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Box 3000, FI-02015 TKK, Finland
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*Institute for Theoretical and Applied Electrodynamics, Russian Academy of Sciences
UL Izhorskaya, Moscow, 125412, Russia
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The cross-disciplinary field of metamaterials is emerging into the mainstream of
electromagnetics and materials science research. The spark ignited by the theoretical
speculations of double-negative media in the famous article by Victor Veselago
stayed unnoticed for over 30 years before it expanded into flames of active research
during the present century. Metamaterials are presently the topic of scientific
discussions, seminars, sessions, conferences, at least one dedicated journal, research
programs, networks, and increasingly growing amount of proposals for research
funding.

Networking is one of the characteristic features in the new wave of metamate-
rials research. Due to its interdisciplinary character, it transcends boundaries
between research fields. Investigators come from different traditions. They approach
metamaterials problems, succeed in solving some, fail with others, create new, and
change the way we see the field. The backgrounds are in electrical engineering,
electromagnetics, solid state physics, microwave and antenna engineering, opto-
electronics, classical optics, materials science, semiconductor engineering, and
nanotechnology. The research orientations vary from theoretical analysis, comput-
ational and analytical modeling, and experimentalist approach to application-
interested engineering.

META’08, the NATO Advanced Research Workshop with the subtitle Meta-
materials for Secure Information and Communication Technologies, was organized
in the city of Marrakech in Morocco in early May, 2008. Over 200 participants
from 34 countries had the possibility to hear about the latest advances in the
theory and applications of metamaterials from 13 plenary talks, and in 26 oral
sessions and two poster sessions. META’08 was part of “The Science for Peace
and Security Program” which is open to scientists from NATO, Partner, and
Mediterranean Dialogue countries. In particular, the meeting enjoyed the high
patronage of His Majesty Mohammed VI, King of Morocco.

vii



viii Preface

This book attempts to chart the state-of-the-art of metamaterials research. The
chapters to follow have been invited from selected speakers in META’08. The
contributions are extended articles based on the presentations in the meeting.

The chairman of META’08 was Professor Said Zouhdi from the University
Paris Sud, France. The local organizing committee was chaired by Professor
Rachid Dkiouak from the University Abdelmalek Essaadi. Dr. Alexei Vinogradov
(Institute of Theoretical and Applied Electromagnetism in Moscow, Russia)
served as co-director of the NATO ARW. The meeting was also sponsored by the
METAMORPHOSE Network of Excellence (EU), the Office of Naval Research
Global (UK), GDR Ondes (France), US Army International Technology Center
(UK), SUPELEC (France), CNRS (France), DGA (France), CST (Germany),
IEEE-APS (USA), URSI (Belgium), University Abdelmalek Essaadi (Morocco),
and Laboratoire de Génie Electrique de Paris (France).

A meeting devoted to metamaterials has also its history. META’08 can be
connected to the series of chiral and bi-anisotropics workshops and conferences
that took place in 1990s, and focused on emergent electromagnetic properties in
complex materials and their applications. Two times before, such conferences
have been arranged in the format of NATO Advanced Research Workshop: in
1996 (in Russia [1]) and in 2002 (also in Marrakech [2]).
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Abstract In this article, the concepts of handedness and negative material parameters
are analyzed at a general and qualitative level. Three different usages of handedness
in metamaterials and electromagnetics are distinguished: left-handedness as
characterization of double-negative materials, handedness of the polarization of a
plane wave, and chirality in the structure of matter. The symmetry of the treatment
between left and right is discussed from the point of view of the three uses of the
handedness. It is essential to distinguish the helicity of the spatial shape of the
field vector as opposed to the temporal behavior of the field at a given position in
space. Negative refraction and backward-wave characteristics are discussed in
the case when structural chirality of the medium splits the wave numbers of
the eigenwaves. Finally, negative refraction is connected with anisotropic and
bi-anisotropic materials.

1 Introduction

Metamaterials form such a wide and uncharted range of materials that a coherent
presentation of the possible examples of media that fall in this class is beyond
reach [1]. With powerful new technologies that allow processing of materials at
nanoscales, many types of artificial materials can be fabricated which are endowed
with engineered properties that could only be dreamed of in the past [2]. In addition
to man-made materials, also many naturally existing media display strange and
emergent properties [3]. This fact contributes further to the fact that it is difficult
to draw lines that would separate metamaterials from other, evenly interesting
substances.

Typical to an emergent research field like metamaterials is also its interdisciplinary
character that transcends previously respected boundaries between research fields.
We see people from different traditions and backgrounds approaching and attacking

S. Zouhdi et al. (eds.), Metamaterials and Plasmonics: Fundamentals, 3
Modelling, Applications,
© Springer Science + Business Media B.V. 2009



4 A. Sihvola and S. Zouhdi

metamaterials problems, solving those, and creating new ideas. These researchers
come from electrical engineering, electromagnetics, solid state physics, microwave
and antenna engineering, optoelectronics, classical optics, materials science, semi-
conductor engineering, nanoscience, etc.

The diversity of backgrounds and paradigms is a source of fruitful cross-
fertilization of ideas, and potential for joint research networks where different
strengths and capacities can be successfully combined. But the challenge is to find
the internal cohesion for such joint efforts. Within different domains of science
and engineering, the traditions of doing research and analyzing problems may differ.
Even the formalism and terminology of quantities of the same physical pheno-
menon may vary when researchers from different backgrounds approach the
problem. For example in discussions about magnetism and reciprocity, or plasmonics
and surface waves, concepts may cause initial difficulties in understanding the
language of a colleague.

The present article attempts to cast some light into one area of metamaterials
studies where misunderstandings and ambiguous concepts are being used. What
does it mean to say that something is “left-handed” or “right-handed”? How does
the important phenomenon of negative refraction or backward wave propagation
connect with handedness? How symmetric is the distinction between left and
right? Various ways of looking at handedness, helicity, chirality, order, and
symmetry are discussed. The metamaterials under study are also analyzed from
the point of view of bi-anisotropic classification where the number of degrees of
freedom in characterizing the medium becomes many times larger.

2 Close-Reading of the Term “Handedness”

Handedness is a term that is very much used in the metamaterials literature. Let
us start by discussing the various meanings of handedness within the electro-
magnetics discipline. It is essential to define and analyze these meanings because
very often in even scientific discussions they are used parallel and grave mis-
understandings may result from a wrong association of this term.

2.1 The three meanings of handedness in electromagnetics

Let us separate three different meanings of handedness in electromagnetics and
materials [4]:

1. Metamaterials as “left-handed” media
2. Handedness of the circularly (or elliptically) polarized wave
3. Chirality as geometrical structure of matter
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2.1.1 Metamaterials as left-handed media

The use of the label “left-handed” materials for a certain class of metamaterials
has its rationale from the handedness of the vector triplet (E, H, k) of a linearly
polarized wave propagating in such media; these vectors here refer to the electric
field, magnetic field, and wave vector. Such left-handedness is the situation if both
the dielectric permittivity and magnetic permeability are both negative.

With time-harmonic convention exp(jot), Maxwell curl equations read for
plane-wave functional dependence exp(—jk - r) as

kxE=0nB=ouH, Hxk=w0oD=oncE @)

in homogeneous, isotropic, source-free background with permittivity € and
permeability p. For ordinary media (which have positive permittivity and positive
permeability), the (E, H, K) triplet is right-handed; however in case of both € <0
and p < 0, Eq. (1) makes it left-handed.' Likewise, the time-dependent Poynting
vector S = E x H is parallel to k in the first case and antiparallel in the latter one,
as shown in Fig. 1.2

Fig. 1 For “ordinary” isotropic media (leff), the triplet (E, H, k) is right-handed and the
wavevector Kk points parallel to the Poynting vector S, whereas for negative parameters (right),
the wavevector changes direction and the triplet becomes left-handed (and k and S become
antiparallel).

! Note, however, that even if the handedness of (E, H, k) depends on the sign of & and p, the
triplets (E, B, k) and (D, H, k) are both right-handed, irrespective of the signs of the material
parameters.

2 Faraday’s law k x E = ® B = opuH seems to lead to the conclusion that it is only the sign of
p that determines the right/left-handedness of the triplet (E, H, k). However, it is important to
keep in mind that in order for the waves to propagate, a negative p has to be complemented with

a negative , due to the wave number dependence on the material parameters k = a(pe)".
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Such type of metamaterials obey many other names in addition to “left-handed
media” [5]: double-negative materials, negative-index materials, negative-phase-
velocity materials, backward-wave media, and — due to the theoretical prediction
of their existence in the 1960s [6] — Veselago media.

2.1.2 Handedness of a circularly polarized wave

In the language of electrical engineers, especially antenna engineers, the term
handedness appears in connection with polarization of the electromagnetic wave
or a radio wave. Polarization then refers to the direction and behavior of the
electric field vector which for a circular or elliptical polarization has a character of
helicity, or handedness. The wave is propagating in a certain direction and (in
isotropic media) the electric field is transversal (k + E = 0). In the transversal
plane, the temporal oscillations of the field vector follow an ellipse or circle (in
the case of linear polarization, the ellipse shrinks to a line).

When looking along the wave propagation direction, the wave may rotate in
two directions. According to the Federal Standard 1037C, the polarization is
defined right-handed if the temporal rotation is clockwise when looking from the
transmitter (in the propagation direction), and left-handed if the rotation is
counterclockwise. Hence, the wave depicted in Fig. 2 would be right-handed
circularly polarized.

It is important to bear in mind that this handedness definition is not universal.
For example, astronomers [7] are always looking towards the source (transmitter),
and hence into the opposite direction of the wave propagation. Then also clockwise
and counterclockwise senses swap as compared to the engineering point of view,
and likewise the definition of right- and left-handedness is just the opposite.
Figure 2, however, shows also that if we focus on the spatial behavior of the
electric field instead of the time dependence, the field vector in space at a certain
moment draws a left-handed spiral. The handedness of a fixed object remains
the same even if it is turned or rotated. Both the antenna engineer behind the
transmitter and the astronomer observing the emitted signal in front of the source
agree that the spatial spiral is left-handed. (This fact would favor the astronomy
definition of handedness by removing some arbitrariness in the handedness of the
polarization.)?

3 The talk about handedness is very human-centered. One may ask whether there might be
more “objective” ways to define this difficult concept; for example, by defining in cold
mathematical terms a positive or negative attribute to a structure with a given helicity. It has been
pointed out that the emphasis on right-hand rules and memorizations in engineering education
(which is very common) does not take into account the natural capabilities of all students,
especially handicapped: how does an invalid who has lost both hands benefit from such rules of
thumb?
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Fig. 2 A circularly polarized wave has a sense of rotation and hence can be identified with a
definition of handedness. In this figure the curved arrow shows the temporal rotation of the field
vector in the plane of the two axes and the phase propagation direction is into the paper, shown
with slightly oblique perspective. According to the Federal Standard [8] definition, this wave is
right-handed circularly polarized. Note, however, that the curved spatial structure is a left-handed
spiral. For an interactive applet showing the real temporal behavior of this polarization, see [9].

2.1.3 Chirality as geometrical structure of matter

Handedness is also an everyday concept affiliated with material objects, like
corkscrews, ice hockey clubs, scissors, and construction tools. The mirror image
of a right-handed object is otherwise the same as the original but it is left-handed.
A non-handed object remains the same within this mirror-image operation, because
such an object, after imaging, can be brought into congruence with the original by
simple translations and rotations.

A handed object is called “chiral”,* and if molecules or other small elements
with a particular handedness form a macroscopically homogeneous medium with
net handedness, such a composite can be called chiral medium. Chiral media
possess so-called optical activity, meaning that the polarization is affected. The
effect of the handed microstructure is that the polarization plane of a linearly
polarized electromagnetic wave is rotated along the propagation path. The
connection of chiral microstructure to macroscopic optical rotatory power was
discovered by Louis Pasteur in 1840s. Although analogous to the Faraday rotation

4 From the word in Greek language for “hand.”
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in magnetoplasma, the chirality-induced optical activity is a reciprocal effect,
whereas the classical Faraday effect is non-reciprocal and anisotropic due to the
biasing magnetic field [10].

The mirror image operation is also called parity transformation (all spatial axes
are reversed when parity is changed), and it is a fundamental property of physics
that parity symmetry is broken in subatomic interactions [11]. And also on several
different scales and levels of nature, parity is not balanced. From amino acids
through bacteria, winding plants, right-handed human beings to spiral galaxies,
one of the handednesses dominates over the other [12].

Obviously chirality in structural objects and continuous media is a very basic
manifestation of handedness. Since it also causes observable and particular electro-
magnetic effects (optical activity), one has to pay particular attention in analyzing
phenomena where other meanings of handedness are relevant.

2.2 Equal or discriminative treatment between left and right

Symmetry is an essential concept in analyzing handedness. Symmetry would also
call for equality between the corresponding right- and left-handed objects; at least
it is very compatible with the idea of equal status of two entities that are the same
in all other respects except that they are each other’s mirror images.

How do the three ways of looking at handedness, introduced in the previous
section, differ as far as this aspect of left-—right classification is concerned?

We can immediately note that very obviously the circular-polarization-based
handedness property is fully symmetric. In other words, both senses of polarization
are as easy to generate, and certainly one is as useful as the other. Even if the
conventions differ and definitions regarding which wave is right-handed were not
the same over scientific disciplines, at least it is only a question of phase shift in
dipole antennas with which handedness the radiated wave is polarized.

On the other hand, the use of handedness with the reference to Veselago-type
metamaterials is the totally opposite in this respect. There the “natural” state of
affairs is the ordinary world of “right-handed” materials, as in Fig. 1: permittivity
and permeability are positive as in ordinary materials. Only metamaterials, which
by certain definitions are such media that do not exist naturally [3, 5], can display
material parameters which both are simultaneously negative. As “left-handed”
materials they belong certainly to another class of media which cannot by any
means be treated as parallel status as “right-handed” ones.

What can we say about the third possibility of looking at handedness: the
structural chirality? Very tempting would be to observe that the parity operation
(mirror-imaging the object) does not change chemical or physical properties,
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capacity to be of use for something, or value of the original. The whole world and
universe would probably not notice any difference if it were suddenly mirror-
imaged at all levels.

On the other hand, it is clear that when parity is broken at a certain scale and
entities of a given handedness dominate, such balance is self-preserving and
positive feedback mechanisms perpetuate such a state. When all DNA molecules
twist with the right-handed sense,’ there is no chance of the opposite handedness
to survive. However, the parity balance is turned around on the level of amino
acids: only left-handed ones exist in natural proteins [12].

So, even if by coincidence of evolution and chance parity is broken on various
scales in the natural world, it is nevertheless broken to both directions, left and
right, and one might expect equal treatment with respect to this left-right variation
on the global level. However, the human preference of right over left can be seen
in the taxonomy of animal species. As Fig. 3 illustrates, the sea snail of genus
Busycon, displaying left-handed chirality in its structure, has been given as its
species identification the label perversum. The origin of such a derogatory name is
most probably due the abnormality of left-handedness: such whelk molluscs are
predominantly dextral, right-handed.

Fig. 3 The marine mollusk Busycon perversum (lightning whelk) is left-handed in the sense of a
three-dimensional screw (on the right-hand side of the figure). The strangeness of the
handedness (most seashells show rotation along the right-handed sense) is most probably the
reason behind the discriminative label (perverse!) for this species. (Image of the whelk taken
from Wikipedia Commons.)

5 The left-handed version of such nucleotides can be prepared in the laboratory; but in nature,
only right-handed isomers exist.
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3 Chirality and Negative Material Parameters

Isotropic Veselago materials with simultaneously negative permittivity and
permeability cause waves to behave in interesting ways. However, if structural
handedness is added to such materials, the parameters that account for the chirality
also affect the wave propagation problem. Chirality brings in magnetoelectric
coupling and birefringence. But it also leads to the imperative that the pheno-
menon of negative refraction needs to be generalized.

3.1 Bi-isotropy and eigenwaves

As is well known [10], net chirality in the continuum matter brings forth magneto-
electric coupling. In other words, electric field excitation causes magnetic polari-
zation in the medium and vice versa. Hence the material response relations have to
be rewritten from their dielectric—magnetic form.

3.1.1 Bi-isotropic constitutive relations

On the level on constitutive relations, the magnetoelectric cross-coupling means
that in addition to the permittivity € and permeability p, a parameter measuring the
strength of chirality x has to appear:

D=¢E+(y—-jx)H, B=(y+jx)E+uH )

with the electric (E) and magnetic (H) field strengths, and electric (D) and
magnetic (B) flux densities.

In isotropic media, the material parameters are equivalent to scalars. Here now,
to emphasize the magnetoelectric coupling, the relations are termed bi-isotropic,
and due to the fact that there are two exciting fields and two response flux densities,
in the most general case four material parameters are needed.

The missing fourth parameter is already included in Eq. (2): it is the so-called
Tellegen parameter y, which is a measure of non-reciprocal magnetoelectric
coupling. This mechanism is another type of coupling that can be achieved by
artificial (or natural) coupling of permanent electric and magnetic moments [13,
14]. Note the appearance of the imaginary unit j in the relations (2). It shows the
90° phase shift of the response due to chirality effect (charge separation in a spiral
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creates a circulating current which is proportional to the time derivative of charge
density), as compared to the in-phase response of the non-reciprocal magneto-
electric (Tellegen) effect.

Media with nonzero non-reciprocity parameter y are sometimes called Tellegen
media, whereas in case of chiral materials (nonzero k) one often speaks about
Pasteur media.

3.1.2 Effect of magnetoelectric coupling on wave propagation

Unlike to the ordinary isotropic materials and double-negative Veselago media,
bi-isotropic materials are birefringent: the two eigenwaves propagating in
bi-isotropic media have different propagation factors:

k, =a)(\/u£—;(2 iK) ()

Both magnetoelectric parameters y and k affect the phase of the wave.¢

The effect of the chirality parameter is to split the refractive index. This leads
to a need to take a closer look at the backward-wave properties of media with
negative permittivity and permeability. Figure 4 shows on the left panel the division
of isotropic media into four classes depending on whether € and/or p are positive
or negative [16], and a propagating wave requires the parameters be of the same
sign. Double-negative media support backward waves.

However, when the chirality parameter is allowed to be nonzero, the situation
is characterized by the right panel in Fig. 4 (there, for simplicity, the Tellegen
parameter y is assumed to be zero). The permittivity and permeability are assumed
to be of the same sign, and the square root of their product is assumed to have the
same sign as € and . Depending on the magnitude of the chirality parameter, both
eigenwaves can be forward (the wave vector amplitudes both positive), both
backward (both wave vector amplitude negative), or one of the waves forward,
one backward. A corollary is that in order to create negative-index materials
(backward-wave media), it is not a necessary condition to have double-negative
material. It suffices that the chirality parameter exceeds the magnitude of square
root of pe.

6 It turns out that the losslessness condition [15] leads to the requirement that all the four
material parameters in Eq. (2) be real-valued. (Of course, when dispersion is taken into
consideration, losses and the imaginary parts for these parameters need be accounted for, and we
need to deal with four complex medium parameters.) It is therefore wrong to interpret in the
constitutive relations (2) the magnetoelectric coefficients y + ji and ¥ — jk as complex conjugates
of each other in the sense that k would be the imaginary part of the whole coefficient. (The
complex conjugate of y + jk is x* — jik*.)
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Fig. 4 The effect of chirality on the backward-wave characteristics of bi-isotropic media. Left
side: in isotropic media, waves propagate only if the permittivity and permeability are of the
same sign, and positive parameters lead to forward waves, negative to backward ones. Right side:
when ¢ and p have the same sign, a sufficiently large chirality parameter «k creates a situation
where one of the eigenwaves is backward, while the other is forward. (The sign of the square
root of e is assumed the same as that of € and p in this figure).

Hence sufficiently small (absolute) values of € and p lead to interesting possi-
bilities in connection with chiral properties. The extreme case in this respect is the
so-called chiral nihility [17] where pe = 0 but the medium still possesses a
nonzero chirality parameter. The nonzero value of « splits the eigenwaves such
that they have equal but opposite wave numbers.

Also even without the chirality effect, in the plain isotropic domain, the regime
of very small values for the permittivity and permeability are of interest in meta-
materials research. Such media, also called as zero-index media (ZIM),” would be
extremely useful in very-high frequency applications of novel materials, such as
for example optical circuits. To transfer the machinery electronics into optical
wavelengths and to make use of the theories and powerful results of circuit theory
in the nanoworld would create a new paradigm, metactronics, as has been visioned
by Nader Engheta [19].

7 Tt is worth noting that although media with “very small” permittivity and permeability lead
to a material with very small index of refraction and eventually ZIM, the reverse is not
necessarily true. Even using non-magnetic materials (for which the permeability is the same as
that in free space), one can approximate ZIM if only the permittivity is sufficiently small. Such
media have been called epsilon-near-zero materials (ENZ). Such materials are being studied due
to their potential applications, for example, in directive emission [18] and squeezing light in
optical nanocircuits.
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3.1.3 Non-reciprocity and wave propagation

The effect of the Tellegen parameter y, on the forward—backward characteristics is
different from that of the chirality parameter k. When the magnitude of y exceeds
that of the square root of gy, the waves change character: they attain an imaginary
part and become attenuating. (However, in such case there may still be phase
variation: the real part of the wave vector is given by k, as Eq. (3) shows).
Nevertheless, also in the case when the Tellegen parameter of the medium is
nonzero, backward waves are possible.

The interrelation of the domains of backward-wave media and the four
subclasses of bi-isotropic materials is illustrated in Fig. 5.

Fig. 5 Negative-index media (NIM, here referring to media in which a plane eigenwave is
allowed to display backward propagation, in other words negative phase velocity) are allowed in
all subfields of bi-isotropic materials: chiral (handed) and non-chiral, reciprocal and non-
reciprocal.

3.2 Optical activity and polarization rotation

Pasteur’s discovery (connection of microstructural chirality with macroscopically
observable polarization rotation) was qualitative. To present a formula for calculating
the angle of rotation as function of the chiral activity requires solution of Maxwell’s
equations with the constitutive relations (2). In light of the theme of the present
article, handedness, it is especially interesting to find out which is the sense of
helicity (right- or left-handed) for a given chirality parameter (positive or negative).
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The eigenwaves in homogeneous chiral media are the two circularly polarized
(right- and left-handed) waves [10]. Let us assume that the waves are propagating
into the direction of the positive z axis. Then their dependence upon the propag-
ation distance is exp(—jk.z), with k. being the propagation constant of the right-
handed (+) and left-handed (—) eigenwave.

The electric field vectors rotate in the xy plane (unit vectors u, and u,), and as
complex vectors they can be written as

RCP: wu —ju,; exp(-jk,z), k, =w(ue+x)

4
LCP: wu, +ju,; exp(=jk z), k =aw(Jue—-x) )

If the wave is linearly x polarized at z = 0, it is the sum of RCP and LCP, both
of equal amplitudes. For positive k, the wave number of RCP is larger than that of
LCP. Hence its phase changes faster. The result is that at a distance into positive z,
the vector direction of the electric field is

(u, —ju,)exp(-jk,z)+(u, - ju )exp(-jk_z) (
8))
= Z[ux cos(wkz)—u, sin(a)/cz)]exp(— ] a)\/E z)

from which it can be seen that at position z = 0, the field vector is x-polarized as
assumed.

In particular, Eq. (5) shows that at any fixed position z, the electric field is
linearly polarized (the vector multiplying the phase exponential is real). The plane
of polarization of the wave in the transversal xy-plane, however, depends on the
position z. As the field penetrates into the chiral medium and z increases, the field
polarization starts to attain a negative y component. This means that the polari-
zation rotation is counterclockwise (for positive k) when one is looking along the
propagation direction.

This analysis can be illustrated by the situation in Fig. 6. There the sign of « is
assumed positive in the chiral material, and the plane of polarization of the
propagating wave rotates counterclockwise.?

8 One has to bear in mind that over a larger spectral range, the chirality parameter is dispersive:
its magnitude varies as function of frequency. For resonating particles, the rotatory dispersion can
be so strong that it even changes sign [20]. This leads to a paradoxical situation: a sample of
material which is, say, dextral (i.e., it has right-handed microstructure), can have the power of
rotating the wave polarization in either right- or left-handed sense, depending on the frequency of
the radiation.
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Fig. 6 The rotation of the polarization plane of a linearly polarized wave as it enters a chiral
medium and propagates through it. Here the chirality parameter « is assumed to be positive (for
negative K, the rotation would run in the opposite sense). The important conclusion of the figure
is that the rotation is counterclockwise as one looks into the propagation direction. (Of course
there also is a reflection, caused by the possible impedance mismatch at the boundary; it is
omitted here because the chirality parameter does not affect the reflection coefficient for normal
incidence.) Note that here the constitutive relations defined in (2) are used (the non-reciprocity
parameter x does not affect the rotation). Also, the time-harmonic convention is exp(jot);
evidently the convention exp(—imt) would chance the sense of rotation.’

There are two “wavelengths” that can be distinguished in wave propagation in
chiral medium, evident from the field dependence in Eq. (5). As Fig. 6 shows, the
polarization rotates, and after a certain distance A, the field polarization aligns
with its original direction. This could be termed the “polarization wavelength.”
According to Eq. (5) this happens when o, = 2.

The other wavelength is the ordinary wavelength A, separating spatial places
where the phase of the wave has increased by 2n. Equation (5) gives the condition
for this: w(pe)"? Aph = 27T

The ratio between these two wavelengths is

® A comparison of the field rotations of Figs. 6 and 2 needs a word of caution because a
fixed-in-time image may lead to wrong associations. Here (Fig. 6) the fields shown are linearly
polarized; hence, in time they always keep the same vector direction shown in the picture but
oscillate sinusoidally. The situation of the circularly polarized wave of Fig. 2 the situation is
different: there the picture shows a snapshot (at a certain time instant) of the field vector
direction simultaneously at different places. With time, the helical spiral representing the field
moves forward so that at any fixed point in space, the field vector draws a clockwise circle like
RCP.
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which relation reveals an interesting connection to the backward-wave charac-
teristics in chiral media. As shown in Fig. 4, if the chirality parameter k exceeds
the value of the square root of the product ep, one of the eigenwaves is backward.
According to Eq. (6), this very same limiting condition corresponds to the case of
the two wavelengths (polarization, A, and phase, A,;) being equal.

3.3 Rotation of reflection from Tellegen medium

The other magnetoelectric effect, the non-reciprocal Tellegen coupling, has a
complementary effect on wave propagation. Instead of affecting, in a rotatory
manner, the plane of the transmitted wave, it has an effect on the reflection. As is
known, reflection coefficient is determined by the wave impedance. A Tellegen
medium is bi-impedant whereas the chiral medium is bi-refringent.

For an ordinary isotropic dielectric-magnetic medium, there are two Fresnel
reflection coefficients, one for the parallel and one for the perpendicular polariz-
ation. Since a magnetoelectric medium is more complex than an isotropic medium,
the eigenpolarizations are no longer these simple linear solutions. The reflection
problem needs to be described by a reflection matrix.

Let us study the reflection problem from a half space of Tellegen material with
material parameters €, |, and non-reciprocity parameter y. For simplicity, let the
incident wave fall from free space (wave impedance 1y) with normal incidence on
the planar boundary, according to Fig. 7. Then [10] the co-polarized and cross-
polarized reflection coefficients can be written as functions of the parameters of
the Tellegen half space:

2 - n' - R __ ~2umsinG
Cnt 4+l +2nn,c080° T n? 4l +2nn, cosd
@)
2
with sind=—% , cosf= I—Z—, 77:\/Z
N7 ' ue &

Here the Tellegen character of the medium is measured by a slightly more
convenient parameter O which has a straightforward connection with y. The
special case of reflection problem from an isotropic, reciprocal half space (for
which the Tellegen parameter y vanishes: sin@ = 0, cosb = 1) is easily seen to
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follow from Eq. (7): no cross-polarized reflection, and the co-polarized reflection
coefficient becomes the well known relation (n — ng)/(n + Mo)-

Very interesting in the result (7) is the direction of the cross-polarization. When
a linearly polarized wave is reflected from Tellegen medium, the reflected field is
also linearly polarized but it is pointing to a different direction. The rotation angle
is affected by both the impedance contrast of the medium and vacuum, and
particularly the Tellegen parameter. For a “high-impedance” surface (n > ny), the
reflected wave is rotated counterclockwise for positive values of y, and clockwise
for negative values.!® Due to the fact that the co-polarized reflection coefficient
keeps the sign of n — no, the rotation is inverted for “low-impedance” surfaces
(M <Mo)- In that case there is also a 180° phase shift in the co-polarized reflection
but nevertheless the polarization plane of the reflected field is rotated clockwise
(for positive y).

Fig. 7 The rotation of the polarization plane of the reflected field when a linearly polarized wave
hits a planar boundary between free space and Tellegen medium. The Tellegen parameter y, is
assumed positive and its impedance m is assumed higher than that of free space. In this case the
reflection is counterclockwise as shown. Changing either of the conditions causes the rotation be
clockwise. (In the general case, there also exists a transmitted wave that penetrates the Tellegen
medium; it is, however, omitted here because the most interesting effect of y is on reflection).

10 From the rotatory power in reflection it can be inferred that Tellegen medium is non-
reciprocal: one cannot change the incident and reflected fields in Fig. 7 because a field
approaching the surface with the orientation of the reflected field would suffer a further rotation
into the same direction as the rotation in the figure, and the rotation would not be unwound.
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3.4 Generalization to bi-anisotropy

When the assumption of isotropy (or bi-isotropy) is relaxed, very many more
dimensions are needed to characterize media. Anisotropy means that the direction
of the field force of excitation affects the amplitude of the response and such
a situation may appear when the microstructure of the medium does not possess a
spherical or cubic symmetry, it is, for instance, composed of oriented needle-like
elements. For anisotropic media, in the constitutive relations, permittivity and
permeability have to be described by dyadics or second-rank tensors, instead of
scalars like in Eq. (2). In three-dimensional space, a dyadic can be expanded as a
3 x 3 matrix, and hence the most general anisotropic permittivity has 9 degrees of
freedom, likewise the anisotropic permeability.

When anisotropy and magnetoelectric coupling are both allowed, all four
parameters ¢, 1, ¥, and k become dyadics (in the following denoted by a bar under
the symbol), and one can say that to span the full material space requires 36
dimensions [21], cf. Fig. 8.

Fig. 8 Bi-anisotropic media are very general linear media, and the four material dyadics
comprise together 36 parameters responsible for the magnetoelectric behavior. Anisotropic, bi-
isotropic, and isotropic media can be considered as subclasses of bi-anisotropic materials with
18, 4, and 2 degrees of freedom, respectively.

On the level of equations, the constitutive relations can be collected into a six-
vector presentation where electric and magnetic vector quantities (field strengths
E and H on one hand, and the flux densities D and B on the other) are joined
together in the following manner:
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D £ 7 —jx' ) (E E
= £ 2 =C-
MR R

and here the four dyadics are generalizations of the scalar bi-isotropic material
parameters. The equation also defines the material matrix C. Note the transpose
operation of the magnetoelectric dyadics in the upper right position of the material
matrix. It is with this definition that the reciprocal (k) and non-reciprocal (y) parts
of the magnetoelectric effects are kept separate.

How, then, does the discussion in the previous subsection concerning the back-
ward-wave characteristics of media apply to the bi-anisotropic environment? An
effective tool for answering this question turns out [22] to be the material matrix C
in Eq. (4). For lossless media, the matrix C is Hermitian (it is equal to its conjugate
transpose) [15]. For ordinary double-positive isotropic medium, the eigenvalues of
the C matrix are all positive, for double-negative media they are all negative.
Indeed, for general bi-anisotropic materials, the character of definiteness of matrix
C determines the forward—backward character of its eigenwaves. If C is positive
definite (all of its six eigenvalues are positive; note that the eigenvalues of a
Hermitian matrix are real), all waves that propagate in it are forward waves. In the
case of negative definite matrix C, the waves are all backward. However, if the
matrix is non-definite, there are several possibilities: some of the waves may
be forward, some backward, or it may even happen that some or all waves are
evanescent, they do not propagate.

4 Conclusion

Within a multidisciplinary research field such as metamaterials, the terminology
and labeling of phenomena and quantities under discussion need be carefully
analyzed. Many aspects on parity, symmetry, and handedness were discussed in
the present article. The division of semantics of handedness — with respect to
electromagnetics — into three categories (negative-index and plasmonic media as
left-handed materials, polarization of circularly/elliptically polarized wave, and
geometrical parity-breaking structure of matter) helps in understanding and
categorizing complex effects involving metamaterials. Especially the question of
treatment between left and right (whether on equal basis or as the left-handed
phenomenon as anomaly) was shown to be essential. In a general frame of electro-
magnetics of bi-anisotropic media, the three aspects of handedness can be clearly
seen to occupy distinct places in the characterization of macroscopic effects of
metamaterials.
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Abstract A dispersion relation for the combined effect of scattering and absorption
of electromagnetic waves is employed. By invoking the optical theorem, the result
states that the extinction cross section integrated over all frequencies is related to
the static polarizability dyadics. In particular, it is established that the integrated ex-
tinction is the same for all materials having identical static properties, irrespectively
whether the permittivity or the permeability have negative real parts at non-zero fre-
quencies or not. The theory is illustrated numerically, and, moreover, it is verified
experimentally on a sample consisting of a single-layer planar array of capacitive
resonators claimed to form a negative permittivity metamaterial. It is concluded that
the theory is in good agreement with measurements in the microwave region.

1 Background

In a series of papers [15—-17], the holomorphic properties of the forward scattering
amplitude have been exploited and experimentally verified. As a result, a sum rule
for the extinction cross section is established. This outcome hinges on the physical
principles of causality and energy conservation — both well established and tested
— and relates the (weighted) integrated extinction to the static material properties
of the obstacle. A rather intriguing consequence of this sum rule is that the static
properties — quantified by the polarizability dyadics — measure the broadband scat-
tering and absorption strengths of the obstacle. Fortunately, a large literature exists
on how to compute the polarizability dyadics, and for several canonical geometries
analytic expressions exist, see e.g., [3, 18, 19]. The sum rule has also been exploited
in antenna applications to give new bounds on the product of gain and bandwidth of
antennas of arbitrary shape [2, 14].
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The direct measurement of the forward radar cross section (RCS) in free space
is experimentally difficult since the largest part of the detected field at the receiving
antenna consists of a direct illumination by the transmitting antenna. The direct il-
lumination contributes with a dominating background that has to be removed from
the detected field, either using coherent background subtraction or other signal pro-
cessing methods. Monostatic RCS measurements are therefore to be preferred, com-
pared to forward RCS measurements, if they can be used for the purpose at hand.
This paper describes a method to determine the extinction cross section for a thin
and non-magnetic planar object over a large bandwidth in the microwave region.
The method is based on a conventional measurement of the monostatic RCS and
the fact that the RCS amplitude in the forward and backward directions are equal if
the illuminated object is planar and non-magnetic [12, 17]. The monostatic method
is compared to and validated with a more general measurement technique based on
the RCS in the forward direction.

