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Kurzfassung

Metamaterialien mit mafigeschneiderten und kontrollierbaren elektromagnetisch-
en Eigenschaften bilden die Basistechnologie fiir neuartige Anwendungen in der Mi-
krowellentechnik, die mittels in der Natur vorkommenden Materialien schwer zu er-
reichen sind. Die Abbildungseigenschaften einer Metamaterial-Superlinse und die Ge-
staltung Metamaterial-basierter Antireflexionsbeschichtungen werden in dieser Arbeit
untersucht. Mogliche Anwendungsgebiete finden sich in der Mikrowellensensorik und
Radartarnung.

Neueste Fortschritte in der Mikro- und Nanotechnologie haben zu einem rasanten
Anstieg des Interesses in der Realisierung von Metamaterialien gefithrt. Der Bereich
von Metamaterialien umfasst ein breites Spektrum an kiinstlich zusammengesetzten
elektromagnetischen Verbundwerkstoffen. In der Regel bestehen sie aus metallischen
oder dielektrischen Einschliissen oder Einheitszellen, die in einer gitterahnlichen An-
ordnung in ein Trégermaterial eingebettet werden. Fiir elektromagnetische Wellen,
deren Wellenlénge deutlich grofer als die der Einheitszelle ist, wirkt das gesamte Me-
tamaterial wie ein homogener Stoff und kann mittels effektiven Stofftkonstanten ma-
kroskopisch beschrieben werden. Grundlegende Konzepte und Eigenschaften werden
in Kapitel 2 dieser Arbeit behandelt.

Das Konzept einer Metamaterial-Superlinse, deren Auflésung unterhalb der Beu-
gungsgrenze herkommlicher Abbildungssysteme liegt, wird in Kapitel 3 behandelt.
Eine ebene Platte aus Metamaterial biindelt die von einem beliebig gerichtetem Hertz-
schen Dipol ausgehenden Wellen in einer Abbildungsebene hinter der Platte. Ein be-
liebig gerichteter Hertzscher Dipol regt TE und TM Moden gleichzeitig an. Dabei
fithren Abweichungen von der idealen Abbildungskondition zu einer ungleichméfligen
Ubertragung beider Moden und einer Verzerrung des Abbildes. Um dieses Phinomen
niher zu untersuchen, wird eine analytische Losung, basierend auf eine zweidimen-
sionale Fourier-Integraldarstellung der Felder im Spektralbereich, abgeleitet und die
Feldverteilung im Bereich der Abbildungsebene numerisch ausgewertet.

In Kapitel 4 wird ein systematischer Ansatz zur Realisierung neuartiger Drude-
und Lorentz-dispersiver Metamaterial-Radarabsorber beschrieben. Des Weiteren wird
eine elektrisch diinne Metamaterial-basierte Antireflexionsbeschichtung entworfen,
hergestellt und anschliefend vermessen. Die elektromagnetischen Eigenschaften der
Beschichtung werden anhand eines Ersatzschaltbildes, angelehnt an die Theorie ge-
koppelter Mikrostreifenleitungen, charakterisiert. Vorteile gegeniiber konventionellen
Radarabsorbern werden diskutiert und Optimierungsverfahren zur Steigerung der Ef-
fizienz gegeben. Mono und bistatische Radarquerschnittmessungen eines beschichteten
metallischen Wiirfels werden bei Ka-Band (30 - 40 GHz) Frequenzen durchgefiihrt.
Die Streuquerschnitte des beschichteten und unbeschichteten Wiirfels geben dabei
Aufschluss ber den Wirkungsgrad der Beschichtung. Messergebnisse werden mit der
physikalischen Theorie der Beugung und Vollwellensimulationen verglichen. Auf eine
Beschreibung der Beschichtung mit Impedanzrandbedingungen wird hingewiesen.
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Abstract

Metamaterials provide enabling technologies for several applications in the field of
microwave engineering. The possibility of realizing materials with tailored and con-
trollable electromagnetic properties which are hard to achieve with naturally occurring
materials, has produced a major impact on the development of novel microwave devi-
ces. This work is devoted to the analysis of metamaterial superlenses and the design of
metamaterial based low reflection coatings, providing the basis for novel applications
in microwave imaging/sensing and radar cross section reduction.

Recent advances in micro- and nanofabrication technologies have resulted in a
surge of interest in the realization of metamaterials, which constitute a broad class
of artificially structured composite electromagnetic materials. As an ordinary mate-
rial is composed of atoms or molecules, a metamaterial is assembled from lattices of
“artificial” molecules or unit cells consisting of subwavelength sized metallo-dielectric
scatterers. For wavelengths much larger than the unit cell size, the wave-material
interaction can be described macroscopically by effective material parameters. Fun-
damental concepts and features of metamaterials are considered in Chapter 2 of this
work.

The concept of metamaterial superlenses with imaging properties beyond that of
diffraction limited systems is considered in Chapter 3. Imaging by a metamaterial
slab with material parameters perturbed from the ideal imaging condition and exci-
ted by an arbitrarily oriented Hertzian dipole is investigated. An arbitrarily oriented
dipole excites both TE and TM modes. A new type of image distortion, the unequal
transmission of TE and TM portions of the fields, is identified and studied. A tool
for evaluating the field intensities in the vicinity of the image plane is developed and
the imaging characteristics of the slab are investigated in the spectral domain. The
fields are represented in terms of a two-dimensional Fourier integral and numerically
evaluated.

A systematic way of designing novel types of radar absorbing materials with rea-
listic Drude and Lorentz dispersive metamaterials is described in the first part of
Chapter 4. In the second part, a design for an electrically thin metamaterial based
low reflection coating consisting of capacitively loaded strips is proposed, realized and
measured. To characterize the electromagnetic response of the coating, an equivalent
circuit model based on coupled microstrip line theory is developed. Advantages over
conventional radar absorbing materials are illustrated and methods of increasing the
performance are given. Mono- and bistatic radar cross section measurements of a coa-
ted metallic cube are carried out at Ka band (30 - 40 GHz) frequencies. The amount
of scattering reduction is verified by comparing the scattering patterns of the coa-
ted and uncoated cube. Measurement results are compared to full wave and physical
theory of diffraction simulations. Modeling the low reflection coating with impedance
boundaries are pointed out.
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1

Introduction

One of the basic features of civilization is the ability of mankind to utilize and control
the properties of materials, whether natural or man made. The development of new
materials has been vital to the development of mankind. Nowadays, microwave ma-
terials are being widely used in a variety of applications ranging from communication
to sensing devices. The emergence of metamaterials with engineered and controllable
electromagnetic properties enabled unique opportunities in the realization of enhanced
microwave devices.

Metamaterials provide enabling technologies for several applications in the field
of microwave engineering, such as antennas, filters, couplers, imaging systems and
cloaking devices. Considerable efforts have been made in recent years to understand
their electromagnetic properties. Several books with an extensive up to date collection
of references have been published in this rapidly growing field [16; 18; 31; 34; 79].

Permittivity € and permeability p are the two major parameters used to charac-
terize the electric and magnetic properties of materials. For certain applications in
microwave engineering it is difficult to find a naturally occurring material with de-
sired values of € and . Metamaterials comprise a wide set of artificially structured
composites with tunable € and p that are inaccessible or difficult to obtain with nat-
urally occurring materials. There is no universally accepted uniform definition for
metamaterials, a detailed discussion of which can be found in reviews [72] and [106].

As an ordinary material is made of atoms or molecules, a metamaterial is assem-
bled from lattices of “artificial” molecules consisting of subwavelength sized metallo-
dielectric scatterers or inclusions. If the size and periodicity of the inclusions is smaller
than the wavelength, the metamaterial can be regarded as homogeneous and its prop-
erties can be represented by macroscopic effective material parameters e and pcf.
The development of metamaterials is primarily concerned with the design of appro-
priate scatterers and their assembly into a bulk material. This provides the engineer
with multiple degrees of freedom and makes it principally possible to engineer a mate-
rial with desired values of €2 and pf. The unit cells and inclusions of a metamaterial
are scalable and can be easily designed to work at different frequency bands. Using
modern micro- and nanofabrication techniques, manufacturing metamaterials with
structure sizes and critical dimensions below 100 pm and 100 nm, respectively, has
become possible.
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Materials with simultaneously negative values of €T and pf, known as double

negative, negative refractive index, left-handed or backward wave materials, repre-
sent a special class of metamaterials. The negative refractive index n = —/ecfyeff
constitutes thereby a peculiar property. An artificially structured metamaterial was
shown to exhibit a negative index of refraction over a band of microwave frequencies
at 5 GHz for the first time in [108]. The demonstration of a previously unexploited
property and its subsequent verification [101] provided the basis for an impressive
growth in the field of metamaterials.

1.1 Motivation and Objectives

The possibility of realizing materials with tailored and controllable electromagnetic
properties which are hard to achieve with naturally occurring materials, has produced
a major impact on the development of enhanced and novel microwave devices. This
work is devoted to the analysis of imaging with metamaterial superlenses and the
design of metamaterial based radar absorbing materials or low reflection coatings,
providing a basis for enhanced devices in microwave imaging/sensing and radar cross
section reduction technologies.

An intriguing feature of metamaterials is the possibility of realizing a superlens
whose resolution is not subject to the traditional diffraction limit of a wavelength
[3; 48; 59; 61]. A planar double negative metamaterial slab with €, = pu, = —1 acts
as a collimating lens [117]. This is in sharp contrast to conventional lenses with a
positive refractive index that need to have curved (convex or concave) surfaces to form
an image. Apart from perfectly focusing the propagating waves, a double negative
metamaterial slab can enhance the decaying evanescent part of the spectrum, so that
in addition to the far-field components associated with a source the non-propagating
near field components are also brought to a focus. Theoretically such a lens may offer
imaging with infinite resolution [88].

The imaging characteristics of a double negative metamaterial slab have been
considered up to now mainly in two dimensions, in combination with a line source
[10; 28], and in three dimensions with a dipole oriented perpendicular to the surface
of the slab [19; 37; 130]. In those cases only one type of mode is involved in the
analysis, which depending on the type of excitation can be either TE or TM. A
dipole oriented parallel to the interface of the slab, on the other hand, excites both
type of modes simultaneously. These are transmitted unequally by the slab if either
the slabs permittivity or permeability or both are perturbed from the ideal imaging
condition of €, = pu,, = —1. Even a small perturbation in the slab material limits the
spectrum of the transmitted field, resulting in a significant degradation of the image
quality. Realistic metamaterials have unavoidable disadvantages of loss and narrow
bandwidth, restricting their application. The superlens is therefore an idealization
which is difficult to realize in reality and it is obvious that dispersion, losses and finite
size of unit cells present in realistic double negative metamaterials degrade its imaging
capabilities [72; 78; 84; 102; 110]. A common misconception regarding metamaterial
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superlenses is that they are capable of focusing in three-dimensional space. However,
a double negative metamaterial slab provides only two dimensional imaging and not
focusing in three dimensional space [79].

By taking all these facts into account, it becomes an important task to analyze how
well a double negative metamaterial superlens whose material parameters are slightly
perturbed from the ideal imaging condition operates and to what extent imaging
beyond the diffraction limit is possible. In this work, the imaging capabilities of
realistic double negative metamaterial slabs excited by arbitrarily oriented Hertzian
dipoles are investigated. A tool for evaluating the field intensities in the vicinity of the
image plane is developed for this purpose. The imaging characteristics are investigated
in the spectral domain where the fields are expanded in a two-dimensional Fourier
integral and evaluated numerically.

Another interesting application area of metamaterial technology lies in the real-
ization of novel cloaking devices [1; 5; 36; 98]. A cloaking device can virtually conceal
an object that is placed inside it, leading to a significant amount of radar cross section
reduction. A two dimensional cylindrical cloak made up of concentric metamaterial
layers with variable refractive indices and operating at 8.5 GHz has been realized
in [98]. Difficulties in realization, limitation to certain geometries or small electri-
cal sizes, narrow band operation, polarization and angle of incidence dependence are
major drawbacks of such cloaking devices. On the other hand, among the most prac-
tical and commonly used radar cross section reduction techniques is the application
of radar absorbing materials or layers. Planar absorbers are thereby of particular
interest since they are suitable for use in a wide variety of environments. Classical
examples are Jaumann, Salisbury, and Dallenbach absorbers [64; 94]. Adjusting the
electromagnetic specifications of the absorber to the given situation and its scope of
application is an important task during the design process. The limited choice of nat-
urally occurring materials with suitable dielectric and magnetic properties constitutes
thereby a major challenge.

In recent years, metamaterials have been employed in the design of electrically
thin radar absorbers or low reflection coatings [33; 114]. Metamaterial low reflection
coatings have the benefit of being frequency scalable. Their performances and elec-
tromagnetic properties can be easily adjusted by a suitable choice and combination
of resonant inclusions and durable materials such as Teflon®, ceramic or fiber/resin
mixtures. Furthermore, metamaterial low reflection coatings are much thinner than
conventional absorbers, by which a significant amount of weight reduction is achieved.
They can withstand high mechanical stress and due to their high flexibility can be
easily applied to uneven surfaces. In this work, a design for an electrically thin meta-
material low reflection coating is proposed, realized and measured.

1.2 Contributions of the Thesis

The main contributions of the thesis can be listed as follows:

e A complete analytical description of the imaging capabilities of a non-ideal double
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negative metamaterial slab excited by an arbitrarily oriented electric or magnetic
dipole and the development of a numerical tool to simulate and study the spatial
intensity distribution in the vicinity of the image plane

e Identification of a new type of image distortion, the unequal transmission of TE
and TM portions of the fields, and feasibility studies of the imaging capabilities
of realistic metamaterial superlenses with non-ideal material parameters, i.e. €, #

Hy # —1 [23; 25]

e Investigation of the influence of the lens size (transverse extension) and thickness
on the image quality [21; 27], as well as imaging with broadband pulses and Drude
dispersive double negative slabs [22]

e A novel approach to the use of Drude and/or Lorentz dispersive metamaterials in
the design of electrically thin microwave absorbers [24]

e A comprehensive and systematic study (theory, design, fabrication and experimen-
tal characterization) of truly planar metamaterial low reflection coatings consisting
of a 2D periodic array of capacitevely loaded strip inclusions

e Demonstration of applicability and effectiveness of the coatings in radar cross sec-
tion reduction, by considering mono- and bistatic scattering measurements from an
electrically large metallic cube coated with a fabricated sample [26]

e [llustration of the possibility of modeling the electromagnetic response of metama-
terial low reflection coatings by an effective surface impedance, which can then be
used in the framework of impedance boundary conditions to simulate the scattering
cross section of electrically large and complex structures

1.3 Thesis Outline

The thesis is organized into three chapters whose contents are briefly described below:

Chapter 2 describes fundamental properties of metamaterials and provides the
reader with a background in this rapidly growing field. A brief history of artificial ma-
terials with an emphasize on the subsequent steps leading to the general definition of
metamaterials is presented. Unique properties of double negative metamaterials such
as negative index of refraction, reversal of Snell’s law and backward wave propagation
are discussed. Common ways of realization are presented. Existing homogenization
methods used for retrieving the effective material parameters of arbitrarily structured
metamaterials are described and advantages/disadvantages are discussed. Milestones
and new trends in application of metamaterial technology are mentioned and novel
devices which have so far the most benefited from the use of metamaterials are pointed
out. Finally, parameter fitting of dispersive models (PFDM) [76] is applied to deter-
mine the effective material parameters of metamaterials composed of metallic strip,
capacitively loaded strip (CLS) and split ring resonator (SRR) inclusions.
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Imaging capabilities of realistic double negative metamaterial slabs excited by
arbitrarily oriented Hertzian dipoles are considered in Chapter 3. Differences between
source excitations with dipole moments perpendicular and parallel to the interface of
the slab are pointed out. Perturbations in the slab material and their influence on
the resolving capabilities of the slab are investigated. A tool for evaluating the field
intensities in the vicinity of the image plane is developed for this purpose. The
fields are represented by a two dimensional Fourier integral in the spectral domain
as described in [39] and numerically evaluated. The influence of a finite aperture
(transverse extension of the slab) on the image quality is investigated next. Three
dimensional full wave simulations of finite-size slabs are conducted. Finally, imaging
of broadband pulses with a Gaussian spectrum are studied. A Drude model based,
impedance matched to free space, composite right-left-handed (CRLH) slab is thereby
considered. The configuration is studied numerically via the transmission line matrix
(TLM) method [38; 54; 63].

Chapter 4 is devoted to a systematic design of planar microwave absorbers with
realistic metamaterials. Design methodologies for a single layer Drude and Lorentz
dispersive metamaterial absorber are presented in the first part of the chapter. The
metamaterial unit cell is realized as a combination of metallic strip, capacitively loaded
strip and split ring resonator inclusions. Effective material parameters obtained with
the PFDM method [76], as described in Chapter 2, are used to describe the electro-
magnetic properties of the absorber. In the second part, a design for a truly planar
metamaterial absorber consisting of a 2D periodic arrangement of capacitively loaded
strip inclusions is presented and its applicability in the realization of electrically thin
low reflection coatings is investigated. An equivalent circuit model based on cou-
pled microstrip line theory is developed to characterize the electromagnetic response
of the low reflection coating. The model is validated through full wave simulations.
Optimization methods for adjusting the performance of the coating are given. A
metamaterial low reflection coating with a unit cell size of A\/6 and an overall thick-
ness of A/80 at its operation band lying in the Ka band (30 - 40 GHz) is fabricated.
Mono- and bistatic radar cross section measurements of a metallic cube coated with
the realized sample are carried out. The cube has an edge length of approximately 6.
The amount of scattering reduction is verified by comparing the scattering patterns
of the coated and uncoated cube. Measurement results are compared to full wave and
physical theory of diffraction (PTD) simulations. Finally, modeling the low reflection
coating with impedance boundaries are pointed out.
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Concept of Metamaterials

Over the last several years there has been a surge of interest in metamaterials because
of their potential to expand the range of electromagnetic properties in materials.
Metamaterials comprise a wide set of artificially structured composites. Considerable
efforts have been made in recent years to understand their electromagnetic properties.
It is the purpose of this chapter to briefly review their origins, basic properties, ways
of realization and potential application areas.

2.1 General Definition

Defined in a broad sense, metamaterials are composite electromagnetic materials that
are assembled from regular or random lattices of artificially created unit cells con-
sisting of dielectric or metallic inclusions embedded in a host. Although a periodic
arrangement of unit cells is not necessary, it facilitates synthesis and analysis. As
shown in Fig. 2.1, a metamaterial appears to be homogeneous for electromagnetic
waves if the unit cells are electrically small. As a general rule of thumb a meta-
material should be assembled from unit cells with sizes smaller than A/4 [16]. The
electromagnetic response can then be described by an effective relative permittivity
e and permeability pf. As the feature size of a unit cell approaches the wavelength,
scattering effects begin to dominate and the effective medium description looses its
validity.

Metamaterials comprise a wide set of artificially structured composites with tun-
able € and p°f that are inaccessible or difficult to obtain with naturally occurring
materials. There is no uniform definition for them. A detailed discussion about
metamaterials and their definition is provided in reviews [72] and [106].

2.2 Artificial Electromagnetic Materials

Although artificial dielectrics are usually not classified as metamaterials, the birth
of metamaterials may be linked to the achievements of radar engineers in the 1940s
- 50s. The concept of artificial dielectrics was first introduced in [65], where it was
intended to be used as a low cost and light weight beam shaping element in lens
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Figure 2.1: Feature size of a metamaterial with subwavelength inclusions embedded
in a host.

antenna applications. Several lens designs consisting of metallic inclusions embedded
in a dielectric matrix were proposed. Calling such artificial dielectrics metamaterials
makes sense because the conducting properties of metals are being changed to a
dielectric type behavior in the macroscopic scale.

A common example of artificial dielectrics is the wire medium, which has been
known since 1960s [13]. It is formed by a regular lattice of conducting wires with radii
that are small compared to the lattice period. The permittivity of a wire medium has
plasma type frequency dependence and is negative over a broad range of frequencies
below the plasma frequency. Recently, the wire medium has been rediscovered [89]
and has attracted great attention.

Artificial magnetic materials are generally composed of inclusions with a resonant
magnetic response. A widespread magnetic resonator is the split ring resonator (SRR)
[90], which became popular after its application in the realization of double negative
metamaterials [108]. Magnetic particles made of capacitively loaded loops, similar to
the SRR, have been known for a long time [50; 97]. In [97] it was indicated that such
particles could be used to obtain high values of permeability.

Another type of magnetic resonator is the Swiss roll [120], shown in Fig. 2.2(a). A
Swiss roll resonator is made from a thin conducting sheet wrapped around a cylindrical
cavity in a spiral shape and acts as a compact LC resonator. SRRs are more widely
used than Swiss rolls since they are planar and can be easily manufactured using
printed circuit board technology. An artificial magnetic composite formed by an
array of SRRs possesses negative permeability within a narrow frequency band near
the resonance frequency of a single resonator.

