through an

effective-medium description in terms of surface parameters. Objectives (4)-(6) are vali-

dated numerically as well as experimentally.
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1.3 Outline

Chapter 2 provides a background on Bethe’s aperture theory, MTMs and their realization

and modeling, generalized sheet transition conditions and their application to charac-

terize MTSs. Furthermore, a comprehensive background is presented on several areas

and structures that can benefit from the proposed MTM-lined apertures and/or discs,

including extraordinary transmission, frequency selective surfaces, metasurfaces and far-

field imaging devices. Chapter 3 discusses the analogy between modes of a PEC circular

waveguide and a circular aperture in a PEC screen, and explores the theory of reduced-

frequency modes supported by the proposed ENNZ-lined circular apertures. Analytical

solutions are presented for the reduced resonance frequencies of a circular aperture lined

using a homogeneous and anisotropic MTM liner. This is followed by the analysis of a

complementary unit cell, consisting of a metallic disc lined using an MNNZ MTM liner.

It is discussed that a complementary unit cell design is expected to show complementary

transmission/reflection behaviour. Transmission line models are presented to model the

ENNZ/MNNZ liners, and obtain the corresponding electric/magnetic plasma frequen-

cies, and to provide insight into the MTM liner’s effective-medium parameters. Chap-

ter 4 offers a new approach for extraordinary transmission by investigating the reduced

HE11 mode of ENNZ-lined apertures. The ENNZ MTM liner is implemented using an

arrangement of inductively loaded copper traces, and successful achievement of resonant
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transmission enhancement at microwave frequencies is verified through full-wave elec-

tromagnetic simulations as well as experiments. Chapter 5 numerically and experimen-

tally investigates far-field imaging of conducting obstacles through a nonuniform array of

ENNZ-lined apertures mounted on the mouth of a TEM horn antenna, to build a near-field

imaging probe that magnifies the information to the far-field. Furthermore, fully printed

ENNZ-lined apertures are developed through replacing discrete loading inductors with

printed, dual-arm spiral inductors, and are used for the realization of this imaging device.

A novel complementary metafilm design based on MNNZ-lined metallic discs is studied

through full-wave transmission and eigenmode studies in chapter 6. Generalized Sheet

Transition Conditions (GSTCs) are used for extracting the susceptibilities of the proposed

metafilm unit cell, which exhibit an electric-dipole-like behaviour at resonance. These

studies are followed by experimental validation of the transmission behaviour of the pro-

posed metafilm. Chapter 7 combines the metafilm technology based on MNNZ-lined

discs presented in chapter 6 with another technology based on µ-positive (MPL)-lined

discs to propose novel dual-band and polarization-selective metafilm designs. To con-

clude, chapter 8 proposes a number of potential future directions of research, including

investigation of homogeneous sheet models for the proposed metascreen designs using

GSTCs for metascreens, beam-shaping through the proposed metafilm designs, applying

mode-matching techniques to explain the Fano profile of transmission/reflection, as well

as extending all aspects of the present work to the design of optical devices. The use of
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proposed metascreen/metafilm unit cells for dielectric sensing may also be explored as a

future direction of this work.
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Chapter 2

Background

2.1 Bethe’s Aperture Theory

Diffraction of electromagnetic waves through an electrically small (i.e., small compared

to the wavelength) circular aperture was studied theoretically in [19], commonly referred

to as Bethe’s aperture theory. This study obtains the transmission through a single cir-

cular aperture in a perfectly conducting (PEC) screen by applying Maxwell’s equations

and appropriate boundary conditions assuming a plane-wave excitation. The boundary

conditions essentially enforce the tangential electric field to vanish on the PEC screen.

Furthermore, as the holes are subwavelength, the electromagnetic fields can be assumed

constant over the hole area. Fictitious magnetic charges and currents are used to model

the effect of the hole in [19], and their value are adjusted so as to give the correct normal

electric and tangential magnetic field components in the hole. It was concluded in [19] that

an electrically small aperture diffracts the incident electromagnetic wave isotropically in
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all directions, with minimal power radiated to the far-field.

The study in [19] investigates the transmission through a single subwavelength aper-

ture. This study is extended in [20], for an array of subwavelength apertures in an in-

finitely thin PEC screen. It is shown that, in the small-aperture limit, the magnetic field

of the lowest-order evanescent TM mode diverges for a finite electric field at the frequen-

cies where the spacing of apertures approaches one wavelength, and therefore, this sin-

gle mode dominates the transmission mechanism near its cutoff frequency in the regime

where Bethe’s theory is applicable. This information is used to replace the aperture with

an equivalent magnetic polarization current proportional to the magnetic field of the

lowest-order TM mode. This problem is then treated as solving for the transmitted field

as excited by an array of magnetic polarization currents. The corresponding formula-

tion shows a passband with 100% transmission at the frequencies below Wood-Rayleigh

anomaly, as well as zero transmission at Wood-Rayleigh anomaly. The Wood-Rayleigh

anomaly occurs at the frequency where the spacing of the apertures is equal to one wave-

length [21, 22]. This corresponds to the lowest order diffracted wave from a grating, where

the scattered wave emerges tangential to the screen, and produces a minimum in the

transmission spectrum (more background on Wood-Rayleigh anomaly can be found in

Appendix B). The analysis in [20] allows for a physical description of the total transmis-

sion phenomenon through an array of subwavelength apertures: the lowest order mode

dominates the magnetic field at the surface, which is rescattered by the aperture array to
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allow for total transmission.

2.2 Extraordinary Transmission

Experiments at optical frequencies have observed unusual transmission of light through

periodic arrays of subwavelength apertures [3], and through single subwavelength aper-

tures surrounded by 2D periodic grooves [5, 7]. As this phenomenon could not be ra-

tionalized using more well-known aperture-theoretical mechanisms, it was referred to as

"extraordinary transmission" (ET). The prevailing understanding of these ET phenomena

in most instances invokes diffraction-grating anomalies [8–11], which suggests that such

ET is dominated by the periodicity of the apertures or grooves, rather than their dimen-

sions, provided that they are subwavelength. In [8], Medina et al also offered a concise and

accurate explanation of ET using modal equivalent circuits, which led to circuit-like ap-

proaches to control the induced surface currents and reduce the ET frequency, in regimes

as high as the mid-infrared (see, for example, [23]). Similar efforts have led to the demon-

stration of ET at microwave and millimeter-wave frequencies [16, 17], where metals are

essentially PEC and plasmonic effects cannot be relied upon. An alternate interpretation

for the ET mechanism is offered in the concept of the so-called spoof surface plasmons

(SSPs), which are essentially surface Bloch modes of the periodic structure that mimic the

natural surface plasmon-polariton (SPP) response of imperfect metals [24]. This perspec-

tive suggests that ET occurs due to the excitation and coupling of SSPs, whose resonance
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is given by the aperture’s resonance frequency, but also strictly requires that the aper-

tures be subwavelength in size. Whereas these two conditions would be at odds with

each other for empty, unperturbed apertures, they could be reconciled by engineering the

aperture’s geometry or dielectric environment to lower its natural resonance frequency

[12, 25]. Many recent approaches have involved covering the apertures with artificial me-

dia such as metamaterials (MTMs), whose function is similar to that of SPPs in that they

promote coupling into and/or out of the aperture to enhance transmission. These include

using an ε-near-zero (ENZ) material or an effective medium of nano-wires to couple inci-

dent waves into the aperture and radiate them as a highly directive beam [26–28], or em-

ploying bilayers with conjugately matched (i.e. positive- and negative-valued) material

parameters to support a compact resonance across the aperture [29]. However, these tech-

niques require either that the transverse dimensions of the MTM covers extend beyond

the aperture or that they are extremely thick, and do not typically allow the apertures to

be permeable. The above drawbacks limit the functionality of the above-mentioned ap-

proaches. The MTM liner used in this work, however, occupies a thin region at the edge

of each hole, and no extra thickness or transverse size is added.

2.3 Frequency Selective Surfaces

Frequency Selective Surfaces (FSSs) are 2D periodic structures that are composed of shaped

conductive patches or aperture elements designed to selectively reflect, transmit or absorb



Chapter 2. Background 14

EM waves at their operating frequency [30]. Patches refer to metallic scatterers of various

shapes, which can be modeled using electric currents, while slots (or apertures) can be

modeled using magnetic currents [30, 31]. Furthermore, according to Babinet’s princi-

ple, complementary FSS designs are expected to demonstrate complementary transmis-

sion/reflection behaviour [30].

FSSs can be viewed as passive spatial filters to microwave and optical signals [32].

Similar to microwave filters, FSSs can have low-pass, high-pass, bandpass or bandstop

frequency responses. However, their response not only depends on the frequency of the

incoming electromagnetic wave, but also on its polarization and angle of incidence [33].

A simple equivalent circuit model presented in [33] shows the effect of different period-

icities and angles of incidence on the effective circuit-model parameters of an FSS. FSSs

have been extensively investigated during the past few decades, and find interesting ap-

plications in the design of reflectarrays, radomes, polarizers, beam splitters, microwave

absorbers, and electromagnetic interference (EMI) reduction devices [30, 32, 34, 35]. They

are also commonly used to increase the communication capabilities of satellite systems

[36]. Although the use of traditional FSSs may be sometimes limited because of their

narrow bandwidth and/or poor filtering response, a wide variety of solutions have been

investigated in the literature for improving the characteristics of traditional FSSs, such as

the use of active FSSs [37], fractal FSSs [38], as well as embedded and sandwiched FSSs
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[39]. Multilayered FSSs have also been widely studied in order to overcome the shortcom-

ings of single-layer designs [40–45].

The EM performance of an FSS is known to depend on the element type, geometry,

substrate and spacing [30]. Traditional FSSs use simple geometries like loop, dipole, cross

and patch type unit cells. Four basic groups of FSS elements are shown in Fig.2.1, which

can be categorized into four basic groups [31]. N-poles or center-connected elements are

shown in Fig.2.1(a), which include dipoles, tripoles, square spirals and Jerusalem crosses.

Loop type elements, such as circular, square and hexagonal loops, are shown in Fig.2.1(b).

Common patch-type elements are shown in Fig.2.1(c), and combinations of these three

unit cells are shown in Fig.2.1(d).

There are two general classes of FSSs: resonant and non-resonant. The latter are often

used when a broadband response is required. These two FSS classes are briefly discussed

below.

2.3.1 Resonant FSSs

Resonant FSSs are 2D arrays of patches or slots that reflect or transmit, respectively, at

the resonance frequency of their constituent elements [30]. The resonance frequency and

bandwidth of resonant FSSs strongly depend on the resonance frequency and shape of the

constituent resonant element (patch or slot); however, they are also substantially affected

by the element spacing and the angle of incidence [46].
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(a)

(b)

(c)

(d)

FIGURE 2.1: The four major FSS element geometries, including center con-
nected or N-pole types, loop types, patch types, and combinations of these

three shapes [30, 31]
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Many applications, such as satellite systems, benefit from a dual-band FSS design.

Multi-band FSSs are usually realized by stacking single-layer resonant FSSs with a quar-

ter wavelength spacing, perturbation of a single-layered FSS, or the use of multi-band

resonant-element FSSs [33, 36]. In general, the use of multi-band FSS elements is pre-

ferred to a multi-band FSS realized by stacking single layer FSSs, as the latter adds unde-

sired extra thickness (especially at low frequencies), and causes stronger dependence of

the response to the angle of incidence.

2.3.2 Non-Resonant FSSs

Non-resonant FSSs refer to structures consisting of both patches and slots placed on the

two different sides of a substrate. In such designs, patches and slots are not individually

resonant; however, they form capacitive and inductive grids, respectively, acting as a par-

allel LC circuit, which demonstrates a bandpass response [47]. One example of such FSS

structures in shown in Fig. 2.2.

2.4 Metamaterials

Artificially constructed materials, or metamaterials (MTMs), have generated considerable

interest during the last few decades. MTMs consist of periodically arranged inclusions

which are small with respect to the incident EM wavelength. These materials can ma-

nipulate electromagnetic waves in surprising ways, and may be employed to achieve
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FIGURE 2.2: Topology of a band-pass, nonresonant FSS composed of a pe-
riodic array of metallic patches on one side of a dielectric substrate and an

inductive wire grid on the other side [47].

intriguing propagation phenomena that are difficult or impossible to achieve with nat-

ural materials, such as a negative index of refraction. When an electromagnetic wave,

consisting of oscillating electric and magnetic fields, and characterized by a wavelength,

propagates through a conventional material, it sees an effective permittivity and perme-

ability. As the wavelength is many times larger than the atoms of the material, we can

conceptually replace the otherwise inhomogeneous medium by a homogeneous material

characterized only by two macroscopic electromagnetic parameters: the electric permittiv-

ity, ε, and the magnetic permeability, µ [48]. In practice, any collection of particles whose

size and spacing are much smaller than the wavelength can be described by an equiva-

lent ε and µ. The values of ε and µ are determined based on scattering properties of the

synthesized objects [48]. Most conventional materials have positive values of ε and µ,

while MTMs can take a wide range of inhomogeneous (spatially varying) and anisotropic
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(polarization-dependent) positive or negative parameters, through proper design proce-

dures. Therefore, different classes of MTMs can be realized, including ε-positive (ε > 0)

or EPS materials, µ-positive (µ > 0) or MPS materials, double-positive (ε > 0 and µ > 0)

or DPS materials, ε-negative (ε < 0) or ENG materials, µ-negative (µ < 0) or MNG ma-

terials, and double-negative (ε < 0 and µ < 0) or DNG materials. In DNG MTMs, the

refractive index (n =
√

εrµr) becomes negative. A negative refractive index (NRI) allows

unique phenomena such as backward wave propagation and focusing.

MTMs are used in a variety of applications, including but not limited to the design of

superlenses for imaging beyond the diffraction limit [49–52], invisibility cloaks [53, 54],

tunneling of electromagnetic power and transparency [55], antenna miniaturization [56,

57], antenna gain/bandwidth improvement [58, 59], and beam-shaping [60, 61].

2.4.1 Realization

Split-ring resonators (SRRS) and thin wires are commonly used to implement MTMs in a

wide frequency range from the microwave to the THz and optical regimes [62–65]. Nev-

ertheless, many other forms of MTM implementations exist, which are obtained through

judicious arrangements of metallic and dielectric objects in linear, planar, or volumetric

fashions. One well-known class of MTMs are transmission-line (TL) MTMs, where nega-

tive permittivity and/or permeability is realized based on L-C-loaded TLs [66–68]. Other

examples of MTM implementations are also studied in numerous works [68–75], some of
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which are demonstrated in Fig. 2.3.

2.4.2 Modeling

MTMs may be modeled through various homogenization approaches, which introduce

a generally dispersive, effective medium model for bulk properties (i.e., ε(ω) and µ(ω))

of the volumetric MTM. Examples of these homogenization approaches include field av-

eraging [76–80], scattering (S) parameter extraction method [81–84], and the dispersion-

equation method [85]. Among these, the S-parameter inversion method is very popular, as

it allows extraction of the permittivity and permeability from numerically or experimen-

tally obtained S parameters [86]. The dispersive profile of permittivity/permeability of a

MTM is often approximated through a Drude- or Lorentz-type dispersion model [87]. The

simple Drude/Lorentz model description cannot model bianisotropic MTMs as it does not

take the magnetoelectric coupling effects into account [88]. More complicated parameter

extraction methods are available for bianisotropic MTMS (see, for example, [89]). The as-

sumed Drude/Lorentz type dispersion of the effective parameters is in fact a limitation

of many homogenization methods. However, studies show that the extracted parameters

of MTMs often possess such a profile due to the strong resonant behaviour [83, 90, 91].

Lossy Drude profiles for permittivity and permeability are used in multiple works (see,

for example, [92–94]), and may be described as:
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(a) (b)

(c) (d)

(e)

FIGURE 2.3: Various implementations of MTMs at frequency regimes rang-
ing from the microwave to the optical: (a) SRRs and copper wire strips on
fiber glass [75], (b) NRI-TL MTMs [68], (c) a periodic array of tightly coupled
Jerusalem cross pairs [74], (c) spherical nanoparticles [71], and (e) a square

array of metallic cylinders [70].
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ε(ω) = ε0(1−
ω2

pe

ω(ω− jΓe)
) (2.1a)

µ(ω) = µ0(1−
ω2

pm

ω(ω− jΓm)
) (2.1b)

where ωp refers to the corresponding plasma frequency and Γ denotes the the correspond-

ing damping frequency. Other works, such as [75, 95–98] have used the Lorentz model and

its derivatives to model dispersive electric and magnetic behaviour of MTMs, which may

be describe as follows:

ε(ω) = ε0(1 +
ω2

pe

ω2
0e −ω2 + jΓeω

) (2.2a)

µ(ω) = µ0(1 +
ω2

pm

ω2
0m −ω2 + jΓmω

) (2.2b)

in these equations, ω0e and ω0m denote the electric and magnetic resonance frequencies,

respectively.

2.5 Metasurfaces

Metasurfaces (MTSs) are the two-dimensional equivalents of MTMs, and can replace them

in many applications [1]. They occupy less physical space than bulk, volumetric (3D)
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MTMs, and are used in a wide frequency range from the microwave to the optical [63, 99–

108]. By judiciously choosing the shape of their constituent scatterers, MTSs can be bene-

ficial in many applications including, but not limited to, wavefront manipulation and the

design of flat lenses [61, 109–114], high-resolution color printing [115–119], linear to circu-

lar polarization conversion [120–123], surface-wave coupling [24, 124, 125], polarization

rotation [123, 126–128], the realization of zero-index properties [129, 130], shielding [131,

132], and switching [133, 134].

MTSs may be further classified into two topologies: a fishnet topology referring to

apertures placed periodically in a metallic screen, which are called metascreens, or a cer-

met topology, referring to a 2D array of isolated metallic scatterers, called metafilms [135].

Other kinds of MTSs might be designed that lie somewhere between these two extremes

[1]. Figure 2.4 illustrates the general shape of a metascreen and a metafilm consisted of

arbitrarily shaped apertures/scatterers [136].

Nonuniform MTSs are commonly used for beam shaping through simultaneous con-

trol of magnitude and phase of transmitted/reflected waves. Such designs are commonly

called transmitarrays/reflectarrays [137–141]. Although complete control over the beam

requires adjustability of both magnitude and phase of the transmission/reflection param-

eter, varying the amplitude usually results in undesired loss of power, which is unwanted

[142]. Consequently, in such applications, the MTS unit cells are usually designed to pos-

sess equal transmission/reflection magnitudes, and introduce a constant phase gradient
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(a)

(b)

FIGURE 2.4: Topologies of (a) a metascreen and (b) a metafilm, consisted of
arbitrarily shaped apertures/scatterers [136].
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vector at a particular frequency, which provides an effective wavevector along the in-

terface [103]. The effective wavevector introduced through the phase-gradient MTS im-

parts momentum to transmitted/reflected waves, causing the desired re-direction of the

beam. Generalized laws of reflection and refraction are derived in [143, 144] to calcu-

late the redirection angle based on the interfacial phase gradient as well as the refractive

indices of the surrounding media. It is worth mentioning that this beam redirection ef-

fect is analogous to the effect of conventional optical elements such as prisms that use

thickness variation to induce a phase gradient. However, MTSs facilitate the realization

of arbitrary phase distributions using planar arrays of subwavelength elements that can

be easily fabricated through a single-step lithography process [145]. Phase control is gen-

erally achieved through the choice of shape and dimensions of MTS unit cells [143, 146–

149]. One of the most well-known demonstrations of beam-shaping MTSs has been done

through the use of V-shaped antenna elements [143, 148], as shown in Fig. 2.5.