2 A Sum Rule for the Extinction Cross Section

This section sets the notation of the problem and states the main theoretical results
used in this paper, but no proofs are given. For proofs we refer to the pertinent
published papers [15, 16].

Consider the scattering problem of a plane electromagnetic wave Eexp{ikﬁ -x}
(time dependence exp{—i®t}) impinging in the k-direction on a target embedded in
free space. The wave number in free space is denoted by k = @w/cy. The target can
be a single scatterer or it may consist of several non-connected parts. The material
of the scatterer is modeled by a set of linear and passive constitutive relations which
are assumed to be invariant under time translations (i.e., stationary constitutive rela-
tions). The scattering dyadic S is independent of E, and it is defined in terms of the
scattered electric field Eg as [1,7]

S(k;k ~ %) -E = lim xe *E(k;x)

X—00

where x = |x| denotes the magnitude of the position vector, and ¥ = x/x. A target’s
overall scattering properties are commonly quantified by the scattering cross section
Os, defined as the total power scattered in all directions divided by the incident
power flux. The extinction cross section Oext = O + Oy is defined as the sum of
the scattering and absorption cross sections, where the latter is a measure of the
absorbed power in the target [1]. The extinction cross section is also determined
from the knowledge of the scattering dyadic in the forward direction, & = Kk, viz.,

A

4 P
Gext(k;k,é):glm{é*-S(k;kmk)-é} 1)
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An asterisk denotes the complex conjugate, and the electric polarization é = E/|E|.
Relation (1) is known as the optical theorem or forward scattering theorem [1, 7].

A dispersion relation for the combined effect of scattering and absorption of
electromagnetic waves is derived in [15] from the holomorphic properties of the
forward scattering dyadic. One of the underlying assumptions of the result is that
the forward scattering is causal, i.e., the scattered field must not precede the incident
field in the forward direction. The result is a sum rule for the extinction cross section
valid for a large class of linear and passive targets: !

A

oo ;k, e N
/0 de g(e Yo+ (kKx &)y, - (kx@)) ()
where 7, and Y,, denote the electric and magnetic polarizability dyadics, respec-
tively [3, 18]. This identity holds for all scatterers satisfying the assumption above,
and it constitutes the main theoretical result used in this paper. This rather intriguing
result has far-reaching consequences on how much an obstacle scatters and absorbs,
and it also quantifies the interaction between parts with different materials.

The electric (or magnetic) polarizability dyadic is accessible as an analytic ex-
pression for a limited set of canonical bodies, e.g., a homogenous, isotropic dielec-
tric sphere of radius a with static permittivity £(0) has the polarizability dyadic
Y. [3.18]
£(0) — 1 4na’
€0)+2 3

Ye=3

where I denotes the unit dyadic. Fortunately, for other more complex geometries, the
polarizability dyadic is easy to compute using e.g., a finite element (FEM) solver.

The integrand on the left-hand side of (2) is non-negative. Therefore, for any
finite frequency interval K = ko[1 — B/2, 1 + B/2] with center frequency k¢ and rel-
ative bandwidth B, the identity implies for some k¥ € K

g = o S @ e (k) (kxd) O

where ¢ denotes any of the cross sections O, Os, and ©,. For all scatterers with
the same static polarizability dyadics, this inequality shows that large scattering in
a frequency interval is traded for smaller bandwidth, since the left-hand side of the
inequality is bounded from above by the right-hand side.

The extinction cross section Ogx; measures the total interaction of the incident
plane wave with the obstacle, and the integral on the left-hand side of (2) provides
a measure of the overall scattering and the absorption properties of the obstacle.
As a consequence of (2), large scattering or absorption effects, i.e., a large left-
hand side of (2), call for large electric and/or magnetic polarizability dyadics. In

1A similar, but less developed, sum rule has been reported in the literature, see e.g., [9, p. 423]. The
first employment of the sum rule in electromagnetics seems to go back to Purcell, who presented
the sum rule for dielectric spheroidal scatterers [11].
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other applications, like cloaking, the extinction effects must be small (at least in a
finite frequency interval) and the electric and magnetic polarizability dyadics have
to be as small as possible for a given volume. In both cases, the static properties
act as a measure of the dynamic effects. We also immediately conclude that all
scatterers having the same right-hand side, i.e., polarizability properties, have the
same integrated extinction.

The effects of (2) are exploited in this paper, and in a few numerical examples,
see Section 4, we illustrate that two materials with the same static properties have
identical integrated extinctions. Several of these examples show metamaterial char-
acteristics, i.e., the material has temporally dispersive material parameters where
both the real parts of the permittivity and the permeability are negative in the same
frequency interval. In all cases it is the static properties of the obstacle that deter-
mine the integrated scattering properties. The experimental verification of the sum
rule is presented in Section 5.

3 Material Modeling

At a single frequency, when causality has no meaning, the material modeling of the
scatterer is less critical. However, dealing with the broadband properties of a scat-
terer, it becomes important to use physically suitable dispersion models. In partic-
ular, the models have to be consistent with the passivity and causality assumptions
made above. As a consequence, the material models have to satisfy the Kramers-
Kronig relations [1, 5]. This is a consequence of the fact that f(®) = we(w) is a
Herglotz function [8] in the variable @. Basically, a Herglotz function is analytic in
the upper half complex plane, and it maps the upper complex plane into itself.

In this paper we use the Lorentz model, which models the resonance behavior of
many solid materials. The relative permittivity of the Lorentz model is:

. R (@ya/c0)"
€(0) = & @ —wgt+iov (ka)’ - (afco)? +ika(va/co) @

The positive constant €. is the optical response of the permittivity, and the constant
@y, is the plasma frequency that models the strength of the dispersion. The resonance
frequency of the model is determined by the angular frequency, @y, and the collision
frequency v > 0. With appropriate choice of the material parameters, the real part
of the permittivity becomes negative. The explicit value of the permittivity in the
static limit (w0 = 0) is €(0) = €.+ a)g/a)g. A similar model is also used for the rel-
ative permeability t. The Lorentz model employed in this paper has the parameters
€0 = 1, @pa/co =3, wpa/co =2, and va/cy = 0.6.
The Drude model is a special case of the Lorentz model for which @y =0, i.e.,

((ka)® + (va/cy)®)es — (@pa/co)® . (wpa/co)’(va/co)

e(@)= (ka)?+ (va/co)? Ka((ka)? + (va/co)?)
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This choice implies that the real part of the permittivity is negative over a large fre-
quency interval, i.e., w? < a)g /€ — v2. This model is used to describe the dispersive
behavior of metamaterials, and at low frequencies it shows strong affinity with the

.. . . . 2
conduc.t1V1ty. model €(®) = & +ig/(&). In fact, the conductivity ¢ = &ay, /v
can be identified from Drude’s model.

4 Numerical Illustrations — Spheres-Doublets

In this section, we illustrate the theoretical results presented in Section 2 in two
numerical examples using the material models described in Section 3. The scatter-
ing geometry consists of two spheres, radii a and b, respectively, as illustrated in
Fig. 1. In all examples, the plane wave impinges along the symmetry axis of the
scatterer with an electric polarization € in the xy-plane, which can be either a real-
or a complex-valued unit vector. All frequencies are measured in the dimensionless
parameter K = ka, and all cross sections are scaled with 27a?. The identity in (2),
then reads

o ;R’A 1 A i Ak ik e

The numerical computations in this paper utilize the null-field approach, which is
an efficient method to evaluate scattering by non-connected objects [10].

In the first example the extinction cross section of two identical touching Drude
spheres (radii @ = b and d = 2a) is computed for two material settings. In the first
setting € = U at all frequencies, i.e., a material that shows metamaterial character-
istics at low frequencies, and in the second setting both spheres are non-magnetic,
U = 1. The result is shown to the left in Fig. 2. Explicit values of the permittivities
are given in Section 3.

The contribution to both the electric and the magnetic polarizability dyadics in
the case € = u is [19]

A
\j

Incident plane wave

b \’

Fig. 1 The geometry of the two spheres. The sphere with radius a is located at dZ/2 and the sphere
with radius b is located at —dZ/2. The direction of the incident wave in all examples is k = Z.
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Fig. 2 (Left figure) The extinction cross section of two equal, touching (d = 2a) Drude spheres
(radii a = b) as a function of ka. The solid curve shows the extinction cross section for € = , and
the broken curve when both spheres are non-magnetic, 1 = 1. All cross sections are normalized
with 27a?. (Right figure) The electric (or magnetic) polarizability, normalized with 47m3/ 3, for
the same geometry as a function of the separation distance d. The circles illustrate the numerical
values.
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where {(z) is the Riemann zeta-function. The non-magnetic spheres have no mag-
netic contribution, but only an electric contribution. The right-hand side of (5)
for the two curves in Fig.2 therefore assumes the values 37{(3) = 11.33 and
3n8(3)/2 = 5.66, respectively. These figures are retrieved using numerical in-
tegration over the frequency interval in Fig.2 with three digits (11.3 and 5.66,
respectively). It is intriguing to conclude that these numbers are independent of all
the material parameters of the Drude spheres, i.e., independent of €., @p, and V.

A further verification of the integrated extinction in (5) is presented to the right in
Fig. 2. This figure shows the analytically computed polarizability, ¥, of two identical
Drude spheres [19] as a function of the separating distance d. The values obtained
by numerical integration according to (5) are shown with circles.

The second example illustrates the computation of the extinction cross sections
for two different sets of material parameters with identical static values. Two touch-
ing, d = 3a, non-magnetic Lorentz spheres, radii a and b = 2a, respectively, are
used. The result is displayed in Fig. 3. The solid curve shows the extinction cross
section when the two spheres have materials as given in Section 3. The broken curve
shows the extinction cross section for two Lorentz spheres both having parameters
€0 =1, wpa/co = 4.5, wpa/co = 3, and va/co = 0.6. These two sets of materi-
als have a static permittivity €(0) = 13/4, and therefore the same right-hand side
of (5). The boxes shown in Fig. 3 also have the same integrated extinction, and they
indicate the bandwidth of the scattering at the first resonance frequency.
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12

2xLorentz

0 5 10 15
ka

Fig. 3 The extinction cross section of two touching Lorentz spheres as a function of ka. Both
spheres have identical material parameters and they are non-magnetic, it = 1, with radii @ and b =
2a. The data of the scatterers are given in the text. The boxes have the same integrated extinction
as both curves. All cross sections are normalized with 27a?.

The polarizability dyadic contributions from the two Lorentz spheres are the
same, i.e.,

dna’
3
The right-hand side of (5) then becomes 11.82 in both cases. The integrated extinc-

tion is computed using numerical integration over the frequency interval in Fig. 3.
The results are 11.8 and 11.7, respectively, for the two curves.

&y, e=11.29

5 Experimental Verification
The bistatic RCS, orcs, is defined as

Orcs (ki %, &) = |A(k:%, &) ©)
where A(k;%,8,) = 2,/mé} - S(k;k ~ &) - &, and where &; denotes the polarization of
the scattered field in the X direction. Evaluated in the backward direction, X = —Kk,

produces the familiar expression for the monostatic RCS [4, 12]. Using this notation,
the sum rule for the extinction cross section in (2) then reads

1 [~ Oeu(k:k,&) ~— A(kk,@)
o, e s fim e @

From the integral representations of the scattered field or the discussion in [12],
it follows that for a planar and infinitely thin scatterer subject to a wave impinging
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Fig. 4 A section of the array of capacitive resonators (left figure) and one unit cell of the array
(right figure).

at normal incidence, the RCS amplitudes in the forward and backward directions,
X = k and & = —Kk, respectively, are identical, i.e.,

A(k;k, &) = A(k; —k, @)

Combining this relation with the optical theorem makes it possible to determine Oy
and verify (7) from a conventional measurement of the monostatic RCS amplitude.

The sample design shown in Fig. 4 was used for the experiments. The fabricated
single-layer planar array of capacitive resonators is referred to in the literature as
a negative permittivity metamaterial [13]. The sample was tuned to be resonant at
8.5GHz. It consists of 29 x 29 unit cells supported by a 0.3 mm thick 140 x 140 mm?
FR4 substrate, see Fig. 4. The relative dielectric constant of the substrate varies be-
tween 4.4 and 4.2 in the frequency range [2,20] GHz with an overall loss tangent
less than 5-1073.

5.1 Quasi-monostatic and forward RCS measurements

Monostatic RCS measurements were performed in an anechoic chamber with two
dual-polarized ridged circular waveguide horns positioned at a distance of 3.5m
from the sample, see the left hand side of Fig. 5. The polarizations of the transmit-
ted and received waves were vertical with respect to the pattern in Fig.4 — only
the co-polarized contribution enters in the optical theorem. The frequency interval
[3.2,19.5] GHz was sampled with 7,246 equidistant points corresponding to an un-
ambiguous range of 66.7m (445ns). This was sufficient to avoid influence of room
reverberations.

Calibration including both amplitude and phase was performed using a metal
plate with the same outer dimensions as the sample. The measured data were
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Fig. 5 The experimental setups for quasi monostatic (left figure) and forward RCS (right figure)
measurements.

processed by a coherent subtraction of the background. The frequency domain data
were then transformed to the range domain, where the response from the sample
was selected from the range profile using a 1.1 m spatial gate. Finally, the selected
data were transformed back to the frequency domain.

The background subtraction combined with the time gating gave a background
level of better than —50dBsm (decibel square meters) for the frequency range above
5GHz and —40 to —30dBsm for the lowest part of the frequency range. The high
background level at the lower frequencies is a consequence of the wideband horn
illumination of the walls at these frequencies. This background level can be main-
tained for hours by using a single background measurement.

Forward RCS measurements were performed using a different setup with ridged
waveguide horns in an ordinary laboratory area. The antennas were positioned fac-
ing each other at a distance of 6.0m with the sample at the midpoint between the
antennas, see the right-hand side of Fig. 5. The frequency interval [2.5, 16] GHz was
sampled with 5,086 equidistant points corresponding to an unambiguous time range
of 378 ns. The unambiguous time range was sufficient to avoid influence of room re-
verberations such as delayed scattering from the floor and the walls in the laboratory
area.

Calibration including both amplitude and phase was performed using a high pre-
cision sphere with radius 6.00cm. The raw data from the calibration were then pro-
cessed by a coherent subtraction of the background. The fabricated sample was then
measured. A new measurement of the background was coherently subtracted from
the sample measurement. The repeated background measurements were important
in order to increase the efficiency of the background subtraction and to obtain the
background levels. We performed the background measurements within less than 2
min after each sample (calibration) measurement.

The calibrated frequency domain data were transformed to the time domain,
where the response from the sample was selected from the time profile using a 1.7ns
time gate. The size of the gate was chosen to minimize the influence from the back-
ground. Finally, the selected data were transformed back to the frequency domain.
The background subtraction combined with the time gating gave a background level
of less than —40dBsm.
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5.2 Validation of the monostatic method and experimental
verification of the sum rule

The left graph in Fig. 6 shows a comparison between measurements of the mono-
static RCS and the forward RCS. The agreement is better than 0.5dB except for the
minimum at 10.7 GHz where the discrepancy is 2.5dB. The measured differences
are well within experimental error limits. It is therefore validated that the monostatic
RCS and the forward RCS are equal within good accuracy for this thin and non-
magnetic sample.

However, the phase of the RCS amplitude is also important since the extinc-
tion cross section is determined from the imaginary part of the RCS amplitude, cf.,
the optical theorem (1). The right part?> of Fig. 6 shows the extinction cross section
determined from the optical theorem using both the monostatic and forward RCS
amplitudes. The phase of the forward RCS amplitude is shifted according to the
procedure described below in order to compare the two curves. The maximum dis-
crepancy between the curves is 35cm?” at 15 GHz after an adjustment of the phase.

The real and imaginary parts of A(f;k,&)/f> are shown in Fig.7. The phase of
A(f ;ﬁ,é) /f? obtained from the forward scattering experiment is adjusted using a
time delay of 3.1ps. We believe that the largest contribution to this phase shift is
the time delay of the wave as it passes the 0.3 mm FR4 substrate and the 48 mm
expanded polystyrene (EPS) sample support. Small alignment differences between
the calibration plate and the sample in the monostatic case can also account for the
observed phase difference. The difference between the two measurement methods is
small which means that it is validated that conventional monostatic RCS measure-
ments can be used to determine the extinction cross section for this class of thin and
non-magnetic samples.

Different methods are used to experimentally verify (7). First the extinction cross
section is integrated to obtain a lower bound of lim/_oA(f;k,&)/f2. By integrating

RCS/dBsm G, /cm?

15 400

10

5 g 300

0

5 200
-10
-15 ' 100
20 f/GHz f/GHz
072 1 6 810 12 14 16 18 20 %02 1 6 8 10 12 14 16 18 20

Fig. 6 The forward and monostatic RCS (left figure) and the extinction cross section (right figure)
determined from the RCS amplitude in the forward and backward directions.

2 For convenience, we use the frequency f instead of the wavenumber k = 27 f /cy in the discussion
of the experimental verification.
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Fig. 7 The imaginary part (left figure) and the real part (right figure) of A/f* determined from
the RCS amplitude in the forward and backward directions. The dot for zero frequency indicates
a lower bound of lim;_oA(f;k,&)/f? obtained by integrating the extinction cross section. The
dotted lines are given by the approximation (8).

the measured data in the graph on the right-hand side of Fig. 6a lower bound of
1.1cm/GHz? is obtained using either the forward or the monostatic data.

A method to approximate A(k;k,&)/k? is to use a meromorphic function with
roots and zeros in the lower half of the complex k-plane. Numerical tests using
the algorithm in [6] indicate that it is sufficient to consider a rational function with a
numerator and a denominator of second and fourth degree polynomials, respectively.
This function can be represented by a sum of two Lorentz resonance models, viz.,

(appr) Ik a 2 2 _:
A (Zk, k,e) _ Z s kfl ikv, i
k 12— 2ikky/On — k

n=1

®)

The optical theorem, (1), can be used to determine an approximation to the extinc-

tion cross section, O'e(f:f or) (k), from A@PP) (k. k@),

appr 2 F: i A
o)) = 2 1m A 1 ) ©)

The approximations (8) and (9) are depicted by the dotted lines in Fig. 7. It is con-
cluded that the approximations are in good agreement with the experimental results.

A more accurate value for the quantity limy_oA(k;k,&)/k> on the right-hand
side of (7) is determined from (8). In fact, the lower bound 1.1cm/GHz? should
be compared with the corresponding value 1.5cm/GHz? obtained by integrating
6% (k) over the range [0,22] GHz. The lower bound 1.5cm/GHZ? is quite close
to the static limit 1.8 cm/GHz?, which is predicted by the parameters in the Lorentz
resonance model (8).

6 Conclusions

This paper exploits a sum rule for the extinction cross section to find bounds on scat-
tering of electromagnetic waves by an object. The theory is both numerically and
experimentally verified. The integrated extinction, which exclusively is determined



32 G. Kristensson et al.

by the static properties of the object, limits the total scattering properties of the
object. Specifically, it is found that large scattering effects always have to be com-
pensated by a loss of bandwidth. This loss of bandwidth can be quantified.
Moreover, we show that monostatic RCS amplitude measurements can be used to
determine the extinction cross section for thin and non-magnetic samples by validat-
ing the experimental method with a forward RCS measurement. The experimental
results show that the sum rule (7) is in good agreement with the measurements.
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Abstract The use of metamaterials and artificial media for cloaking applications
has been shown to potentially lead to exciting developments in the fields of
electromagnetics, microwaves, and optics. Plasmonic covers, in particular, have
been shown to provide a local negative polarizability capable of canceling or
reducing the dominant scattering from an isolated object and/or a cluster of objects.
Here we provide an overview of the recent theoretical and numerical results
related to our plasmonic cloaking technique, based on scattering cancellation, that
may provide an overall invisibility effect by using plasmonic metamaterial covers.

1 Introduction

In recent years, the interest in applications of special materials has steadily increased
worldwide. One such application deals with the possible use of metamaterials and
plasmonic media for cloaking and “invisibility”. In particular, since our proposal
for employing such materials to significantly reduce the total scattering from a
given object [1], other different techniques [2—19] have shown, theoretically and
for some even experimentally, how metamaterials may be designed to operate as
novel cloaks. Here we review our recent findings in this plasmonic cloaking,
discussing and highlighting the total scattering reduction provided by a suitably
designed plasmonic material or metamaterial that constitutes a “plasmonic cloak”
surrounding a given object.

Our studies have revealed that the dominant multipolar contribution to the
scattering from a given object of moderate size may be potentially suppressed by a
suitably designed plasmonic metamaterial with low or negative permittivity. We
have also underlined the intrinsic robustness of this phenomenon, which is
inherently non-resonant, and therefore robust to variations in shape, design para-
meters, losses, wave polarization and source and observer position [20-21]. In
[22], we have observed how this cloaking effect may not be limited to an isolated

S. Zouhdi et al. (eds.), Metamaterials and Plasmonics: Fundamentals, 37
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particle of moderate size, but it may be applied to combination and clusters of
dielectric or conducting objects on a larger scale. In [23], moreover, we have
proposed a realistic metamaterial design for the plasmonic cloak at microwave
frequencies, applied to a cylindrical geometry. We have extended these concepts
in [24-25] to optical frequencies and multi-frequency operation. The interested
reader may find reviews of our recent findings in [26-28], where we have
compared this cloaking technique to several other techniques that are currently
available. In particular, in [26] we have reported an updated list of references on
metamaterial cloaking. In the following, we will briefly highlight the main
concepts related to this plasmonic cloaking technique, underlining the physical
insights, benefits and possible limitations.

2 Isolated Objects

As we have shown in [1], the use of a plasmonic material surrounding a dielectric
or conducting particle may dramatically suppress the total scattering from the
object, by cancelling the dominant scattering contribution due to the local negative
polarizability of plasmonic materials with low permittivity.

Figure 1, as a first numerical example compares the near-field distribution on the
two planes for the conducting object, whose geometry has been first considered in
[20], with radius a =4,/5, with 4, being the free-space wavelength. The figure
compares the cases of presence and absence of a suitably designed plasmonic
cloak, having permittivity & =0.lg,, permeability x=5.1z, and outer radius
a, =1.09a . The spheres are excited by a plane wave impinging from the left on the
sphere. It is evident how the presence of the cloak may significantly reduce the
unwanted scattering from the sphere, despite its total size may support resonant
scattering. The cloaking effect, which is even more striking in the Poynting vector
plots of Fig. 1, works on both planes of polarization, independent on the
polarization of the impinging plane wave or the position of the source and of the
observer. These results are consistent with our findings in [1, 20]. It should
be underlined that the sketches of Fig. 1 and following figures related to the
uncloaked cases present a mathematical line representing the outer boundary of
the cloak. This mathematical line has been added for consistency in the numerical
simulations of the uncloaked cases, but it is understood that it represents just a
mathematical line (or a cover made of the same material as the background region
in these uncloaked cases).

Figure 2 reports the far-field scattering patterns for the two geometries,
highlighting the drastic scattering reduction over all the visible angles at the
design frequency f; . The drastic scale difference between the two plots should be

noted, which results in a tiny shadow on the back of the cloaked object. The total
scattering reduction is over 99% for this geometry, as noticed in [20].
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Fig. 1 Comparison between the near-field electric field distribution in the H-plane (left column),
magnetic field in the E-plane (central column) and the real part of the Poynting vector (i.e., the
time-averaged energy flow) in the H-plane (right column) of a bare conducting sphere (top row)
and of a cloaked conducting sphere of the same size (bottom row). The field distributions are
snapshots in time. (Adapted from [20], Copyright (2007) by the Optical Society of America.)

Fig. 2 Comparison between the far-field scattering pattern between the bare conducting sphere
(left) and the cloaked conducting sphere (right) of Fig. 1. Notice the different scale in the two
plots. (Adapted from [20], Copyright (2007) by the Optical Society of America.)

Figure 3 shows the response of the two spheres of Figs. 1-2 for a different
excitation, in the form of a short electric dipole antenna placed very close to the
surface of the object, consistent with [20]. It is evident how, despite the drastic
change in the excitation and position of the source, and despite the possible near-
field coupling, the performance of the cloak in terms of total scattering reduction
is effectively unchanged. This is particularly relevant due to the fact that the cloak
does not require to be optimized or modified for the presence of nearby active
source or drastic change in the position or form of the illumination.
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Fig. 3 Comparison between the total near-field in the two planes of polarization between the bare
conducting sphere (fop) and the cloaked conducting sphere (bottom) of Figs. 1-2. The excitation
now is given by a closely spaced short electric dipole. (Adapted from [20], Copyright (2007) by
the Optical Society of America.)

3 Multilayered Cloak

As we have widely discussed in [1, 20], this plasmonic cloaking technique
operates over a relatively less narrow range of frequencies, due to its inherent non-
resonant features. Being an integrative effect, its dispersion is mainly associated
with the material dispersion of the cloak, required of being plasmonic, and not as
much with the dispersion of the geometry and the phenomenon, particularly for
objects that are comparable in size with a fraction of the operating wavelength. It
is interesting to verify that this inherent material dispersion, required by causality,
may be used to our advantage to realize multi-frequency cloaks [24].

As with the geometry we analyzed in [24], for instance, a dielectric
nanoparticle may be cloaked at two distinct optical frequencies by surrounding it
with a two-layered plasmonic cover that may operate as a cloak at two distinct
wavelengths. In this case, the dielectric particle has & =3¢, and radius a =100nm,
whereas the two-layered cloak has radii a,=107.5nm and a, =131.5nm.

Figures 4 and 5 show the electric near-field distributions on the H-plane for such a

sphere, comparing the cases with and without cloak at the two distinct design fre-
quencies of A =625nm and A, = 500nm . Each one of the two layers of the cloak

is supposed to have a permittivity dispersion that ensures Re[e,|=¢,/5 atone
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at one of the two distinct frequencies of operation, both following a classic Drude
dispersion model.

Fig. 4 Comparison among the electric near-field distributions in the H-plane in the case of a
cloaked dielectric sphere (/eff) the same bare sphere (center) and the same sphere covered by a
dielectric cover with the same thickness as the cloak. The excitation now is given by a plane
wave impinging from the bottom. These plots refer to the free-space wavelength A; = 625nm.
(Adapted from [24], Copyright (2008) by the American Physical Society.)

Fig. 5 Similar to Fig. 4, but for the free-space wavelength A, =500nm. (Adapted from [24],
Copyright (2008) by the American Physical Society.)

It can be seen that the cloak is capable of suppressing the scattering from the
particle simultaneously at the two design frequencies, restoring the impinging
planar phase fronts right outside the cloak surface. In this example, the field
distributions are snapshots in time.

4 Cloaking Near an Obstacle

We have discussed in the previous sections how the plasmonic cloaking technique
is robust to variations of the excitation and frequency variations near the design
frequency. Here we report our numerical results on the case in which the



42 A. Alu and N. Engheta

impenetrable sphere considered in the previous section is tightly coupled with an
impenetrable small cube with side /=2a/3=24,/15. We have considered this
geometry in [21]. Consider, for instance, Fig. 6, i.e., an impenetrable sphere with
the same geometry as the one of Fig. 1 placed in close proximity to a conducting
small cube. The system is illuminated from the left with a plane wave.

Fig. 6 Near-zone magnetic field distribution (snapshot in time) for a system composed of the
impenetrable sphere of Fig. 1 and a small closely spaced cube. Comparison between the cases of
no cloak, absence of the sphere and cloaked sphere. (Adapted from [21], Copyright (2008) by the
American Geophysical Union.)

Figure 6 reports the near-zone magnetic field distribution on the E-plane for
three cases: (left) when the sphere is bare, showing strong coupling in the
scattered fields from the two objects; (top right) absence of the sphere; (bottom
right) the sphere is cloaked. It is evident how in the last two scenarios the scattered
field is very similar to each other, i.e., not only does the cloak effectively cancel
the scattering from the sphere, but it also reduces significantly the coupling
between the two elements. For an observer placed anywhere in the near-field of
the system, the presence of the sphere is undetectable when cloaked. In other
words, an observer placed behind the sphere may be able to perceive the presence
of the small cube placed in the sphere’s shadow as if the sphere were not present.

Figure 7 reports similar results for an excitation with orthogonal polarization. It
can be clearly seen how the cloak performs very well on both planes of
polarization. It should be underlined that the case of a conducting or impenetrable
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sphere is the most challenging in terms of plasmonic cloaking, since it does not
allow the wave to penetrate through the object. Dielectric particles, as those
considered in the previous section, may perform even better than this scenario, in
terms of reduced scattering and wider bandwidth of operation.

Fig. 7 Similar to Fig. 6, but for excitation on the orthogonal plane of polarization. (Adapted from
[21], Copyright (2008) by the American Geophysical Union.)

Figure 8 considers the case of a different type of excitation. In this case, we
have simulated the case of a short electric dipole placed behind the conducting
sphere. It is evident that this is an even more extreme case, due to the mutual
coupling among the sphere, the cube and the nearby source. Still, the cloak
performs very well in drastically reducing the unwanted scattering and coupling
from the sphere.

S Cloaking Clusters of Objects

As we have extensively studied in [22], and consistent with the findings in the
previous section, collections and clusters of particles may be cloaked following
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Fig. 8 Similar to Figs. 6-7, but for a different type of excitation, consisting of a nearby short
electric dipole. (Adapted from [21], Copyright (2008) by the American Geophysical Union.)

the same guidelines and design adopted for a single isolated object, due to absence
(or significant reduction) of coupling among the cloaked elements.

Consider, for instance, the geometry of Figs. 9-11, i.e., an array of closely spaced
impenetrable spheres, each of which with the same geometry and parameters of
the sphere of Fig. 1. The figures compare the near-field magnetic distribution on the
E-plane (which is the plane more challenging for cloaking, due to the orientation
of the electric field parallel to the array axis) for three different orientation of the
impinging plane wave. It is evident that, despite the complexity of the problem
and the large electrical size of the overall cluster (over two wavelengths), the cloaks
drastically suppress the unwanted scattering and coupling among the spheres,
restoring the impinging planar wave fronts almost independent from the orientation
of the impinging plane wave.

The results are consistent, and complement, those reported in [22], where it was
also shown how the same cloaking design may be adopted for touching objects, or
to some degree even to elements that merge together into a single larger obstacle.
This is associated with the inherent non-resonant features and robustness of this
cloaking mechanism.
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Fig. 9 Cloaking an array of four closely spaced impenetrable spheres. Near-field magnetic field
distribution on the E-plane for the cases of cloaked (/eff) and uncloaked (right) spheres for plane
wave incidence impinging from the top of the figure. (Adapted from [22], Copyright (2007) by
the Optical Society of America.)

Fig. 10 Similar to Fig. 9, but for 45° plane wave incidence. (Adapted from [22], Copyright
(2007) by the Optical Society of America.)
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Fig. 11 Similar to Figs. 9-10, but for 90° plane wave incidence. (Adapted from [22], Copyright
(2008) by the Optical Society of America.)

6 Conclusions

To conclude, we have reported here an overview of our recent theoretical and
numerical results for plasmonic cloaking, reporting our recent findings and numerical
simulations on this exciting electromagnetic problem. The interested reader may
refer to the list of references for additional information and insights.
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Abstract This paper is a review of various techniques used in computational elec-
tromagnetism such as the treatment of leaky modes in waveguides, helicoidal
geometries for microstructured optical fibres and the design of arbitrarily shaped
invisibility cloaks. This seemingly heterogeneous list is unified by the concept of
geometrical transformation that leads to equivalent materials, i.e., the change of co-
ordinates is completely encapsulated in the material properties. The practical set up
is conveniently made via the finite element method (FEM).

1 Geometrical Transformations and Equivalent Materials

Beside Cartesian coordinates, cylindrical and spherical coordinates, and even the
other orthogonal systems [1], have been commonly used to set up electromagnetic
problems. In this paper, much more general coordinate systems are discussed since
they do not need to be orthogonal (and not even real valued). A modern approach
is to write the equations of electromagnetism in the language of exterior calculus
that is covariant, i.e. independent of the choice of the coordinate system (see e.g.
[2]). In this way, the Maxwell equations involve only the exterior derivative and are
purely topological and differential while all the metric information is contained in
the material properties via a Hodge star operator. This looks rather abstract but can
nevertheless be encapsulated in a very simple and practical equivalence rule [3-5]:

When you change your coordinate system, all you have to do is to replace your
initial material (electric permittivity tensor € and magnetic permeability tensor ()

properties by equivalent material properties given by the following rule:

g:/:J‘ng‘Tdet(J) and /,L:’:J_liJ_Tdet(J), M
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where J is the Jacobian matrix of the coordinate transformation consisting of the
partial derivatives of the new coordinates with respect to the original ones (J~7 is
the transposed of its inverse).

In Eq. (1), the right hand sides involve matrix products where the matrix associ-
ated with a second rank tensor involves the coefficients of its representation in the
initial Cartesian coordinate system. The obtained matrix provides the new coeffi-
cients of the tensor corresponding to the equivalent material.

Explicitly, a map from a coordinate system {u,v,w} to the coordinate system
{x,y,z} is given by the transformation characterized by x(u,v,w), y(u,v,w) and
z(u,v,w). As we start with a given set of equations in a given coordinate system,
it seems at first sight that we have to map these coordinates on the new ones. Never-
theless it is the opposite that has to be done: the new coordinate system is mapped
on the initial one (i.e. the new coordinates are defined as explicit functions of the
initial coordinates) and the equations are then pulled back, according to differential
geometry [2], on the new coordinates. This provides directly the functions whose
derivatives are involved in the computation of the Jacobian matrix. The Jacobian is
directly given by:

dx dx dx
du dv Iw
dy dy dy
du dv dw
dz dz 9z
du dv Iw

@

The equivalence rule (1) can be extended to more general material properties
such as local Ohm’s law and bianisotropic materials [3]. Moreover, the rule given
by Eq. (1) may be easily applied to a composition of transformations. Let us con-
sider three coordinate systems {u,v,w}, {X,Y,Z}, and {x,y,z}. The two succes-
sive changes of coordinates are given by the sets of functions {X (u,v,w),Y (u,v,w),
Z(u,vy,w)} and {x(X,Y,Z),y(X,Y,Z),z(X,Y,Z)}. They lead to the Jacobians Jy,
and J,x so that the global Jacobian J,, = JixJx,. The compound transformation
can therefore be considered either as involving this global Jacobian or as successive
applications of Eq. (1). This rule naturally applies for an arbitrary number of coor-
dinate systems. Note that the maps are defined from the final u,v,w to the original
x,y,z coordinate system and that the product of the Jacobians, corresponding to the
composition of the pull back maps, is in the opposite order.