A combination of SRR and wire arrays, as shown in Fig. 2.2(b)-(c), yields a double
negative metamaterial (DNG MTM) [108]. An alternative way of synthesizing DNG
MTMs consists of periodically loading host transmission lines with series capacitors
and shunt inductors, an example of which is shown in Fig. 2.2(d). There is a cor-
respondence between negative permittivity and a shunt inductor, as well as between



2.2 Artificial Electromagnetic Materials

Figure 2.2: (a) Swiss roll type magnetic resonator, taken from [120], (b) realization of
a 1D double negative metamaterial (DNG MTM) in terms of a periodic arrangement of
metallic wires and split ring resonators (SRR), taken from [108], (c) planarized version
with metallic strips, taken from [101], (d) 2D planar transmission line metamaterial
composed of lumped inductors and capacitors, taken from [31].

negative permeability and a series capacitor [16]. This allows one to synthesize double
negative transmission line metamaterials with a negative refractive index and will be
investigated in detail in Sec. 2.5.

Electromagnetic bandgap (EBG) materials are another type of artificial electro-
magnetic material which offer the opportunity to control and manipulate electromag-
netic wave propagation. They are periodical structures with a periodicity or unit cell
size on the order of a wavelength. An effective medium description is therefore not
possible and periodic media concepts must be used to describe their properties. At
optical frequencies they are called photonic bandgap materials or crystals [62]. In
EBG materials frequency bands exist within which the waves are highly attenuated
and do not propagate [121]. The bandgaps are caused by spatial resonances in the
material and depend on the periodicity and the propagation direction of the incident
wave [62; 122]. EBG materials have found numerous applications in frequency selec-
tive devices at microwave and optical frequencies. In general, metamaterials occupy
a special niche between homogeneous media and EBG materials.

Artificial impedance surfaces (AIS) and frequency selective surfaces (FSS) have
received considerable attention in the last few years [85; 114]. In their simplest form,
they are composed of an array of arbitrarily shaped conducting patches embedded
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in a dielectric substrate. They provide planar surfaces with tunable impedances and
offer interesting applications in the design of low-profile antennas, thin absorbing
screens, radomes and filters. The surface impedance is basically altered by modify-
ing the texture of the patch array. If the feature size of the patch array is much
smaller than the wavelength, their properties can be described by an effective surface
impedance. This concept will be used in Chapter 4 during the design of an electrically
thin metamaterial based microwave low reflection coating.

High impedance surfaces (HIS) [103] are a well known subclass of artificial
impedance surfaces. A prominent example is the mushroom structure [105]. In con-
trast to a perfect electric conductor (PEC) where phase shift upon reflection is 180°,
a HIS acts as magnetic wall or perfect magnetic conductor (PMC) with zero phase
shift upon reflection.

Modern fabrication techniques and facilities enable more advanced electromagnetic
materials with superior characteristics. Compound materials with structure sizes
and critical dimensions below 100 pgm and 100 nm have been realized. Although
the concept of microwave metamaterials has still not been fully developed and far
from being practically applicable, interest in scientific community is shifting towards
photonic metamaterials, also known as optical metamaterials, designed to operate at
THz, infrared, and visible frequencies [100].

2.3 Classification

The study of electromagnetic phenomena that occur during wave-material interactions
is based on Maxwell’s equations [57]. In a medium free of external charge and current
they are defined as

VXE=—jwB

V xH = jwD

V-D=0

V-B=0. (2.1)

The time factor e/“! with angular frequency w and time ¢ is assumed and suppressed.
E is the electric field vector in volt per meter [V/m], H is the magnetic field vector in
ampere per meter [A/m], D is the electric displacement vector in coulomb per meter?
[C/m?] and B is the magnetic flux density in weber per meter? [Wb/m?|. The four
field vectors are interrelated through the constitutive relations

D:

‘E+¢-H
B=ji - H+( E

(2.2)

with € and /i the 2"¢ order permittivity and permeability tensors, respectively, and

10
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é and {“ the 2"¢ order magneto-electric tensors responsible for any cross-coupling
between the electric and magnetic field. The entries of these tensors are complex and
the most general description of a material involves 72 parameters. Electromagnetic
materials can be classified as:

e inhomogeneous material parameters are functions of space coordinates

e nonlinear . material parameters depend on the strength of the
electromagnetic field

e dispersive . material parameters depend on frequency

These can be further divided into following subclasses:

e isotropic . all tensors are scalars with f =0 and f =0
e bi-isotropic  : all tensors are scalars with é # 0 and f #0
e anisotropic  : ¢ and /i are 2"¢ rank tensors with é = ( and 5 =0
e bianistropic : ¢ and ji are 2" rank tensors with £ # 0 and ¢ # 0

In an inhomogeneous medium material parameters are functions of position. A
medium is nonlinear if material parameters vary with applied field strength and dis-
persive if a frequency dependence exists. In an isotropic medium material parameters
are independent of field polarization, leading to scalar values of € and . In an
anisotropic medium, however, they vary depending on the direction of E and H. In
this case D and B are not in the same direction as E and H, € and fi are tensors.

In a linear, isotropic (€ = ¢ = 0) and passive medium material parameters are
expressed by the scalar quantities

E=e=¢€ —je" and p=p=py —ju", (2.3)

where € or i represent the real parts and losses are characterized by €’ or p”, which
are positive for any passive medium and assumed time dependence of e/“*. As shown
in Fig. 2.3, if losses are negligible materials can be classified according to € and p/
into four groups:

e double positive (DPS) if ¢ > 0 and ¢/ >0
e double negative (DNG)if ¢ <0 and ¢/ <0
e single negative (SNG)
p negative (MNG) if ¢ >0and ¢/ <0
¢ negative (ENG) if ¢ <0 and ¢/ >0

The complex index of refraction n = /eu/\/€ofto and characteristic impedance
n = \/u_/e of a medium are important parameters for characterizing wave propagation.
The square root has to be taken in consistency with causality. For passive media and
time dependence of e/*!) causality dictates that Im {e} < 0 and Im{u} < 0. The
proper choice of the square root function has been examined in [130], where € and
were expressed in polar form as € = |e| /% and p = |p| e/, The arguments of ¢, p,
n and 7 are tabulated in Tab. 2.1 for different types of metamaterials.

11
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y7i
A 8' > O E 'ul > O
C<0 w0 ks
evanescent decaying waves H
right handed (RH) propagating waves
1 1 : 8'
e<0 E u
g >0 ©'<0

evanescent decaying waves

AP s
H

left handed (LH) propagating waves

Figure 2.3: Material classification according to € and ' and types of supported waves.

P Pu Pn Pn
DPS [ (=2 O | (-3 0] | (=5 O (-5 )
DNG [[-n %) [[-x — 5 [[-r — 5[ (-1
MNG [ =n =9 (-3 0 [ (-5 O [(-5 §)
ENG | (-3 0] | (-5 o] [ (=5 o [(-5 3)

Table 2.1: Sign of wave parameters, reproduced from the results in [130].

2.4 Wave Propagation

The coupled first-order vector differential equations (2.1) and (2.2) can be combined to
obtain decoupled second-order vector differential equations for the two field quantities
E and H. In a linear, isotropic and passive medium (2.3), together with the relations
V-eE=0and VxV xE =V (V-E)— V2E, the scalar wave equation for E =
E,x + E,y + F.z is obtained in the Cartesian coordinate system as

(VP +E) E,y. =0 (2.4)

k-rfwt)‘ Herer = ;pf(—}—yy—l—zi and

and has plane wave solutions of the form E = Eye
k = k,x + k,y + k.z are the position and wave vectors, respectively. The dispersion
relation is given by k = \/kg—l—k—z—l—kg = nky with ky = w/cq the angular wavenumber
in vacuum.

Most of the naturally occurring materials fall into the first quadrant of the graph
plotted in Fig. 2.3, i.e. ¢ > 0 and p/ > 0. Disregarding losses (¢’ = p” = 0), these

2 = €/ is positive and

materials are transparent to electromagnetic radiation since n
k = nky is real. On the other hand, k is imaginary in quadrants II and IV where

either ¢ < 0 or p/ < 0. Waves are evanescent in this case and no wave propagation
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occurs.
A special place is occupied by DNG materials lying in quadrant III where ¢ and

2

i/ are simultaneously negative. Since n® = €'i’ remains positive and k = nky is real,

waves can still propagate in such a medium. The refractive index is negative in this
case (Tab. 2.1), i.e. n = —/|¢| ||

A peculiar property of DNG medium is that Snell’s law (A.2) is reversed and neg-
ative refraction occurs at DPS-DNG interfaces [34]. Negative refraction was verified
experimentally for the first time in [101], where refraction from a double negative
metamaterial prism consisting of metallic wires (¢ < 0) and SRRs (¢ < 0) has been
studied at X band (~ 10 GHz) frequencies.

Another major characteristic of DNG media is that plane waves are propagating
backward in such a medium. The existence of backward waves and fundamental
properties of wave propagation in DNG medium have been known for a long time
[99; 117]. In a DPS medium with ¢ > 0 and p/ > 0, E, H, and k form a right-handed
orthogonal system of vectors such that

kxE=wyH (2.5)
k x H=—weE.

On the other hand, in a DNG medium with ¢ < 0 and /' <0

kxE=—wl|/|H (2.7)
kxH=wl|¢|E,

showing that E, H, and k now form a left-handed triplet.

This constitutes the origin of the term left-handed (LH) media. The flow of power
flux per unit area is given by the Poynting vector S = E x H with units of watts per
meter? [W/m?] and is the same in DPS and DNG media. E, H, and S always form
a right handed (RH) triplet. The only difference is that energy (S) and wavefronts
(k) travel in opposite directions in DNG media (Fig. 2.3). Based on the transmission
line approach, this phenomenon and the relation between phase and group velocity
in DNG media will be discussed in more detail in the following section.

2.5 Transmission Line Modeling

The transmission line approach in modeling double negative media was first intro-
duced in [31] and will be employed throughout this section to investigate wave prop-
agation in such media. Homogeneous and isotropic media are thereby represented
in terms of equivalent transmission line circuits, where the electric permittivity and
magnetic permeability are modeled by distributed network elements [95]. Due to
the discrete nature of metamaterials, i.e. finite unit cell size, the transmission line
modeling provides an insightful tool for the analysis and design of double negative
metamaterials [16; 123]. In order to facilitate a better understanding of the funda-
mental characteristics of double negative media, only lossless lines will be considered.

13
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2.5.1 Right-Handed Transmission Line

For the lossless case, the distributed circuit model of a conventional (right-handed)
and homogeneous (continuous and invariant along the direction of propagation) trans-
mission line is shown in Fig. 2.4(a). It consists of an infinitesimal line of length Az
with a series per unit length inductance L}, (Henries per meter) and a shunt per unit
length capacitance O, (Farads per meter). The voltages and currents at the termi-
nals are related to each other by Kirchoff’s voltage and current laws. For steady-state
sinusoidal voltages and currents based on cosine phasors with V(z,t) = Re {V (2)e/*'}
and I(z,t) = Re{I(2)e*'} the relations are

V(z)=2Z"I(z)Az+V(z + Az)
I(2) =Y'V(z+ Az)Az + (2 + Az), (2.9)

with Z’ = jwL}, the per unit length impedance and Y’ = jwC}, the per unit length
admittance of the transmission line. Assuming that Az — 0 and expanding V (z+Az)
and I(z + Az) in a Taylor series to first order in Az, i.e.

V(z+Az)=V(z) + a‘giz)Az
I(z+Az) =1I(2) + ag—(j)Az, (2.10)

the well known telegrapher’s equations are obtained as:

a\giz) = —Z'I(2) = —jwLH(z)
a]a(j) = YV (2) = —jwCiV(2). (2.11)

The voltage and current wave equations are derived by differentiating these equa-
tions with respect to z, and combining the results in two different ways yields

2V
%—1—]{7 V(Z)—O

—— +kI(z)=0. (2.12)

The propagation constant k£ and characteristic impedance Z; of the transmission line
are determined from Z’ and Y’ as

T | 7 L
k=—jVZY' =w\/LyCyr and Z= = =Z. (2.13)

v\ oy
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Traveling wave solutions for (2.12) are V(z) = Ve % + V=e/** and I(z) =
Ite 7%z 4 [=e/*% representing the sum of a forward traveling wave and a backward
traveling wave. The e™/** term represents wave propagation in the +z direction and
the e/** represents wave propagation in the —z direction. V*+, V=, It and I~ are the
amplitudes of the forward and backward traveling voltage and current waves.

The phase (v,) and group (v,) velocities of the waves guided by a right handed
transmission line are determined from the propagation constant as

w 1 Ow ok 1
Vy=—=—-—— and v,=— = |— = — 2.14
Tk L0 Tok L’M] VLRCh 219

and can also be inferred from the w — k (dispersion) diagram plotted in Fig. 2.4(b).
For a right handed transmission line the dispersion is linear and the phase and group
velocities are both positive and parallel, confirming forward propagation. The re-
fractive index n which is the ratio of v, to ¢y (the speed of light in vacuum) is also
positive.

Comparing (2.12) and (2.4) and mapping V' (2), I(z) in the transmission line solu-
tion to E,(2), —H,(2) in the field solution, the distributed inductance L} and capac-
itance C;% of the transmission line become equivalent to the permittivity ¢ and per-
meability p of a homogeneous medium supporting transverse electromagnetic (TEM)
wave propagation.

As a result of the equivalence between ¢ and u characterizing wave propagation
in media and the series impedance Z’ and the shunt admittance Y’ of the distributed
circuit model, following relations are established:

Y’ / A4 /
- —C d = =71, 2.15
€ o g and p w R (2.15)

2.5.2 Left-Handed Transmission Line

A left-handed (LH) homogeneous transmission line (Fig. 2.5(a)) is the electrical dual
of the conventional right-handed line and consists of a times unit length series capac-
itance O} in parallel with a times unit length inductance L}, so that the inductive
and capacitive roles are exchanged.

The permeability and permittivity are related to the per unit length impedance
and admittance of the equivalent transmission line by [16]

Y’ 1 A4 1
— - : d = —= -, 2.16
w2l and - pu(w) Jw w2C, (2.16)

€(w)

_jw

both of which are dispersive and negative, yielding a dispersive negative index of re-
fraction n(w) = \/e(w)u(w). The propagation constant and characteristic impedance
of the line are
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1 A L
k=—jVZY' = ———— and Zy=1/— = /=%, 2.17
J BV S A

where the negative square root has been chosen for k. The phase and group velocities
of the waves guided by a left-handed transmission line are

i ! a ! !
vy = % =—w’/L,C; and v, = a—;: =w?\/L;C}, (2.18)

which show that backward waves with opposite signs of phase and group velocities are
supported by a left-handed transmission line. These results can also be seen from the
dispersion diagram of a left-handed transmission line which is plotted in Fig. 2.5(b).

The group velocity v, associated with the direction of power flow or Poynting
vector is positive, whereas the phase velocity v, associated with the direction of the
propagation constant k = w/v, is negative. Since the index of refraction is the ratio
of v, to ¢y, with ¢y the speed of light in vacuum, it can also be concluded that the
refractive index is negative in this case.

Considering the equivalent circuit of a conventional right handed transmission line
(Fig. 2.4(a)), it can be inferred that reducing the line length Az also reduces the series
inductance LIRAZ as well as the parallel capacitance C’}%Az by the same amount. On
the other hand, when the length of the dual left-handed transmission line is reduced,
the series capacitance C; /Az and parallel inductance L} /Az increase by the same
amount and grow to infinity as Az — 0. As stated in [125], it is therefore impossible
to realize completely homogeneous double negative metamaterials. Only a discrete
realization is possible.

In addition to that, due to unavoidable parasitic effects, it is practically impos-
sible to realize purely left-handed metamaterials [16]. A parasitic capacitance and
inductance is always present in a left-handed transmission line, yielding a compos-
ite right-left-handed (CRLH) transmission line shown in Fig. 2.6(a). The CRLH
transmission line [16] represents the most general equivalent circuit model of realis-
tic double negative metamaterials and its characteristics will be investigated in the
following section.

2.5.3 Composite Right-Left-Handed Transmission Line

The composite right-left-handed (CRLH) transmission line is composed of a per unit
length series inductance (L) and shunt capacitance (C) as well as a times unit length
series capacitance (C;) and shunt inductance (L} ). The per-unit length impedance
Z'" and admittance Y’ are given as [16]

Z'(w) =j (m}i — w%g) and Y'(w) = (w}z — L) , (2.19)

’
wl;
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I(z) I(z+AZ)
O mm 'e)
+ Lr ‘Az +
V(2) Cr'Az ==  V(z+Az)
o, O
- Az >

(a) (b)

Figure 2.4: (a) Distributed parameter model of a right handed transmission line and
(b) corresponding dispersion diagram.

1L
o {} o
CL'/AZ
LL'/AZ §
O O
- Az >

(a) (b)

Figure 2.5: (a) Distributed parameter model of a left-handed transmission line and
(b) corresponding dispersion diagram.

CL'/AZ LR'AZ
1L
O 1F YN ')
CRIAZ { é LL'/AZ
O O
- Az L
- Kk

(a) (b)

Figure 2.6: (a) Distributed parameter model of a composite right-left-handed trans-
mission line and (b) corresponding dispersion diagram.
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from which the expressions of € and p can be obtained in a similar way as it has been
done in the previous sections, yielding

/ 1 / 1
,U(UJ) :LR—WQ—C(L and 6((,0) :CR_WQ—LIL

(2.20)

The CRLH transmission line concept provides a general model for a realistic de-
scription of metamaterials with both left and right handed frequency bands. Both
¢(w) and p(w) can be either positive or negative, depending on the frequency range.
It is usually designed in the balanced configuration, leading to a continuous transition
between the right- and left-handed frequency bands.

When the series (ws.) and shunt (wg;,) resonances

1 1
Wse = —F—=—= and ws = ———, (2.21)
LpCy, L, Cq

are equal, such that L,C} = L} C}, the CRLH transmission line is balanced. In this
case the propagation constant and characteristic impedance are given by [16]

[ 1 | L | L
k= kRH + kLH =w LRCR - W and Zo = C—J,Q = C—,L (2.22)
L~L R L

The propagation constant splits up into a right handed (kry) and a left-handed (kg )
part with a transition frequency occurring at

1
WIRCRLLCY

In summary, in a balanced CRLH transmission line, the series capacitance and

(2.23)

Wy = Wge = Wsp =

shunt inductance provide left-handedness (anti parallel phase and group velocities)
for w < wy, whereas the series inductance and shunt capacitance provide the right-
handedness (parallel phase and group velocities) for w > wy. The resulting dispersion
diagram is shown in Fig. 2.6(b). A detailed investigation of CRLH transmission lines,
including the unbalanced case, relations for the phase and group velocities, can be
found in [16; 31; 123].

It has to be emphasized that the previous analysis is only valid in the homoge-
neous limit (Az — 0) and the line length (or unit cell size) is much smaller than
the wavelength. As a rule of thumb the unit cell should be smaller than \/4 [16].
CRLH materials are not available in nature and have to be synthesized artificially. A
common way of realization consists in loading host transmission line networks with
lumped elements (Sec. 2.7). Therefore, such structures should be regarded as effec-
tively homogeneous and can be described as an ideal (homogeneous) transmission line
only for a restricted range of frequencies. If the effective homogeneity requirements
are not met, the propagation characteristics are determined from a single unit cell us-
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ing the Floquet theorem, which serves as a basis for the study of periodic structures
[31; 57; 123].

2.6 Drude and Lorentz Dispersion

Simultaneously negative values of € and i can be realized only when there is frequency
dispersion. Drude and Lorentz dispersion models are frequently employed in analytical
and numerical modeling of realistic double neagtive metamaterials. Examples and
various modifications of these models can be found in [34]. In this work, only Drude
and Lorentz dispersion are considered. The unit cell equivalent circuit representation
of Drude and Lorentz dispersion is given in Fig. 2.7 [126].

The Lorentz model gives the frequency dependence of €, (w) = €(w) /ey or p,.(w) =

p(w)/ o as

w? w? (w2 — wk )
B _ pe _ i pe 06
e (w) = €,(0) R €r(00) (W2 — w2 )2 + (wI,)2
_ wlew?,
TW? =)+ (Wl
or
w2 w2 (w? —w? )
B m _ _ pm 0m
o () = pir(00) = —— P f1r(00) (02 — W2 )2 + (D)2
mewf,m

2.24
PR e o6

with €., u.(0c0) > 0 the material parameter in the high frequency limit, wyepm =
27 Vpe pm the angular plasma frequency, woe,om = 27Ve,0m the angular resonance fre-
quency and I ,,, the damping amplitude.

The Drude model is a special case of the Lorentz model and is obtained by setting
Woe,0m = 0. It is given by

w? w? w?
. . pe _ . pe . pe
er(w) = e(o0) w? — jwl, €r(oc) w? + I'2 T+ wl'?
or
w? w? w?
(@) = (00) — ™y (00) — o Sem 2.25
fir(w) = p(o0) o, M (00) = = e by (2.25)

In a lossless, linear and isotropic medium, under the assumption that both € and
u are non dispersive, ¢/ < ¢ and p” < p', the energy density relation is given by
[40; 70]
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Figure 2.7: (a) Equivalent circuit representation of a metamterial unit cell of size
d < X\ with (b) Drude and (c) Lorentz dispersion as taken from [126].