Similar to FSSs, MTSs may utilize resonant or non-resonant elements.

2.5.1 Resonant MTSs

Resonant MTSs are obtained when the scatterer size and their periodicity in the array

are small compared to the wavelength, but the individual scatterers are made resonant

by means of modifying their shape/material properties [1]. As both the scatterer and the

periodicity are electrically small, an effective-medium model can be defined in this regime;
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FIGURE 2.5: A beam-shaping MTS utilizing V-shaped nanoantennas [143].

however, this model would be strongly dispersive due to expectedly different responses

at and away from the resonance frequency. This regime of operation presents interesting

possibilities, as it provides functionality for a wide range of applications while allowing

compact scatterer and array dimensions.

2.5.2 Non-Resonant MTSs

In this regime, both the scatterer size and their spacing (i.e., array periodicity) are very

small compared to the free-space wavelength, and the scatterers are non-resonant. In this

regime, a non-dispersive or weakly dispersive effective-medium model can be defined for

the array.

Therefore, MTSs are preferred to ET or FSS designs in terms of compactness, as in
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the ET/FSS regime of operation either the periodicity of scatterers inside the array is on

the order of one wavelength (the ET regime), or the scatterers are electrically large, and

therefore, resonant (as in resonant FSSs).

2.6 Far-Field Imaging/Magnification

Far-field imaging is limited by the diffraction limit [18], which expresses that the small-

est feature size that can be imaged using a wave with wavelength of λ is λ/(2n), where

n is the refractive index of the medium in which imaging is performed (Abbe’s limit,

1873). This results in a maximum resolution of λ/2 in free space. These constraints have

prompted the development MTM-based devices such as hyperlenses. Hyperlenses are

near-field imaging devices that magnify subdiffraction details by creating diverging reso-

nant paths through an anisotropic, inhomogeneous, and potentially lossy medium, which

may then be imaged in the far-field using conventional optical means [50, 87, 150, 151].

More conventionally, near-field probes - essentially electrically small receiving antennas

- are used to discern subwavelength details. Such probes must be scanned from location

to location to obtain the full image of an object/environment, since any parallel imaging

arrangement would be limited by high coupling between adjacent probes. This series

imaging scheme can be very time-consuming as compared to parallel approaches, which

provide information about multiple locations at once. Therefore, development of parallel,

beyond-the-diffraction-limit imaging schemes becomes necessary.



Chapter 2. Background 28

2.7 Generalized Sheet Transition Conditions (GSTCs)

Recently, GSTCs have widely been used to characterize MTSs [135] by relating the jump

in the electromagnetic fields at the two sides of a MTS to the average fields on the MTS

through surface susceptibility tensors ¯̄χ. GSTCs are equivalent boundary conditions that

explain the interactions of MTSs with incident electromagnetic waves. These boundary

conditions were named GSTCs by Senior and Volakis [152–154], who used such conditions

to approximately describe simple structures.

There are distinctions between metascreens and metafilms in terms of the value of sur-

face currents that necessitate separate studies of the two topologies. The first set of GSTC

conditions for a metafilm that take the interaction between the scatterers into account, and

consider both electric and magnetic polarizabilities, are derived in [135]. These conditions

also allow relating the transmission and reflection parameters of a metafilm to its polariza-

tion densities [135]. The susceptibility tensors of a metafilm assume a homogenized and

dispersive model for the discrete (inhomogeneous) distribution of its electrically small

scatterers, and are related to the electric and magnetic polarizabilities of the scatterers as

well as their densities on the metafilm [135, 155, 156]. Although previous works had also

modeled the interaction of EM waves with a surface, they lacked completeness as they

either did not model the interactions between the equivalent electric/magnetic dipoles

[157], or only considered the electric polarizabilities of the scatterers and failed to take the
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magnetic polarizabilities into account [157–159]. The GSTCs obtained in [135] allow gen-

eral shapes of scatterers, as long as the distribution of scatterers is dense with respect to

the wavelength (so that the average fields can be approximated by continuous surface dis-

tributions of polarization and magnetization densities) and sparse compared to the size of

the scatterers (so that the field acting on one of the scatterers can be obtained by replacing

all the other ones by continuous polarization and magnetization densities).

The GSTC conditions for a metascreen are derived in [160], which use effective surface

susceptibilities and surface porosities to model the geometry and distribution of aper-

tures in a metallic screen (i.e., metascreen unit cells). The GSTCs obtained in [160] allow

the apertures to be arbitrarily shaped, but their dimensions are required to be small in

comparison with the wavelength in the surrounding medium. As mentioned earlier, the

main distinction between GSTC conditions for metafilms and metascreens is that the iso-

lated scatterers in a metafilm imply small surface currents between the scatterers, whereas

metascreens possess nonzero currents along their surface that must be taken into account,

even if the periodicity of the array is very small.

GSTCs may be used in numerical modeling of MTSs using FDTD [161–163] and FEM

[164] methods, or to explain unique behaviours such as insensitivity of transmission and

reflection parameters to the angle of incidence [165]. GSTCs also provide insight into the

value and frequency behaviour of surface parameters, and how that affects the behaviour

of the MTS [160], which is beneficial for synthesizing these parameters in order to obtain
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the desired transmission and/or reflection response.
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Chapter 3

Theory

3.1 The Analogy Between Circular Apertures and Circular

Waveguides

Apertures are widely used in electromagnetics mainly for the coupling or radiation of

electromagnetic waves. Circular apertures are common in many of these applications. On

the other hand, many properties of these apertures can be studied in similarity to circular

waveguides. For circular apertures placed in a conducting screen, the transverse bound-

ary conditions are same as those in the cross section of a metallic circular waveguide.

Moreover, if the metallic screen containing the apertures possesses an electrical thickness,

the apertures are, in fact, very short circular waveguides. Therefore, the cutoff (reso-

nance) frequency above which an aperture will effectively radiate/transmit power can

also be evaluated by analyzing the equivalent circular waveguide. Air-filled waveguides



Chapter 3. Theory 32

enclosed by perfect-electric-conducting (PEC) boundaries support a discrete spectrum of

modes as is well known, each possessing a cutoff frequency. Below their cutoff frequency,

waveguides are not capable of propagating power. One way to reduce these cutoff fre-

quencies to miniaturize waveguides is homogeneously filling the vacuum region inside

the waveguide with an isotropic dielectric material, which does not modify the corre-

sponding transverse modal field distributions. However, this method of reducing the cut-

off frequency does not allow access to the interior region of a waveguide. Another way of

manipulating the cutoff frequency of a metallic waveguide is partially/inhomogeneously

filling it with a dielectric. This can affect the modal field distributions significantly. Filling

a PEC circular waveguide with two concentric dielectric regions is an example [166, 167].

This structure is capable of supporting hybrid electric (HE) and hybrid magnetic (EH)

modes which are similar to the transverse electric (TE-) and transverse magnetic (TM-

) modes of a similar homogeneously filled circular waveguide, respectively, except that

longitudinal electric or magnetic field components do not vanish in the former. However,

under certain conditions such as circularly symmetric field distributions or near cutoff,

these hybrid modes can reduce to the TE and TM modes of a homogeneously filled cir-

cular waveguide (CWG) [166, 167]. The dielectric liner’s permittivity, permeability, and

thickness might be optimized to engineer the modal dispersion characteristics [168, 169].

Another approach for engineering the propagation constant and modal dispersion

characteristics is metamaterial (MTM) loading of the waveguides. It has been shown that
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propagation can be restored far below the cutoff frequency of waveguides by loading

them using elements such as the split-ring resonator (SRR), complementary split-ring-

resonator (CSRR), or wire-lines [169, 170]. The study in [2] investigated the intriguing

effects of inhomogeneously filling circular waveguides with thin ε-negative and near-

zero (ENNZ) MTM liners. This study established the possibility of below-cutoff propa-

gation resulting in waveguide miniaturization, resonant tunneling of power, backward

coupling of power, and field collimation. A rigorous hybrid-mode analysis was done to

determine the MTM-lined waveguide’s dispersion features, cutoff frequencies, and field

patterns. A methodology to control the reduced cutoff frequencies through varying ei-

ther the permittivity’s dispersion profile and/or the liner’s thickness was developed. The

present work establishes the analogy between below-cutoff transmission through minia-

turized MTM-lined CWGs and enhanced transmission through arrays of subwavelength

apertures loaded using ENNZ MTM liners. Partially filled miniaturized apertures allow

access to the interior region of the aperture, which is advantageous for shielding appli-

cations that require visual accessibility, or sensing of fluids and biological materials that

require the substances to pass through the apertures. This miniaturization technique is

presented in detail in the next section.



Chapter 3. Theory 34

3.2 ENNZ MTM-Lined Apertures

A similar theory to the ENNZ-lined CWGs is developed in this section for miniaturizing

circular apertures. Figure 3.1(a) presents the geometry of the structure under considera-

tion, which is an MTM-lined circular aperture in a PEC screen. An inner vacuum region

(ε0, µ0) of radius of a is surrounded by an outer MTM region of thickness b− a, which is as-

signed a dispersive relative permittivity εr( f ) and a nonmagnetic response. This radially

inhomogeneous aperture supports hybrid electric (HE-) and magnetic (EH-) mode reso-

nances which are similar to the TE and TM modes of a homogeneously filled aperture ex-

cept that the former generally exhibit longitudinal E- or H-field components, respectively,

in order to satisfy the additional boundary conditions introduced by the inhomogeneity.

Similar to a CWG, the resonant modes of a circular aperture in a conducting screen are

determined by the solutions of an equation recognized as Bessel’s differential equation

[171], which are called Bessel functions. The resonance frequencies of a homogeneously

filled circular aperture in a conducting screen with a filling material possessing a per-

mittivity of ε and a permeability of µ may therefore be calculated using the following

formulas [171]:

f TE
rnm =

P′nm
2πa
√

µε
(3.1a)

f TM
rnm =

Pnm

2πa
√

µε
(3.1b)
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(a)

(b) (c)

FIGURE 3.1: (a) Transverse cross-section of the MTM-lined circular aperture
consisting of an inner vacuum region and a nonmagnetic outer liner region
with a relative dispersive permittivity εr( f ). (b) The HE11-mode resonance
frequency versus liner permittivity (solid black curve) along with the Drude
dispersion profile of εr( f ) (dashed blue curve). (c) A printed-circuit imple-

mentation of an ENNZ MTM-lined aperture.
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where n refers to the number of variations in the azimuthal (φ) direction and m refers

to the number of variations in the radial (ρ) direction, Pnm is the mth root of the Bessel

function of the first kind (i.e., Jn) and P′nm is the mth root of its derivative (i.e., J′n). Table 3.1

shows the values of Pnm and P′nm required for calculating the resonance frequencies of TM

and TE modes, respectively, of a circular aperture in a conducting screen.

n m Pnm P′nm

0 1 2.405 3.832

0 2 5.520 7.016

0 3 8.654 10.174

1 1 3.832 1.841

1 2 7.016 5.331

1 3 10.174 8.536

2 1 5.135 3.054

2 2 8.417 6.706

2 3 11.620 9.97

3 1 6.380 4.201

TABLE 3.1: Values of Pnm and P′nm for different values of n and m.

Figure 3.2 shows the distribution and magnitude of electric field vectors of the four

lowest order modes of a representative circular aperture in a conducting screen, which
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(a) (b)

(c) (d)

FIGURE 3.2: The distribution and magnitude (shown through colors) of total
electric-field vectors of the four lowest-order modes of a circular aperture in

a conducting screen: (a) TE11, (b) TM01, (c) TE21, and (d) TE01.

are the TE11, TM01, TE21, and TE01 modes, respectively.

Obtaining the resonance frequencies of an inhomogeneously filled circular aperture,

however, requires more complicated calculations. Here, the resonance frequency of a cir-

cular aperture in a conducting screen partially filled with a liner possessing anisotropic

permittivity and permeability parameters will be obtained first, which will be then sim-

plified for the case of the MTM liner shown in Fig. 3.1(a), which is assumed to possess an

isotropic permittivity and a non-magnetic response. In general, longitudinal electric and
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magnetic field vectors (Ez and Hz) in cylindrically anisotropic media may be written as

[172]:

Ez = (C1 Jν(γ
ε
ρρ) + C2Yν(γ

ε
ρρ))cos(nφ)e(−γz) (3.2a)

Hz = (C3 Jτ(γ
µ
ρ ρ) + C4Yτ(γ

µ
ρ ρ))sin(nφ)e(−γz) (3.2b)

where J and Y are Bessel and Neumann functions, respectively, and γ is the complex

propagation constant in the z direction, which will eventually be set to zero in order to

find the resonance (cutoff) frequencies. n is the azimuthal mode index, and ν and τ are

the (generally complex) orders of Bessel and Neumann functions, defined as ν = n
√

εφ

ερ

and τ = n
√

µφ

µρ
, respectively, for γ = 0. γε

ρ and γ
µ
ρ are the ρ-directed components of the

propagation vector, which may be calculated as γε
ρ = ω

√
εzµφ and γ

µ
ρ = ω

√
µzεφ at the

resonance (i.e., cutoff) frequencies, and Ci coefficients are the excitation-dependent con-

stants. A time-harmonic behavior (ejωt) is assumed throughout these derivations. Further

details of these derivations may be found in [172].

Using transverse decomposition of Maxwell’s equations, the transverse electric and

magnetic fields at the resonance frequencies may be written in terms of longitudinal E/H

fields as:
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Eρ = − γ

γ2 + ω2ερµφ
(

∂Ez

∂ρ
+

jωµφ

γρ

∂Hz

∂φ
) (3.3a)

Eφ = − γ

γ2 + ω2εφµρ
(

1
ρ

∂Ez

∂φ
−

jωµρ

γ

∂Hz

∂ρ
) (3.3b)

Hρ = − γ

γ2 + ω2εφµρ
(

∂Hz

∂ρ
−

jωεφ

γρ

∂Ez

∂φ
) (3.3c)

Hφ = − γ

γ2 + ω2ερµφ
(

1
ρ

∂Hz

∂φ
+

jωερ

γ

∂Ez

∂ρ
) (3.3d)

The dispersion relation for the resonant modes of an MTM-lined circular aperture may

be obtained through applying the appropriate boundary conditions. This includes enforc-

ing the tangential electric fields to go to zero at the outer PEC boundary (i.e., ρ = b), as

well as applying the continuity condition for tangential electric and magnetic field compo-

nents between the MTM liner region and the inner vacuum region (i.e., at ρ = a), similar

to the rigorous analysis in [172], resulting in:

A · B = −
K2

0n2

γ2a2 [
µφ2εz2

(γε
ρ2)

2 −
µφ1εz1

(γε
ρ1)

2 ][
µz2εφ2

(γ
µ
ρ2)

2
−

µz1εφ1

(γ
µ
ρ1)

2
] (3.4)

where,

A =
εz1

ω
√

εz1µφ1

J′ν1(ω
√

εz1µφ1a)
Jν1(ω
√

εz1µφ1a)
− εz2

ω
√

εz2µφ2

F′ν2(ω
√

εz2µφ2a)
Fν2(ω

√
εz2µφ2a)

(3.5a)
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B =
µz1

ω
√

µz1εφ1

J′τ1(ω
√

µz1εφ1a)
Jτ1(ω

√
µz1εφ1a)

− µz2

ω
√

µz2εφ2

G′τ2(ω
√

µz2εφ2a)
Gτ2(ω

√
µz2εφ2a)

(3.5b)

in which

Fν2(γ
ε
ρ2ρ) = Yν2(γ

ε
ρ2b)Jν2(γ

ε
ρ2ρ)− Jν2(γ

ε
ρ2b)Yν2(γ

ε
ρ2ρ) (3.6a)

Gτ2(γ
µ
ρ2ρ) = Y′τ2(γ

µ
ρ2b)Jτ2(γ

µ
ρ2ρ)− J′τ2(γ

µ
ρ2b)Yτ2(γ

µ
ρ2ρ) (3.6b)

For the isotropic liner shown in Fig. 3.1(a) with a non-magnetic response, equation 3.4

reduces to:

A · B = (
γn
ωa

)2(
1

K2 −
1
k2

0
)2 (3.7)

where,

A =
ε0

k0

J′n(k0a)
Jn(k0a)

− ε0εr

k
F′n(ka)
Fn(ka)

(3.8a)

B =
µ0

k0

J′n(k0a)
Jn(k0a)

− µ0

k
G′n(ka)
Gn(ka)

(3.8b)

and
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Fn(kρ) = Yn(kb)Jn(kρ)− Jn(kb)Yn(kρ) (3.9a)

Gn(kρ) = Y′n(kb)Jn(kρ)− J′n(kb)Yn(kρ) (3.9b)

in which k0 = ω
√

µ0ε0 is the free-space propagation constant. Equation 3.7 reduces to two

separate equations at cutoff (i.e., γ = 0), each of which determine the resonance (cutoff)

frequencies of a certain set of modes. The roots of (3.8a) determine the resonance (cutoff)

frequencies of EH modes, while the roots of (3.8b) determine those of HE modes. There-

fore, HEnm-mode resonances (cutoffs) can be obtained from the following characteristic

equation:

J′n(k0a)
Jn(k0a)

) =
1√
εr

G′n(k0
√

εra)
Gn(k0

√
εra)

(3.10)

In fact, the solutions of (3.10) reveal a spectrum of HE modes whose resonance frequen-

cies are a function of the MTM liner’s permittivity. Since the fundamental mode of the

empty circular aperture is TE11, this work focuses on the corresponding HE11 mode. Fig-

ure 3.1(b) shows the relationship between the HE11 mode’s resonance frequency and the

MTM liner’s relative permittivity, (solid black curve). The representative circular aperture

investigated has physical dimensions b = 15.65 mm and a = 13.69 mm. These dimensions

were chosen to place the resonance at microwave frequencies. Indeed, when εr = 1, the
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mode’s resonance frequency reverts to that of a homogeneously vacuum-filled aperture,

namely f = 5.613 GHz. As ε tends to large values, the resonances are only marginally

reduced, which is to be expected by partially filling an aperture with a high-permittivity

dielectric. More interestingly, as ε → 0, dramatic shifts are observed in the resonance

frequency: whereas ε-positive and near-zero (EPNZ) values strongly increase the reso-

nance frequencies, ENNZ values strongly reduce them. A reduced cutoff frequency im-

plies a miniaturized aperture. However, to realize these desired ENNZ values, material

dispersion must be taken into account. To this end, the liner’s permittivity is assigned a

lossless Drude profile with (εr( f ) = 1− f 2
ep/ f 2), in which fep = 2.6 GHz is the assigned

plasma frequency. The dashed blue curve in Fig. 3.1(b) shows the defined Drude profile,

in which two intersections with the resonance-frequency curve can be observed: the lower

intersection at 2.41 GHz corresponds to the frequency-reduced HE11-mode resonance for

which εr = −0.1654, and the upper intersection at f = 5.696 GHz is akin to the con-

ventional TE11-mode resonance except that εr = 0.7916 instead of unity. For MTM-lined

CWGs, the lowered resonance established the cutoff frequency of a frequency-reduced

backward-wave passband in which the CWG exhibited strong transmission [2] and its

open-ended variant produced radiation from the fundamental HE11-mode [173]. Both

phenomena were enabled by the ENNZ MTM liner well below the CWG’s natural cut-

off. In analogy, an aperture in a PEC screen lined using ENNZ MTMs exhibits a strongly
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frequency-reduced fundamental-mode resonance, which describes the onset of a contin-

uous radiation spectrum that may be predicted by conventional aperture-antenna theory.

