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Chapter 1

Introduction To Metamaterials.

Three discoveries have altered the state of the art of
electromagnetic radiation research over the last years. First, the
concept and realisation of photonic band-gap (PBG) structures
opened up new original approaches for the control of light flow and

confinement with great technological consequences.

Second, the demonstration of extraordinary optical
transmission (EOT) through sub-wavelength hole arrays and
other structures provided the basis for using subwavelength

apertures for a variety of potential applications.

Third, Negative Refractive Index (NRI) refreshed the classical
electrodynamics field by introducing highly unusual properties -
so-called left-handed metamaterial (LHM)- leading to a new class

of devices.

In this chapter a short introduction to these topics is given and
some subjects that will be extensively treated in subsequent
chapters are briefly advanced. Moreover, the thesis fundamentally
deals with phenomena occuring at millimeter wave frequencies,
where the gaussian beam formalism fits accurately. Thus, the

quasioptics concept is succintly presented.
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1.1 Periodic structures

The properties of periodic structures have fascinated researchers of many fields for
quite some time. A very interesting historical description can be found in the work by
Leon Brillouin [BRIL 46], devoted to the analysis of such structures applied in a
general fashion. The initial studies were conducted by Netwon in the XVIII century,
motivated by the need to obtain a formula that could adequately describe the speed of
sound in a medium. To do so, Netwon modeled this problem as an elastic wave that

was propagating in a medium of localized point masses, as depicted in Fig. 1.1:

Fig. 1.1. Initial system of point masses m, linked by springs of length d.

From the previous model it is possible to obtain the velocity of sound as:

V= d\F (1.1)
m

where d is the distance between adjacent particles, e is the elastic constant of the
springs and m is the mass of the point source. Such a model was chosen since at that
time, partial derivatives where unknown, not allowing to solve the continuous

problem.

Further research was conducted by Daniel and John Bernouilli, in one dimensional
lattices with n point masses. They showed that such a system has n proper frequencies
(also known as eigenfrequencies), which can be seen as a special case of the Fourier

series, as would be shown later on.

The first attempt to solve the continous problem was performed later on by Euler, by
using partial derivatives to solve the case of a vibrant string. This would generate a
great deal of controversy, since at that time (until the demonstration in 1807 of
Fourier’s Theorem), Euler would not accept the fact that any arbitrary time-space
function could be represented by the superposition of sinusoidal functions. It must be

stated in this sense that Lagrange, who in 1759 analyzed the problem of a network of
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point masses, did not accept the postulates proposed later on by Fourier.

In the XIX century, great deal of activity went on in pursuing knowledge of periodic
systems. In 1830, Cauchy uses Netwon’s model to take into account dispersion of an
optical wave. In 1841, Baden-Powell calculated the propagation velocity in an axis of a
cubic lattice, as a function of the wavelength. In this analysis, however, frequency did
not have a dependence with the wavelength, missing an important factor. This was
taken into account in 1881 by Lord Kelvin, introducing a very important concept: the
cut-off frequency. Later on, Lord Kelvin tried to obtain a dispersion theory using a
more complex model than the initial one proposed by Baden-Powell, which
introduces a new elastic constant in the system. This way, the amount of proper

frequencies of the system is twice of those stated in the initial case.

m m m m m

Fig. 1.2. Schematic of the mechanical system proposed by Vincent, based on Lord Kelvin's
Model.

The first experimental filter was fabricated by Vincent, based on Lord Kelvins Theory.
It consists on a mechanical system of suspended masses, which are linked one another
by springs. Another small mass is attached to the initial mass with the aid of another
spring. The system, which is considered a mechanical filter, is schematically depicted
in Fig. 1.2.

The first high pass filter was fabricated by Campbell in 1906, after synthesizing several
band pass structures, analogous to those obtained by Vincent with the mechanical
model. A schematic of the very well known lumped L-C implementation is shown in
Fig. 1.3.
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Fig. 1.3. Schematic of the High pass electrical filter implementation proposed by Campbell in
1906.

In 1912 Born investigates the propagation of waves in crystals, rediscovering the
previous analysis performed by Lord Kelvin. As a consequence, two branches are
clearly observed in the dispersion relation. Generally, the bottom branch is termed the

acoustic branch, whereas the upper one is called the optical branch.

In the early 20t century, in the determination of blackbody thermal radiation, Planck
came up with the following statement: any physical entity with one degree of
freedom, whose coordinate is a sinusoidal function of time (i.e., performs simple
harmonic oscillations), can only have total energies E that satisfy the following

relation:
E =nhv 1.2)

where n is a natural number, v is the frequency of oscillation and / is a universal
constant called the Planck constant. Such a discovery lead a quarter of a century later
to the principles of quantum theory, which have revolutionized modern physics. Later
on, in 1905, Einstein, based on Planck’s research, proposed a quantum approach to the
photoelectric effect, stating that radiating energy does so in quantized packets, which
have come to be known as photons. Actually, the photon hypothesis is applied in all
the EM spectrum.

In 1923 the corpuscular nature of radiation was confirmed with the experiments
performed by Compton. Measuring scattered Bragg reflection from X-ray sources (the
precursor of X-ray crystallography, as an extremely valuable tool to analyze the fine
structure of matter, as well as the study of order disorder, among others [WARR 90]).
In 1924 Louis de Broglie proposed the existence of waves in matter, which was

experimentally validated in 1927 by G.P. Thomson.
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1.2 The arrival of photonic crystals.

The advent of quantum physiscs gave rise to a great deal of practical devices. Among
them, semiconductors have proved to be of extreme usefulness, as the control of

electrons is the key of microelectronic components.

Semiconductors are responsible for the digital revolution. With the discovery of the
diode and the transistor, integrated chips were just one step away. However,
communication systems are everyday more demanding, requiring higher speeds. A
few examples are D-WDM (dense wavelenght division multiplex) optical transport
systems, DXX (digital cross connect) intelligent core networks for mobile operators,
optical computing, etc. The common factor is the need of optical sources in order to
sustain the increase in bandwidth; also, optical transitions are much shorter than
electronic ones, leading to much faster systems. Therefore, it would be appealing to

achieve optical processors, based on optical diodes and transistors.

Such control of light, however, is not possible with materials readily available in
nature. It is necessary, therefore, to artificially synthesize an optical equivalent of a
semiconductor. In the late 1980°s, Yablonovitch stated the advantages of a material
that could inhibit spontaneous emission from laser sources, increasing quantum
efficiency [YABL 87]. By doing so, communication links could be longer, due to the
increase of stimulated radiation from the source. The motivation is to compare the
propagation of EM waves in artificially created three-dimensional dielectric structures
and the behavior of electrons in crystal structures found in nature. The reason is that a
frequency band gap can appear where the propagation of EM waves is inhibited in all
directions in space. In analogy to semiconductor physics, such frequency range is
called a Photonic Bandgap (PBG). As stated earlier, the main purpose of such a
medium is to limit spontaneous emission from light. This phenomenon is a key player

in the following processes [YABL 93]:

» Spontaneous emission is a sink for the threshold current in a

semiconductor laser, needing to be surpassed in order to initiate lasing.

> It determines the heterojunction bipolar transistor current gain in certain

regions of its voltage current characteristic.
» It determines the maximum available output voltage in solar cells.

> It determines the degree of photon number state squeezing (it is known
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that a decrease in the quantum efficiency for the lasing mode implies noise

reduction in the squeezing process).

Control over spontaneous emission has been indirectly studied since the mid 40°s, in
the analysis of nuclear spin levels performed by Purcell. Later on, periodicity of a
coaxial transmission line was also studied in that sense, as well as the Rydberg atom
experiments described by Kleppner (performed with the aid of a couple of metal
plates). The revolutionary step was taken several decades later, when the possibility of
artificially synthesizing PBG structures was described [YABL 93] [YABL 93b], as well
as the analysis of localized modes in PBG structures, with the straightforward

mention of the phenomenon as “frozen light” [JOHN 87].

The main difficulty in the task of synthesizing PBG structures was that the resolution
of the fabrication process had to be smaller than the operating wavelength of device. If
the optical regime is considered, this implies microns or less. It is interesting to note,
however, that the electromagnetic properties of PBG structures scale with frequency
[JOAN 94]. Therefore, similar properties can be expected in dimensions of the
structure are all up or downscaled. If the scale is made larger, the inhibited frequency
range will be present at smaller values. The main advantage is that tolerances will be
less critical, allowing better experimental validation of the devices. Therefore,
prototypes of PBG structure in the optical regime can be tested in the microwave and
millimeter wave range. This has another advantage, which is the possibility of
developing novel devices in this lower frequency range. From this point on, great deal
of research work has been performed in the microwave and millimeter wave range,
coming to be of interest without the need of considering smaller wavelengths, some of

which will be stated along this work.

1.3 A surprising effect: Extraordinary Optical
Transmission (EOT)

The first studies of transmission through apertures much smaller than the wavelength
were carried out by Lord Rayleigh in the end of the 19t century. It was Bethe who
finally developed an exact analytic expression for a small hole in an infinite metallic
screen with infinite conductivity. Bethe showed that under normal incidence,
transmittance is proportional to (r/1)4, where r is the hole radius. Later, Bouwkamp

extended Bethe’s analysis including higher order terms in the expression of the
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transmision [BOUW 50], [BOUW 54].

@) (b)

Fig. 1.4. Coupled power profile cross-section: through a sub-wavelength hole (a) and through

an enhanced transmission structure (b). Note the different pattern in both cases.

Later on, in 1998 Ebbesen and co-workers reported an intriguing experimental result
concerning silver plates perforated with periodic hole arrays [EBBE 98]. They
observed an anomalous high transmission peak in the cut-off region of the holes that
was about 4 or 5 times greater than the prediction expected following the classical
Bethe-Bouwkamp theory. A graphical picture is given in Fig. 1.4. It has been
simulated with the full-wave electromagnetic commercial solver CST Microwave
Studio™ the cases of single hole in an infinite perfectly conducting metallic screen
(Fig. 1.4(a)) and the case of a structure similar to Ebbesen’s (Fig. 1.4(b)). In both cases
(r/A) = 0.25. It is observed an improvement in transmission with the hole array

compared to the single hole.

This phenomenon was called Extraordinary Optical Transmission (EOT), as the
experiment was realized in the optical frequency range. Many theoretical as well as
experimental studies were to follow this first result, and other structures were

explored in order to observe anomalous transmittance peaks.

For instance, a research line studied the transmission across a narrow slit array on a
metallic plane [TREA 99], [TREA 02]. The features observed in that structure were
similar to the reported EOT, although the electromagnetic behavior of slits and holes
is essentially different: slits always support a propagating mode, while holes have a
cut-off frequency. However, an interesting path was opened when the slit array was

replaced by a single slit on a texturized (corrugated) plane. A strong beaming and
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transmission enhancement was observed [LEZE 02], [GARC 03].

All the experimental results were first obtained at optical wavelengths, and thus they
were first identified as inherently linked to the metal behavior in optics, which is very
different from a metal at, say, microwaves. Later on, similar experimental results were

to appear at microwaves and millimeter waves frequencies.

1.4 Light can reverse Snell’s law: Left-Handed
Metamaterials (LHM)

Another research line that has been lead with great intensity is the search for
metamaterial structures, 1ie., materials which exhibit non-conventional

electromagnetic properties.

In the late 60’s, Veselago [VESE 68] studies the properties of a material with
simultaneous negative dielectric permittivity as well as negative magnetic

permeability. Surprising physical phenomena were predicted:

» Antiparallel phase and group velocities: when ¢, n < 0 then it can be
shown that vectors E, H and k form a left-handed triplet, instead of the
conventional right-handed triplet of standard media. For this reason, this kind
of media is usually referred to as Left-Handed Media or Left-Handed
Metamaterials (LHM). This has been depicted schematically in Fig. 1.5. Notice
that Poynting’s vector S always points in the same sense, since this is the

sense of energy propagation.

> Negative refraction, or Snell’s law inversion: in the interface between a
standard RHM and a LHM metamaterial, the transmitted ray crosses the
normal in an anomalous manner. This is due to the fact that the index of
refraction n is negative; i.e. 1 = ¢/Vpnse; € is the velocity of light in vacuum
which follows the right-hand rule. As vpnse is in the opposite sense, then n <
0. Applying now Snell’s law, n,sin(6,)=n,sin(6,), it is readily seen that if
sgn(n,) = -sgn(n;) then sgn(6:)=-sgn(&). This is plotted in Fig. 1.6.