When the initial material properties € and u are isotropic and described by a
scalar, they generally lead to anisotropic properties and are given via a transforma-
tion matrix T=J7J/det(J) related to the metric expressed in the new coordinates
so that the equivalence rule (1) becomes

(¢}

"—eT', and p'=pT ', (3)
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We note that there is no change in the impedance of the media since the permit-
tivity and permeability suffer the same transformation.

As for the vector analysis operators and products, everything works as if we were
in Cartesian coordinates. It means that once the material properties have been set to
their equivalent values, all the computations are performed as if the coordinates were
Cartesian. Once the solution has been obtained in the new coordinate system, e.g.
the electric field E’, its components in the original Cartesian coordinate system, E,
are given by (in the rest of this section, the vectors are represented by 3 x 1 column
matrices):

E, E,
E=|E |=JT|E |=JTE. “)
E, E,

It must be emphasized here that E and E’ are the same field expressed in two
different coordinate systems. The direct interpretation of E’ is difficult since it is
expressed in a possibly non orthogonal and not normed basis. Other vector fields
corresponding to 1-forms such as H or A are transformed in the same way while
the vector fields corresponding to 2-forms (flux densities) such as D, B, and J are
transformed according to

D =JD'/det(J). (5)

It may be checked that these transformations are compatible with the equiva-
lence rule (1) telling that D = €E is replaced by D' = €'E’ in the equivalent
formulation. They also preserve the form of energy densities since, for instance,
Jo ETDdxdydz = [, E'"D'dudvdw where Q' is the image of the domain Q by the
coordinate transformation and E” D is the matrix notation for the dot product.

As inhomogeneous and anisotropic equivalent materials are obtained and as the
theoretical framework is the exterior calculus, the (Whitney) finite element method
(FEM) is perfectly adapted to the numerical algorithm implementation [6-9].

In fact, this goes beyond simple change of coordinates as we will also consider
active transformations, i.e. changes of space (i.e. of manifold) where the equations
are written.

It is very often useful to use radial transformations. In this case, the most sim-
ple way is to first perform a transformation to cylindrical or spherical coordinates
and to perform the inverse transformation once the radial transformation has been
made. First, the classical transformation from Cartesian coordinates {x,y,z} to polar
coordinates {p, 6,z} is introduced via a map from p, 6 to x,y:

x(p,0) =pcosb
{y(p,e)psin& ©

The associated Jacobian is
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(x,y,2) cos@ —psin6 0

Jop(p,0)==-—"-<=|sin@ pcosd 0| =R(O)diag(l,p,1), (7)
d(p,0,2) 0 0 1
with
cos@ —sinf 0 100
R(6)= | sin® cos® 0 | anddiag(l,p,1) =|0p0
0 0 1 001

R(8) has the well known properties: R(8) ™! =R(8)” = R(-9).
Furthermore, the inverse transformation is given by the map:

p(x,y) = Vx> +y
: ®)
G(X,y) = 2arctan (W) y

and is associated with the Jacobian:

Jpx(xv)’) = J;pl (p(x,y),0(x,y)) = diag(1,

Similarly, the spherical coordinates are described via a map from p, 0, ¢ to x,y, z:
X=pcosBOsing

y=psinOsin@ (10)
Z=pcosQ.

The spherical Jacobian:

cosB@sing —psinO@sin@ pcosbcos @

Jip(p,6,0) = sin@sing pcosOsing@ psinbcosq || (11)
cos ¢ 0 —psing

can be written as J., = R(0)Ma(¢)diag(1,psin @, p) still involving the R(0) ma-
trix together with:

sing 0 cos¢@
My(p)= [ O 1 0 1, (12)
cos® 0 —sing

with the properties: M ! (¢) = M} (¢) = My ().
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Fig. 1 A twisted structure that may be described by the helicoidal coordinates.

2 Helicoidal Geometries and Leaky Modes
in Twisted Optical Fibres

The purpose of this section is to show how the equivalence rule (1) can be used to
study the propagation of modes in twisted waveguides via a two-dimensional model
though the translational invariance of the geometry is lost (see Fig. 1).

Let us introduce an helicoidal coordinate system [14-16] {&,&,&3} deduced
from rectangular Cartesian coordinates {x,y,z} in the following way

x =& cos(a&s) +Esin(adz), y= =& sin(as) + &rcos(ads), z =&,  (13)

where « is a parameter which characterizes the torsion of the structure. A twisted
structure is a structure for which both geometrical and physical characteristics (here
the permittivity € and the permeability ) together with the boundary conditions
only depend on &; and &. Note that such a structure is invariant along &3 but 2Z-
periodic along z (the period may be shorter depending on the symmetry of the cross
section).

This general coordinate system is characterized by the Jacobian of the transfor-
mation (13):

Je1(81,62,83) = (14)
cos(aés) sin(a&z) abycos(aés) — ad;sin(aés)
—sin(a&3)  cos(abs) —adicos(as) —abysin(ads) |, (15)
0 0 1

which does depend on the three variables &;, & and &3. On the contrary, the trans-
formation matrix T}, :

1 0 b

T (&1,6) = M = 0 1 —ag; , (16)
detie)  \ e, —ag 1+ 02(E+E)
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which describes the change in the material properties, only depends on the first
two variables & and &, [17-19]. This matrix may also conveniently be expressed in
terms of twisted cylindrical coordinates:

1 0 0 1 0 opsin(@)
R(p)| 0 1 —po R(—¢) = 0 1 —apcos(@) |,
0 —po l+p’a? apsin(@) —apcos(p) 1+p’a?

; — S — . JE2 g2
w1th(p_2arctan(§]+\/m>,p \/m

It may be also interesting to consider leaky modes corresponding to complex
propagation constants  [5,10]. A very efficient approach to compute the leaky
modes is to introduce Perfectly Matched Layers (PML). Such regions have been
introduced by Berenger [11] in the FDTD method. Nowadays, in the time harmonic
case, the most natural way to introduce PML is to consider them as maps on a
complex space [12] so that the corresponding change of (complex) coordinates leads
to equivalent € and pu (that are complex (lossy), anisotropic, and inhomogeneous
even if the original ones were real, isotropic, and homogeneous).

A remarkable property of the PML is that they provide the correct extension to
non-Hermitian operators (since the associated T matrix is complex and symmetric)
that allows the computation of the leaky modes in waveguides [13] and this may be
obtained via a correct choice of the PML parameters, namely R*, R such that
R* < p <R, and the complex valued function of a real variable s, (p) (see Fig. 2
and Eq. 17) [10].

Helicoidal coordinates have thus been combined with PML to compute the leaky
modes in twisted microstructured optical fibres [13]:

P 0 0

F
p P
T =R(@)| O Psp as,
_ P p(1+a?p?)
0 o 55y

R(—-9). (17)

This is the expression of the “twisted cylindrical PML tensor” in “helicoidal
Cartesian modelling coordinates” &1, &, and all the quantities involved in the pre-
vious expression can be given as explicit functions of these two variables, joining

sp(p) =sp(1/E2+EF) and p = [ Sive sp(p’)dp’ to the expressions for p and ¢
given here above. This is in fact the description of the “radial complex stretch”.

The fact that the equivalent materials are independent from the longitudinal coor-
dinate &; allows a two-dimensional model for the determination of the propagation
modes and of the leaky modes via a classical model provided it allows completely
anisotropic and inhomogeneous media. Luckily, the finite element method (FEM)
allows such a numerical computation.
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Fig. 2 Cross section of a twisted six hole MOF structure together with the surrounding annulus
used to set up the PML (R* = 30um, R = 40m). On the right, a magnification of the hole
structure with A = 6.75um, ry = 2.5um, and ng; = 1.444024.

£
N

As an illustrating example, we consider the hexagonal structure depicted in
Fig. 2: this structure is a six hole microstructured optical fibre or MOF [5,20-23]
made up of a bulk of silica drilled by six air holes distant each other from
A =6.75um. Each hole is circular with a radius equal to r; = 2.5um. A given
wavelength A9 = 1.55um is considered for which the index of silica is about
V€si = nsi = 1.444024. Note that for this structure no propagating mode can be
found and the fundamental mode is a leaky mode. In order to check the validity of
the FEM 4+ PML combination for the leaky mode computation, the value of the com-
plex propagating constant in the not twisted case is compared with the one obtained
by using the multipole method. The philosophy of this latest method is completely
different from the FEM +PML approach and the reader can refer to [5] for a compre-
hensive review of this method. The corresponding complex effective index, namely
netr = P /ko for the two different methods is 1.4387741 + 4.3257457 1078 for the
multipole method and 1.43877448 +4.325885 108 for the finite element method.
The practical implementation of the finite element model has been performed with
COMSOL Multiphysics® software using a mesh of about 16,800 second order tri-
angular elements and the computation takes about 150 s on a Pentium M 1.86 GHz
with 1Go memory laptop computer. Note that regarding its smallness with respect
to the real part, the imaginary part is computed with an amazing accuracy: it is ob-
tained with four figures though its value is smaller than the absolute error on the
real part. The twisted problem is now considered to see how the fundamental leaky
mode varies with respect to the torsion of the fibre. Still for the fundamental leaky
mode and for a fixed ko corresponding to Ay = 1.55um, two curves are plotted rep-
resenting Re{P /ko} and Sm{P /ko} (Fig.3) versus «, the parameter of torsion. It
can be noticed that the relative influence of the torsion on the imaginary part is
stronger than on the real part. The maximum torsion corresponds to & = 3,000 m~!
so that the torsion length is 27t/ = 2,090 wm and taking into account the symme-
try of the cross section, the period of the torsion is in fact 7 /30 = 349 um. This
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Fig. 3 On the left, imaginary part of the effective index neir = fB/ko for the fundamental mode
versus the parameter of torsion (m~1) for various meshes. The results are good even for the
coarser meshes (> = 4,032 elements and the dotted line = 9,102 elements) and the discrepancy
is unnoticeable between the curves for the finer meshes (the continuous line = 11,504 elements
and x = 14,192 elements) indicating the mesh refinement is numerically convergent. On the right,
real part of the effective index nesr = /ko for the fundamental mode versus the parameter of
torsion o (m~1).
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maximum torsion is weak with respect to the wavelength and the size of the cross
section pattern but strong with respect to the length of a real fibre.

This technique has been recently extended to alternative helicoidal coordinate
systems with similar properties [24].

3 Cylindrical Cloaks of Arbitrary Cross Section

The geometrical transformations can also be used in the reverse sense to design new
materials. In this case, a geometrical transformation is applied to free space to guess
interesting material properties given by the equivalence rule. A new device can be
built if the new material properties may be approximated, e.g. using electromag-
netical metamaterials [25]. For instance, as proposed by Pendry [26, 28] a convex
domain is mapped on a holey domain with the same exterior boundary. The structure
made of the transformed equivalent material is an invisibility cloak and any object
can be perfectly hidden in the central hole.

A quite more general situation is now considered here, where the shape of the
cloak is no more circular and even possibly non convex but described by two arbi-
trary functions R (0) and R, (0) giving an angle dependent distance from the origin
corresponding respectively to the interior and exterior boundary of the cloak [29].

The geometric transformation which maps the field within the full domain p <
R>(0) onto the hollow domain R;(0) < p < R»(0) can be expressed as:

p'(p,0) =Ri(0)+p(R(6) —Ri(8))/R2(6) , 0<p <R:(0)  (I8)

withalso 8’ =6 ,0< 0 <27 and 7 =z, z € R. Note that the transformation maps
the field for p > R,(0) onto itself through the identity transformation. This leads to
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Y c11(0") c12(p’,0") 0

Jop (P, 0') = ——7——F = =
a(p/’el’zl) 0 0 1

where
c11(6") =R2(8)/(R2(6") — R1(6")) (20)

for0 < p’ <R,(0’) and cy; = 1 for p’ > R,(6') and

/ r_ / 1y dRy(6")
cia(p',6) = (p’—Rz(e’))Rz(e’)dRc}é? ) (RI?(E,?))EIEI((QQ?))S"' @0

for 0 < v < Ry(0’), and ¢, =0 for p’ > R,(6").
Finally, the properties of the cloak are given by:

2 2
tfp _ep

cirfpp’ fp/ 0
T '=R(9) —% @ g R(0", (22)
: . cifp
0 0 o
with ,
_(P"—Ri)R,
=" R—r)
(Ry—Ry)
. . . _ ab _
The parametric representation of the ellipse p(0) = NG corre

sponds to cloaks of elliptical cross section and it has been checked that it provides
exactly the same result as in [29] where similar results have been obtained by a
space dilatation.

To obtain general shapes, Fourier series

=
2

I

)

(=)

_|_
1=

(axcos(k@) + by sin(k0))

T
I

may be used. An example of such a general cloak is shown on Fig. 4: a source made
of a wire of circular cross section (radius = 0.25) centered at point ry = (2.5,2)
with a constant £, imposed on its boundary, radiating in a vacuum with wavelength
A =1 (Note that all lengths are given in arbitrary units, micrometer for instance for
near infrared). The electric field E, is therefore a cylindrical wave (Note that the
electric field is given in arbitrary units, V/m for instance, and E, = Jy(270.25) —
iYo(270.25) = 0.472001 — i0.410004 on the boundary of the source wire) and is
not perturbed at all by a F-shaped scattering (lossy) obstacle of relative permittivity
1 +4i placed near the origin (0,0) and surrounded by the cloak. Note also that the
unbounded space is simulated via a circular PML. Figure 5 shows the corresponding
analytical model.
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Fig. 4 Cloak with a general shape given by Fourier series: R;(6) is with ap = 1,b; = 0.1,a2 =
—0.15,h3 =0.2,a4 = 0.1, Ry(0) is with ap = 2,a, = —0.1,a3 = —0.15,b3 = 0.3,a4 = 0.2, all the
other coefficients = 0. The real part of the electric field E, scattered by the cloak is represented
here. Some residual interferences are due to numerical deviation mainly caused by the singular
behavior of the equivalent material properties on the inner boundary of the cloak. Computation has
been performed with GetDP [27].

Fig. 5 Analytical computation (with Mathematica®) of the field (and of associated rays) by di-
rectly applying the coordinate transformation to the source field: E.(p’,0") = E.(p(p’,0’),0 =
0')) with p(p’, ") obtained by inversion of the map defined by Eq. (18).

3.1 Three dimensional cloaks

The three-dimensional cloaks may be determined following the same guidelines but
using the spherical coordinates. For a spherical cloak, the Jacobian of the radial
contraction is Jpp = diag(c;,1,1) (p is now the radius of a sphere). The total
Jacobian is

R(0)M;(o)diag(ci1,p/p’,p/p )Ma(@)RT(6).
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The matrix for the equivalent media is finally:

2
T ' = R(G)Mz((p)diag(#p/z,c”,c“)Mz((p)RT(G). 23)

Three-dimensional arbitrary cloaks can be found by varying their interior and
exterior radii with respect to the angular coordinates: R;(6,¢),R2(6,¢).

4 Conclusion

The geometrical transformations may be viewed as a unifying point of view bridg-
ing several techniques in electromagnetism: treatment of unbounded domains and
of twisted structures, design of invisibility cloaks... The cornerstone of the method
is to remark that the Maxwell equations can be written in a covariant form such that
all the metric properties are only involved in the material properties. The change
of coordinates may therefore be encapsulated in exotic equivalent material prop-
erties, via the equivalence rule (1), and the rest of the computation is dealt with
just as if rectangular Cartesian coordinates were used. Though this technique is
completely general, the fact that the obtained material are usually anisotropic and
inhomogeneous makes it of particular interest in the context of the finite element
method where it provides very interesting models that do not require a modifica-
tion of the existing code (if this one is general enough). It also provides a tool to
design new electromagnetic devices such as the invisibility cloaks. It gives also an
interpretation of negative refractive index materials together with a pictural view of
the perfect lens that corresponds to a “folding” of the space [31-33]. Nevertheless, it
should be emphasized that the space transformations that do not correspond to a dif-
feomorphism lead to material properties that are, if not impossible to obtain, at least
challenging for the optical metamaterial science (even in a small frequency range).
Thus far, experimental verification of invisibility cloaks was chiefly achieved for
microwaves [34].

This work has been performed in the framework of the POEM project — ANR-
06-NANO-008.
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 x(w)=u-u, M):_M, (13)

u,

In Fig. 1a we show how the total magnetic field is affected when a 2 GHz TM
time-harmonic uniform plane wave (traveling from left to right) strikes an ellipti-
cally shaped (e =0.7) perfect magnetic conductor (PMC) with semi-major axis
0.1 m.

a) 0.4

o
(snun qIe) pRy snaufew

0 01 02 0.6
meters
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(s1un "qIe) p[ayy onaudew
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Fig. 1 The magnetic field distribution obtained from simulations of a 2 GHz TM time-harmonic
uniform plane wave striking a PMC with the shape of an elliptic cylinder (e = 0.7 ) with semi-
major axis 0.1m : (a) without cloaking material; (b) with cloaking material (6‘0 = —fr/2 ). The
cloaking occupies the region 0.1m <z <0.2m.

When we enclose the PMC with the cloaking material we obtain the results
shown in Fig. 1b. Apart from invisibility the extra drag effect can be observed,
thus showing the flexibility of this geometric approach. The simulations have been
preformed using the FDTD method with a rectangular grid of 1.2 m (eight wave-
lengths) by 0.8 m (2.67 wavelengths). We have used material average optimization
(nine subcells) in order to reduce the effect of abrupt transitions. An incremental
step of A =125 um was adopted. The domain was bounded with PMLs to reduce
scattering into the simulation domain.
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g,(a)=&(p)n, (a)+§(m (a)‘B)CO,
n* . (a)+&(n, (a)]e, +n. (a) ). (B),

—1/2

(18)

gL(a)

where §(ﬁ)=yz(l—n2 2), §=§(1) and y=(1—ﬂ2)

3.2 Negative refraction in moving media

To address negative refraction in moving media we analyze the problem shown in
Fig. 2. This figure shows a plane boundary surface separating two homogeneous
isotropic media with indices of refraction », and »,. The upper half-space is
moving with normalized velocity £ as seen in rest frame of the lower half-space.
One should read this figure in following way (geometric interpretation): the plane
boundary separates two half-spaces filled with two different fictitious homogene-
ous space-times characterized by g (., =0) and g,(n,, 5, =f). It is the
abrupt change in the metric at the interface that is responsible for the deflection of
the ray in refraction.

A
k4

Fig. 2 The interface between two fictitious space-times: the upper half region (with metric g, )
corresponds to a moving medium with normalized velocity S .

Let us define, in each half-space (£ =1,2), 4-vectors a, =a,, e, +a, such that
a, are three-dimensional (relative) vectors pointing in the ray direction. Further-
more, a,, =ct, (c is the speed of light in vacuum). In fictitious space-time, a,
( £ =1,2) are null vectors. The corresponding quadratic forms can be solved to ob-
tain a,, interms of g, and a, as follows

-8 (eo)|5k i\xgk (eo Al )|(eo Aﬁ,() ‘

19
& (eo)|en =

& (ak)|ak =0 = gq4=
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Abstract Composites with plasmonic inclusions or holes in a plasmonic host
medium can exhibit very interesting, or even extreme, properties. We compare the
predicted effective permittivities of plasmonic composites using the classical mixing
rules of Maxwell Garnett, Lord Rayleigh and Bruggeman with quasistatic numeri-
cal simulations and a series solution in two dimensions. The Maxwell Garnett and
Rayleigh rules are reasonably accurate for small or modest volume-fractions of in-
clusions in a regular or almost regular lattice, while the Bruggeman rule is clearly
less useful in this case. Finally, we also consider transparency, near-field superlens-
ing and extreme anisotropy as possible applications using silver—air composites,
using the Drude model for the complex permittivity of silver.

1 Introduction

The effective permittivity of ordinary dielectric composites can be successfully es-
timated using a large variety of different mixing rules [15]. Each rule provides one
estimate, and depending on the microstructure of the composite, different rules can
give the best approximation for the effective permittivity. For a two-phase mixture
with lossless positive-permittivity constituents, the effective permittivity must be
between the permittivities of the constituents. However, if one of the constituents
has negative permittivity, the situation is radically different, since surface plasmon
resonances can be excited at the interfaces between the positive- and negative-
permittivity components.

Classical mixing formulas have, to some extent, been used also for plasmonic
mixtures [7, 12, 14, 16, 17], but their predictions may deviate strongly and qualita-
tively from each other. It has been critically pointed out [8] that the Maxwell Garnett
formula predicts infinities and Bruggeman complex results for real-valued compo-
nent permittivities. Recently, some purely numerical results [11] and finally also
comparisons between numerical results and mixing rules [4] have been presented,
but the topic is by no means exhaustively documented.

S. Zouhdi et al. (eds.), Metamaterials and Plasmonics: Fundamentals, 91
Modelling, Applications,
© Springer Science + Business Media B.V. 2009
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In this paper, we consider the classical Maxwell Garnett, Lord Rayleigh and
Bruggeman mixing rules in two dimensions and discuss their limitations and appli-
cability for plasmonic composites. To evaluate the accuracy of the mixing rules, we
also compute the effective (quasistatic) permittivity using the finite element method
(FEM) and a series solution for a square lattice of circular cylinders [10]. In addition
to the regular lattice, we also consider one slightly disordered composite, and finally
present three silver—air mixtures with interesting properties. A preliminary version
of this paper appeared in the META’08 proceedings [18].

2 Mixing Formulas and Their Limitations

Consider a plasmonic two-phase mixture where the plasmonic constituent (or in-
clusion) with relative permittivity & occupies the volume fraction p. For simplicity,
we assume that the other constituent has relative permittivity 1. The task is to es-
timate the effective permittivity €efr = €ef¢(&r, p). The classical mixing formulas by
Maxwell Garnett, Bruggeman and Lord Rayleigh are available for both two- and
three-dimensional mixtures, but we only consider the 2D case in this paper.

For mixtures with cylindrical inclusions, the Maxwell Garnett formula [9] pre-
dicts the effective relative permittivity

2p(&—1)
Eff =1+ —""—, 1
eff £r+1—p(8r_1) ( )
while the Bruggeman (symmetric) formula [1] gives
1
ECH:E(Bi 32+4er), B=1-&+2p&—1), )

where the branch of the (complex) square root yielding the physically more reason-
able result should be chosen; see also the more thorough analysis in [17].
The 2D Rayleigh formula [6] gives the estimate

2p

&+1 &g—1 4 g\
—p— 0.3058 p* +0.0134
e 1 P 8rJrl( P+ P’)

Efr= 1+

3

which can be understood as a refinement of the Maxwell Garnett formula, taking
some higher order interactions between the cylindrical inclusions in a square lattice
into account.

For each mixing rule & (&, p) we can define a complementary rule

ngf(gr’p)zsfseff(l/grvl_p)? (4)

by exchanging the roles of the inclusion and environment. In principle, the Maxwell
Garnett and Rayleigh formulas are valid for separated cylindrical inclusions (small p),
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while the corresponding complementary rules are valid for cylindrical holes in a
plasmonic material (large p). The Bruggeman formula (2) is symmetric with respect
to the inclusion and environment, i.e., it is its own complement.

For a square lattice of cylindrical inclusions, the volume fraction must be smaller
than pmax = /4 = 78.5%, if the cylinders are not allowed to overlap. This can be
seen as one upper bound for the Maxwell Garnett and Rayleigh formulas. To get
good estimates for the effective permittivity, the volume fraction should be some-
what smaller for the Rayleigh formula, and significantly smaller for the Maxwell
Garnett formula.

A 2D-cylinder can support plasmonic resonances when & = —1. Therefore, the
effective permittivity &g of a mixture with cylindrical inclusions should be singu-
lar near & = —1 if the volume fraction p is small. This is correctly predicted by
the Maxwell Garnett and Rayleigh formulas (1) and (3). As shown in Fig. 1, the
Maxwell Garnett formula predicts one singularity and the Rayleigh formula pre-
dicts two singularities with good accuracy, compared with the series solution for a
square lattice from [10], as long as the volume fraction is not too large. The effective
permittivity &g as a function of & has an infinite number of discrete singularities,
with an accumulation point at & = —1, as shown in [10]. However, it appears that
one or two singularities are enough to capture the overall behavior of & (&) every-
where except near the essential singularity at & = —1, when the volume fraction p
is not too large: say p < 25% or p < 50%.

The Bruggeman formula (2) does not predict any singularities, but instead a re-
gion where the effective permittivity is complex, shown in Fig. 2. This is certainly
incorrect for a square lattice of cylinders with real permittivity, and the symmetric
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Fig. 1 Singularity locations for the Maxwell Garnett formula (black line) and Rayleigh formula
(gray lines), compared with the five most significant singularities for a square lattice [10] (dashed
black lines).
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Fig. 2 Singularity locations for the Maxwell Garnett formula (black line) and Rayleigh for-
mula (gray lines), and their complementary formulas (dashed lines). In the shaded region, the
Bruggeman formula gives complex results.

treatment of the inclusion and environment has been argued as one reason why the
Bruggeman formula is inappropriate [4]. However, if we interpret the complex re-
gion as a region where the Bruggeman formula fails to predict a numerical value
— due to one or several singularities — then the formula might be appropriate for
plasmonic composites that are geometrically more symmetric with respect to the
inclusion and environment.

In this paper, we have only considered composites with non-overlapping inclu-
sions, i.e., without percolation. This can also be one explanation why the Bruggeman
formula (2) is less accurate, since it has a percolation threshold p. = 50%, which is
clearly not consistent with the geometrical structure of the composites we consider
here.

3 Quasistatic Verification

The electrostatic effective permittivity of a periodic mixture can easily be computed
using the finite element method (FEM). In particular, we use COMSOL MULTI-
PHYSICS 3.4 and the geometry shown in Fig. 3 to compute the effective permittivity
of aregular lattice (a x a) with cylindrical inclusions (radius R). The volume fraction
is then p = R?/a?, with R < a/2. The unknown is the potential ¢ (r) that satisfies
the (generalized) Laplace equation,

V- [&(r)Vo(r)| =0, &)
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Fig. 3 Geometry and d¢/on =0
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Fig. 4 Effective permittivity for a regular lattice with p = 5% negative-permittivity rods in air
using the Maxwell Garnett (MG), Bruggeman (Br) and Rayleigh (Ra) formulas and FEM.

and the boundary conditions shown in Fig. 3. Using a plate-capacitor model, the
effective permittivity can be expressed as

fupr = % /S &(r) Vo (r)-Vo(r)dsS, ©)

0

where V) is the applied voltage and the integral is over the whole computational
domain in Fig. 3. The relative permittivity & (r) is & in the cylinder and one outside.

A representative selection of numerical results for the effective permittivity & of
regular lattices is shown in Figs. 4-7. The series solution in Fig. 6 is computed using
the formulas in [10]. In general, the Maxwell Garnett formula gives accurate results
for low volume fractions, and the Rayleigh formula gives accurate results also for
larger volume fractions. The Bruggeman formula, where applicable, is clearly less



96 H. Wallen et al.

Fig. 5 Effective permittivity, as in Fig.4, but with the higher volume fraction p = 1/3. (The
Bruggeman prediction is omitted, since it gives a reasonable estimate only for & ~ 0 in this case.)

Fig. 6 Effective permittivity for a dense composite with p = 2/3 negative permittivity rods in a
square lattice using the Maxwell Garnett (MG) and Rayleigh (Ra) mixing formulas compared with
the FEM-result and the series solution (Ser). The accuracy of the mixing formulas are clearly not
very useful for this high volume fraction, but the series solution and FEM agree very well.

accurate in this case. None of the mixing formulas are accurate when the cylinders
are almost touching, since many singularities or higher order interactions should
be taken into account, but the FEM and series solutions agree almost perfectly as
shown in Fig. 6.
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Fig. 7 Effective permittivity for a mixture of air and a plasmonic material with & = —30. The

curves starting at p = 0% is for a mixture with plasmonic rods in air, while the curves ending at
p = 100% is for a mixture with holes in a plasmonic material. The complementary version of the
Maxwell Garnett and Rayleigh formulas are used in the latter case, and p is always the volume
fraction of the plasmonic material.
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Fig. 8 Effective permittivity for one slightly disordered sample with p = 1/3. The material is
anisotropic, with different &-components in the x- and y-directions, and several additional singu-
larities appear. The Rayleigh formula is not as accurate as for the regular lattice in Fig. 5, but it still
gives a very useful estimate, especially for & < —2.5 and & > —0.5.

Even a small deviation from a regular lattice can have a large impact near the
plasmonic resonances, as shown in Fig. 8. However, as long as the cylinders are not
allowed to be too close to each other, the Maxwell Garnett and Rayleigh formulas
seem to give useful estimates for large ranges of & < 0.
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4 Possible Applications Using Silver-Air Mixtures

Above, we have ignored losses and silently assumed that the mixtures can be ho-
mogenized using a static effective permittivity. In the following, we consider more
realistic silver—air mixtures, either cylindrical silver-nanorods in air (small p) or sil-
ver with cylindrical nanoholes (large p). We still assume that the geometrical details
are small enough compared with the wavelength, so that a quasistatic approxima-
tion is reasonable. For the complex relative permittivity of silver, we use the Drude
model

A 2 €0 =155
sr(l)er’jer"ewl(_/?/)/l, Ap = 130nm , (7
JA/ Aq = 30um

where the parameters are optimized to match the measured values in [5] for ultravi-
olet A and visible wavelengths. For these wavelengths, 320nm < A < 700nm, the
real part of the permittivity is negative, —24 < g < 0, while the imaginary part is
relatively small, €/ < €.

The considered mixtures are anisotropic, with dyadic effective permittivity

Eeff = Eeff,t(uxux + uyuy) + Eeff U Uz , (8)

if we assume that the cylinders or holes are parallel with the z-axis. The axial per-
mittivity is obviously the weighted average of the components

&it, =p&+(1—p), 9)

while the transversal permittivity &g, can be estimated using the above mixing
rules.

4.1 Transparency

To get perfect transparency, the effective permittivity should be &g = +1, which
seems to be impossible unless p = 0, but we can at least try to obtain &g ~ +1.
Considering the above mixing rules, the most promising possibility seems to be to
use a mixture with large enough holes in silver, and & near —1. The complementary

Maxwell Garnett formula predicts &gy = +1 for any p > 0 if & = —1, which is
clearly wrong. However, using the Rayleigh formula we see that, at both sides of
the singularity near & = —1, we could get & ~ +1, as shown in Fig. 9.

4.2 Near-field superlens

A perfect lens [13] needs &g = Uegr = —1, but for a near-field superlens (NFSL)
it is sufficient to obtain € = —1. Pure silver has & = —1 —j0.07 at A = 331 nm
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Fig. 9 Effective permittivity, as a function of free-space wavelength, for a mixture with p = 60%
silver and 40% air-holes. The Rayleigh estimate (Ra) and quasistatic FEM-result for a periodic
lattice are shown, compared with the permittivity of pure silver (Ag). The real parts are shown in
black and the imaginary part in gray. Near 326 nm and 338 nm, the effective permittivity &, is
close to +1.

according to the Drude model (7). It would be highly useful to tune the wavelength
of the superlens, as suggested in [2], using a suitable mixture of silver and an ordi-
nary dielectric.

According to the complementary Maxwell Garnett rule, the effective relative per-
mittivity &gy = —1 when

(1+¢)?
=1 (=&)’ (10)

which is also plotted in Fig. 10 along with the (numerically solved) corresponding
value using the complementary Rayleigh rule.

For instance, using a mixture with p = 50% silver and 50% air-holes and oper-
ating at the free-space wavelength A = 444nm, which is in the visible violet/blue-
region, we get

& =—6.16—j0.17 and &= —1.00—;0.058, an

using the Drude model and the complementary Rayleigh formula. For a regular
lattice, the quasistatic FEM-solution as well as the series solution gives the same
&.fr,¢ with three digits accuracy. The axial effective permittivity is not —1 but instead
Eeff, = —2.58 —j0.086, but this is not necessarily a problem for a NFSL that works
for only one polarization (TM). If we choose the orientation so that the TM-fields are

H| u, and E_lu,, (12)
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Fig. 10 Mixture with holes with &g;( = —1 according to the Maxwell Garnett (MG) and Rayleigh
(Ra) formulas.

then &, can have any value and only & is significant for the superlensing effect.
However, the composite is then a silver slab with cylindrical holes inside the slab —
instead of holes through the slab, which would certainly be easier to manufacture.

4.3 Extreme Anisotropy

The final example is a mixture with very large transversal permittivity and near-
zero axial permittivity. The Maxwell Garnett formula (1) predicts infinite transversal
permittivity €, when

&+1
= 13
g (13)
while the axial permittivity &, is zero when
1
= . 14
P=1"e (14)

These two coincide when p = 1/3 and & = —2. Similarly, the Rayleigh formula
gives the numerical values p = 33.0% and & = —2.03.

Using a mixture with p = 33.0% silver rods in air and operating at the free-space
wavelength A = 357 nm, we get

g =—2.03-j0.09, & =—j33, and &, =—j0.03, (15)

where the anisotropy is finite, but still very large: €/ &fr, = 1100.
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5 Conclusion

In this paper, we have considered the quasistatic effective permittivity of plasmonic
mixtures with cylindrical inclusions (or holes) in a regular or almost regular lattice.
For these composites, the mixing formulas by Maxwell Garnett and Lord Rayleigh
give surprisingly accurate results. The Maxwell Garnett formula predicts the loca-
tion and effect of one plasmonic resonance, while the more accurate Rayleigh for-
mula predicts two plasmonic resonances, which seems to be sufficient to predict the
effective permittivity when the volume fraction is p < 25% and p < 50%, respec-
tively, and & # —1. The Bruggeman formula is clearly not useful for this particular
kind of mixture.

Among the considered possible applications, the extremely anisotropic compos-
ite seems to be the most promising one. Ideally, the effective permittivity would be
given by (8) with &gr; — oo and &gr, = 0. The effective permittivity becomes fi-
nite and nonzero for a silver—air composite, but the anisotropy-contrast € /€ 2
can still very large. This could perhaps be useful for optical nanocircuits [3], where
materials with & =~ 0 and |&.| > 1 are needed. Also the composite near-field su-
perlens could be useful, since the tunability range (in terms of & or 1) is quite large,
unless the structure is too difficult to manufacture in practice.
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(LH) wave propagation and negative index of refraction (NIR). Periodic structures
that prohibit the propagation of electromagnetic waves in a certain frequency band
for certain arrival angles and polarization senses are classified as electromagnetic
band-gap (EBG) structures. Another important category of metamaterials consist
of ground planes that exhibit unique reflection characteristics other than conven-
tional PEC, and are defined as “artificial complex ground planes”. Figure 1 shows
the three basic categories of metamaterials, with some representative applications
illustrated.