In should be noted that conventional empty apertures only resonate when they are elec-

trically large, while the MTM-lined apertures studied here can be made to resonate even

though they are electrically small, and are nearly empty.

To this point, the MTM liner was treated as an effective medium with isotropic and

homogeneous permittivity. However, MTMs are often anisotropic in practice. Therefore,

it is necessary to study the behavior of a practical implementation of MTMs used to line

the apertures. In the microwave regime, negative permittivities are easily obtained us-

ing arrays of thin wires which exhibit a Drude-like permittivity dispersion for electric

fields aligned parallel to the wire axes [73]. Thin wires are a common implementation

of negative permittivities at low frequencies, and can be easily fabricated using printed

circuit techniques. To interact with the electric-field polarizations of the HE11 mode, a

printed-circuit implementation based on azimuthally and radially directed copper traces

that are loaded using discrete inductors in the radial direction and capacitive gaps in the

azimuthal direction was presented in [173]. The thin wire media, when unloaded, do

not provide the strong inductances required to achieve ENNZ properties. This can be

attributed to the finite size of copper traces in the ρ and φ directions. The addition of dis-

crete loading inductors in the ρ-direction causes a strong reduction of the effective plasma
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frequency. The main purpose of the φ-directed capacitive gaps symmetrically placed be-

tween each two inductors is to avoid the unwanted resonances in the azimuthal direction.

This practical implementation is anisotropic and can be homogenized using an anisotropic

effective permittivity tensor. However, the dispersion features studied through full-wave

eigenmode simulations demonstrate that similar dispersion characteristics and miniatur-

ization properties to those of an isotropic homogeneous liner can be achieved through this

anisotropic MTM liner, providing the appropriate choice of geometrical parameters and

loading elements [173].

3.3 MNNZ MTM-Lined Discs

According to Babinet’s principle, dual/complementary arrays are expected to demon-

strate complementary transmission/reflection behaviour [30]. That is, the reflection spec-

trum of one would resemble the transmission spectrum of the other, and vice versa. This

property is applied to the ENNZ-lined circular apertures presented above, and an array

of miniaturized µ-negative and near-zero (MNNZ)-lined metallic discs is obtained. Pre-

sented studies show that the resonance frequency of the fundamental mode of an MNNZ-

lined circular metallic disc can be reduced in a similar manner to ENNZ-lined circular

apertures in a metallic screen.

Figure 3.3 shows the MNNZ-lined disc geometry, possessing an inner metal region of

radius a surrounded by an outer MTM region of thickness b− a that exhibits a dispersive
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FIGURE 3.3: The practical, MNNZ-lined metallic disc unit cell design possess-
ing a complementary structure compared to the ENNZ-lined aperture shown

in Fig. 3.1(c)

relative permeability and nonelectric response. This practical MTM liner design possesses

a printed-circuit-board (PCB) implementation, and is obtained by interchanging the metal

and vacuum/dielectric regions of the aperture design shown in Fig. 3.1(c), and replacing

the discrete, radially directed loading inductors with discrete, azimuthally directed capac-

itors, which affect the MNNZ response.

As the studies in chapter 4 and 6 will show, the response of the MNNZ-Lined disc

unit cell is the dual of that of the ENNZ-lined aperture design; that is, the presence of

an MNNZ liner reduces the resonance frequency of the metallic disc in the same way

that the ENNZ liner loading reduces the resonance frequency of an aperture. Therefore,

this MNNZ-lined disc supports hybrid electric (HE) and magnetic (EH) resonant modes.
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Similar to the ENNZ-lined apertures, the amount of capacitive loading determines the

effective permeability of the liner, including its MNNZ frequency regime, and therefore,

the degree of miniaturization. While apertures show increased transmission at resonance,

with a Fano lineshape exhibiting a maximum followed by a minimum, the discs show

a Fano-shape reflection behaviour at resonance. These results are shown in subsequent

chapters (chapter 4 shows the scattering parameters of the ENNZ-lined apertures, while

the scattering parameters of the MNNZ-lined discs are presented in chapter 6). Generally,

The Fano-shape of the transmission/reflection parameter is known to be caused by con-

structive and destructive interference of different scattering mechanisms [174]: one reso-

nant (also called discrete) and one or more nonresonant (also called continuous or flat). In

this work, the reduced resonance of the aperture/disc provides the resonant mechanism,

while the nonresonant mechanism can be provided by the incident electromagnetic wave

and/or the higher order modes that weakly exist in the near-field of the resonator, causing

complex near-field patterns [175]. Further understanding of the origin of this lineshape

requires rigorous mode-matching studies, which was out of the scope of this work.

Transmission-line (TL) models are presented for the ENNZ/MNNZ MTM liners in

the next section, and will be used in the next chapters to validate the ENNZ/MNNZ

behaviour of the utilized MTM liners.
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FIGURE 3.4: Evolution of the L-C-loaded TL model for the ENNZ/MNNZ
liners, similar to that shown for ENNZ liners in [176].

3.4 TL Studies of MTM Liners

The practical ENNZ and MNNZ liner implementations presented in figures 3.1(c) and 3.3,

respectively, can be viewed as an azimuthally directed transmission lines (as was done in

[176]) periodically loaded using series capacitors (C) and shunt inductors (L), as shown

in Fig. 3.4. This model is applicable to both liner implementations, although only one of

the two loadings need to be strong for obtaining the desired ENNZ or MNNZ property,

as will be discussed below.

In the ENNZ-lined aperture design, L refers to the discrete, radially directed load-

ing inductors and C refers to the capacitance introduced through azimuthally directed

gaps (g) in the inner ring. For the MNNZ-lined disc design, the label C refers to the dis-

crete, azimuthally directed loading capacitors and L refers to the inductance introduced by

the radial stubs of width w. The well-known negative-refractive-index transmission-line

(NRI-TL) theory can therefore be used to extract the effective permittivity/permeability

response of these MTM liners [177]. This extraction is shown below for each MTM liner.



Chapter 3. Theory 48

FIGURE 3.5: Shunt branch of the TL model shown in Fig. 3.4, representing
the shunt loading inductor, and a parallel capacitor caused by the intrinsic TL
capacitance plus the parasitic capacitance introduced by the loading inductor

(if present).

3.4.1 Effective Permittivity and Electric Plasma Frequency of the ENNZ

Liner

It was discussed in [177] that the electric plasma frequency (i.e., fep) of the proposed L-

C-loaded TL model is equal to the resonance frequency of an equivalent parallel L-C cir-

cuit representing the shunt branch, as exhibited in Fig. 3.5. In this model, inductance is

introduced by the shunt inductive loading shown in yellow in Fig. 3.4 (i.e., L), and ca-

pacitance (Ct) is introduced by the intrinsic TL capacitance plus the parasitic capacitive

effects added by the lumped inductive loading, if present. This parasitic capacitance is

particularly important for fully printed dual-arm spiral inductors that will be introduced

in this work, as they are realized through closely spaced printed traces and gaps, and the

gaps would introduce parasitic capacitive effects. The total capacitance may be called Ct.
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For this parallel L-C circuit, the admittance can be written as follows [178]:

Y = jωCt −
j

ωL
. (3.11)

The above equation does not allow the isolation of L in terms of Y, as Ct is also unknown.

However, if ∂Y
∂ω is obtained and subtracted from equation (3.11), an equation only in terms

of L, Y and its derivative is obtained:

Y−ω
∂Y
∂ω

= − 2j
Lω

(3.12)

and therefore, L can be calculated as:

L = − 2j
ω(Y−ω ∂Y

∂ω )
. (3.13)

By inserting (3.13) in (3.12), Ct may also be obtained as:

Ct =
Y + j

ωL
jω

(3.14)

implying

fep =
ω

2
√

2π

√√√√ω ∂Y
∂ω −Y

Y + j
ωL

(3.15)
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FIGURE 3.6: Series branch of the TL model shown in Fig. 3.4, representing the
series loading capacitor and a series inductor introduced by the intrinsic TL
inductance plus the parasitic inductance of the loading capacitor (if applica-

ble).

where ω is the angular frequency. Furthermore, εr may be calculated from the parallel

L-C circuit using the following formula:

εr =
Yg

jωε0d
(3.16)

where d is the periodicity of the loaded TL model in the azimuthal direction, and the

geometrical factor g is a scalar quantity representing the effect of the 2D arrangement and

electrical properties of TL conductors and dielectrics on its per-unit-length parameters

[177].

3.4.2 Effective Permeability and Magnetic Plasma Frequency of the MNNZ

Liner

The magnetic plasma frequency ( fmp) of the proposed L-C-loaded TL model may be cal-

culated in a similar manner as above. In fact, fmp is equal to the resonance frequency of an

equivalent series L-C circuit representing the series branch, as shown in Fig. 3.6. In this
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model, capacitance is introduced by the lumped capacitive loading shown in brown in

Fig. 3.4 (i.e., C), and inductance is caused by the intrinsic TL inductance plus the parasitic

inductive effects added by the loading capacitor, if any. These parasitic effects need to be

taken into account for the case of fully printed interdigitated capacitors that will be used

in this work. The total inductance may be named Lt. For the series L-C circuit shown in

Fig. 3.6, the overall impedance can be written as follows [178]:

Z = jωLt −
j

ωC
. (3.17)

Once again, ∂Z
∂ω should be calculated and subtracted from Z, so that an equation only

containing C, Z and its derivative is obtained:

Z−ω
∂Z
∂ω

= − 2j
Cω

(3.18)

and therefore, C can be obtained as:

C = − 2j
ω(Z−ω ∂Z

∂ω )
. (3.19)

Lt may also be calculated as:

Lt =
Z + j

ωC
jω

(3.20)
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implying

fmp =
ω

2
√

2π

√√√√ω ∂Z
∂ω − Z

Z + j
ωC

. (3.21)

Consequently, µr may be calculated from the series L-C circuit using the following for-

mula:

µr =
Z

jωµ0gd
(3.22)

where definitions of ω, d and g are same as sec. 3.4.1.
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Chapter 4

Metascreen Based on ENNZ-Lined

Apertures Designed for Obtaining ET at

Microwave Frequencies

In chapter 3, the mechanism of reduced-frequency resonance in miniaturized circular

apertures in a metallic screen by means of applying thin ε-negative and near-zero (ENNZ)

metamaterial (MTM) liners was described. In this chapter, a novel approach is offered for

extraordinary transmission (ET) based on this analogy. ET through a periodic array of sub-

wavelength apertures on a perfect metallic screen has been studied extensively in recent

years, and has largely been attributed to diffraction effects, for which the periodicity of

the apertures, rather than their dimensions, dominates the response. Therefore, although

apertures/slits are subwavelength in conventional ET devices, the arrays are not com-

pact as spacings are on the order of one wavelength. The transmission properties of the
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apertures at resonance, on the other hand, are not typically considered ’extraordinary’ be-

cause they may be explained using more conventional aperture-theoretical mechanisms.

Furthermore, resonant apertures are typically electrically large (∼ λ/2) and lie in the fre-

quency selective surface (FSS) operating regime. This work describes a novel approach for

achieving ET through a metascreen design in which subwavelength apertures are made

to resonate by lining them using thin, ENNZ MTMs. The use of ENNZ MTMs has proven

successful in miniaturizing circular apertures by strongly reducing their natural resonance

frequencies as presented in chapter 3. The theory is adopted in this chapter for the design

of identical subwavelength apertures in a metallic screen. We present simulations and

measurements at microwave frequencies that demonstrate ET for apertures measuring

one-quarter of a wavelength in diameter and suggest the potential for further miniatur-

ization simply by engineering the ENNZ MTM liner’s dispersion. The results exhibit a

Fano-like transmission profile (i.e., a maximum in transmission followed by a minimum)

whose frequency varies with the properties of the MTM liner, but is independent of pe-

riod. This suggests that the apertures can be closely spaced, resulting in a compact device.
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4.1 Numerical Investigations of ENNZ-Lined Circular Aper-

tures

4.1.1 Transmission Studies

Although the theory presented in chapter 3 discussed the miniaturization of a single

ENNZ-lined aperture, this aperture needs to be used in an array to provide an appreciable

level of transmission in the reduced resonance regime. Moreover, an array of apertures

provides better control over the incident electromagnetic waves as the apertures interact

with the incoming waves over a larger spatial area. Figure 3.1(c) shows a representative

unit cell of a periodic MTM-lined aperture array designed for placing the reduced reso-

nance (cutoff) frequency at 2.4 GHz. This printed-circuit implementation for the ENNZ

MTM liner has an inner radius a (13.69 mm), outer radius b (15.65 mm), aperture pe-

riod p (40 mm), trace width w (0.45 mm), and gap size g (0.1 mm). In this design, Coil-

craft 0908-12N air-core, wire-wound inductors were chosen, which have an inductance of

L = 14.61 nH and a quality factor of Q = 463 at f = 2.4 GHz. These design parame-

ters were chosen to achieve a Drude-like ENNZ response similar to that of an isotropic

homogeneous liner shown in Fig. 3.1(b).

An aperture in a PEC screen lined using ENNZ MTMs exhibits a strongly frequency-

reduced fundamental-mode resonance, which causes a maximum in radiation that may

be predicted by conventional aperture-antenna theory. In this work, ET is achieved for
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nearly-empty apertures that are simultaneously subwavelength and resonant, at frequen-

cies which are determined by the aperture and liner properties and which are independent

of period.

The unit cell previously described and depicted in Fig. 3.1(c) is used here to build

an infinite array of apertures, by means of applying periodic boundary conditions to the

transverse boundaries of the model. The screen containing the apertures is chosen to be

Rogers/Duroid 5880 substrate (εr = 2.2, tanδ = 0.0009) of 1.55 mm thickness, which

is metallized on one side by gold-immersed copper. This design was simulated using

Ansoft’s HFSS, a full-wave, finite-element-method simulator, in which all practical losses,

including conductor and dielectric losses, are included.

Figure 4.1 presents the scattering (S-) parameters for an infinite array of both the MTM-

lined apertures and unlined apertures of the same outer radius illuminated using a nor-

mally incident plane wave. It is worth noting that this unit cell exhibits negligible po-

larization sensitivity at normal incidence, due to its symmetry as well as the fact that

the azimuthal periodicity is much smaller than a wavelength, allowing a homogenized

perspective. Since these frequencies are far below the first grating anomalies (7.5 GHz –

more details to be presented later in this section) and occur where copper is effectively

a PEC, the unlined apertures are not expected to exhibit ET. Indeed, the unlined aper-

ture’s transmission (dashed magenta curve) and reflection (dashed green curve) do not

show any resonant behaviour. However, introduction of the printed-circuit ENNZ MTM
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(a)

(b)

FIGURE 4.1: (a) The scattering parameters for an infinite array of ENNZ
MTM-lined and unlined apertures with periodicity P = 40 mm. (b) Simu-
lated normalized complex electric field vectors corresponding to the HE11-

mode resonance at f = 2.37 GHz
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liner dramatically changes the response. The transmission profile (solid magenta curve)

exhibits a Fano lineshape, where the transmission peak of −2.12 dB at f = 2.37 GHz is

followed by a distinct antiresonance achieving−27 dB at f = 2.41 GHz. The transmission

peak demonstrates a 6.77 dB improvement over that of the unlined apertures, which sug-

gests the occurrence of ET. These data also imply insertion losses as low as 2 dB. While

this particular design exhibits ET for aperture diameters of λ/4, it should be noted that

using stronger inductance values would enable even further miniaturization by further

depressing the plasma frequency of the Drude ENNZ response and lowering the corre-

sponding intersection frequency in Fig 3.1(b). It is noteworthy to mention that at the

antiresonance frequency, the MTM-lined apertures offer up to 18.25 dB better shielding

properties than the unlined screen. This may enable their use for narrow-band shield-

ing or filtering applications, which for this design would occur most usefully in the ISM

band (2.400− 2.4835 GHz). At optical frequencies, Fano profiles with such a high contrast

(∼ 25 dB) are highly advantageous in lasing, switching, nonlinear and slow-light devices,

and the design of high-sensitivity sensors [175].

Figure 4.1(b) presents the normalized transverse electric-field vectors inside the aper-

ture at f = 2.37 GHz. The electric fields exhibit an HE11-mode pattern inside the aper-

ture, which features a collimation of the electric fields in the vacuum region and a higher

discontinuous field concentration in the liner region. Notably, the normal components

of the electric-field vectors change direction at the vacuum-liner interface, which further
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(a) (b)

FIGURE 4.2: Transmission (S21) versus incident angle through the ENNZ
MTM-lined aperture possessing the nominal parameters presented in section

4.1.1 for (a) TE and (b) TM polarizations of incidence.

validates its ENNZ response. These phenomena become more prominent and more ex-

treme with higher degrees of miniaturization, which, as previously mentioned, could be

achieved through stronger inductive loading [2].

4.1.2 Oblique Incidence Studies

Figure 4.2 presents the angular dependence of the transmission (S21) through the ENNZ-

lined aperture array for both TE- and TM polarizations of incident wave as their incident

angle is swept from 0◦ to 75◦. In both cases, the level of transmission gradually changes

as the angle increases towards grazing incidence, but the resonance frequency remains

unchanged. Stable response with respect to the angle of incidence is owed to the minia-

turization of the unit cells, as well as the fact that transmission mechanism in this work
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does not rely on diffraction effects.

4.1.3 Parametric Studies

To verify that the mechanism of ET is strongly tied to the resonance of the aperture, the fol-

lowing parametric studies are presented: Figure 4.3(a) presents the transmission through

the array as the aperture period varies. Similar to the angle dependence, the transmis-

sion’s resonance and antiresonance frequencies do not change, but the level of transmis-

sion decreases. In this case, this is attributed to the reduction in the density of apertures in

the screen, which, in the language of aperture-antenna theory, implies a reduction in the

directivity. These two studies suggest that the transmission resonance and antiresonance

frequencies are only weakly dependent on the interaction between the apertures.

Two possible methods to control the resonance frequency of the printed-circuit MTM-

lined aperture are 1) through altering the loading inductance (L) and 2) by varying the

trace width (w). Figures 4.3(b) and 4.3(c) present the transmission through the array as

L and w are increased. In both cases, the HE11 mode’s resonance decreases, which leads

to an observed downshift in the transmission resonance and antiresonance frequencies.