1 1
W= ¢ E|* + S = (2.26)

and is measured in units of joules per meter® [J/m?®]. W becomes negative for ¢ < 0
and p' < 0, representing an unphysical result. In a dispersive medium where € and
w are functions of frequency, on the other hand, it can be shown [70] that the energy
density relation generalizes to

ooy )
The conditions

dlwe' (w)] Owp' (w)]

0 0 and/or 0 0 (2.28)

ensure thereby that W > 0.

In Drude and Lorentz dispersive metamaterials the condition of positive energy
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density is always satisfied. Substituting (2.24) with I'. = 0 into (2.28) yields

Olwer ()] _ 0 [ wot,
ow €r(o0) ow |w? —wi,
2 (2 2
= ¢,(00) + e (W F i) > 0. (2.29)
(UJ2 - wge)2

The same procedure can be conducted with the Drude model, yielding

Olwer(w)] 0 wf,e
Ow —er(oo)—%[w]
— (00) + t’i ) (2.30)

It is obvious that the same results hold in the case of a Drude or Lorentz dispersive
pr(w), as a result of which it can be concluded that Drude and Lorentz models satisfy
the requirements of positive energy density.

Furthermore, in a double Lorentz dispersive medium with equal material param-
eters, i.e. €.(00) = p,(00) = 1, Wy = Wpe = Wpm, Wo = Woe = Womm and ' =T, =T,

2
w
W) = (W) =1 — P ' 2.31
e (W) = iy (w) PR (2.31)
If losses are small (I" < 1), they can be expressed as
W2 — w2
r(w) = pr(w) = = 2.32
o) = ple) = o (232)

with w, = 4/w§ + w2.

As shown in Fig. 2.8(a), €,(w) and p,(w) are negative for wy < w < w,. The phase
v, and group v, velocities are given by (Sec. 2.5)

v, = % =co/n and v, = g—: = 00/8([),72:0]' (2.33)
and can be determined from the dispersion diagram shown in Fig. 2.8(b). For wy <
w < wy vp is negative. On the other hand, v, is always positive. It is therefore obvious
that v, and v, are anti parallel if €.(w) < 0 and p,(w) < 0. In other words, if v, and
v, are anti parallel, €,(w) < 0 and p,(w) < 0 and the medium is characterized by a
negative refractive index.
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Figure 2.8: (a) Material parameters of a Lorentz dispersive medium with equal €, (w)
and p,(w), (b) corresponding dispersion relation.

2.7 Realization

Realization of metamaterials can be split into two major categories; the resonant
and transmission line approaches. In the resonant approach the electric or magnetic
polarizability of a host medium is modified through embedding subwavelength sized
resonant inclusions. The transmission line approach, on the other hand, consists of
loading host transmission line networks with lumped elements such as capacitors,
inductors and resistors. The resonant approach is discussed first.

A periodic arrangement of infinitely long and electrically thin metallic wires, as
shown on the left of Fig. 2.9, is commonly used to influence the electric polarizability
of a host medium. The overall response is Drude dispersive (2.25). A quasi-static
modeling in the low frequency limit [114], with the electric field polarized parallel to
the wires (y axis), predicts the plasma frequency for the lossless case with ', = 0 as

_ ¢ [Ho
wpe = [ T (2.34)

Here L = po/2nIn[d?/4r(d —r)] is the total per unit length inductance (self and

eff

mutual inductances), d the periodicity and r the radius of the wires. € (w) is negative

for w < wpe. It is possible to replace the wires by planar strips of width ¢ = r/4,
without affecting the electromagnetic specifications. Losses (I'. # 0) are introduced
by changing the conductivity of the wires or by embedding them in a lossy background

medium.

eff

¥(w) is obtained by introducing a cut

More freedom in design and control over ¢
in the wires, yielding the cut-wire (CW) medium which is shown in the middle of

Fig. 2.9. The resulting gap capacitance C' between two consecutive CWs, together

eff

“(w) near the

with the inductance L of the wires, provides a Lorentz dispersive €
resonance frequency wo. ~ 1/v/ LC'. Capacitively loaded strips (CLS) [129] are planar

versions of CWs.
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Figure 2.9: Various inclusion types (arranged in a periodic lattice) used in the real-
ization of metamaterials. Insets show the equivalent circuit representation.

An array of split ring resonators (SRR), as shown on the right of Fig. 2.9, is
commonly used to influence the magnetic polarizability of a medium. A single element
consists of two concentric metallic rings each with a gap on opposite sides. According
to Faraday’s law, a time varying magnetic field polarized perpendicular to the plane of
a SRR (z axis in Fig. 2.9) induces circulating currents in the metallic rings. The gap
in each split ring acts thereby like a capacitor. Additional capacitance exists between
the inner and outer split rings. The synthesized capacitance, together with the self
and mutual inductances of the individual rings, makes the SRR resonate at wp,, [96].
The overall magnetic response is Lorentz dispersive (2.24). If the resonance is strong
and the damping term T, small, an array of SRRs yields pucf(w) < 0 slightly above
wom- The overall size of a SRR is approximately A/10 at the operating wavelength .
For closed and uninterrupted rings, on the other hand, a particle size of \/4 would
be necessary to yield the same response. The electromagnetic response of a SRR is
frequency scalable and can be adjusted by changing its physical dimensions. This
property is analyzed in detail in Sec. 2.10.

It has to be mentioned that the SRR is a highly bianisotropic resonator. Depend-
ing on the symmetry and orientation with respect to the exciting field polarization it
can exhibit an electric or magnetoelectric response. In order to avoid this, a mirror
symmetry of the SRR with respect to the electric field polarization has to be provided.
According to Fig. 2.9 this occurs for plane waves of the form (E,, H,, k;), in which
case the resonator is excited solely by H,. Polarizabilities of individual and coupled
SRRs have been analyzed in [43; 44]. Numerous subwavelength resonators with capac-
itively loaded, spiral, multiple split and broad side coupled multilayer rings have been
proposed on the basis of the SRR and have shown to yield improved performances
[8; 14; 43; 80; 81].

Double negative metamaterials (DNG MTM) with €f(w) < 0 and p¢f(w) < 0 can
be realized by a suitable combination of wire/CW and SRR arrays [87]. In order to
prevent coupling, the wire/CW and SRR arrays should be placed sufficiently distant
from each other [107]. Combining short wire segments with small loops together in
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a single inclusion allows the design of more compact double negative metamaterials.
Two basic shapes of these highly bianisotropic resonators are the canonical helix and
the omega particle [114].

In addition to that, paired metallic strips separated by an electrically thin dielectric
layer have been recently proposed as constitutive resonators for planar double negative
metamaterials operating at microwave [29; 115] and optical [100; 128] frequencies. As
opposed to wire/CW and SRR metamaterials, operating only for in plane propagation,
metamaterials of this kind operate for normal to plane propagation. An electric
field acting parallel and magnetic field acting perpendicular to an array of paired
strips, which are coupled capacitively across the dielectric spacer, provides thereby the
ef(w) < 0 and pf(w) < 0 response. A 1D double negative metamaterial composed of
a single layer periodic array of paired capacitively loaded strip (CLS) inclusions has
been proposed in [29]. The structure is extended to 2D by adding a second CLS which
is rotated by 90°, yielding a Jerusalem cross based double negative metamaterial [115].
The proposed structure has the advantage of being truly flat and realizable in planar
technology.

An alternative method for realizing double negative metamaterials is based on
transmission line theory and consists of loading a host transmission line medium
with reactive elements such as inductors, capacitors and resistors [16; 31]. A direct
analogy between electromagnetic fields and a mesh of transmission lines exists [95;
126]. From a circuit theory point of view, provided that the unit cell size is d < A,
the correspondence between negative permittivity and a shunt inductor, as well as
between negative permeability and a series capacitor constitute the fundamentals of
double negative transmission line metamaterials (Sec. 2.5) [30]. The electromagnetic
properties of transmission line metamaterials can be made tunable by using variable
loading elements such as varactors, and/or switchable by using discrete switches. As
opposed to the resonant approach, transmission line metamaterials possess left-handed

interdigital capacitor (Cp)

microstrip trace

stub inductor (Lr)

ground plane

(a) (b) (c)

Figure 2.10: Realization of CRLH transmission line metamaterials, (a) 1D [17], (b)
2D [60] and (c) 3D [124].
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operation over a broader range of frequencies. Composite right-left-handed (CRLH)
metamaterials [16] with combined right- and left-handed characteristics constitute a
more general class of transmission line metamaterials (Sec. 2.5.3). Realizations of
various CRLH transmission line metamaterials are shown in Fig. 2.10.

The metamaterial topologies mentioned up to now are anisotropic, showing their
characteristic response for limited polarizations and incidence angles. For certain ap-
plications, on the other hand, fully 3D isotropic metamaterials are required. Following
topologies can be used for a physical realization: a FDTD-derived structure proposed
in [55] and [49], a structure derived from the rotated transmission line matrix scheme
(Fig. 2.10(c)) [123; 124], a structure consisting of dielectric spheres [116], a 3D exten-
sion of the wire/split-ring approach [83], [67] and a straightforward extension of the
1D/2D CRLH structure [3; 4], which was the first 3D double negative metamaterial
demonstrated experimentally.

2.8 Applications

Recent research in the field of metamaterials has led to the realization of promising
electromagnetic components. In the following some applications benefiting from the
unique properties of microwave metamaterials are briefly reviewed.

Metamaterials are widely used in the design of subwavelength sized resonators and
microwave filters with enhanced bandwidths and performances [45]. By a suitable
combination of right- and left-handed transmission bands, CRLH transmission line
metamaterials may be applied to construct zero phase delay lines to feed antenna
arrays. Due to backward wave propagation in double negative metamaterials they
have been employed in the realization of phase shifters [32]. Couplers that utilize a
combination of regular microstrip and left-handed transmission lines have also been
realized [58].

Potential benefits of using metamaterials in the field of antenna engineering include
the improvement of directivity and bandwidth characteristics of conventional antennas
[12]. Aside from enhanced device performance, miniaturization is a key issue in the
design of antennas as a high integration density is becoming more and more important
in modern communication technologies. Small and efficient patch antennas based on
metamaterials have been designed. CRLH metamaterial inspired leaky wave antennas
supporting backward waves and a continuous scan of the radiated beam from back- to
end-fire have been realized [15; 75]. Metamaterial based artificial impedance surfaces
(AIS) have been used as magnetic ground planes for wire antennas to achieve low
profiles and to reduce unwanted interactions [35; 104].

The possibility of realizing sub-diffraction limited and aberration free planar super-
lenses from a slab of double negative material is another great potential application
area of metamaterials. Various types of metamaterial superlenses with near- and
far-field imaging characteristics and hyperlenses transforming evanescent waves into
propagating ones have been realized. A review of various metamaterial superlenses is
given in [127]. The concept of metamaterial superlenses will be analyzed in detail in
Chapter 3.
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Figure 2.11: (a) Operation principle and realization of a 2D cylindrical metamaterial
cloak with (b) plane wave scattering, taken from [98].

with cloak

Among the most striking features of metamaterials is their use in cloaking and
scattering reduction. In recent years, metamaterial technology has led to the realiza-
tion of novel cloaking devices. The method of transformation optics [73; 91] has shown
that cloaking requires a material with inhomogeneous (spatially varying) and inde-
pendently controllable material properties € and pf, making metamaterials highly
suitable. A 2D cloak composed of concentric metallic shells consisting of horseshoe
shaped metallic resonators, as shown in Fig. 2.11(a), has been developed to render
an object invisible in a narrow band of microwave frequencies [98]. The metamate-
rial cloak can guide electromagnetic waves around the object to be cloaked without
any scattering. In other words, a wave impinging on the cloak propagates around
it without being scattered and emerges on the other side with the same phase as
it would have propagated through vacuum. In this way the cloak casts no shadow
(Fig. 2.11(b)) and makes the object inside it virtually invisible. A transmission line
cloak composed of periodically stacked cylindrical transmission line networks has been
studied and verified experimentally in [1; 2]. Recently, a 3D cloak operating at optical
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wavelengths has been designed and realized [36].

Another effective way of reducing scattering from relevant targets is achieved
through the application of absorbers. Metamaterials have been used in the design
of electrically thin microwave absorbers [33; 114]. A microwave absorber based on
SRR inclusions has been reported in [11]. The concept of Drude and Lorentz disper-
sive metamaterial absorbers will be discussed in detail in Chapter 4.

A completely different approach to reduction of scattering is based on the scat-
tering cancellation technique, where the object to be cloaked and the cloak are char-
acterized by opposite local polarizabilities and the overall polarizability is made suf-
ficiently small [6]. Possibilities of reducing total scattering cross sections of spherical
and cylindrical dielectric/conducting scatterers using metamaterial covers have been
investigated theoretically in [5]. A major drawback of this method is that the required
coating depends strongly on the shape of the object to be cloaked and works only for
electrically small objects.

In Summary, metamaterials enable the realization of electromagnetic devices with
unprecedented performances and functionalities. Metamaterials can be designed over
a large portion of the electromagnetic spectrum by simply scaling the dimensions of a
unit cell and its constituent inclusions. Due to recent advancements in nanofabrication
technology, the interest in their realization has shifted towards THz frequencies. The
THz regime of the electromagnetic spectrum extends from 100 GHz to 10 THz, where
1 THz corresponds to a wavelength of 300 pm. For THz metamaterials the unit cell is
few tens of microns and contains critical feature sizes of a few microns. Considerable
progress has been made in design, fabrication, and characterization of metamaterials
at THz frequencies [113].

2.9 Homogenization Methods

Assigning effective material parameters to composite electromagnetic materials com-
posed of two or more materials with significantly different physical/chemical prop-
erties has always been an important issue. Well known methods are the Clausius
Mossotti and Maxwell Garnett mixing formulas [114]. In this section, several meth-
ods that have been proposed in the past for the homogenization of metamaterials are
briefly reviewed.

The most common approach is based on the Nicholson-Ross-Weir method [86; 118].
The measured or simulated scattering parameters of a finite thickness metamaterial
slab are thereby related to the Fresnel reflection and transmission coefficients (App. A)
of a homogeneous slab with €T and ;°f. For normal incidence (TEM wave), the
method was applied to extract effective material parameters of wire and SRR meta-
materials [111]. The method has been extended to work for oblique incidence [82],
bianisotropic [68; 74] and chiral [92] metamaterials.

A major problem is thereby that the resonant behavior of one of the retrieved
material parameters is accompanied by an antiresonant behavior of the other [66].
This violates physical laws and contradicts with principles of causality (passivity).
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2. CONCEPT OF METAMATERIALS

Parameter fitting of dispersive models (PFDM) [76] is a similar technique by which
this unphysical artifact can be overcome. If the dispersive behavior of the metamate-
rial is known a priori, for example to be Drude and/or Lorentz dispersive, the model
parameters wy,, wo, I' (Sec. 2.6) are then optimized to fit the measured or simulated
scattering parameters. Although restricted to an initial knowledge of the dispersive
behaviour, PFDM provides an efficient way to extract € and ucf of various metama-
terials. The method is employed in the following section to assign effective material
parameters to metamaterials composed of conducting strip, CLS and SRR inclusions.

Another widespread homogenization method is based on field averaging [109],
where local fields that vary throughout a unit cell are replaced by a discrete set of
averaged ones. Thereby E, H, D and B are averaged over specific lines and surfaces of
a unit cell. Effective material parameters are determined by plugging these averages
into (2.1)-(2.2) and solving for €T and €T, In order to obtain accurate and reasonable
results, the surfaces and contours used in the averaging process have to be determined
carefully [109].

2.10 Effective Parameter Extraction

The parameter fitting of dispersive models (PFDM) method [76] is employed through-
out this section to extract effective material parameters of metamaterials composed
of metallic strip, capacitively loaded strip (CLS) and split ring resonator (SRR) in-
clusions. Simulated reflection R®™ and transmission T™ coefficients from a finite
thickness metamaterial slab are thereby related to the Fresnel reflection R°T and
transmission T coefficients of a homogenized slab with Lorentz and Drude disper-
sive e(w) or pf(w) (Sec. 2.6). The corresponding dispersion model parameters w,,
wp and I are then optimized to obtain the best fit to R™ and T*"™. The goal function

G — Z HRsim . Reff”yn + Z ||Tsim . TeffHVn

is minimized at n frequencies v, in the frequency range of interest.

In order to determine R®™ and T*™, full-wave simulations are carried out with
HFSS® [7]. The simulation volume consisting of a single unit cell of thickness d is
shown in Fig. 2.12. A two-port waveguide with pairs of PEC and PMC boundaries
permits thereby the simulation of an infinite slab in the xy plane. TEM waves with F,,
H,, k. are launched from each waveport with characteristic impedances equal to that
of free space and the reflection R®™ and transmission T5™ responses are evaluated. To
ensure that the metamaterial slab is excited in its fundamental electric and magnetic
modes, the strip or CLS is positioned perpendicular to the PEC walls and the SRR
parallel to the PMC walls. The inclusions are modeled by 35 um thick copper and
are immersed in a dielectric host with permittivity € and loss tangent tand. Unless
otherwise indicated, the host material is assumed to be standard FR4 with ! = 4.4
and tan ¢ = 0.02.

The strip-SRR or CLS-SRR metamaterial unit cell compositions investigated in
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Figure 2.12: Simulation volume consisting of a unit cell, (a) strip-SRR and (b) CLS-
SRR metamaterial.
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Figure 2.13: Physical dimensions of (a) SRR (b) strip and (c¢) CLS inclusion.

this section are tuned to operate at X- and Ku-band frequencies, ranging from 8 to 18
GHz. Together with the extracted effective material parameters they will be employed
in Sec. 4.1 in the realization of planar and electrically thin Drude and Lorentz disper-
sive metamaterial absorbers. Since metamaterials are frequency scalable, operation
in different frequency bands can be obtained by scaling the unit cell and inclusion
dimensions.

2.10.1 Strip-SRR Metamaterials

For metamaterials composed of metallic strip and SRR inclusions it is known that

ef(w) and pf(w) are Drude (2.25) and Lorentz (2.24) dispersive, respectively. Pa-

°
rameters to optimize are therefore €.(00), ©(00), Wpe = 2MVpe, Wpm = 2Ty,
Wom = 2TVom, I'e and I',,,. These parameters depend strongly on the unit cell size d,
permittivity of the host material € and inclusion size. As shown in Fig. 2.13(a)-(b),

the physical dimensions of strip and SRR inclusions are given by:

o : outer edge length of SRR
°s : gap between inner and outer rings
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2. CONCEPT OF METAMATERIALS

oy : split width in individual rings
® w,., : strip width of SRR
ot . separation between inclusions

® Wyrip + Width of strips

The frequency dependent magnitude and phase of R and T for a strip-SRR meta-
material with specifications given in Tab. 2.2 is plotted in Fig. 2.14. R¥™ and T*™
are plotted by dotted lines, R°T and T°T are plotted by solid lines. The correspond-
ing extracted material parameters and refractive index of the homogenized slab are
plotted in Fig. 2.15.

From the characteristics of ucf(w), it is observed that the SRR resonates at vq,, =
8.7 GHz. The real part of the permeability becomes negative for frequencies above
Vom, 1.6 Re { uﬁﬁ} < 0. Furthermore, due to the strips, Re {eﬁﬁ} < 0 for frequencies
approximately below 10 GHz. This yields Re {neﬁ} < 0 in the frequency range
between 9 and 10 GHz.

Based on the configuration in Tab. 2.2, the influence of variations in d, r, s, g,
Werr, s, Wstrip, ef} Ol Wpe pm, Wom, Lem 1s investigated next. Primary focus is thereby
on variations in wy. and wy,,. A single parameter is changed while all others are held
fixed. Results are discussed in the following and summarized in Tab. 2.3 and Tab. 2.4.

e Unit cell size [d]:

According to (2.34), v, is inversely proportional to the periodicity d and increasing
d shifts v, to lower frequencies. To demonstrate this, d is increased from 2.50 to 3.00
mm. A downward shift of v, from 26.9 to 21.5 GHz with Av,. = —5.4 GHz is thereby
observed. Although there is a small variation in v,,, the magnetic response due to
the SRR is almost unaffected.

e Strip width [wsp):

Another way to shift v,. to lower frequencies is achieved by making the strips
thinner. The inductance of an array of conducting strips is inversely proportional to
Vpe and increases with decreasing wgy,ip. A change in wgp from 1 to 0.1 mm yields a
linear downward shift of v, from 43.5 to 26.9 GHz. The change in v, is negligibly
small.

e Distance between strip and SRR [t,]:

In order to prevent magnetoelectric coupling, the strip-SRR metamaterial is in-

vestigated in its most symmetric form (Sec. 2.7). However, it is obvious that the

eff
r

In order to investigate this phenomenon, the distance between the inclusions is varied
between ¢, = 0.25 and ¢, = 1.5 mm. A significant change in €,(00) and v,. occurs.

presence of SRRs will influence €¢(w) and the presence of strips will influence p&f(w).