> Inversion of Doppler effect and inversion of Cerenkov radiation, see Fig.
1.7.
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RHM LHM
AE AE

(@) (b)

Fig. 1.5. (a) Electric field, magnetic field and wave vectors form a right-handed triplet in a
standard media. (b) This triplet is left-handed in the media described by Veselago. Note that

Poynting vector is always in the same direction.

Even though of great scientific interest, the lack of materials with ¢, p < 0 in nature
supposed a great drawback. The synthesis of a negative electric permittivity was
feasible by that time, for example by means plasmas or a metal at optics frequencies.
Negative values of magnetic permeability in contrast were not attainable. It was in
1999 when Pendry [PEND 99] proposes for the first time a particle which can give a
negative magnetic response in a certain frequency range: the Split-Ring Resonator
(SRR) depicted schematically in Fig. 5.2(a).

RHM LHM
n, >0 n, <0

Fig. 1.6. Sketch of the Snell’s law reversal in the interface between a standard medium and a

left-handed medium. The transmitted ray crosses the normal.
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Fig. 1.7. Representation of the radiation of a particle in a RHM (a) and the same effect in an
LHM (b).

The first medium showing simultaneously negative values of permittivity and
permeability was developed in the next year by Smith et al. [SMITH 00] by using a
mixture of metallic wires (e < 0) and split-ring resonators (p < 0). From that point on, a
great number of publications has been devoted in the analysis of the properties of this
type of medium, as well as practical implementations, in volumetric and in planar
technology [FALC 05], taking advantage of the subwavelength scaling of these new
structures in contrast with PBG’s.

Fig. 1.8. Schematic of the focusing phenomenon when rays transverse a slab of LHM material.
Due to the negative angle of refraction, rays tend to focus after passing through the RHM-LHM
interface and the LHM-RHM interface. This holds true also for evanescent waves, where an
amplification process also takes place. The ray tracing is superimposed to simulation results
obtained with CST Microwave Studio ™ .
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An interesting consequence of the negative refraction concept is the possibility to
obtain a “perfect lens” by means of evanescent field amplification, as proposed by
Pendry in 2000 [PEND 00]. This feature is schematically depicted in Fig. 1.8. As it has
been stated previously, a negative value in the refractive index leads to bending of the
propagating ray in a negative angle with respect to the RHM. This, of course holds
true in an RHM-LHM interface and an LHM-RHM interface. Suppose that the red dot
at the leftmost side is a point source, parting from a conventional RHM medium, for
example vacuum. On its propagation path there is a LHM, with an index of refraction
niam = -1. If the media are impedance matched there will be no reflected ray, only
transmission. The transmitted rays will be deflected corresponding to the change of
sign in each one of the interfaces. The final result, depicted in Fig. 1.8, is that focusing
is possible at the rightmost side of the system. Another important issue is that this
type of “lens” is capable of sublambda focusing, since the evanescent field can be
ideally recovered by virtue of the negative sign of the refractive index, which affects to
all the spectral components, i.e. propagating as well as evanescent. As a consequence

there is amplification of evanescent waves and perfect image reconstruction.

1.5 The pursuit of plasmonic circuits.

The development of electronics provided the ability to control the transport and
storage of electrons, making possible the birth of microprocessors and personal
computers. Nowadays ultrafast transistors are being used within a scale on the order
of 50 nm. The production of transistors is a routinary task, but there is a major
problem in the trasport of digital information from one point of a microprocessor to
another that might be a few centimeters away. Traditionally, interconnections have
been made by copper or gold wires. However the number of transistors in a chip
grows exponentially and makes the interconnection increasingly complex. Moreover,
unlike transistors for which performance improves with downscaling, the delay of
interconnects increases and constitutes a major drawback in the speed of digital
circuits [KOBR 04].

Fiber optic cables offer a great information speed and capacity more than a thousand
times that of electronic interconnects. Unfortunately, their size is in the order of
microns, i.e. approximately one thousand times larger than electronic components.
This makes very difficult to integrate both technologies in the same circuit. The best

solution would be a circuit with nanoscale features able to transport optical signal as
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well as electric currents. This constitutes the core motivation of the plasmonic circuit.
This nomenclature emerges from a special kind of surface wave called plasmons. These
waves exist in the interface of a conductor at optics frequencies and a dielectric, say
air. The interaction of light with matter in nanostructured metallic structures has led
to a new branch of photonics: the plasmonics. Plasmonic circuits offer the potential to
carry optical signals and electric currents along the same thin metal substrate, giving
as a result the ability to combine the best qualities of photonics and electronics on the
same chip [OZBA 06].

1.6 Quasioptical systems and gaussian beam
propagation [GOLD 98].
Quasioptics deals with the propagation of a beam of radiation that is reasonably well
collimated but has relatively small dimensions when measured in wavelengths,
transverse to the axis of propagation. Quasioptics describes the situation between the
two limiting cases of geometrical optics, where A — 0, and diffracting systems where A
= system dimensions. Within the geometrical optics formalism, propagation is
described with a ray, representing a perfectly directed bundle of radiation. On the
other hand, diffraction is the tendency for radiation from a source, to change its
distribution as the distance from the source varies. Quasioptics permits the
description of the intermediate situation and includes the case of a beam of radiation
whose diameter is only moderately large in units of wavelength. Then, the theory of

Gaussian beam modes and Gaussian beam propagation can be employed.

The systems used at radio and microwaves are usually monomode. The technologies
utilized range from coaxial cables (TEM mode), metallic waveguides (usually in its
fundamental mode operation), and 1D planar guides such as microstrip, stripline and
coplanar waveguides (working in TEM or quasi-TEM modes). These systems employ
metallic conductors and/or dielectric slabs to obtain the desired field configuration. A
clear drawback of these technologies for its use at millimeter wave frequencies is that
the power loss per unit length of dielectric materials generally increase at a rate at
least as fast as proportional to the square of frequency. For a metallic waveguide loss

increases as (frequency)!-.

Therefore, losses limit the application of usual microwave technology in the scaling to

millimeter waves. The essentially lossless nature of electromagnetic radiation
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propagation in free space make this possibility very attractive in this range. However,
in order to consider the system purely optical (A << system dimensions) the size of the
apertures and components must be extremely large, which turns out to be impractical.
Quasioptical propagation using gaussian beam offers a solution to the problem of
propagation radiation beams that are not large in their transverse dimension

measured in units of wavelength.

1.7 Outline of this document.

The main aim along this Thesis has been to upscale intriguing experimental results
obtained at optics wavelengths to the microwave and millimeter-wave wavelengths.
The success in the obtained results has boosted the research in these ranges towards
new structures and ideas that can possibly find the reverse way to exciting
applications at optical wavelengths. With that aim in view, the following five chapters

represent the central part of the text:

Chapter 2 deals fundamentally with the experimental proof of Extraordinary
Transmission though subwavelength hole arrays in the millimeter wave range. It was
in this range where the systematic study of the structure size was first published. A
short study of the phase response and of hole arrays on dielectric slabs are also

presented.

Chapter 3 is devoted to the experimental study of enhanced transmission through
narrow slits on corrugated planes, in microwaves and in millimeter waves. Also,
several flat antenna feeder prototypes based on the same phenomenon are described

and measured.

Chapter 4 tells what happens when several ET subwavelength hole arrays are stacked.
It will be seen that LHM, PBG and ET can exist in a single structure. A variety of
responses can be obtained by just tuning the stack period. Simulation as well as
experimental results are given. A simplified equivalent circuit model is developed to
explain the effects observed. Several simulation results bring forward experimental

measurements that at present are in progress.

Chapter 5 presents other works done in other hot topics of electromagnetics.
Metasurfaces made of split-ring resonators and its complementary are analyzed,

simulated and measured. Also, electroinductive waves in chains of resonators are
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studied, and planar prototypes are constructed and measured. Possible connections

with the results presented in the previous chapters are outlined.

Finally are presented the main Conclusions of the thesis and Future work opened and

in progress.



Chapter 2

Extraordinary Transmission Through
Perforated Metallic Plates.

After the first report of Extraordinary Optical Transmission
(EOT) in the cut-off region of perforated metallic plates given by
Ebbesen, a great research interest was devoted to the subject. Big
effort was in the elucidation of a plausible theory of the unexpected

phenomenon.

Two fundamental lines were followed: the plasmonic
hypothesis, where plasmons (a special kind of surface waves
supported in the interface of a dielectric, say air, and a metal at
optical frequencies) were given a prominent role in the high
transmission observed; the other hypothesis ascribed the
phenomenon mainly to the periodic structure, regardless of the
metallic model used for the plate. Wood’s anomalies were found to
play an important role. This allowed for the replica of the
phenomenon in other regions of the electromagnetic spectrum
where plasmons are not supported. Furthermore it was claimed
that Extraordinary Transmission (ET) could be attained with a
most ideal and simple Perfect Electric Conductor (PEC) model.

In this chapter several experimental results of ET in the
millimeter-wave range are presented. This constitutes a definitive
proof of the hypothesis relating ET to Wood’s anomalies.
Moreover, it is advanced with the measurements the great
significance on the transmittance of the number of illuminated
holes. A comparison with other well-known structures is
presented, and the differences are highlighted. Finally short

comments about the phase of the transmission coefficient are given.
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2.1 Initial state-of-the-art: dichroic filters.

Dichroic filters or perforated plates can be considered as periodical structures
fabricated of relatively close-packed waveguides drilled in a metallic substrate, see
Fig. 2.1(a). The basic operation principle is described by Goldsmith [GOLD 98]: for a
frequency below the cut-off frequency of the waveguide the power is essentially
reflected, while above the cut-off frequency power is largely transmitted. The
perforated plate was first analyzed in detail by Robinson [ROBI 60]. Chen presented
the first paper [CHEN 73] dealing with the theory of microwave transmission through
perforated plates of finite thickness. There he considered four different cases: circular
and square openings in equilateral triangular and square lattices. He restricted the
analysis to relatively big holes and dense arrays: a > 0.56d and d > 0.5 for the case of
circular openings in square lattices. Here a is the diameter of apertures and d is the
spacing. The thickness of the plate w can be regarded as the length of a closed metallic
waveguide. Transmission through arrays of holes has also been experimentally
studied in other frequency ranges as in the far infrared [ULRI 67], mid infrared
[RHOA 82] and infrared [KEIL 81] ranges.

0 |
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Fig. 2.1. Dichroic filter schematic (a) and frequency response for various waveguide lengths (b).
The parameters of the structure are: hole diameter 4 = 4 mm, lattice constant d =5 mm. As the
thickness w increases, the slope of the lower band limit increases and also the ripple in the

passband.

Dichroic filters are typically used as Frequency Selective Surfaces with a bandpass
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response. Following the classical treatment, the low cut-off frequency is given by the
hole electromagnetic cut-off, whereas the high cut-off frequency is due to the
redistribution of energy caused by the periodic array when a new diffraction order
becomes propagating, i.e. is determined by periodicity. A simplified model proposed
by Goldsmith [GOLD 98] reduces the analysis to a transmission line problem. The
waveguide is represented as a series admittance Y and the discontinuity between the
guide and free space is modelled with a shunt admittance Y; at each end of the

perforated plate.

Under this formalism, the choice of the hole diameter, and thus the cut-off frequency,
determines the basic form of the frequency response: transmission above the cut-off
frequency is fairly close to unity with some response ripples in the pass band while
below the cut-off frequency, the transmission drops sharply. Plate thickness has two
major effects, see Fig. 2.1(b). First, the rate at which the transmission drops with
frequency below the cut-off increases as the plate thickness increases. This may be
very desirable for certain applications where a well-defined passband is required.
Second, the period of the ripples in the pass band decreases as the plate thickness
increases, as a result of increased electrical length between the guide - free space

discontinuities.

Transmission coefficient (dB)

-50 T T T T
30 40 50 60 70 80

Frequency (GHz)

Fig. 2.2. Transmission coefficient of a perforated plate with with hole diameter 2 = 4 mm, metal
thickness w = 10 mm and three periods: d = 4.5 mm (black curve), 5.5 mm( red curve) and 6.5

mm (blue curve). The ripple in the band increases as the guide spacing is increased.
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A very important parameter is the spacing of the waveguides, which affects the shunt
reactance Ys. The basic rule of thumb is given by Goldsmith [GOLD 98]: As the guide
spacing is increased the magnitude of the shunt reactance increases which results in a
greater discontinuity and more pronounced ripple responses, see Fig. 2.2 where the
transmission coefficient for a perforated plate with hole diameter 2 = 4 mm and metal
thickness w = 10 mm has been computed for three different periods: d = 4.5 mm (black
curve), 5.5 mm( red curve) and 6.5 mm (blue curve), using the simplified model given
in [GOLD 98]. This is undesirable, and for this reason dichroic filters normally consist
of very dense hole arrays. As Goldsmith points out, this approach inherently ignores
diffraction which is only acceptable if the waveguide spacing is small enough relative
to wavelength. In the next sections it will be seen that this restriction is of major
importance in the description of extraordinary transmission phenomena. It will be
shown that when diffraction is taken into account, this basic model is insufficent to
compute the response of sparse hole arrays. Moreover, the upper cut-off frequency
shown in Fig. 2.1(b) is intrinsically related with dynamical diffraction, and thus, it
does not appear in Fig. 2.2 in which the simplified model has been used. It is the so
called Rayleigh-Wood’s anomaly [WOOD 02], [RAYL 07], which appears in every
periodic structure and that for normal incidence emerges at A = d. A discussion about

the limitations of the simplified model proposed by Goldsmith is given in section 2.5.