Meta-Materials

( Beyond the nature; none existing in the nature)

> [

Double Negative Flectromagnetic Bandgap -l Artificial complex
Materials (Left-handed) Structure (EBG) ground plane
o
? e ¢ 4 3
Optics Microwave (o o QRP e
1960°s & 2000°s Hard D= s200) ai=l

Filters EBG - Antenna

1940’s & 2000°s 1995°s

1990’5
Fig. 1 Classification of metamaterials and some representative applications.

This chapter summarizes the results published by the authors on this subject,
with ample examples addressed on the analysis, designs, and applications of EBG
structures in antenna engineering.

2 Advanced Computation and Optimization Techniques

Various structures and geometries have been proposed to achieve the exciting
EBG properties. For example, Fig. 2a shows an EBG transmission line with
periodic holes on the ground plane [2], Fig. 2b depicts a mushroom-like EBG
surface [3], and Fig. 2¢ sketches a woodpile EBG structure consisting of square
dielectric bars [4]. Advanced computation and optimization techniques are
essential for proper designs and characterizations of these EBG structures. There
are several numerical methods with various degrees of sophistication and
accuracy, including plane-wave expansion and spherical-wave expansion, transfer
matrix method, finite difference time domain (FDTD) method, finite element
method (FEM), and method of moment (MoM). In this chapter, our focus will be
on the FDTD method, because it is flexible enough to model various media and
provides a broad band characterization in one single simulation [5].
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Fig. 2 Various electromagnetic band gap (EBG) structures: (a) a one-dimensional EBG
transmission line, (b) a two-dimensional mushroom-like EBG surface, and (¢) a three-
dimensional woodpile EBG structure.

2.1 FDTD engine

As shown in Fig. 3, a powerful FDTD computational engine has been developed
at UCLA Antenna Lab to analyze various antennas and electromagnetic objects,
including the EBG structures [6-9]. The FDTD engine is built based on Yee’s
cells, and the computational domain is truncated by the perfectly matched layers
(PML). The total field/scattered field technique is implemented to simulate the
plane wave incidence. Since most EBG structures are periodic composites, periodic
boundary conditions (PBC) are also developed using the split field technique as
well as constant £, method (Spectral FDTD). To increase the computational
efficiency, some post-processing approaches are adopted, such as the Prony method
and auto-regressive moving-average (ARMA) estimator.

Total/scattered fields
Virtual Connecting
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* Yee algorithm 3 i | Scattered
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Fig. 3 An FDTD computational engine developed at UCLA.
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important to point out that spectral FDTD works well for large incident angles
such as 85° whereas the split field method cannot give a converged result because
of the prohibitive long simulation time.
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Fig. 5 FDTD simulated results of a periodic patch array: (a) 60° TE incidence and (b) 85° TE
incidence.

It is worthwhile to highlight several advantages of the spectral FDTD method.
First, this algorithm is very easy to implement. In contrast to the split field method [§]
that uses auxiliary fields P and @, this approach computes E and H fields directly.
Thus, no complicated formulas need to be derived and the traditional Yee’s
updating scheme is used. The perfectly matched layers also remain unchanged,
which helps to simplify the implementation procedure. Secondly, this algorithm is
efficient in calculating the scattering at large incident angles. When the split field
method is used to calculate the oblique incidence, the time step size (Af) needs to
be decreased as the incident angle (#) increases. Thus the simulation time becomes
prohibitively long for large incidence angles. In contrast, the spectral FDTD
method uses a standard Yee’s scheme to update the E and H ficlds. The stability
condition remains unchanged regardless of the horizontal wave number (k) or
incident angle.

2.3 Optimization methods

To obtain desired electromagnetic propertics, some ecvolutionary optimization
algorithms, such as genetic algorithm (GA) and particle swarm optimization
(PSO), are used in EBG designs and optimizations. In [12], a multi-band EBG
surface is obtained using GA optimization. In [13], the PSO algorithm is linked
with an FDTD kernel to optimize the performance of EBG designs. In particular,
it is utilized to determine the unit cell topology of an EBG structure, in order to
obtain a desired reflection phase and also achieve an equivalently miniaturized
design. As a result, a compact EBG surface is obtained for low profile antenna
applications. The interested readers are referred to [12—13] for in-depth discussions
on this very exciting topic and additional references.
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3 EBG Characteristics

3.1 Various FDTD models

EBG structures exhibit unique electromagnetic properties, which are identified
through a variety of FDTD models. Figure 6a shows a transmission line model. A
microstrip line is located above an EBG surface and the transmission coefficient is
computed using the FDTD method. Without the EBG surface, the transmission
coefficient equals to one and all energy can pass through. When the EBG surface
is used, a stop band similar to a filter is observed. This model is suitable for
microwave circuit applications. Figure 6b illustrates a surface wave model. An
infinitesimal dipole source is positioned in the middle of a grounded slab to excite
surface waves. Without the EBG cells, strong electromagnetic fields can be
observed at a reference plane. When the source is surrounded by the EBG cells,
surface waves will be inhibited in a certain frequency range and weak fields are
recorded at the reference plane. Figure 6¢ shows a dipole antenna model, where a
horizontal dipole is positioned near the EBG ground plane for a low profile
configuration. The resonant frequency of the antenna varies depending on the
dipole length. When the frequency is within a certain range, the EBG ground
provides a proper reflection phase which enhances the radiation efficiency of the
antenna.

Infinitesimal
dipole source Reference plane

i

Top view L//JL/[J Lz
—||| ———T ||r s i
Cross view * / ki e L i
() (b) ()

Fig. 6 Various FDTD models have been used to characterize the EBG properties: (a) a
suspended microstrip line above an EBG surface, (b) an infinitesimal dipole source surrounded
by EBG cells, and (¢) a horizontal dipole near an EBG ground plane.

3.2 From a PEC surface to an EBG surface: understanding
the underlying physics

To better understand the EBG properties, it is helpful to observe the evolution
from a PEC surface to the EBG surface, as shown in Fig. 7. For a PEC surface, the
frequency of 0° reflection phase, referred to as the 0°-reflection-phase frequency
afterwards, starts at h = 3/4 for both TE and TM waves and shifts up to higher
frequencies when the incident angle increases. When a via loaded PEC surface is
considered, the 0°-reflection-phase frequency also starts at h = A/4 for both
polarizations. As the incident angles increases, TM frequency is stable whereas
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W=0.100, g = 0.02%, & = 0.04%, &= 2.94 (6)

where W is the width of the square patch, g is the gap width, % is the substrate
thickness, and &, is the dielectric constant of the substrate. The vias’ radius in the
EBG structure is 0.005A. The free-space wavelength at 4 GHz, A = 75 mm, is used
as a reference length to define the physical dimensions of the EBG structure. It is
worthwhile to point out that the periodicity of the EBG structure (0.123) is much
smaller than the wavelength.

Figure 8a shows the dispersion diagram of the EBG structure, where the
vertical axis is the frequency and the horizontal axis represents the values of the
horizontal wave numbers (k,, k) in the Brillouin zone. Each point in the dispersion
diagram represents a certain surface wave mode. It is observed that no surface
waves can exist in the frequency range from 3.5 to 5.9 GHz. Thus, this frequency
region is defined as a surface wave band gap of the EBG structure.
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Fig. 8 Electromagnetic properties of an EBG sfructure characterized using FDTD method with
periodic boundary conditions (PBC): (a) the dispersion diagram and (b) the reflection phase. The
EBG structure exhibits a frequency band gap for surface waves and an in-phase reflection
coefTicient for plane-wave incidence.

X

Figure 8b shows the reflection phase of the EBG structure for normal incidence.
The reflection phase is defined as the phase of the reflected E field normalized to
the phase of the incident E field on the reflecting surface. It is well known that a
perfect electric conductor (PEC) has a 180° reflection phase and a perfect magnetic
conductor (PMC) has a 0° reflection phase. In contrast, the reflection phase of the
EBG surface decreases monotonically from 180° to —180° as frequency increases.
For example, the EBG surface exhibits a 90° reflection phase around 4.6 GHz and
a (° reflection phase at 5.8 GHz. It is important to note that the reflection phase
varies with incident angles and polarization states depending on the physical
structures of the EBG.
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4.2 Low profile antennas

Another EBG application is to design low profile wire antennas, which is favorable
in modern wireless communication systems. To illustrate the fundamental principle,
Fig. 10 compares the EBG with the traditional PEC ground plane in antenna
designs. When an electric current is vertical to a PEC ground plane, the image
current has the same direction and reinforces the radiation from the original
current. This antenna has good radiation efficiency, but suffers from relative large
height due to the vertical placement of the current. To realize a low profile
configuration, one may position a wire antenna horizontally close to the ground
plane. However, the problem in this structure is the poor radiation efficiency
because the opposite image current cancels the radiation from the original current.
Traditionally, equivalent magnetic currents near a PEC ground plane have been
used, which has lead to a profusion of microstrip antennas. Recently, it has been
shown that the EBG surface is capable in generating a constructive image for the
electric current within a certain frequency band, resulting in a good efficiency of
low profile wire antenna. Therefore, the wire-EBG antenna becomes a new frontier
in antenna area, which could provide a useful alternative to microstrip antennas.

Options Efficiency Low Profile Antennas
J T — é/./ & Monopole
J: PEC " é’j./ "
| © | O | e
J: EBG ‘\.\J./ \LJ.J Ns\\;i’rfer-oEnBtigr:

Fig. 10 Comparisons of conventional PEC and EBG ground planes in antenna designs. The wire-
EBG antenna is a new type of low profile antennas.

Circularly polarized (CP) antennas. Various low profile wire-EBG antennas
have been developed to realize diverse radiation performance. Circularly polarized
(CP) antennas are desired in many communication systems such as the Global
Positioning System (GPS) and satellite links. The EBG ground plane is imple-
mented in low profile CP wire antenna designs. The first approach is to replace the
PEC ground of a curl antenna with an EBG ground, as shown in Fig. 11a. The
circular polarization is generated by the traveling current along the curl and the EBG
ground plane helps to improve the radiation efficiency of the curl in a low profile
configuration [16]. It is noticed that the overall antenna height (0.07A) is much
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smaller than that of a conventional curl design on a PEC ground plane (0.253).
Figure 11b presents the second approach for low profile CP wire antenna design
where a linearly polarized dipole is used instead of the CP curl [17]. The circular
polarization pattern of the overall antenna is realized by the superposition of the
directly radiating wave from the dipole and the reflected wave from the EBG
ground plane. A polarization-dependent EBG (PDEBG) ground plane has been
uniquely designed and implemented so that the reflected wave has a perpendicular
polarization direction to the directly radiating wave as well as a 90° phase shift [18].

Fig. 11 Various EBG applications in low profile antenna designs: (a) a CP curl antenna, (b) a
dipole antenna on a PDEBG surface for CP performance, (¢) a reconfigurable bent monopole
antenna with radiation pattern diversity, (d) a dipole antenna near a semi-EBG ground for
WLAN application.

Reconfigurable antenna with radiation pattern diversity. Reconfigurable antennas
are desirable in modern wireless communication systems because they can provide
more functionalities than ordinary antennas by reconfiguring their operating
frequencies, polarizations, and radiation patterns. Figure 11c shows the photo of a
reconfigurable wire-EBG antenna, where a feeding probe is connected to two
metal strips through two switches [19]. When the left switch is ON and the right
switch is OFF, the probe has an electrical connection to the left strip, resulting in a
bent monopole oriented along the —x direction. When the left switch is OFF and
the right switch is ON, a bent monopole oriented along the +x direction is
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obtained. As a consequence, the direction of the antenna beam can be switched in
space and the diversity in the radiation pattern is realized. The measured radiation
patterns reveal that the antenna beam can be switched between £26°.

Dipole antenna for WLAN applications. Figure 11d shows the photo a printed
dipole antenna design with a semi-EBG ground plane [20]. The radiation efficiency
of the dipole antenna is significantly improved when a PEC ground plane is
replaced by the EBG ground plane. This antenna prototype realizes a 9.4%
bandwidth and an omni-directional pattern. This design is particularly useful for
the internal wireless local area network (WLAN) antennas of laptop computers.

4.3 Surface wave antenna

The concept of surface wave antenna (SWA) [21] was proposed in 1950s. To trap
and guide surface waves, a commonly used structure in SWA is the corrugated
metal surface. However, the quarter-wavelength height of the corrugated structure,
which is relatively large for many wireless communication systems, limits the
SWA applications. The recent advancement on metamaterials [22] and artificial
electromagnetic surfaces [23] have provided new opportunities for novel SWA
designs. In particular, a patch loaded slab (no vias) can support a tightly bounded
surface wave within a thin substrate [24].

In this section, a recently reported patch-fed surface wave antenna (PFSWA) is
presented. The objective is to realize a monopole like radiation pattern, which is
widely used in wireless communications such as radio broadcast and wireless
local area network (WLAN). Since the vertical monopole antenna is not
recommended in low profile applications, an alternative approach is to use higher
order modes of circular or annular-ring microstrip antennas [25-26]. However, the

(a) ()
Fig. 12 Photos of a fabricated PFSWA: (a) a center-fed circular patch in the middle layer, and
(b) periodic square patch array on the top layer.
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The ground plane for this setup is the small square shown encompassing the
waveguides. The hemisphere layout is limited to half-space investigations because
the beam, even if the lens is able to steer it below the horizon, would scatter off
the ground plane and bounce back to above the horizon.

For waveguide mode numerical accuracy each waveguide element is drawn and
filled with dielectric, and excited by the Port boundary condition with the TE,
mode. This is as opposed to using just Port excitations on 2D waveguide cross-
sections without extrusions into 3D objects. Following the operation mode of the
actual PAA, the array elements are uniformly illuminated, i.e. each waveguide
input port is given the same input power. The waveguide elements are fed with
ideal phase delays calculated from the relative distances between the centers of the

waveguides. For a given beam scanning direction (9, ¢7) the ideal phase delay for
a particular waveguide element in the array is given as

Vi :_ko(uxi+Wi) (D

where k, =27/ A,is the free space wave number, # =siné@cos¢@ and

v=sin@sin ¢ are the direction cosines, and (x,., yf) is the coordinate of the
waveguide element with respect to an arbitrary coordinate system. The geometric
center of the array is chosen as the natural origin of the coordinate system.

2.2 Beam characterization

Simulations of the PAA described above are performed using Comsol’s
Multiphysics 3.4 finite element analysis software package with the RF module
[11]. Figure 2a shows an example of the resulting intensity far-field pattern in 3D
for a beam scanned at 30°. Note that the plot is in dB scale so the sidelobes seem
prominent. The main beam and sidelobes characteristics match reasonably well to
the far-field intensity calculations in Fig. 2b obtained independently using
Discrete Fourier Transform (DFT) on the array without accounting for waveguides
mutual impedance coupling.

Far-field Intensity (dB)

3 i : P
-20 0 20 40 60 B0 100
Deg. from Vertical Axis

(a) (b) (c)

Fig. 2 Far-field intensity pattern of a 30° beam using (a) 3D full wave simulations and (b) ideal
DFT method showing reasonable agreement. (¢) Far-field intensity plots of a broadside (solid)
and a 60° beam (dashed).
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(a) (b) (c)

Fig. 3 Plots of the magnitude of the E-field of a 2D PAA beam with an original steering angle of
60° propagating through (a) free space and (b) an optimized lens steering the beam to the
horizon. (¢) A close up view of (b) in the near-field of the PAA.

As a demonstration of the NIM lens performance, Fig. 3b shows the same
nominal 60° beam going through an optimized NIM lens. The beam gets steered
sideway to the horizon. Figure 3¢ is a close up view of Fig. 3b showing more
detailed features of the PAA output and beam-lens interaction. The lens shown
consists of the area between an inner circle of radius R = 4 in., and an outer ellipse
with semimajor axis @ = 5.4 in. and semiminor axis # = 4.2 in.. The material of
the NIM lens is impedance matched to free space with & =-1.8 and

M. =—1.8 giving an index of refraction of n=—1.8.

The optimization process starts with building and running a model in Comsol
and performing all the necessary post-processing analysis. The model is then
exported to Matlab for scripting and modification. For parametric study the lens is
designed as a shell resulting from the area between two ellipses. The seript is ran
scanning over various sizes and eccentricities of the inner and outer ellipses and
NIM index of refraction values. The far-field intensity is extracted and the peak
intensity and the angle of occurrence are used as the figure of merit for that
particular geometry and material setting.

Over 8,000 FEM runs in 2D were performed to explore the design space and
search for the optimized geometry and material. Figure 4a shows a limited
example output of the script where the lens geometry is fixed and the material
index of refraction is varied. The results clearly demonstrate a NIM lens with a
range of index of refraction capable of steering a 60° beam close to the horizon.
Figure 4b shows the corresponding final beam intensity in the far-field. In fact,
upon closer inspection, some lenses are able to steer the beam below the horizon.
Notice the sharp dips in Fig. 4a and bat 7 =—2.1. For lenses with 7 < —2.1 the
beam actually gets steered below the horizon and scatters off the ground plane,
giving a false reading of the actual steering power of the lens. Figure 4c

demonstrates such a case when n=-2.4.
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Fig. 4 An example of the outputs of an optimization run showing (a) the final steering angle as a
function of lens material index of refraction and (b) the corresponding peak far-field intensity.
(e) A case where the beam is steered below the horizon and scatters off the ground plane.

T

Regardless of antennas’ scanning ability, most applications are limited to above
horizon scanning either because of the platforms they are mounted on or the
extended operating environment. With this factor in mind a lens design that just
scans to the horizon is identified for further development. From Fig. 4a and b a
lens with an index of refraction #7 = —1.8 is chosen as it steers a 60° beam almost
to the horizon and still retains a relatively high power intensity in the far-field.

With an optimized lens shape found we are ready to simulate the whole antenna
in 3D for more accurate results. In 3D the lens is formed by rotating the 2D cross
section in Fig. 3¢ about the central axis resulting in a dome structure. From this
perspective the PAA lens is a specialized radome that enhances the performance
of the PAA.

2.4 3D full wave simulation

Fully isotropic NIM material in the microwave frequencies is not available at this
time. There are special cases of material slabs built but the fabrication techniques
and material configurations are not easily transferable to the spherical symmetry
of the PAA lens [12-14]. In order to find the most easily manufactured PAA lens,
we have to simulate the lens using materials with reduced isotropy, i.e. materials
that only respond to some of the electric and magnetic fields components, but not
to all three. The design problem statement is now reduced to finding a material
with limited isotropy that is easy to fabricate, capable of steering a 60° beam to
the horizon, and also preserves the polarization of the beam.

The PAA lens has spherical symmetry and the beam phase front and
polarization components are spherical in nature, so we need the NIM materials to
respond to the relevant spherical components of the antenna field. For anisotropic
materials simulations Comsol requires the permittivity and permeability dyadics
£and ﬁ in the Cartesian coordinate system, so we need to transorm the dyadics
from a spherical coordinate system to a Cartesian one.
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The permeability dyadic transformation takes the same exact form. The radial
component is not used in our simulation and fabrication but is included here for
completeness. With this transformation we have essentially traded geometry for
material, going from a complex geometry with constant material properties to one
of simple geometry with variable material properties. This transformation should
not be confused with the one in Section 2.4; even with the new material properties
in Eq. (10), we still need to transform it further using Section 2.4 to convert
material dyadics in spherical coordinates into one in Cartesian coordinates that
Comsol requires.

¥
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(c)

Fig. 7 (a) The optimized lens with constant material and varied geometry gets mapped into (b) a
lens with varied material and constant geometry for easier fabrication. (¢) The comparison of the
far-field intensities of the ellipsoidal (solid) and spherical (dashed) shells.

As a concrete example we transform the optimized lens found in Section 2 into
a spherical shell lens. Figures 7a and b show the simulation domains and slice
plots of the material properties for the two lens configurations. The ellipsoidal
shell lens has constant index of refraction # = —1.8 while the spherical shell lens
has a gradient index of refraction of —2.5 < n(@) < —0.36 for a shell one inch
thick. The range of the index of refraction could be controlled by adjusting the
spherical lens thickness with material losses taken into considerations. Figure 7¢

compares the intensity far-field patterns of the two configuration showing they
closely match considering differences in meshing and material gradients.
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The conformal transformation technique proves to be useful in lens geometry
and material design. In this example it transforms a configuration that is easier to
optimize into a configuration that is easier to fabricate, and resulting in a more
desirable final shape. If we were to start out with the spherical shell lens, the
gradient index of refraction required would have been very difficult to optimize
because the design space seems unbounded.

3.2 Truncated lens

Even with a spherical shell lens we are still faced with the crowding of the SRR
and wire unit cells in the ¢ direction at higher latitudes and certainly at the pole.
To build a limited proof-of-concept sample we are fabricating a truncated lens
where the spherical shell only contains enough material to steer a 60° beam.

To determine the right amount of material to include the 60° beam near-field
power intensity is plotted along the great inner circle of the spherical shell lens,
shown in Fig. 8a. The —10 dB band width occurs at colatitudes of roughly 40-75°,
Figure 8b shows the resulting truncated lens geometry within the simulation
domain and a slice plot showing the index of refraction gradient.

Intensity (dB)

] 20 40 60 80 100
Deg. from Vertical Axis

(a) | (b)

Fig. 8 (a) The near-field power intensity along the inner shell of the spherical lens to extract
—10 dB angles for lens truncation. (b) The geometry of the corresponding truncated lens.

The primary concern with a truncated lens is the performance of beams at mid
scan angles. Broadside and low scan angle beams propagate in air, while a 60°
beam gets most of its intensity intercepted by the lens. The mid-angled beams
would get split between air and lens material. The part intercepting the lens would
get scanned towards the horizon, while the part in air sees a material discontinuity
at the lens truncation point. This discontinuity would scatter the beam at varying
levels depending on the beam scanning angle.
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Fig. 9 Far-field intensity plots of (a) a 45° beam without a lens and (b) a 45° beam and (c¢) a 60°
beam going through a truncated lens.

Figure 9a shows the far-field intensity of a 45° beam without a lens. Figure 9b
shows the far-field intensity for the same beam going through a truncated lens. We
can clearly see that part of the beam gets steered to the horizon, while the other
part gets scattered and deflected towards the pole. In this example the beam gets
deflected up by 9° relative to its original trajectory. The far-field intensity of a 60°
beam going through a lens is included in Fig. 9¢ for comparison.

For a proof-of-concept device, unit cells are being designed and fabrication
details are being worked out for a spherical shell lens with truncation. The actual
lens fabrication techniques and performance will be presented in a later work
when available. Our group’s previous NIM lens designs and fabrications show
good agreement between simulations and experiments [7], so we expect similar
agreements this time as well.

3.3 Alternative NIM

The limitations of cubic SRR and wire unit cells to conform to an arbitrary
geometry are obvious from the previous sections. While the truncated lens is being
fabricated, other NIM materials are being investigated as long term solutions.

One candidate alternative NIM material is coated dielectric spheres, shown in
Fig. 10a. Coated dielectric spheres have been investigated previously to achieve
negative refractive index at microwave and infrared frequencies [18, 19]. To
achieve negative index of refraction in coated dielectric spheres, Mie resonance in

the core provides the negative £, and surface resonance of the coating provides

the negative &, . The coated dielectric spheres would be truly an isotropic NIM if
attainable. The material could be produced in bulk via batch processing, and the
resulting ‘powder’ or ‘block’ could be moulded or milled into shape, respectively.
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(a) (b)

Fig. 10 (a) Coated dielectric spheres and (b) stacked hole arrays are being investigated to
provide NIM materials at microwave frequencies.

The difficulty with coated dielectric spheres as a NIM at microwave
frequencies is achieving negative &, . For the plasma frequency of the coating
material to be at the microwave frequencies, materials with very low electron
carrier densities are needed. It is still unclear if those materials would be
sufficiently conductive to respond and interact with the incoming electric field to

provide the negative &, . Further material and geometry investigations are still

needed.

Another candidate alternative NIM material is stacked hole arrays. The stacked
hole arrays medium consists of metal plates with holes drilled in a periodic
fashion in two dimensions on a plane. The plates are stacked together with a gap
between them. Figure 10b shows a unit cell simulation of the medium. Three
plates are shown in this example but lower or higher numbers of plates could be
used to attain the same effect. Periodic boundary conditions on the transverse
boundaries are used to mimic a large array.

The mechanism for stacked hole arrays to achieve negative refractive index is
the extraordinary optical transmission via surface plasmons [20]. Recently stacked
hole arrays NIM material was used to build a planoconcave lens [21]. The material
electromagnetic properties is essentially 2D with rotational symmetry about the
axis of the holes, and exactly meets the requirements of the PAA lens. The

periodicity of the holes, however, is on the order of one A, and resembles

photonic bandgap structures. For this material to be useful on the PAA lens, the
array lattice spacing must be made much smaller than the radius of curvature of
the spherical shell lens. This could be achieved by filling the gaps and holes with
high dielectric materials. Once this relative size requirement is met the unit cell
simulation with hole arrays on a flat plate should closely approximate hole arrays
on a spherical surface. Concentric metallic spherical shells with hole arrays could
then be used to fabricate the full dome lens.
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Abstract This paper reviews the results of experimental investigation of radiating
structures based on plasma-like wire media, undertaken at University of Zagreb. It
is shown that all three regions of the dispersion curve of wire media, namely the
Epsilon-NeGative (ENG) region, the Epsilon-Near-Zero (ENZ) region and the
Epsilon-PoSitive (EPS) region, can be successfully utilized in antenna applica-
tions. The phenomenon of gain increase of an antenna embedded in wire medium,
based on ultra-refraction in ENZ region, was investigated in 10 GHz band. The
results revealed that the use of ultra-refraction may be a practical approach in the
case of low-directivity radiators such as simple monopole antennas. Another
example of the utilization of the ENZ region deals with the shortened horn antenna
with embedded wire-medium-based ENZ slab operating in 10 GHz band. Two
prototyped shortened horn antennas (labeled as horn I and horn II) had lengths of
52% and 33% of the length of the optimal horn, respectively. Measured gain was
found to be very similar to the gain of the full length optimal horn (within 0.1 dB),
but in a narrow band (12% for horn I and 8% for horn II). The last example deals
with a scanning leaky-wave antenna operating at 10 GHz, based on a waveguide
filled with double-wire medium operating in all three regions of the dispersion
curve. These three regions correspond to three different modes of propagation in
the waveguide: the backward-wave mode, the forward-wave mode and the mode
with infinite wavelength. Experimental results revealed the possibility of main
beam scanning within an angle of +60° from broadside direction.

1 Introduction

It is well known [1, 2] that an array of parallel wires (Fig. 1a), the lattice constant
(d) of which is much smaller than the wavelength (d << L), can be thought of as a
plasma-like material (ENG metamaterial) described by its relative permittivity [1, 2]:
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Here, f'and f, represent the frequency of the signal and the cut-off frequency of the
array (‘plasma frequency’), respectively, while factor y represents the losses (see
the graph in Fig. 1b). The plasma frequency is dependent on the geometrical
parameters of the array (lattice constant @ and wire radius) and several different
equations for its prediction are available in the literature [2, 14]. Although the con-
cept of an array of thin wires was introduced a long time ago [1], the interest in
this structure has been revitalized after the first experimental DNG metamaterial
was reported [3].

The operation of wire medium illuminated with a plane wave can be under-
stood in an intuitive and simple way with the help of the transmission line theory
(Fig. lc.) The free space can be thought of a transmission line with a series dis-
tributed inductance and a shunt distributed capacitance representing the free-space
permeability (1) and permittivity (&), respectively. Since the wires are parallel to
the electric field vector, they can be thought of the distributed inductance ‘con-
nected’ in parallel with free-space permittivity (g). These two elements form a
parallel LC tank circuit that behaves as a shunt inductance below the resonant fre-
quency (f,). Thus, the whole structure behaves as a LL transmission line that can
be interpreted as an Epsilon-NeGative metamaterial (ENG). It is important to
notice that the losses of wire media operating in the ENG region are significantly
lower than the losses of widely used Mu-NeGative (MNG) media based on Split-
Ring Resonators (SRRs). Low losses are associated with the fact that very low
current flows through the parallel tank circuit in the vicinity of the resonant
frequency (f,) (On the contrary, a SRR inclusion behaves as a series tank circuit
associated with the high current density and therefore high losses in the vicinity of
the resonant frequency). Slightly above the f,, equivalent relative permittivity of
the tank circuit is a small positive number very close to zero (the tank circuit
behaves as a shunt capacitance smaller than free-space permittivity). Wire-medium
operating in this frequency region is usually referred to as Epsilon-Near-Zero
metamaterial (ENZ) [10]. If the frequency is increased further, the equivalent
permittivity approaches unity and the wire medium operates like an ordinary Epsi-
lon-PoSitive (EPS) material.

It was shown [14] that (1) applies only if no component of the wave vector is
parallel to the wires. If this constraint is not met, the wire-medium exhibits spatial
dispersion. In the case of lossless wires, the effective permittivity of wire medium
with spatial dispersion is given by [14]:

2
frog =1-— T @)
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Here, ¢ stands for the speed of light and ¢ is the component of a wave vector
parallel to the wires. In a general case ¢ may also be dependent on the frequency
and ¢,,; becomes a rather complicated function of both geometrical parameters of
the array and frequency. However, even in this case it is possible to identify
several different characteristic regions of the dispersion curve with the ENG
behavior, the ENZ behavior and the EPS behavior.

This paper reviews some of the experimental results of utilization of all three
characteristic regions of the dispersion curve of wire media in antenna technology,
undertaken at University of Zagreb.

i
it
)|

Fig. 1 (a) A thin-wire-based metamaterial, (b) Effective permittivity; solid — real part, dashed —
imaginary part (c¢) Transmission line equivalent circuit.
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2 An Antenna Embedded in Wire Medium

One very interesting application of wire medium that operates just above the
plasma frequency (in the ENZ region of the dispersion curve) was proposed
recently in [4]. The authors embedded a simple omnidirectional radiator (a mono-
pole antenna) into the wire medium and observed a significant increase in directi-
vity. A very simple intuitive explanation, based on ultra-refraction, was given in
[4] and is briefly reviewed here in Fig. 2a. If one represents the spherical waves
emanating from the source by rays, the incident angle (6;) and the refracted angle
(6,) are related by Snell's law (see ray 1 in Fig. 2a):

0, sin-l(ﬁsin(el )) (3)

If the relative permittivity of the ENG slab (g,) is a very small positive number, the
angle 6, will be close to 0°, i.e. all outgoing rays will be nearly perpendicular to
the surface of the ENZ slab. This will cause a directive broadside radiation pattern
similar to the radiation pattern of an aperture with uniform current distribution. It
is important to notice that the basic principle of ultra-refraction is actually not
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novel at all. Similar experiments that mimic the behavior of radiators embedded in
plasma were performed back in the sixties of the previous century [1]. However,
the intuitive picture of rays is just a first approximation, while several different
rigorous studies of wave propagation in the slab with vanishing permittivity have
been presented in the last few years [8—10]. These studies revealed that the back-
ground physics of directivity increase is actually more complicated and it includes
phenomena of tunneling, spatial filtering and even excitation of leaky-waves in the
case of a realistic finite wire-medium slab.

8/ air
1
S,

air|

ENZ slab

a) b) c)

Fig. 2 (a) A finite ENZ slab with embedded line source, (b) Wire-media ENZ slab used in the
experiments with ultra-refraction (¢) Experimental monopole antenna (ENZ slab removed).

We investigated the feasibility of the application of ultra-refraction with several
simple experimental antennas in 10 GHz frequency band [5, 6]. The wire medium
consisted of parallel copper wires (radius » = 0.7 mm) glued onto Styrofoam plates
with ¢, = 1 (Fig. 2b). The lattice constant was a = 9 mm and the sample thickness
varied from 2 to 14 layers of wires. Obviously, the fabricated wire-based metama-
terial is anisotropic and it will show plasma-like behavior only for the wave whose
electric field vector is parallel to the wires (this is a case different from those
reported in [4, 7] where two mutually perpendicular sets of wires were used). Two
samples were used in the experiments; the large sample (0.31 % 0.31 m, variable
thickness) and the small sample (0.155 x 0.155 m, variable thickness). In the first
series of experiments, a quarter-wavelength monopole (the length of 7.5 mm) over
the ground plane was used as the radiating element (Fig. 2c). The monopole was
placed in the center of the wire medium slab. Both the far-field radiation pattern
(in H plane) and gain of these antennas have been measured at several frequencies
and for different number of wire-layers. Samples of the obtained results are given
in Figs. 3 and 4. It can be seen (Fig. 3a) that at the frequency slightly higher than
the plasma frequency (10.25 GHz) the directive pattern is formed. Two main lobes
in the direction of 0° and 180° and two major secondary lobes in the directions of
+90° and —90° can be observed. These secondary lobes appear due to rays
refracted at the slab sides (see ray 2 in Fig. 2a). By further increasing the fre-
quency (Fig. 3b), the main lobe splits and two maxima in directions different from
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broadside (0°) appear. This effect was predicted by theoretical analysis in [8] and
it shows that the background physics is indeed associated with the excitation of
leaky waves. The measured gain, in comparison to the isotropic radiator at 10.50
GHz, as a function of the number of wire layers for both samples is shown in Fig
4. In the case of the large sample, the highest gain of 23.41 dB was obtained for
eight wire-layers. Assuming a uniform current distribution on a 0.155 x 0.155 m
physical aperture, and assuming that the gain is equal to the directivity, a gain of
25.7 dBi is calculated. Therefore the gain of the whole antenna system (monopole
antenna embedded in the wire-based slab) approaches maximal theoretical gain for
the given physical aperture.

+—10.75 GHz
——11.00 GHz

+—10.25 GHz
——10.50 GHz

Fig. 3 Measured radiation pattern of a monopole embedded into wire media (large sample,
thickness of 14 layers).