On the other hand, the magnetic response due to SRRs changes only slightly. It can

be concluded that the distance between the strip and SRR arrays has a significant

eff
T

influence on €(w). An independent modeling of SRR and strip media can therefore

lead to incorrect results.
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(mm) (GHz)
d T S g ts | Weorr | Wstrip | €-(00)|pr(00) | Vpe | Te | Vpm | Vom | I'm
2501 1.80 1] 0.10 | 0.10 | 0.25 | 0.20 | 0.10 6.7 1.0 274 116 | 4.1 | 87 | 1.7

Table 2.2: Physical dimensions of unit cell/inclusions and extracted parameters of a
strip-SRR metamterial with host permittivity e = 4.4 and loss tangent tané = 0.02.
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Figure 2.14: (a) Magnitude and (b) phase of R and T for the strip-SRR metamaterial
in Tab. 2.2. R, T (solid line) and RS™, TS (dotted line).
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Figure 2.15: Extracted (a) e¢f(w) and pf(w) and (b) n°f for the strip-SRR metama-
terial given in Tab. 2.2.

e Permittivity of host material [¢"]:

°f(w) and pf(w). As shown

It is expected that € has a significant influence on €°
in Tab. 2.3, three different host materials with vacuum (¢ = 1 , tand = 0), Rogers
RT Duroid (e? = 2.2, tan§ = 0.009 ) and standard FR4 (¢! = 4.4, tan§ = 0.02) have
been considered. The loss tangent is given by tand = € /¢". Physical dimensions
of the investigated metamaterial are the same as those in Tab. 2.2. It is reasonable
to expect that ¢,(00) increases with increasing €. As indicated by (2.34), € should

have no influence on v,.. This is validated by the results shown in Tab. 2.3, where
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Vpe changes only slightly. On the other hand, a significant change in pf(w) takes
place. Based on the equivalent LC circuit representation of SRRs [96], increasing €
increases the gap capacitances leading to lower vy, and v,,.

e Outer edge length of a SRR [r]:

The effective area of a SRR grows as r gets larger. As a result of the increasing
overall inductance and capacitance, it is expected that vy, shifts to lower frequencies.
A change of the outer edge length from r = 1.4 to r = 1.8 mm shifts vy, downwards
from 13.2 to 8.7 GHz. The influence of r on €(w) can be seen from the variations in
€-(00) and vp..

e Split width of SRR [s]:

Enlarging the gap between inner and outer split rings yields a smaller inner split
ring. On the basis of the decreasing capacitance between inner and outer rings, v,
shifts to higher frequencies. A change of As = 0.1 mm, for example, yields Avy,, =
0.6 GHz.

e Gap in individual split ring [g]:

The gaps in individual split rings act like parallel plate capacitors whose capac-
itances vary according to C' = ef}A/ g where A = w,,,t is the effective area at the
strip ends, with t the thickness of the strips. Due to the fact that wg,, ~ 1/ VLC, an
enlargement of the gap from g = 0.1 mm to g = 0.3 mm increases vy, by 0.9 GHz.

e Strip width of SRR [wy,,]:

A change in w,,, affects primarily vy,,. An increase of w,,, from 0.1 to 0.2 mm de-
creases the overall mutual inductance and capacitance of a SRR, yielding a significant
upward shift of vy, from 10.8 to 13.2 GHz.

2.10.2 CLS-SRR Metamaterials

More freedom in design and control over ¢#f(w) is obtained by replacing the strips

with capacitively loaded strips (CLS) (Fig. 2.13(c)). The resulting gap capacitance

C, between adjacent CLSs produces a Lorentz dispersive €2f(w) near wy ~ 1/,/LC,,.
eff

®(w) is now also given by Lorentz

As opposed to strip-SRR metamaterials, since €
dispersion, wp. = 271y, has to be optimized additionally. Its value is adjusted to
the desired frequency by varying the longitudinal /; and lateral I armlengths of an
individual CLS.

The optimized model parameters for various physical compositions are listed in
Tab. 2.5. All parameters except [; and [y are held constant at ws;, = 0.1 mm,
d = 3mm, t; = 0.25 mm, wg., = 0.2 mm, r = 1.4 mm, g = 0.1 mm, s = 0.1 mm and
€l = 4.4 — j0.088.

The frequency dependent magnitude and phase of R and T for the IVth con-
figuration in Tab. 2.5 is plotted in Fig. 2.16. The corresponding effective material
parameters and refractive index of the homogenized slab are plotted in Fig. 2.17.
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The gap between two consecutive lateral arms can be regarded as a parallel plate
capacitor whose effective area increases as ly increases. This leads to an enhancement
of C,. Another way of increasing the gap capacitance is achieved by making the gap
smaller. This is obtained by increasing [;. Based on the fact that 1, is inversely
proportional to C,, 1. shifts to lower frequencies as {1 and I, increase. Changing [;
by Al; = 0.4 mm (rows IT and IV in Tab. 2.5), yields a downward shift of vy, by 3.6
GHz. On the other hand, I has a less significant effect on vg.. As seen from rows II1
to V in Tab. 2.5, increasing I, from 2.0 to 2.8 mm yields Avg, = —1.9 GHz.
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Figure 2.16: (a) Magnitude and (b) phase of R and T for the CLS-SRR metamaterial
with parameters as in row IV of Tab. 2.5. R, T (solid line) and R¥™, T*™ (dotted
line).
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Figure 2.17: Extracted (a) ¢¢f(w) and p&f(w) and (b) n? for the CLS-SRR metama-
terial given in row IV of Tab. 2.5.
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Table 2.3: Effect of host permittivity e (strip-SRR metamterial).

Host Permittivity (GHz)

€l tan o €r-(00)|pr(00) | Vpe | Te | Vpm | Voo | I'm
1.0 0.000 1.50.9 271 119| 83 | 183 | 1.0
2.2 0.009 3.4 0.9 276 1 0.6 | 5.8 | 12.3 | 1.1
4.4 0.020 6.7 1.0 274 1 1.6 | 4.1 | 87 | 1.7

(mm) (GHz)

d ‘ r ‘ s ‘ g ‘ ts ‘ Wy ‘ Wstrip || €-(00)|1r(00) | Vpe ‘ I, ‘ Vpm ‘ Vom ‘ |
2501|1401 0.10 | 0.10 | 0.25 | 0.20 | 0.10 4.8 1.0 269 | 1.3 | 4.1 | 13.2] 2.2
3.00 | 1.40 | 0.10 | 0.10 | 0.25 | 0.20 | 0.10 43 1.1 21.5 1.0 | 3.5 | 13.2 ] 2.2
2.50 | 1.40 | 0.10 | 0.10 | 0.25 | 0.20 | 0.10 4.8 1.0 269 | 1.3 4.1 | 13.2 | 2.2
250 | 1.80 1 0.10 | 0.10 | 0.25 | 0.20 | 0.10 6.7 1.0 274116 | 4.1 | 87 | 1.7
2.50 | 1.40 | 0.10 | 0.10 | 0.25 | 0.20 | 0.10 4.8 1.0 269 | 1.3 | 4.1 | 13.2 ] 2.2
250 | 1.401]0.20 ] 0.10 | 0.25 | 0.20 | 0.10 4.8 0.9 269 | 1.2 | 45 | 13.8 ] 2.2
250 | 1.401]0.10 | 0.10 | 0.25 | 0.20 | 0.10 4.8 1.0 269 | 1.3 | 4.1 | 13.2] 2.2
2501|1401 0.10 | 0.30 | 0.25 | 0.20 | 0.10 4.71.0 268 | 1.1 | 45 | 14.2 | 2.3
250 1| 1.801]0.10 | 0.10 | 0.25 | 0.20 | 0.10 6.7 1.0 274116 | 4,1 | 87 | 1.7
250 | 1.801]0.10 | 0.10 | 1.00 | 0.20 | 0.10 7.3 1.0 26711439 87 | 1.5
250 | 1.80]0.10 | 0.10 | 1.50 | 0.20 | 0.10 7.5 0.9 258 | 1.3 ]| 3.7 | 86 | 1.4
2.50 1 1.40 | 0.10 | 0.10 | 0.25 | 0.10 | 0.10 4.90.9 26911336 | 108 | 1.6
2.50 | 1.40 | 0.10 | 0.10 | 0.25 | 0.20 | 0.10 48 1.0 269 | 1.3 4.1 | 13.2 | 2.2
250 | 1.401]0.10 | 0.10 | 0.25 | 0.20 | 0.10 4.8 1.0 269 | 1.3 | 4.1 | 13.2 ] 2.2
250 | 1.401]0.10 | 0.10 | 0.25 | 0.20 | 0.20 4.71.0 295116 | 42 | 1321 2.0
250 1| 1.401]0.10 | 0.10 | 0.25 | 0.20 | 0.40 4.71.2 33311443 133 1.9
2501|1401 0.10 | 0.10 | 0.25 | 0.20 | 0.60 451.1 36.3 105 |45 134128
2501|1401 0.10 | 0.10 | 0.25 | 0.20 | 0.80 4.51.2 39.5 105 | 4.5 | 13.5| 3.0
2.50 | 1.40 | 0.10 | 0.10 | 0.25 | 0.20 | 1.00 4.6 1.2 435 10.1 | 43 | 13.71] 3.0

Table 2.4: Effect of physical dimensions on the

SRR metamaterial.

extracted model

parameters of a strip-

(mm) (GHz)

Lo| lo | e (00)|pr(00) | Ve | Vpm | Yoe | Vom | Te | IT'm
I 12323 4.01.5 182139 (1091331418
II | 23126 4014 172 | 4.1 [ 108|132 |11 |18
III | 2.7 1 2.0 3.91.3 193139 | 89 | 133 13|21
IV | 27126 4212 203135 | 72 1311|1421
V | 27128 411.2 204136 | 70 |132]1.2]1.9

Table 2.5: Effect of physical dimensions on the extracted model parameters of a CLS-
SRR metamaterial.
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Metamaterial Superlens

One of the most intriguing potential applications of metamaterials is the possibility of
creating a superlens from a planar slab of double negative material, whose resolution
is not subject to the traditional diffraction limit of a wavelength. A planar double
negative metamaterial slab with ¢, = pu, = —1 and surrounded by vacuum acts as
a collimating lens [117]. Theoretically a metamaterial superlens offers imaging with
infinite resolution [88].

However, realistic metamaterials have unavoidable disadvantages of loss and nar-
row bandwidth, restricting their application. The superlens is therefore an idealization
which is difficult to realize in reality. Dispersion, losses and finite size of unit cells in re-
alistic metamaterials degrade the image quality [28; 53; 71; 78; 84; 102; 110]. However,
nearly-perfect lenses with subwavelength imaging capabilities were reported and ex-
perimentally verified; using structures based on wire-SRR metamaterials [41; 69; 119]
as well as on transmission line implementations of metamaterials [3; 48; 59; 61].

The imaging characteristics of a double negative metamaterial slab have been
considered up to now mainly in two dimensions in combination with a line source and
in three dimensions with a dipole oriented perpendicular to the surface of the slab.
In those cases only one type of modes is involved in the analysis, which depending on
the type of excitation can be either TE or TM. On the other hand, a dipole oriented
parallel to the interface of the slab excites both type of modes simultaneously. TE
and TM modes are transmitted unequally if either €. or u, or both are perturbed
from the ideal case with ¢, = u, = —1.

In this chapter, imaging by realistic double negative metamaterial slabs with €, #
—1 and/or u, # —1 is considered. The slab is thereby excited by arbitrarily oriented
electric or magnetic dipoles. A new type of image distortion, the unequal transmission
of TE and TM portions of the fields, is identified and studied. A tool for evaluating
the field intensities in the vicinity of the image plane is developed for this purpose.
The fields are represented in the spectral domain as two dimensional Fourier integrals
[39] and numerically evaluated.

Furthermore, the transverse extension or aperture size of the slab restrict its imag-
ing capabilities. In theoretical investigations this is not considered and the slab is
assumed to extend to infinity in the transversal plane. Based on full-wave trans-
mission line matrix (TLM) simulations of an ideal but transversely limited double
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Figure 3.1: (a) Focusing of propagating modes (solid lines) and recovery of evanes-
cent modes (dashed line) by a double negative metamaterial slab perfectly matched
to vacuum, (b) MEFiSTo-3D Pro® simulation showing a snapshot of the electric field
distribution.

negative metamaterial slab, the influence of a finite aperture on the image quality is
investigated.

Finally, imaging of broadband pulses with a Gaussian spectrum are studied. A
Drude dispersive CRLH slab is thereby considered. Simulations are carried out with
MEFiSTo-3D Pro® [38], where double negative metamaterials are modeled by match-
ing an inter cell network to a standard 3D symmetrical condensed node [112]. The
modified TLM scheme yields a general framework for the modeling of CRLH meta-
materials [54; 63].

3.1 Physical Background

As shown in Fig. 3.1, a slab with finite thickness d, surrounded by vacuum (eg, o)
and material parameters € = —¢y, © = —pugo focuses waves emitted from a point source
located at z = — | 2| in front of the slab to a point located at z = 2d — |zp| behind the
slab. In the spectral domain, the source field can be expressed as a two dimensional
Fourier integral

E(z,y,z / / E(ky, k,)e Irer=ikw=ikszqk dk,, (3.1)

corresponding to a sum of propagating and evanescent plane waves subject to the
dispersion relation k2 + k2 + kZ = k§ [79].

The wave vector along the optical axis of the slab (z axis) is given by k, =
\/k§ — k2 — k2. Near field modes with |k,| and |k,| > ko decay exponentially away
from the source and are evanescent. They are not detected by conventional imaging
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3.2 Analytical Formulation

systems. Even for the best manufactured lens the resolution is determined by the
propagating part of the spectrum with |k,| and |k,| < ko, leading to a truncation of
the integral at approximately +kq and a loss of subwavelength features.

A metamaterial slab with ¢ = —eg and u = —pug, on the other hand, is capable
of exponentially increasing the amplitude of the evanescent modes at the same rate
they decay in free space [88]. This property is shown by the dashed line in Fig. 3.1(a)
and will become clear in the following sections. Furthermore, from the viewpoint of
geometrical optics, the angle of refraction at the slab interface is equal to the negative
angle of incidence, so that propagating modes are focused inside the slab at z = |z|
and refocused outside it at z = 2d— |zp|. The phase advance inside the slab is negative
(Sec. 2.4 and 2.5) and is exactly compensated by the phase advance outside it when
the distance between the source and image planes is 2d. Both magnitude and phase
of the source field are therefore perfectly restored at the image plane.

In summary, the metamaterial slab acts as a perfect lens and translates the com-
plete field distribution from the source plane to the image plane.

It has to be mentioned that for slabs surrounded by a medium other than vacuum,
the permittivity and permeability in the slab need to be adjusted such that they are
equal and opposite to those of the surrounding medium. This ensures that the slab
impedance is perfectly matched to the surrounding medium and that the refractive
indices of the slab and the surrounding medium are equal and opposite.

3.2 Analytical Formulation

A double negative metamaterial slab of thickness d, refractive index no = /€3, ia,

(Re{n2} < 0) and intrinsic impedance 1y = \/fia, /€210 is immersed in a positive
refractive index medium with n, = \/e;py, and 9 = \/pi./€1,m0. The setup is

shown in Fig. 3.2. Since the configuration is unbounded in the transversal direction,
circular-cylindrical coordinates (p, z) with p = /22 4+ y? and p = Xcosy + ysing
are used.

A Hertzian dipole is placed on the z-axis at 2’ = 2y < 0 and p’ = 0. Remember
from the previous section that the ideal imaging condition is satisfied only if €5, = —¢y,
and (1o, = —p1,, in which case the image plane is located at z = 2d — |z|.

For homogeneous slabs of infinite extent, exact modal Green’s function solutions
for TE and TM fields are available [39; 57]. The time-harmonic electromagnetic fields
excited by an electric dipole J(r,t) = Jod(r — r')e’“! or magnetic dipole M(r,t) =
Myd(r — r')e?*t are defined in terms of the electric II.(r,r’) and magnetic II,,(r,r’)
Hertz potentials. Here r’ and r represent the position vectors of the source and
observation point, respectively. For r # r’ the fields are given by

E(r,v') =V x V x 2l (r,r") — jwu,puoV x zI1,,(r, 1)
H(r,r') = jwe, 6oV x zll.(r,v') + V x V x 211, (r, r'). (3.2)
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Figure 3.2: Problem setup in (a) 3D and (b) 2D.

A perpendicular or longitudinal point source Jo = Joz contributes to II. and
excites TM modes only, whereas a magnetic current element My = Myz excites only
TE modes. Both mode types are excited by a parallel or transversely directed source
of either electric Jg = Jop or magnetic type My = Myp. The Hertz potentials are

. (r,r') = [ Jo 0 + M, x i} - pEl(r,r)

Jwe€g 02
M, 0
I1,, N=lzxJ — | - p€! ! 3.3
(I', r ) |:Z X Jo + jw,urﬂo 6ZI:| p£m<r7 r )7 ( )
for transverse sources Jg -z = M-z =0 and
Jo-z
He / — l /
M, -z
I, (r, 1) = —>2¢ (r,1). (3.4)
JW e o

for longitudinal sources Jo xz = My xz = 0. The electromagnetic fields are evaluated

t

¢ m» Which are defined as

in terms of the scalar functions &, ,, and ¢

1 o
L) = o [ R 0) gz 0 (3.5)
and
1 o
Lt = / H (kyp)ge.m (2, 203 k). (3.6)
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3.2 Analytical Formulation

For purely longitudinal sources the fields may be derived directly from the scalar
Green’s function fém(r, r’), which satisfies the scalar wave equation

(VP + k) & x) =6(r—1). (3.7)

The wavenumber can be decomposed into longitudinal and transversal components
k. and k;, such that:

ok =k, = JEETR
o ki.(k;) = \/n?k2 — Kjutside the slab
o ko, (k) = \/n3k? — kinside the slab

The Hankel function of the second kind H® (k,p) ensures that the radiation con-
dition is satisfied as p — oc.

The one-dimensional Green’s function g. ., (z, 20; k) depends on the nature of the
z stratification and is determined from the boundary conditions at z = 0 and z = d
as follows

(e e R gebe]

_1 k1220 .
ok ¢ e m (ke

Gen (2, 205 k) = (3.8)

[mﬂm@—dya;ﬁgmm%@—@}0<z<d

Lk (e—d
[ e T (k) z>d

The reflection R, ,,(k;) and transmission T, ,,(k:) coefficients of the slab are

(72, — 1)(1 — e~ 2k2:d)

Rem (k) = o .
) ( t) (Te,m + 1)2 . (Te,m _ 1)26—2jk2zd
ATe m
Te,m(kt) = (Tem i 1)2€jk2zd — (Tem — 1)2€fjk2zd’ (39)
with the normalized characteristic impedances
kgzq klz,u2
e(ky) = d 7n(ke) = : 3.10
re() k1.€2 and 7 (k1) kazpia ( )

for TM and TE modes, respectively. A detailed derivation of R and T is given in
App. A.
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3. METAMATERIAL SUPERLENS

3.3 Analytical Properties

In order to ensure a unique specification of the integrals in (3.5) or (3.6) it is necessary
to discuss the analytic properties of ki, (k;) and ko, (k) in the k; plane. The Green’s
function in (3.8) depends on the integration variable k; via ki, (k;) and ko, (k;). The
dependence is even with respect to ks, (k;), whereas this is not the case for ki, (k;).
The lack of evenness implies the existence of first order branch points at k; = £niko.

To comply with conditions at |z2| — oo, the integration path in (3.5) and
(3.6) should be located on the sheet of the Riemann surface for ki,(k;) where
Im {ky.(k:)} < 0. The branch cuts, as shown in Fig. 3.3, are drawn along the hy-
perbolas Re {k:} Im {k;} = Re {n1ko} Im {n1ko}, on which Im {k;.(k;)} vanishes. The
integration is over the entire spectrum containing both propagating (|k;| < nikg) and
evanescent (|k;| > miko) modes. The sign of Re{k,} is positive along the path of
integration and Im {k;.} is negative on the entire top sheet. The branch cut along
the negative real axis arises from the logarithmic singularity of the Hankel function
at k; = 0.

|
|
(
(a) (b)

Figure 3.3: Analytic properties of (a) Re {k1.} and (b) Im {k1.} in the k; plane.

The branch point singularities at k; = 4+nqkg lie on the Re {k;} axis when medium
1 is lossless and n; is purely real. In dissipative media, on the other hand, where n; is
complex, the branch points are displaced into the fourth and second quadrants of the
complex k; plane. In the absence of losses the integration path should be indented
around the singularities into the first or third quadrants, for branch-point locations
on the positive or negative Re {k;} axis, respectively.

Pole singularities due to the denominator of Re ,,,(k:) or Te (k) also exist. Their
location is determined from the transcendental equation

(T (K0) + 1263V errmarki =k — (1 (1) _ 1)2IV canparki—H"d, (3.11)

As || — oo (electrostatic limit) the longitudinal wavenumber inside and outside the
slab can be expressed as
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3.3 Analytical Properties

- | —Jk Re{k} >0
CRGIETRUIES B S SR (312)
yielding
N 1 Tem(00) — 1 o B
K~ + {d In (—Te,m(oo) n 1) —|—jmd} m=0,£1,£2, ..., (3.13)

with 7.(c0) = €1,./€9, for TM and 7,,(00) = pg, /1, for TE modes.

There is an infinite number of poles, and their location is shown in Fig. 3.4. The
poles describe the excitation of waveguide modes, which propagate inside the slab and
decay exponentially away from it. For a slab surrounded by vacuum (e, = py, = 1),
the poles move outward along the Re {k;} axis and disappear from the complex plane
in the limit €5, — —1 and po. — —1. The pole singularities at the real axis are treated
in a way analogous to the branch point singularities: either by displacement from the
real axis by introducing a small amount of loss or by deforming the integration path
around the singularities.