2.2 Origin of the EOT phenomenon and
controversy to explain it.

Back in 1998, Ebbesen and co-workers reported for the first time the existence of high
transmittance peaks in the cut-off region of perforated silver plates [EBBE 98]. This
phenomenon was called Extraordinary Optical Transmission (EOT), because the
experiment was developed in the optical range. A metal in optics exhibits a plasma-
like behavior, i.e. there are free-electron charges not bound to molecules which can be
modelled as a plasma cloud in the same way as the constituent particles in a gas at
high temperature. In electromagnetics, a plasma is characterized for having a
permittivity with negative real part, Re{g} < 0. It is well known that the interface
between a standard dielectric (Re{e} > 0) and a plasma-like medium (Refe} < 0),
supports a singular kind of surface wave, the so-called surface plasmon [ISHI 91] (For a
full description see Appendix 2 at the end of the chapter). Therefore, in a first

approach, Ebbesen’s report gave surface plasmons a key role in the origin of EOT. In
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his own words, “the experiments provide evidence that these unusual optical properties are
due to the coupling of light with plasmons”. In a subsequent work [GHAE 98], the same
team find more statements which seem to support the causative role of SPPs in the
process of transmission enhancement: “the maxima are the result of a resonant excitation
of surface plasmons (SP’s)”. Following the analysis of sub-wavelength hole arrays [KIM
99] that group mentions for the first time the relation of the phenomenon with Wood’s
anomalies: the minima of transmission are identified with these anomalies due to

diffraction. The transmission maxima are still related to surface plasmons.

The experiment was a catalyst for many theoretical and experimental studies. As early
as in 1999, Treacy proposed a theoretical model related with dynamical diffraction
[TREA 99]. He explained EOT in terms of Bloch waves and argued that propagating
diffracted beams and surface plasmons are both part of the same dynamical scattering
process. He restricted the two-dimensional hole array problem to the “equivalent”
one-dimensional slit array which catches some of the physics of the hole array
problem but not all. The reason is that there is a fundamental difference between slits
and holes: a slit can always support a transverse electric and magnetic (TEM) wave
with no cut-off, while in a hole waveguide there is a cut-off frequency. In 2000,
Avrutsky and co-workers [AVRU 00] communicated the first theoretical model
presenting quantitative results which, to some extent, can reproduce EOT. They
interpreted the phenomenon as plasmon-assisted light tunneling. An interesting
conclusion of this work is that it predicts extraordinary transmission even without the
presence of holes, but only periodicity in the interface corrugation. In the same year
Grupp et al. [GRUP 00] described what they interprete as an experimental evidence of
the surface plasmon causative character in EOT: they observed that hole arrays in
nickel supported relatively weak transmission anomalies, but when the substrate was
coated with a relatively thin layer of silver on the top and bottom surfaces, the
transmission anomalies increased significantly. Since only the surfaces were modified,

it was reasoned that surface plasmons should be responsible.

By the end of the year Popov et al. communicated the first fully three-dimensional (3-
D) theoretical study of EOT in hole arrays [POPO 00] and almost concurrently Martin-
Moreno et al. presented another alternative 3-D model and contributed with an
analytical minimal model [MART 01]. The conclusions of these two works were
different: whereas in [POPO 00] EOT was assigned to an essentially propagating

mode appearing in the hole array which exists only when a realistic dielectric constant
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for the metal is considered, in [MART 01] EOT was ascribed to tunneling through
surface plasmons formed on each metal-dielectric interface. This work was still
connected with the surface plasmon formalism: EOT is attributed to the resonant
coupling of the incident plane wave to surface plasmon polaritons (SPPs) thus
establishing that “surface plasmons have the ability to transmit and focus light very
efficiently”. However, the model will be found to have more general application and
to be able to extend EOT results to other frequency ranges where surface plasmons

cannot exist (see section 2.3).

At the end of 2001, Vigoureux developed another interesting theoretical approach
which interpreted Ebbesen’s results under the formalism of evanescent short range
diffraction [VIGO 01]. This manuscript establisheed for the hole array case the first
tentative basis of the approach initially drawn by Treacy for slit arrays. He argued that
second order diffraction can reasonably explain the high transmittance seen in EOT
experiments: Invoking reciprocity, if a propagating wave impinging a diffracting
screen can be diffracted into evanescent waves the reciprocal must also be true. In
other words, the incident wave is scattered in evanescent modes which can be
converted into homogenous propagating waves when diffracted again. Almost
immediately appeared a paper by Krishnan and co-workers (Ebbesen and Martin-
Moreno amongst them) [KRIS 01] that studied the influence of the dielectric on either
side of the perforated plate. They insisted on the interpretation of the phenomenon as
plasmon assisted and obtained highest transmission when input and output
dielectrics were matched. In the beginning of the next year, Cao and Lalanne threw
the first caution about the actual role of plasmons [CAO 02]. They analyzed slit arrays
and found that high transmittance was mainly due to waveguide mode resonance and
diffraction. The more surprising conclusion was that the transmittance fell off to
nearly zero for frequencies corresponding to surface plasmon excitation. This seemed
to imply that surface plasmons actually played a negative role in the transmission.
With the examination of the same slit array structure, Treacy presented later his paper
[TREA 02] where he extended the initial ideas outlined in his former work [TREA 99]
and reinforced in [VIGO 01] and [CAO 02]. He presented a unified explanation of
enhanced transmission phenomena (generalised denomination of the original EOT) using
diffraction concepts. He defended that surface plasmons do not play an independent
causal role in EOT and rather they are an intrinsic component of the diffracted wave

field. Anyway the aforementioned inconsistence between slit (no cut-off) and hole
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arrays is still applicable. A further step in this direction was the work of Sarrazin et al.
[SARR 03], where they attributed the enhanced transmission phenomena to the
coupling between the incident plane wave and resonances supported by the
perforated plate. These resonances are the so-called resonant-Wood anomalies [HESS
65], which may occur on any metal-dielectric plate that supports a slow wave when
loaded by an appropriate grating. Notice that this interpretation implicitly recognizes
the possibility to extend EOT to other frequency ranges. Soon after, Lomakin and co-
workers extended the theoretical studies in a series of papers where they investigated
in depth the finer details of the structures [LOMA 04], [LOMA 05]. An illuminating
description of the hole array machinery was given in [BERU 05]:. The holes in the
perforated plates have triple functionality. First, they support surface waves. This is easily
recognized by considering a dense hole array, i.e one with d < A where A is the wavelength of
the incident field. The fields on each face of the perforated plate approximately satisfy an
inductive impedance boundary condition. Inductive impedance surfaces support TM surface
waves; the same therefore holds true for the EOT perforated plate. Second, the holes provide a
channel that allows for coupling between the two sides of the plate by means of evanescent hole
fields. Third, the periodic grating formed by the holes allows the incident wave to be scattered
into an infinite number of diffraction (Floquet) modes. Cross coupling between these modes

gives rise to resonant- and Rayleigh-Wood anomalies.

Finally, a closing observation about the different theoretical models should be done:
although different in the approach, all of them implicitly incorporate elements of each
other, and produce essentially identical predictions. Actually, one of the first of the
aforementioned theoretical models which was proposed by Martin-Moreno and
collaborators also predicts EOT even in the case of Perfect Conductor Metal. To verify

this conjecture is the subject of the upcoming section.

2.3 Millimeter - wave enhanced transmission:
Experimental validation of the perfect
conductor model.

The interpretation of the enhanced transmission phenomenon as mainly ascribed to
the periodic array rather than to the substrate metal model has strong implications in
the application to other frequency ranges where plasmons cannot exist. In this sense

the experimental proof of enhanced transmission through sub-wavelength hole arrays
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in the millimeter wave range, where metals admit a completely different description,
is important in two aspects: First, it is a conclusive evidence of the perfect conductor
hypothesis, thus giving a substantial evidence of the non-causative role of SPPs to
obtain EOT; second, it paves the way to a rich variety of quasioptical devices such as
Frequency Selective Surfaces, polarizers, antenna radomes, near-field imaging
systems and so on, still unexplored in these frequency bands for the simple reason

that nothing was expected beyond cut-off.

It is well known that a metal in the microwave and millimeter-wave range can be
considered a good conductor, which can be defined as one that follows Ohm’s law;
displacement current is negligible compared to conduction current and the next

relations can be admitted:

J=oE

g =1-j o

e,
where J (Am™) is the conduction current, E (Vm?) is the electric field and o (Sm™) is
the conductivity of the metal. In these frequencies the conductivity can be considered
a real constant (for the connection between the disperssive optics metal model and
this real constant conductivity model see Appendix 2 at the end of this chapter). In the
particular case of aluminum o = 3.82- 107, which is a good aproximation for Perfect

Conductor (c — ).

Applying the formalism described in [MART 01], and imposing perfect metal
boundary conditions at all interfaces forming the structure the theoretical zeroth-order
transmittance spectra of infinite arrays can be obtained. The results (shown in Fig. 2,
Article 2.1) are very similar to those presented in Fig. 2.3 which have been obtained
with the commercial full-wave electromagnetic solver CST Microwave Studio ™. Two
different hole diameters are considered: @ = 2 mm and a = 2.5 mm with a lattice
constant 4 =5 mm in all cases. Several metal thicknesses are used ranging from w = 0.5
mm to w = 4 mm. It can be seen that the simulation predicts the appearance of
Extraordinary Transmission (ET) resonances under the condition of Perfect
Conductor. Two different cases have been experimentally explored to confirm the

calculations: Fresnel zone illumination and farfield illumination
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Fig. 2.3. Simulated transmission coefficient spectra corresponding to infinite hole arrays with

(a) a =25 mm and (b) 2 = 2 mm and different metal thicknesses. The lattice constant is d = 5

mm in all cases

2.3.1 Fresnel-zone illumination.

Several aluminum wafers with external diameter & = 62.4 mm have been constructed

for the experiment in Fresnel-zone illumination. A laser machine has been used for
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drilling the holes. A small conical deviation from the theoretical cylindrical form is
unavoidable because of the fabrication process, but the average diameter is preserved
with a tolerance of £50 pm. The hole array has a maximal dimension of 11 x 11. The

rest of parameters are as aforementioned (see Fig. 2.4 for details and the picture of the

prototypes).

J=>a=2-2.5mm

(@) (b)

Fig. 2.4. (a) Schematic of the wafers used for Fresnel-zone illumination with the parameters

shown. (b) Photograp of the six sub-wavelength hole array samples.

Transmission of light through these structures has been measured by using an
advanced AB-millimetre™ Quasioptical Vector Network Analyzer in the frequency
range between 40 to 70 GHz (V-band). In Fig. 2.5 it is exposed the experimental set-up.
The transmission through the samples is measured following the next procedure: A
vertically polarized pure gaussian beam [ISHI 91] is generated by a corrugated horn
antenna (Tx). This beam propagates up to a focusing pair of elliptical mirrors (A-B)
designed to obtain an undistorted beam having its beam waist in the half of the
distance, where the samples are located. Another identical pair of mirrors (C-D)
focuses the transmitted beam into a corrugated horn antenna (Rx). The whole set-up
can be considered as a beam waveguide [GOLD 98] and therefore, transmitted and
reflected power can be easily measured. Importantly, due to finite size of the fixing

system for the samples, the number of periods illuminated by the beamwaist is
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restricted to 6 x 6 holes.

(@) (b)

Fig. 2.5. (a) AB-millimetre™ quasi-optical vector network analyzed and quasioptical bench. (b)
Detail of the Fresnel-zone illumination set-up. The whole system can be considered as a beam

waveguide.