The small sample had the physical aperture equal to one quarter of the aperture
of the large sample. Thus, a 6 dB reduction in the gain could be expected. However,
this was not the case (see Fig. 4). Both curves in Fig. 4 show the same behavior,
but they reach their maxima at a different number of wire-layers. When the wire
slab is thin, the obtained gain is almost the same in both cases, showing that only a
small portion of the physical size is actually used to focus the radiated wave. In
the case of the small sample some rays ‘hit’ the top plane of the metamaterial par-
allelepiped and do not contribute to the broadside radiation. This is the reason why
the larger sample gives higher gain. On the other hand, when the metamaterial
sample becomes thicker, there is a significant influence of the energy reflected
from the interfaces between metamaterial and air, which builds up a complicated
standing wave pattern inside the sample. Since the two samples have different
dimensions, there are two different thicknesses at which the energy radiated through
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the top of the metamaterial parallelepiped becomes minimal, yielding optimal gain
in broadside direction. Thus, the thickness of the wire-based ENZ layer is a critical
design parameter.

The considered smaller sample (0.155 % 0.155 m) of the metamaterial was also
used to increase the directivity of an aperture antenna. The aperture antenna was
realized as an open-ended standard X-band rectangular waveguide (cross section
with dimensions 22.86 x 10.16 mm). The measured gain of this antenna was
between 3 and 4 dB in the considered frequency band (Fig. 5).
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Fig. 4 Comparison of the measured gain at Fig. 5 Measured gain of the open waveguide

10.25 GHz and in 0° direction for the  embedded in thin-wire based metamaterial
monopole antenna embedded in large (0.31 in 0° direction.

x 0.31 m) and small (0.155 x 0.155 m) wire
slab.

Again, the wire-based metamaterial overlay produced increased directivity, but
the relative improvement was not so pronounced as in the case of the quarter wave
monopole. The maximum gain of 10.2 dBi at 10.5 GHz was obtained with the
metamaterial consisting of six wire layers, while at 11 GHz the measured gain was
11.2 dBi for the sample with 2 and 14 layers (Fig. 5). The last antenna that was
embedded in the metamaterial was the optimal pyramidal horn (gain of 12 dB)
operating in 10 GHz band [5, 6]. The horn antenna aperture was embedded in the
metamaterial with 0.155 x 0.155 m cross section, while the number of wire layers
was changed between 2 and 14. In this experiment no gain improvement was
observed. This is actually the expected result. A wire-based slab cannot improve
the gain if the antenna aperture already has a (nearly) uniform distribution of
equivalent currents. Thus, embedding an antenna into wire-based ENZ slab appears
to be a convenient method of gain increase only in the case of low-directivity
radiators.
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3 Shortened Horn Antenna with Embedded Wire-Based Slab

It is very well known that the gain of the horn antenna depends both on aperture
size and horn length. Maximal gain is associated with the optimal horn length that
does not cause excessive phase variations of the wave front across the aperture
(see the optimal horn sketched in the upper part of Fig. 6a). If one manufactures a
shorter horn with the same aperture (lower part of Fig. 6a), it will have inherently
lower gain due to pronounced phase variation caused by the spherical wave front.
A very recent theoretical study [11] proposed a method of gain increase of such a
horn by employing double-wire medium, operating in the ENZ region. The obtained
simulation results showed gain equal to the gain of the full-length optimal horn
within a finite bandwidth. One could say that the wire-medium straightens the
wave front similarly to well-known metallic lenses [12]. However, the wire-medium
slab is flat, so strictly speaking it is not a conventional lens. A more correct expla-
nation of the physics of gain increase is angular filtering with the ENZ slab [10].
We performed experimental investigation [15, 16] that verified the theoretical
predictions of the phenomenon of gain increase, published in [11].

optimal full length

horn I
|aperture A
|
|

shortened horn |
laperture A
|
NENZ slab

a) b)

Fig. 6 (a) Principle of shortening of the horn antenna (b) Example of realized experimental
shortened horn antenna with embedded ENZ metamaterial lens.

At first, the optimal horn was designed for operation in 10 GHz band. It had an
aperture of 125 x 112 mm and the length of 190 mm (flare angle of 15°), and it
was fed with an X-band waveguide (22.5 X 10 mm). The gain of this reference
horn, obtained by full-wave simulations using CST Microwave Studio™ [13] is
plotted in Fig. 7 (curve a). The gain varies from 20 to 22 dBi in the band from 9 to
12 GHz. The curve (b) in the same figure shows simulated gain of the horn with
equal aperture but with the shorter length of 99 mm (52% of the length of the opti-
mal horn as suggested in [11]) and flare angle of 27°. As expected, this antenna
showed significantly lower gain, varying between 16 to 17 dBi in the band from 9
to 12 GHz. In [11], a design with two perpendicular sets of wires (double-wire
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media) was suggested. However, it is clear that the vertical component of the elec-
tric field, associated with waveguide TE, mode, will be predominant inside the
antenna. Thus, it appears that another (horizontal) set of wires has very little impact
on the antenna parameters, and it is almost redundant. After verification of this
hypothesis by full-wave simulations, it was decided to use only one set of wires
aligned in vertical direction.

Experimental shortened horn was manufactured out of 1 mm thick brass plates
and equipped with single-wire-based metamaterial with three layers of wires. The
wire medium was based on bare copper wires (diameter of 0.7 mm) [15, 16]. The
lattice constants were 14 and 8.5 mm in longitudinal and transversal directions,
respectively. The slab comprised three layers with 16, 14 and 12 wires, respec-
tively. The first and last wire in each layer were located at the distance of half of the
unit cell from the horn inner wall. A number of holes that fit the described pattern
of wires were drilled in the horn walls. The wires were stretched across the horn
inner space and soldered onto the horn body (Fig. 4b). Gain, return loss, radiation
pattern and cross-polarization level were measured using a standard horn and a HP
8720B network analyzer. Some of the measurement results are shown in Figs. 7
and 8.

It can be seen (curve denoted as c¢ in Fig. 7) that the phenomenon of gain
increase of more than 2 dB, predicted for double-wire medium filling in [11], was
also observed here, for the case of the single-wire medium. The measured band-
width was 12%, which is narrower than the bandwidth predicted by simulations in
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Fig. 7 (a) Simulated gain of full length optimal Fig. 8 (a) Simulated gain of full length opti-
horn (b) Simulated gain of shortened horn (¢) mal horn (b) Simulated gain of shortened
Measured gain of shortened horn (52% of the horn (¢) Measured gain of shortened horn
length of an optimal horn) with embedded sin- (33% of the length of an optimal horn) with
gle-wire-based slab (wires aligned along verti- embedded double-wire-based slab (wires
cal transversal direction). aligned along vertical transversal direction

and along horizontal longitudinal direction).
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[11], but consistent with the first experimental results presented in [15]. The
measured radiation patterns at the frequency of 9.7 GHz (not shown in figures,
due to lack of space) revealed a 3 dB beam width of 16° with a side lobe level of
—20 dB. The return loss and cross-polarization levels within the operating band
were found to be better than —10 and —27 dB, respectively.

Finally, it was attempted to further decrease the length of the shortened horn. If
the horn is very short, the wave front will be almost spherical with a pronounced
longitudinal component of the electric field vector. Thus, it appears that the inclu-
sion of wires in the longitudinal direction should improve the wave front straight-
ening and eventually yield an even shorter antenna. A new experimental horn with
two sets of wires and a length of only 66 mm (33% of the length of optimal horn)
was prototyped. It had 10 x 6 wires with a lattice constant of 14 mm in transversal
direction and 13 x 10 wires with a lattice constant of 8.5 mm in longitudinal direc-
tion. The measurement results (Fig. 8) revealed the gain increase of almost 7 dB
comparing to the bare shortened horn, within 8% fractional bandwidth.

One concludes that with the help of a wire medium slab it is possible to con-
struct a rather short horn antenna (down to 33% of the length of the optimal horn)
that yields almost the same gain as the optimal horn, but in a narrow band.

4 Scanning Leaky-Wave Antenna

A leaky-wave antenna is a fast-wave guiding structure, in which the traveling
wave continuously loses its energy owing to radiation [17] (see the waveguide
example shown in Fig. 9a). The angle of maximum radiation 8,, (azimuth angle in
Fig. 9a) is determined using the simple fact that free-space propagation vector kj is
a sum of the transversal component of propagation vector in the space above the
guiding structure k; and vector k; that describes propagation along the structure:

kP +kf =k =0, =sin"'(k; /k,) 4)

Recent introduction of a metamaterial-based leaky-wave antenna with back-fire
to end-fire scanning capabilities has attracted considerable interest [19]. This
antenna is based on a planar artificial transmission line that supports backward-
wave propagation, propagation with infinite wavelength and forward-wave propa-
gation. In our group, a similar idea was used for the construction of scanning
leaky-wave antennas in wire-medium-based waveguide technology [24, 25].

A waveguide loaded with the wire medium was experimentally investigated for
the first time in [18]. The authors used a waveguide with square cross-section and
it contained an array of two perpendicular sets of wires (similar to the sketch in
Fig. 9a). The double-wire medium was thought of as a simple waveguide filling
with a uniaxial permittivity tensor:
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Here ¢, stands for the free-space permittivity while g, stands for two tensor com-
ponents associated with relative permittivity in transversal directions. Relative
transverse permittivity is considered to be described by the simple Drude model
(1) (dielectric function g,(f) with plasma frequency f, in (5)). If one fills a
waveguide with such a material, the waveguide will support backward-wave
propagation for frequencies either below f, (if f, < f. ) or below f. (if f. < f,), fc
being the cut-off frequency of TM,;; mode [18]. For frequencies located between f,
and f., there will be no propagation (stop-band). For frequencies either above f; (if
Jp <fc) or above f, (if f. < f,), the propagation will take place in the form of for-
ward waves. Experimental results presented in [18] appeared to be consistent with
this simplified explanation. A similar approach was used in the experimental study
conducted in our group [20, 21]. Additionally, it was shown possible to close that
gap between the backward-wave mode (k; < 0 mode that corresponds to ENG part
of the dispersion curve) and the forward-wave mode (k;> 0 mode that corresponds
to EPS part of the dispersion curve). It could be achieved by a simple choice of the
plasma frequency of wire medium that would be equal to the cut-off frequency of
the TM,; mode (f. = £,). At that frequency (f,) the propagation should take place
with infinite wavelength (k;= 0 mode). At first sight, the results in [20, 21] again
seemed to be consistent with the simple Drude model (1) of wire-medium.

However, in [20, 21] it was also noted that the measured plasma frequency of
the wire medium in the waveguide was different from the value predicted by the
simple Drude model by more than 30%. This difference was attributed to manu-
facturing errors. On the other side, the wave vector in TM operated waveguide has
components parallel to the wires and according to the theory presented in [14, 22]
the spatial dispersion should take place. Thus, it seems that one should use the cor-
rected Drude model (2). The inconsistency between approaches [18, 20, 21] and
[22] was resolved in the experimental investigation in [23]. It was found that the
spatial dispersion indeed occurred in the TM.operated waveguide and that the
dispersion curve had both a pole and a zero (similarly to the Lorentz dispersion
model). Above the frequency of the pole, the qualitative behavior is indeed similar
to that predicted by the simple Drude model, but with an apparently shifted plasma
frequency. Although the background physics of spatial dispersion is fundamentally
different from the dispersionless case, it is again possible to identify the ENG, the
ENZ and the EPS regions. Thus, it is possible to construct a waveguide with a
smooth transition from the backward-wave propagation band, through the point
with infinite wavelength, to the forward-wave propagation band. If one manufac-
tures a longitudinal slot along such a waveguide, there will be leaky wave radia-
tion from the structure. This new structure [24] is a waveguide analogous to the
planar leaky-wave antenna introduced in [19].
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The wire-based waveguide was manufactured from brass and it had dimensions
of 22 x 22 x 80 mm (Figs. 9a and b). Twenty four copper wires (diameter of 0.5
mm) were used for the construction of filling. The wires were stretched between
waveguide walls and soldered onto the waveguide body. Each ‘layer’ comprised
four wires with a distance between two neighboring wires of 11 mm and a
distance between the wire and neighboring waveguide wall of 5.5 mm. The dis-
tance between neighboring layers was also 11 mm. A slot with dimensions 56 x
2.5 mm, lying along the line of symmetry, was machined on the top waveguide
wall. The waveguide ends were closed with two metallic hatches with N coaxial
connectors. The connectors’ pins lied along the waveguide line of symmetry. They
actually acted as small monopole antennas, providing excitation of TM;; mode.
One waveguide end was used as the antenna feed, while the other end was simply
terminated with a coaxial matched load. The far-field radiation pattern was meas-
ured at three different frequencies (7.9, 9.7 and 10.7 GHz). These three frequen-
cies correspond to the backward-wave mode, k = 0 mode and the forward-wave
mode of operation, respectively. The measured radiation patterns (Fig. 10)
revealed scanning from —60° (back-fire) to +60° (end-fire). Also, the radiation in k&
= 0 mode in the broadside direction is clearly visible. One also notices the exis-
tence of one unexpected side lobe at the frequency of 7.9 GHz. This occurred due
to poor matching of coaxial termination to the waveguide wave impedance, which
in turn caused the standing wave. These matching problems have been overcome
in the new design presented in [25].

Thus, the wire-based waveguide that operates in all three regions of the disper-
sion curve of the wire medium with spatial dispersion may be used for construct-
ing a scanning leaky-wave antenna.

wazimuthal

radiating slot ar?
. s
% to matched
< load

a) coaxial feed the thin-wire inclusions
lattice constant of 11 mm

b)
Fig. 9 (a) A sketch of the experimental wire- Fig. 10 Measured radiation patterns of the
based leaky-wave antenna; (b) A photo of the experimental wire-based waveguide leaky-

experimental wire-based leaky-wave antenna. wave antenna.
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5 Conclusions

It was shown experimentally that all three regions of the dispersion curve of wire
media (the ENG region, the ENZ region and EPS region) can be successfully used
in antenna technology. Possible applications include gain increase of simple low-
directivity radiators, shortened horn antennas, and back-fire to end-fire scanning
leaky wave antennas.
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Abstract In this paper, a real-valued genetic algorithm (GA) is implemented to
construct Radar Absorbing Materials RAM by searching the characteristics
(thickness T, permittivity & , permeability /4 and conductivity ) which ensure the
minimization of the reflectivity on a frequency band. The genetic algorithms used
the reflectivity in fitness function to direct the research to the best configuration.
Here in, we dealt with the narrowband absorbers (Salisbury screen and circuit
“Analog” RAM) and the broadband absorbers (Jaumann screen). Numerical
results are presented and showed the efficiency of the methods.

1 Introduction

In electromagnetic applications, the problems are complex since there is no prior
knowledge of the topology of the multidimensional research space, it is deter-
mined by the complex interdependence of Maxwell’ equations. Several works
exploit various theories and techniques to solve electromagnetic problems. The
use of evolutionary techniques to automate the design of antennas is now
intensively used; indeed, considerable research has been focused on the use of
evolutionary techniques in electromagnetic [1-5].

Genetic algorithms GAs [6] are search procedures based on the mechanics of
natural selection and genetics; they are increasingly being applied to difficult
problems. In [2], the NASA Ames Research Center (Evolvable Systems Group)
conducts research on antenna designs. Their approach is to encode antenna
structure into a genome and to use GA to evolve the desired antenna performance
as defined in a fitness function. In [3], the genetic optimization allows finding the
electric properties of a number of layers positioned at either the center of an
infinitely long rectangular waveguide, or adjacent to the perfectly conducting back
plate of a semi-infinite shorted-out rectangular waveguide. The GA was used to
minimize the reflectivity of the waveguides. In [4], the authors adopted the binary
GAs with the finite element boundary integral method to optimize the geometry
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parameters of the periodical absorber structures. In [7], the GAs are used to find
the geometrical and physical properties of a multilayer absorbing structure that
can minimize the reflection coefficient on a X-band and for a wide incidence
angle. The compute of the reflectivity is doing with the concept of impedance
transformation [8, 9].

In [10], the GAs are associated with the differential theory [11] to analyze the
scattering wave by rough surfaces, a stack constituted by a homogeneous layer,
lamellar periodic structure and layer of Teflon on the upper is studied. A
frequency selective surface (FSS) (A stack of metallic grating with homogeneous
dielectric layer) is optimized [12], where the analysis of periodic metallic layer is
doing with the curvilinear coordinate based method [13].

Here in, we explore the GAs for designing various types of absorbers: The
narrowband absorbers (Salisbury screen and circuit “Analog” RAM) and the
broadband absorbers (Jaumann absorbers).

In following section, we present briefly the GAs, after, we present the various
studied structures and application results. Finally, we give our conclusion and
perspectives.

2 Genetic Algorithm Optimizers

Genetic Algorithms GAs are stochastic search procedures modelled on the
Darwinian concepts of natural selection and evolution. As an optimizer, the
powerful heuristic of GAs is effective at solving complex, combinatorial and
related problems. GA optimizers are particularly effective when the goal is to find
an approximate global maximum in a high-dimension, multimodal function
domain in a near-optimal manner.

In GAs, a set or population of potential solutions is caused to evolve toward a
global optimal solution. This evolution (Fig. 1a) occurs as a result of pressure
exerted by a fitness-weighted selection process and exploration of the solution
space is accomplished by crossover and mutation of existing characteristics
present in the current population.

Crossover involves the random selection of a crossover site(s) and the
combining of the two parent’s genetic information (Fig. 1b). The mutation [6]
serves as a means for introducing new, unexplored points into the GA optimizer’s
search domain. It introduces the genetic material that is not present in the current
population.

The GAs evolve according a fitness function which measures the ability of the
solution candidate to adapt to the problem. The best solution will have the highest
or lowest fitness function. Indeed, the fitness function is the link between the
physical problem and the GA optimization process.

The GAs are stopped when either a design goal is reached, or no progress is
observed in the population for several generations.
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Fig. 1 Various steps of genetic algorithms.

3 Studied Absorber Structures

The literature presents a great number of absorbers [8, 9, 14—-17]. Here in, we
present the applications of GAs in designing absorber structures. Firstly, we study
the Radar Absorbing Materials which operate optimally only in narrow band about
a resonant frequency (Salisbury screen and circuit analog RAM). Then, we present
an absorber (Jaumann absorber) which operates on a broad band. We give the
application results, and we analyze the absorbers according the electric and
dimension characteristics of the layers.

3.1 Salisbury screen

If a thin sheet is located as an intervening medium between the free space and a
flat metallic surface, the input impedance Z;,, may be obtained by combining the
effects of the sheet resistance Ry, and the transformed impedance of the metallic
surface, which act in parallel. The sheet material Ry, is expressed by its
conductivity o, and its thickness 7,

Rsh = (1)
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A Salisbury screen (Fig. 2) is defined by adjusting the spacing between the thin
sheet and the metallic surface to X/ 4 ; and for incidence normal to the sheet, the

input impedance is identical to Ry, hence the condition for zero reflection for such
a thin screen shielding metallic surfaces is:

RShZZ() (2)

With Z, is the characteristic impedance of the free space (377 Q/square).

Resistive sheet

Dielectric spacer

<.dsp -

Pec

Fig. 2 Salisbury screen.

With Egs. (1) and (2), the exact thickness ¢, of the resistive sheet is obtained:
ty =1/(Zy0,) (3)

We use the GAs to search the characteristics of Salisbury screen which ensures
the minimization of the reflectivity for a given frequency f. At each generation, the
reflectivity (in dB) of the best solution in the population is taken as the fitness. We
note that for the spacer, we take these characteristics:

The thickness dxp = A/4, the permeability uy, =1, the imaginary part of the

permittivity is equal to zero.

By Fig. 3, we give the obtained results of optimization with normal incidence at
frequency 5 GHz. The Fig. 3a gives the evolution of the fitness in genetic process.
We check that it is doing in decreasing way, since the hope is the minimization of
the reflectivity. We note that each level corresponds to a configuration; at final
generation, the frequency response of the Salisbury screen is showed by Fig. 3b,
we achieve —28 dB at 5 GHz and we note the periodicity of the frequency
response, where the peaks appear at discrete frequencies of (2n + 1) x 4.25 GHz.

The obtained characteristics are:

— The permittivity, permeability, conductivity and thickness of the resistance

sheet are respectively:

£, =239 M, =1 o,=4%/m t=61,1pm

— The permittivity of the spacer is: e, =11
Figure 4 gives the reflectivity according to the incidence angles at 4.25 GHz,

the performances decrease in away from the normal, which is physically correct.
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Fig. 3 Optimization of the Salisbury screen for normal incidence at 5 GHz (a) Fitness according
the generations, (b) frequency response of the obtained configuration at final generation.
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Fig. 4 Reflectivity according incidence angles at frequency 4.25 GHz.

It is possible to replace the Salisbury screen by a Dallenbach absorber [8]. This
latter is constituted by a finite layer of dielectric material backed on the
conducting surface. It is analyzed as a function of both permittivity and
permeability of the material. The results [8] in Fig. 5 are essentially that of a
power reflection on the permittivity plane corresponding to each thickness. Unlike
the Salisbury screen, the zero reflection condition can be satisfied also with a
thickness smaller than A/4 for more than one set of complex permittivity values.

(a) (b)

Fig. 5 Real and imaginary parts of the relative permittivity versus thickness of the Dallenbach
layer, with the relative permeability values: 1.05 (A), 1.5 (B), 2 (C) and 5 (D).
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3.2 Circuit analog RAM

When a layer of patterns of finite conductivity is deposed over the spacer, it
modifies the effective input impedance [8]. In practice the layer is in the form of
an array of two-dimensional patterns which have characteristics reactance
associated with them. This constitutes yet another powerful method of designing a
resonant absorber. The class of such absorbers is known as circuit “analog”
absorber or CA radar absorbing materials. Some of the well-known CA-RAM are
constructed with wires, strips, intersecting wires, crossed dipoles, etc.

CA-RAM patterns have the property of resonating at a characteristic frequency,
which is function of geometry, orientation and patterns density. By adjusting these
physical attributes, it is possible to obtain the resonance, and the reflection minima
at any desired frequency. An example is an array of wire elements placed on a
spacer (Fig. 6).

— - — P
{ Grids
HMsp;€sp, dsp Dielectric Spacer
t

Fig. 6 CA-RAM with wire grids of radius r and pitch p.

The metallic wires are assumed to be of radius » and placed parallel to each
other at a pitch p. The effective impedance for such wires may be expressed for
oblique incidence & by [8]:

wires

Z.
=Pl o504 i ln[pj cos® “4)
Z, A \2mr

Where the internal impedance of the metallic wires in the microwave region is
given as [8]:

1 Ho@ .
=— 1 (5)
2mr \ 20 ( +j)

int

The input impedance for a metal backed configuration with a spacer of
thickness dy, is obtained by taking the parallel combination [8]:

jZ

, wires L, tan(d,, cos 0) (6)
in Z

+ jZSpan(,BdS[, cos 9)

wires
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The reflection coefficient for CA-RAM may be determined by:

_ Zin _ZO

—Zin 70 7
Z +Z,

P

Zy is the characteristic impedance of the free space.

By the following Fig. 7, we give the obtained results for normal incidence at
the frequency 5 GHz. The evolution of the fitness in genetic process and the
frequency response of the obtained solution at the generation 500 are respectively
given by Fig. 7a and b. A minimum is found at 5 GHz where we reach almost
—33 dB, and some local minima around —10 dB appear at frequencies up to 5
GHz. The obtained characteristics are:

— The permittivity, permeability and thickness of the spacer:

&, = 3.99 My, =1 dp=9.845 mm
— The conductivity, pitch and radius of the grids:
oc=1.73s/m p=2mm r=0.5 um

The frequency response and the characteristics of the solution at generation 100
are given by the Fig. 8, we obtain a pick about —19 dB at the frequency 5 GHz
where the optimization is doing.

With the obtained configuration at generation 500, we analyze the dependence
of the reflectivity according the incidence angles and the characteristics of
the grids. With Fig. 9a, we note that more we approach the grazing incidence
angle (90°), the performance decreases, what is physically correct since more we
move away from the incidence normal, more the reflection decreases.

The electromagnetic absorption deteriorates rapidly on other side of the
characteristics of the grids. Indeed, the reflectivity approaches zero (Fig. 9b—d)
after some thresholds of the conductivity, the pitch and the radius of grids.

£l Bl
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&1l -30
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Fig. 7 Obtained results at generation 500 for normal incidence and optimization at 5 GHz.
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Fig. 8 Results at the generation 100 for normal incidence and optimization at 5 GHz.
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Fig. 9 Reflectivity at f'= 5 GHz according to the: (a) incidence angles, (b) conductivity, (c) pitch,
(d) radius of grids.

Now, we present absorbers with broadband characteristics, which are achieved
by exploiting the multiple layers of narrowband absorbers.

3.3 Jaumann absorber screen

A commonly used technique to obtain RAM with broadband radar cross section
(RCS) reduction characteristics is to use multiple layers of narrowband absorbers
[8]. A multilayer Salisbury screen uses several layers of suitably spaced resistive
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sheets defines the Jaumann screen. The net effect of this configuration is
resonance at discrete sets of frequencies resulting in multiband absorber. The
expression for the reflection coefficient [8, 9] of a multilayered Jaumann absorber
is essentially simple but recursive in nature (Fig. 10).

Resistive sheet 1
> . .
-1 | dielectric spacer
Resistive sheet 2
> . .
-1 | dielectric spacer
pec

Fig. 10 Jaumann absorber with two resistive sheets.

By Fig. 11, we present the obtained results for optimization at frequency 5 GHz
for normal incidence. With Fig. 11a, we check that the GAs allow the research
towards the configurations which decrease the reflectivity. The frequency
response of the solution at generation 100 presents various modes where the
resonance is doing at various frequencies (Fig. 11b). The obtained configuration:

Istsheet: ¢, =1.1 Mgy =1 0, =50s/m
R,1=379.8 Q/square tn1=52.7 um
2ndsheet: ¢ ,, =2.06 My =1 0, =50s/m
R2=250Q)/ square t2=80 um
Dielectric spacers: &, =191 dy=A119.24
= g,
0 2 'P;
£ ﬁ'ﬁ

\ul il an 40 50 60 0 @ & 100 : 5 10 15 20 25 30
Generation numbers Frequency (GHz)

(a) (b)

Fig. 11 Obtained results for the two layer Jaumann absorber for normal incidence.
In the case of a three layer Jaumann absorber, we give the results for normal

incidence and at 5 GHz. By Fig. 12b, we see various modes where the reflectivity
is minimal. The obtained characteristics are:

Ist sheet: &, =3.04 My =1 oy =56s/m
R =561 Q) / square tp=31,7 um
2}’ld Sheet: gshZ = 1‘58 /ushZ = 1 O-shZ = 57S / m

R2=371Q/ square tgr=47.3 um
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3rd sheet: ¢ ,, =1.44
R3=250Q)/ square
Dielectric spacers: &, =170

Mgy =1

Fitness (dB)
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O3 =57s/m
tsh3=70.3,um
dy=2/10

Reflectivity (dB)

B0 80 100 1200 140 180 1@ 200
Generation numbers

(@

10 15 20 25

Frequency (GHz)

(b)

Fig. 12 Three layer Jaumann absorber.

We propose to analyse the Jaumann absorber according to the number of
layers. Then, we compare between (Fig. 13):
— The Jaumann absorber with three layers by using the obtained configuration
from the optimization for normal incidence at 5 GHz.
— The Jaumann absorber with two layers by using the same configuration of
the two up layers of Jaumann absorber with three layers.
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Fig. 13 The reflectivity by Jaumann absorbers with three and two layers for normal incidence.

We can see that with three layers (Fig. 13), the reflectivity is better, since it is
minimal, where at some frequencies; we have a difference of more —5 dB.
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4 Conclusions

In this paper, we have studied the electromagnetic absorbers and used the genetic
algorithms to search the characteristics which ensure the desired performances.

The main characteristic of the genetic algorithms is the ability to search in
multidimensional space the combination of the material characteristics (¢, u, o,
thickness) of absorbers which ensure a better reflectivity on a frequency band.

In the genetic interface, the parameters (crossover and mutation rates, the
replacement percentage) are computed in automatic ways by the program to allow
an automatic research. We also supervise the diversity of the population to avoid
the stagnation of the research and allow the best exploration of the research space.

In future works, we hope to study and use the statistical approaches for
comparing the optimized materials with existing and well identified materials, and
we explore the designed genetic interface to optimize various high-impedance
surfaces and antennas.
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2 ENG-MNG Resonant Absorbers

In cooperation with Engheta’s group, we have shown [14] how a regular 377 Ohm
resistive sheet sandwiched by a properly designed slab pair consisting of a Mu-
NeGative (MNG) and an Epsilon-NeGative (ENG) slab behaves as an effective
sub-wavelength absorber working, in principle, for any polarization, angle of
incidence and total thickness of the component (Fig. 1). The physical mechanism
behind, is the compact resonance arising at the interface between the two meta-
material slabs, which is due to the flip of the sign of the constitutive parameters
across the interface [15]. Under certain design rules presented in [14], the resistive
sheet placed at the interface between the two materials, does not perturb the
compact resonance and most of the power carried by the impinging wave is
absorbed in the sheet itself.

Reflection/Transmission Power [dB]

- Reflection Power
/ 70 —— Transmission Power
-80 T I T
1 2 3 4 5
Frequency [GHz]
a) b)

Fig. 1 (a) Layout of a resonant absorber made of ENG and MNG slabs. (b) Full-wave simulated
response in the case of normal incidence. Dara. ENG slab thickness: 1 mm; MNG slab thickness:
11 mm; design frequency: 3 GHz; ENG relative permittivity at 3 GHz: —1; ENG relative
permeability at 3 GHz: 1; MNG relative permittivity at 3 GHz: 0.1; MNG relative permeability
at 3 GHz: —10. (From [14].)

In [14] it has been shown that the proposed absorber exhibits superior perfor-
mances with respect to Salisbury’s layout. In particular, the proposed structure
does not need the metallic plate and can be made electrically thin, in principle,
without any limit. In addition, angular and frequency bandwidths of operation are
both greater than the ones of the Salisbury screen. Finally, it is recalled here that
losses, which usually affect the performances of metamaterial based components,
do not represent an issue here and, indeed, help to reduce the power reflected from
the screen.

If we were able to fabricate through proper inclusions isotropic and homogeneous
ENG and MNG slabs, the layout shown in Fig. 1a would work with the ideal
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SRRs (Fig. 3a) would work as a Perfect Magnetic Conductor (PMC) and, thus, the
377 Ohm resistive sheet can be placed at a very small electrical distance from that.
The principle of operation is, thus, the same as for any other compact absorber
based on the employment of frequency-selective and high-impedance surfaces, but
it does not require any metallic backing.

The typical thickness of this absorber layout depends only on the dimensions of
the SRRs. The typical side length of an SRR inclusion is around 2/20 and, thus,
the thickness of the absorber is of the same order. In Fig. 3b the response of the
absorber as a function of the frequency is depicted in the case of a normal
impinging plane wave with the magnetic field directed along the axes of the SRRs.

The actual fabrication of the absorber depicted in Fig. 3a is relatively easy and
the resonance condition is easily met, since we do not have to excite a resonant
interface mode any more. The inclusions resonate, in fact, all together at the same
design frequency and the array behaves as a material with a very high real part of
the permeability, returning, thus, the boundary condition of a PMC. It is worth
noticing that in this case the losses are higher than in the layout presented in the
previous Section, but, again, they do not affect the behavior of the absorber.

The setup in Fig. 3a is currently under fabrication by Ozbay’s group at Bilkent
University, in the frame of a collaboration started within the European Network of
Excellence Metamorphose.!
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Fig. 3 (a) Layout of a resonant absorber made of a planar array of split-ring resonators and a
resistive sheet (377 Ohm) placed in close proximity. (b) Full-wave simulated response in the
case of normal incidence. Data. SRR external side length: 5 mm; strip width: 0.1 mm; separation
between adjacent strips: 0.1 mm; gap: 0.1 mm. (From [18].)

! www.metamorphose-eu.org
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dielectric board; then the board is cut in M slabs containing one column of N
inclusions each; finally, in order to get the layouts depicted in Figs. 3—4, the M
slabs are aligned and placed in a frame.

‘ |
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Jl III _’d'jll- .III
l » L < l >
a) b)

Fig. 4 (a) Layout of a resonant absorber made of a planar array of MSRRs and a resistive sheet
(377 Ohm) placed in close proximity. (b) Layout of a resonant absorber made of a planar array
of SRs and a resistive sheet (377 Ohm) placed in close proximity.

In order to solve this problem, we have proposed the layout depicted in Fig. 5a.
Following the latest advances of the metamaterial research in the IR and optical
regimes [21], the magnetic resonance of either the SRR, or the MSRR, or the SR
is replaced with the magnetic resonance of two parallel cut-wires printed on the
two sides of the same thin dielectric board. The current densities in the two
parallel wires are oppositely directed and the current loop is closed within the
dielectric board through the displacement current. This inclusion is excited by a
magnetic field parallel to the board. A planar array made of parallel cut-wires,
thus, would behave in a similar way as the array of SRR depicted in Fig. 3a. The
electromagnetic behavior of a microwave absorber based on this design is shown
in Fig. 5b. The impinging wave is polarized as sketched in Fig. Sa.
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Fig. 5 (a) Layout of a resonant absorber made of a planar array of parallel cut-wires and a
resistive sheet (377 Ohm) placed in close proximity. (b) Full-wave simulated response in the
case of normal incidence.
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Fig. 6 (a) Layout of a resonant absorber made of a planar array of parallel tripod inclusions and a
resistive sheet (377 Ohm) placed in close proximity. (b) Layout of a resonant absorber made of a
planar array of parallel disk inclusions and a resistive sheet (377 Ohm) placed in close proximity.

Finally, in order to increase the isotropy of the absorber, we have proposed also
the two layouts depicted in Fig. 6 [22]. In these configurations, the parallel cut-wires
are replaced by two parallel tripod structures and two parallel disks, respectively.















Dual-Mode Metamaterial-Based Microwave Components 179

In addition to changing the operating frequency, applying tunable components into
the unit-cell parameters allows for dynamic switching between these operating
modes. All of these components take advantage of the fact that different propagation
regions occur at different frequency bands for a given CRLH unit-cell.

Another popular feature that has been exploited in CRLH metamaterial
structures is the ease at which the phase response, or phase slope can be engineered.
This technique has led to unique components with broadband and dual-band
operation since specific phase characteristics at multiple frequencies can be
designed. The CRLH TL can typically be realized with planar microwave techno-
logy such as microstrip line or coplanar waveguide.
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Fig. 1 Generalized unit cell of CRLH structure (/ef#) and associated dispersion diagram (right).