Im{k}
A X
branch cut

integral
x -niko ./ .

/ nlko

€
O
residues at poles

®A’

l S
I ®
| &)
I

Figure 3.4: Integration contour.

Furthermore, by deforming the integration path into the lower half of the complex
k: plane, the contour integrals in (3.5) and (3.6) can be transformed into a sum of
residues at the poles in the lower half plane and an integral around the branch cut
traversed in opposite directions. There is no contribution from the semi-circle contour
as it goes to oo.

The spatial intensity distribution immediately behind the slab and in the vicinity
of the image plane provide essential information about the imaging capabilities of
the slab. The distribution is obtained by integrating (3.5) or (3.6) either analytically
or numerically. As will be shown in the following section, a closed form solution for
the ideal imaging condition with €, = py, = 1 and €3, = o, = —1 exists. On the
other hand, if e, = p9,. # —1, it is not possible to evaluate the integral in terms of

41



3. METAMATERIAL SUPERLENS

elementary functions in closed form. An asymptotic evaluation based on the saddle
point technique or method of steepest descent [39] is possible only when k |z > 1
and k|z —d| > 1. Close to the slab interface, in the vicinity of the image plane
(near field), the integrands do not have the required form and the asymptotic method
fails. As a result of this, an algorithm based on Gauss-Kronrod quadrature [93], an
efficient numerical integration technique for oscillatory integrands, is developed for
this purpose and the integral numerically evaluated.

3.4 Ideal Imaging

When traversing the space between source and image planes which are separated by a
distance of 2d, each Fourier component undergoes some change according to the total
transmission coefficient sz(k;t). Let us assume that a plane wave e /%% is incident
at z = 2y and we want to detect it at z = 2d — |2|. In medium 1: Ty(k;) = e~ 7*1==
whereas in medium 2: Ty(k;) = T, (k) (given by 3.9) yielding

T (ke) = Tu(ke) Ta(ke) Tu(ke)
_ ekl (1 )e R (k) (@)

= ¢ Rk (k) (3.14)
or
4 om k 7jk12(kt)d
TC (k) = e (ki)e : . (3.15)
’ (Tem (ki) + 1)2eike=(k)d — (7, . (k) — 1)2eTke=(ke)d
As mentioned previously, for a double negative slab surrounded by vacuum ideal
imaging requires that ey, = po, = —1. Since k1, = ko, = k, in this case, the TM

and TE characteristic impedances (3.10) are equal to -1 resulting in Re,,(k:) = 0,
Tem(ke) = e’k and T, (k) = 1. Each mode emitted from the source is transmitted
uniformly through the slab and is recovered perfectly at the image plane. The double
negative slab perfectly translates the object plane to the image plane.

The Green’s function simplifies to

(el 2 <0
k) = ¢ L o—ik:(lz0—2)
Gem (2, 203 ki) = T 0<z<d (3.16)
_1 o—jks(z—2d+|z0]) 2 >d
\ 2jkz

For an electric dipole with Jo = Joz and z > d the integral in (3.5) becomes

1 [ k ;
& (r,r) / l%—tHé”(ktp)e‘ﬂkz(z‘“*‘m')dkt. (3.17)

e,m - %

0057]'71— z
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3.5 Non-Ideal Imaging

By changing the integration variable from k; to k. = \/k2 — k2, so that dk, =
—(k¢/k)dk;, the above integral can be integrated in closed form (Equation 6.616-
4 in [47]) to yield

k0P (z—2d+|z0])?

a Am\/p? + (2 — 2d + |2])?

(3.18)

Eem (1)

which is identical to the Green’s function of a dipole radiating at z = 2d —|z| [21; 57].
The fields are obtained from (3.4) and it is evident that a perfect reproduction of the
source is obtained.

However, in the region d < z < 2d — |zy| the integral in (3.17) diverges due to the
fact that z — 2d + |29| < 0 and the exponent grows as k; — fo0o. This divergence
arises purely from the evanescent part of the spectrum, since for 0 < k; < kg the
integral is well defined. For z > 2d — |z| the factor z — 2d + |zo| changes its sign and
the integral converges.

The problem of non-integrable fields has been raised in [42; 84] and occurs only
for the idealized case with €3, = o, = —1. For other combinations of €y, and ps,., the
remedy is provided by a high-frequency cutoff as will be discussed next.

3.5 Non-Ideal Imaging

Double negative metamaterial slabs provide perfect imaging only under the assump-
tion of being non-dispersive, completely lossless, impedance matched, and having a
refractive index of -1 relative to the surrounding medium. However, absorption and
dispersion (Sec. 2.6) is always present in practice. The ideal imaging condition is
therefore an idealization, which is difficult to reach in reality.

If Re{ea} # Re{uar} # —1 and/or Im{es,.} # Im{po,} # 0 a high-frequency
cutoff & in T(k;) exists. In the electrostatic limit (|k;] — oo) it is approximately
given by (3.11). Replacing &7 with & and solving for kf yields

. 1 Tem — 1
| (220 o9

The highest resolvable wavenumber k; determines the spectral width of the trans-
mitted spectrum and imposes a limit on the minimum feature resolvable by the slab
[23; 110]. The transmission coefficient of the slab decays exponentially for |k;| > &,
as a result of which the spatial components above £ die out before reaching the
image plane and the image is no longer perfect. Approaching the ideal case with
€1r = 1, = 1 and egy, o, — —1, ki — 0o and the resolution improves. Major factors
yielding a high-frequency cutoff are:

e Refractive index and impedance mismatch between slab and surrounding medium,
i.e ny # —|ne| and/or ny # ny
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e Presence of losses in slab material, i.e. Im {ey.} # 0 and/or Im {p9,} # 0
e Dispersion in slab material, i.e. €y.(w) and/or g, (w)
e Structural periodicity in the slab, i.e. finite unit cell size of metamaterials.

As already discussed in Chapter 2, metamaterials are made of unit cells with finite
dimensions. If the size of a unit cell is d, there is no possibility of reproducing a Fourier
component greater than k;, = 27/d and modes with large values of k; are subject to
a cutoff [28; 110]. In addition, metamaterials are highly dispersive and lossy in the
regions where the permittivity and permeability are simultaneously negative. As will
be shown in the following section, even a small amount of loss in the slab material
leads to an attenuation of evanescent modes with large k;, resulting in a degradation
of the image quality.

3.6 Results

The imaging characteristics of non-ideal double negative slabs surrounded by vacuum
are investigated with the developed tool. Unless otherwise indicated, the slab has a
thickness of d = 0.3\ and is excited by a Hertzian dipole radiating at z = 2y = —0.2\.
As shown in Fig. 3.5(a), the focus is at z = 2d — |z9] = 0.4\ in the ideal case.
Longitudinal Jy = z and transverse Jy = X source excitations are considered.

Field intensities in the plane of the optical axis (yz plane) and transversal planes
(xy plane) behind the slab are evaluated. The electric field strength

Bl = /B + |B, P + |E.] (3.20)

is measured in volt per meter [V/m]. Due to high intensities (I) in the vicinity of the
image plane, a logarithmic scale with I = 201log |E| dB(V/m) is used.

The spot size Ay as shown in Fig. 3.5(b), defined as the full width at half maximum
(FWHM) value of the main lobe of the intensity pattern along transversal planes,
serves as a measure of the image quality. It is determined as Ay = 2 (ylmx — YL /2)
and represents the distance over which the intensity of the main lobe falls to half
its maximum value. As the material parameters of the slab approach the ideal case
(€2, por — —1) Ay — 0, indicating the improvement in resolution. For a diffraction
limited image which is restricted to propagating modes only Ay = 0.42)\. In this case
the spatial variation of the field distribution in the image plane is a sinc function with
a main lobe zero-to-zero spacing of approximately one wavelength.

In the following sections the material parameters of the slab are perturbed from
the ideal case, by varying the real and imaginary parts of ey, and ps,. by o and T,
respectively. Three different perturbation mechanisms are considered:

1. Sec. 3.6.1: €3, = —1 — jI" and po, = —1 — 3T

2. Sec. 3.6.2: €3, = —1/(1+0) — jI" and pg, = —(14+0) — 5
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Figure 3.5: (a) Considered configuration and (b) intensity pattern at transversal
planes, showing the spot size Ay determined from the FWHM value of the main lobe.

3. Sec. 3.6.3: €3, = —1/(1+0) — jT" and pg, = —1

The influence of losses are treated first in Sec. 3.6.1. The refractive index of the
slab is thereby perturbed from the ideal case such that Re {ny} = —1 and Im {ns} # 0.
The slab impedance remains unperturbed and is perfectly matched to vacuum.

In addition to losses the real parts of €5, and ug,. are perturbed next. Neglecting
terms of second order, the perturbation mechanism in Sec. 3.6.2 results in a slab with
Re{ns} ~ —1, Im{ns} # 0, Re {n2} # no and Im {n,} ~ 0.

The most perturbed configuration with Re{ns} # —1, Im {na} # 0, Re {n2} # no
and Im {7y} # 0 is investigated in Sec. 3.6.3. This mechanism of the image distortion
can play a considerable role in the case of excitation of the slab with generally oriented
sources [25].

The effect of the slab thickness on the image quality is investigated in Sec. 3.6.4.
Finally, full wave time domain simulations based on the TLM method are utilized to
determine the imaging characteristics of transversely limited slabs in Sec. 3.6.5 and
imaging with dispersive broadband Gaussian pulses in Sec. 3.6.6.

3.6.1 Small Amount of Absorption

Let us assume that the material parameters of the slab are perturbed from the ideal
case according to

€or = —1 —jI' and pg. = —1— 4T (3.21)

where losses are characterized with I' < 1, being positive for a passive medium.
Prior to a detailed investigation of the intensity distribution in the vicinity of the
image plane the problem is considered in the electrostatic limit as |k — oo. For
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|k¢| > ko, the longitudinal wavenumbers inside and outside the slab can be expressed
as ki, & ko, &= —j |k, so that (3.15) becomes

47’e,m€_‘kt‘d
(Tem + 120 — (1, — 1)%e Rl

Ty, (k) = (3.22)

The second term in the denominator vanishes as |k;| — oo and 7., — —1, as a result

of which

4672|kt|d

TT(kt) ~ sz<kt) ~ T2

(3.23)

The presence of any nonzero absorption leads to a strong suppression of the trans-
mitted spectrum with large k;. The decay is exponential and the same for TE and
TM modes. Therefore, it makes essentially no difference by which dipole type and
orientation the slab is excited with. The magnitude of TT (k) for 1071 < T < 10~
is plotted in Fig. 3.6. The corresponding cutoff wavenumbers are approximated from
(3.19) as

1 2
ki = Ky & p In {f} (3.24)

and are listed in Tab. 3.1. It is clearly seen that £ decreases with increasing I, so
that fewer modes are uniformly transferred from source to image plane resulting in a
degradation of the image quality.

I IT I1I IV
r 10741107 | 1078 | 10710

K /ko | 5.25 | 7.70 | 10.14 | 12.58

Ay/A | 0.11 | 0.08 | 0.06 | 0.05

Table 3.1: kf and Ay at image plane z = 0.4\, for various values of I'.
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Figure 3.6: TT(k;) for a slab with material parameters as given in (3.24).
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Figure 3.7: |E| along the y axis at image plane z = 0.4\ (x = 0) for (a) Jo = 2
and (b) Jp = x. The dipole field in the ideal case is shown for comparison purposes.
Corresponding normalized field intensities for (¢) Jo = z and (d) Jo = %x. Squares:
diffraction limited intensity distribution.

The intensity distribution at the image plane (z = 0.4)) is investigated next. Loss
factors between I' = 107* and I" = 107'° are considered. Results for perpendicular
Jo = z and parallel Jy = %X source excitation are plotted in Fig. 3.7 (a) and (b),
respectively. The normalized intensity distributions are shown in Fig. 3.7 (c) and (d),
and the corresponding FWHM values are provided in Tab. 3.1.

The maximum attainable intensity at the image plane decreases as more loss is
introduced. Increasing the amount of absorption in the slab leads to a broadening of
the main lobe, indicating the degradation of the image. For I' = 10~* the FWHM
value of the main lobe is Ay[I] = 0.11\ and decreases to Ay[IV] = 0.05\ for I' = 1017,
The enhancement is Ay[l]/Ay[IV] = 2.2, which is in accordance with the cutoff
wavenumbers, i.e k[I] = 12.58ko, k{[IV] = 5.25kq and K[I]/k[IV] = 2.4.

The resolution degrades by approximately 50% as I increases from 107 to 1074
However, as shown in Fig. 3.7 (¢) and (d), the image is still below the diffraction
limited one with Ay = 0.42\. It can be concluded that, although a double negative
slab provides subwavelength imaging, the logarithmic dependence between I' and &
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Figure 3.8: |E| in the yz plane, immediately behind the slab. Perpendicular Jo = 2
and parallel Jy = % source excitation for I' = 107% and I' = 107!°, The image plane is
shown by the dashed line.
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Figure 3.9: Iy for the same configurations in Fig. 3.8.

complicates fabrication of a metamaterial superlens with performance close to 100%.

A common misconception regarding metamaterial superlenses is that they pro-
vide subwavelength imaging in three dimensional space. Three dimensional focusing
requires that maximum intensity occurs exactly at the focal point (z = 0, y = 0,
z = 0.4)\) and declines in all directions radially outwards. However, a double negative
slab is only capable of two dimensional imaging and not focusing in three dimensional
space [79]. This is visualized by plotting the intensity distribution in the yz plane,
immediately behind the slab.

The results for perpendicular Jo = z and parallel J; = X source excitations with
' = 10% and ' = 107! are shown in Fig. 3.8. Intensity is at maximum at the
slab-vacuum interface (z = 0.3\) and attenuates with increasing z, irrespective of
the type of excitation and amount of absorption. As mentioned in Sec. 3.3, this is
due to the excitation of waveguide modes which propagate inside the slab and decay
exponentially away from it. A certain amount of energy couples to these modes and
diffuses into the surrounding medium, thereby distorting the focal spot.

In the region 0.3\ < z < 0.4\ the fields grow to infinity as I' — 0, resulting in
divergent fields in the ideal case with €3, = po, = —1 (Sec. 3.4). However, in the limit
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[' = 0, the fields replicate themselves perfectly at the image plane and for z > 0.4\.
In order to visualize this phenomenon, following parameter is defined

E
Idiﬂ‘ = ‘20 10g %
D

, (3.25)

with |Ep| representing the field of a dipole located at the focal point z = 2d — |zo| =
0.4\ and radiating in free space without the double negative slab. A value of I = 0
indicates thereby that the fields emitted by the source are uniquely transferred to the
focal point behind the slab. Same configurations as in Fig. 3.8 are considered. The
results are plotted in Fig. 3.9.

In the region 0.3\ < z < 0.4\, the intensity deviates strongly from that of a
dipole located at z = 0.4\ and radiating in free space, and the smaller I' the greater
the intensity mismatch. For z > 0.4\, on the other hand, the intensity mismatch
decreases with decreasing I', confirming that in the limit as I' — 0 the fields replicate
themselves perfectly at the image plane. It is therefore concluded that a double
negative slab does not provide a true three dimensional image of the source and it is
more appropriate to identify its imaging capabilities as two dimensional.

3.6.2 Unit Refractive Index

Consider the slab with material parameters
€ =—1/(14+0)—40' and po, =—(1+40)— 40 (3.26)

where in addition to losses the real parts of €5, and ps, are perturbed by o. Neglecting
second order terms and assuming that I' — 0, the refractive index and impedance of
the slab are approximately given by

ne~ —1—jI' and mn =~ (1+0)np. (3.27)

The real part of the slabs refractive index retains its value of Re{ny,} = —1, so
that propagating modes are still focused at z = 2d — |z| = 0.4\. On the other
hand, due to a impedance mismatch between the slab and surrounding space, i.e.
Re{n2} /no = 1 + o, the reflection coefficient is no more zero.

In the electrostatic limit as k; — +o00 and under the assumption that ki, =~ ko, =~
—j |k¢|, the TE and TM mode normalized characteristic impedances in (3.10) depend
solely on the material parameters of the slab. In the limit I' — 0 they are identical
to 7 = Tesn & —(1 4 ). Furthermore, for this type of perturbation it follows from
(3.19) that &, = &, = k& and T) (k) = TE (k) = T (k), so that the TE and TM
modes are transmitted equally by the slab and the type and orientation of the dipole
excitation do not matter. For I' and o < 1, £} is approximately given by
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(3.28)
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Figure 3.10: TT(k;) for a slab with material parameters as given in (3.26)
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Figure 3.11: |E| along the y axis at image plane z = 0.4\ (x = 0) for (a) Jo = 2
and (b) Jo = %. The dipole field in the ideal case is shown for comparison purposes.
Corresponding normalized field intensities for (¢) Jo = z and (d) Jo = %x. Squares:
diffraction limited intensity distribution.
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The total transmission coefficient T (k,) is plotted in Fig. 3.10 for 1071 < ¢ <
1072 and T' = 1071%. The highest obtainable cutoff is limited to & ~ 12.58kq and is
achieved with ¢ ~ I ~ 1071°, showing that the effect of absorption can be neglected as
long as o > I' (3.28). Analogous to the case in Sec. 3.6.1, k{ decreases with increasing
o, indicating the degradation of the image quality.

The intensity distribution at the image plane (z = 0.4)\) is investigated next.
Perturbation values between o = 1071 and ¢ = 1072 are considered. The amount of
absorption is thereby fixed at I' = 1071, The results for perpendicular Jo = Z and
parallel Jy = X source excitation are plotted in Fig. 3.11 (a) and (b), respectively. The
corresponding normalized intensity distributions are shown in Fig. 3.11 (c) and (d).
As expected, the main lobe broadens and the maximum attainable intensity decreases
as o increases. The FWHM value of the main lobe increases from 0.04\ for o = 10719
to 0.21\ for o = 1072, The resolution degrades thereby by approximately 80%.

3.6.3 Non-Unity Refractive Index

According to the formulation in Sec. 3.2, a perpendicular dipole Jy = Jgz excites TM
modes and a magnetic current element My = Mz excites TE modes only. Both mode
types are excited by a parallel directed dipole of either electric Jo = Jop or magnetic
type My = Myp.

Up to now perturbations for which TE and TM modes are transmitted equally by
the double negative slab have been considered. However, this may not always be the
case. The unequal transmission of TE and TM portions of the fields is identified and
studied next.

Let us assume for instance that

€or = —1/(14+0)— 40" and po, = —1. (3.29)

For this type of perturbation Re {ny} # —1, Im {na} # 0, Re {n2} # no and Im {n,} #
0. For o0 and T' < 1, Re{ns} &~ —1, so that propagating modes are still focused at
z = 0.4\. Furthermore, 7.(k;) does not change and is the same as in Sec. 3.6.2. As
|ki| — oo, the approximate cutoff wavenumber for TM modes (&,) remains thereby
unaffected and is given by (3.28). For TE modes, on the other hand, with py, = 1,
pior = —1 and 7, = —1, the total transmission coefficient is T (|k;| — 00) = 1.

The electrostatic limit predicts that the complete TE mode spectrum is trans-
formed uniformly by the slab and leads to incorrect conclusions. Due to the difference
between k., and ko, in the terms of order k; %, a cutoff for TE modes (k. < k&, < oo)
also exists, which is obtained from (3.19) with 7, = —k1.(k,,,)/k2-(k,,) as follows

Ko = [(1/d) I {(2/(1 = k(i) /Raz (Ko ) 3| > K (330)
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I II 111 IAY
c=10"* | 0 =108 =0 c=0
Fr=10"°{1r=10"1°r=10"%r=10"2%

K./ ko 5.62 10.47 12.60 19.82
k.. ko 8.20 13.59 15.90 19.82

Table 3.2: Cutoff wavenumber £, ,,,/ko for material parameters as given in (3.29).
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Figure 3.12: TT(k;) for a slab with material parameters as given in (3.29).

The same results hold for TM modes, if the permittivity remains unity and per-
turbations are applied to the permeability. In that case j,, < kj, < oc.

The total transmission factors for I' = 107!° | ¢ = 0 and ¢ = 10~* are plotted
in Fig. 3.12. A closer look at the case with o = 0 reveals that k,, — k. ~ 3ko. The
difference between the cutoff wave numbers leads to the unequal transmission of TE
and TM modes through the slab. This mechanism of the image distortion can play a
considerable role in the case of excitation of the slab with generally oriented sources.
As shown in Tab. 3.2, the difference between kj,, and A;, vanishes as €y, — —1.