In Fig. 2.6 are plotted the experimental transmission spectra obtained for the different
samples analyzed. In the three panels, it is represented the transmission power
impinging the final antenna (normalized to the collected light when no sample is
present in the system) as a function of the wavelength of the incident light in units of
the period of the array, d = 5 mm. In panels (a) and (b) (for a = 2 mm and a = 2.5 mm,
respectively), it is clear the existence of a transmission resonance located near the
condition A = d. In both cases, we are working in the subwavelength regime, as the
cutoff wavelength (Ac) for 4 =2 mm is A. = 0.52d and for a = 2.5 mm is A. = 0.65d. and w
=4 mm (blue). (c) 4 = 4 mm and two w’s: w = 0.5 mm (black curve) and w = 1 mm
(red). These spectra have strong similarities with the ones reported by Ebbesen et al.
[EBBE 98] in the optical range and then it can be safely stated that ET also takes place
in these samples under Fresnel-zone illumination. Interestingly, ET appears in the
thinner films considered (w = 0.5 mm and 1.0 mm) but not in the thicker films (w = 2.5
mm in (a) and w = 4.0 mm in (b)). For the sake of completeness, in Fig. 2.6(c) it has
been plotted the transmission spectra obtained for two samples with a = 4 mm: in this
case A = 1.3d and then, for all the wavelengths considered, there is a propagating
mode inside the hole. As clearly seen in the figure, the dependence of the transmission
with wavelength is quite different from panels (a) and (b). Samples with a very small

diameter, 2 = 1 mm, and two different thicknesses (w = 0.5 mm and w = 1 mm), have
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been also constructed. In both cases, the transmission obtained is negligible (of the
order of 10° for w = 0.5 mm and even much smaller for w = 1 mm) and no signals of

ET are present in the spectra.
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Fig. 2.6. Experimental transmittance spectra for (a) a = 2 mm and three different and three
different metal thicknesses: w = 0.5 mm (black curve), w =1 mm (red) and w = 2.5 mm (blue). (b)

a =2.5 mm for also three different metal thicknesses w = 0.5 mm (black curve), w = 1 mm (red)

2.3.2 Farfield illumination.

For the case of farfield illumination other prototypes have been constructed with the
aforementioned laser milling technique. They are square aluminum perforated plates
with 31 x 31 holes and the sub-wavelength diameters: 2 = 2 mm, 4 = 2.5 mm. The rest
of the parameters are as in the Fresnel-zone case. In Fig. 2.7(a) it is shown the
schematic of the farfield prototypes with the parameters and in Fig. 2.7(b) the
photograph of two prototypes.

Transmission through the samples is measured by using the AB-millimetre™
Quasioptical Vector Network Analyzer in the frequency range between 40 to 70 GHz
(V-band). The experimental set-up in this configuration is schematically shown in Fig.
2.8(a) and the actual picture in Fig. 2.8(b). A vertically polarized pure Gaussian beam
is generated by a corrugated horn antenna (Tx). This beam propagates to the sample
(S) that is located at 166 cm from the antenna. The diameter of the beam waist at the
sample location is approximately 50 cm at the wavelength range of interest. In this
way the illumination of the hole array is rather uniform. The transmitted beam is

finally collected into a horn antenna (Rx) that is placed 105 cm from the sample. The
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samples are embedded into a sheet of millimeter-wave absorbing material such that
any possible diffracted beam generated by the edges of the samples is absorbed by the

sheet and not collected by the receiver antenna, Rx.
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Fig. 2.7. (a) Schematic of the metallic plates used for farfield illumination with the parameters

shown. (b) Photograph of two of the hole array samples.

The measured transmission spectra are plotted in Fig. 2.9 in decibel scale. The
collected transmission power is normalized to the collected power when no sample is
present and is represented as a function of the wavelength of the incident light in
units of the period of the array, d = 5 mm. The case of hole diameter 2 = 2 mm is
shown in Fig. 2.9(a) and a = 2.5 mm in Fig. 2.9(b). In this last panel and for the case
when w = 0.5 mm (black curve) the transmission at resonance, located at around 57
GHz (A = 5.26 mm; A slightly larger than d) can be as large as 95% although the holes
occupy only 20% of the unit cell. As the thickness of the plate grows, w =1 mm (red
curve in Fig. 2.9(b)), the transmittance decreases, until the complete extinction of the
peak when w = 4 mm (blue curve). This is in agreement with the assumption of
evanescent modes inside the holes. The transmission resonance is also present in the
thinner samples w = 0.5 mm and w = 1 mm, see Fig. 2.9(a), of the 2 = 2 mm hole arrays,
but the associated transmittance peaks are much lower than the ones obtained for a =
2.5 mm. Again, when the metal is thick w = 2.5 mm, the collected power is extremely
small and no fingerprints of transmission resonances are observed. As the measured
transmission resonances appear in a frequency range in which the holes support only
EM evanescent waves, it can be safely concluded that ET also takes place in the

millimeter-wave range, as predicted by theory. In consequence, it has been proven the
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Perfect Conductor Metal assumption. It is well established now that the origin of the
Enhanced Transmission is the excitation of surface electromagnetic modes in the

periodic metallic surface.

166 cm 105 cm
TX < ple——p Rx

Sample

(@)

Fig. 2.8. (a) Schematic of the whole experimental setup. (b) Photograph of the source antenna
(T) and the sample (S) covered with absorbing material to avoid diffraction. The receiving

antenna is not shown.

Finally, the farfield set-up was employed to check the agreement between the infinite
structure simulation and the experimental measurement in a larger bandwidth. The
frequency span was extended from 40 GHz to 110 GHz. Th structure with parameters

a=25mm and w = 0.5 mm was used for the experiment. In Fig. 2.10, it is plotted the
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measured spectrum in red and the simulation of the infinite structure in black.
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Fig. 2.9. Experimental transmittance spectra for farfield illumination. (a) 2 = 2 mm and three
different w’s. w = 0.5 mm (black), w = 1 mm (red) and w = 2.5 mm (blue). (b) a = 2.5 mm and

also three w’s. w = 0.5 mm (black), w =1 mm (red) and w = 4 mm (blue).
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Fig. 2.10. Theoretical spectrum of the infinite structure (dashed) and experimental reponse of
the 31x 31 hole array (solid) extended up to 110 GHz for parameters 4 = 2.5 mm and w = 0.5

mm.

A good agreement is observed. Apart from very fine frequency details, the finite
structure behaves qualitatively as the infinite one. Note the presence of Wood's
anomaly around 60 GHz as expected and the second relative maximum with similar

amplitude.

The results of the farfield illumination experiment were published in Article 2.1 and

more extensively developed in Article 2.2.

2.4 Finite structure effects.

It has not been explicitly stated, but it is obvious in the comparison of Fig. 2.3
(theoretical infinite structure), Fig. 2.6 (experimental Fresnel-zone illumination) and
Fig. 2.9 (experimental farfield illumination) that the size of the structure is a critical
parameter in the design of Enhanced Transmission hole arrays. For the case of
Fresnel-zone illumination the effective number of illuminated holes is around 9 x 9,
whereas in the farfield illumination this number increases up to 31 x 31. In the best
case (1 = 2.5 mm; w = 0.5 mm; black curve of Fig. 2.5(b)) the transmission level in
Fresnel-zone illumination is around 23%, while in the farfield measurement it
approaches the theoretical value of total (100%) transmission predicted for infinite

structure. However, in all the remaining experimental curves the peak level falls
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below the theoretical calculations. Also, the comparison between the simulation and
experiment shown in Fig. 2.10 suggests that the size of structure is a critical
parameter. A possible reason for this disagreement could be the intrinsically finite size

of the arrays and thus, it is generically referred to as finite structure effects.
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Fig. 2.11. Numerical simulation of finite size 31 x 31 hole array zero-order transmittance for (a)
a =2 mm and three different w’s. w = 0.5 mm (black), w = 1 mm (red) and w = 2.5 mm (blue)

and for (b) a = 2.5 mm and three w’s. w = 0.5 mm (black), w = 1 mm (red) and w = 4 mm (blue).
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To explore this in more detail, Bravo-Abad and co-workers developed a new
theoretical tool able to analyze the transmission properties of finite collections of holes
drilled in a metallic film [BRAV 04]. The results particularized to the farfield

illumination samples are shown in Fig. 2.11.

Notice that these results are in very good agreement with the measured farfield
curves. Transmission always decreases as the thickness of the plate grows. The
calculated curves predict almost total transmission for the structure with hole
diameter 2 = 2.5 mm and plate thickness w = 0.5 mm as in the measurement. The
plates with holes of diameter 4 = 2 mm have a transmission peak of around -7 dB for
the best case (w = 0.5 mm) both in the simulation and the experiment. Wood’s
anomaly is also present in these simulations, although it is not as clearly emphasized
as in the measured curves. As typically happens in finite systems, it is slightly shifted
towards higher frequencies [HESS 65].

Attending to the mentioned results, it seems that making the sample finite implies
coarse spectral resolution in the frequency response. This has two main consequences:
the narrowest spectral details of the infinite structures are either lost or at least
smoothed. As a consequence of this smoothing, the maximum of transmission falls
dramatically for very narrow peaks, see for example the response when a =2 mm, Fig.
2.3(a) (infinite plate) and Fig. 2.9(a) (experimental). Additionally, in infinite structures
Wood’s anomaly appears as an abrupt fall of power within a very narrow frequency

range and it is apparently softened in finite structures.

Following the aforementioned interpretation, in order to catch the finest details of the
spectrum, the illumination should impinge on a larger effective area. This can be
accomplished either by constructing larger samples maintaining the same hole
diameter or by increasing the diameter of the holes maintaining the size of the array.
This explains in a complementary point of view the high level of signal seen in Fig.

2.9(b) compared to the low level presented in Fig. 2.9(a).

A concluding experimental study that shows the significance of the hole array size
was developed. The sample with 4 = 2.5 mm and w = 0.5 mm is initially covered with
a silver foil layer. This film is gradually removed, allowing only illumination of the
holes uncovered. Therefore, the incident beam impinges on a hole array window of
progressively increasing dimension. In this experiment it is used the farfield

configuration that shows the better experimental response
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Fig. 211 (a) Experimental transmission spectra for d = 5 mm, a = 2.5 mm, w = 0.5 mm for
increasing number of holes. (b) Increase of power as a function of the number of illuminated

holes for the resonance frequency.

The result of the measurements is sketched in Fig. 2.12(a). It has also been plotted in
Fig. 2.12(b) the improvement at the resonance frequency (marked with black dashed
line in Fig. 2.12(a)) as a function of the number of uncovered holes. It can be observed
that for small array dimensions, the level of transmission increases abruptly as the

window is enlarged. For a sufficiently large number of illuminated holes the growth is
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more gradual, though it is seen enhancement without saturation. For 31 x 31 holes the

peak reaches 100%.

The initial communication of finite structure effects were presented in a primary
approach in Article 2.1. The extended discussion was published in Article 2.2.The last

results appeared in Article 2.3.

2.5 Dichroic filters and EOT structures.

Now that is clear that Enhanced Transmission also exists in the millimeter wave
range, it is worth to explore the link between the classical dichroic filters and
enhanced transmission hole arrays. Both consist of an array of holes drilled on a
metallic plate. The main structural difference is the density of holes, i.e. the fraction of
unit cell occupied by the hole, see Fig. 2.13. For a dichroic filter, the holes are located
very close together because (as stated in section 2.1) “as the guide spacing is increased
the magnitude of the shunt reactance increases which results in a greater discontinuity
and more pronounced ripple responses” [GOLD 98]. In other words, the periodicity is
usually chosen to be less than the cut-off wavelength of the packed waveguides, d <
Ac. The thickness of the metal plate also affects the response. To get a clean bandpass,
this parameter must be neither too thin nor extremely thick. The bandpass of dichroic
filters occurs above the cut-off of the holes. Therefore, the holes are acting as
waveguides with a propagating mode inside them, and they collaborate together to

couple power at the output face.

Fig. 2.13. (a) Dichroic filter schematic (b) Enhanced transmission structure schematic. The main

structural difference is the fraction of unit cell occupied by the hole, i.e. the density of holes.
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Fig. 2.14. Comparison betwen the transmission spectra calculated with the simplified
equivalent circuit approach (dashed lines) and the simulation results (solid lines) for the cases a
= 2.5 mm and three w’s: w = 0.5 mm (black), w = 1 mm (red), w = 4 mm (blue) (a) and a = 4 mm

and three w’s: w = 1 mm (black), w = 5 mm (red), w = 10 mm (blue) (b)

To observe enhanced transmission, on the other hand, periodicity must be larger than
the cut-off wavelength of the holes, d > A.. The bandpass is situated in the cut-off

region, thus only evanescent modes exist inside the holes. Due to the exponential
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decay characteristic of these modes, plates must be thin enough to ensure coupling to

the output face.