This emphasizes that the aperture’s resonance plays a dominant role in the ET. Further-

more, it highlights that L and w are two design variables that may be used to control the

frequency locations of the ET resonance and antiresonance. However, it should be under-

stood that the use of higher-valued inductors is typically accompanied by lower quality
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(a) (b)

(c)

FIGURE 4.3: Transmission (S21) through the ENNZ MTM-lined aperture array
as (a) periodicity (P), (b) loading inductance (L), and (c) trace width (w) are

varied
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FIGURE 4.4: Transmission through an array of ENNZ-lined apertures near
the Wood-Rayleigh anomaly, as periodicity (P) is varied.

factors, which would lead to decreased levels of transmission.

To further confirm the difference between ET mechanism presented here and periodicity-

based ET, we have looked at the transmission behavior of our designed array at the trans-

mission frequencies expected by Wood-Rayleigh anomalies. Since P = 40 mm, this sort

of transmission peak is expected to occur at 7.5 GHz. Simulating the designed array at

higher frequency regimes in fact shows the existence of periodicity-based ET at 7.5 GHz,

whose frequency varies with (even incremental) changes in P, as expected, and shown in

Fig. 4.4.

4.2 Fabrication and Measurement

Whereas traditional approaches to ET have required very large arrays of apertures [179],

the insensitivity of the proposed ET approach to periodicity has the distinct advantage of

allowing more compact structures. Hence, Fig. 4.5(a) presents the fabricated prototype of
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a 5 by 5 uniform array of printed-circuit MTM-lined apertures. The apertures share the

same geometrical and electrical parameters as presented in the simulation section, and

the resulting screen has outer dimensions of 308 mm by 308 mm. A single fabricated

aperture is shown in Fig. 4.5(b). Although not shown, a similar screen of unlined holes

of the same radius (b = 15.65 mm) is fabricated as a reference case. The front side of

the screen is illuminated using a shielded-loop probe antenna placed 16 mm from the

screen’s face, which produces magnetic-dipole-like fields. This distance corresponds to a

numerical aperture of 0.995 which mitigates the effects of finite size and minimizes the

diffraction from the edges. The fields transmitted by the screen are sampled using a WR-

430 open-ended waveguide (OEWG) probe connected to an automated nearfield scanner

inside a shielded anechoic chamber and a Keysight Technologies PNA-X N5244A network

analyzer. Figure 4.6 shows the experimental setup. Extruded foam panels that are trans-

parent at microwave frequencies are fixed to the outer edge of the screen to provide rigid

support.

This experimental setup was used to measure the directivity of the screen through

a scan of the electromagnetic near-fields over a cylindrical window. The near-fields ob-

tained by the OEWG are first probe-corrected and then used to calculate the far-fields via a

Fourier transform, which yields the radiation pattern and directivity. However, the cylin-

drical near-field window is limited by the height of the anechoic chamber and therefore is
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(a) (b)

FIGURE 4.5: The (a) 5×5 array and (b) single unit cell of the fabricated proto-
type ENNZ MTM-lined apertures.

FIGURE 4.6: The experimental setup inside the shielded anechoic cham-
ber used to measure the far-field directivity. Shown is the ENNZ MTM-
lined aperture screen placed between the transmitting shielded-loop antenna

(right) and the receiving OEWG probe (left).
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unable to capture all of the radiated power. As a result, the raw measured directivity val-

ues are not meaningful. Instead, the measured broadside directivities (directivities along

the Z axis) of both the MTM-lined and unlined screens are normalized to the former, so

that the overall maximum is at 0 dB, and the relative difference in values and trends may

be evaluated. Also, since the screen measured here is finite in size, the measured direc-

tivity cannot be expected to match the scattering parameters presented in the previous

section for the infinite screen, except in the general trend and frequency location of the

transmission peak. To enable a comparison between experimental results and simulation,

an identical 5 by 5 array of MTM-lined apertures is also simulated using HFSS, and the

resulting simulated directivity is normalized in the same fashion.

The results are presented in Fig. 4.7, with solid curves representing the measured data,

and dashed/dotted curves presenting the simulated directivities. Some broadening in the

peak and antiresonance relative to the previous S-parameter data is observed in both ex-

perimental results (solid magenta curve) and simulation data (dotted blue curve), which

may be expected due to the finite size of the screen but also due to illumination using a

point-like source, which excites the aperture array nonuniformly. The data exhibit a dis-

tinct resonance and antiresonance, with the resonance providing more than 6 dB improve-

ment in transmission over the unlined case. The measured antiresonance also shows up to

18 dB better shielding compared to that of the unlined holes. Although these trends in the

measured results prove to be consistent with simulation, there is an apparent down- (red-)
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FIGURE 4.7: The measured and simulated broadside directivity of the ENNZ
MTM-lined and unlined aperture screens. The simulation result employing

an adjusted inductor value of L = 15.4 nH is also shown.
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shift in the measured peak and antiresonance frequencies. This may be attributed largely

to the inductors used in fabrication, which possess a 2 percent tolerance. Furthermore,

soldering and the requirement for inductor pads may also contribute to a larger effective

inductance value. Consequently, an upshift in the inductance values may be expected

from the parametric study in Fig. 4.3(b) to cause a downshift in the peak frequency. In

that study, it was observed that the peak frequency downshifted approximately linearly

with increasing inductance value, at a rate of 80 MHz/nH. These data may be employed

to estimate the effective inductance value (accounting for all fabrication and component

tolerances) responsible for the experimentally observed redshift. Therefore, the simula-

tion is repeated with a calculated effective inductance value of 15.4 nH (5.4% larger), and

the updated results are shown in Fig. 4.7 in the dashed magenta curve. The agreement be-

tween these new data and the measured data âĂŞ particularly in the locations of the peak

and antiresonance âĂŞ is evident, and validates the role of the larger effective inductance

in causing a redshift. The remaining discrepancies between the measured and simulated

data, particularly at high frequencies, may be attributed to the frequency dependence of

both parasitic and the loading inductors, whose self-resonance frequency occurs above

3 GHz.

The screens discussed in this chapter generally fall into the category of MTSs or miniaturized-

element FSSs, as they possess resonant elements. However, the fact that the elements pos-

sess subwavelength dimension and spacing suggests that their transmission may indeed
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be considered "extraordinary", even moreso than the Wood-Rayleigh anomalies, as they

rely on spacings that are on the order of one wavelength.

4.3 Applications

The proposed resonant metascreen structure possesses properties that may benefit many

existing applications of ET and introduce other novel applications over a wide range of

frequencies. At microwave/millimeter-wave frequencies, for instance, the combination

of a high-contrast peak/antiresonance can be used to create novel partially reflecting sur-

faces for antennas, and the antiresonance can be employed for shielding or filtering of

electromagnetic interference while still allowing visual accessibility through the empty

apertures. Scaling the ENNZ liners to THz and optical frequencies could prove useful

in achieving ET in optically thick screens that allow some degree of visual transparency

through the apertures, particularly if they are densely arranged. Since the ENNZ liner

can be made thin and only partially fills each aperture, such screens could be made per-

meable for optical sensing or characterization of fluids or biological materials. Moreover,

the high-contrast Fano profile may be highly advantageous for applications such as las-

ing and optical switching. As mentioned, the proposed approach allows compact screens,

and the peak/antiresonance locations are easily controlled using the aperture and liner

properties.
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Chapter 5

Far-field Magnification of Subdiffraction

Conducting Features using MTM-Lined

Aperture Arrays

Although chapter 4 studied arrays of identical subwavelength apertures with the purpose

of achieving ET at microwave frequencies, inhomogeneous aperture arrays are also ben-

eficial in a variety of applications. For example, they may be used to design superstrates

for engineering the aperture magnitude and phase distributions of underlying antennas.

In such applications, the use of miniaturized, densely packed apertures provides higher

spatial resolution for shaping the radiation pattern of the underlying antenna. Here, we

study a novel approach for imaging beyond the diffraction through the use of inhomoge-

neous miniaturized apertures that are densely packed at subwavelength intervals.

This chapter offers a new approach for far-field high-resolution imaging of conducting
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obstacles based on arrays of frequency-multiplexed subwavelength resonant elements.

The have been similar attempts in the past to perform imaging in a frequency-multiplexed

scheme, an example of which is magnetic-resonance imaging (MRI) [180]. In this work,

subdiffraction imaging is performed through a direct space-frequency map between the

resonance frequency of an aperture and its location. The underlying idea in the imaging

scheme used in this work (see, for example, [181, 182]) is that each location in the environ-

ment can be addressed by the unique resonance frequency in the transmission/reflection

spectrum of a resonator placed at that location. Then, changes in the frequency response

of this resonator array can be used to obtain information about objects at the correspond-

ing resonator locations. Therefore, several resonators with different resonance frequen-

cies are cascaded, where each resonator is a circular aperture in a metallic screen that is

strongly miniaturized by means of loading by a thin ε-negative and near-zero (ENNZ)

metamaterial (MTM) liner. Each MTM-lined aperture, as demonstrated earlier, exhibits

a Fano-shape transmission profile, and the resonance frequencies of different apertures

are chosen such that the resonance of one lies within/very close to the antiresonance of

the other, to ensure strong decoupling. Multiple decoupled resonances are observed in the

transmission spectrum of the resulting array, each corresponding to a particular resonator.

It is shown that blocking an aperture using a conducting disc removes the corresponding

resonance peak/minimum from the transmission/far-field amplitude spectrum, enabling
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far-field detection of any distribution of such obstacles with a spatial resolution deter-

mined by the aperture sizes, which measure less than one-sixth of the free-space wave-

length at their respective resonance frequencies (i.e., three times better than the constraint

imposed by the diffraction limit, as discussed in sec. 2.6). The proposed imaging mech-

anism is verified through full-wave HFSS simulations as well as far-field measurements.

Some challenges associated with this approach are then discussed.

Although frequency selective surface (FSS) and extraordinary transmission (ET) de-

vices also employ resonant transmission through aperture arrays, these technologies re-

quire aperture sizes and/or spacing to be electrically large as discussed before, and there-

fore, would not be suitable for sampling subdiffraction details in a frequency-multiplexed

imaging scheme. To sample subdiffraction spatial information, an aperture array would

require deeply subwavelength apertures that can be closely spaced. Therefore, the pro-

posed metascreen design is perfectly suitable for a frequency-multiplexed imaging scheme.

Examples of the use of MTM slabs or MTSs to perform high-spatial-resolution imaging

may also be found in [183, 184].

Here, a one-dimensional (1D) array consisting of five subwavelength MTM-lined aper-

tures with diameters measuring smaller than one-sixth of a free-space wavelength at an

operating frequency of 3 GHz are used to image subwavelength conducting obstacles.

In order for these apertures to have different resonance frequencies, the aperture radii
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are kept constant and the liner properties are changed by varying the degree of induc-

tive loading (see [185, 186] for an alternative method). In this application, subwavelength

apertures and their varying inductive loading are realized in a fully printed fashion. These

apertures are then applied to the mouth of a custom-designed TEM horn antenna in order

to build a near-field probe capable of magnifying subdiffraction spatial information to the

far-field.

5.1 Aperture Design

As discussed in previous chapters, the ENNZ MTM-lined aperture may be implemented

using a printed-circuit process based on inductively loaded copper traces as was depicted

in Fig. 3.1(c). The lumped inductors used to load the liner can be implemented using ei-

ther discrete, surface mount inductors or fully printed (e.g. meandered) inductive traces.

Here, the design procedure for the proposed imaging principle will be explained on the

basis of discrete inductor loading, but will ultimately be realized using printed inductors

for reasons that will be discussed later. Therefore, the inductors are given a representative

inductance and quality factor of 24 nH and 400, respectively, for an anticipated resonance

in the vicinity of 3 GHz. Other important parameters are labeled in Fig. 3.1(c), and their

design values are as follows: inner radius (a = 4.31 mm), outer radius (b = 7 mm), hole

periodicity (P = 20 mm), trace width (W = 0.35 mm), and gap size (g = 100 µm). An
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FIGURE 5.1: S21 for an infinite array of MTM-lined circular apertures as in-
ductive loading increases in increments of 0.6 nH. The dashed curve shows

S21 for an identical screen of unlined apertures.

infinite array of these apertures is then simulated using Ansoft HFSS, and the transmis-

sion parameter (S21) is obtained, as shown in the solid orange curve in Fig. 5.1. The

dashed orange curve in the same figure represents the transmission level in the absence

of the ENNZ MTM liners, as a reference. A Fano-like resonance-antiresonance profile is

observed for the MTM-lined apertures (the solid orange curve) at 3.01 GHz correspond-

ing to the reduced HE11 resonance frequency of this aperture, while there is no resonant

behaviour in the dashed curve.

The proposed imaging scheme requires subwavelength resonators possessing distinct

resonance frequencies. To modify the resonance frequency of the MTM-lined aperture,

either radius or inductive loading can be changed [187]. The design procedure presented
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here utilizes varying inductive loading with fixed radius so as to achieve fixed spatial res-

olution. The remaining curves in Fig. 5.1 show the change in the reduced HE11 resonance

frequency as the inductive loading is increased in increments of 0.6 nH, causing a change

only in the MTM-liner properties. Therefore, L1 = 26.4 nH, L2 = 25.8 nH, L3 = 25.2 nH,

L4 = 24.6 nH, and L5 = 24 nH. It is worth noting that these apertures measure approx-

imately λ/7.5 at the center resonance frequency, as size was kept fixed at b = 7 mm.

Indices 1 to 5 are chosen such that 1 always indicates the lowest-frequency aperture. It

should be noted that higher degrees of miniaturization such as λ/8 and smaller can be

achieved by means of stronger inductive loading [185, 186].

5.2 The Design of Discrete-Inductor Aperture-Array

The apertures described above are now cascaded with a spacing of 20 mm (λ/5) as shown

in Fig. 5.2(a), and the resulting 1D array is periodically repeated in both transverse di-

rections. The particular increment in inductance was chosen in order to place the reso-

nance of each aperture within the antiresonance of the adjacent aperture in order to obtain

strongly decoupled resonances when the apertures are cascaded. The aperture screen is

illuminated by a normally incident plane wave, and the resulting transmission data is pre-

sented in Fig. 5.2(b). There are five distinct peaks observed in the transmission spectrum

with a resonance-antiresonance contrast of 5− 15 dB, each corresponding to a particular

aperture in the array, and labeled accordingly. As previously noted, one can design for the
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(a)

(b)

FIGURE 5.2: (a) Arrangement of five adjacent apertures whose inductive load-
ing elements are varied in increments of 0.6 nH; (b) simulated S21 for an in-
finite 2D array of apertures obtained by periodically repeating the five aper-

tures shown in part (a) in both transverse directions.
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same behaviour by changing the radius and keeping the inductive loading fixed, as was

done in [185, 186].

5.3 The Design of Fully Printed Aperture-Array

The above design procedure focused on apertures loaded with discrete inductors in order

to illustrate the principle and simplify the design process. However, one challenge associ-

ated with designing with discrete loading inductors is the possibility of inductance value

shifts as a result of soldering and the presence of inductor pads [187]. Mutual coupling

between the inductors, both within a single aperture and also between adjacent apertures,

particularly for high-quality wirewound surface-mount inductors, has also been observed

to shift or diminish the resonances [186]. To overcome the practical challenges associated

with the discrete-inductor design, a fully printed implementation for the ENNZ MTM

liner is now considered, and is shown in Fig. 5.3(a). This implementation employs fully

printed dual-arm spiral inductors realized using meandered conductive traces on Rogers

5880 dielectric substrate, and has several advantages over employing discrete inductors,

including simplified fabrication using established PCB techniques, lower cost, broader-

band resonances (as a result of larger parasitic effects), as well as higher predictability, as

any mutual coupling between elements is fully accounted for in full-wave simulations.

However, the degree of miniaturization is reduced from λ/7.5 to λ/6.4 as a result of
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(a)

(b)

FIGURE 5.3: (a) Fully printed MTM-lined aperture; (b) far-field transmission
spectrum for an infinite array of the unit cells shown in part (a).
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(a)

(b)

FIGURE 5.4: (a) Five cascaded fully printed MTM-lined apertures with dif-
ferent printed loading inductors; (b) simulated S21 for an infinite 2D array of
apertures obtained by periodically repeating the 1D array shown in part (a)

in both transverse directions.

lower effective inductive loading compared to the discrete loading elements. As previ-

ously noted, more extreme miniaturization levels, such as λ/8 or smaller, can be achieved

using stronger inductive loading (e.g. with finer printed features, increasing the angu-

lar span [θ] of the dual-arm spiral inductors, and/or by increasing the thickness of the

liner region). The fully printed implementation of this MTM-lined aperture shown in

Fig. 5.3(a) employs 100 µm-wide traces and gaps to realize the dual-arm spiral induc-

tors. The transmission spectrum for an infinite array of a single such aperture is shown
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in Fig. 5.3(b), which possesses the characteristic Fano lineshape as previously observed in

Figs. 5.1-5.2, but with a lower insertion loss, higher contrast, and a much broader-band

resonance/antiresonance profile. As such, this unit cell can be employed in an identical

way as presented in previous studies for the proposed imaging scheme. In addition to

the advantages listed above, the resonance frequency of this new aperture design is much

easier to control by changing the parameters of the spiral inductors, such as their angular

span (θ), while keeping the outer radius, b, fixed. In fact, Fig. 5.4(a) shows an example of

such a design where each printed inductor’s angular span, θ, is changed in uniform in-

crements of 2◦, resulting in five apertures sharing the same size (b = 8 mm), but different

inductor spans of 40◦, 38◦, 36◦, 34◦, and 32◦. Figure 5.4(b) shows the corresponding trans-

mission spectrum for an infinite array obtained by periodically repeating this 1D array in

both transverse directions. As confirmed in Fig. 5.4(b), the fully printed MTM-lined aper-

tures exhibit the cascaded resonances previously seen, and this fully printed structure is

hereafter used to verify the proposed imaging scheme in the continuation of this work.

To verify that each of the peaks observed in the transmission spectrum corresponds

to the resonance of a single aperture, the complex electric-field (phasor) magnitudes are

plotted at each resonance (peak) frequency, as shown in Fig. 5.5, starting from the lowest

resonance frequency (part (a)) to highest resonance frequency (part (e)). As these data

demonstrate, the fields are strongly localized at each aperture at its respective resonance
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(a)

(b)

(c)

(d)

(e)

FIGURE 5.5: Complex electric-field magnitudes at successive resonance fre-
quencies: (a) 2.695 GHz, (b) 2.82 GHz, (c) 2.965 GHz, (d) 3.12 GHz, and (e)

3.30 GHz.
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frequency, establishing a one-to-one correspondence between aperture location and aper-

ture resonance frequency.

5.4 Imaging of Conducting Obstacles

Figure 5.6 shows the transmission spectrum when each of the individual apertures are

successively blocked by conducting discs. The curve shown in Fig. 5.4(b) is repeated here

as the solid blue curve for reference. The data in Fig. 5.6 confirm that obstruction of each

resonant aperture by a conducting disc causes the corresponding resonance-antiresonance

to disappear from the transmission spectrum, while leaving the transmission behaviour

at other frequencies relatively unaffected. Consequently, the presented approach enables

far-field identification of conducting obstacles as small as λ/6.4 with a spacing as small as

λ/5, determined only by the size of the resonators and period of the array, respectively, in

the frequency range of 2.5 GHz-3.5 GHz.