In the case of generally oriented sources, obtaining the exact field distribution in
the vicinity of the image plane behind the slab becomes important. Two distinct
excitations with longitudinal Jy = z and transverse J; = X dipoles are investigated
next. Perturbations with 0 = 107 and o = 0 are considered. The dissipation factor
is set to ' = 10719,

The field intensities are evaluated in the zy (image plane) and yz planes behind
the slab. The normalized intensity distribution is determined as

N I(x,y,0.4)) ) 1(0,y, 2)
Inzrm = T and Iiorm = IT’ (331)
with
LY = max {I(|z] < 0.5\, |y| < 0.5X,0.4\)} (3.32)

and
r = max {I(0,|y| < 0.5),0.3\ < z < 0.5\)}.

max
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3.6 Results

Analogous to (3.25), in order to visualize the imaging capabilities of the slab more
clearly, it is convenient to define the following parameter:

B
E5

Lig”” = ’2010g : (3.33)

with |Ep| representing the field of a dipole located at z = 2d — |2] = 0.4\ and
radiating in free space without the double negative slab. Remember that Igg = 0
indicates that the fields emitted by the source are transferred without distortion to
the focal point behind the slab.

% . is plotted in Fig. 3.13(a). As expected, the intensity is at maximum at the
slab-vacuum interface at z = 0.3\ and attenuates rapidly with increasing distance z.
Irrespective of the type of excitation, approaching the ideal case by decreasing o from
107 to 10719, localizes the maximum intensity in a small region around the optical
axis and interface of the slab.

I is plotted in Fig. 3.13(b). In the region 0.3\ < z < 0.4, the intensity deviates
strongly from that of a dipole located at z = 0.4\ and radiating in free space. The
intensity mismatch increases as ¢ — 0. For z > 0.4\ the intensity mismatch decreases
with decreasing o, confirming that in the ideal case 0 = 0 and I' = 0 the fields replicate
themselves perfectly at the image plane.

The intensity distribution at the image plane is investigated next. I} is plotted
in Fig. 3.14(a). The central spot located at x = 0 and y = 0 is clearly visible for
both types of excitation. As o gets smaller - approaching the ideal case - the central
spot shrinks, indicating the enhancement of the image. The resolution improvement
is most clearly observed from I3, which is plotted in Fig. 3.14(b). The intensity

mismatch in the vicinity of the focal point degrades as o decreases.

3.6.4 Thickness of the Slab

The impact of the slab thickness on the total transmission factor T%(k;) and the
image quality is considered. The source with Jy = z is fixed at zg = —0.2\ and the
thickness of the slab is varied between 0.2\ < d < 2\. The slabs material parameters
are chosen according to (3.21) with I' = 107'°. Remember that for this type of
perturbation mechanism the TE and TM modes are transmitted equally by the slab
so that T (k;) = Tk (k) = TT(k;). The image plane behind the slab is adjusted
according to the focal point predicted by geometrical optics, i.e. z = 2d — |z, and
coincides with the second interface of the slab for d = 0.2).

The magnitude of T (k;) for 0.2\ < d < X is plotted in Fig. 3.15(a). As indicated
by (3.24), ki decreases as the slab becomes thicker. In other words, the evanescent
modes exhibit a lower cutoff and the resolution at the image plane degrades for in-
creasing slab thickness.

The FWHM (Ay) of the intensity pattern at the image plane as a function of d is
plotted in Fig. 3.15(b). There is a significant resolution improvement for thin slabs
with 0.2\ < d < A. The improvement becomes less significant as d > A. Increasing
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d by Ad = 0.8\ from 0.2X to A, enhances the resolution by Ay(0.2X)/Ay(A\) = 5.2.
An enlargement by the same amount from A to 1.8\, on the other hand, yields a
resolution improvement of only Ay(1.8)\)/Ay(\) = 1.5.

! ] — 028 ! ! ! ! ! ! ! !
o slab thickness =,
10 dina > 0.24-
N—1 3
—0.9 < 0.20
10° —os8 g
_ ] —0.7 o 0.16+
= —06 2
-~ —05 e 0.124
E o —o04 =
10 1 — 03 © 0.08-
§ 0.04 -
10" \\ 1 0.00 e
0 4 8 12 16 20 24 28 32 02040608101214161820
Re{k/k } d[A]

(a) (b)

Figure 3.15: (a) |TT (k)| for 0.2A < d < A and (b) FWHM at image plane (z = 0,
y # 0, z = 2d — |z0|) with source at zp = —0.2\.

3.6.5 Aperture Size

Theoretical investigations of imaging by a double negative slab have been based so
far on the assumption that the slab has an infinite aperture and extends to infinity in
the transversal plane (zy plane in Fig. 3.5). In reality the slab is always transversally
limited and the lens has a finite aperture. In this case, physical phenomena like edge
diffraction can negatively affect the image quality. The influence of the aperture size
of a double negative metamaterial slab onto its imaging quality is investigated next
[27].

image plane

slab

;

source

Figure 3.16: MEFiSTo-3D Pro® simulation volume with d = 2\ and zy = —\ and
image plane at z = 3.
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Figure 3.17: Ay vs. aperture size A at image plane.

A lossless and isotropic double negative slab, matched to free space (eg, = fio, =
—1) at 10 GHz is considered for this purpose. The slab has a thickness of 2\ and
is excited by a vertical electric dipole with Jy = X positioned at zg = —A. The im-
age plane is at z = 2d — |zp| = 3\. Simulations are carried out with MEFiSTo-3D
Pro®[38]. The simulation volume has dimensions of approximately 26 x 10 x 10 A and
is discretized with a A/10 symmetrical condensed node mesh. As shown on the left of
Fig. 3.16, electric and magnetic walls are imposed on the yz and zz planes, respec-
tively, which make it possible to restrict the simulation volume to a single quadrant.
The double negative slab is surrounded by an absorber of the same thickness and the
simulation volume is terminated with perfectly matched layer (PML) boundaries. All
simulations are truncated after 1020 time steps.

The aperture size A of the slab is varied between 1A < A < 10A. For each slab the
image quality or resolution is determined from the FWHM value Ay of the intensity
pattern at the image plane as shown on the right of Fig. 3.16. The results are plotted
in Fig. 3.17. As expected, Ay decreases monotonically with increasing aperture size,
indicating the resolution improvement. Resolution changes significantly for small
apertures ranging between 1\ < A < 4\ and it can be concluded that for slabs with
A < 5 the resolution improves significantly with increasing aperture size. Increasing
A beyond this value has no significant effect.

It should be mentioned at this point that perfect resolution can never be reached
in finite time, since the causality of the superlens response is ensured by the time
delay in the transmission of the evanescent modes [46]. Especially when the lens is
perfectly matched to the surrounding space, it takes an infinite time to reach steady
state. The finite cell size (discretization) of the computational domain further restrict
the resolution. A detailed discussion of these issues can be found in [51; 52; 56].

3.6.6 Excitation by Broadband Pulses

Theoretical investigations of imaging by a double negative slab have assumed so far
excitation by monochromatic sources, where dispersion plays no role. In this section
the effect of dispersion on the image quality is investigated.
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Figure 3.18: (a) Gaussian pulse in time and frequency domains and (b) Drude dis-
persive refractive index of the slab.
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Figure 3.19: (a) Variation of the image plane field intensity with an excitation pulse
having a central frequency of vy = 10 GHz and 3dB bandwidth ranging from 0 to 5
GHz. (b) FWHM at image plane vs. pulse width Av for pulses with central frequency
L.

Imaging of short-time pulses with a Gaussian spectrum are considered
(Fig. 3.18(a)). The slab is assumed to be Drude dispersive. Drude dispersion is
preferred over Lorentz dispersion since it allows a broader frequency band with a
negative refractive index. The simulations are carried out with MEFiSTo-3D Pro®
[38], where CRLH Drude dispersive unit cells are modeled by matching an inter cell
network to a standard 3D symmetrical condensed node (SCN) [112].

The Drude model parameters of the slab (2.25) are chosen so as to yield a refractive
index of n = —1 at the design frequency v; = 10 GHz (wpe = wpm). The slab is
assumed to be lossless (I'. = I';,, = 0). Its frequency dependent refractive index is
plotted in Fig. 3.18(b). The slab has a thickness of d = 2\ and a transversal extension
or aperture size of 8\ at v4. The simulation volume is similar to the one in Fig. 3.16.
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The source is placed at a distance of A\ in front of the slab. A broadband pulse
with a Gaussian spectral distribution centered at vy and a 3 dB bandwidth of Av
(Fig. 3.18(b)) is used throughout the simulations. Field monitors are positioned at
the expected image plane, located at a distance of A behind the slab. The intensity
distribution is calculated by extracting the time averaged electric field intensities.

The image quality is determined from the FWHM value Ay at the image plane.
The time averaged field intensities along the transversal axis in the image plane are
plotted in Fig. 3.19(a). The curves show the results for excitation pulses with vy = 10
GHz and spectral bandwidths Av ranging between 0 and 5 GHz. Broadening the
spectral width results in an increase of Ay, corresponding to a degradation of the
image quality.

Furthermore, the center frequency is varied between 9 < vy < 11 GHz. The spot
size Ay is plotted for various pulse widths and center frequencies in Fig. 3.19(b).
The blue curve represents Ay for vy = vp = 10 GHz. Resolution reduces almost
linearly with increasing pulse width Av. For pulses with center frequencies 1 other
than vp, on the other hand, broadening the pulse width leads to an enhancement of
the resolution until a maximum is reached. Contrary to the case of 1y = vp where
resolution decreases linearly with increasing pulse width, for pulses with vy # vp the
resolution enhances until a bandwidth of Av &~ 2|y — vp| is reached and decreases
afterwards.
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4

Metamaterial Microwave
Absorbers

The electromagnetic spectrum used for detection purposes extends from microwave
and infrared up to visible frequencies. For microwave frequencies the detectability of
a target is measured in terms of its radar cross section (RCS), which strongly depends
on the targets size, shape and the material it is fabricated from. Among the most
practical and commonly used radar cross section reduction (RCSR) techniques is the
usage of radar absorbing materials (RAM). RAMs are principally based on the devel-
opment of low reflection coatings (LRC), whose reflectivity for electromagnetic waves
in the frequency range of interest is small. Common types of RAMs are Salisbury,
Jaumann and Dallenbach absorbers [64; 94].

A Salisbury screen consists of a resistive sheet placed an odd multiple of quarter
wavelengths in front of a metal backing separated by a dielectric. In terms of trans-
mission line theory, the quarter wavelength transmission line transforms the short
circuit at the conductor into an open circuit at the resistive sheet, so that the overall
input impedance of the structure becomes the sheet resistance. Reflection is com-
pletely suppressed if the sheet resistance is matched to free space. A Salisbury screen
is narrow banded. Improved performances over broader range of frequencies is ob-
tained by combining multiple layers, yielding the Jaumann absorber. Another type
of absorber is the Dallenbach layer, which is composed of a homogeneous lossy layer
and low reflectivity is achieved through adjusting the layers permittivity and perme-
ability. Impedance matching is used to reduce reflection at the air-absorber interface
and electromagnetic waves are absorbed as they penetrate into the lossy layer.

Adjusting the electromagnetic specifications of the absorber to the given applica-
tion is an important task during the design process. The limited choice of naturally oc-
curring materials with suitable dielectric and magnetic properties constitutes thereby
a major challenge. The fulfillment of low reflectivity for broad range of frequencies,
incidence angles and polarizations are important design factors in the development of
absorbers. Many applications require electrically thin, easily applicable and robust
absorbers. In recent years, artificial electromagnetic materials or metamaterials have
been effectively employed in the design of novel absorbers at microwave frequencies
[20; 33; 77].
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In the first part of this chapter, the possibility of realizing planar and electrically
thin Dallenbach like absorbers with dispersive and resonant metamaterials is ana-
lyzed. The metamaterial absorber consists of a single layer strip-SRR or CLS-SRR
metamaterial. Designs operating in the Ku band (12 - 18 GHz) are proposed and
methods for adjusting the absorbers permittivity and permeability to reduce reflec-
tivity at a specific frequency are given. The extracted effective material parameters
in Sec. 2.10 are thereby employed.

In the second part, a systematic way of designing a truly planar metamaterial
absorber consisting of a 2D periodic arrangement of capacitively loaded strips (CLS)
is presented and its applicability in the realization of electrically thin low reflection
coatings is investigated.

Though designed to operate at a single frequency and at a particular incidence
angle, metamaterial coatings of this kind, in fact, function over a broader range of
frequencies and incidence angles. Already simplest absorbers with a thickness of
A/80 have relative bandwidths of about 3 %, and various approaches to widening the
bandwidth and improving the absorption rate at the operation frequencies are under
developmnet. Furthermore, such coatings have the additional advantage of being
realizable in planar technology.

4.1 Drude and Lorentz Dispersive Microwave Ab-
sorbers

In this section, the possibility of realizing planar and electrically thin absorbers assem-
bled from a single layer strip-SRR or CLS-SRR metamaterial is investigated. Designs
operating in the Ku band (12 - 18 GHz) are proposed. The electromagnetic response
of the metamaterial absorber is described by an effective medium model (Sec. 2.10)
with Lorentz and/or Drude dispersion. For a layer with predetermined permeability,
a condition for reducing reflection at a specific frequency and a method for tuning its
permittivity to the required value are given. The effective response of the absorber is
adjusted by suitably choosing, combining and dimensioning the inclusions/unit cells
constituting the metamaterial. The outlined procedure can be regarded as a funda-
mental step in the design of metamaterial absorbers at microwave frequencies.

4.1.1 Principles of Operation

As shown in Fig. 4.1(a), absorbers consisting of a planar metamaterial layer backed
by a metallic ground are considered. The absorber extends from z = 0 to z = d and
has a refractive index of ny = \/e.11,. A TEM plane wave propagating through free
space with an impedance of 79 = \/€o/ o = 377 2 and incident perpendicularly upon
the layer with 7, = \/p,./€, 1o is reflected according to (A.13) as

R Jmtana — o

. ) (4.1)
g tana 4 ng
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Figure 4.1: (a) General absorber backed by a metallic ground and (b) realization in
terms of metallic strip, CLS and SRR inclusions.

with a = nykod the electrical thickness of the layer and kg = 27/A. The condition for
zero reflection is obtained by setting R = 0 and is given by

[ 14, 2jmd
1-— 'M—tanh [JTW,/MTGT] =0. (4.2)
€r

As seen from the equation above, zero reflection requires a material with appro-
priate values of ¢, and pu,., making the utilization of metamaterials highly feasible.
Remember that metamaterials appear homogeneous for electromagnetic waves if the
unit cells or inclusions they are composed of are electrically small. As discussed in
Sec. 2.9 and 2.10, metamaterials can then be homogenized and their properties can be
described by dispersive effective material parameters 2 (w) and pf(w). By a suitable
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choice, combination and dimensioning of the inclusions, the effective material param-
eters of metamaterials can be adjusted to satisfy (4.2), providing multiple degrees of
freedom during the design process.

In resonant metamaterials composed of conducting strip, CLS and SRR inclusions
the electric and magnetic polarizabilities are tuned separately. The strips or CLSs
are responsible for the electric and the SRRs for the magnetic polarizability. Hence,
controllability of resonant frequencies of the inclusions is needed to ensure an optimal
overlapping of the electric and magnetic resonance frequency regimes.

In the following, this property is used to design metamaterial absorbers composed
of strip-SRR or CLS-SRR inclusions. The absorbers are described by the effective
material parameters obtained from the homogenization procedure in Sec. 2.10 and
their effective response is optimized by suitably choosing, combining and dimensioning
the unit cell composition of the metamaterial. The designs are then verified through
full wave simulations of the realistic structure with HFSS®.

As shown in Fig. 4.1(b), the simulation model is based on a unit cell and is
terminated with periodic boundary conditions on the side walls, whereby it is assumed
that the absorber extends to infinity in the xy plane. The reflection response for plane
wave excitation with E,, Hy, k, is evaluated at a wave (Floquet) port, located at a
distance of 2\ above the absorber. The simulation volume is terminated at the bottom
by a metallic ground plane (PEC). The inclusions constituting the metamaterial are
modeled by 35 pum thick copper and are immersed in a dielectric host of permittivity
" and a loss tangent tan d.

4.1.2 Realization

Let us consider a single layer strip-SRR metamaterial absorber. For this type of
metamaterial it is well known that permittivity and permeability are subject to Drude
and Lorentz dispersion, respectively.

We will start our analysis by specifying a frequency range at which a reduction
in reflection is desired. Let us assume for instance that 13 < v; < 14 GHz, where v;
is the frequency of interest. As a first step, it has to be ensured that the magnetic
resonance frequency v, of the SRR lies in the frequency range of interest. The next
step consists of obtaining |R(v;)| = 0 by adjusting v,., which is achieved through
varying the strip width wg.p.

According to the retreived effective material parameters in Sec. 2.10, unit cell
compositions satisfying these requirements could be as follows:

e SRRs with dimensions of wg.,, = 0.2 mm, r = 1.4 mm , ¢ = 0.1 mm and s = 0.1
mm, ensuring that the magnetic resonance frequency is in the frequency range of
interest (13 < v; < 14 GHz)

e Strips with widths from wg, = 0.1 mm to wgy = 0.6 mm, so that the electric
plasma frequency varies between 26.9 < v, < 36.3 GHz

e A unit cell size of d = 2.5 mm and a distance between strip and SRR inclusions of
0.25 mm
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4.1 Drude and Lorentz Dispersive Microwave Absorbers

e Host material of standard FR4 with ¢! = 4.4 and tand = 0.02

The extracted Drude and Lorentz model parameters are provided in Tab. 4.1. It is
seen that v, shifts to higher frequencies as wg,;, increases. The remaining parameters
stay almost constant, so that they are replaced by following averages:

e (00) = 4.7, pg¥(o0) = 1.1, T = 1.2, yp¥ = 4.3, vy, = 13.3 and Ty = 2.2

Together with v, these averages are then plugged into (2.25) and (2.24) to de-
termine the effective material parameters of the metamaterial layer. The reflection
coefficient of the absorber is then obtained from (4.1). As stated previously, the aim
is to obtain |R(v;)| = 0 in the frequency range of interest v; by adjusting v..

Assuming that v, varies between 20 and 50 GHz, the magnitude of the reflection
coefficient for 13 < v; < 14 GHz is plotted in Fig. 4.3. It is seen that |R(v;)| is at
minimum in the vicinity of v, ~ 35 GHz and v; ~ 13.6 GHz. According to the
design proposals in Tab. 4.1, maximum amount of reduction in reflection is therefore
obtained with configurations III or IV.

The frequency dependent behavior of |[R(v)| for these configurations is shown in
Fig. 4.4 by the solid lines. The dotted lines represent full wave simulations of the
realistic structure with HFSS®. Both results are in good agreement and it can be
concluded that the metamaterial absorber is accurately characterized by effective
material parameters.

(mm) (GHz)

Wstrip €r (OO> |/’L7‘ (OO) Vpe Fe Vpm Vmo Fm
I 0.10 4.8 1.0 269 | 1.3 ] 4.1 |13.2] 22
IT | 0.20 4.7 1.0 295116 42 |13.2] 20
I1 | 0.40 4.71.2 333 1141(43 13319
IV | 0.60 451.1 363105 |45 | 13428

Table 4.1: Drude-Lorentz model parameters for strip-SRR metamaterial absorber.
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Figure 4.2: Extracted effective material parameters for config. IV in Tab. 4.1.
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Figure 4.3: Plot of |[R| = 0 as a function of vy, and v;.
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Figure 4.4: |R| for configurations (a) III and (b) IV in Tab. 4.1 obtained with effective
medium approach (solid line) and full wave simulation (dotted line).

For configuration IV, |R| = 0.06 at v; = 13.65 GHz. Compared to a purely
metallic surface with |R| =1 (0 dB), reflectivity is reduced by 25 dB and only 0.36%
of the incident energy is reflected back. The absorber has an electrical thickness
and a unit cell size of approximately 0.1\. The effective material parameters of the
metamaterial are €, = —2.5 — j0.04 and p, = —0.6 — j1.5 (Fig. 4.2) at v; = 13.65.
The reflection coefficient remains below 0.5 (-6dB) for frequencies between v, = 13.4
GHz and v, = 13.8 GHz, yielding a relative -6 dB bandwidth

relative -6 dB bandwidth (in %) = 2“1 % 100 (4.3)

1%

of 3%.

It is possible to replace the strips by CLS. The permittivity changes thereby from
Drude to Lorentz type dispersion and the electric resonance frequency v, has to be
optimized additionally in this case. A detailed investigation of metamaterials with
CLS-SRR unit cells has been given in Sec. 2.10. Furthermore, absorbers composed
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4.1 Drude and Lorentz Dispersive Microwave Absorbers

of double Lorentz dispersive metamaterials have been analyzed and a method for
optimizing the material parameters has been worked out in [24].
Two distinct CLS inclusions with

e Configuration I: [y = 2.7 mm, [y = 2.6 mm and w4, = 0.1 mm

e Configuration II: /1 = 2.3 mm, [y = 2.3 mm and wg,;p = 0.1 mm

are considered. The physical dimensions of the SRR inclusions and unit cell parame-
ters are the same as those in the case of the strip-SRR metamaterial. Only the unit
cell size is enlarged from d = 2.5 mm to d = 3 mm.

The extracted Lorentz-Lorentz dispersive model parameters and the corresponding
reflection curves are provided in Tab. 4.2 and Fig. 4.5, respectively.

(mm) (GHz)

ll l2 GT(OO)“’[’T(OO) Vpe Vpm Voe Vom Fe F’rn
I |27]26 4212 20335 | 72 | 1331|1421
II23]23 4015 182139 109|133 |14 |18

Table 4.2: Lorentz-Lorentz model parameters for CLS-SRR metamaterial absorber.