This parameter range of values had not been studied before Ebbesen’s experiment,
may be due to the fact that nothing remarkable was expected for wavelengths beyond
cut-off. In an unexpected way, the first experiments on EOT demonstrated that surface
electromagnetic resonances were present in the corrugated metallic surface and
allowed high transmission in the cut-off region of the holes. The comparison between

dichroic filters and enhanced transmission structures was first presented in Article 2.3.

Recalling the simple model proposed by Goldsmith (see section 2.1), it is worth to note
that it cannot reproduce the Enhanced Transmission peak. The reason of which is that
it disregards diffraction, which is crucial in the description of Wood’s anomalies
(remind that in the elucidation proposed in [SARR 03] ET is accurately explained in

terms of resonant-Wood’s anomalies).

As a matter of fact, it is presented in Fig. 2.14 the comparison of the spectra calculated
following the simplified equivalent circuit approach described in [GOLD 98] (dahsed
lines) and the spectra obtained with the simulator (solid lines), for hole arrays with the
parameters: a = 2.5 mm and three w’s: w = 0.5 mm (black), w =1 mm (red), w = 4 mm
(blue) in panel (a) and and 4 = 4 mm and three w’s: w = 1 mm (black), w = 5 mm (red),
w =10 mm (blue) in panel (b). The model works with reasonable accuracy in the low

frequency region in all the analyzed structures.

For the propagating holes response shown in panel (b) the low frequency limit of the
bandpass is quite appropriately outlined with a slight frequency shift towards lower
frequencies. Also, the ripple in the band is predicted within a few percent error. The
Wood’s anomaly at 60 GHz is lost in the representation, since this feature is purely a
dynamical diffraction effect. For the case of subwavelength holes shown in panel (a),
the discrepancies are stronger. The only coincidence is at low frequencies. The ET
peak is not present in this model. Rather, it predicts a bandpass with the low
frequency cut-off at the hole wavelength cut-off (marked with black dotted line).

Wood’s anomaly is also lost in the spectra.
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2.6 Phase response of cut-off metallic hole
arrays.

Up to this point it is clear that ET also exists in microwaves and millimeter waves, and
that is essentially different of previous studies of similar structures in these ranges.
Experimental as well as theoretical studies have been presented and the parametric
dependance of the magnitude response has been exhaustively described but nothing
has been said about the phase. The understanding of the transmission coefficient
phase behavior is important in applications ranging from the construction of
microwave filters to mode converters and a variety of quasi-optical structures. This

section is devoted to this study.
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Fig. 2.15 Simulated (black) and measured (red) phase response for the structures with (a) a = 2.0
mm, w = 0.5mm (b) 2 =2.0 mm, w=1.0 mm (c) 2 = 2.5 mm, w = 0.5 mm and (d) 2 = 2.5 mm, w =

1.0 mm. Theoretical curves are for infinitely periodic structures.



Extraordinary Transmission Through Perforated Metallic Plates -39 -

At this point, phenomena of extraordinary transmission through perforated plates are
viewed as manifestations of so-called Wood anomalies [RAYL 07], [HESS 65], i.e.
rapid variations of the frequency or angular dependence of the magnitude and/or
phase of scattering coefficients of a periodic structure that occur when specific
conditions are met. The resonant and Rayleigh Wood anomalies are associated with
complex poles and (square root) branch points characterizing the transmission
coefficient, respectively. The poles characterize resonances supported by the
perforated plate. They lead to rapid variations of m in the transmission coefficient
phase. The branch points determine the condition under which an additional Floquet
mode appears/disappears as the frequency of the normally illuminating plane wave
is scanned. They result in unboundedly rapid variations of the transmission

coefficient phase.

Note that in the symmetrical case, when the perforated plate is sandwiched between
two identical dielectric slabs, the resonant and Rayleigh Wood anomalies almost
coincide. Numerical results of infinite hole arrays with the parameters 2 = 2 mm, 2.5
mm, d =5 mm, w = 0.5 mm, 1 mm were obtained via the modal approach detailed in
[CHEN 71] assuming that the structure is infinitely periodic. The black line
representing the numerical result in Fig. 2.15 shows rapid variations of the
transmission coefficient phase for f~ 60 GHz, 80 GHz. For the experiment, the farfield
prototypes were used, section 2.3.2. The measured results are given in the red curves
of Fig. 2.15. It is observed that the experimental phase behavior matches well that
obtained numerically for infinitely periodic structures, for instance it exhibits rapid
variations for the same frequency ranges. The discrepancies in the measured and

calculated results are mainly due to the finite size of the measured structures.

2.7 Double periodicity structures on dielectric
slabs.
Taking as a starting point the works by Lomakin et al. [LOMA 04], [LOMA 05], a

double periodicity structure sandwiched between two dielectric slabs has been
designed and measured. With the double periodicity the hole array can be designed to
present ET for only one polarization. Moreover, the introduction of a shorter
periodicity in d. makes the array more compact (more holes per unit area) than in

standard hole arrays, thus increasing the effective illuminated area for the same
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structure size. Therefore, in finite structures it is expected a better level of measured
transmission with the new topology. The introduction of dielectric slabs, appart from
implications such as giving support for grounded-slab surface waves, discussed
extensively in [LOMA 05] also has consequences in the size of the structure. For
instance, compare in Fig. 2.16 the simulated response of two subwavelength hole
arrays of the same dimension, one of them sandwiched between two dielectric slabs of
thickness h = 0.49 mm and relative dielectric permittivity & = 2.43 (red curve) and the
other one in air (blue curve). Clearly, when the hole array is inserted between a
dielectric sandwich the ET peak is shifted to lower frequencies, in the present case
from 73 GHz to 60 GHz, and then the structure is effectively bigger in units of
wavelength. Putting the hole array in a dielectric sandwich contributes to a better
illumination since more holes per wavelength can be effectively illuminated. As a
result, the structure considered in this section allows for a very efficient hole
illumination via two mechanisms: double periodicity increases the density of holes
per unit cell, and the introduction of dielectric slabs forces the ET resonance to lower

frequencies making possible illuminate more holes per wavelength.

Transmission coefficient (dB)

Dielectric sandwich
— Air

-25 1

R
Frequency (GHz)
Fig. 2.16. Simulated transmission coefficient magnitude comparing two double periodicity hole
arrays, one immersed in air (blue curve) and the other one sandwiched between two dielectric
slabs of of thickness I = 0.49 mm and relative dielectric permittivity & = 2.43 (red curve). The
hole array parameters are: hole diamenter a = 1.2 mm, periodicity in x dimension d, = 1.5 mm,

periodicity in y dimension d, = 4 mm, copper metallic plate of thickness ¢ = 35 microns.
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@) (b)

Fig. 217. (a) Schematic of the double periodicity hole array sandwiched between two

dielectrics. (b) Photograph of the hole array etched on a commercial printed circuit substrate.

These ideas are tested both in simulation and in experiment. The schematic is shown
in Fig. 2.17. It consists of circular wafer of diameter J = 62.4 mm etched with a double
periodicity hole array with transversal periods d, = 1.5 mm, d, = 4 mm and hole
diameter 4 = 1.2 mm. The array is etched by numerical control machining on the ¢ = 35
microns copper metallization layer of a commercial printed circuit dielectric substrate,
and sandwiched with an identical dielectric layer of nominal characteristics: relative
permittivity & = 2.43 and dielectric thickness /1 = 0.49 mm. The fractional area of the
hole, defined as the ratio of hole to unit cell area, is approximately F = 0.2. The
prototype is measured by using the AB-millimetre™ Quasioptical Vector Network
Analyzer in the frequency range between 40 to 70 GHz (V-band), with the quasi-

optical or Fresnel zone illumination set-up, see Fig. 2.5.

The transmission coefficient under normal incidence was measured for electric field
along x (see axis orientation in Fig. 2.17(a)) and electric field along y (see axis
orientation in Fig. 2.17(a)) polarizations. Measurement results of the asymmetric
dielectric + perforated plate as well as the symmetric dielectric + perforated plate+ dielectric
configurations were taken. The results are shown in Fig. 2.18, together with the

simulations made with CST Microwave Studio ™.
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Fig. 2.18. Simulation (dashed curves) and measurement (solid curves) results for a dielectric +
perforated plate structure (a) and a dielectric + perforated plate + dielectric structure (b). Red
lines are for electric field polarized along y and blue lines are for electric field polarized along x.

Green line is the transmission measurement of a single dielectric slab.

It is observed that the structure presents a ET resonance only when the electric field is
polarized along the larger periodicity, i.e. when the polarization is in the direction

where the density of holes is smaller. For the other polarization no traces of
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resonances are detected, and the level at 60 GHz is -11.6 dB. It is noticeable the good
agreement seen between simulation and measurement for the sandwich
configuration, panel (b). The measured peak level is -2.46 dB, below the simulation
prediction of 0 dB, and (as usual in ET hole arrays) the finest frequency details are lost
in the measurement. A possible cause of the smaller level in the measurement can be

due to losses.

For a rough estimation of dielectric losses, a single dielectric slab was measured (green
line in Fig. 2.18(b)). The measurement gives a loss of 0.9 dB in the passband. As the
sandwich has two twin dielectric slabs, the total losses due to dielectrics are (roughly)
1.8 dB. This gives as a result that the perforated plate losses are 0.66 dB. Notice that
the measurements are taken by using the Fresnel-zone illumination set-up and that,
accordingly, the actual illuminated area has a diameter approximately equal to

gaussian beamwaist, i.e. 27.9 mm, and still the measured transmission is quite high.

The effective number of illuminated holes is 19 x 8, which corresponds to an area
(normalized to the EOT wavelength) S / A? = 24.45. Compare the response obtained
with that shown in section 2.3.1, for single periodicity samples embedded in air. In the
best case of 2 = 2.5 mm, d = 5 mm and w = 0.5 mm the measured power level was -7
dB (see Fig. 2.6(b)) and for the smaller hole diameter 2 = 2 mm it was -13 dB, i.e. 10.5
and 4.5 dB below the current double period hole array. The fractional hole area is F =

0.12 and 0.2 for a = 2 and 2.5 mm respectively.

The effective number of illuminated holes in the single period samples was 6 x 6,
much lower than the experimentally found 31 x 31 holes for near total transmission in
Fraunhofer illumination, as shown in Fig. 2.11. This hole array size corresponds to an
area of S / A2 = 900, i.e. 36 times greater than in the double periodic hole array

between dielectric slabs.

The agreement in the asymmetrical case shown in panel (a) is worse. In this case the
measurement falls to -9 dB while the simulation predicts a value of -0.6 dB. This
disagreement can be due to the fact that one face is backed by air and the electric field
concentration there is weaker. This makes a difference with the sandwich case in
which both faces present the same matching and, more important, a stronger electric

field concentration due to the presence of dielectrics.
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2.8 Concluding remarks.

It has been demonstrated in this chapter that the phenomenon of extraordinary
transmission through arrays of subwavelength holes is also present in the millimeter-
wave range. Since in this wavelength regime plasmons do not exist, this results gives

evidence of the periodic structure-based explanation of the phenomenon.

Moreover, it has also been shown by comparing Fresnel zone measurements and
Farfield measurements that one of the key parameters to observe this phenomenon is
the number of periods of the array. A systematic experimental study of the
dependence on the number of holes has also been presented and the number of 31 x

31 holes seems to be sufficent.

A comparison of ET structures with similar structures in microwaves and millimeter
waves has been presented and their differences highlighted. The failure of classical
equivalent circuit approaches to show ET results has also been checked, being the

cause the neglect of diffraction effects.

A preliminary study of the phase response has been advanced, as well as some other
experimental results of double periodicity structures on dielectric slabs. It has been
shown that ET is mainly governed by one of the transversal periodicities, the one in
the direction of the electric field (under normal incidence). Also, the presence of
dielectrics can produce a great field confinement and therefore, a more efficient

illumination of holes.
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Appendix 2

Dispersive model of metals

The dielectric constant of any material is in general dependent on frequency, and it
can be considered constant only within a narrow frequency band. This dependence on
frequency is called dispersion. In general for a dielectric material, its frequency
response can be computed following a simplified model of molecules with electrons
bound elastically to the heavy nuclei. The equation of motion of an electron is then,

2

2 dr
mﬁz—ma)or—mvaJrF (A1)

where m is the mass of the electron, r is the displacement of the electron, —mg?r is the

elastic restoring force — mv dr/dt is the damping force, v is the collision frequency,

and F the Lorentz force acting on the electron. The restoring force is assumed to be
proportional to the displacement of the electron, and the constant «o is equal to the
frequency of the free oscillations of the electron under the influence of the restoring

force alone. The Lorentz force is given by:
F=e(E'+vxB') (A2)

where ¢ is the charge of an electron, E” and B’ the local field, and v the velocity of the
electron. Since |B’| is on the order of (1/c)|E’|, if it is assumed |v|<<c, then the

second term is negligible compared with the first term.