3 Dual Mode Metamaterial Structures

The recent innovation of novel metamaterial structures has led to the development
of various components with enhanced features such as broadband and dual-band
operation, as well as miniaturized circuits. Among these examples, many dual-
band structures have been presented, in terms of mainly dual-band, and dynamically
tunable components. Specifically, the phase response of CRLH structures have
been shown to be engineerable to present desired responses at multiple specified
frequencies, resulting in dual-frequency, or broadband components such as
couplers and filters [6]. Also, it has been shown that by introducing tunable
components into the unit-cell, the dispersion characteristics of a CRLH structure
can be altered to operate in a chosen propagating mode, LH or RH guided or
radiating regions [7]. In this section, the idea of dual-mode metamaterials based on
even/odd mode for polarization selectivity and field profiling will be considered.
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3.1 Proximity coupler based on CRLH even/odd mode analysis

The directional coupler is used for microwave signal processing and is indispens-
able for many applications. Among several types of couplers, the proximity
coupler is made of two transmission lines placed in parallel with a small gap. This
type of coupler cannot attain strong coupling due to mechanical limitation of
fabrication and is typically used for 10 dB coupling and less. The basic coupling
mechanism lies in the characteristic impedance difference of the even and odd
modes in the coupler.

A directional coupler comprised of two identical CRLH lines placed in parallel
was found to have a very interesting property [8]. Unlike the conventional
microstrip coupler, it was discovered that up to 0-dB coupling is possible. This
means that all input power to port 1 is delivered to port 3 while no output emerges
at ports 2 and 4. The fabricated nine unit cell, 0-dB coupler circuit is shown in Fig.
2 as a reference.

Fig. 2 CRLH Proximity Coupler. From [8]: ©2004 IEEE. Reprinted with permission.

In this design, the first step was to realize an isolated balanced CRLH TL.
When two identical balanced CRLH TLs are placed in proximity, there is an
additional series inductance L, and additional shunt capacitance C,, due to mutual
coupling as shown in Fig. 3. Although the individual TL is designed under the
balanced condition, due to this proximity coupling, it is seen in the even mode and
odd mode equivalent circuits that neither mode satisfies the balanced condition.
Therefore, the coupled line has a spectral gap and hence no wave can be delivered
toward ports 2 and 4. The input impedance is found to be fairly constant and close
to 50 ohms and hence, essentially all the power is delivered to port 3. Following
this principle, a coupler with variable coupling levels can be designed by changing
the size of the coupler so that the signal does not completely decay and reaches
ports 2 and 4. Using the same design methodology, a three unit-cell, 3-dB coupler
was demonstrated with a 2-dB amplitude imbalance over a wide 50% bandwidth
from 3.5-5.8 GHz. This circuit also achieved a +5 phase imbalance from 3—4
GHz. Both circuits were built on 1.57 mm, g, = 2.2 Duroid substrate. It is clear
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that the even and odd modes in the coupled section are responsible for controlling
the behavior for this extremely interesting and practical device.

Fig. 3 Equivalent unit-cell circuits for even and odd modes of the coupler. From [8]: ©2004.
IEEE Reprinted with permission.

3.2 Dual-mode metamaterial with even/odd mode selectivity

The general CRLH dispersion diagram shown in Fig. 1 suggests that the CRLH
structure will support LH behavior at lower frequencies and RH behavior at higher
frequencies. This simply implies that in order to utilize both regions of dispersion,
the frequency must be changed. To operate in both modes at a fixed frequency, the
entire dispersion curve of the structure can be shifted by electronic control through
such means as a varactor diode [7]. The dual-mode CRLH TL structure proposed
in [9] takes a different approach for mode selectivity. In this case, based on the
mode field polarization of the excited wave, different engineerable propagation
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Fig. 4 Proposed dispersion characteristics for a dual-mode CRLH-TL based on field polarization.
From [9]: ©2007 IEEE. Reprinted with permission.
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characteristics can be obtained. Specifically, at a given frequency, Mode 1
provides a forward propagation while Mode 2 accomplishes a backward or LH
propagation. This idea is conceptually illustrated in Fig. 4.

Notice that the conventional CRLH structure consists of a series inductance Lg
and a shunt capacitance Cy to represent the RH behavior and of a series
capacitance C; and a shunt inductance L; for the LH behavior. To realize the
mode selective dispersion (Mode 1 or Mode 2), the LH components Z; and Cj,
need to be eliminated for Mode 1 and introduced for Mode 2. The proposed dual-
mode CRLH structure makes use of the symmetric unit cell excited by even mode
and odd mode. The symmetry plane thus becomes a virtual ground for the odd
excitation and an open for the even excitation. To this end, the equivalent circuit
illustrated in Fig. 5 can be employed. For the odd mode excitation, the LH
inductance L; is grounded to become a shunt element while the LH capacitance C;
is inserted as a series element by means of the transformer. For the even
excitation, both L; and C; are ‘floating’ and do not contribute to the circuit
operation. In this way, the application of even and odd excitation is able to realize
RH and LH operation, respectively.

ideal transformer
coupllng

ICQ/Q ——— CF/ZI

ij T
de: o.c.

2*C, g . gz’cfl

Fig. 5 Equivalent half-circuit model of even- and odd-mode excited metamaterial for realization
of dual-mode metamaterial. From [9]: ©2007 IEEE. Reprinted with permission.
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Ideal TLs: Aperture Slots

The circuit is implemented in a double layered structure with a ground plane in-
between the two substrates to accommodate coupling slots for realization of the
transformers. The microstrip circuit is situated on the top surface with four access
ports while the bottom surface has a microstrip circuit with surface mount (SMT)
capacitors to realize C;. This complex layered structure was required in order to
achieve a series based coupling effect. The layout schematic and coupling
procedure is illustrated in Fig. 6.



Dual-Mode Metamaterial-Based Microwave Components

z Top Side
Aperture Slots
Port 2 Port 4 {l
1 ga |1 ] l W3
. Ew"ﬂ T
ort 1 ort
f— |, — 4—W1
| B ‘
Apertur y Bottom Side 0.6 pF SMT
T | Capl
. N ld i - / apicator
Ground / =0 (LA lg
Plane " €
Y &
e lem |, = w, !
SMT Capacitor ! sl

183

Fig. 6 Layout schematic for the proposed dual-mode coupler circuit. From [9]: ©2007 IEEE.

Reprinted with permission.

Numerical simulation indicates that, in the range of 1.80-1.95 GHz, the unit
cell supports a LH wave with an odd excitation and a RH wave with an even
excitation. The measured results shown in Fig. 7 indicate this range shifted
somewhat to 1.86-2.00 GHz. The narrow band operation exists due to the use of a
slot aperture for the transformer. The frequency shift can be attributed to the

difficulty in alignment of the multiple slots in this multi-layered structure.

frequency (GHz)

—-— even mode (circuit)

— — -odd-mode (Exp.)

—-—-—odd mode (circuit)
T T

0 1 2 3

#p (rad)

Fig. 7 Experimental dispersion diagram. From [9]: ©2007 IEEE. Reprinted with permission.

This demonstration of mode selectivity introduces the possibility of developing
unique metamaterial components capable of selective wave steering for signal
routing and multiplexing applications. A preliminary simulated result utilizing this
mode selective structure in a 2D arrangement was carried out in [9] to demonstrate
the effectiveness of this concept. Increasing the isolation between two signals and
improving the bandwidth of dual-mode operation are two of the key factors for

future consideration.
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3.3 Dual-mode compact antenna

In the previous two sections, the even and odd modes of a coupled CRLH
structure were used to provide unique device characteristics. In a resonant type of
structure, there exist the dominant and higher order modes. In many compact
resonant antennas, these modes can be used for dual-mode operation at different
frequencies. The issue with these conventional resonant antennas is that these
higher order modes generally resonate at integer multiples of the dominant mode
frequency. This effect is typically unwanted because harmonic energy that is
generated by components that interface with the antenna will also be radiated,
leading to potential interference and additional wasted energy.

The dual-mode concept can be extended to the operation of CRLH based
resonant antennas. The CRLH structure provides a very unique property for
antenna applications. Specifically, the CRLH-based antenna can be engineered to
provide a monopolar pattern at one resonant frequency while providing a patch-
like pattern at another frequency. This is caused by the unique nature of the
resonator that is developed from a CRLH structure. For example, an ordinary
segment of CRLH TL consisting of N unit-cells with its ends either open- or short-
circuited will produce a dispersion diagram as shown in Fig. 8. It will consist of a
number of periodic resonant points based on the amount of cells (N) and are
indicated by the black dots. The frequencies at which these points resonate are
dictated by the design of the unit-cell’s parameters, and in other words the slope of
the dispersion curve.
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Fig. 8 Dispersion curve with resonant points for a CRLH made of N unit cells. From [10]:
©2005 IEEE. Reprinted with permission.

Two important features can be noted from this generalized diagram. First, in
addition to resonances in the RH and LH sections, there are two Oth (zeroth) order
resonances, @, and @y, where the propagation constant is zero. Depending on the
boundary condition being applied, either one of them can be excited. Also, under
the zeroth order resonance, the field along the CRLH resonator is constant both in
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phase and amplitude. The second feature is that the resonant spacing is not linear
and is basically determined by the unit-cell design. This means that the resonant
frequencies of the modes are not necessarily harmonically related, and instead the
dispersion can be engineered by the choice of the unit-cell parameters.

A two unit-cell CRLH antenna based on this principle is shown in Fig. 9. This
prototype was fabricated on Duroid 5880, ¢. = 2.2, A = 1.57 mm, substrate. The
antenna structure is made of the so-called “mushroom” structure with its stem
providing the shunt inductance and the gap capacitance between the patches
generating the series capacitance for the LH operation. When this mushroom
structure is utilized as an antenna, it resembles that of an inductor loaded patch.
However, the difference in this structure is in the addition of the LH behavior due
to the series gap capacitance between unit-cells which does not exist in the
conventional inductor loaded case. This also leads to the possibility of multiple
resonances, rather than a single one. Lastly and most importantly for this design,
whereas conventional planar resonant antennas are vulnerable to radiation of
harmonics, this proposed CRLH-based antenna can operate at its # = 0 or n = —1
mode while avoiding radiation at harmonically related frequencies at both modes.
This can also be seen in the input return loss characteristics shown in Fig. 9. This
is achieved because its resonant frequency is primarily determined by the design
of the unit cell parameters. This intrinsic harmonic suppression radiation can help
to benefit overall system efficiency as well as to reduce interference in high-traffic
environments. Also due to this same principle, the physical size of the n = 0
structure is not dependent on a resonant length and it is seen that the fabricated
prototype covers a A,/6 x 1,/6 footprint, offering a significant size reduction
compared with a conventional resonant type microstrip patch antenna operating at
the same frequency.

M agnitude 5-Parameters

A6 X A,/6 planar footprint

dB

1e/2.93.GH

Freq. (GHz)

Fig. 9 Dual-mode antenna operated at two resonant modes. From [10]: ©2005 IEEE.
Reproduced with permission.

For this particular design, the zeroth order resonance is at 3.37 GHz and the » =
—1 frequency is at 2.93 GHz. At the » = 0 mode, the antenna operates under the
infinite wavelength phenomenon (where £ = 0), and produces a monopolar
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integrated mixer front-end, offering benefits in terms of a system application point
of view [11].

The CRLH-based LWA has been well documented in previous literature [12,
13]. Under a balanced design, the series resonance (ay,) and shunt resonance ()
are equal at f = 0, no stop-band exists between the LH and RH regions, and a
constant characteristic impedance can be expected. Therefore this structure is able
to radiate a continuously scanned beam from backfire to endfire through
broadside. The slope of the dispersion curve and the zero propagation constant
frequency can be engineered by controlling the four circuit parameters. A common
and straightforward planar implementation of such an antenna is realized by
utilizing interdigital capacitors for the LH capacitance and shunt shorted stubs for
the LH inductance.

Whereas many CRLH structures require via connections for shunt inductance
implementation, including this common CRLH LWA architecture, the structure
proposed in this section uses a symmetric approach that essentially eliminates this
requirement [14, 15]. Its symmetry allows for the elimination of via connections
when utilized under its odd mode excitation. It is this symmetric architecture that
also allows the exploitation of the structure’s even and odd mode properties. The
equivalent circuit model of the unit-cell structure indicating the symmetry plane is
shown in Fig. 12 along with its microstrip implementation. Also shown is the
dispersion diagram for the structure, depicting the contrasting operation between
the differential and common modes.
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Fig. 12 Equivalent circuit of symmetric unit-cell structure with microstrip implementation. From
[11]: ©2008 IEEE. Reprinted with permission.

Based on this unit cell design, under a differential or odd-mode excitation, the
metamaterial unit-cell behaves simply like a balanced CRLH unit-cell, where a
fundamental backward wave is supported below the unit-cell’s series resonance
(f:e). On the other hand, when this structure is excited by a common mode (or even
mode), the metamaterial unit-cell is under cut-off below f.. Put into another
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perspective, a virtual ground is obtained under differential mode and the structure
operates as a CRLH structure. Conversely, no LH behavior can be seen under its
common mode excitation because the shunt inductance no longer exists (from a
virtual open condition). This structure therefore offers an even mode filtering
capability and is therefore employed for two reasons; to offer even/odd mode
diversity, and to simplify the overall physical structure.
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Fig. 13 Schematic of proposed system application (/¢fi) and fabricated and assembled integrated
mixer/CRLH LWA (right). From [11]: ©2008 IEEE. Reprinted with permission.

The beneficial application of this structure becomes evident when it is
integrated into a system application. The block diagram schematic of this system
and the fabricated prototype operating from 1.96-2.40 GHz is shown in Fig. 13.
The fabricated symmetric, completely planar and single-layered CRLH LWA
structure consisted of 30 unit-cells. The opposing ports of the differential structure
are connected to the two ports of a balanced mixer design. The LO signal to the
balanced mixer is fed in phase to two mixing diodes (common-mode). Due to the
common-mode filtering effect previously discussed, any LO leakage that reaches
the antenna interface is intrinsically suppressed while the antenna provides an odd
mode excitation to the mixer diodes. This feature therefore eliminates the need for
separate RF filters for common-mode LO leakage. In addition, since the LWA is
based on differential-mode excitation, the filter on the LO side is also eliminated.
In other words, this architecture also has a built-in protection for the LO source
since a received RF signal (only differential signals are excited) will add out of
phase at the LO port. The measured IF antenna patterns and LO leakage patterns
are shown in Fig. 14. The measured radiation patterns demonstrate consistent
beam scanning with the predicted LH region operation. The LO leakage is
suppressed between 20—40 dB, and greater than 20 dB of RF-LO isolation is
achieved through this integrated approach.
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Fig. 14 Measured IF received patterns at 30 MHz (/eff) and measured LO leakage patterns
(right). From [11]: ©2008 IEEE. Reprinted with permission.

In this section, a system application of a CRLH-based metamaterial structure
with intrinsic even mode suppression is presented. This integrated system approach
offered several benefits including space and component savings through the
reduction or elimination of additional filtering between the component interfaces.
This feature also becomes attractive from a security point of view as the EMI
problem is reduced through leakage suppression.

4 Summary

The unique properties of the CRLH TL structure have been exploited in numerous
recent efforts that introduce enhanced features to a variety of microwave
components. In this chapter it was demonstrated how dual-mode behavior can be
realized by utilizing the even and odd mode, polarization, and varying field profile
characteristics of the CRLH structure. The continuing study of this type of
application of the CRLH structure’s unique properties can lead to the development
of novel metamaterial components and systems.

References

l. C. Caloz and T. Itoh, Electromagnetic Metamaterials: Transmission Line Theory and
Microwave Applications. New York: Wiley (2005)

2. Lai, T. Itoh, and C. Caloz, “Composite right/left-handed transmission line metamaterials™,
IEEE Microwave Magazine, Volume 5, Issue 3, Page(s):34-50 (2004)




































Trapped-Mode Resonances in Planar
Metamaterials with High Structural Symmetry

Sergey Prosvirnin!, Nikitas Papasimakis”, Vassili Fedotov>, Said Zouhdi’
and Nikolay Zheludev’

' Institute of Radio Astronomy, Kharkov, 61002, Ukraine

prosvirn @rian.kharkov.ua
2 Optoelectronics Research Centre, University of Southampton, SO17 1BJ, UK
3 University Paris Sud, France

Abstract We report a type of planar metamaterials that can support a high-quality
factor resonance mode, namely trapped-mode, excitation of which is polarization
insensitive. The strong energy density of electromagnetic field between metallic pat-
terns of the metamaterial structures shows the potential for development of spaser
(surface plasmon amplification by stimulated emission of radiation) and related
novel photonics.

1 Introduction

Controlling the reflection and/or the transmission frequency properties of surfaces
is an important problem of applied electromagnetics. For various microwave appli-
cations, there is a need to use controlling material layers with thicknesses extremely
small in comparison to the wavelength. These frequency selective surfaces (FSS)
are boundary surfaces consisting of some metal or dielectric bodies.

There are well known periodic arrays of different shapes metal patches and the
self-resonant grids such as grids of Jerusalem conducting crosses which are used
as FSS. Practically, the first low frequency resonance of such structures appears for
a wavelength a bit greater than the array period. The quality factor of such struc-
tures resonances is not high. However, achieving resonances with high-Q factors is
essential for various applications of planar metamaterials.

Generally speaking, the high quality factor and the layer small thickness are con-
tradictory requirements. Actually, a thin open structure cannot have inner resonating
volumes and on the other hand, resonating inclusions usually are strongly coupled
with free space. Consequently, their resonance quality factor is low. Nevertheless,
there are ways to produce very thin structures showing high quality factor frequency
resonances (see [1]). This has been achieved by a resonance regime of so-called
trapped modes.

S. Zouhdi et al. (eds.), Metamaterials and Plasmonics: Fundamentals, 201
Modelling, Applications,
(© Springer Science + Business Media B.V. 2009
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If we want to design very thin structures having resonant band characteristics of
reflection or transmission with a high quality factor, the consistent step is to focus
on the way of structure complexity. Certain of the multi-element arrays have this
desired property.

Due to radiation losses, resonance frequencies of open systems composed of
nondissipative elements are generally complex valued. The quality factor of the
system depends from ratio of power of stored energy to power of radiation losses.
However, exceptionally strong and narrow resonances are possible in planar meta-
materials build upon multi-element arrays via engaging trapped modes. The trapped
modes correspond to real eigenvalues of the relevant boundary value problem that
is real resonance frequency of an open system.

Consequently, the trapped modes are of considerable importance in applications
because the system can be excited more efficiently due to low radiation losses.

Few years ago extremely high-quality factor double-periodic two-element arrays
of split C-shaped particles (double-split rings with certain small asymmetries) were
proposed and theoretically studied in [1]. The evidence of high-Q trapped mode
resonances of arrays of asymmetrically split C-shaped elements was argued by our
experimental study [2]. These designs were shown to be promise for various appli-
cations. They were studied theoretically as high-Q metafilms for improved spectral
and spatial filtering in WLAN bands in [3, 4]. Numerical simulation of the struc-
tures was performed as frequency selective surfaces for high sensitivity terahertz
sensing in [5]. Recently we showed [6] by simulation that combining of this type
of planar metamaterials and surface plasmon amplification by stimulated emission
of radiation (spaser) ideas [7] one can create a narrow-diversion coherent source of
electromagnetic radiation that is fueled by plasmonic oscillations.

Characteristic feature of all designs involved the using of excitation of the cur-
rent trapped modes and considered before was that they led to polarization sensitive
planar metamaterials. The main purpose of this work is an introducing of four-fold
symmetry polarization insensitive planar periodic two-element structures and the
study of resonance properties of these arrays which can possess frequency charac-
teristics with high quality factors due to excitation of trapped mode kind of field.

2 Results and Discussions

In this paper, we identify a new class of four-fold symmetry planar metamateri-
als that can support a trapped mode. The sharp high quality-factors resonances
are demonstrated theoretically and experimentally. Remarkably, achieving the sharp
high quality-factors resonances in such metamaterial requires no symmetry break-
ing, and therefore excitation of the trapped modes is polarization insensitive.

We study two fashions of our metamaterial. They both are double-element planar
arrays of a metal strip pattern, which are arranged in a regular square periodic grid
and placed on a thin dielectric substrate. The first one consists of pairs of concentric
metal rings, as shown in Fig. la. Computation of transmission of this kind array
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Fig. 1 Translational cell of the planar array of concentric metal rings (a) and metal complex el-
ements consisted of the cross placed inside of the ring (b). The sizes are pointed in millimeters.
The arc radii are pointed to middle lines of curvilinear strip elements of the arrays. All metal strip
elements of both arrays are 0.4 mm width. The metal elements of arrays are placed on a dielectric
1.6 mm thickness substrate.

was fulfilled in [8]. The second fashion of our metamaterial is composed from more
complex double elements consisted of crosses placed inside of rings, see Fig. 1b.
Diameter of the ring is the same as a diameter of the outer ring of the array of
concentric rings. The shape and sizes of the cross were chosen so that its perimeter
along middle line of strip would be exactly the same as the length of the ring.

The double-element pattern of each sample was etched from 35 um copper
cladding covering FR4 PCB substrate of 1.6 mm thickness. Relative permittivity
of substrate is approximately € = 4.5 —i0.1. The unit translational cell of the pat-
terns is a square with the size of 15 X 15 mm (see Fig. 1). Such arrays do not diffract
for any angle of plane wave incidence at frequencies below 10 GHz and they do not
diffract normally incident electromagnetic wave for frequencies lower than 20 GHz.

The overall size of the samples used in our experiments was approximately
220 x 220 mm. All our measurements were performed in a microwave anechoic
chamber in 2-12 GHz frequency range using linearly polarized broadband horn an-
tennas (Schwarzbeck BBHA 9120D) equipped with dielectric lens concentrators
and a vector network analyzer (Agilent E§364B).

Reflected and transmitted electromagnetic fields and surface currents induced
on the arrays strip elements were calculated with the well established method de-
scribed in [9]. The method is based on the method of moments to solve a vectorial
integral equation for the surface current induced by the electromagnetic field on
the thin narrow metal elements of array followed by calculation of scattered fields.
The equation is derived with boundary conditions that assume a zero value for the
tangential component of the electric field on the metal strips.

Figure 2 shows the results of transmission and reflection measurements and nu-
merical simulations conducted at normal incidence on the array of double concentric
rings (DR-metamaterial). Here and below, we present the values 20 1g|R| (dB) and
20 1g|T| (dB) to characterize the reflection and the transmission of arrays where
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Fig. 2 Normal incidence reflection (a) and transmission (b) spectra of the planar DR-metamaterial
and the reference one-element periodic structure composed of the larger rings. Solid lines represent
experimental data, dashed lines correspond to the theory (the method of moments). Calculated
current values (b) are shown by dotted line for the outer ring and dash-doted line for the inner ring
at the point of corresponded ring with maximal amplitude of the current.

R and T are the classical reflection and transmission coefficients determined via
electric field strength. For both transmission and reflection, the theoretical calcula-
tions showed exceptionally good agreement with the experimental results assuming
€ =4.5—0.1. It should be noted that the spectral response of the planar metamate-
rial showed no polarization dependence, which is consistent with the high degree of
symmetry of its unit cell.

The measured spectra reveals a very broad stop-band split by a sharp resonant
feature at around 6.2 GHz . In reflection it is seen as a narrow dip, where the reflec-
tivity level drops below 5%, that separates two broad reflection resonances centered
at correspondingly 5.8 and 8.3 GHz. In transmission it corresponds to a narrow
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pass-band with the maximum transmission level exceeding 65% and the spectral
width of about 0.7 GHz measured as a full width at half maximum (the quality
factor is approximately Q ~ 9).

Importantly, the response of a reference metamaterial composed of the single
rings of the larger radius revealed a very broad stop-band (reflection resonance with
0 =~ 1) (see Fig.2).

The origin of the narrow resonant band of transparency can be traced to the ex-
citation of so-called trapped mode, which are anti-symmetric current mode that is
weakly coupled to free space. These modes are normally inaccessible, but can be
excited if, for example, the metamaterials particles have certain structural asymme-
try [1, 2]. The trapped-mode nature of the metamaterial’s response was confirmed
by our numerical simulations of current distributions.

We have calculated the current distribution along the inner and outer rings of ar-
ray. The currents have maximal amplitudes at the points with tangent to the ring par-
allel to the polarization direction of a normally incident wave. In Fig. 2b we present
the modeled frequency dependencies of the current amplitudes at these neighbor-
ing points of the inner and outer rings. It can be seen that both rings appear to be
equally strong excited in the frequency of the narrow pass-band. The analysis of
currents phases reveals that the induced currents in the inner and outer rings oscil-
late in opposite directions. An electromagnetic field of two close strips of the rings
is similar to the nonradiating field of a double-wire line of resonance length. Thus,
the opposite directed but being equal currents of the inner and outer rings of array
yield an electromagnetically trapped mode. Indeed, the scattered fields produced by
such current configuration is very weak since the electrical dipole moment is al-
most compensated, while higher multipole moments such as, for example, magnetic
dipole and electric quadrupole are absent due to symmetry of the DR-structure. As
a consequence, the coupling of the metamaterial array to free space and therefore
its radiation losses are reduced dramatically, which ensures much stronger induced
currents and higher Q-factors of the response than in the case of the dipole excitation
of the one-directional currents in the frequencies of the stop-bands.

It is important to note that in the DR-structure excitation and control of the
trapped mode requires no symmetry breaking, which makes it markedly different
from the trapped modes demonstrated recently in asymmetrically-split ring meta-
materials [1, 2]. In the present case the free-space coupling of DR-structure (and
consequently the width of the pass-band exhibited by the metamaterial) is exclu-
sively controlled by the difference in circumferences of the inner and outer rings.
Indeed, the pass-band is squeezed between two stop-bands related to the resonance
frequencies of inner and outer rings.

Since the resonance frequency of narrow metal strip element is controlled mainly
its stretched length, we designed a four-fold structure with equal circumferences of
inner and outer elements of double-element array composed from crosses and rings
(CR-array) (see Fig. 1b).

The measured and simulated frequency dependencies of reflection and transmis-
sion of CR-array are presented in Fig. 3. One can see a typical trapped mode res-
onance confirmed by frequency dependencies of the calculated current amplitudes
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Fig. 3 Normal incidence reflection (a) and transmission (b) spectra of the planar cross-ring pattern
metamaterial. Solid lines represent experimental data, dashed lines correspond to the theory (the
method of moments). Calculated current values (b) are shown by dotted line for the ring and dash-
doted line for the cross at the points of ring and cross with maximal amplitude of the current.

for crosses and rings of the array. The resonance frequency of pass-band is lower
than has been mentioned for the DR-array design. However, we do not observe an
enlarged quality factor. This CR-array of being equal-circumferential but complex-
shaped elements reveals approximately the same radiation losses as the DR-array.
Nevertheless, we suppose that double complex-shaped elements may be optimized
to high-Q resonance of four-fold symmetry array by using any algorithm of multi-
variate optimization.

The great feature of trapped mode resonances is a high density of electromag-
netic field energy concentrated inside and close to array. The electric field strength
reaches great values in the resonance frequency. Indeed, we observe an enlarged
absorption (1 — |T|?> — |R|?) because of the power dissipation inside the substrate of
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both arrays (see Fig. 2a and Fig. 3a). Thus, the reflection and transmission of trapped
mode arrays are extensively dependent from dissipation. Therefore, these arrays
may serve to indicate a weak absorption of media located close to their surface. On
the other hand, the remarkably strong energy density of high-Q trapped mode res-
onance clears the way to achieve orders of magnitude enhancement of single-pass
amplification [6] of thin active medium layer with trapped mode array.

3 Conclusions

We demonstrate both numerically and experimentally that a trapped mode may be
excited in planar four-fold symmetry structures. Thus, high-Q very thin layers may
be designed with polarization insensitive features.

The type of polarization insensitive planar metamaterials is proposed that re-
veal high quality-factor resonance transmission in a wide stop-band range. The
trapped mode nature of this transmission resulting from excitation of anti-symmetric
weak radiative resonance currents is clearly recognized both theoretically and
experimentally.

The results also indicate that strong electric field strength concentrated by this
type of periodic structures is potential for development of metamaterial combining
with spaser (surface plasmon amplification by stimulated emission of radiation) and
related novel photonics.

Acknowledgements The authors would like to acknowledge the financial support of the EPSRC
(UK), National Academy of Sciences of Ukraine (grant no. 1-02-a) and Metamorphose NoE.
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In addition to the high-throughput requirement, the choice of the optimal
nanofabrication technique is also governed by the loss issue in plasmonic structures.
It was reported that the surface roughness of fabricated metal-dielectric structures
has an effect on the increased losses at the plasmon resonances [34]. Comparison
of existing planar fabrication methods and chemical approaches also deserved a
great deal of attention yielding important results on the issue of surface roughness
that contributes to the SP loss [12].

Here, we focus on fabrication of metal-dielectric configurations supporting
propagating and localized SP modes that requires development of nanoscale
patterning tools and production-compatible techniques for structures with real-
device applications potential.

2 Profiled Metal Surfaces as Plasmonic Waveguides
Coupling of SPs on opposite sidewalls of either a channel or wedge made in metal

leads to formation of highly localized plasmonic modes that can be used for
making compact optical components (Fig. 1).

(a) (b)

Fig. 1 Schematic of (a) a V-groove and (b) wedge made in metal. Both structures support
plasmonic modes localized at and propagating along the groove bottom/wedge apex [14-20].

A V-shaped metal groove supporting a strongly localized plasmon-polariton
mode (called channel plasmon-polariton, CPP) is of particular interest due to high
degree of the CPP mode confinement, relatively low propagation and bending
losses, and single mode operation achievable for the CPP [14—18]. The inverse
geometry, namely, a triangular metal wedge supports a plasmon-polariton mode
(wedge plasmon-polariton, WPP) that is, in a way, complementary to the CPP
mode. Edge modes were shown to support strongly localized plasmons both
theoretically and experimentally [19-22] and it was recently shown that WPPs,
while showing significantly smaller modal size than CPPs, exhibit similar propag-
ation length as CPPs [21]. At telecom wavelengths (wavelength bands around 1.31
and 1.55 pum), WPP guiding properties were found to be superior to the ones
offered by CPPs, where low losses for CPPs are achievable for relatively large
mode sizes [23].
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First experimentally investigated structures were fabricated using the focused
ion beam (FIB) technique. In the perspective of future applications, the FIB-based
approach has certain limitations due to high cost, complexity and low throughput.
In addition, FIB-fabricated components are hard to interface with optical fibers to
achieve efficient end-fire excitation. Thus, experimental realization of components
that are robust, simple to fabricate and easy to interface with outside world is of
great interest for future investigations of subwavelength plasmon guiding as well
as for development of functional plasmonic devices.

Large-scale fabrication of profiled metal surfaces remains a challenging task.
While sharp grooves and wedges can easily be made in silicon using standard
lithographic and etching techniques, profiling metal surfaces often requires
complex fabrication techniques like FIB [17, 18, 20]. Here, we describe wafer-
scale fabrication methods that allows replicating a profiled silicon surface in
metal. The fabrication approach is based on standard planar cleanroom processes
and allows integration of plasmonic structures with lab-on-a-chip devices.

2.1 Making metal V-grooves
A large-scale method for the fabrication of V-groove plasmonic waveguides is

based on the nanoimprint lithography process [35]. A schematic of the fabrication
method is presented in Fig. 2. The developed process where V-grooves are first

V-Groove in Polymer
Si Substrate

Gold
NIL Polymer

Si Substrate

Si Substrate

with \V-Groove \ N cold
NIL Polymer Polyriier

Si Substrate

Fig. 2 Schematic of the fabrication steps: (a) V-grooves are made in a silicon stamp, (b) the
silicon stamp is imprinted into a nanoimprint polymer layer (PMMA) on a silicon carrier wafer,
(¢) a negative copy of the stamp is covered with a layer of gold and then UV curable polymer
(Ormocomp), (d) PMMA layer is dissolved releasing the V-groove structure.
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(a) (b)

Fig. 3 (a) Schematic of the fabricated sample with V-grooved waveguides (gold on polymer
substrate) having easy fiber-access configuration (not in scale) together with (b) the scanning
electron microscope (SEM) image of the fabricated V-groove, 200-nm-gold layer on top of a
transparent polymer (the polymer is charging during SEM investigation). The gold edge is
ragged due to breaks from ultrasound agitation.

made in a silicon substrate and then replicated in metal using nanoimprint process
allows reducing the roughness of the metal film on the sidewalls of the groove.
This is achieved by using the backside of the deposited film, similar to the process
of template-stripping [36]. The main idea of the method is to make a metal replica
of a profiled silicon structure where any desired geometry can be obtained via
standard patterning and etching techniques. This approach is used to transfer
structures from a silicon stamp to a PMMA (polymethyl methacrylate polymer)
layer. After the imprint process, gold is deposited on the PMMA, followed by
deposition and selective UV exposure of a hybrid polymer (Ormocomp). Once the
Ormocomp layer has been post exposure baked, the PMMA layer can be
dissolved, leaving a gold-on-polymer replica of the initial silicon stamp (Fig. 3).
In this approach, the quality of the gold surface is expected to be better than that
achieved with standard deposition techniques [35, 37].

The method described here should be viewed as a general template for
replicating silicon structures in gold on polymer, and can be readily changed to
different geometries. Profiling of silicon stamps can be achieved by using a
variety of established techniques including reactive ion etching (RIE) (both
isotropic and anisotropic) and wet etching using KOH. For example, samples
fabricated via wet etch of silicon have limitations of an apex angle fixed to 70°
and easy patterning of only straight waveguides [35]. In this case, thermal
oxidization of silicon structures can be used to alter the groove geometry, providing
different apex angles, for example, decreasing the angle from 70° to 50° [35]. In
order to make waveguides of different geometries (bends, couplers) wet etch of
silicon can be replaced by RIE where nearly any desired channel geometry is
achievable. Since RIE is a complex process, better reproducibility and homo-
geneity across the wafer can be achieved via combination of RIE with oxidization
process that helps to change the geometry and smoothen out the surface (Fig. 4).
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Fig. 4 Simulation of thermal oxidization on (a) a reactive ion etched channel with sloped
sidewalls and flat bottom: an oxidization step can transform this geometry into (b) smooth high
angle V-grooves (2D process simulator from Silvaco, SSupprem4). Scales are in micrometers.

The results of optical characterization of the fabricated V-groove waveguides
using scanning near field microscopy (SNOM), showing broadband transmission
with subwavelength confinement and propagation lengths exceeding one hundred
microns are reported elsewhere [37].

2.2 Making metal wedges

For fabricating triangular metal wedge waveguides a wafer-scale, parallel method
based on standard UV lithography is developed. The developed fabrication
procedure provides waveguides that are compatible with fiber optics giving the
possibility of easy in- and out coupling. Such geometry can not be achieved by
standard deposition techniques since depositing a metal layer on a sharp tip (for
example, in silicon) would result in smoothening of the edge. A standard
fabrication sequence of lithographic and etching steps to achieve a wedge in a
substrate combined with standard metal deposition can therefore only be used for
making rounded-top or trapezium-shaped wedges [38]. The fabrication steps of
the developed procedure are shown schematically in Fig. 5. First, V-grooves are
etched in silicon via standard KOH-etch process, and 500 nm of gold is e-beam
evaporated on the silicon wafer with etched V-grooves.