One straightforward method for evaluating the data in Fig. 5.6, other than following

the trend of each curve, is evaluating the difference (in log) between each curve and the

reference curve obtained in the absence of obstacles (or the ratio if expressed in linear

terms). The difference can be plotted so as to emphasize either the resonance or the an-

tiresonance of the aperture. Our studies show that there is a higher such difference caused

by the disappearance of antiresonances. Therefore, the curves in Fig. 5.7 plot the differ-

ence between the transmission data in the following two cases: i) a conducting obstacle
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FIGURE 5.6: Transmission spectra showing the effect of blocking one aperture
at a time using a conducting obstacle.

blocking one aperture at a time and, ii) no obstacle in the vicinity of the aperture array,

which results in maxima in difference curves at the location of the (now absent) antireso-

nances. It can be seen how the maximum location changes from one frequency to another

among these difference curves as the obstacle’s location is varied, resulting in unique iden-

tification of an obstacle’s location. It must be noted that the simulations presented in Fig.

5.6 and Fig. 5.7 create the infinite array using periodic boundary conditions, but this also

periodically replicates the conducting discs, resulting in an unrealistic imaging scenario.

Thus, study of a finite array of these apertures becomes necessary for practical verification

of this imaging scheme. Therefore, the remainder of this paper focuses on a finite 1D array

of the proposed five fully printed apertures. To obtain proper excitation of this 1D array of

apertures using a suitably polarized plane-wave-like excitation, a custom-designed TEM
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FIGURE 5.7: Difference between each of the curves presented in Fig. 5.6 and
the reference data (no obstacles), resulting in maxima in the locations of an-

tiresonances of the different apertures.

horn antenna is used to obtain the boresight far-field transmission spectrum using mea-

surements in an anechoic chamber. The following subsection presents the design of the

TEM horn antenna in the desired frequency range.

5.5 TEM Horn Antenna+1D Aperture Array

The design of the customized TEM horn antenna that will be used to excite the 1D aper-

ture array is presented in Appendix A. This custom-designed TEM horn antenna pos-

sesses multiple matching regions at frequencies corresponding to its length being an inte-

ger multiple of half wavelengths. The desired matching region is demonstrated through

the general agreement of the simulated and measured S11 data shown in Fig. 5.8, which is

designed so as to accommodate the resonance frequency range of the fully printed design
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FIGURE 5.8: Simulated S11 (solid blue curve) and measured S11 (dashed red
curve) for the TEM horn antenna.

(i.e., 2.7 GHz-3.3 GHz). As the resonances of the fully printed design are fairly broadband,

the 10-dB return-loss bandwidth of the horn does not fully accommodate them. However,

as will be shown in the simulation and experimental data, the resonances are still excited

strongly enough to enable demonstration of the proposed imaging scheme.

The designed 1D array of apertures is integrated with the TEM horn antenna as shown

in Fig. 5.9(a) in order to construct a practical near-field probe that can scan a 1D subdiffrac-

tion distribution of subwavelength obstacles and magnify their locations to the far-field

transmission spectrum. The simulated far-field behaviour of this device is shown in the

solid blue curve in Fig. 5.9(b), along with the response of the infinite array illuminated

by a plane wave previously shown in Fig. 5.4(b) (dotted orange curve), appropriately

normalized for comparison. This comparison shows that although the size of the imag-

ing device is reduced from an infinite array to a finite array of five apertures measuring

λ/5 by , where λ is the free-space wavelength at 3 GHz, the high contrast observed from
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(a)

(b)

FIGURE 5.9: (a) TEM horn antenna with integrated nonuniform aperture ar-
ray, and (b) simulated far-field behaviour of the proposed device; S21 of the
infinite array previously shown in Fig. 5(b) is repeated in dotted orange for

comparison (levels appropriately normalized to enable comparison).
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plane-wave illumination of an infinite array of apertures is almost fully realized by using

the TEM horn to excite a finite aperture array. This is caused by the PEC parallel-plate-

waveguide-like environment of the TEM horn antenna, which establishes boundary con-

ditions in the vertical direction that mimic the response of a vertically infinite array by

means of image theory. These data also confirm that illumination using the TEM horn an-

tenna does not cause a frequency shift, but affects the trend/level of transmission across

the operating band, consistent with the varying return loss of the horn (that is, the trend of

the curves matches best near the matching region of the TEM horn). This is also caused by

the production of multiple resonances within the TEM horn antenna due to strong reflec-

tion from the apertures away from their resonance frequencies, which affects the radiated

pattern of the TEM horn antenna.

5.6 Fabrication and Measurement

The fully printed MTM-lined aperture array presented in Fig. 5.4(a) is fabricated using

an LPKF ProtoMat S62 mechanical milling machine, which employs milling bits at high

RPM to remove copper cladding from a microwave substrate. The use of 100 µm features

was motivated by the diameter of the finest available milling bit, and an error of up to 6%

was allowed so as to obtain a continuous milling path. The milling was done on a Rogers

5880 substrate with a rotation speed of 62000 rpm and a travel speed of 0.5 mm/s, and

the milling depth was adjusted for each of the 40 inductors individually so as to avoid
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(a)

(b)

FIGURE 5.10: (a) Fabricated fully printed aperture array, and (b) magnified
view of two adjacent dual-arm spiral inductors in a single unit cell.

overmilling that could result in bending of the fine traces.

The anticipated fabrication error of up to 6% implies the possibility of slight frequency

shifts and/or a frequency dilation in the resonance frequency spectrum of these resonators.

Fig. 5.10(a) shows the fabricated fully printed aperture array, and Fig. 5.10(b) a magnified

view of two adjacent dual-arm spiral inductors, which also demonstrates slightly differ-

ent trace widths as a result of the nonuniform milling error. Using other technologies such

as laser milling for future fabrication of such fine features should mitigate these errors.

Figure 5.11(a) shows the fabricated single-sided TEM horn antenna with ground plane,
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(a)

(b)

(c)

FIGURE 5.11: (a) Fabricated TEM horn antenna with foam spacer; (b) fabri-
cated TEM horn probe with integrated nonuniform aperture array; and (c) ex-
perimental setup including the double-ridged horn probe (left) and the TEM

horn probe under test (right).
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and the dashed red curve in Fig. 5.8 represents the measured S11 of this antenna along

with the simulated S11 (solid blue curve) so that a comparison is possible. The agreement

in these data and radiation-pattern measurements (not shown here) establish that the TEM

horn works as expected. The 1D MTM-lined aperture array is applied to the mouth of

TEM horn antenna as shown in Fig. 5.11(b), and the boresight far-field amplitude is mea-

sured in an anechoic chamber according to the measurement setup shown in Fig. 5.11(c),

which pictures the double-ridged horn probe antenna on the left-hand side and the TEM

horn antenna under test on the right-hand side, placed at a distance of 397 mm apart ( 4λ

at the center frequency).

The obtained far-field data is presented in Fig. 5.12(a). The simulated response of this

device was previously shown in Fig. 5.9(b), which may be considered the ideal response

expected from the aperture-array-loaded TEM horn, neglecting other non-idealities such

as fabrication error/tolerances. Although there seem to be some additional ripples in the

measured data, possibly because of the imperfect measurement environment (e.g., reflec-

tions from the positioners and associated apparatus supporting the TEM horn antenna),

the five main peaks can still be distinguished in the measured data, with varying con-

trasts of between 2 and 6 dB. The nonuniform contrast of these Fano-shape resonances is

to be expected due to the nonuniform excitation of the resonances based on the varying

S11 and boresight directivity of the TEM horn antenna across the frequency band. This

lower contrast can also be observed in the simulated data at high frequencies. Although
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the measured response exhibits the same general trend as the simulated response, there

is the expected slight frequency shift/dilation of resonances in the measured spectrum

caused by the imperfect fabrication of the fully printed 100 µm spiral inductors, as dis-

cussed above.

The possibility of using this device for imaging of conducting obstacles is examined

in measurements by placing a PEC obstacle in the vicinity of each aperture. The result-

ing measured raw amplitudes are plotted in Fig. 5.12(b). As is evident from following

the trend of each far-field transmission curve, covering one aperture using a conducting

obstacle removes the corresponding resonance-antiresonance from the far-field transmis-

sion spectrum. Once again, it is beneficial to plot the difference between the following

two cases: i) a conducting disc present in front of one aperture at a time, and ii) no con-

ducting disc in the vicinity of this device. This difference is expected to emphasize the

disappearance of antiresonances similar to the simulation data presented in Fig. 8 for an

infinite array. As noticeable in the difference curves plotted in Fig. 5.12(c), the antireso-

nance (i.e., peak in the difference curve) location shifts from higher to lower frequencies

as the location of a conducting disc is varied from aperture 1 to aperture 5. It should

be noted that suppression of isolated resonances requires that the conducting obstacle be

placed very near to the aperture array; increasing this distance creates the possibility of

exciting adjacent apertures, albeit more weakly. Although such effects could be mitigated

by increasing the spacing between resonators, this would result in lower spatial resolution
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as well as a larger overall size of the array. Therefore, detection of conducting obstacles

experiences a trade-off between detectable spacing of the obstacle from a resonator and

resolution/overall size of the imaging device with respect to wavelength.

To verify that this method works in the presence of multiple obstacles, the application

of two conducting obstacles to the vicinity of two randomly chosen apertures is exper-

imentally studied. Apertures 3 and 5 are blocked using conducting obstacles, and the

resulting measured far-field amplitude is plotted in Fig. 5.13(a). The reference far-field

amplitude data previously presented in Fig. 5.12(a) is repeated here for comparison. As

is evident from these data, resonances corresponding to apertures 3 and 5 disappear from

the far-field spectrum. Once again, the difference between these two cases is plotted in

the same manner as before, and shown in Fig. 5.13(b). It can be easily seen that maxima

appear at the corresponding locations of the (now absent) antiresonances in the difference

curves. The reader may note that the local maximum at 2.92 GHz is much smaller than the

other two maxima and more importantly, below 0 dB, and therefore, cannot correspond

to the disappearance of an antiresonance.

An independent set of experimental data is presented here to verify that the resonance

location moves across the operating frequency range from one resonator to another, and

to confirm that the right frequencies are chosen when identifying the resonances in Fig.

5.12(a). This new experiment is performed using two electrically small loop antennas. The

loops are placed at a center-to-center distance of 9 mm, and the aperture array is inserted
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(a)

(b)

(c)

FIGURE 5.12: (a) Measured far-field behaviour of the proposed device; (b)
effect of applying conducting discs to each aperture; (c) difference in the mea-

sured far-field amplitudes in each case.
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(a)

(b)

FIGURE 5.13: (a) Measured far-field behaviour in the presence of conducting
discs at locations of aperture 3 and aperture 5, along with the reference far-
field transmission when no discs are present; (b) difference between the two

curves shown in part (a).
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(a)

(b)

FIGURE 5.14: (a) Experimental setup including the aperture array mounted
on foam and two small loop antennas; (b) measured transmission between

two loop antennas as they are moved from aperture to aperture.
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symmetrically between the two loop antennas as shown in Fig. 5.14(a). An amplifier is

used to improve the signal levels, as these small loops are very poor radiators. This exper-

imental setup is used to obtain the transmission between the two loop antennas as they

are moved across the screen from one then resonator to another. The acquired transmis-

sion data are normalized to the transmission between two loop antennas in the absence of

the screen, over the same loop-to-loop distance. As is evident from the resulting normal-

ized transmission data presented in Fig. 5.14(b), the transmission peak location moves

from higher to lower frequencies as the loop antennas are scanned from one resonator

to another, with transmission peaks occurring at exactly the same locations as the peaks

identified in Fig. 5.12(a). This independent experimental result affirms that the peaks

marked in Fig. 5.12(a) are the actual transmission resonances for which this device was

designed, and not additional diffraction effects caused by the TEM horn and/or experi-

ment environment.
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Chapter 6

Metafilm Design Used for Shielding

In this chapter, a novel, extremely miniaturized metafilm unit cell is introduced. This

design is motivated by the complementary metascreen technology previously presented

in chapter 4, where the miniaturization of a circular aperture in a metallic screen was

achieved by means of lining the aperture using a thin layer of ε-negative and near-zero

(ENNZ) metamaterial (MTM) liner. Here, we show that if the metallic and gap regions

in Fig. 6.1(a) are interchanged, and the shunt (radially directed) loading inductors are

replaced with series (azimuthally directed) loading capacitors as was shown in Fig. 3.3,

a metafilm is obtained that demonstrates dual transmission/reflection behaviour. Based

on the notion of duality, the metafilm structure consists of a metallic disc lined using a

µ-negative and near-zero (MNNZ) MTM liner, and supports modes with interchanged

transverse electric- and magnetic-field distributions as compared to the metascreen de-

sign. Such discs undergo resonance at sizes of λ/7 or smaller and exhibit interesting trans-

mission/reflection behaviour. When an array of these resonators is illuminated using a
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normally or obliquely incident plane wave, a Fano-shape reflection profile is obtained, ex-

hibiting a high degree of reflection at resonance followed by strong transmission. Just like

the metascreen design, these resonators may be closely packed since the resonance mech-

anism does not rely on diffraction effects, resulting in a compact metafilm design. This

technology, like its metascreen counterpart, lends itself to a variety of applications rang-

ing from shielding to imaging to antenna beamforming. Given the large number of appli-

cations that may benefit from the proposed metafilm technology, this chapter presents the

detailed study of its unit-cell design and resonance mechanism.

6.1 Transmission Studies

The metascreen unit cell and its complementary metafilm design previously studied in

chapter 3 are repeated here in Fig. 6.1. Similar to the metascreen design, there are multiple

benefits in using fully printed loading elements in the implementation of the metafilm

unit cell including lower cost, easier single-step fabrication (as soldering of surface mount

components would not be required), precise control of the resonance frequency by simply

varying the capacitor’s span and/or number of interdigitations, larger resonance contrast,

as well as broader-band response due to added parasitic effects. Therefore, the discrete,

azimuthally directed loading capacitors shown in Fig. 6.1(b) are replaced by their fully

printed interdigitated counterparts as shown in Fig. 6.2(a). Important design parameters

are labeled in this figure, and their values are chosen as follows: b = 8.5 mm, a = 5.15 mm,
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(a)

(b)

FIGURE 6.1: (a) The unit cell of ENNZ MTM lined metascreen unit cell, and
(b) the complementary metafilm topology.
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θ = 40◦, w = 0.1 mm, and t = 0.1 mm, so that the fully printed metafilm unit cell resonates

at 2.45 GHz.

Figure 6.3 shows transmission and reflection parameters obtained through full-wave

HFSS simulations for an infinite array of the following two unit cells, each illuminated

using a normally incident plane wave: i) the fully printed MNNZ-loaded disc shown in

Fig. 6.2(a), and ii) an unloaded metallic disc unit cell with an outer radius of b = 8.5 mm,

plotted for reference. The screen used in each array is a Rogers/Duroid 5880 substrate

(εr = 2.2, tan δ = 0.0009) of 1.524-mm thickness, metallized on one side with copper of

thickness 17 µm. As is evident from the data in Fig. 6.3, no resonance effect is observed for

the unloaded metallic-disc array (dot markers), since these frequencies are far below the

first grating anomalies or structural resonances of the metallic disc. Dramatic changes in

the response are observed as the MNNZ liner loading is introduced. A resonance effect is

observed at 2.44 GHz in the curves corresponding to the fully printed metafilm, where the

discs are extremely subwavelength and measure approximately λ/7.4 in diameter. The

S11 parameter (dashed blue curve) experiences a resonant enhancement at 2.44 GHz, pro-

viding 4.7-dB (almost three times) better reflection compared to the unloaded-disc array.

This reflection peak is followed by a minimum in reflection (i.e., a maximum in transmis-

sion) at 2.52 GHz, where a transmission improvement of 1.2 dB (32% better) compared to

the unloaded design is achieved, resulting in a transmission level of −0.28 dB. Enhanced

transmission levels are maintained towards higher frequencies. The Fano lineshape in the
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(a)

(b)

FIGURE 6.2: (a) The metafilm unit cell with a practical liner realized us-
ing fully printed interdigitated capacitors and strip inductors, and (b) the

straightened out layout of one interdigitated capacitor.
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FIGURE 6.3: Scattering parameters of an infinite 2D array of metafilm unit
cells shown in Fig. 6.2(a) with design values b = 8.5 mm, a = 5.15 mm,
w = 0.1 mm, t = 0.1 mm, θ = 40◦. Transmission and reflection parameters of
an array of unloaded metallic discs with the same outer radius b are plotted

in curves with dot makers as reference.

S11 of the metafilm design, demonstrating a peak followed by a minimum, is consistent

with the observed trend in the S21 parameter of the complementary metascreen structure.

6.2 MNNZ Behaviour

To confirm that the occurrence of this resonance is due to the MNNZ properties of the

liner, the plasma frequency of the effective permeability of this liner ( fmp) can be calcu-

lated, which may easily be done using the TL model shown in Fig. 3.4. To simplify the

calculation, the straightened-out interdigitated capacitor model shown in Fig. 6.2(b) is

used, which possesses the same trace/gap width of t = 0.1 mm, the same number of in-

terdigitations as the printed capacitors utilized in the implementation of the MNNZ liner
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in Fig. 6.2(a), and an effective length chosen as lc = 5.08 mm, obtained from the weighted

average of all interdigitated trace lengths based on the relative strength of surface cur-

rents on each trace at the resonance frequency as determined through HFSS simulations.

To extract fmp using equations 3.17-3.21, the equivalent L − C impedance of the series

TL branch needs to be extracted through full-wave studies. Full-wave HFSS simulations

of the capacitor in Fig. 6.2(b) yield Z(ω). At ω = 2π × 2.44 GHz, C = 1.27 pF and

Lt = 1.96 nH, implying fmp = 3.19 GHz. This extraction provides insight into the design

of the liner through lumped loading capacitors. To calculate µr through 3.22, d (the peri-

odicity of the loaded TL model in the azimuthal direction) and g (the geometrical factor of

the TL) need to be calculated. These calculations yield d = 4.18 mm, and g = 0.31. There-

fore, at 2.44 GHz, (3.22) yields µr = −0.83, confirming a negative and near-zero value of

permeability (i.e., MNNZ behaviour).

6.3 Eigenmode Studies

Eigenmode studies are performed on the fully printed design shown in Fig. 6.2(a) to

obtain information about the relevant reduced-frequency resonant modes. Whereas the

transverse fields of the metascreen aperture resonances were described in terms of the

modal cutoffs of an equivalent ENNZ-lined PEC waveguide, here, we deal with reso-

nances in which the discs support electric fields perpendicular to the inner disc (metal-

lic) region. To facilitate description, we refer to these modes as the hybrid modes of an
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(a) (b)

(c) (d)

FIGURE 6.4: (a) Vector magnetic fields of the HE01 mode, (b) vector electric
fields of the HE01 mode, (c) vector magnetic fields of the EH11 mode, and (d)
vector electric fields of the EH11 mode of the fully printed design obtained
through eigenmode studies. The coordinate system for the unit cell is shown

at the top-left corner in part (a) of this figure.
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analogous, inhomogeneously filled PMC circular waveguide, which essentially exchanges

the roles of the electric and magnetic fields and, therefore, the hybrid-mode descrip-

tors EH and HE, while retaining the mode indices. It is worth noting that the reduced-

frequency resonant modes occur in a reverse order compared to the natural modes of

a PMC waveguide, as was the case with the ENNZ-lined PEC waveguide [2]. Here, in

analogy to the HE11 and EH01 modes of the ENNZ-lined metascreen apertures, we con-

centrate on the EH11 and HE01 modes of the MNNZ-lined metafilm discs, for which the

reduced-resonance frequencies obtained through eigenmode study are f01 = 3.26 GHz

and f11 = 2.39 GHz. Figure 6.4 demonstrates the vector magnetic- (H-) and electric- (E-)

fields of the fully printed metafilm unit cell at f01 and f11, respectively. A generally radial

transverse-field distribution for vector H-fields can be observed in Fig. 6.4(a) at f01, which

exhibits the expected zero azimuthal variation. Vector E-fields are perpendicular to the

metallic disc region and are all co-directed, as suggested by the distribution shown in Fig.