The local field E’can be expressed in terms of the applied field and the polarization

vector as,

P
E'=E+——
36, (A3)

Assuming now that there are N bound electrons per unit volume, the polarization

vector can written as:
P = Ner (A4)

If a time-harmonic dependence is assumed, Eq. (A.1) can be written as:
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) o - Ner
mwr:qm%rqwmw+{E+3j (A.5)
<o

Noting that D = ggE = gE + P, the relative dielectric constant can be written as a

function of frequency.

Ne?

o =1 me,@f -’ + jov)

(A.6)

where @ = w} — Ne’/3g,m. The previous equation is the general expression for the

frequency dependence of the dielectric permittivity when there is only one resonance.

For the more general case of more than one resonance see [ISHI 91].

In the particular case of a conductor, there are free electrons not bound to molecules,

and therefore, the restoring force —ma/’ris absent. Also, the interaction between

molecules can be neglected and the local field is equal to the applied field. Equation
(A.6) is then,

2

@p

& :1+27
-0+ Jov

r (A7)

where o, = (Ne?/mep)?? is called the plasma frequency. N is the number of free
electrons per unit volume and is called the electron density. The damping is caused by
the collisions between the electron and other molecules, and v is called the collision

frequency.

The expression of the perimittivity of a lossy conductor is [ISHI 91]:

. O
g =1-]— (A.8)
e,

Combining (A.7) and (A.8) the frequency dependence of the conductivity is extracted:

2
),

o=¢, P
V+jo

(A.9)

When o << v the conductivity is almost constant. In general, however it is a function

of frequency.
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Plasmons

It is clear that a metal in optics has a dispersive behavior, and that in general the
dielectric permittivity has a frequency dependence in the form of (A.7). If losses are
neglected, (v = 0) it is seen that in the region below the plasma frequency w, the
dielectric permittivity is negative and above is positive. In general, when losses are
taken into account, the real part of the dielectric permittivity of a metal is negative

(Refe1} < 0) within a frequency range below the plasma frequency.

— ApIPox-ifz
H,o = Ae ™

ps +/° =ks

— Ap rx-is
H,, =Ae 7

§p; + 5% =k

Fig. A.1. Schematic picture of a save propagating in the interface of air and a metal at optics

frequencies (Refeq} < 0)

Consider now a TM wave at the interface between a standard dielectric, say air (eo)
and a metal at a frequency where Re{e1} <0, see Fig. A.1. The wave in air (x > 0) can be

expressed as

Hy = Ae e (A10)
where pg + [ = kg . In the metal (x < 0) the magnetic field is written as,

H, = Ae Pre (A11)
where p?+ 7 =k? = gkZ. The continuity of H, in the interface (x = 0) implies that,

B=p (A12)

From H, the components of the electric field are readily obtained making use of
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Maxwell’s equations. In particular the z- component has the form:

H,,
Eo=—""0 (A.13)
WE,
H
— yl
Ey=m (A.14)
0“1

Applying the continuity of the tangential component of the electric field at the

interface (x = 0) is obtained:

Py = &P (A.15)

After some algebra it can be shown that:

(A.16)

Po = \/]T:S‘l (A17)

P = m (A.18)

Now, if losses are neglected and at a working frequency below the plasma frequency,
dielectric permittivity is purely real and negative (e1 = -|&1|) and the previous

relations become:

&
=K
B =k -1 (A19)
p - jo
Y (A.20)
PALY .
P = 1—15: =—ja (A21)

For the particular case when |é&1|> 1, then it is obtained a propagating wave in the z
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direction (in the interface) and evanescently decaying (from the interface to the
respective media) in x direction. This kind of wave is the plasma wave. When losses
are taken into account (¢ > 0) the resulting wave has complex values of B, po and ps,
i.e. it has propagating and evanescent components in x and z directions. Anyway, if
losses are low (¢ << |e1|) then the wave is essentially propagating in z and
essentially evanescent in x. These waves are called plasmons and can exist in the

interface of media of Re{e;} < 0 and Re{ggp} > 0.
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Chapter 3

Enhanced Transmission Through Slits In
Corrugated Metallic Planes: Slit+Grooves
Structures.

After the first report of Extraordinary Optical Transmission
(EOT) through two-dimensional subwavelength hole arrays, a
great research effort was developed, both from the theoretical and

the experimental point of view.

In this chapter, first, it is given a brief historical description of
the evolution from the hole array case to the single aperture on
texturized metallic plane. The similarities and differences with the

hole array are highlighted.

Then, the slit + grooves structure is compared with alike
structures well-known in the microwave and millimeter wave

range, and the main differences are pointed.

Later, the translation of the results obtained by other authors
in the optical regime is experimentally proven in microwaves and
millimeter waves. The mechanisms of the transmission
enhancement are experimentally studied in detail. Also, the

beaming capability of the structure is checked.

Finally, a technological advance is given by presenting several
low-profile and all-metallic antenna prototypes based on these
phenomena. Simulation as well as experimental results are
obtained that show the feasibility of the proposed prototypes for
applications in different wireless systems, like base station, WLAN

in millimeter waves, and radiofrequency links.
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3.1 Evolution from Ebbesen’s experiment
towards the understanding of metallic

structured surfaces.

After the first report of Extraordinary Optical Transmission (EOT) through sub-
wavelength hole arrays [EBBE 98], many other works were boosted, both theoretically
and experimentally. As it has been detailed in the previous chapter, the first attempts
to explain the phenomenon identified the high transmittance with the coupling of
light to surface plasmons. Under this assumption, some works explored structured
surfaces to augment the transmission through a single subwavelength hole. The
strategy proposed was: first, coupling light to plasmons by means of the appropriate
surface structure and then converting plasmons in photons radiated through a small
aperture. Besides - and simultaneously with other approaches - it was developed the
study of EOT by simplifying the analysis to the easier 1D equivalent, the array of slits.
This path was worked out in parallel with the aforementioned small aperture +
structured surface method, and has the historic value to have been essential in the
diffraction description of the phenomenon. In the following it will be presented in
chronological order the different milestones leading towards enhanced transmission

through slits in grooved metallic planes.

In 1999, Grupp et. al [GRUP 99] investigated the transmittance through a metallic
surface drilled with holes and structured with dimples (circular indentations). They
found an improvement of transmission when holes were surrounded by the
structured surface. The reasoning made was that the dimples can give the support for
the plasmon excitation that contributes to the enhancement. Also in 1999, Treacy
proposed the first attempt of EOT elucidation based on slit arrays and obtained
[TREA 99] good theoretical results in terms of dynamical diffraction, thus opening a
new line of analysis different from the surface plasmon formalism. Almost
simultaneously Porto et al. [PORT 99] studied slit arrays under the plasmonic point of
view and identified two different mechanisms for the transfer of light from the input
to the output face, namely: excitation of coupled surface plasmon polaritons on both

surfaces and the coupling of incident light to slit waveguide resonances.

Later on, Avrutsky and co-workers [AVRU 00] published an attempt to explain EOT

following the same surface plasmon approach. Importantly, they found that EOT can
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exist by only imposing some periodicity in the interface corrugation, a conclusion that
supports in some manner the results obtained in [GRUP 99]. Went et al
experimentally examined the transmission properties of metallic slit arrays and gave a
simple explanation in terms of Fabry-Pérot cavities [WENT 00]. In the same path,
Takakura [TAKA 01] studied the transmission of a single slot on a thick metallic plate
and concluded with the same argument of Fabry-Pérot-like resonance (the
experimental case was explored later by Yang and Sambles in [YANG 02]). Takakura
suggested that the same analysis with arrayed slots could be used to clarify EOT
mechanism. Shortly after, Went and Sambles presented measured reflectivity results
on grooved gratings at microwave frequencies and found that the spectrum was
strongly wavelength dependent [WENT 01]. The frequency details were attributed to
the resonant excitation of self-coupled surface plasmon polaritons in the cavities of the
samples, despite of the fact that surface plasmons do not exist in metals at microwaves
frequencies. In [HIBB 01] it was prolonged the experimental analysis of slit arrays in
the microwave regime. The enhanced transmission was attributed to the excitation of
resonant waves in the cavity and to the coupling of surface-plasmons at the entrance

face.

By the end of 2001, Thio and collaborators [THIO 01] presented a paper continuing the
master line introduced in [GRUP 99]: they sought enhancement of transmission
through a single aperture. With this purpose, two different cases of subwavelength
opening on structured metallic surface were experimentally explored: hole + dimples
array and hole + concentric circular grooves. With the latter (optimal) geometry a
transmission enhancement of a factor of 3, compared to the single hole case, was
observed. They interpreted the enhancement as an effect of surface plasmon coupling
to the incident light. The work was complemented with the technological
investigation published in [THIO 02]. Later on, the paper by Cao and Lalanne [CAO
02] came to declare that surface plasmons actually could be playing a negative role in
the transmittance of slit arrays. They found that high transmittance is mainly due to
waveguide mode resonance and diffraction and that in the frequencies of surface
plasmons excitation transmittance falls off to nearly zero. Meanwhile, Lezec et al.
published an influential paper [LEZE 02] where the enhancement of transmission with
a grooved surface was presented in detail. Concentric rings, as well as parallel strips
grooves, were examined and a clear enhancement was observed. A strong angular

dependence in the transmission was reported both theoretically and experimentally.
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By the end of 2002, Treacy insisted in the dynamical diffraction theory to explain EOT
in slit arrays [TREA 02], recognizing implicitly the possibility to extend the results to

other frequency regimes where plasmons do not exist.

In 2003, Sarrazin et al. presented a work [SARR 03] where EOT was attributed to
resonant Wood anomalies, which are intrinsically related to periodic structures. Later
on, Garcia-Vidal and co-workers [GARC 03] gave the theoretical explanation of the
results presented in [LEZE 02]. They identifid three mechanisms to enhance
transmission through a slit on a textured metallic surface: groove cavity mode
excitation or cavity resonance, in-phase groove reemission which depends directly on
the periodicity and slit waveguide mode or, in other words, the aforementioned
Fabry-Pérot cavity resonance noticed by Takakura [TAKA 01]. In this work, the
authors talked only about geometrical parameters and did not give plasmons a
fundamental role in the enhancement, contrary to what was said in the former work
[LEZE 02]. Thus, they explicitly opened the way to the exploration of these results in
other regimes like microwaves and millimeter waves. As an alternative approach
Oliner and Jackson [OLIN 03] and Zhao et al. [ZHAO 03] modelled these phenomena
as a leaky mode excitation, which in optics is a leaky plasmon mode, while in
microwaves and millimeter waves is a standard leaky wave excited by the periodic

corrugation.

3.2 Antecedents in microwaves: corrugated
planes.

Corrugated planes have been extensively used in microwaves in many applications
and prominently in the antenna community. Travelling wave antennas normally use
corrugated planes as support for guidance of TM waves. Depending essentially on the
periodicity these antennas are classified in two groups: Surface-wave antennas, based
on slow waves and with end-fire radiation and leaky-wave antennas, based on fast
waves and with frequency dependent angle of radiation [COLL 69]. In travelling wave
antennas the radiating aperture and the feeding structure are intimately contiguous
[ELLI 03]. In Fig. 3.1(a) the schematic of a flare feed for a corrugated plane is shown.
The guided wave is gradually matched to the corrugated plane which gives the
necessary reactance to support a TM wave. Once it has been coupled to the surface

mode it can be radiated via a slow wave, or a fast wave. Usually, the periodicity is
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chosen to ensure many teeth per wavelength, d << A. The width of the teeth L is
narrow compared with the air section, L << d-L. Under these conditions TEM waves
can be excited inside the indentations, which results in the inductive reactance
necessary to couple impinging TM waves to guided surface waves. Note that this
parameter set is essentially different from those chosen in the enhanced transmission
based “slit+grooves” structures (here after referred as S+G structures), where
periodicity is usually chosen comparable to the wavelength, d = A [see Fig. 3.2 and Eq.
(3.3)]

(b)

Fig. 3.1. (a) Flared feed for a corrugated surface and structural parameters. (b) Schematic of a

Fresnel reflector.