The described procedure provides straight wedges with the fixed apex angle of
70.5° (due to wet etch of silicon). The apex angle of the V-groove made in a
substrate can be changed via an oxidation process [35]. Experimental observations
of plasmon-polariton low-loss guiding at telecom wavelengths (propagation length
~120 pm) by triangular metal wedges made by the described technique are
reported in [22].



Fabricating Plasmonic Components for Nano- and Meta-Photonics 215

Nickel
V-Groove in fold
Si Substrate

Si Substrate

Deposited Gold

(d) &
Si Substrate
Gold
Nickel

Fig. 5 Schematic of the fabrication steps: (a) V-grooves are etched in a silicon substrate using
wet etch, (b) gold is deposited (note smoothening of the V-groove bottom after the deposition),
(c) nickel is deposited, (d) silicon substrate is dissolved leaving the wedges in gold.

Using electroplating deposition, 53-pm-thick layer of nickel is then deposited
on top of the gold-covered wafer. Removal of silicon substrate completes the
fabrication sequence yielding straight wedges of gold (Fig. 6).

(a) (b)
"

Fig. 6 (a) SEM image of the fabricated wedge gold waveguides together with (b) a close-up of
the fabricated wedge (wavy edge at the lower end is due to charging effects). Marks and facet
defects are due to rough sawing of the metal.

Metal wedges can also be produced via a nanoimprint lithography process
similar to the fabrication technique used for making V-grooves (Fig. 2). In this
case, sharp wedges are first made in silicon and then replicated in metal. By
successive reactive ion etching and oxidation processing steps, different-shape
silicon wedges can be fabricated [39, 40]. Figure 7 shows an example of a silicon
wedge made via RIE, oxidization and the oxide etch processes.
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Fig. 7 Simulation of thermal oxidization on (a) a reactive ion etched silicon wedge where (b)
oxide (blue) can be removed subsequently in a highly selective etch (buffer hydrofluoric),
leaving sharp wedge (scales are in micrometers) together with SEM images of the fabricated
silicon wedge (¢) after RIE and (d) after oxidation and subsequent oxide removal.

3 Fabricating Plasmonic Nanoantennae

Nanoantenna fabrication requires a procedure that combines high reproducibility,
robustness and ability of creating small interparticle gaps. Here, we report on
nanoantennae fabrication method based on electron beam lithography that offers
controllable way of manufacturing high density plasmonic substrates for example,
for surface enhanced Raman scattering. Using EBL nanoantenna arrays made of
paired elliptical gold particles for particle sizes down to several tens of nm and
gaps between particles down to 15 nm can be fabricated (Fig. 8).

In this approach, the arrays are first patterned on an EBL resist and then created
either on a substrate or inside the etched holes via metal deposition and lift-off
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Fig. 8 (a) Schematic of the paired gold particles on top of or embedded into a quartz substrate
together with (b) SEM image of the antenna array on top of a quartz substrate and (e, d) atomic
force microscope (AFM) images of the embedded antenna array (AFM scale is in micrometers).

process. Detailed samples’ description together with the transmittance and
reflectance spectra in the visible range exhibiting strong resonances for the
polarization, where the electric field is parallel to the major axis of the elliptical
particle, are reported in [41].

For optical nanoantennae, two fabrication issues are of great importance, namely,
reproducibility of particle sizes and especially interparticle gaps and surface
roughness. For gold particles on quartz, the surface roughness is quite low (around
1 nm RMS) [41]. However, structures with gold particles created inside the etched
holes have increased roughness due to an additional step of RIE. Moreover,
creating a flat surface with embedded metal particles is a challenging task requiring
careful optimization of both etching and deposition processes. A possible way of
making flat nanoantennae structures is based on a ‘flip” process. In this approach,
the gold structures are first fabricated on a smooth substrate surface (quartz) and
then covered with a curable polymer (like Ormocomp) followed by the substrate
removal (Fig. 9).
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(a) (b)

Quartz

Fig. 9 Schematic for making low-roughness flat nanoantennae array: (a) gold particles are
patterned on a quartz substrate via electron beam lithography, metal deposition and lift-off and
covered with a curable polymer followed by (b) substrate removal.

In contrast to chemical methods that always have a dispersion of particle sizes,
EBL offer a highly controllable way of producing nanoparticles of the same size
and interparticle gaps. However, making interparticle gaps below 10 nm becomes
increasingly difficult. This calls for new methods that could combine controllable
planar methods as lithography and chemical approaches of creating reproducible
interparticle gaps [42]. Thus, a large-scale technique for creating nanoantennae
requires novel assembly methods, for example, where chemically created dimers
are assembled on a prepatterned or functionalized surface.

4 Conclusion

Development of robust large-scale fabrication techniques based on standard parallel
processes is a requisite for further progress in application-oriented or ‘practical’
plasmonics. In the area of subwavelength plasmon-polariton guiding along metal
grooves or wedges, nanoimprint-based technique of producing plasmonic wave-
guides that are compatible with fiber optics opens up the possibility of developing
components for ‘real-life’ applications ranging from integrated optics to biosensors.
The method based on combined nanoimprint and standard photolithography is
highly adaptable to different designs and is compatible with lab-on-chip tech-
nology that is important for future bio-technology applications. Along with the
development of large-scale nanofabrication techniques, improving and perfecting
the structural quality of plasmonic structures is the key step towards plasmonic
applications. Besides conventional methods of decreasing surface roughness of
deposited metal films like optimization of the electron beam deposition process
[43], employing new fabrication techniques based on replica or ‘flip” processes
offers simultaneous substrate planarization that allow reducing the surface
roughness of the metal structures and thus creating plasmonic components with
improved performance.
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Abstract A rigorous semi-analytical solution for electromagnetic scattering from
an array of parallel circular cylinders of arbitrary radii and positions due to a line
source excitation is developed. The cylinders can be any of three materials:
metamaterial, dielectric, perfect electric conductor or a combination. Two different
applications are presented here; the use of the characteristics of metamaterial to
enhance the performance of corner reflector antennas, and the creation of a plane
wave in the near field from an array of conducting cylinders excited by a line source.

1 Introduction

The analyses of plane wave scattering from an array of parallel circular cross-
section cylinders can be used to study the radar cross-section of two-dimensional
scattering object that can be constructed from an array of parallel circular
cylinders [1-4]. The scattering of an obliquely incident plane wave on an array of
parallel-coated circular cylinders is considered for TMz polarization in [5]. The
scattering from an array of cylinders due to an electric line source excitation is
important to study the radiation characteristics of an antenna. This paper will
present a brief summary of this technique first, followed by a set of numerical
validations of the results based on results reported in [6, 7].

Two practical applications are to be presented using the developed formulation.
The first is the enhancement of a two dimensional reflector antenna. Metamaterial
cylinders are placed in strategic positions adjacent to the reflector surface to
increase the strength of the field at the feed/receiver element in the receiving
antenna mode, and to enhance the scattered far field in the transmitting antenna mode.

S. Zouhdi et al. (eds.), Metamaterials and Plasmonics: Fundamentals, 223
Modelling, Applications,
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The second application is related to the creation of a plane wave region over a
prescribed area for antenna measurement applications using an array of conducting
cylinders. The size and position of the cylinders are to be optimized for controlling
the amplitude and phase variation across the antennae under test [8]. The genetic
algorithm (GA) [9-12] is used here to optimize the array configuration.

2 Formulation

The formulation is based on the scattering from an array of M cylinders parallel to
each other and to the z-axis of a global coordinate system (p, ¢, z) due to electric
line source excitation. The incident electric and magnetic fields from an electric
line source are expressed in the global cylindrical coordinate system (p, ¢, z), for

.
e’ time dependence as

Einc (p’ ¢) — _a)ﬂlo i e/’l(¢_¢o) J” (kp)H’EZ) (kpo) p < ,00 (1)
) 4 = J, (kpy ) H? (kp) P> py
H;'nc ( P, ¢) =0. )

In terms of the cylindrical coordinates of the ith cylinder, whose center is
located at (0;,¢;”) as shown in Fig. 1, the incident electric field can be expressed
as:

EX(p,.¢) =

_CU/JIO i ejn(qﬁ,%,){']”(kp[)[_]'(’z} (kp()t) p<p0i} (3)

4 ']n(pri)H/EZ) (kpl) p>p0[

n=-—ow

Where the parameter k is the free space wave number, (oy; , @) is the position of
the line source relative to the coordinate system of cylinder “7”, J,(&) is the Bessel
function of order » and argument &, and the H,/” (&) is the Hankel function of the
second type of order n and argument &.

The resulting z component of the scattered electric field from the ith cylinder
and the transmitted z component of the field inside the cylinder material can be
expressed, respectively, as

E(p,.8) =%’”° i A4, HP (kp,)e™ )

n=—0
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Fig. 1 The problem configuration.

The ¢ components of incident, scattered, and inside the cylinder magnetic field
can be expressed based on Maxwell’s equations as:

HinL _]] k Jn(d—di) J’; (kpl)HEZ) (kp()l) P < Poi
o (ond) ==, z » ©
n=—o Jn(pri)Hn (kpl) p>p0i
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H; (p;a J Z BmJn dpl ] ¢'. 8)

The expressions in Egs. (4) and (7) indicate that both the electric and magnetic
field components are based on the local coordinates (p;, ¢;, z) of cylinder “i”
However, the interaction between the M cylinders in terms of multiple scattered
fields requires a representation of the scattered field from one cylinder in terms of
the local coordinates of another as shown in [13]. Therefore, the additional
theorem of Bessel and Hankel functions are used to transfer the scattered field
components from one set of coordinates to another. As an example the scattered
fields from the gth cylinder in terms of the ith cylinder coordinates are
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The solution of the unknown coefficients 4;, and B;, can be obtained by
applying the appropriate boundary conditions on the surface of all cylinders. For
example the boundary conditions on the surface of the ith cylinder are given by:

M M

inc s _ rd inc s _ d

E! +ZE2g =E!, H, +ZH¢K = Hj. (11)
g=1 g=1

After some mathematical manipulations and the application of the boundary
conditions on the surfaces of all M cylinders one obtains

M ©
1 In
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while the integers n, 1 = 0, 1, £2,... ... , *N;and i, g =0, 1, 2, ...... , M.
Theoretically, N; is an integer which is equal to infinity; however, it is related to

the radius “a;” of cylinder “7”, and type of the ith cylinder by the relation N; = (1 +
2k;a;). Equation (12) then can be represented in a matrix form such that:
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[V]=[s][4]. (15)

The solution of the above truncated matrix equation yields the unknown scattering
coefficients A4,,.

For the case of normal incident TM, plane wave, one can easily express the
field components be applying the same procedure used to derive the fields from a
line source illumination, where the z component of the scattered field and the
transmitted z component of the field inside the cylinder material have the same
form as in Egs. (4) and (5). The difference is in Eq. (13), such that

Vl — efjl¢0 jlejkop,’cos(rpi’—%) (16)

i

where ¢, is the plane wave incident angle with respect to the negative x axis.
Therefore the numerical simulation of normal incident TM, plane wave can be
easily obtained from the line source simulation.

The scattering of an obliquely incident plane wave on an array of parallel
circular cylinders is considered for both TM, and TE, polarization in [4]. The case
of coated cylinders was discussed in [5]. In this work, we consider only double
negative (DNG) metamaterial with negative permittivity and permeability [14]. To
show the effect of metamaterial, the wave number and the intrinsic impedance for
the cylinder “i”” can be expressed as

k; = kon,,; and M =MoN i | €15

N, =~ 1€, dielectric, n, =—/u,c, metematerial. (17)

3 Validation of the Numerical Results

In order to prove the validity of the presented formulation, the total far electric
field of a conducting cylinder is calculated at 300 MHz using a single and multiple
cylinders simulations. The radius of the cylinder is a = 5A and the position of the
line source is py = 5.25A and ¢y = 0. The results generated using the developed
formulation as shown in Fig. 2, show a complete agreement with those given in
Figs. 11-18 of [6]. In the multiple cylinders simulations, the scattered field from
one conducting cylinder is expected to be the same as that of an array of cylinders
having the same outer shape. In Fig. 3, 28 non-intersected conducting cylinders of
radius 0.02A are used to simulate a conducting cylinder of radius 0.2A.

In order to prove the accuracy of the technique in the case of metamaterial
cylinders, Fig. 4 shows the near field distribution of a cylinder of radius 2 excited
by an electric line source located at p, = 3A and ¢y = 0. Figure 4a shows the case
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of a dielectric cylinder with €. = 2, and Fig. 4b shows the case of a metamaterial
cylinder with g, = -2, and .= —1. The results show a complete agreement with the
corresponding results presented in [7].

4 Enhancement of Corner Reflector Performance

In this section a 90° corner reflector antenna of arm length 1.2 is simulated by 11
conducting cylinders each having radius 0.1A. To show the effect of metamaterial
loading in capturing the incident electric field by the antenna receiving element,
two metamaterial cylinders of ¢ = —5 and u, = —1 are added in front of the
reflector at the middle of each arm as shown in Fig. 5. Figures 6—7 show the
enhancement in the magnitude of the E. component in front of the reflector due to
the presence of the metamaterial cylinders in comparison with the unloaded corner
reflector. For normal incidence, Fig. 6 represents the case of ¢;= 0, while Fig. 7
represents the case of ¢;= 30.

To further illustrate the radiation characteristics enhancement of corner
reflectors, an electric line source is used to excite the antenna. The electric line
source is added in front of the reflector at a distance S (the focal point) as shown
in Fig. 8. The value of S was chosen to match the position of the focal point
predicted from the results shown in Fig. 6. Figure 9a shows the near field
distribution for a corner reflector excited by a line source at a distance S = 0.6A,
while Fig. 9b shows the case of corner reflector loaded with metamaterial
cylinders excited by a line source at a distance S = 0.4A. Figure 10 shows the
scattered far field for both cases where a large enhancement of about 10 dB in the
forward direction is observed.

900 ; X
120,17 60 —— This Technique
o H I o Reference [6]
159:: Line Source
§ y [ ]
180-- 0 2
20 0 '
240°-.....L..~7300 [a /
270

Fig. 2 Total E. far field of a conducting cylinder of a radius a = 5A excited by a line source at pg
=5.25) and ¢o = 0.
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Fig. 3 Total E. far field of a conducting cylinder of a radius a = 0.2 simulated by 28 conducting
cylinders each of a radius a = 0.02A excited by a line source at po = 0.3A and ¢y = 0.

(a) (b)

Fig. 4 Total E. far field of a cylinder of a radius a = 2 excited by a line source at po = 3\ and ¢
= 0. (a) Dielectric cylinder of &= 2, (b) Metamaterial cylinder of &,=—2 and p,=—1.

Fig. 5 The configuration of a 90° corner reflector antenna excited by a plane wave.
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(a) (b)

Fig. 6 The E, near field distribution of a corner reflector excited by a plane wave incident at ;=
90 and ¢; = 0. (a) Conducting reflector, (b) Conducting reflector loaded with two metamaterial
cylinders.

(a) (b)

Fig. 7 The E, near field distribution of a corner reflector excited by a plane wave incident at ;=
90 and ¢ = 30. (a) Conducting reflector, (b) Conducting reflector loaded with two metamaterial
cylinders.

Fig. 8 The configuration of a 90° corner reflector antenna excited by a line source.
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(@) (b)

Fig. 9 The E, near field distribution of a corner reflector excited by an electric line source (a)
Conducting reflector with S = 0.6A, (b) Conducting reflector loaded with two metamaterial
cylinders with S = 0.4A.

Fig. 10 The scattered far field of a corner reflector excited by an electric line source.

5 Generation of a Plane Wave in the Near Field of a Line
Source

Creating a plane wave around an antenna is very important for accurate antenna
measurements. The phase and amplitude variations through the antenna under test
(AUT) must be within specified tolerances. The IEEE standard for non-low
sidelobe antennas requires the separation distance R between the transmitting
antenna and the AUT to be [8]

2D*
R, =
7=

(18)
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for a maximum phase error of n/8, where A is the wavelength and D is the
maximum dimension of the antenna. An antenna of maximum dimension of 10A
requires the separation of the transmit antenna to be R; = 200A. Since it is
impractical to go far away from the transmit antenna to satisfy that, therefore other
methods are needed to approximate a plane wave in the near field of the AUT.
One possibility is to build an array of radiating elements that can project a plane
wave at a prescribed distance [11-12]. Another method is to design an array of
line sources that creates an approximate plane wave over a prescribed area. A new
method to generate a plane wave in the near field using only one line source is to
place an array of cylinders in front of the line source. The positions, spacing, and
diameters of these cylinders are to be optimized to minimize the amplitude and
phase variation at a certain prescribed plane wave area.

10 T
Conducting Cylinders O plane waveposition
5 a
¢
< ! :
= 0-/09 """""
> Line $ource G
s
S5F- ;
o
o | | | | | |
-10 -5 0 5 10 15 20 25

xin

Fig. 11 The size and position of the optimized array of seven conducting cylinders.

(a) (b)

Fig. 12 (a) Field amplitude, (b) Field phase of an optimized seven element array of conducting
cylinders at a distance of 20A.
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Fig. 13 The size and position of the optimized array of ten conducting cylinders.

(@ (b)

Fig. 14 (a) Field amplitude, (b) Field phase of an optimized ten element array of conducting
cylinders at a distance of 20A.

Figure 11 shows an array of seven conducting cylinders. The cylinders are
parallel to the z axis, and the centers of all the cylinders are on the y axis. The line
source is placed on the negative x axis at a distance A from the cylinders. Genetic
algorithm optimization is used to find the optimum diameter and position of
the cylinders to construct a plane wave of width 10A at a distance 20A from the
cylinders. The goal of the optimization is to get minimum variation in the
amplitude and phase of the electric field in the specified positions. The optimized
diameter and position for each cylinder relative to the line source position are
shown in Fig. 11. Figure 12 shows the optimized amplitude and phase of the
electric field relative to the amplitude and phase of a single line source. It is clear
that the single line source field has less amplitude variation at the AUT than that
of the array of cylinders, while the uniform array has less phase variation than the
single line source.
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To get a better plane wave representation, more degrees of freedom are needed
for the optimization. Figure 13 shows an array of ten conducting cylinders. The
cylinders are parallel to the z axis, and the centers of the cylinders are on the y axis
and another line parallel to the y axis. The line source is placed on the negative x
axis at a distance A from the y axis. The optimized diameter and position of the
cylinders relative to line source are shown also in Fig. 13. Figure 14 shows the
optimized amplitude and phase of the electric field. The amplitude variation in this
case is less than 1 dB, and the phase variation is smaller than /8.

6 Conclusions

The analysis of the scattering from an array of parallel circular cross-section
cylinders due to an electric line source is summarized. This solution is verified for
metamaterial cylinders, and can be used to study electromagnetic interaction with
two-dimensional scattering object that can be constructed from an array of parallel
dielectric, conducting or metamaterial circular cylinders. The effect of metamaterial in
enhancing the performance of a corner reflector antenna was studied. Significant
enhancement of focused field in front of corner reflector antennas, and
enchantment in the scattered far field are achieved. An array of conducting
cylinders was used to generate a plane wave in the near field of a line source. A
good approximation of a plane wave was achieved with less than 1 dB magnitude
variation and less than /8 phase variation.
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Fig. 2 Geometry of a grounded dielectric slab with FSS grid on the air-dielectric interface.
By solving Helmholtz’s equations in the air and in the dielectric regions for H,
(TM”-modes) and E, (TE*-modes) components subject to appropriate boundary

conditions on the ground plane (at y = 0) and infinity, and by implementing a two-
sided impedance boundary condition for the grid at the air-dielectric interface,

EI:EEZZng(HI_ﬁZ) at y=~h, (10)
where for TM"-even surface-wave modes

E

zl

:Ezlz_Z;M (Hxl_Hx2) at y:h’ (11)
and for TE™odd surface-wave modes
Exl :ExZ :Z;"E (Hzl _Hzl) at y:h’ (12)

the dispersion equations for TM*even and TE*-odd modes of the structure
depicted in Fig. 2 are obtained:

Jjoek,
k ,tanh(k ,h =—ZTM—'V,
y2 ( 2 ) g ngIZ:M-’_ky] (13)
U Jou
2k, +k, coth(kyzh) =- Z.”f : (14)

1 g

Here, k, =kl =k} , k,=@\J&,u, , i=1,2. For HIS structures with the grid
positioned on the air-dielectric interface, & =g, &, =¢&,.5,, and =4, = y,.
The wave number &, induces branch points in the complex k - plane at
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Abstract The eigenmodes in the planar layered structures containing magnetically
biased semiconductor films exhibit the unusual features of migrating between the
frequency bands and layer interfaces. It is shown that at certain combinations
of the structure parameters, the magnetoplasmons localised at opposite interfaces
of the guiding layer can interchange their locations while preserving the parity of
their field distributions. The intriguing properties of the nonreciprocal magneto-
plasmons are illustrated by their field and power flow distributions.

1 Introduction

Magnetically biased semiconductor-dielectric layered structures have been studied
as an alternative to ferrite devices for mm-wave applications, see e.g. [1-4].
Magnetoplasmons guided by the semiconductor layers in Voigt configuration
(magnetic bias in the layer plane perpendicular to the direction of wave propagation)
are of particular interest owing to nonreciprocity of their propagation [4, 5].
Various approximations and direct numerical methods have been usually used for
analysis of magnetoplasmons at the semiconductor-dielectric interfaces but the
obtained results frequently suffered from uncertainty in identification of the physical
solutions and interpretation of the numerical data [4, p. 260]. The difficulties were
further compounded by the multiscale nature of the investigated structures and
strong effect of the layer parameters on the characteristics of propagating waves.
In order to address these problems, the spectra of magnetoplasmon modes and
dynamic waves (leaky and ordinary surface waves) in a parallel-plate waveguide
loaded with a tangentially magnetised semiconductor film are analysed in this
paper using the rigorous dispersion equation (DE) for TM waves. The asymptotic
solutions for the magnetoplasmonic resonances are obtained and applied to
numerical evaluation of dispersion characteristics, and field and power flux

S. Zouhdi et al. (eds.), Metamaterials and Plasmonics: Fundamentals, 255
Modelling, Applications,
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distributions of eigenmodes. The results of the analytical and numerical analyses
presented in the paper demonstrate the novel properties of magnetoplasmons in
thin semiconductor films surrounded by dissimilar dielectric layers. The features
of nonreciprocal magnetoplasmon migration between the frequency bands are
discussed in detail, and the effect of dielectric layers adjacent to the semiconductor
film on the properties of magnetoplasmons is illustrated by the examples of the
dispersion characteristics and field and Poynting vector distributions of eigenmodes in
the canonical structure of the layered waveguide.

2 Dispersion Equation of Tangentially Magnetised
Semiconductor Film

To investigate the properties of magnetoplasmons guided by the tangentially
magnetised semiconductor film, let us consider a canonical layered structure
shown in Fig. 1. It is composed of a semiconductor film of thickness ay,
magnetised by external biasing field Hy and sandwiched between two dielectric
layers with permittivities &, and thicknesses a », all enclosed into a parallel-plate
waveguide with perfectly conducting walls'. For time harmonic fields of
frequency @ with the time dependence exp{iwt}, the semiconductor film is
described by the permittivity tensor & of the following form [4]

*

& ai
1 H0
»
ap o
Eg >y
& a

Fig. 1 Cross-section of the parallel plate waveguide with a semiconductor film sandwiched
between two dissimilar dielectric layers and magnetised by external biasing field Hy.

! The waveguide enclosure is used here with a sole purpose of formulating the boundary
value problem for the bounded structure. In this case, the dispersion equation is expressed by an
analytical function without branch cuts, cf. (5). The latter property is essential for the rigorous
analysis of the complete spectrum of eigenwaves including complex modes [6].



Migration and Collision of Magnetoplasmon Modes 257

e 0 0
g,=¢|0 ¢, -ig, 1)
0 i, ¢,
where
P S o I @, 2)

’ w’ v a)[(a)—iv)2 —wf]’ “ a)[(a)—iv)2 —wf}

,, @, and v are the plasma, cyclotron and collision frequencies, respectively, and
& is the background relative permittivity. An effective transverse permittivity &r is
additionally introduced to characterise the magnetically biased semiconductor
medium in the plane perpendicular to the direction of magnetisation Hy. It is
defined as follows

{ & 2 J a);zm (ann - a)pnz) .
&=g e, =& |1+ . ;0 Q =w,-1v, 3)
P a)n |:Qn (a)nQn _wpn )_a)n:|
where all frequencies are normalised to @, and are labelled by subscript #, i.e.
Wy = Ol W, Vy = VIO, Opy = @y 0.

The function &r (@,) has two nulls @,; and @,y, and two poles @, and @w,o= 0

in the half-plane Re (@,) = 0 of complex plane @,.

1

o, = 5(\/(1 —iv, )2 +40,, —1-iv, );
1 . 2 2 . .

w,, = E(\/(lJrzvn) +4o,, +1—lVﬂ), (%)

T, w2
o, = Jl+o, —iv, ——.
nT pn n 1+ wfm

The frequencies w,;, = Rew,;, @,y = Rew,y and @,r, = Rew,r play a pivotal
role in formation of the eigenwave spectrum because they determine transverse
resonances of the medium and separate the frequency bands corresponding to the
negative Regr (bands I and III) and positive Regr (bands II and IV) as illustrated in
Fig. 2.
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Fig. 2 Frequency dependence of &r for magnetised semiconductor.

TM (extraordinary) waves propagating towards z-axis without field variations
along the magnetisation direction (x-axis) in the structure of Fig. 1 represent an
important special case often referred to as Voigt configuration [4, 5]. TM waves
including magnetoplasmons with the field components H,, E,, E. constitute the
complete set of eigenmodes, which strongly interact with the gyrotropic
semiconductor film and exhibit nonreciprocal behaviour. The latter feature of
magnetoplasmons is of particular interest for the applications in nonreciprocal
devices and will be discussed in detail in Section 3.

The dispersion equation (DE) for TM waves with the time ¢ and coordinate z
dependences in the form exp {i(wt-kyy,z)} can be expressed in the form [6]

COth(ﬂOnkOaO)lHOn (Al + Az)ngp +7,” —&,&,+ Ade6 8, -7, (Al _AZ)nga =0 (5

where ky is the free space wavenumber and j, is the normalised longitudinal
wavenumber;

S S E— tanh
ﬂOn = j/nz _gT; Ian = }/nz _gm; Am = 'Bm” = (ﬂm"kOam); m= 1’2

&

m

Examination of the DE (5) shows that the fundamental properties of the
magnetoplasmons can be directly inferred from (5). Namely, nonreciprocity of
eigenwave propagation is determined by the last term in (5), i.e. in asymmetric
structures with A, # A,, the waves travelling in opposite directions of z-axis have
different wave numbers y,. However, it is necessary to note that even at A; = A,,
the cross-sectional field distributions of TM modes are asymmetric due to the
effect of nonreciprocal field displacement to one of the semiconductor film
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interfaces (see Section 3). On the other hand, symmetry of the structure is not a
prerequisite for fulfilling the condition A;= A,, which can also be satisfied in the
asymmetric structures with the special combinations of the dielectric layer
parameters.

The resonance frequencies of the magnetoplasmons at the semiconductor-
dielectric interfaces are obtained from the asymptotic solutions of (5) at
Rey, — +o and have the following form

a)”_‘;: = l 46()17’12 8L +1 +1 ’ C();:; = l 4a)pn2 8—L +1 —1 . (6)
A 2 & T & ‘ 2 &, tTé&,

where the 1st superscript denotes the magnetoplasmon type and the 2nd
superscript represents the direction of wave propagation, corresponding to the sign
of Rey,. For Rey, <0, ;7 has the same form of (6) with & and &, interchanged. It

i.e. both

the magnetoplasmonic resonance frequencies for Rey, > 0 are contained between
the respective resonances for Rey, < 0. The latter relationship between the pairs
of the magnetoplasmonic resonances is inverted at & <&,.

It is necessary to stress that the magnetoplasmonic resonance frequencies have
been obtained in (6) without any constraints on &r(@,), assuming only that | y,|—oo.

immediately follows from (6) that at &>, o " <@ and @, > o,

nas nas >

Therefore it is essential to examine the locations of @ in the frequency bands I-

IV separated by the poles and zeros of &r(w,). The results of such an analysis for
Rey,> 0 are summarised in Table 1 and show that ¢** are always confined to the

frequency band I where Reer <0, whereas @ can be located in any frequency
band I, II or III with a)’;js <aw,,. Hence, in contrast to the case of demagnetised

semiconductor films, the requirement of Regr <0 (which is held in bands I and III)

Table 1. Frequency bands of magnetoplasmon resonances at Rey > 0.

Frequency band Modes Conditions for a)n’a*s location
I 0< @, < @urr g <0 ot w ! £ /
L
nas nas 3 <O, A ,, > 2
I Onrr < Wp < WnTr &r> 0 - o, &
X L
nas wnTL < & < wnTr
1
Ul @ < 0 < O &r<0 - R Y
& nTr
1
v Wy > OnHy &r> 0 -

where ¢ :(4/1+4a)p,12 —3) /4
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is no more mandatory for existence of the plasmonic resonances at @ . These

resonances are also permitted in the frequency band II where Regr > 0, cf. Fig. 2.
Furthermore, the pairs of plasmonic resonances, w;;s and wn‘;, can occur either in

the same or different frequency bands depending on the characteristic frequencies
Wurrs Ourrs Opp- and the dielectric layer permittivities &,. This implies that the
resonance frequencies ¢ * may migrate between the bands I-III. The conditions

nas

for @~ location in a particular frequency band have been obtained from (4) and

(6), and are provided in Table 1.
Inspection of Table 1 shows that whenever ¢ * is located in bands II or I1I, it

as

always satisfies the inequality @ ' > @' . However this may not be the case in
band I, where the frequency o *

nas

can be either above or below " . Analysis of
(6) demonstrates that the latter case is possible indeed, i.e. o ' <., if the

nas

following conditions are satisfied simultaneously:

2
g +te | Bpé;

g >¢&, and -2 |>6. @)

& t+e & TE;

It is necessary to emphasise that the interchange of @' and @'" positions has

been obtained asymptotically and, therefore, it is applicable to the magneto-
plasmonic resonances only. The respective dispersion curves may “collide” but do
not intersect each other. It is also evident from (7) that the interchange of the
resonance frequencies is essentially nonreciprocal phenomenon which can occur
for the modes of one propagation direction only due to the first condition in (7)
which cannot be fulfilled simultaneously for the magnetoplasmons propagating in
both directions. These features and other properties of nonreciprocal magneto-
plasmons are further elaborated in the next Section with the aid of the results of
the numerical solution of the rigorous DE (5).

3 Migrating Magnetoplasmon Modes: Numerical Results
and Discussion

As demonstrated in the preceding sections, gyrotropy of the magnetised semi-
conductor film enables the unique features of the nonreciprocal magnetoplasmons
propagating in asymmetric layered structures. So far the discussion has been
limited to the qualitative analysis of the DE and its asymptotic solutions, which
indicated that variations of the layers’ parameters may cause qualitative changes
of the magnetoplasmon properties. To gain insight into the exact effect of the
structure parameters on the characteristics of the magnetoplasmons guided by the
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magnetised semiconductor films, the DE (5) has been analysed numerically in the
cases of dissimilar thicknesses and permittivities of dielectric layers. The
characteristics of the magnetoplasmons presented in this Section have been
obtained for the lossless? (v,=0) n-GaAs films with the following parameters:
&g =131, w,, =2.17, f. = 62.21 GHz, o, = 27f..

Fig. 3 displays the dispersion characteristics of the fundamental
magnetoplasmon modes C', O™ and O™ (labels of the modes O** correspond to
the convention for the respective resonance frequencies ;" defined in (6)) in the

symmetric structure at several values of the dielectric layer permittivities. Since
the DE (5) for the symmetric structure is an even function of y,, the dispersion
characteristics are presented for Rey, > 0 only. It is noteworthy that the higher
order forward and backward type complex modes of magnetoplasmons with
nearly the same values of Re(y,) also exist in the film, cf. [6].

2.7
| | | |
o, 111

Wy Tr

1.8T," WLy

0.9

Fig. 3 Dispersion characteristics of the magnetoplasmon modes in the symmetric structure with
different permittivities of dielectric layers: & =& = 3.9 (solid line), 9 (dash line with crosses),
15 (dotted line), 30 (dash line) and 90 (dash-dot line). The structure parameters: & = 13.1,
fe=62.21 GHz, o.=27f., @, =2.17 ., ap=20 pm, and a; = a> =40 pm; %, =13 and y,» =35
are the sampling points for the field and Poynting vector distributions displayed in Fig. 4.

At low permittivity of dielectric layers, & = & = 3.9, the magnetoplasmon
mode O™ exists only in the frequency band III (@, >®,7), whilst the mode C' is
confined to the bands I and II (0 < w, < @,7,). In the frequency band I (@, < @,;,)
where Reer < 0, the mode C' is a surface wave, and it also remains a surface wave

with Rey, > Re¢; (@,) > \/571 in the frequency band II (@, > ,;,) despite

Reer>0 here. At frequencies approaching the transverse resonance w,r where

2 Effect of loss in the semiconductor films on the properties of magnetoplasmon modes has
been discussed in [6, 7].
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Regr — +oo, the mode C' turns into a bound dynamic (bulk) wave guided by the

semiconductor film with Rey, <,/Re¢, (a)n ) .

When permittivities & =¢& of both dielectric layers increase, the
magnetoplasmon mode O™ migrates (Fig. 3) from the frequency band III (w,7, <
@, < @,y,) into the band II (@, < @, < @,r,) where it exhibits a negative slope of
the dispersion curve at Reer> 0. It can be directly verified that the respective
permittivity values obey the conditions specified in Table 1 (@,7; = 0.363) for the
magnetoplasmonic resonance @ to occur in the corresponding bands. The mode

C' experiences a high frequency cut-off at @,. (. < ®,7,) simultaneously with the
mode O™" as shown in Fig. 3. It is necessary to note that both modes O™ and C'
remain the surface waves in the frequency band Il (@, < @, < @,r) despite
Reer>0, and this effect is solely related to gyrotropy of the magnetised
semiconductor film.