6.4(b). Figures 6.4(c) and 6.4(d) show the modal H- and E-field distributions at f11. Vec-

tor H-fields are strongly collimated in the inner disc region, which is consistent with the

collimation of vector E-fields at the reduced HE11 mode of the complementary aperture

design [187]. Vector E-fields possess the expected purely normal distribution on the in-

ner disc, and the direction of these fields switches in the middle of the metallic region. A

closer look at these fields shows mostly radial electric fields in the azimuthal gap between

the metallic disc and MTM liner regions, validating the L-C-loaded TL description of the
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MNNZ liner region.

It was argued in [176] that the EH01 cutoff frequency of an ENNZ-lined circular waveg-

uide coincides with the plasma frequency of the Drude dispersion profile of the liner. In

fact, the permittivity of the liner approaches zero at the plasma frequency, which implies

an infinite-wavelength condition in the TL mode, and therefore, no azimuthal variation.

This condition is satisfied by the resonant field distribution of the EH01 mode. Based

on the duality observed in the resonance mechanism as well as the modal field distri-

butions between the metafilm and metascreen unit cells, it is proposed that f01 in this

work corresponds to the magnetic plasma frequency of the MNNZ liner. Assuming a

Drude dispersion (i.e., µ = µ0(1− f 2
mp/ f 2)) for the effective permeability of the liner with

fmp = f01 = 3.26 GHz suggests µr = −0.78 at the resonance frequency of 2.44 GHz, very

close to the value of −0.83 obtained through TL studies. The values extracted through the

two different studies follow Drude-like dispersions that match very well throughout the

frequency band, as shown in Fig. 6.5.

6.4 Homogenization and Parameter Extraction

Here, the surface susceptibility parameters are extracted for the proposed metafilm unit

cell so as to provide insight into the electric-magnetic-dipole mechanism of resonance and

introduce an equivalent homogenized model for this metafilm unit cell. As will be noted

in Sec. 6.8, one of the most important applications of the proposed metafilm unit cell is
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FIGURE 6.5: Dispersion profile of the permeability of the liner obtained
through TL and eigenmode studies

beam-shaping through inhomogeneous partially transmitting/reflecting surfaces. How-

ever, the accurate study of the proposed unit cell using numerical simulators requires a

very fine mesh, which entails time-consuming simulations and prohibitively costly com-

putational resources. This would make the simulation of a finite, inhomogeneous surface

difficult even when possible. Consequently, the introduction of an equivalent, homoge-

nized model that can be quickly studied using numerical simulators is essential.

To characterize the proposed metafilm unit cell by obtaining the susceptibility tensors,

(6.1a)–(6.1b) may be used [188], which assume that the components of the susceptibility

tensors perpendicular to the surface of the metafilm (i.e., in the Z direction) are zero. These

equations also assume the general case of a bianisotropic unit cell.
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As this unit cell shows highly decoupled polarizations, it can be assumed that the

susceptibility tensors are diagonal, which implies that all χyx and χxy components are

zero. Furthermore, as the metafilm unit cell is essentially transversely symmetric, χxx and

χyy are identical, resulting in the number of unknown parameters being reduced to four:

χxx
ee , χxx

em, χxx
me and χxx

mm. ∆H and ∆E in (6.1a)–(6.1b) refer to the jump in the E-/H-field

values at the two sides of the metafilm, and Eav/Hav refer to the average values of these

fields [135]. Therefore, the following definitions can be used to simplify these equations

(superscripts i = incident; r = reflected; t = transmitted):
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Eav =
Et + (Ei + Er)

2
(6.2a)

∆E = Et − (Ei + Er) (6.2b)

Hav =
Ht + (Hi + Hr)

2
(6.2c)

∆H = Ht − (Hi + Hr). (6.2d)

Consequently,

Eav

Ei
=

T + (1 + R)
2

(6.3a)

∆E
Ei

= T − (1 + R) (6.3b)

Hav

Hi
=

T + (1− R)
2

(6.3c)

∆H
Hi

= T − (1− R), (6.3d)

where T and R are the transmission and reflection parameters of the metafilm, respec-

tively, obtained at normal incidence. Inserting (6.3) in (6.1) results in the extraction of the

susceptibility parameters as follows:
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χmm = − 2
jωµ
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.
(6.4d)

In these equations, TE and TM refer to the two different polarizations of excitation as-

suming an X-Z plane of incidence. Thereafter, scattering parameters obtained for the fully

printed unit cell through full-wave simulations are supplied to (6.4a)–(6.4d), and the sus-

ceptibility parameters are extracted. The extracted parameters presented in Fig. 6.6 show

values of χee that are between 1 and 5 orders of magnitude greater as compared to other

susceptibility components at resonance, and are in agreement with the electric-dipole-like

current distribution in Fig. 6.7, plotted at the resonance frequency. Furthermore, the re-

versed directions of the electric currents between the disc and liner regions are consistent
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FIGURE 6.6: Extracted susceptibility parameters using (6.4a)–(6.4d) for the
fully printed metafilm unit cell shown in Fig. 6.2 (a).

with the assumption that the transmission-line mode is the dominant mode in the liner

region. The data in Fig. 6.6 also imply that this unit cell shows only negligible levels of

bianisotropy.

To validate the extracted susceptibilities shown in Fig. 6.6, a homogenized slab of an

electrically very small thickness of d = 2 mm (∼λ/62 at 2.44 GHz) whose parameters

are defined as ε = ε0(1 + χee/d), and µ = µ0(1 + χmm/d) is simulated, and the corre-

sponding S-parameters are shown in Fig. 6.8 along with those of the fully printed design.

Both sets of data are obtained for an infinitely large metafilm illuminated by a normally

incident plane wave through full-wave HFSS simulations. The strong agreement between

the two sets of data validates the extracted parameters. Furthermore, as expected, this

homogenized sheet model is much easier and faster to simulate.
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FIGURE 6.7: Vector electric currents plotted for the fully printed metafilm unit
cell at the resonance frequency of 2.44 GHz.

FIGURE 6.8: Scattering parameters obtained for a thin homogenized slab of
thickness d = 2 mm (∼λ/62 at 2.44 GHz) whose parameters are defined as
ε = ε0(1 + χee/d), and µ = µ0(1 + χmm/d) versus the S-parameters of the

actual design plotted in dashed.
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6.5 Parametric studies

Some parametric studies are performed on the design parameters of the proposed metafilm

unit cell so as to provide insight into controlling the resonance frequency of this unit cell.

Furthermore, these studies help in establishing a better understanding of the underlying

mechanism of the observed resonance.

6.5.1 Periodicity

In this study, the periodicity P is varied from 18 mm to 22 mm in 2-mm steps, while the

unit cell design is kept unchanged. The corresponding S11 data presented in Fig. 6.9

show that there is only a small frequency upshift when P is increased. Changing the

periodicity has minimal effect on the resonance frequency because the proposed metafilm

unit cells exhibit strongly isolated resonances. Increasing P also slightly decreases the

level of reflection, as it implies smaller filling fraction of metal in each unit cell.

6.5.2 Unit-Cell Size

The data presented in Fig. 6.10 are obtained when the outer radius b is decreased from

8.5 mm to 6.5 mm in 1-mm steps. A decrease in b (keeping liner thickness unchanged)

shifts the resonance frequency up for two different reasons: i) smaller resonator size, and

ii) decrease in the amount of printed capacitive loading, which will push the fmp of the
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FIGURE 6.9: S11 of the metafilm design when periodicity (P) is varied from
18 mm to 22 mm, in 2-mm steps.

liner to higher frequency regimes. This study reveals that b is a major design parameter

to control the operating frequency of the metafilm.

6.5.3 Capacitive Loading

Next, the effect of capacitive loading is studied by changing the printed capacitor’s span

θ from 32◦ to 40◦ in 4◦ steps. As is evident from the data in Fig. 6.11, the amount of ca-

pacitive loading controls the resonance frequency as well as the degree of miniaturization

(as outer radius b and unit-cell size P are kept constant). These data also emphasize that

capacitor span (θ) is another major parameter for controlling the resonance frequency of
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FIGURE 6.10: S11 of the metafilm design when outer radius (b) is varied from
6.5 mm to 8.5 mm, in 1-mm steps.

the proposed metafilm design. By increasing C, the plasma frequency in the Drude dis-

persion model of the permeability of the liner is reduced, resulting in lower MNNZ fre-

quency regimes, and therefore, lower resonance frequencies (i.e., higher degrees of minia-

turization). Utilizing fully printed capacitors provides precise control over the operating

frequency.

6.6 Oblique Incidence Studies

Figures 6.12(a) and 6.12(b) show the reflection parameters of the proposed metafilm for

TE- and TM-polarized incident waves, respectively, when the angle of incidence is swept

from normal to 60◦ in steps of 15◦. As the unit cells presented in this work are strongly

miniaturized and measure λ/7 at resonance, they show a stable response when the angle
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FIGURE 6.11: S11 of the metafilm design obtained when the capacitor span (θ)
is swept from 32◦ to 40◦, in 4◦ steps.

of incidence is increased towards grazing angles. This behaviour would not be achieved

through arrays with electrically large unit cells.

6.7 Fabrication and Measurement

To verify the shielding response of the proposed metafilm design, a 16 × 12 array was

fabricated using an LPKF ProtoLaser U3 laser-milling machine. Figure 6.13 shows the

fabricated prototype, along with an inset at the top-right corner magnifying one fabri-

cated unit cell. The number of unit cells in the array was chosen to maximize the use of

space on an available 9-in × 12-in substrate panel. The substrate used for fabrication is

Rogers RT/Duroid 5880 with 17-µm copper cladding thickness, which matches that used

in simulations. The fabricated structure measures 1.7λ × 2.3λ at the resonance frequency.
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(a)

(b)

FIGURE 6.12: Reflection parameter of the fully printed metafilm when the
angle of incidence is swept from normal to 60◦ in 15◦ steps for (a) TE-polarized

incident waves, and (b) TM-polarized incident waves.
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FIGURE 6.13: The fabricated 16× 12 metafilm array possessing an overall size
of 1.7λ × 2.3λ at the center frequency.

Figure 6.14 depicts the experimental setup in an ETS-Lindgren shielded fully anechoic

chamber, picturing the double-ridged horn (DRH) antenna probe on the left-hand side

and the WR-340 standard-gain horn (SGH) antenna on the right-hand side, placed at a

distance of 166 cm (i.e., 14λ) from each other. The metafilm array is inserted at a distance

of 39 cm from the DRH antenna (implying a distance of 127 cm from the SGH antenna).

These distances are chosen as close to the far-field distances of the two antennas as pos-

sible within the space afforded by the chamber, so as to realize a plane-wave-like excita-

tion. This experimental setup has been designed for measuring the S21 parameter of the
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proposed metafilm, as this parameter proves easier to experimentally validate. As the

simulation data in Fig. 6.3 demonstrate that this metafilm is generally low-loss, it can be

concluded that a reduction in S21 implies an increase in S11. Furthermore, these data need

to be properly normalized prior to comparison with the simulation data due to the finite

size of the fabricated array versus the infinite array modeled in simulations. To do this,

a large screen covered with absorbers was built with a window of the same size as the

fabricated metafilm design in the center. The transmission parameter was then obtained

with the fabricated design inserted into the window, and normalized to the corresponding

values measured in its absence.

The measured S21 is presented in Fig. 6.15 (solid curve) along with the simulated

data (dashed curve). Although the two sets of data are in strong agreement in terms of

trend and contrast, the measured data demonstrate a 95 MHz (3.9%) frequency upshift

compared to the simulation data. This upshift may be attributed to an effective reduction

in the value of the interdigitated capacitors caused by fabrication tolerances. In fact, a

precise study of one unit cell through white-light interference profilometry demonstrates

an effective trace width of 95 µm (i.e., a gap width of 105 µm) instead of the desired value

of 100 µm caused by the Gaussian beam shape of the milling laser, as well as an effective

copper thickness of 13 µm instead of the simulated value of 17 µm. The original simulation

was repeated according to these measured parameters, and the resulting data are shown

in the dotted black curve in Fig. 6.15. The new data show much better agreement with the
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FIGURE 6.14: The measurement setup in an antenna anechoic chamber with
the double-ridged horn antenna probe on the left hand side and the WR-340
standard gain horn (SGH) antenna on the right-hand side, placed at a distance
of 166 cm (i.e., 14λ) from each other. The fabricated prototype is inserted

between the two antennas at a distance of 39 cm from the ridged horn.

measured data. A bandstop response is observed at approximately 2.5 GHz, providing

better than 18-dB decrease in transmission.

6.8 Applications

The proposed metafilm unit cell may be made extremely subwavelength. This property

can be exploited through the design of inhomogeneous partially transmitting and/or re-

flecting surfaces for beam-shaping with extremely high-spatial-resolution control of the

transmitted and/or reflected fields. This metafilm is also beneficial for selective shielding

applications that require a compact array due to a limited available space, or need the

array to remain transparent outside a narrow shielding band. They can also be utilized
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FIGURE 6.15: The normalized measured data plotted against the original sim-
ulation data (dashed curve) and the corrected simulation data (dotted curve).

for the design of far-field, high-resolution magnifying devices following the approach re-

ported in chapter 5. Moreover, this unit cell can be made polarization sensitive and/or

dual-band by judicious changes in the MNNZ liner design. The circular-shaped geome-

try of this unit cell along with its subwavelength size provides maximum adaptability for

applications that require conformal metasurfaces (MTSs) [189]. Frequency insensitivity

with respect to the periodicity and the angle of incidence are also advantageous for many

applications.
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Chapter 7

Dual-Band and Polarization-Selective

Shielding Using Anisotropic Metafilm

Unit Cells

Metasurfaces (MTSs) and frequency selective surfaces (FSSs) with a dual-band response

have recently been receiving great attention for various applications. In particular, EMI

shielding for GSM or ISM bands or wireless LAN applications may benefit from dual-

band compact MTSs/FSSs. Generally, the development of wireless and portable com-

munication devices raises the concern of device malfunction caused by unwanted inter-

ference of electromagnetic waves. These EMI issues become especially hazardous when

occurring in medical environments [190]. Many works have explored the design of dual-

band MTSs and FSSs during the last few years [40, 191–197]; however, the proposed de-

signs suffer from different drawbacks, such as a large overall size, the need to pattern
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both sides of the substrate, lack of independent control of the operating bands, unsta-

ble response for larger oblique angles of incidence, not being fully transparent outside of

the shielding band, and/or not demonstrating the desired polarization selectivity. One

important challenge in many applications is designing for unit cells that are highly sub-

wavelength with respect to the operating wavelength, as they provide stable performance

with respect to the angle of incidence. Miniaturized rectangular-loop unit cells have been

widely explored to achieve extreme miniaturization. However, the existing works are

sometimes difficult to implement and/or possess various limitations. For example, a dual-

band miniaturized-element FFS is introduced in [198] based on rectangular meandered-

loop elements. Although the unit cells are well miniaturized (λ/11 and λ/5) at the two

operating frequencies, the proposed structure needs patterning of the two metallic layers

separated by a dielectric spacer. Furthermore, the two operating bands cannot be con-

trolled independently. Another dual-band miniaturized-element FSS unit cell operating

at WLAN frequencies is introduced in [199], which provides dual-band behaviour with a

single-layer structure; however, independent control of operating frequencies is only pos-

sible for the upper frequency band, and only in a very small frequency range. Another

challenge in such designs is achieving closely spaced operating bands. Two unit cells

with different operating frequencies are integrated to construct a dual-band miniaturized-

element FSS unit cell in [200], where arrays of metallic vias are used to form a Faraday cage
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structure and minimize the coupling between the two unit cells. This results in fabrica-

tion complexity, and the obtained ratio between the operating bands become only as small

as 1.4. This ratio is improved to 1.36 in [201] to realize operating bands at 1.8 GHz and

2.45 GHz, at the cost of added fabrication complexity as the unit cells are placed in a sub-

strate integrated waveguide cavity structure to eliminate the unwanted coupling effects.

In this work, operating bands with a frequency ratio of 1.28 are achieved without any

need for the use of vias. In fact, the operating bands in this work are highly decoupled

and can be placed much closer to each other if needed.

In this chapter, two dual-band, polarization-selective metafilm designs are introduced,

which perform as dual stop-band filters at the representative operating frequencies of

1.8 GHz and 2.4 GHz. Both designs are dual-band and highly subwavelength, but they

exhibit different polarization selectivities. The first dual-band design demonstrates two

bands that both respond to one polarization of incidence, while remaining transparent

for the other (perpendicular) polarization. The second dual-band design also offers two

operating bands, with the difference that these bands respond to different polarizations

of incidence. Both designs show angular stability for incidence angles up to 60◦. Further-

more, the operating bands can be tuned independently.
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7.1 Theory

The proposed dual-band metafilm designs are obtained through circular metallic discs

lined using magnetic metamaterial (MTM) liners. It was shown in chapter 6 that ex-

tremely subwavelength metafilm unit cells can be realized through miniaturized metallic

disc resonators loaded using µ-negative and near-zero (MNNZ) liners. This was achieved

by reducing the resonance frequency of the fundamental EH11 mode, and the MNNZ

property of the liner was achieved using capacitively loaded, azimuthally directed cop-

per traces. Here, we show that µ-positive and large (MPL) liners can be utilized to obtain

subwavelength metafilm unit cells in the same manner. As the two MNNZ-lined and

MPL-lined unit cells show different polarization selectivities, they may be combined for

development of dual-band designs. The MPL liner technology is inspired by the idea

of miniaturizing loop resonators through meandering. A simple, unloaded loop would

resonate at frequencies where its overall length measures multiples of λ, where λ is the

wavelength at the operating frequency. This length corresponds to formation of two bent

electric dipoles, each possessing a length of λ/2 [202]. This frequency can be reduced

by adding to the overall current path length by means of meandering, or alternatively,

loading the ring using inductors. To the best of our knowledge, only two related works

have investigated the design of miniaturized-element MTSs based on circular-loop-shape

unit cells [202, 203]. In the present work, fully printed, dual-arm spiral inductors are used

to load a ring-shaped resonator, which acts as an MPL liner to a metallic disc. Although
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(a) (b)

FIGURE 7.1: Single-band, polarization-insensitive metafilm unit cells possess-
ing 8 interdigitated capacitors (a) or spiral inductors (b).

the presence of the inner metallic disc is not crucial to the operation of this MPL-lined

unit cell, the first unit cell possessing an MNNZ liner requires the inner disc to resonate,

and the ultimate dual-band MTS unit cell is obtained by combining the two (MNNZ and

MPL) liners. Therefore, the presence of the metallic disc is necessary for the design of the

dual-band MTS unit cell.