Dielectric corrugated planes have also found application as reflectors in Fresnel
Antennas, see a simple schematic in Fig. 3.1(b) [HRIS 00]. The principle of operation is
basically the same as in Fresnel lenses but for a opaque structure. It is well known that

a standard lens modifies the optical path for the multiple rays of a wave in order to
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compensate the phase difference acquired during the propagation. In a Fresnel
reflector the grooves provide a phase shift between adjacent zones which under the
proper design conditions permits focallization. Fresnel reflectors are usually used as a
planar alternative to paraboloid reflectors. Design of Fresnel reflectors take as input
parameters the two focii distances, object and image. From these are obtained the
diameters of the various zones, with an increment between adjacent zones that is not
constant in general. This constitutes a dissimilarity with the S+G structures, where the

radius increment, or period, between metal corrugations is constant.

Other important difference is that S+G structures are used in transmission. Fresnel
formulas can also be used to construct Fresnel lenses. The phase difference between
adjacent zones is usually achieved by using dielectric materials with different
dielectric constant. Other approach due to Soret consists of shielding even (or odd)
zones with a metallic leaving opened the odd (or even) zones. In contrast S+G
structures present only a tiny central aperture and enhances transmission with the

corrugations.

3.3 Microwave range enhanced transmission
and beaming.
The remarkable results presented by Lezec et al. [LEZE 02] showing in the optical

range strong beaming and high transmission through small apertures on a textured
metallic plane and the theoretical discussion developed in [GARC 03] showing that
geometrical parameters are sufficent to obtain the aforementiones features, opened the
path for a new application of corrugated planes in the microwave range. In this range
it had already been tested the transmission through a slit surrounded by two grooves

[HIBB 02]. It remained still the study of enhancement with a grating.

a<<A (3.1)
W~ (anlﬂ (3.2)
d=~A (3:3)
h~ M (3.4)
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In order to check this possibility, the structure of Fig. 3.2 was constructed by using
numerical control workshop in an aluminum plate of thickness 1 = 8 mm. It consists of
a narrow central slit of width 2 = 2 mm flanked by a finite number of grooves of the
same width and depth w = 3 mm, 15 grooves on either side, with periodicity d = 20
mm on a metallic plane. The analysis of this S+G structure is given in [GARC 03]
assuming perfect electric conductor boundary conditions at the metal and a modal
expansion of the electromagnetic fields inside the grooves and in the central slit. To
excite the grooves’ resonance the impinging wave must be TM, i.e. H directed along y.
The set of parameters that optimizes the transmittance is given in [GARC 03] and
reproduced here (Egs. (3.1)-(3.4)). With this structure two different experiments were
carried out: transmission and beaming measurements.

d d W

— e — e

®
®
®

a=2 mm; d=20 mm; h=8 mm; w=3mm;N=15

(@) (b)

Fig. 3.2. Schematic of the slit + grooves structure for measurement in the microwave range with
the numerical value of the parameters (a) and photograph of the fabricated prototype placed on

the support (b)

3.3.1 Transmission results.

The measurement of the structure is made by means of an antenna test range and a
HP8510C Vector Network Analyzer (45 MHz-26 GHz). The frequency span extends
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from 10 to 18 GHz. In this frequency range, the slit-aperture to wavelength ratio is
around 0.1 (0.12 at 18 GHz). A photograph and schematic of the experimental setup is
shown in Fig. 3.3. It consists of an emitting horn antenna placed at a fixed distance of
50 cm rear the sample, and a receiving horn antenna moving along a vertical mast
from 25 to 275 cm with a step of 25 cm. It can be seen that the metallic plate is
surrounded by absorbing material in order to avoid spurious effects due to
diffraction. Two different cases have been tested: Corrugations at the input face or

input corrugation (IC) and corrugations at the output face or output corrugation (OC).

A

[1 Antenna 1l

Height sweep:
*251t0 275 cm
estep 25 cm

275m

T Aluminum plate
with slit + grooves

Antenna 2

0.5m

(@) (b)
Fig. 3.3. Photograph of the experimental set-up (a) and schematic with the relevant parameters

(b) for the transmission measurements of the slit+ grooves structure.

The experimental results are shown in Fig. 3.4. In panel (a) it is shown the
transmission for the IC case and selected distances of the receiving antenna. It can
readily be seen a clear resonance around 13.5 GHz, the design frequency, followed by
a minimum of transmission at 14.5 GHz corresponding to the Rayleigh-Wood
anomaly. For an infinite structure and under normal incidence, Rayleigh-Wood
anomaly should occur at A = d, that is, at f = 15 GHz. In this case it is shifted towards
lower frequencies, as usually happens in finite systems. It is also observed that the

spectrum is basically uniform for all the distances. The power level decreases as the
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distance is increased, thus accounting for propagation losses in free space. A sharp
ripple with decreasing level as the receiver distance is increased appears. This ripple is
most likely related with a Fabry-Perot like resonance in the cavity formed by the

metallic sample and the receiving antenna.

-50
-60
g | “ ‘N
~ ,"' \\M‘ c
3 LA )
(T
A" .‘ \
-90 4 dist=50 cm L W \
dist=100 cm y
dist=150 cm
dist=200 cm
-100 T T T 1
10 12 14 16 18
frequency (GHz)
(@)
-50
o
RS
N
—
[}
90 - dist=50 cm
dist=100 cm
dist=150 cm
dist=200 cm
-100 T T T
10 12 14 16 18

frequency (GHz)

(b)
Fig. 3.4. Measured transmission spectra for various distances of the receiving antenna for

corrugations facing the emitter (input corrugation, IC) (a) and corrugations facing the receiver

(output corrugation, OC) (b).
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Panel (b) displays the measurement for the OC case and the same receiver distances.
Here a clear resonance around 13.5 GHz is also noticed. However, in this instance the
shape of the spectrum depends on the distance. All along the spectrum the power
level decreases with increasing distance, but the resonance is sharper and better
defined as the distance is incremented. Again a ripple due to Fabry-Pérot resonance is

observed, being more pronounced for short distances.

.
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Fig. 3.5. Post-processed measured power corrected by the substraction of free-space
propagation loss for the IC case (a) and OC case (b).
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The reason for this dissimilar behavior in the IC and OC cases is pointed out in
[GARC 03]. Corrugations facing the emitter optimize the amount of collected power,
while corrugations facing the receiver focus the power in singular angular directions.
Thus, under IC illumination the collection of power is the same regardless the
distance of the receiver, as the path transmitter - sample remains unaltered. The
power collected is coupled to the output face across the central slit and is isotropically
radiated (actually a cylindrical wave), like a long and narrow slot on a metallic plane.
In this way, the measured spectra show the same shape for all the receiver distances
and only a power decay related with the propagation loss of the cylindrical wave is
observed. This can be plainly observed if propagation-loss is substracted from the
experimental data, see Fig. 3.5(a): the spectra present essentially the same features and

the resonance is insensitive of the receiver location.

On the other hand, the results for the OC illumination differ for the several receiver
distances. Now a tiny fraction of power is coupled through the slit. This power is re-
radiated by the periodic structure of the output face, which contributes to the field
radiated by the slit alone. At a sufficently large distance the near field features do not
appear (farfield is recovered) and the general shape of the spectrum does not depend
on the distance, showing a peak in the zone of enhancement. Attending to Fig. 3.5(b) it
is inmediately seen that in the OC configuration the resonance is much more clearly

defined for larger distances.

The same could have been observed for the IC configuration if the transmitter -
sample distance had been increased. It is important to note that the design of the
structure is made assuming plane wave, or in-phase, excitation. Under that condition,
the resonance of the structure is sharp and well defined. Invoking reciprocity, the
results obtained in Fig. 3.4(b) can be interpreted in the reverse way, assuming that the
transmitter is moving and the receiver remains still. In that case, as the transmitter is
taken away from the structure, the illumination of the grooves is more uniform and
approximately in-phase. The overall response is a well-defined resonance for large
distances. Anyway, the best situation would be one in which both the transmitter and
the receiver would be at a sufficiently distant from the structure in order to have
approximately plane wave excitation from the transmitting side and farfield

recovering from the receiving side.

The structure in OC illumination has been simulated with CST microwave studio ™.
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Taking advantage of the existing symmetries it has been made infinite in the y
dimension. Excitation of the structure is achieved by means of a plane wave
impinging normally. Using an electric field probe located at a distance of 50 cm the
electric field is recorded. The result is shown in Fig. 3.6. It has been compared with the
measurement at that distance, after normalizing both simulation and measurement to

their respective maxima. It is noticeable the good agreement observed.
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Fig. 3.6. Simulated (red) and measured (black) spectrum for the OC configuration at a receiver

distance of 50 cm.

3.3.2 Beaming results

It has been mentioned that one of the most remarkable features presented in the work
by Lezec et al. [LEZE 02] is the strong beaming observed for this structures, in OC
configuration. In other words, it can be said that the high transmission in this

configuration is a consequence of the angular power concentration.

To measure the beaming capability the experimental set-up shown in Fig. 3.7 was
implemented. It consists of a rotary platform supporting an emitting horn antenna
illuminating with vertical polarization the sample, with both, the slot and the
corrugations, normal to the incident E-field vector. The receiving horn is fixed at 300
cm from the sample. The angular response of the structure is measured with a step of
1 deg.
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Fig. 3.7. Photograph of the experimental set-up for the farfield measurements (a) and schematic

with the constituent parameters (b)

The results of the beaming measurements are given in Fig. 3.8. for the E-plane in panel
(a) and the H-plane in panel (b). Three cases have been investigated: single slit (black),
OC (red) and IC (blue). It is seen that in the H-plane no beaming is observed, but only
the effect of the finite metallic plane on the radiation of the central slot. On the
contrary, in the E-plane case the features observed are much more interesting. First,
for a single slit an uniform level of power oscillating around -78 dB is seen for all
directions. For the IC case, the efficient collection of power achieved when the
corrugations face the emitter produces an improvement of about 5 dB with no
privileged directions.Things change radically when corrugations are faced to the
receiver. In the OC case, the power is strongly focused in the normal direction and
undergoes an enhancement of 13 dB within a very narrow angular range. For any
other direction, the level of signal is very similar to that of the single slit. The -3 dB

angular aperture in this case is = 3 deg.

A nice graphical picture of the near-field behavior of the OC structure is obtained with
CST Microwave Studio ™. It has been plotted in Fig. 3.9 the power profile in the x-z
plane at the frequency points highlighted in Fig. 3.6. It is apparent that the S+G
topology in the OC configuration acts as an angular scanner as the frequency is swept.
This is in good agreement with the leaky wave formalism [OLIN 03] [ZHAO 03]. The
radiation angle in leaky wave antennas can be tuned with frequency. In the particular
case of S+G, the corrugations at each side of the central slit radiate at the same angle

but in opposite x direction, a fact that is clearly shown in Fig. 3.9(c) and (d). The
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contribution of both sides is optimal in near-broadside radiation (Fig. 3.9.(b))
producing a narrow main lobe around 0 deg. Besides, the grooves and central slit
resonances have also been tuned to that frequency, resulting in a maximum of

radiation for the design frequency.
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Fig. 3.8. Angular pattern in the farfield measurements and three different cases: single slit
(black), OC (red) and IC (blue). (a) E-cutting plane (b) H-cutting plane.
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600 mm

Fig. 3.9. Power profile in the x-z plane for the OC configuration and four different frequencies:
(a) 12 GHz, (b) 13 GHz, (c) 14 GHz and (d) 14.84 GHz. The parameters of the structure are as
given in Fig. 3.2.

A major part of the results shown in this section have been published in Article 3.1.

Subsequent experimental results in the microwave range appear in [SENA 05].

3.4 Millimeter-wave enhanced transmittance
and reflectance: quasioptical illumination

In this section, the results of the slit + grooves structure are extrapolated to the
millimeter wave frequency range. Five aluminum samples were fabricated by means
by micromachining milling technique. The schematic and the photograph of the
prototypes are shown in Fig. 3.10. All the aluminum wafers have an external diameter
of 62.4 mm, with parameters, following the notation of the figure: 2 = 0.6 mm, d = 3
mm, w = 0.48 mm, and N = 5. To evaluate the enhancement obtained when the metal
is textured, plates with only central slit and plates with one face grooved were

constructed. Two different metal thicknesses were used: h =1 mm, & = 1.5 mm. An
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extra sample with grooves on both faces and i = 1.5 mm was also constructed and

measured.
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Fig. 3.10. (a) Schematic of the slit + grooves structure for measurement in the microwave range.
The electromagnetic wave impinges normally to the structure the electric field polarized along
x. (b) Photographs of four samples analyzed in the experiments with: a = 0.6 mm, w = 0.48 mm,

d =20 mm, h =1 mm and 1.5 mm. Not shown the prototype with grooves on both faces.