The qualitative changes of the magnetoplasmon modes O™ and C', migrating
between the frequency bands, are associated with the competing mechanisms of
nonreciprocal field displacement due to the semiconductor film gyrotropy and
reciprocal effect of the surrounding dielectric layers. These features are illustrated
in Fig. 4 by the field and Poynting vector distributions of the magnetoplasmon
O". Indeed, at low permittivities & = & = 3.9, when the mode O™ is confined to
the frequency band 111 (w,> @,7,), the fields and power flow (Poynting vector P,)
are localised at the interface y = ay/2 at both values of y,; and y,, as shown in Fig. 4.

When permittivity of the dielectric layers increases to & = & =9, the mode
O™ migrates into the frequency band II (@,;, < @, < w,7;) with Reg;> 0, and its
field and power distributions are barely affected especially at larger values of
¥ = %n. Moreover the mode O™ still remains a forward type wave as long as
& =& < g. This implies that gyrotropy of the semiconductor film primarily
determines the magnetoplasmon properties. This conclusion is consistent with the
distribution of E-field polarisation (E,/E,) in Fig. 4, which shows nearly equal
magnitudes of both electric field components. Further increase of & = & causes
migration of the mode O™" towards lower frequencies and into the band I (@, <
®,). At higher permittivities & = & = 15, 30 and 90, the field and power flow
localisation at a single interface decreases because the nonreciprocal field
displacement is counteracted by the reciprocal effect of the dielectric layers. This
effect is readily observable in Fig. 4, which illustrates that permittivity of
dielectric layers has much stronger impact on the field distributions at y,; than at
2 (Fu2 > 7u1), while the film gyrotropy remains the dominant mechanism of the
magnetoplasmon propagation in the band II with Regy> 0. At & = & =90 the
mode O™ migrates into the frequency band 1 where Regr <0 and the negative
diagonal components of the tensor & become dominant. Then the magnetoplasmons
O™ and O resemble the perturbed plasmonic modes of the demagnetised
semiconductor film.
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Fig. 4 Normalized cross-sectional distributions of fields Hy, E,, E,, Poynting vector (P,) and ratio
(E./Ey) of the mode O™ in the cross-section of the symmetric structure sampled at 7, = 13 and
m2= 35 (see Fig. 3) and different permittivities of dielectric layers: & = & = 3.9 (solid line), 15
(dotted line), 30 (dash line) and 90 (dash-dot line). Shaded areas at |y/a| < 1/2 correspond to the
semiconductor film of thickness @y = 20 um sandwiched between dielectric layers of thicknesses
a; = a; =40 pm. The structure parameters: & = 13.1, f. = 62.21 GHz, @. =27/, @, =2.17 o..

In the case of asymmetric structure with & # &, the combined effect of
reciprocal and nonreciprocal field displacements to the layer interfaces leads to the
intricate behaviour of magnetoplasmonic modes as they migrate between the
frequency bands. The dispersion characteristics of magnetoplasmons in Fig. 5
show that only the mode O™ moves across the frequency bands when & increases
from 3.9 to 90. Moreover at & =90, the conditions (7) are satisfied so that

o, <o, ie. the modes O™ and O™ should “collide” and interchange their

field patterns at a certain finite value of 7,. Indeed, the surface mode O exists
only in the frequency band I (@, < @), and due to nonreciprocal field
displacement, its fields should be primarily localised at the interface with
dielectric layer of permittivity & at y =—ay/2. However, when & increases, the
nonreciprocal field displacement of the mode O'" is distorted, and a considerable
part of the power flow is transported inside the film and at the opposite interface,
y =+ay/2, as illustrated in Fig. 6.

Conversely, the mode O experiences both nonreciprocal and reciprocal field
displacements to the same interface with the dielectric layer of higher permittivity &,
at y = +ay/2. Therefore as ¢ increases, the mode O * migrates from the frequency
band III to the band II (@, < ®,< @,7,), where & > 0. Then it becomes
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connected with the mode C™. Further increase of ¢; causes conversion of the mode
O from the forward type to backward wave with negative dispersion
(dw, /dy, < 0) at & >9. At higher & (& =90 in Fig. 5), the mode O * expands to
the lower frequency band 1 (@,<®@,). When the corresponding
the modes O and O™

“collide” at a finite value of Rey, and are influenced by both resonances @, " and

magnetoplasmonic resonance occurs at @, <@, "

nas °

@ simultaneously. This causes the qualitative changes of the field and power

hnas
distributions of both modes in the layers. At the “collision” frequency, the modes
O™ and O interchange their patterns of the power flow distribution and the
asymptotic limits of the magnetoplasmonic resonance frequencies a);; and a);ai,
but preserve the parity of their field distributions, i.e. the type3 of the field
symmetry in the film, which is inherited from the respective original modes O™*

and O before the collision.

2.7

1.8

Wy

09

=100 -20 0 20 40 60 80 100
Rey,

Fig. 5 Dispersion characteristics of magnetoplasmons in the asymmetric structure at different
permittivities of the dielectric layer 1: & = 3.9 (solid line), 9 (dash line with crosses), 15 (dot
line), 30 (dash line) and 90 (dash-dot line). The structure parameters: & =3.9, g =13.1,
fe=62.21 GHz, w.=27f., @, =2.17 @, ap =20 pm, and a; = a, = 40 um; af; correspond to the
magnetoplasmonic resonance frequencies at & = 90.

3 The type of field distribution identifies, for example, the Hy symmetry in the semiconductor
film, viz. the modes O™ and O™ are distinguished by the in-phase and anti-phase H,,
respectively, at the opposite interfaces of the semiconductor film, cf. Fig. 6.
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Fig. 6 Normalized cross-sectional distribution of fields Hy, Ey, E,, Poynting vector (P,) and ratio
(E,/Ey) of the surface modes O * (solid line) and O (dotted line) in Fig. 5 sampled at 3, = 40
and variable &. Shaded areas at |y/ao| < 1/2 correspond to the semiconductor film of thickness
ap =20 pum sandwiched between dielectric layers of thicknesses a; = a; =40 um. The structure
parameters: & = 3.9, g =13.1, f. = 62.21 GHz, . =27f., @, =2.17 ..

3 Conclusions

The properties of nonreciprocal magnetoplasmons in the canonical structure of
parallel-plate waveguide with a thin magnetised semiconductor film in Voigt
configuration have been analysed using the rigorous dispersion equation for TM
waves. The asymptotic solutions have been obtained for the magnetoplasmonic
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resonances, and the dispersion characteristics and field and power flux distributions
of the corresponding magnetoplasmon modes have been evaluated numerically.
The results of the analytical and numerical studies have revealed the novel
properties of the guided nonreciprocal magnetoplasmonic waves:

— Migration of the magnetoplasmonic modes between the frequency bands,
separated by the characteristic frequencies (poles and zeros) of the effective
transverse permittivity gr of the magnetised semiconductor film

— “Collision” of the magnetoplasmons in the low frequency band where the
modes O™ and O™ interchange their locations but preserve the parity of
their field distributions inherited from the original modes.

The presented comprehensive analysis of the dispersion characteristics and the
field and power flow distributions of magnetoplasmons provide the self-consistent
interpretation of the complex phenomena of nonreciprocal wave propagation and
mode transformations in the asymmetric layered structures containing tangentially
magnetised semiconductor films.
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lines, whereas the +270° conventional line has been replaced with a —90° left
handed line (a similar implementation was done before by replacing only the
+270° with an artificial CL loaded line [15]). In the design process, we have pur-
sued the parallelism between the dispersion characteristics of such lines, as has
been mentioned. The layout of the structure is shown in Fig. 2, whereas its charac-
terization is shown in Fig. 3. The phase balance bandwidth is superior to that of
the conventional rat race, whereas the transmission characteristics exhibit compa-
rable bandwidth (see Table 1). Other examples illustrative of the possibility of
bandwidth enhancement by using metamaterial transmission lines are given in
Refs. [16, 17].
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Fig. 2 Layout of the metamaterial based rat race hybrid coupler and comparison with a conven-
tional rat race with similar characteristics. The fabricated device has been implemented on the
Rogers RO3010 substrate with dielectric constant & = 10.2 and thickness &= 635 pm. The active
area (excluding access lines) of the CSRR-based hybrid coupler is 3.62 cm , whereas the conven-
tional one occupies an area of 10.33 cm2. The device has been designed to operate at 1.6 GHz.
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Fig. 3 Impedance matching (S1), coupling (S;1, S41) and isolation (Sz;) for the CSRR-based
hybrid coupler (a) and phase balance for the A and Z ports (b). Figure 3a has been reproduced
with permission from [14]. (Copyright 2007 IEEE.)
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of the fabricated device is depicted in Fig. 4a, and the simulated/measured
frequency responses are depicted in Fig. 4b. The measured characteristics of this
dual-band component are good and it exhibits a larger bandwidth in the second
band. Other dual band components based on CSRR-loaded CRLH transmission
lines, such as branch-line couplers have been recently reported [20].
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Fig. 4 Topology of the designed dual-band power divider and simulated and measured power
splitting (S2/, S3/) and matching (S;,). CSRR dimensions are: external radius » = 7.90 mm, ring
width ¢ = 0.50 mm and separation between rings d = 0.57 mm. The width of the host line is W =
1.00 mm and gap dimensions are: separation s = 0.27 mm and width W, = 2.77 mm. (From [19].
Copyright 2008 IEEE. Reprinted with permission.)

5 Conclusion

In conclusion, it has been shown in this paper that resonant type metamaterial
transmission lines are useful for the design of enhanced bandwidth and dual band
components. This owes to the possibility of tailoring the dispersion diagram of
such lines. Both theory and prototype devices have been presented to illustrate the
possibilities of the approach.

Acknowledgments This work has been supported by Spain MEC (project
TEC2007-68013-C02-02) and EU through the NoE METAMORPHOSE. Thanks
are also given to the Catalan Government for funding CIMITEC and for the project
2005SGR-00624. Marta Gil has been awarded with an FPU Grant (ref. AP2005-
4523).






























Dispersion and Losses in Metamaterial DNG
H-Guides

Anténio L. Topa, Carlos R. Paiva, and Afonso M. Barbosa

Instituto de Telecomunicagdes and Department of Electrical and Computer Engineering,
Instituto Superior Técnico, Av. Rovisco Pais 1, 1049-001 Lisboa, Portugal
antonio.topa@]x.it.pt

Abstract This article addresses the influence of the metamaterial losses and
dispersion on the performance of double negative H-guides. The lossy dispersive
Lorentz model is adopted for both the electric permittivity and the magnetic
permeability. The dispersion properties of the longitudinal section magnetic
modes and their root dynamics in the complex plane of the longitudinal
wavenumber are analyzed. To emphasize that the modal characteristics must be
analyzed taking losses into consideration, results for the lossless approximation
are also presented. Finally, it is shown that the effect of metamaterial losses may
suggest some potential applications.

1 Introduction

The propagation characteristics of waveguiding structures containing metamaterials
have been subject to intense investigation in the last years, having always in mind
their potential application in microwave and millimeter-wave guiding and
radiating devices [1-11]. This article presents a systematic analysis of the effects
of losses on the dispersion characteristics of the modes supported by a double
negative (DNG) H-guide [1].

In a DNG H-guide, a metamaterial slab with simultaneously negative permittivity
and negative permeability is sandwiched between two metal plates. H-guides
involving metamaterials have been already addressed in the literature [1, 5], but
the analysis has been mostly limited to single frequency operation.

The electromagnetic coupling between two parallel double-positive (DPS) and
DNG H-guides [1], their field distribution, mode bifurcation and super-slow
modes [5], have been already reported. Single-negative (SNG) metamaterials have
also been considered, either to reduce the radiation at bends and discontinuities
[10], or to achieve unimodal propagation [11]. Although a frequency dispersive
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DNG metamaterial was considered in [9], the metamaterial losses have been
disregarded.

The main goal of this article is to show that unphysical results arise when
simple dispersion models, disregarding losses, are adopted, therefore violating
causality. In fact, according to the Kramers-Kronig relations, a causal dispersive
metamaterial model must necessarily include the losses. In this article, a lossy
dispersive DNG metamaterial is considered, exhibiting a permeability and
permittivity modeled according to the Lorentz model. The propagation of lossy
surface and leaky modes in this type of waveguide is analyzed and its performance
is investigated.

This article is organized as follows. In Section 2, the electromagnetic problem
is formulated and the modal equations for the modes of the DNG H-guide are
presented. Moreover, the dispersion Lorentz homogenization model, accounting
for both dispersion and losses, is described. In Section 3, the numerical results of
the simulation are presented, namely the dispersion characteristics of the LSM
modes are analyzed and the effects of the metamaterial losses are discussed.
Finally, in Section 4, some concluding remarks are outlined.

2 Modal Analysis and Dispersive Model

In this section, the electromagnetic problem under analysis is defined, namely the
waveguiding structure and respective modal equations are presented and the
constitutive parameters of the metamaterial medium are characterized.

The DNG H-guide [1] consists of a metamaterial slab of width 2/, with
simultaneously negative relative electric permittivity & and negative relative
magnetic permeability g , sandwiched between two metal plates spaced a distance
b apart (Fig. 1).

When the spacing b is less than half a free-space wavelength, undesired
radiation from the structure is prevented, since higher-order parallel-plate wave-

guide modes are below cutoff, and the TEM parallel-plate waveguide mode is not
excited provided that symmetry with respect to the y axis is maintained. In this

case, the H-guide is working in the closed waveguide regime and is usually termed
DNG NRD waveguide [11]. In the frequency range and for the numerical
dimensions considered in this article the H-guide is always working in this regime,
therefore behaving as a closed waveguide.

The full discrete spectrum of a NRD waveguide filled with isotropic DNG
metamaterials comprises both longitudinal section magnetic (LSM) and
longitudinal section electric (LSE) modes whilst, due to spatial symmetry of the
structure, these modes can be divided into even and odd modes.

The modal equations for the even and odd LSM,, modes can be written,

respectively, as [1]
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Fig. 1 The DNG H-guide.

|e|p+ A tan(hl) = 0 )
and

|e|p—hcot(hl) =0 )

where p® =k*>+k? —k; and h* = guk; —k’ —kf, are the transverse wavenumbers

inside and outside the metamaterial slab, respectively, and where k, = w\/€,4,
and k, =nz/b,with n being an integer.

The modal equations for the LSE modes can be easily derived by duality
directly from (1) and (2). However, the most interesting mode in this waveguide is
the LSM,, mode which, when the slab is made of a conventional dielectric

(>0, u=1) exhibits a low attenuation loss which decreases with frequency.

Therefore, without loss of generality, this article is restricted to the modal analysis
of the LSM modes.

To avoid unphysical effects and results, the analysis of electromagnetic waves
in waveguides containing DNG metamaterials cannot be based on a simple
parameter model that disregards dispersion effects and losses. To ensure causality,
the model for the constitutive parameters of a DNG metamaterial must take both
dispersion and losses into account. In fact, losses and dispersion are just two
aspects of the same physical phenomenon: material interaction and microscopic
resonance.
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Fig. 2 Relative permeability and relative permittivity of the DNG metamaterial as a function of
the frequency, as given by the Lorentz dispersion model in the presence of losses: (a) Real part;
(b) Imaginary part.

A lossy dispersive DNG metamaterial is considered for analysis throughout this
article. The idea of realizing a metamaterial using split ring resonators and thin
wires [12], which is the most popular among the physics community, is known to
be a particular case of the generalized Lorentz medium [13, 14]. Therefore, the
medium used in the present DNG H-guide is assumed to exhibit an electric
permittivity and a magnetic permeability modeled according to the following
Lorentz model:

(@) =1 % 3
cw)=l+———5——
@y — @+ jT o )
and
wz
o) =1+——-— )

where @, are the resonance frequencies, @, the plasma frequencies and I' the

collision losses.
The following values for the model parameters have been used in the numerical

simulations of the next section: @, =27x10°rads™, @, =27x4x10’rads™,



Dispersion and Losses in Metamaterial DNG H-Guides 293

w, =27%x10"rads™ and o, =27x3.52x10°rad s . These values are of the

order of magnitude as the ones used in [15].
With this material parameters, the frequency band where the real part of ¢ and
u are simultaneously negative (DNG), ranges from f=4.0GHz to

f=532GHz. Immediately below and above this range, the magnetic

permeability becomes positive and, therefore, the medium turns into an epsilon
negative (ENG) metamaterial. These cases will not be addressed herein. In
particular, this study is focused on the frequency range immediately above to the
permittivity resonance.

To analyze the effect of losses on the performance of the metamaterial DNG H-
guide, two cases are considered: (i) I',=I, =0 (lossless medium); (ii)

[,=T, =4zx10rads™, I,=T, =zx10'rads', T,=T, =2zx10"rads™',
=T, =4zx10"rad s (lossy media).

In Fig. 2 the relative permeability and relative permittivity of a lossy DNG
metamaterial are shown as a function of frequency, in the 3 GHz < f <7 GHz

band, when ', =T, =27x10"rad s™'. The almost vertical line that appears in the

real part of the relative magnetic permeability is due to the magnetic resonance at
@, =27xx4x10’rads™, which also corresponds to the point where its imaginary

part exhibits a peak.

3 Numerical Results

In this section we analyze the dispersion behavior of the LSM modes propagating
in the DNG H-guide and their root dynamics in the complex plane of the
longitudinal wavenumber. Although some dispersion curves of this waveguide
have already been presented in [11] in the absence of losses, the results presented
here are helpful to understand the modal behavior in the presence of losses and
envisage potential applications. To better realize the modal behavior in the
presence of losses a systematic comparison between the lossless and the lossy case
is always presented.

The dispersion diagrams for the first LSM modes propagating in a DNG
H-guide, with / =1cm and b =3 cm, are depicted in Fig. 3a for the lossless case,
and in Fig. 3b for the lossy case. In both these figures, the thick solid lines stand
for the proper surface modes, the thin lines for the proper leaky modes and the
dashed lines for the improper leaky modes.

In the lossless case, a resonant behavior for £ is observed in the dispersion
diagrams of the surface modes, leading to an infinite value of the phase constant,
even in the case of finite values for the constitutive parameters. When accounting
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for losses, these unphysical solutions disappear while turning into improper leaky
modes, whilst the dispersion branches with physical meaning turn into proper
leaky modes.

/ [GHz]

LSM;,

0 O‘.2 014 016 0‘.8 1‘ I‘,2 I‘A 116 118 2
B p
(@ (b)

Fig. 3 Dispersion diagram for the first LSM modes propagating in the DNG H-guide, with
constitutive parameters as in Fig. 2, /=1cm and b=3cm: (a) lossless case; (b) lossy case.
The thick solid lines stand for the surface proper modes, the thin lines for the proper leaky modes
and the dashed lines for the improper leaky modes.
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Fig. 4 Root loci in the complex plane of the longitudinal wavenumber for the leaky modes in
Fig. 3: (a) Lossless case; (b) Lossy case. The solid lines stand for the proper leaky modes, while
the dashed lines are for the improper leaky modes.

In Fig. 4, the modal equation root loci in the complex plane of the longitudinal
wavenumber are presented for the first leaky modes propagating in the DNG
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H-guide, for both the lossless and the lossy cases. As before, the solid lines stand
for the proper leaky modes, while the dashed lines stand for the improper leaky
modes.
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Fig. 5 Leakage constant in dB/A as a function of frequency for the proper leaky modes in Fig. 4:
(a) Lossless case; (b) Lossy case.

One should stress that, the first and second quadrants of the complex plane of
the longitudinal wavenumber k& correspond to the improper Riemann sheet in the
complex plane of the transverse wavenumber /%, while the third and fourth
quadrants correspond to the proper Riemann sheet of the same plane.

Furthermore, one should note that, when considering a lossy dispersive
metamaterial, all propagating modes become complex solutions of the modal
equations and there is no distinction between surface and leaky modes propagating
in the waveguide, although some of these modes may exhibit a larger leakage
constant than the others.

The evolution of the leakage constant as a function of frequency is depicted in
Fig. 5, again for both lossless and lossy cases. When losses are taken into account
it is possible to see that there are very well defined narrow frequency bands where
the attenuation constant can be considerably negligible, while it dramatically
increases outside those bands.

This effect, reported here for the first time, opens the possibility of using these
sharp frequency bands in the design of waveguiding filters having a very narrow
passband with a high rejection band. This topic will be addressed in detail in a
forthcoming publication.

The influence of introducing metamaterial losses in the modal dispersion and
attenuation of the modes in the DNG H-guide is illustrated with more detail in
Figs. 6 and 7. As an example, the dispersion diagram and the root loci of the
LSM,, mode are depicted in Fig. 6, for different values of the loss parameter I .
As a general conclusion, one may say that the smaller are the losses the stronger is
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the modal interaction between the proper and improper leaky modes, which causes

a sharper frequency passband.
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Fig. 6 Dispersion diagram (a) and root loci (b) for LSM,, mode: I, =T, =47 x10°rads™,

[,=0,=zx10"rads™, ,=T, =27x10’rads™ and T, =T, =47 x107rads™".
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Fig. 7 Leakage constant as a function of frequency for LSM,, and LSM,, modes, when

e

47x10'rad s .
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On the other hand, the variation of the leakage constant o, in dB/A, as a
function of the frequency is shown in Fig. 7 for the LSM, and LSM,, modes,
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using the same set of values of I" as in Fig. 6. Again, it is shown that the smaller
are the losses the sharper is the passband, therefore proving that losses play an
important role in the dispersion characteristics of the waveguide.

4 Conclusion

Modal dispersion on DNG H-guides taking both metamaterial losses and
dispersion into account has been studied here for the first time. In the absence of
losses and for finite values of the constitutive parameters, unphysical resonances
in the longitudinal wavenumber have been put in evidence. This unphysical modal
behavior, disappears when losses are taken into account. It was shown that, when
losses are introduced, these resonances turn into improper leaky modes not
included in a spectral field representation. Moreover, it was shown that, in the
presence of small losses, this waveguide exhibits sharp narrow passbands, hence
suggesting its application in the design of waveguiding filters.

Acknowledgment This work was partially funded by FCT (Fundag@o paraa Ciéncia
e a Tecnologia), Portugal.

References

1. Topa, A.L.: Contradirectional interaction in a NRD waveguide coupler with a metamaterial
slab. Dig. XXVII URSI General Assembly, Maastricht, 1878 (2002).

2. Shadrivov, I.W., Sukhorukov, A.A., Kivshar, Y.S.: Guided modes in negative refractive-
index waveguides. Phys Rev E 67, 57602 (2003).

3. Wu, B, Grzegorczyk, T.M., Zhang, Y., Kong, J.A.: Guided modes with imaginary
transverse wavenumber in a slab waveguide with negative permittivity and permeability. J
Appl Phys 93, 9386-9388 (2003).

4. Nefedov, I.S., Tretyakov, S.A.: Waveguide containing a backward-wave slab. Radio Sci 38,
6,1101-1110 (2003).

5. Lee, J.-G., Lee, J.-H.: Guided mode characteristics of NRD guide with left-handed materials
(LHMs). Dig. 2003 ASAE, Seoul, 113117 (2003).

6. Topa, A.L., Paiva C.R., Barbosa, A.M.: Guided wave propagation in H-guides using double
negative materials. Dig. 2004 USNC/URSI National Radio Science Meeting Digest,
Monterey, 156 (2004).

7. Alu, A., Engheta, N.: Guided modes in a waveguide filled with a pair of single negative
(SNG), double-negative (DNG), and/or double-positive (DPS) layers. IEEE Trans Microw
Theory Tech 52, 199-210 (2004).

8. Topa, A.L., Paiva, C.R., Barbosa, A.M.: Novel propagation features of double negative H-
guides and H-guide couplers. Microw Opt Technol Lett 47, 2, 185-190 (2005).

9. Baccarelli, P., Burghignoli, P., Frezza, F., Galli, A., Lampariello, P., Lovat, G., Paulotto, S.:
Effects of leaky-wave propagation in metamaterial grounded slabs excited by a dipole
source. IEEE Trans Microw Theory Tech 53, 32-44 (2005).



298

10.

11.

12.

13

14

15

A.L. Topa et al.

Yang, P., Lee, D., Wu, K.: Nonradiative dielectric waveguide embedded in metamaterial
with negative permittivity or permeability. Microw Opt Technol Lett 45, 3, 207-210 (2005).
Baccarelli, P., Burghignoli, P., Frezza, F., Galli, A., Lampariello, P., Paulotto, S.: Unimodal
surface-wave propagation in metamaterial nonradiative dielectric waveguides. Microw Opt
Technol Lett 48, 12, 2557-2560 (2006).

Smith, D.R., Padilla, W.J., Vier, D.C., Nemat-Nasser, S.C., Schultz, S.: Composite medium
with simultaneously negative permeability and permittivity. Phys Rev Lett 84, 4184-4187,
(2000).

Zedler, M., Caloz, C., Russer, P.: 3D Composite right-left Handed metamaterials with
Lorentz-type dispersive elements. ISSSE — Int Symp Sign Syst Electron, 217-221 (2007).
Meyrath, T.P., Zentgraf, T., Giessen, H.: Lorentz model for metamaterials: Optical
frequency resonance circuits: Phys Rev B 75, 205102 (2007).

Mojahedi, M., Malloy, K.J., Eleftheriades, G.V., Woodley, J., Chiao, R.Y.: Abnormal wave
propagation in passive media. IEEE J. Sel Top Quant Electron 9, 30-39 (2003).



Contributors

M. H. Al Sharkawy
Arab Academy for Science and Technology and Maritime Transport, College of
Engineering and Technology, Alexandria, Egypt

A. Alu

University of Pennsylvania, Department of Electrical and Systems Engineering,
200 South 33rd St., Philadelphia, PA 19104, USA

University of Texas at Austin, Department of Electrical and Computer Engineering,
1 University Station C0803, Austin,TX 78712, USA

P. Baccarelli
Electronic Engineering Department, “SAPIENZA” University of Rome via
Eudossiana 18, 00184, Rome, Italy

R. Bakker
Birck Nanotechnology Center, Purdue University, West Lafayette, IN 47907,
USA

A. M. Barbosa
Instituto de Telecomunicagoes, Instituto Superior Técnico, Av. Rovisco Pais 1,
1049-001 Lisboa, Portugal

F. Bilotti
University “Roma Tre”— Department of Applied Electronics, Via della Vasca Navale,
84 — 00146 Rome, Italy

A. Boltasseva
Technical University of Denmark, DTU Building 343, DK-2800 Kongens
Lyngby, Denmark

J. Bonache
CIMITEC, Departament d’Enginyeria Electronica, Universitat Autonoma de
Barcelona 08193 BELLATERRA (Barcelona), Spain

A. Bossavit

LGEP (CNRS, Univ. Paris Sud), 11 Rue Joliot-Curie, 91192 Gif-sur-Yvette,
France

299



300 Contributors

A. Z. Elsherbeni

The Center of Applied Electromagnetic Systems Research (CASER), Department
of Electrical Engineering, The University of Mississippi, University, MS 38677,
USA

N. Engheta
University of Pennsylvania, Department of Electrical and Systems Engineering,
200 South 33rd St., Philadelphia, PA 19104, USA

V. Fedotov
Optoelectronics Research Centre, University of Southampton, SO17 1BJ, UK

M. Gil
CIMITEC, Departament d’Enginyeria Electronica, Universitat Autonoma de
Barcelona, 08193 BELLATERRA (Barcelona), Spain

D. S. Goshi
Honeywell International Inc., Torrance, CA, USA

S. Guenneau
Department of Mathematical Sciences, University of Liverpool Peach Street,
Liverpool L69 3BX, UK

M. Gustafsson
Department of Electrical and Information Technology, Lund University, P.O. Box
118, SE-221 00 Lund, Sweden

G. W. Hanson
Department of Electrical Engineering and Computer Science, University of
Wisconsin-Milwaukee, Milwaukee, WI 53211, USA

S. He

Division of Electromagnetic Engineering, School of Electrical Engineering, Royal
Institute of Technology, S-100 44 Stockholm, Sweden

Centre for Optical & Electromagnetic Research, Zhejiang University, Hangzhou
310058, China

B. H. Henin

The Center of Applied Electromagnetic Systems Research (CASER), Department
of Electrical Engineering, The University of Mississippi, University, MS 38677,
USA

S. Hrabar
Faculty of Electrical Engineering and Computing, University of Zagreb, Unska 3,
Zagreb, HR 10 000, Croatia



Contributors 301

X. Hu
Division of Electromagnetic Engineering, School of Electrical Engineering, Royal
Institute of Technology S-100 44 Stockholm, Sweden

Centre for Optical & Electromagnetic Research, Zhejiang University, Hangzhou
310058, China

T. Itoh
Department of Electrical Engineering, University of California Los Angeles, 405
Hilgard Avenue, Los Angeles, CA 90095

C. Jeppesen
Technical University of Denmark, DTU Building 343, DK-2800 Kongens
Lyngby, Denmark

H. Kettunen
Department of Radio Science and Engineering, Helsinki University of Technology
(TKK), P.O. Box 3000, FI-02015 TKK, Finland

A. V. Kildishev
Birck Nanotechnology Center, Purdue University, West Lafayette, IN 47907,
USA

A. Kristensen
Technical University of Denmark, DTU Building 343, DK-2800 Kongens
Lyngby, Denmark

G. Kristensson
Department of Electrical and Information Technology, Lund University, P.O. Box
118, SE-221 00 Lund, Sweden

A. Lai
HRL Laboratories LLC, Malibu, CA, USA

T. Lam
The Boeing Company, M/C 3W-50, P.O. Box 3707, Seattle, Washington, USA

C. Larsson
Department of Electrical and Information Technology, Lund University, P.O. Box
118, SE-221 00 Lund, Sweden

N. Lassouaoui
University Paris X, Pole Scientifique et Technique de Ville d’Avray, Groupe
Electromagnétisme Appliqué, 50 rue de Sevre 92410, Ville d’Avray, France



302 Contributors

Z.Liu
Birck Nanotechnology Center, Purdue University, West Lafayette, IN 47907,
USA

O. Luukkonen
Department of Radio Science and Engineering/SMARAD, TKK Helsinki University
of Technology, P.O. Box 3000, F1-02015 TKK, Finland

F. Martin
CIMITEC, Departament d’Enginyeria Electronica, Universitat Autonoma de
Barcelona, 08193 BELLATERRA (Barcelona), Spain

A. Nicolet
Institut Fresnel — Aix-Marseille Université, Domaine Universitaire de Saint-
Jérome, F13397 Marseille cedex 20, France

R. B. Nielsen
Technical University of Denmark, DTU Building 343, DK-2800 Kongens
Lyngby, Denmark

Y. Ould Agha
Institut Fresnel — Aix-Marseille Université, Domaine Universitaire de Saint-Jérome,
F13397 Marseille cedex 20, France

H. H. Ouslimani

University Paris X, Pole Scientifique et Technique de Ville d’Avray, Groupe
Electromagnétisme Appliqué,

50 rue de Sévre 92410, Ville d’Avray, France

C.R. Paiva
Instituto de Telecomunicagoes, Instituto Superior Técnico, Av. Rovisco Pais 1,
1049-001 Lisboa, Portugal

N. Papasimakis
Optoelectronics Research Centre, University of Southampton, SO17 1BJ, UK

C. Parazzoli
The Boeing Company, M/C 3W-50, P.O. Box 3707, Seattle, Washington, USA

S. Paulotto
Electronic Engineering Department, “SAPIENZA” University of Rome via
Eudossiana 18, 00184, Rome, Italy



Contributors 303

A. Priou
University Paris X, Pole Scientifique et Technique de Ville d’Avray, Groupe
Electromagnétisme Appliqué, 50 rue de Seévre 92410,Ville d’Avray, France

S. Prosvirnin
Institute of Radio Astronomy, Kharkov, 61002, Ukraine

Y. Rahmat-Samii
Department of Electrical Engineering, University of California at Los Angeles,
Los Angeles, CA 90095, USA

M. A. Ribeiro

Instituto de Telecomunicagdes, and Department of Electrical and Computer
Engineering, Instituto Superior Técnico, Av. Rovisco Pais 1, 1049-001 Lisboa,
Portugal

A. G. Schuchinsky
Queen’s University Belfast, ECIT, Belfast, BT3 9DT, UK

V. M. Shalaev
Birck Nanotechnology Center, Purdue University, West Lafayette, IN 47907,
USA

A. Sihvola
Department of Radio Science and Engineering, Helsinki University of Technology,
Box 3000, F1I-02015 TKK, Finland

C. R. Simovski
Department of Radio Science and Engineering/SMARAD, TKK Helsinki
University of Technology, P.O. Box 3000, FI-02015 TKK, Finland

G. Siso
CIMITEC, Departament d’Enginyeria Electronica, Universitat Autonoma de
Barcelona, 08193 BELLATERRA (Barcelona), Spain

C. Sohl
Department of Electrical and Information Technology, Lund University, P.O. Box
118, SE-221 00 Lund, Sweden

M. Tanielian
The Boeing Company, M/C 3W-50, P.O. Box 3707, Seattle, Washington, USA



304 Contributors

A. L. Topa

Instituto de Telecomunicagdes and Department of Electrical and Computer
Engineering, Instituto Superior Técnico, Av. Rovisco Pais 1, 1049-001 Lisboa,
Portugal

S. A. Tretyakov
Department of Radio Science and Engineering/SMARAD, TKK Helsinki
University of Technology, P.O. Box 3000, FI-02015 TKK, Finland

L. Vegni
University “Roma Tre”, Department of Applied Electronics, Via della Vasca Navale,
84 — 00146 Rome, Italy

A. Vinogradov
Institute for Theoretical and Applied Electrodynamics, Russian Academy of
Sciences, Ul. Izhorskaya, Moscow, 125412, Russia

H. Wallén
Department of Radio Science and Engineering, Helsinki University of Technology
(TKK), P.O. Box 3000, FI-02015 TKK, Finland

M. C. K. Wiltshire
Imaging Sciences Department, Clinical Sciences Centre, Imperial College London,
Hammersmith Hospital Campus, Ducane Road, London W12 ONN, UK

A. B. Yakovlev
Department of Electrical Engineering, University of Mississippi, University, MS
38677-1848, USA

X. Yan
Queen’s University Belfast, ECIT, Belfast, BT3 9DT, UK

F. Yang
Department of Electrical Engineering, The University of Mississippi, University,
MS 38677, USA

H.-K. Yuan
Birck Nanotechnology Center, Purdue University, West Lafayette, IN 47907, USA

N. Zheludev
Optoelectronics Research Centre, University of Southampton, SO17 1BJ, UK



Contributors 305

F. Zolla
Institut Fresnel — Aix-Marseille Université, Domaine Universitaire de Saint-Jérome,
F13397 Marseille cedex 20, France

S. Zouhdi
LGEP-SUPELEC, 11 Rue Joliot-Curie, 91192 Gif-sur-Yvette, France