1.0 - - - : 1.0
0.9 0.9
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0.6 0.6
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0.1 0.1
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Figure 4.5: |R| for configurations (a) I and (b) II in Tab. 4.2 obtained with effective
medium approach (solid line) and full wave simulation (dotted line).

Maximum reduction in reflection is obtained with configuration II and is |R| =
0.03 at v; = 13.48 GHz. The effective material parameters of the metamaterial are
e = —1.5—70.25 and p, = —0.3 — 71.5 at this frequency and the absorber has an
electrical thickness of 0.14\. The agreement between the effective medium approach
and full wave simulations of the realistic structure is again very good.

Before closing this section, it has to be mentioned that the inclusions investigated
in this section provide an anisotropic response and operate only for a specific po-
larization (E,, Hy, k., in Fig. 4.1(b)), restricting the operation of the absorber. This
problem can be overcome by using one of the isotropic inclusions described at the end

67



4. METAMATERIAL MICROWAVE ABSORBERS

of Sec. 2.7. On the other hand, a single 2D periodic array of capacitively loaded strips
can be employed more efficiently in the realization of truly planar metamaterial low
reflection coatings. This concept is investigated in the following section.

4.2 Metamaterial Low Reflection Coatings

In recent years, metamaterials have been employed in the design of electrically thin
low reflection coatings at microwave frequencies [20; 33; 77]. In contrast to the Drude
and Lorentz dispersive metamaterial absorbers investigated in the previous section,
metamaterial low reflection coatings have the advantage of being entirely realizable
in planar technology and are much thinner. A significant amount of weight reduction
is thereby achieved, which is an important issue in many applications.

In its most general form, a metamaterial low reflection coating (MTM-LRC) is
composed of a 2D periodic array of sub-wavelength sized inclusions printed on a
substrate. They differ from frequency selective surfaces (F'SS) [85] in that the size of
inclusions in MTM-LRCs is significantly smaller than the wavelength. In conventional
F'SS with unit cell sizes comparable to the wavelength, grating lobes can emerge during
the reflection process, leading to undesirable reflection at specific frequencies and
incidence angles. Furthermore, MTM-LRCs have the advantage of being frequency
scalable. Their performance and electromagnetic specification can be adjusted by
a suitable choice and combination of durable materials such as Teflon, ceramic or
fiber /resin mixtures. They can withstand high mechanical stress and due to their
flexibility can be applied to curved surfaces.

In this section, MTM-LRCs composed of metallic arrays of capacitively loaded
strip (CLS) inclusions are investigated. An equivalent circuit model based on coupled
microstrip line theory is used to characterize their electromagnetic response. The
designs are then verified through unit cell based full wave simulations of the realistic
structures with HFSS®. Optimization procedures to adjust their performances are
given. A coating with a unit cell size of A\/6 and an overall thickness of A\/80 at
its operation range lying in the Ka-band (30 - 40 GHz) is designed and fabricated.
Applied on top of a metallic surface the coating reduces reflectivity by approximately
10 dB at a center frequency of 36.925 GHz. In order to demonstrate its applicabil-
ity in radar cross section reduction of finite sized objects, mono- and bistatic RCS
measurements of a metallic cube with an edge length of 6\ and coated with the de-
veloped coating are carried out. The experimental results are verified by conducting
additional simulations with HFSS® and an in-house tool BISTRO, in which case the
coating is described by an effective surface impedance and modeled with an impedance
boundary condition.

4.2.1 Principles of Operation

As shown in Fig. 4.6(a), the MTM-LRC is assembled from three layers consisting of a
periodic array of CLS inclusions placed at a distance a. in front of a metallic ground.
The medium in between is filled with a dielectric of relative permittivity €.. The
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frontview sideview

~ Taa

unit cell

# x

\t
CLS inclusions
substrate €, a,
metallic ground

Figure 4.6: (a) Composition of the metamaterial low reflection coating (MTM-LRC)
with capacitively loaded strip (CLS) inclusions, and (b) equivalent circuit model for
TEM wave excitation with E,, Hy, k..

size of a unit cell is given by a, and a,. The dimension of a single CLS inclusion is
determined by its vertical (I;) and lateral (l3) armlengths, each being strips of width
c.

The 2D CLS array acts analogous to an LC oscillator. Impinging electromagnetic
waves induce currents on the inclusions. The metallic strips are inductive, which
together with the gap capacitances between contiguous elements creates a series com-
bination of inductors and capacitors. The lateral arms provide additional loading,
increasing the overall capacitance. This is needed to keep the unit cell dimension at
a sub-wavelength scale, i.e. a, and a, < A. Resistivity is added to the structure by
using patches with finite and variable conductivities, providing ohmic losses, or by
using a lossy dielectric spacer.

It is possible to describe the electromagnetic response of the coating in terms of
a frequency dependent effective surface impedance Zs(v) = G(v) + j X (v), composed
of a resistive (G) and a reactive (X) part. The reflection coefficient is given by

R(v) = % (4.4)

with 7y ~ 377 Q the free space impedance. The condition |R(v)| = 0 requires that
the surface impedance of the coating is perfectly matched to that of free space, i.e.
G(v) = no and X(v) = 0. In the following section the surface impedance will be
determined with the help of an equivalent circuit model based on coupled microstrip
line theory [9].

4.2.2 Equivalent Circuit Model

The equivalent circuit model (Fig. 4.6(b)) is based on coupled microstrip line theory
and is valid only for quasi TEM modes with E,, H,, k.. The following closed form ex-
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pressions for the characteristic impedance Z; and effective relative dielectric constant

€re Of a microstrip transmission line are found in Chapter 14 of [9]:

72 In {8— + 0.255} < <
1
Mo J ¢ < <
o {11393+ 0.667In (£ +1444) ) £ =1,
& +1 € —1 c
o= P 46
‘ 2 2 (a) (4.6)
and
2
(1+2) 7 p00a (1-2) =<1
C z z
F (_) - (47)
Az
(14 2) 77 e

The capacitance due to the gap of width ¢ = a, — [} — 2¢ between two adjacent CLS
inclusions is estimated as the odd-mode capacitance of a coupled microstrip line, as

described in Sec. 14.3.2 of [9], and is composed of four parts
[
Co=(Cp+ Cy+ Cy+ C) 52 (4.8)

In order to account for lossy substrates C, is allowed to be complex, i.e. C, = C/,—jCY.
The first term represents the parallel plate capacitance between the strip and ground

plane and is given by

c
C, = eoeTa—Z. (4.9)
The second term describes the gap capacitance in air as
€ 1+\/'r?
am {altvml 0 <k <0.707
C, = . (4.10)
meo/In {240 0707 <k <1

where m = ngc, m' =+/1—m? and g = a, — l; — 2¢ is the gap between two adjacent
inclusions. The capacitance C,; due to the electric flux inside the substrate is estimated

by
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T a, €2

\ 0.02a, /e 1
Oy = 2 Incoth (Zg) +0.650; {L + (1 . —) } . (4.11)
g

C'y denotes the fringe capacitance at the outer edge of the lateral (ly) strips and is
given by

€re €06 C
Cr=0.5 — . 4.12
, {CVOZO - (4.12)

The inductive part L, of a CLS is determined according to the width and length of
l; (Equation 2.39 in [9]) as

Z re
L, = 20VCrey (4.13)
Co

Finally, for thin layers with a, < A, the inductance at the termination of the trans-
mission line with a ground plane is approximated by

Ly = poa,. (4.14)

The overall surface impedance Z,(v) = G(v) 4 j X (v) is given by a series combination
of L, and C, which is connected in parallel with L

2.0) = GoL (ot + — ). (115)

The reflection coefficient is then obtained from (4.4). The resonance frequency is
given by

Vres = 1/\/LaCl. (4.16)

4.2.3 Design Example

A design operating in the Ka-band (30 - 40 GHz) is proposed. The unit cell com-
position is as follows: a, = a, = 1.4 mm, [; = 0.9 mm, /[, = 0.8 mm and ¢ = 0.1
mm. A lossy dielectric (standard FR4) with ¢, = 4.4, tand = 0.02 and thickness
a, = 0.1 mm is used as the dielectric spacer. The effective surface impedance Z,(v)
is determined from the equivalent circuit model and the reflection response R(v) is
obtained afterwards from (4.4). |R(v)| and Z,(v) are plotted in Fig. 4.7 (a) (solid
line) and (b) (solid and dashed line), respectively.
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Figure 4.7: (a) |R(v)| and (b) Zs(v) for the MTM-LRC described in Sec. 4.2.3. Results
obtained with equivalent circuit model (solid, dashed line) and full wave simulation
(dotted line).

The design is then verified through full wave simulations of the realistic structure
with HFSS®, where the simulation model is based on a unit cell and it is assumed
that the coating extends to infinity in the zy plane. The simulation volume is shown
in the left side of Fig. 4.11 and is terminated by a pair of PEC and PMC boundaries
at the sidewalls. The reflection response for TEM wave incidence is obtained at
the excitation (Floquet) port located at a distance of 2\ above the coating. The
simulation volume is terminated with a metallic ground plane on the bottom. The
CLS inclusions and ground plane are modeled by 5 pum thick copper. The simulation
results are plotted by the dotted lines in Fig. 4.7 and are in good agreement with the
equivalent circuit model data.

Reflectivity is reduced by approximately 14 dB at v = 38.7 GHz, where the unit
cell size and the layer thickness are on the order of A\/6 and A/80, respectively.

4.2.4 Optimization and Tuning

Methods for optimizing and tuning the reflection response of MTM-LRCs composed
of CLS inclusions are discussed next. The amount of reflection from the coating is
primarily determined by the effective surface impedance Z,(v) = G(v)+j X (v) (4.15).
According to (4.4) |R(v)| = 0 when Z4(v) = np.

As shown in Fig. 4.7(b), Z, is entirely reactive except in a narrow region near
Ures- 1t 1s inductive for v < v,..s and capacitive for v > v,.,. In the vicinity of v, the
reactive part passes through zero, such that X (v,..s) =~ 0, and the amount of reduction
in reflection is primarily determined by the resistive part G(Vyes)-

Therefore, in order to reduce the amount of reflection at a specific frequency v;,
it has to be ensured that v,.; =~ v;. The resonance frequency is tuned by adjusting
the inductive and capacitive properties of a unit cell and CLS. This is achieved by
varying ly, ls and ¢. Multiple configurations with different resonance frequencies are
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listed in Tab. 4.3 and the corresponding reflectivity curves are plotted in Fig. 4.8.

In the following methods for adjusting the resonance frequency will be given.
Unless otherwise indicated, it will be assumed from now on that a, = a, = 1.4
mm and a, = 0.1 mm. The dielectric spacer is standard FR4 with ¢, = 4.4 and
tand = 0.02. In full wave simulations the CLS and ground plane are modeled by 5
pm thick copper.

The influence of the vertical armlength [; on v, is discussed first. Coatings with
[ = 0.8 mm, ¢ = 0.1 mm and [; varying between 0.6 < [; < 1.1 mm are considered. As
shown in Fig. 4.9(a), v,.s shifts from approximately 47 to 33 GHz as [; increases from
0.6 to 1.1 mm, which is due to the increasing capacitance. Increasing l; decreases the
gap g between the lateral arms of two contiguous CLS and increases the capacitance
(Fig. 4.6a). Due to the fact that v,..s is inversely proportional to the capacitance, vy
shifts to lower frequencies as [; increases and vice versa.

A similar effect is obtained by varying l5. Coatings with [y = 0.9 mm, ¢ = 0.1 mm
and [y varying between 0.6 < [, < 1.2 mm are considered. The results are plotted in
Fig. 4.9(b). As mentioned previously, the gap between two consecutive lateral arms
can be regarded as a parallel plate capacitor whose effective area increases as [, gets

Table 4.3: Dependence of v, on [y, [ and ¢ with a;, = ay = 1.4 mm, a, = 0.1 mm,

Sample mm GHz
b ly C Vres

I 0.6 1.2]0.25| 354

IT 09109 0.10 | 36.9
11 0.8108 | 0.2 | 38.7
1A 0.8 0.8 0.15 | 39.8
\Y% 0.6 | 0.8 0.30 | 42.3
VI 0.6 | 0.8 0.25 | 43.6

e = 4.4 and tand = 0.02.

E_zo_

-251

34 35 36 37 38 39 40 41 42 43 44 45
v [GHZ]

Figure 4.8: |R| for configurations in Tab. 4.3. Results obtained with equivalent circuit
model (solid line) and full wave simulation (dotted line).
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Figure 4.9: (a) Effect of [; and (b) lo on v,¢s. Results obtained with equivalent circuit
model (solid line) and full wave simulation (dotted line).

0 | | | | ! O ! ! ! ! ! | | | !
5 -5
@ "10- 107,
=) i)
=,-151 = -15-
39 &
& -20- & -20-
251 25
'30 T T T T T '30 T T T T T T T T T
0.06 0.09 0.12 0.15 0.18 0.21 0.24 01 2 3 456 7 8 910
a [mm] tan 5 [x107]
(a) (b)

Figure 4.10: (a) Effect of a, and (b) tand on |R(vyes)|. Results obtained with equiv-
alent circuit model (solid line) and full wave simulation (dotted line).

larger and more charge can build up in the gap. This enhances the capacitance and
Vres Shifts to lower frequencies.

The influence of the strip width c¢ is discussed next. If the vertical (/;) and lateral
(I3) armlengths are held fixed, increasing ¢ has two effects. The first effect is that
the gap g between contiguous inclusions decreases, as a result of which the total
capacitance grows and v,..s shifts to lower frequencies. The second effect is that the
total inductance, which is inversely proportional to ¢, decreases and v,.s shifts to
higher frequencies. In summary, depending on the change in inductance (L) and
capacitance (C'), Vyes =~ 1/ VLC can shift to lower or higher frequencies.

Up to now, methods for adjusting v,.; which do not provide any control over the
amount of absorption (reflection) at v,..; have been described. Adjusting the amount
of absorption at v,.s by varying the thickness and loss tangent of the substrate is
discussed next.
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The coating designed in Sec. 4.2.3 with a;, = a, = 1.4 mm, a, = 0.1 mm, {; = 0.9
mm, [ = 0.8 mm, ¢ = 0.1 mm, ¢, = 4.4 and tand = 0.02 is thereby considered.
The thickness of the dielectric spacer is varied between 0.06 < a, < 0.24 mm and
the change in reflectivity at v,..s = 38.7 GHz is observed. The result is plotted
in Fig. 4.10(a). Reflectivity is at minimum when 0.12 < a, < 0.14 mm, where
X (Vres) = 0 and G(Vyes) = 1.

An alternative way of optimizing G(v,.s) is achieved through adjusting tan . The
thickness is kept constant at a, = 0.1 mm and tanJ is varied between 0 < tand < 0.1.
The result is plotted in Fig. 4.10(b). Reflectivity is at minimum when tand =~ 0.015
and increases for higher loss tangents. As tand — 0, |R(vs)| also increases and
approaches unity, indicating that a lossless coating has no effect and is equivalent to
a PEC. In summary, the amount of reflection at v,.s depends strongly on the loss
tangent and thickness of the dielectric spacer.

4.2.5 Angle of Incidence and Polarization Dependence

The analysis has so far been limited to normally incident waves with a specific polar-
ization, TEM modes with E,, H,, k., as shown in Fig. 4.6. The angle and polarization
dependence of reflectivity is investigated in the following. The coating designed in
Sec. 4.2.3 is thereby considered. The reflectivity is determined at the resonance fre-
quency v..s = 38.7 GHz. For normal incidence the reflectivity and effective surface
impedance have been given in Fig. 4.7. Since the equivalent circuit model is valid
only for quasi TEM modes with E,, H,, k. and cannot be used for arbitrary angle of
incidence and polarization, full wave simulations with HFSS® are employed.

From previous discussions, it is known that the simulation model is based on
a unit cell and it is assumed that the coating extends to infinity in the xy plane
(Fig. 4.11). For normal plane wave incidence with E, or E, it suffices to terminate
the simulation volume by a pair of PEC and PMC boundaries at the sidewalls. On

) N T

Floquet port

\

vacuum
R TMand TE
polarization

TM polarization| =—+f |

\

~| 5
\§ periodic é//
] boundaries |

inclusion

isotfopic
substrate P
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Figure 4.11: Simulation volume consisting of a unit cell with anisotropic (left) and
isotropic (right) CLS.
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Figure 4.12: (a) Angle and (b) polarization dependence of |R(vy.s)| for anisotropic
configuration. (c) Angle and (d) polarization dependence of |R(vy.s)| for isotropic con-
figuration. Only in (c): results obtained with full wave simulation (dotted line) and
from (A.6) with Zs(vyes) = 250 — 305 (solid line).

the other hand, for waves with general direction of incidence and polarization, the
phase of the incident wave varies linearly between unit cells and has to be accounted
for. This is incorporated into the simulation model by a pair of linked boundaries
(master/slave) and a Floquet port excitation in HFSS®.

A global spherical coordinate system with 6 and ¢, where ¢ is measured from
the x axis and @ is measured from the z axis, is used to describe the direction of
the incident wave. The Fresnel reflection coefficients R™ for TE and R™ for TM
polarization (App. A) are computed for the design given in Sec. 4.2.3 at .5 = 38.7
GHz. The cross polar reflection coefficients are denoted by RT™®~T™,

The angular dependence of the reflectivity in the ¢ = 0° plane is plotted in
Fig. 4.12(a). R™ remains below 10 dB for § < 40°. Irrespective of the incidence
angle, the coating does not operate for TE polarization. This is due to the anisotropy
of the CLS. The anisotropic response is more clearly seen in Fig. 4.12(b), where 6 = 0°
and the plane of incidence and therefore polarization direction is rotated from ¢ = 0°
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4.2 Metamaterial Low Reflection Coatings

to 90°. R™ and R™ are symmetric with respect to ¢ = 45° at which the coupling
between the two polarization states, i.e. R™ ™ is at maximum.

Isotropy can be provided by adding a second element of the same size and shape
rotated by ¢ = 90°, yielding a subwavelength Jerusalem cross inclusion [85] as shown
in the right of Fig. 4.11. The resonance frequency remains thereby unaffected. The
angular dependence of the reflectivity in the ¢ = 0° plane for the isotropic configura-
tion is indicated in Fig. 4.12(c) by the dotted lines. The solid lines represent results
obtained from (A.6) with 7y = Z(Ves) = 250 — 305 and n; = 1. The results are in
good agreement and it is concluded that the reflection response of an isotropic coating
is accurately described by the surface impedance obtained at normal incidence with
6 = 0° and ¢ = 0°. R shows a minimum at the Brewster’s angle which occurs at
0 ~ 50°. The isotropy is further verified by Fig. 4.12(d). R™ and R™ are equal in
magnitude and do not change with ¢. They are found to remain almost constant at
14 dB. Cross coupling is almost negligible and remains below 25 dB.

4.2.6 Realization

The unit cell composition is chosen according to configuration II in Tab. 4.3, with a, =
ay =14 mm, [, =l =09 mm and ¢ = 0.1 mm. A lossy dielectric (standard FR4)
with €, = 4.4, tand = 0.02 and thickness a, = 0.1 mm is used as the dielectric spacer.
The CLS and ground plane consist of 5 um thick copper. Before manufacturing, the
proposed design is verified with HFSS®. |R(v)| and Z,(v) are plotted in Fig. 4.13
(a) and (b), respectively. At the resonance frequency v,.; = 36.925 GHz maximum
reduction in reflectivity is 11 dB, the ratio of wavelength to layer thickness is about
A/80 and the size of a unit cell is approximately \/6.

2

A plate measuring 250 x 250 mm* and composed of 178 x 178 unit cells is fabri-

cated with printed circuit board technology and its reflection response is measured in

O 1 1 ! ! PR RS RS
1 v =36.925GHz
2 Z,=199-31]
4
— 5] ----Im{Z
8 & . HFSS 2
T g — Experimental — Re{Z}
- .94 |
9 v_ =36.925GHz o
-104 R|= 10 dB NGRS
-114 -
S12 4 ! T T
35 36 37 38 39 40 38 39 40
v [GHz] v [GHZ]

(a)

Figure 4.13: (a) |R(v)| and (b) Zs(v) for the realized MTM-LRC as described in
Sec. 4.2.6. In (a) the solid line represents measurement and the dotted line represents
full wave simulation results.

(b)
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4. METAMATERIAL MICROWAVE ABSORBERS

free space. A portion of the realized sample is shown in Fig. 4.14(a). The measure-
ment result is shown by the dotted line in Fig. 4.13(a). A good agreement between
simulation and measurement is obtained.

A major advantage of MTM-LRCs is that they are much thinner than conventional
absorbers, which can greatly reduce their weight. For example, the rate of absorption
in conventional absorbers, such as the ECCOSORB® MF-112 from Emerson and
Cuming for example, is about 10 dB/cm and in order to achieve an attenuation of
10 dB, a layer thickness of 1 cm would be necessary. The material has a density of 4

2. In comparison, the realized

g/cm?, yielding an effective surface density of 4 g/cm
MTM-LRC with a comparable attenuation level of approximately 10 dB, has an overall
thickness of 0.11 mm (0.01 mm FR4 + 2 x 5 um copper) resulting in a surface density
of about 0.03 g/cm? (FR4 has a density of 2 g/cm?®). A weight reduction by a factor
of 140 per cm? is thereby achieved. In addition to this, MTM-LRCs can be applied

to curved surfaces and can withstand high mechanical stress.