The first metafilm unit cell is demonstrated in Fig. 7.1(a), and pictures a PEC disc lined

using a layer of MNNZ MTM liner (previously discussed in chapter 6). The MNNZ liner is

realized by means of series interdigitated capacitors loading the exterior ring region, and

shunt inductive stubs connecting the outer ring and inner disc regions. The resonance

mechanism in this unit cell is based on reduced resonance modes of a disc resonator, as

studied in chapter 6. The second resonant metafilm unit cell is shown in 7.1(b), which



Chapter 7. Dual-Band and Polarization-Selective Shielding Using Anisotropic Metafilm

Unit Cells
126

looks very similar to the unit cell shown in Fig. 7.1(a), where the interdigitated capacitors

are replaced with spiral inductors. Whereas the two designs might look identical at first

glance except for different printed loading elements, they are, in fact, very different. The

series spiral inductors form a liner that possesses a large and positive permeability, and

the MPL liner reduces the resonance frequency of the outer loop by adding to the current

path length. Both metafilm unit cells shown in Fig. 7.1 reflect strongly at their resonance

frequency, and exhibit a Fano-shape profile of reflection.

These metafilm unit cells can be made polarization-sensitive by reducing the number

of loading capacitors/inductors from eight to two. Figure 7.2 demonstrates the schemat-

ics of these polarization-sensitive unit cells. A smaller number of loading elements also

allows increase of the span (θ) of the remaining capacitor/inductor elements, and there-

fore, further miniaturization of the unit cells [see the parametric study on the capacitor

span (θ) shown in Fig. 6.11]. Furthermore, the resulting unit cells respond to different po-

larizations of incidence. Whereas the metafilm unit cell shown in Fig. 7.2(a) responds to

an X-directed electric field of excitation, the unit cell shown in Fig. 7.2(b) may be excited

through a Y-directed electric field of excitation. In each case, the other polarization passes

through the metafilm with small insertion loss and no resonance behaviour. The polar-

ization selectivity of the unit cell shown in Fig. 7.2(a) is governed by the need for series

capacitive loading to realize the MNNZ liner property, which is realized by an X-directed

electric field of excitation. The polarization selectivity of the unit cell shown in Fig. 7.2(b),
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however, is a function of the amount of inductive loading that the proposed printed in-

ductor provides under different polarizations of excitation, as this loading inductor does

not possess an X-Y symmetric geometry. Therefore, it can respond to an X-directed electric

field of excitation too, although at a generally different (and higher) frequency range.

Interesting phenomena can be obtained by combining these two metafilm unit cells.

Figure 7.3(a) shows a dual-band unit cell obtained by integrating the two MTM liner tech-

nologies shown in figures 7.2(a) and 7.2(b) in one unit cell. The underlying idea is that

if the axis of one pair of these loading elements is rotated 90◦ with respect to the other,

they will both respond to the same polarization of excitation (i.e., X-directed polarization

of incidence for the depicted unit cell), but generally at different frequencies with highly

decoupled resonance frequencies. The two resonance frequencies may also be overlapped

for the purpose of obtaining a broader single-band response. The other (i.e., Y-directed)

polarization of incidence would pass through this metafilm with negligible amounts of in-

sertion loss; therefore, this metafilm acts like a dual-band shielding device for X-polarized

incident waves.

Figure 7.3(b) demonstrates a second dual-band unit cell where pairs of printed inter-

digitated capacitors are used on different (i.e., X and Y) axes of the unit cell, with different

values realized through the use of different capacitor spans. A dual-band operation can

be inferred from different values of capacitor spans. Furthermore, based on the above
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(a) (b)

FIGURE 7.2: Single-band, polarization-sensitive metafilm unit cells possess-
ing 2 interdigitated capacitors (a) or spiral inductors (b).

discussion on polarization sensitivity of these printed capacitors, the capacitor pair lo-

cated on the vertical axis responds to an X-directed electric field of excitation, while the

capacitors on the horizontal axis respond to a Y-directed electric field of excitation. This

implies that the two bands respond to differently polarized incident waves. Therefore,

the metafilm realized using this unit cell will act as a dual-band shielding device for two

different polarizations of incident waves, at generally different frequencies. In each band,

the cross-polarized wave would pass through the unit cell with a minimal amount of in-

sertion loss. Although not shown, the same behaviour could be achieved through the

MPL liner technology if printed spiral inductors are used instead.
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(a) (b)

FIGURE 7.3: Dual-band, polarization-selective metafilm unit cells possessing
(a) one pair of loading interdigitated capacitors on the vertical axis and one
pair of spiral inductors on the horizontal axis, and (b) two pairs of interdigi-

tated capacitors on different axes of the unit cell.

7.2 Designs and Simulations

Figures 7.4(a) and 7.4(b) demonstrate transmission and reflection parameters obtained

through full-wave HFSS simulations for an infinite array of the two metafilm unit cells

previously shown in figures 7.3(a) and 7.3(b), respectively, each illuminated using a nor-

mally incident plane wave. In each figure, solid and dashed linestyles are used for plot-

ting reflection and transmission parameters, respectively. Furthermore, different mark-

ers (stars and dots) are used to label the data corresponding to different polarizations

of incidence. The scattering parameters of an infinite unlined metallic disc array of the

same size are plotted for reference in curves with no markers. In all figures, polariza-

tion 1 refers to an X-directed electric field of incidence, while polarization 2 refers to a
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Y-polarized electric field of incidence. The design parameters are as follows: b = 8.5 mm,

a = 5.15 mm, w = 0.1 mm, t = 0.1 mm, θc1 = 44◦, θL = 40.2◦, and θc2 = 25.4◦. Capaci-

tor/inductor spans are chosen such that both metafilm designs possess two bands located

around 1.8 GHz and 2.4 GHz. The substrate used in each array is a Rogers/Duroid 5880

substrate (εr = 2.2, tan δ = 0.0009) of 1.524-mm thickness, metallized on one side with

copper of thickness 17 µm.

As is evident from the data in Fig. 7.4(a), resonance effects are observed at 1.82 GHz

and 2.33 GHz in the curves with star markers corresponding to the metafilm design shown

in Fig. 7.3(a), illuminated using an X-polarized plane wave. The discs are extremely sub-

wavelength, and measure approximately λ/9.7 and λ/7.6 in diameter at 1.82 GHz and

2.33 GHz, respectively. The reflection parameter shows a Fano-shape resonance profile

at both operating bands, and the transmission parameter experiences a minimum at each

band. Reductions of about 11 dB and 12 dB are observed in the transmission parameter at

the lower and upper bands, respectively, compared to the unloaded-disc array. Further-

more, transmission enhancements of 0.5 dB and 1 dB compared to the unlined disc array

are obtained slightly above the antiresonance frequencies at 1.87 GHz and 2.43 GHz, re-

spectively. The transmission levels remain high in broadband frequency regions above

each resonance.

The curves with star markers in Fig. 7.4(b) corresponding to the dual-band design

shown in Fig. 7.3(b) exhibit a stop-band at 1.82 GHz for an X-polarized incident plane
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(a)

(b)

(c)

FIGURE 7.4
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(d)

(e)

FIGURE 7.4: Scattering parameters for an infinite array of (a) the dual-band
metafilm design shown in Fig. 7.3(a), (b) the dual-band metafilm design
shown in Fig. 7.3(b), (c) the single-band design obtained by shorting out the
loading elements on the horizontal axis of either dual-band metafilm unit cell,
(d) the single-band design obtained by shorting out the loading elements on
the vertical axis of the dual-band metafilm unit cell shown in Fig. 7.3(a), and
(e) the single-band design obtained by shorting out the loading elements on
the vertical axis of the dual-band metafilm unit cell shown in Fig. 7.3(b). In
each case, the scattering parameters are shown for both X- and Y-polarized

normally incident plane waves.



Chapter 7. Dual-Band and Polarization-Selective Shielding Using Anisotropic Metafilm

Unit Cells
133

wave. Another shielding band is observed at 2.45 GHz for the same metafilm design il-

luminated using a Y-polarized plane wave. Similar to the previous metafilm design, the

reflection parameters undergo Fano-shape resonance profiles at both resonance frequen-

cies, and the transmission level remains high in a broadband frequency region above each

resonance. A 7 dB reduction in transmission is observed at the lower shielding band com-

pared to the unloaded disc array, while this value measures 15 dB at the upper shielding

band. Increased transmission values of 0.55 dB and 1.26 dB compared to the unlined

disc array are measured slightly above the antiresonance frequencies at 1.87 GHz and

2.54 GHz, respectively.

The transmission/reflection parameters of the single-band designs obtained by short-

ing out one pair of loading elements at a time in the dual band unit cells shown in Fig.

7.3 are also obtained for different polarizations of incidence, and plotted against those of

the unlined disc array in figures 7.4(c)-7.4(e). Consistent linestyles and markers are used

so that the data are easily comparable to those shown in figures 7.4(a)-7.4(b). Figure 7.4(c)

demonstrates the scattering parameters of the single band design obtained by shorting out

the loading elements on the horizontal axis of either dual-band unit cell (note that the in-

terdigitated capacitors on the Y axis of the proposed dual-band unit cells are identical). A

Fano-shape resonance is observed in the reflection parameter of the resulting single-band

design at 1.78 GHz as observed in Fig. 7.4(c) for a X-polarized incident plane wave (i.e.,

polarization 1). These data prove that the interdigitated capacitors placed on the vertical
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axes of the proposed dual-band metafilm unit cells govern the lower-frequency shielding

bands in both designs. The scattering parameters shown in Fig. 7.4(d) are obtained by

shorting out the interdigitated capacitors on the vertical axis of the unit cell shown in Fig.

7.3(a). These data confirm that the upper operating band in the response of the first dual-

band design is caused by the presence of the spiral loading inductors only, and therefore,

may be controlled by modifying the value of inductive loading. Lastly, Fig. 7.4(e) ex-

hibits the response of the single-band design obtained by shorting out the interdigitated

capacitors on the vertical axis of the unit cell shown in Fig. 7.3(b), while maintaining the

other pair of loading capacitors. The data confirm that the operating frequency as well

as polarization dependence of the upper frequency band for this dual-band unit cell are

determined through the value and placement of interdigitated capacitors located on the

horizontal axis of the proposed unit cell.

The data in figures 7.4(c)-7.4(e) also confirm that operating frequencies are largely de-

coupled, and only small upshifts in the frequency of the lower shielding band are ob-

served as the result of integrating the single-band designs to construct the dual-band unit

cells. Hence, independent control of the operating bands is possible by modifying the de-

sign parameters of the corresponding loading elements. Furthermore, smaller shielding

levels are sometimes observed at the lower frequency bands, caused by the subwave-

length size of the resonator at the operating frequency. Consequently, there may be a
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(a) (b)

(c) (d)

FIGURE 7.5: Complex electric-field magnitudes at (a) lower resonance fre-
quency of the metafilm design shown in Fig. 7.3(a), (b) upper resonance fre-
quency of the metafilm design shown in Fig. 7.3(a), (c) lower resonance fre-
quency of the metafilm design shown in Fig. 7.3(b), and (d) upper resonance

frequency of the metafilm design shown in Fig. 7.3(b).
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tradeoff between shielding levels and the degree of miniaturization. Polarization selectiv-

ities prove consistent between each dual-band unit cell and its corresponding single-band

designs as indicated by use of similar markers for similar polarizations in different parts

of Fig. 7.4. Complex magnitudes of electric field vectors are shown in Fig. 7.5 at the lower

and upper frequency bands for each dual-band metafilm design, depicting strong fields

at only one pair of loading elements at each resonance frequency.

7.3 Extraction of Effective Surface Parameters

Generalized sheet transitions (GSTCs) are used to determine the electric-magnetic-dipole

like behaviour of these unit cells at resonance (refer to sec. 2.7 for background on GSTCs).

To extract the susceptibility components of the proposed unit cells assuming an anisotropic

and diagonal susceptibility tensor, the following equations 7.1(a)-7.1(f) from [156] are

used:

χxx
MS =

2j
k0

RTE(0)− TTE(0) + 1
RTE(0)− TTE(0)− 1

(7.1a)

χxx
ES =

2j
k0

RTM(0) + TTM(0)− 1
RTM(0) + TTM(0) + 1

(7.1b)

χ
yy
MS =

2j
k0

RTM(0)− TTM(0) + 1
RTM(0)− TTM(0)− 1

(7.1c)

χ
yy
ES =

2j
k0

RTE(0) + TTE(0)− 1
RTE(0) + TTE(0) + 1

(7.1d)
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χzz
MS = −

χ
yy
ES

sin2(θ)
+

2j cos(θ)
k0sin2(θ)

RTE(θ) + TTE(θ)− 1
RTE(θ) + TTE(θ) + 1

(7.1e)

χzz
ES = −

χ
yy
MS

sin2(θ)
+

2j cos(θ)
k0sin2(θ)

TTM(θ)− RTM(θ)− 1
TTM(θ)− RTM(θ) + 1

, (7.1f)

In the above equations, R and T refer to the reflection and transmission parameters, re-

spectively, of an infinite array of non-touching scatterers illuminated using a plane wave.

The subscripts TE and TM refer to the polarization of the incident wave assuming an X-

Z plane of incidence, 0 refers to normal incidence, and θ refers to an arbitrary oblique

angle of incidence. The subscripts ES and MS of the ¯̄χ parameters imply electric-surface

and magnetic-surface parameters, respectively, and the superscripts xx, yy, and zz refer

to different diagonal components of the susceptibility tensor. To uniquely characterize an

anisotropic metafilm with diagonal susceptibility tensors using the above equations, scat-

tering parameters must be obtained for two different polarizations of incidence (TE and

TM) as well as two different angles of incidence (normal, and one oblique incidence angle

of choice). Therefore, an arbitrary oblique incidence angle of θ= 15◦ was chosen, and the

transmission and reflection parameters were obtained for all the above-mentioned inci-

dent scenarios assuming an X-Z plane of incidence.

Figure 7.6 presents the extracted transverse χES and χMS parameters for the dual-band

unit cells shown in Fig. 7.3. As these data demonstrate, both dual-band unit cells demon-

strate strong electric-dipole-like behaviour at their corresponding resonance frequencies.
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(a)

(b)

FIGURE 7.6: Transverse susceptibility parameters for the proposed dual-band
metafilm unit cells shown in Fig. 7.3(a) and Fig. 7.3(b).
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The data shown in Fig. 7.6 also explain the polarization selectivity of the proposed de-

signs. The χxx
ES susceptibility component in Fig. 7.6(a) explains the dual-band behaviour

of the unit cell shown in Fig.7.3(a) for an X-polarized electric field of excitation. Similarly,

the χxx
ES and χ

yy
ES components in Fig. 7.6(b) indicate that the lower frequency band of the

metafilm design shown in Fig.7.3(b) needs to be excited through an X-polarized incident

wave, while the upper band responds to a Y-polarized incident wave. The strength of

the observed dipole-like susceptibility components is consistent with the contrast of the

resonances in the scattering parameters of each structure.

7.4 Fabrication and Experiment

To verify the shielding response of the proposed metafilm designs, two 16 × 12 arrays

were fabricated using an LPKF ProtoLaser U3 laser-milling machine as shown in Fig. 7.7.

An inset is shown at the top-right corner of each fabricated prototype, magnifying one

fabricated unit cell. The number of unit cells in the arrays was chosen to maximize the use

of space on an available 9-in × 12-in substrate panel. The substrate used for fabrication

is Rogers RT/Duroid 5880 with 17-µm copper cladding thickness, which matches that

used in simulations. The fabricated structure measures 1.7λ× 2.3λ at the upper resonance

frequency, and 1.3λ× 1.7λ at the lower resonance frequency.

Figure 7.8 depicts the experimental setup used for measuring both dual-band designs

in an ETS-Lindgren shielded fully anechoic chamber, picturing the double-ridged horn
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(a)

(b)

FIGURE 7.7: The fabricated 16× 12 dual-band metafilm arrays possessing an
overall size of 1.7λ× 2.3λ at the upper resonance frequency, and 1.3λ× 1.7λ

at the lower resonance frequency.
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(DRH) antenna probe on the left-hand side and an electrically small loop antenna on the

right-hand side, placed at a distance of 166 cm (i.e., 13λ at 2.4 GHz and 10λ at 1.8 GHz)

from each other. The metafilms are inserted at a distance of 104 cm from the DRH antenna

(implying a distance of 62 cm from the loop antenna). These distances are chosen as close

to the far-field distances of the two antennas as possible within the space afforded by the

chamber, so as to realize a plane-wave-like excitation. This experimental setup has been

designed for measuring the transmission parameter of the proposed metafilm arrays, as

this parameter proves easier to experimentally validate. As the simulation data in Fig.

7.4 demonstrate that these metafilms are generally low-loss, it can be concluded that a

reduction in S21 implies an increase in S11.

Furthermore, a large screen covered with absorbers was built with a window of the

same size as the fabricated metafilms in the center, so as to minimize the multi-path prop-

agation effects on the measured response of the metafilms. The transmission parameter

was then obtained for each design with the fabricated prototype inserted into the win-

dow, and normalized to the corresponding values measured in its absence. The measured

transmission parameters are presented in Fig. 7.9 (solid curves) along with the simulated

data (dashed curves) for each dual band metafilm design.

As the data in Fig. 7.9(a) represent, two shielding bands are observed in the response

of the first metafilm design for an X-directed electric field of incidence (i.e., polarization

1), while no resonance effects are observed for a Y-polarized incident plane wave (i.e.,
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FIGURE 7.8: The measurement setup in an antenna anechoic chamber with
the double-ridged horn antenna probe on the left hand side and the small
loop antenna on the right-hand side, placed at a distance of 166 cm (∼ 13λ
at 2.4 GHz and 10λ at 1.8 GHz) from each other. For each measurement, the
fabricated prototypes are inserted between the two antennas at a distance of

104 cm from the ridged horn.
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(a)

(b)

FIGURE 7.9: The normalized measured S21 plotted against the original sim-
ulation data (dashed curves) for (a) the dual-band metafilm design shown in

Fig. 7.3(a), and (b) the dual-band metafilm design shown in Fig. 7.3(b).
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polarization 2). The data shown in Fig. 7.9(b) demonstrate the lower shielding band for

an X-polarized incident wave, and the upper shielding band for a Y-polarized incident

wave, as was expected from simulations. Although the polarization selectivity and trend

of the transmission parameters are consistent between the simulation and measurement

data, minor frequency shifts (1− 2%) are observed as a result of fabrication errors spe-

cially at the upper shielding bands. It can be inferred from the measured data that trace

widths that are slightly larger than the desired value of 100 µm are responsible for such

shifts. In fact, wider traces can cause an upshift in the upper band of the first dual-band

design, as such an error causes a reduction in the value of spiral inductors. In the second

dual-band design, however, wider traces (i.e., narrower gaps) imply a larger loading ca-

pacitor, resulting in a downshift in the operating frequency. An apparent reduction in the

amount of shielding is also observed in the measured data. Whereas the simulated reduc-

tions in the transmission parameter at the lower and upper shielding bands of the first

metafilm design measure 11 and 12 dB, respectively, the measured values are only about

5− 6 dB. The transmission reductions of the second metafilm design measure 7 and 15 dB

in simulation, whereas the measured values are about 3 and 7.5 dB, respectively. Part of

this reduction is a result of overheating of the substrate during the laser milling process,

which has shown to increase the amount of power dissipation in capacitors/inductors.

Another (more important) factor responsible for this difference is the finite size of the fab-

ricated array as compared to the infinite size modeled in simulations through periodic
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boundary conditions. Therefore, the measured shielding levels can be improved through

a more accurate fabrication process as well as the fabrication of larger metafilm arrays.

7.5 Applications

Both proposed metafilm unit cells may be made extremely subwavelength. This property

can be exploited through the design of dual-band, polarization-selective inhomogeneous

partially transmitting/reflecting surfaces for beam-shaping, as they provide extremely

high-spatial-resolution control of the transmitted and reflected fields. This metafilm is

also beneficial for dual-band shielding applications that require a compact array due to a

limited available space, or require polarization sensitivity. Moreover, these unit cells can

act as a dual-band polarizers, as one polarization passes through with small amount of in-

sertion loss, while the opposite polarization is reflected. Therefore, an incoming circularly

polarized wave will be converted to a linearly polarized one. In all these applications,

there is always a trade-off between the level of shielding and the degree of miniaturiza-

tion. The circular-shaped geometry of this unit cell along with its subwavelength size

provides maximum adaptability for applications that require conformal MTSs [189]. Fre-

quency insensitivity with respect to the periodicity and the angle of incidence (owed to

extreme miniaturization) are also beneficial for many applications.
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Chapter 8

Conclusions and Future Work

8.1 Summary

The work described in this thesis has been focused on the intriguing effects of lining cir-

cular apertures in a metallic screen with MTM liners possessing dispersive negative and

near-zero permittivity. The MTM liner partially fills the aperture, allowing access to the

interior of the aperture. The reduced resonance mechanism of a miniaturized circular

aperture is analyzed theoretically, numerically, and experimentally. It was shown that the

resonance frequency of the fundamental HE11 mode may be controlled using the aperture

size and liner permittivity and/or thickness. The transmission through an infinite array of

practical ENNZ-MTM-lined apertures excited using a plane wave was obtained through

full-wave HFSS simulations, which demonstrated a Fano-shape resonance profile at fre-

quencies where the apertures measured λ/4 or smaller. A transmission enhancement of

6− 7 dB over similar-sized unlined circular apertures was obtained at resonance, followed
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by an antiresonance achieving 19− 20 dB reduction in transmission. Strong agreement

was shown between analytical derivations, full-wave simulation data, and experiments.

The ENNZ-MTM-lined circular apertures operating in the frequency-reduced regime of-

fer the potential for various applications through providing high-spatial-resolution con-

trol of transmitted/reflected fields. It was shown that the degree of miniaturization can be

improved by judiciously changing the design parameters of the MTM liner, and a nonuni-

form array of five circular apertures measuring approximately λ/7 at their corresponding

resonance frequencies were used to design a near-field imaging probe for detecting con-

ducting obstacles in a frequency-location mapping scheme. As these apertures are only

partially filled using the MTM-liner loading, they are suitable for sensing of liquids and

biological materials, or shielding applications that demand visual accessibility.

Furthermore, it has been shown that if the metallic and gap regions of the proposed

ENNZ-MTM-lined circular aperture are interchanged, and the radially directed loading

inductors in the design of ENNZ MTM liner are replaced with azimuthally directed load-

ing capacitors, a complementary miniaturized metallic disc resonator is obtained. This

metallic disc is, in fact, lined with an MNNZ MTM liner, and shows dual transmission/reflection

behaviour at resonance with a similar level of miniaturization. Whereas the ENNZ-lined

aperture array falls in the category of metacreens, the MNNZ-lined disc array may be

called a metafilm. The MNNZ behaviour of the MTM liner at resonance was verified

using two rigorous and independent studies: I. a homogenization technique based on a
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transmission-line model for the MNNZ MTM liner, and II. an eigenmode study of the

first two reduced modes, EH11 and HE01 modes, under the assumption that the plasma

frequency of the liner is equal to the resonance frequency of the reduced HE01 mode, and

that the permeability of the liner follows a Drude dispersion profile. The MNNZ-MTM-

lined metallic discs experience a frequency reduced EH11 resonance with a Fano-shape

reflection profile for a normally incident plane-wave excitation, which provides 4− 5 dB

better shielding at resonance, and 1.2 dB better transmission at its antiresonance as com-

pared to an unlined metallic disc array. Full-wave simulations were used to verify the

effect of various design parameters and angles of incidence. A stable response was ob-

served for oblique angles of incidence up to 60◦ for both TE- and TM-polarized incident

plane waves owed to the extreme degree of miniaturization. Moreover, the relationships

between the susceptibility components of a homogenized sheet equivalent of the pro-

posed metafilm unit cell and its transmission/reflection parameters were derived assum-

ing a bianisotropic susceptibility tensor, X-Y symmetry, highly decoupled TE/TM modes,

and a vacuum response in the Z direction. The extracted parameters showed an electric-

dipole-like behaviour at resonance, and were validated through full wave simulations.

Lastly, the shielding response of the proposed metafilm was verified experimentally, and

a list of applications that can benefit from this technology was presented.

Complementing these studies, it was shown that the proposed metafilm unit cells can
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be made polarization-sensitive by utilizing an MNNZ MTM liner that was loaded asym-

metrically in X and Y directions. Moreover, it was exhibited that a similar shielding re-

sponse can be obtained using a different technology based on MPL-lined metallic discs.

Similarly, a polarization-sensitive version of this unit cell was introduced and investi-

gated. It was shown that, interestingly, the two unit cells respond to different polarizations

of excitation. This property was exploited for the design of a dual-band unit cell by com-

bining the two technologies. Another dual-band unit cell was also introduced only based

on the MNNZ-MTM-lined unit cell, but by using different loading capacitor values on the

X and Y axes of the unit cell. The two dual-band metafilm designs were studied numer-

ically and experimentally. Dual-band shielding at representative frequencies of 1.8 GHz

and 2.4 GHz was verified, and it was demonstrated that the two operating bands can be

tuned independently through extracting the susceptibility tensors of the corresponding

single-band unit cells and comparing with those of the dual-band designs.

8.2 Contributions

This section lists academic contributions made during the course of this work, including

refereed journal and conference papers, patents and reports of inventions.
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8.2.1 Journal Papers

[JP5] Elham Baladi, Mitchell Semple, and Ashwin K. Iyer, "Single-Layer Dual-Band Polarization-

Selective Metafilm with Independently Controlled and Closely Spaced Bands", Prepared

for submission to IEEE Trans. Antennas Propagation.

[JP4] Elham Baladi, Mitchell Semple, and Ashwin K. Iyer, "A Filtering Metasurface Based

on Highly Miniaturized MNNZ-Loaded Discs", under review in IEEE Trans. Antennas

Propagation.

[JP3] Mitchell Semple, Elham Baladi, and Ashwin K. Iyer, "Optical Metasurface Based

on Subwavelength Nanoplasmonic Metamaterial-Lined Apertures", under review in the

Special Issue on Metamaterial Photonics and Integration in IEEE Journal of Selected Topics in

Quantum Electronics.

[JP2] Elham Baladi and Ashwin K. Iyer, "Far-Field Magnification of Subdiffraction Con-

ducting Features Using Metamaterial-Lined Aperture Arrays", IEEE Trans. Antennas Prop-

agation, Vol. 66, No. 7, pp. 3482-3490, July 2018.

[JP1] Elham Baladi, Justin G. Pollock, and Ashwin K. Iyer, "New approach for extraordi-

nary transmission through an array of subwavelength apertures using thin ENNZ meta-

material liners", Opt. Express, Vol. 23, No. 16, pp. 20356-20365, July 2015.
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8.2.2 Conference Papers

[CP9] E. Baladi and A. K. Iyer, "A Metafilm Based on Magnetic-Metamaterial-Lined Discs",

submitted to the 2019 IEEE International Symposium on Antennas and Propagation and North

American Radio Science Meeting, Atlanta, Georgia, USA, July 7-12, 2019.

[CP8] Invited: E. Baladi, M. Semple, and A. K. Iyer, "Imaging of Subwavelength Features

in the Far-Field Using Resonant Metasurfaces: Design from Microwave to Infrared Fre-

quencies," submitted to the Special Session: Forward Scattering and Propagation at the

URSI-EMTS 2019 International Symposium on Electromagnetic Theory, San Diego, California,

USA, May 27-31, 2019.

[CP7] Invited: M. Semple, E. Baladi, and A. K. Iyer, "Advances in metasurfaces based

on metamaterial-lined apertures and discs," accepted in the Special Session: Metamateri-

als and Metasurfaces: Theory and Applications at the USNC-URSI National Radio Science

Meeting, (Boulder, CO, USA), January 9-12, 2019.

[CP6] E. Baladi, M. Semple, and A. K. Iyer, "High-Resolution Optical Imaging Using

ENNZ-Metamaterial-Lined Aperture Arrays", MRS Fall Meeting and Exhibit, Boston, Mas-

sachusetts, Nov. 26th- Dec. 1st, 2017.

[CP5] M. Semple, E. Baladi, J. Pollock, and A. K. Iyer, "Optical Implementation of a Minia-

turized ENNZ-Metamaterial-Lined Aperture Array", IEEE International Symposium on An-

tennas and Propagation and North American Radio Science Meeting, San Diego, California,

USA, July 9-14, 2017.
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[CP4] E. Baladi and A. K. Iyer, "Subwavelength Metamaterial-Lined Apertures as Far-Field

Imaging Devices", IEEE International Symposium on Antennas and Propagation and North

American Radio Science Meeting, San Diego, California, USA, July 9-14, 2017. Selected as an

Honorable Mention at the 2017 IEEE AP-S Symposium Student Paper Competition.

[CP3] E. Baladi and A. K. Iyer, "Far-field High-resolution Imaging of Conducting Obstacles

using Metamaterial-lined Aperture Arrays", IEEE International Symposium on Antennas and

Propagation and North American Radio Science Meeting, Puerto Rico, US, June 26th- July 1st

2016. Selected as an Honorable Mention at the 2016 IEEE AP-S Symposium Student Paper

Competition.

[CP2] E. Baladi, J. G. Pollock, and A. K. Iyer, "Enhanced Transmission through Metamaterial-

Lined Subwavelength Apertures", IEEE International Symposium on Antennas and Propaga-

tion and North American Radio Science Meeting, Vancouver, Canada, 19-25 July 2015.

[CP1] E. Baladi, J. G. Pollock, and A. K. Iyer, "A New Approach for Extraordinary Trans-

mission through Subwavelength Apertures Using ENNZ Metamaterials", META15 confer-

ence, New York, 4-7 August 2015.

8.2.3 Patents and Reports of Invention

[P2] A. K. Iyer, E. Baladi, and J. G. Pollock, "Devices and methods using discs with mag-

netic metamaterial peripheries (metafilm structures)," US Provisional Patent Application

62/738,988, filed September 28, 2018.
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[P1] A. K. Iyer, E. Baladi, and J. G. Pollock, "Metamaterial-based aperture arrays enabling

engineered transmission and shielding properties," submitted to TEC Edmonton on June

22, 2015.

8.3 Future Directions

The results presented in this thesis have analytically, numerically and experimentally

demonstrated that the introduction of thin ENNZ/MNNZ MTM liners into the interior/exterior

of circular apertures/metallic discs allows their strong miniaturization by means of reduc-

ing the resonance frequency of the fundamental mode. These structures show improved

transmission/reflection properties over similarly sized unlined designs, at frequencies

that are controlled by the design of the MTM liners. GSTCs were also used to introduce

a set of susceptibility parameters for modeling the MNNZ-lined discs as homogeneous

sheets/thin slabs. Dual-band, single-layer metafilm designs were also developed, and

studied numerically and experimentally. Possible future directions for this research in-

clude:
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8.3.1 Investigation of Homogeneous Sheet Models for the Proposed Metascreen

Designs

The GSTC conditions for a metascreen were recently published in [160]. These conditions

may be used to obtain susceptibility tensors for an equivalent, homogenized sheet model

for the ENNZ-lined apertures introduced in this work. The extracted susceptibilities not

only provide insight into the mechanism of the resonance, but are also useful for faster

numerical studies of inhomogeneous metascreens.

8.3.2 Application of Proposed Metafilm Unit Cells for Beam-shaping

The proposed metafilm unit cells may be applied to the design of beam-shaping radomes,

in the form of a transmit-array. For such applications, the metafilm unit cells may be

used above their resonance frequency, where they transmit strongly. Studies show that a

phase range of about ∼ 45◦ can obtained above the resonance frequency of the proposed

metafilm unit cells for a single-layer structure. In such applications, the extremely sub-

wavelength size of the unit cells is beneficial in terms of providing high-spatial-resolution

control over transmitted fields. To obtain a 360◦ phase range, stacked layers with an

optimum spacing of λ/4 may be used [140, 204, 205]. Furthermore, the phase range

of the single-layer structure may be improved through the simultaneous excitation of

a magnetic-dipole-like resonance at the same frequency as the electric-dipole-like reso-

nance [206, 207]. Initial studies show that this is possible for oblique angles of incidence,
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and may be controlled through adjusting the spacing between the MTM liner and inner

disc regions, or the overall size of the resonator.

8.3.3 Dielectric Sensing

The proposed metafilm/metascreen technology may be explored for characterization of

dielectric and/or biological substances. The resonance frequency of both MTS designs is

sensitive to the permittivity of the underlying dielectric substrate, a dielectric cover. Ad-

ditionally, the resonance frequency of the metascreen design is sensitive to the presence of

a dielectric material inside the empty region of the aperture, or a liquid passing through

this region (as the MTM liner only partially fills the aperture). Shifts in the resonance

frequency of homogeneous arrays may be used for material characterization. Inhomo-

geneous MTSs may also be developed for characterizing inhomogeneous dielectric sub-

strates, in a similar manner to the frequency-multiplexed imaging scheme explained in

chapter 5.

8.3.4 Mode Matching Analysis for ENNZ-lined Apertures

The analytical studies based on the analogy with circular waveguides in this work explain

the reduced-frequency resonance mechanism, and the calculated fields may be used to ex-

plain the enhanced radiation behaviour in the far-field through the application of antenna
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array theory. However, this analysis does not explain the Fano-shape profile of transmis-

sion, as it does not account for additional, weakly excited modes that are present in the

near-field of the apertures, and couple to the fundamental radiating mode. Therefore, a

rigorous mode-matching analysis is required so as to explain the Fano-shape profile of

resonance of the metascreen design. This study may also be done for the metafilm unit

cell, as analytical waveguide-like studies cannot fully model the electric/magnetic fields

of the inner disc region at resonance.

8.3.5 Optical Devices

All aspects and applications of the proposed technologies may also be extended to optical

frequencies. In fact, this has been actively investigated by my colleague, Mitchell Semple.

Studies show that the same reduced-resonance Fano-shape response may be obtained for

ENNZ-lined apertures at optical frequencies. Although electrical size of MTS unit cells is

not a concern at optical frequencies, the miniaturization is still useful in terms of increas-

ing the resolution of control over the transmitted/reflected fields. The Fano lineshape of

the resonance may also be applied to the design of optical switches through the introduc-

tion of non-linear materials.
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Appendix A

The Custom-Designed TEM Horn

Antenna

The TEM horn antenna presented here possesses a customized design to illuminate, as

uniformly as possible, a 1D array of apertures when it is mounted on the mouth of the

horn, as was discussed in chapter 5. The basic TEM horn antenna is constructed from

two identical triangular plates each possessing an angular span of α, and separated from

each other by an angle of β at the driving point [208]. A schematic of the basic TEM horn

antenna design in shown in Fig.A.1.

To obtain an input impedance of 50 Ω, a proper pair of design angles is chosen from

the design curves shown in Fig. A.2, which were presented in [208]. In fact, Fig. A.2 in-

troduces different combinations of design angles α and β that can be utilized to obtain the

desired input impedance. These design curves for a double-sided TEM horn are adapted

to the design of a single-sided horn using a ground plane, as shown in Fig. A.3. Due
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FIGURE A.1: The schematic of the basic TEM horn antenna [208].

FIGURE A.2: The characteristic impedance of the TEM horn antenna for dif-
ferent combinations of design angles, α and β [208].
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to various design considerations involved in accommodating the 1D aperture array pre-

sented in chapter 5 on the TEM-horn’s mouth, α = 50◦ and β = 8.5◦ were selected. This

results in an overall height of 20 mm for the single-sided model shown in Fig. A.3, and

a width of 195.06 mm. This width was truncated to 100 mm (equal to the width of the

1D aperture array) to avoid unwanted diffraction effects. The TEM horn antenna shown

in Fig. A.3 possesses multiple matching regions around the frequencies where its length

measured multiples of half wavelength. The overall length of this antenna is therefore

chosen so as to place the matching region at the desired frequency range around 3 GHz.

A 50 Ω coaxial feed is then designed for exciting this TEM horn antenna as shown in Fig.

A.3. The SMA connector used to feed this antenna possesses an inner conductor that is

extended and covered with a Teflon sleeve that improves the mechanical stability at the

feed point and eases the practical implementation.

The electric field vectors of this custom-designed TEM horn antenna are plotted at the

center of its desired matching region at 2.95 GHz. Uniform, TEM-like fields are observed

at the mouth of the designed TEM horn antenna, specially away from the edges, as shown

in Fig. A.4. A color bar (in linear format) is included to provide insight about the relative

strength of electric field vectors at different points.
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FIGURE A.3: Different views and dimensions of the custom-designed single-
sided TEM horn antenna.

FIGURE A.4: Electric field vectors of the custom designed TEM horn antenna
plotted at its mouth at 2.95 GHz.
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Appendix B

The Wood-Rayleigh Anomaly

Grating anomalies were discovered by Wood in 1902 [21], when he observed the spectrum

of light incident on a metallic diffraction grating at optical frequencies, for incident waves

with magnetic field parallel to the grating grooves. The first interpretation for this phe-

nomenon was offered by Rayleigh in 1907 [22]: Wood’s anomaly occurs at the wavelength

corresponding to the cutoff of a higher order mode, where the scattered wave travels tan-

gential to the grating surfaces [22, 209]. This may also be calculated from the famous

grating formula [209]:

Sin(θn) = Sin(θ) + nλ/d (B.1)

where n is the order of the diffracted wave, d is the period of the grating, θ is the incident

angle with respect to the normal to the surface of the grating, and θn is the diffraction angle

of the nth order diffracted wave with respect to the normal to the surface of the grating.
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For normal incidence (i.e., θ = 0), and at the cutoff frequency of the nth order mode (i.e.,

θn = ±90), the above equation reduces to:

±1 = nλ/d, n = ±1,±2,±3, ... (B.2)

Therefore, the lowest diffraction anomaly (i.e., n = 1) occurs for λ = d. Equation B.2

rigorously explains the occurrence of Wood-Rayleigh anomaly, and its dependence to the

angle of incidence.
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