4.2.7 Radar Cross Section Reduction

Canonically shaped bodies play a key role in theoretical and experimental analysis of
electromagnetic scattering. In order to demonstrate the applicability and effectiveness
of the realized MTM-LRC in radar cross section reduction (RCSR), mono and bistatic
RCS measurements of an aluminum cube with an edge length of 5 cm and coated with
the realized sample are performed. The amount of scattering reduction is obtained
by comparing the scattering patterns of the coated and uncoated cube. The cube is
coated on three of its vertical faces with the realized coating from Sec. 4.2.6.

A bistatic measurement setup with separate receive and transmit antennas, as
shown in Fig. 4.14(b), is used. The measurements are carried out at 36.925 GHz,
where the reflectivity of the coating is at minimum. The distance between object
and antennas is 80 cm, so that the far field condition 2D?/\ ~ 60 cm with D = 5
cm and A =~ 0.8 cm is satisfied. In order to account for different incidence angles,
the cube is positioned on a turntable whose orientation is controlled with a motor
controller. The transmitted and received signals are measured with a vector network
analyzer (Anritsu 37269A). The whole measurement process (positioning the cube and
antennas, synchronization of the transmit and receive times of signals) is automated
with the help of a measurement and analysis software.

Measurements are carried out in the ¢ plane with § = 90°. Horizontal polarization
with E, is considered. To provide the correct response of the coating, the vertical
arms ([;) of the CLS are oriented parallel to the ¢ plane. The complex scattering
parameter for the coated S5, () and uncoated S37 (¢) case is measured at different
scattering angles ¢. The normalized scattering cross sections for the coated and
uncoated cube are determined as

0°(p) =20log 1S5 (0] d"“(p) =20log 1S5 (0] (4.17)
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in the monostatic case and

S5 ()] $2° ()
o€ = 20log —=—"— ol = 201log —=——~"" 4.18
() = 20log 1] () = 20008 1t (4.18)

in the bistatic case, where ¢, corresponds to the specular angle at which scattering is
at maximum.

MTM-LRC
coated cube

Figure 4.14: (a) A portion of the manufactured MTM-LRC consisting of CLS inclu-
sions. (b) Measurement setup with the coated cube at its center. The inset shows a
magnification of a part of the MTM-LRC.

0 =90°

MTM
LRC

Figure 4.15: (a) Quasi-mono and (b) bistatic RCS measurement configurations.
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Figure 4.16: Normalized monostatic RCS for the coated and uncoated cube with

horizontal polarization at 36.925 GHz.
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Figure 4.17: Normalized bistatic RCS for the coated and uncoated cube for incidence
angles ¢, = 10°, 20°, 30° and 40°. Horizontal polarization at 36.925 GHz.
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The monostatic configuration with collocated transmit and receive antennas plays
a crucial role in the development of low reflection coatings and is considered first.
In this work, a quasi-monostatic configuration (Fig. 4.15(a)) with fixed receive and
transmit antennas at ¢ ~ 0° and a separation angle of ¢, = 3° is used. Different
backscattering angles are realized by rotating the cube in the ¢ plane. Due to the
symmetry of the cube with respect to the x axis, only backscattering angles between
0° < ¢ < 180° are considered. The uncoated cube is measured first.

The results are plotted in Fig. 4.16. Maximum scattering (0 dB) occurs at specular
directions, which are given by ¢ = 0°, 90° and 180°, and the scattering pattern is
normalized to its value at ¢ = 0°. The coated cube is measured next. Its scattering
pattern is plotted in the same figure. A reduction in RCS of approximately 10 dB is
obtained at ¢ = 0° and 90°, which is in accordance with the reflectivity of the flat
sample of the MTM-LRC shown in Fig. 4.13(a). For 0° < ¢ < 90° the RCS pattern
of the coated cube is well below that of the uncoated one. As the uncoated side of
the cube gets illuminated, i.e. ¢ > 90°, the scattering reduction decreases and the
RCS patterns of the coated and uncoated cube become almost identical.

The bistatic RCS, as shown in Fig. 4.15(b), is measured next. The transmitting
antenna is fixed at ¢ = 0° and the receiving one is swept from ¢ = 3° to o = 90°. In
order to account for different incidence angles, the object is rotated by ¢, = 10°, 20°,
30° and 40°. The results are plotted in Fig. 4.17. RCS is at maximum in the specular
direction for both the coated and uncoated cube. Due to the coating a reduction of
approximately 10 dB is observed in the specular direction at ¢ = 2¢,. The effect of
the coating decreases with increasing incidence angle or ¢,.

4.2.8 Modeling with Impedance Boundaries

Due to limitations on memory and computer performance, it is practically impos-
sible to simulate scattering from electrically large and complex scatterers that are
coated with a realistic MTM-LRC composed of many unit cells. The effective sur-
face impedance provides thereby a simplified description which permits modeling the
coating with impedance boundary conditions. In order to evaluate the accuracy and
efficiency of the impedance approach, simulations with HFSS® and BISTRO have
been carried out. BISTRO is an in house tool based on physical theory of diffraction,
which corrects physical optics by accounting for edge diffraction phenomena. It is ca-
pable of modeling basic scattering mechanisms, including reflection from non-metallic
interfaces and curved surfaces, multiple reflections and diffraction by edges.

As in the previous section, the cube is coated on three of its vertical faces with
the MTM-LRC, which is modeled as an impedance boundary with Z;, = 199 — 315
2 at 36.925 GHz. Results for the bistatic configuration with ¢, = 10° are shown
in Fig. 4.18(a). The measurement results are normalized to the RCS value for the
uncoated cube, obtained with HFSS at the specular angle ¢, = 2¢, = 20° where
scattering is at maximum and slightly above 0 dBsm. For the main lobe and the first
sidelobes the agreement between the RCS curves obtained with different methods is
very good. It can be concluded that the MTM-LRC is accurately described by its
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effective surface impedance and can be modeled by an impedance boundary condition,
which greatly simplifies the analysis.

According to (4.4), maximum reduction in reflectivity is obtained when Z; = ny =
377 Q). The influence of an ideal coating with Z; = 377 {2 on the scattering pattern
of the cube is illustrated in Fig. 4.18(b). The results obtained with HFSS® indicate

a scattering reduction of approximately 28 dBsm in the specular direction.

0 uncoated coated
— HFSS  --
-104 - measurement -
BISTRO

Bistatic angle ¢_

(a)

Figure 4.18: Comparison between different methods for bistatic RCS of coated and
uncoated cube at 36.925 GHz and horizontal polarization. (a) Measurement, HFSS®

0° 10° 20° 30° 40° 50° 60° 70° 80° 90°

RCS [dBsm]

10 i

'60 T

—»— coated (Z=377Q2)
—— uncoated
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(b)

and BISTRO with Z, = 199 — 315 Q and (b) HFSS® with Z, = 377 Q (ideal case).
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5

Results and Conclusion

Metamaterials constitute a new class of composite artificial electromagnetic materials.
The possibility of engineering materials with unique and controllable electromagnetic
properties has led to novel approaches in the realization of enhanced microwave de-
vices. The concepts of metamaterial microwave superlenses and absorbers have been
considered in this work.

In Chapter 3, the imaging capabilities of double negative metamaterial superlenses
excited with arbitrarily oriented dipoles have been investigated. A new type of image
distortion, the unequal transmission of TE and TM portions of the fields, by imaging
with a superlens with slightly perturbed €, and pu, has been identified and studied.

The imaging characteristics of a double negative metamaterial slab have been
considered up to now mainly in two dimensions, in combination with a line source, and
in three dimensions with a dipole oriented perpendicular to the surface of the slab.
In Sec. 3.2, a complete analytical solution for the imaging capabilities of a double
negative metamaterial slab excited by an arbitrarily oriented electric or magnetic
dipole has been derived. The solution for perpendicular dipole source excitation has
thereby been extended to the case of arbitrary excitation and a tool for evaluating
the field intensities in the vicinity of the image plane has been developed.

This tool has been used to determine the exact field distribution in the vicinity of
the image plane of non ideal slabs with €, # —1, u,, # —1 excited by generally oriented
sources. It has been shown that even slight perturbations in the slab material cause a
high-frequency cutoff in the wavenumber spectrum of the transmitted field and lead
to a significant change of the field distribution in the vicinity of the image plane,
resulting in a degradation of the image quality.

The main results of the chapter can be summarized as follows: As long as the real
part of the refractive index of the slab retains its value of Re {n} = —1, deviations in
the real or imaginary parts of ¢, and pu, have identical effects on the field distribution
at the image plane, irrespective of the type and orientation of the excitation dipole.
On the other hand, if ¢, and p, are perturbed unequally such that Re{n} # —1 and
the slab is excited by a dipole oriented parallel to its surface, the TE and TM portions
of the source field are unequally transmitted through the slab. Approximations in the
electrostatic limit fail to predict this phenomenon and obtaining the exact field distri-
bution in the vicinity of the image plane behind the slab becomes important. Based
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on the analytical formulation in Sec. 3.2, a tool has been developed for this purpose.
Furthermore, field intensities behind the slab reveal that a double negative metama-
terial slab does not provide super-resolving capabilities in three dimensions. Double
negative metamaterial superlenses provide super-resolution only in two dimensions at
the image plane.

It can be concluded that, although a double negative metamaterial slab may out-
perform diffraction limited imaging devices, the logarithmic dependence of the cutoff
wavenumber and hence the image quality on the perturbations in the slab material
indicates that it is difficult to realize a 100% perfect metamaterial superlens.

In Chapter 4, the applicability of Drude and Lorentz dispersive metamaterials in
the realization of electrically thin microwave absorbers composed of a single layer
strip-SRR or CLS-SRR metamaterial has been studied. Designs operating in the Ku
band (12 - 18 GHz) have been proposed and methods for adjusting the absorbers
permittivity and permeability to reduce reflectivity at a specific frequency have been
given. It has been shown that it is possible to adjust the effective response of meta-
material absorbers by suitably choosing, combining and dimensioning the inclusions,
providing multiple degrees of freedom during the design process.

Radar absorbing materials are among the most practical and common radar cross
section reduction techniques. Adjusting the electromagnetic specifications of the ab-
sorber to a given application is an important task during the design process. The
limited choice of naturally occurring materials with suitable dielectric and magnetic
properties constitutes thereby a major challenge, making the application of metama-
terials highly feasible.

In the second part of Chapter 4, a systematic way of designing truly planar meta-
material low reflection coatings consisting of periodic arrangements of capacitively
loaded strip inclusions has been described. An equivalent circuit model based on
coupled microstrip line theory has been developed to characterize and optimize the
reflectivity. It has been shown that the amount of reflectivity is strongly associated
with dielectric and conductive loss mechanisms inside the coating.

A design for a coating operating in the Ka-band (30 - 40 GHz), with a unit cell
size of A/6 and overall thickness of \/80 has been proposed, realized and measured.
Although the sample is only 0.1 mm thick, it reduces reflectivity by 10 dB at the
design frequency and has a bandwidth of about one GHz measured at the -6 dB level.

Furthermore, the applicability and effectiveness in radar cross section reduction
has been demonstrated by considering mono- and bistatic scattering from a metallic
cube coated with the realized sample. It has been shown that it is possible to describe
the electromagnetic response of the coating by an effective surface impedance, which
can then be used in the framework of impedance boundary conditions to simulate the
radar cross section of electrically large and complex scatterers.

The use of metamaterial low reflection coatings is a promising approach to reduce
scattering from real targets. This kind of coatings can be made much thinner than
conventional absorbers, which can greatly reduce their weight. In addition to this,
they can be applied to curved surfaces and can withstand high mechanical stress.

It has to be mentioned that, due to its resonant characteristics, the operation

84



bandwidth of the investigated metamaterial low reflection coatings is limited. The
relative -6 dB bandwidth of the realized coating in Sec. 4.2.6 for example is about
3%. Various approaches to widening the bandwidth and improving the absorption rate
at the operation frequencies are under development. A broadband operation range
could be achieved by a combination of multiple layers, each having its own resonance
characteristic, or the application of multiple inclusions with close but slightly different
resonances in a single layer structure.
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Appendix A

Reflection and Transmission
through Layered Media

Reflection and transmission of plane electromagnetic waves from planar layers with ar-
bitrary stratification is considered. The material provides supplementary information
for Chapters 3 and 4. Its contents can be found in [57].

For plane electromagnetic waves incident on a medium composed of planar layers
with arbitrary stratification and various dielectric and magnetic properties the re-
flected and transmitted fields are specified in terms of the reflection and transmission
coefficients

ET E?
R:E and T:E'

(A.1)
E*, E" and E! are the incident, reflected and transmitted electric fields, respectively.
Reflection and transmission in three different configurations consisting of semi-infinite
media, a slab of thickness d between two semi-infinite media and slab of thickness d
backed by a conductor are considered in the following (Fig. A.1).

A.1 Semi-infinite Media

Plane waves incident on an interface between two planar media of refractive indices
ny = \/€rfl1r, N2 = /€22, and characteristic impedances 7, = fir/ €17 Moy Mo =
Lar /€2 Mo, as shown in Fig. A.1(a), are considered.

The incident wave is decomposed into perpendicular and parallel components with
respect to the plane of incidence (xz plane), i.e. perpendicular (TE) and parallel (TM)
polarizations. TE polarization with E% = 0, E; # 0, E' = 0 and TM polarization
with B} # 0, B, =0, E. # 0 are treated separately. The two polarization states can
be combined by the principle of superposition to treat arbitrary polarization.

The boundary condition requires that the tangential field components are contin-
uous across the interface, ie. E. + E; = E. . The law of reflection states that
0; = 0, and that the angle of incidence is equal to the angle of reflection. The angle
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Figure A.1: Reflection and transmission of plane electromagnetic waves incident on

(a) semi-infinite media, (b) single layer slab of thickness d and (c) same slab backed by
a metallic ground.

of refraction 5 is determined from Snell’s law
N9 sin @y = n; sin 6 (A.2)

as sin 0y = (ny/ng) sinfy. The TE-TM reflection and transmission coefficients are

T _,T 9T
R:% and T = T772 7 (A.3)
n + m +

with transverse impedances 771T72 =112/ cos By 5 and an =12 cos ;o for TE and TM
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polarizations, respectively. Using the identity

cos by = [1 — (nl/ng)2 sin? 91} 12 , (A.4)

the reflection coefficients are rewritten as

(m2/m) cos by — [1 — (n1/ns)? sin? 91}1/2

(m2/m) cos B; + [1 _ (nl/n2)2 }1/2
R = _(m/me) cos b1 — [1 = (n1/n2)? sin? 91]12 (A.5)
(m/n2) cos 0y + [1 — (n1/ns)” sin? 01]

sin2 ‘91

Furthermore, if (n;/ n2)2 sin? f; << 1, this term can be neglected and R approximated
as

B RC0sh—m o paa = cost (A.6)

R ~ .
12 cos 01 + 1 12 + 11 cos 0

A.2 Layered Media

A more complex situation occurs when plane waves are incident on media consisting
of an arbitrary number of layers with different dielectric and magnetic properties.
Consider a two-interface problem consisting of a slab of thickness d with ny = /e fio,,
separating the semi-infinite media with n, = /e, i1, and n3 = /€5, i3, (Fig. A.1(b)).
The propagation matrix

A= (A7)

;—T sinay  Cosay

2

cosay  jni sin Oz2]

relates the tangential field components at the slab interfaces to each other. The
electrical thickness of the slab is given by ay = kod [1 — (n1/ n2)2 sin? 9] 1/2 and ky =
now/c is the wavenumber inside the slab. The transverse impedances for TE and TM
polarizations are given by

T T
Moz =M23/costiaz and 1y,3 =1 230080193, (A.8)

respectively. The cosines of the refraction angles in the second and third medium are
determined in terms of the angle of incidence #; from Snell’s law in (A.2) as

cosfy = [1 — (n1/n3)” sin® 01] Y2 and  cos 05 = [1— (ny/n3)” sin? 91}1/2 . (A9)
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If the media 1 and 3 are identical, i.e. ny = ng, then 03 = #; and the wave exits the
slab with the incidence angle. An effective input impedance at the first interface of
the slab is defined as

CAun; — A png +gng tanas

Z - - 77 . )
Agy — Agind > + jn3 tan oy

(A.10)

where A1, A1a, Ay and Agy are elements of the matrix A. The reflection and trans-
mission coefficients are

_ g;zg and T=2 (21242%1412) (A.11)
and can be further expressed as
o[ o]+ ()" — | tam
ny 05+l + 7 [(n§)2 + aneﬂ tan ay
T= 213 15 (A.12)

2 . ’
i) + 0l | sin

—~ |

g I+l cos @z + j |

Finally, if the slab is backed by a perfectly electric conductor as shown in Fig. A.1(c),
its reflection coefficient is obtained from (A.12) by setting 2 = 0 and is

T Tt
R= 1t fanas (A.13)
m 4 Jn; tan o

The wave is completely reflected at the metallic ground and the transmission coeffi-
cient is zero in this case.
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Appendix B

Radar Cross Section

The formal definition of radar cross section and a brief overview of electromagnetic
scattering from arbitrarily shaped objects (or tragets) is provided in this appendix.
The material supports Chapter 4, especially the results presented in Sec. 4.2 and
Sec. 4.2.7. Its contents is mainly taken from [64] and [94].

The detectability of an object (or target) at microwave frequencies is determined
by its radar cross section (RCS). The RCS gives a measure of the scattered energy in
a specific direction when an object is illuminated by an incident wave. It is defined
as

power scattered toward receiver per unit solid angle (B.1)
o= :
incident power density /4w

or

(B.2)

= lim 47nr?
T—00

o = lim 47mr?
r—00

Y

i

where W; ~ |E;|* and W, ~ |E,|? are the incident and scattered power densities.
There are basically two types of radar arrangements, which are the monostatic and
bistatic configurations. As shown in Fig. B.1, the receiver and transmitter are collo-
cated in the monostatic or backscattering arrangement. In the bistatic arrangement,
on the other hand, the transmitter and receiver are separated.

To describe scattering from finite objects, a global spherical coordinate system as
shown in Fig. B.2 can be used. For a time dependence of e/**, the incident wave is

described by
Ei == E0ﬁ€_jkrrz‘§ and 770Hz = % X Ei, (BS)

where
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1 = —xsin#;cosp; — ysinb;sin g; + Z cos b;
and

Zsinf, cos o, + g sin s sin @, + Z cos O (B.4)

>
Il

are the unit vectors in the directions of the incident and scattered waves, respectively.
The polarization vector p of the incident wave is perpendicular to the direction of
propagation and is given by

A~

p = ap,b; + ap, P (B.5)
with the unit vectors
éi = Zcosb;cosp; + ycosb;sinp; — Zsinb;
and
Qi = —xsinp; + ysiny;. (B.6)

In the far-field (kr — o00), the scattered field is also directed perpendicular to the
scattering direction and is given by

efjkr R
E, - T, (bgses v b%@s) (B.7)
kr
with the unit vectors
és = Zcosbcosps + ycosbsinps — 2Zsin b
and
Qs = —Tsinpg+ ysinp;. (B.8)

The corresponding magnetic field is Hy = n9s x E;. The transformation between
incident and scattered fields is described by the scattering matrix S which is defined

B
by, Spu6, Souorl Lag,] .

Finally, the scattering cross section is obtained as

as

0w = lim Amr? | By /By > = N2 /7 Sw|” (B.10)

T—>00
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where u is given by 6 or ¢, and v is given by 6; or ;. RCS is usually expressed in
Decibels as o(dBsm) = 10logo.

monostatic target (scattering obstacle)

scattered field @
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transmitter blStatIC 7
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Figure B.1: Monostatic and bistatic RCS.
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Figure B.2: Scattering in spherical coordinates.
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and Symbols

AIS artificial impedance surface
BW backward wave
CLS capacitively loaded strips

CRLH composite right-left-handed
CW cut wire

DNG double negative

EBG electromagnetic bandgap
FSS frequency selective surface

FWHM  full width at half maximum

HIS high impedance surface
LH left handed
LRC low reflection coating

MTM metamaterial
NRI negative refractive index
PEC perfect electric conductor

PFDM parameter fitting of dispersive mod-

els
PMC perfect magnetic conductor
PML perfectly matched layer
PTD physical theory of diffraction
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RCS radar cross section

RCSR radar cross section reduction
RH right handed
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& & - @ # 0O W

=

transmission line matrix
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high frequency relative permittivity
relative host permittivity

relative effective permittivity
characteristic impedance

loss factor

electric loss factor

magnetic loss factor

wavelength
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high frequency relative permeability
relative effective permeability
frequency

angular frequency

angular resonance frequency
angular plasma or cutoff frequency
electric angular resonance frequency

magnetic angular resonance fre-
quency

electric angular plasma or cutoff fre-
quency

magnetic angular plasma or cutoff
frequency

magnetic flux density vector
electric displacement vector
electric field vector
magnetic field vector
intensity

wave vector

reflection coefficient

position vector
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tand

Poynting vector
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