The measurement of the prototypes was made by using an AB-millimetre ™ Millimeter
Wave Vector Analyzer with capability to make measurements in the frequency range
from 40 to 260 GHz. In this case, the span was restricted to the W-band which extends
from 70 to 110 GHz. The experimental set-up makes use of the quasioptical
illumination described in the section 2.3.1. A graphical picture of the whole

experimental set-up is shown in Fig. 2.5.

For the transmission and reflection measurements the abovementioned cases were
explored: single slit, input corrugation (IC) and output corrugation (OC). In addition,
the combined effect of input and output corrugations (IOC) was tested with the

double face grooved sample.

The results are plotted in Fig. 3.11, where the reflection coefficients are represented
with dashed traces and the transmission coefficients with solid lines. The single slit

case is drawn in black, the OC one in red and the IC in blue.

In panels (a) and (b) are shown the results of the wafers of thickness 1 =1 mm and h =
1.5 mm respectively. The IOC (h = 1.5 mm) is in panel (c). It is readily seen that the

transmittance around 90 GHz is enhanced when the metallic plane surrounding the
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slit is grooved in any of the configurations measured.

Comparing panels (a) and (b) it is observed that the best transmittance is achieved
when i = 1.5 mm. In this case the transmission in IC and OC is essentially the same,
whereas for 1 = 1 mm, the transmission is better in the IC configuration. Attending to
the reflection coefficient, a sharp resonance is detected for the IC case. In the OC case

the measurement is very similar to the single slit situation.
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Fig. 3.11. Experimental transmittance spectra for (a) structure with only one face corrugated
and plate thickness / =1 mm; (b) the same with /# = 1.5 mm; and (c) structure with grooves on
both faces. Notation: dashed line respresents reflection coefficient; solid line represents
transmission coefficient; black curve is the single slit response; red lines are for the OC case
(grooves facing the receiver); blue lines are for the IC case (grooves facing the emitter); green

lines are for the IOC case.

Notice that this results back up in an alternative way the proposition made in [GARC
03] for the enhancement in these structures. With IC configuration, the improvement
is a consequence of the efficient collection of power achieved with the grooves, which
is manifested in a sharp dip in the reflection coefficient and a growth in the
transmission. The enhancement in the OC configuration is accomplished by means of
in-phase groove re-emission. In this case only the transmission is raised up, and the
reflection coefficient does not present any notable feature, resembling that of the

single slit.

Furthermore, a comparison between panel (c) and panels (a) and (b) shows that
transmittance is clearly enhanced when grooves are milled on both faces (IOC
configuration) with an improvement of around 3 dB with respect to IC and OC
configurations and up to 9 dB with respect to the single slit. This is the result of the
combination of both effects: efficient power collection on the input face (IC) and

efficient beaming on the output face (OC). It should be noted, however, that full
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transmission is not available because the incident circular symmetric Gaussian beam
is broken in the slit and the transmitted quasi-cylindrical beam is not well matched to
the last pair of mirrors. The reflection coefficient is apparently noisy, with two distinct
adjacent peaks. The reason for this could be an inaccurate matching of the grooves on

both faces due to fabrication tolerances.

The results shown in this section are developed in Article 3.2.

3.5 Application to all-metallic low-profile
antenna feeder prototypes based on “slit
+grooves” structures.

It has been proven that narrow apertures on a textured metallic plane also presents
enhancement of transmission in the microwave and millimiter wave range, as
happened in optics. Appart from the obvious interest in replicating the results
obtained in optics, several features make these structures interesting from the

engineering point of view:

» All metallic: This is desirable in applications where dielectrics can be a
major drawback. For instance, in space applications dielectrics may harm a
communication system due to the dependence of their electrical parameters
on temperature. The cosmic radiation can severely degrade the dielectric’s

performance.

» Low profile: The structure consists of a flat metallic plane with no special
profile, which makes it useful and handy. A flat plane is much easier to fit

than a paraboloid for example.

» Low cost design: The design is easy and immediate, with no intrincate

corners or curves.

» Strong beaming in broadside: This characteristic is very valuable in the

design of directive antennas.

Up to this point, these structures have been used as a special kind of metallic lenses:
an emitting antenna illuminates from the rear the metallic plane which in turn re-
emits power to the receiver. It would be very profitable having all the radiating

system in a single device, and not only as a radome. A possible option is to connect a
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coaxial-to-waveguide transition as the feeding of a slit on corrugated metallic plane.
To avoid leakage and mismatch, the central slit is transformed into a slot, i.e. the

lateral walls are brought closer, see Fig. 3.12.

d

Feed waveguide

T

Fig. 3.12. Schematic of the waveguide feeding arrangement and the replacement of the infinite

slit by a practical slot.

With these two ingredients a single piece radiator can be designed. The first objective
to accomplish is ensuring a good level of coupling through the central slot. This can be
achieved by exciting a resonance inside the cavity. For infinite slits, the standard
procedure has been to use the longitudinal dimension (the metal thickness) to excite a
longitudinal resonance. But having a finite slot, the lateral dimension can also be used
to excite a transversal resonance. This approach has many advantages as will be
apparent in what follows. Once the slot is in resonance and coupling power to the
output face, the radiation performance is molded with the grooves, i.e. the structure is
working in the OC configuration. This results in a rich variety of all-metallic and low

profile antennas.

Metallic antennas have been developed in Article 3.3, Article 3.4 and Article 3.5
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3.5.1 High gain and low profile “Slot + 12 grooves” antenna.

The first antenna prototype implemented with this technique is the “Slot + 12 grooves”
antenna shown in Fig. 3.13. This antenna is a direct extension of the S+G structure
shown in sections 3.3 and 3.4. The feeding is realized by means of a coaxial-to-
waveguide transition and the lateral dimension of the slot is reduced. The horizontal

dimension of the metallic plate has also been reduced since the slot is finite.
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Fig. 3.13. Schematic with the antenna dimensions (a) and photographs of the “slot + 12 grooves”

structure (b)

In Fig. 3.14 it is plotted the magnitude of the total surface current distribution of the
antenna at the longitudinal resonance frequency. In panel (a) is the current inside the
slot and in panel (b) the distribution on the output surface. The grooves’ depth has
been tuned to resonate at the working frequency. This resonance is accompanied by a
power leakage or radiation which makes the current be more intense in the grooves
near the slot. From a leaky-wave point of view, this resonance is not necessary, since
only a periodic structure is needed. Anyway, making the grooves resonant helps in
coupling power to radiation. Due to this resonance, the power is efficiently radiated
with a reasonable small number of grooves which is important in designing short

enough structures.
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Fig. 3.14. Simulation result of the surface current distribution inside the central slit in its

longitudinal resonance (a) and on the output surface (b)



Enhanced Transmission In Slit + Grooves Structures -73-

E-plane flat (dB)
——— H-plane flat (dB)

Fig. 3.15. Simulation results for the 3-D farfiel diagram (above) and polar diagram (below) for

single slot on a finite perfectly conducting flat plane (a) and for the “Slot + 12 grooves” antenna

(b).

To observe the improvement introduced by introducing grooves in the plane, it is
shown in Fig. 3.15 the farfield radiation patterns obtained with CST Microwave
Studio ™ for a finite slot on a finite perfectly conducting flat plane, panel (a), and for
the antenna prototype at the working frequency of 16.5 GHz. Both the three-
dimensional farfield pattern and the polar E- and H-planes are plotted. For the flat
plane case a gain of more than 6 dB is predicted with an almost isotropic diagram.

When corrugations are included in the metallic plane the gain is boosted up to 15.4
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dB, more than 8.9 dB than for a flat metallic plane. It is clear in the polar plot the

enhanced directivity in E-plane.

[ -

— T |
EMCO 3115 Horn Antenna

! PROTOTYPE

.. ¥

HP8510
Network Analyzer

Fig. 3.16. (a) Schematic of the experimental set-up for the measurement of the antenna
prototypes based on enhanced transmission “slit + grooves” structures. (b) Photograph of the

experimental set-up in the anechoic chamber.
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Fig. 3.17. Reflection coefficient: measurement (solid line) and simulation (dashed line). Some
discrepancies are detected at the 16 GHz resonance, probably due to meshing effects in the

simulation or tolerances in the fabrication.
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The prototype shown in Fig. 3.13(b) was constructed by numerical control machining.
By inspection of the photograph it is seen that relatively thin antennas are feasible.
The frequency response as well as the farfield characteristics were measured by means
of the LABEIN antenna test range and an HP 8510C Vector Network Analyzer (45
MHz—26 GHz), in the frequency range of 10 - 18 GHz where the slit-aperture to

wavelength ratio is around 0.1.

20

—— Flat Antenna Gain (dBi)
= EMCO 3115 Horn Antenna Gain (dBi)

15 A

Gain (dBi)
5

0 T T T
10 12 14 16 18

frequency (GHz)

Fig. 3.18. Spectral gain in the band from 10 to 18 GHz for the “Slot+12 grooves” Antenna (blue
curve) and an EMCO 3115 Horn Antenna (black line)

A calibrated standard test horn antenna was placed opposite to the antenna under test
at a distance of 2 m. Both antennas were placed 1.5 m above the ground, and this floor
was properly covered with absorbing material to obtain full anechoic conditions. The
prototype under test was located on a rotary platform to measure its farfield radiation
pattern. The experimental set-up is depicted in Fig. 3.16 with a picture of the actual

experiment.

The experimental reflection coefficient is given in Fig. 3.17 along with the simulation
result. Two resonances are detected, one around 13 GHz and the other around 16
GHz, corresponding respectively to transversal slot resonance and longitudinal slot
resonance. Some discrepancies are observed in the upper resonance probably due to
non perfect meshing and/or tolerances of fabrication. Notice also that the metal
thickness is & = 12 mm which is not the A/2 resonance for 16.5 GHz in a closed cavity,

which is around 9.1 mm. The reason is that the slot is bounded by a waveguide on one
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side and the free-space on the other, which is essentially different of a perfect reflector

boundary. The final value of the metal thickness is tuned to resonate at the desired

frequency with the help of the simulator.
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Fig. 3.19. Farfield diagrams in cartesian coordinates normalized to the maximum power for the

measured “Slot+12 grooves” Antenna (solid blue curve) and an EMCO 3115 Horn Antenna

(solid black line). Also shown the simulation results in dashed blue line. The better directivity is

seen in the E-plane (panel (a)) whereas in the H-plane the antenna is less directive (panel (b)).
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By means of the gain-transfer (gain-comparison) method, the antenna gain is measured
[IEEE 79]. An 18 dB value at the design frequency is obtained, see Fig. 3.18. Note that
the standard horn antenna has a gain of 12 dB at the same frequency. By inspection of
Fig. 3.17 it can be concluded that the proposed antenna works well at the design
frequency, presenting a peak of gain 6 dB higher than that of the standard horn
antenna. The angular behavior of the antenna is also tested in the range from 0 to 120
degrees. The results are given in Fig. 3.19 in cartesian coordinates and normalized to
the maximum power. The simulation results and the diagram of a standard horn
antenna are also included. Reasonable agreement with simulation can be observed for
the E- and H-planes (correspondingly panel (a) and panel (b)). The measured farfield
shows nice features in directivity with a -3 dB angular width of 12 degrees in the E-
plane and 30 degrees in the H-plane. As expected, the directivity is better in the E-
plane, as happens in these structures where the current density is distributed

preferently along the vertical (E-field) direction.

3.5.2 lIsotropic enhanced “Slot + 2 grooves” antenna.

Feed waveguide

a=2mm [ - s

60 mm

v~

h=12mm

Fig. 3.20. Schematic with the antenna dimensions (a) and photographs of the “Slot + 2 grooves”

structure (b)

It has been seen in the previous section that the gain of a slot on a metallic plane can
be enhanced by just drilling grooves on the plane. Ideally the gain can be improved by

increasing the number of grooves. This would logically result into a more directive
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farfield pattern. However, more grooves implies a bigger structure, which can turn
out to be impractical for some applications. In this section a miniaturized version of
the aforementioned design is presented. It is the “Slot + 2 grooves” antenna, see Fig.
3.20, that shares many features in common with the previous one and will be

explained in less detail.

o TN | s am

Fig. 3.21. Surface current distribution on the output surface. At the working frequency there is a

clear grooves’ resonance.

The prototype consists of a narrow slot flanked by two grooves on a metallic plane
and fed by means of a coaxial-to-waveguide transition. It can be seen that the
parameters of the antenna have been slightly modified compared to the previous case.
The distance between the grooves and the central slot is now d = 13 mm with a groove
length L = 3 mm. This set of parameters seems to be optimal. The deviation from the
analytical formulas given in [GARC 03] may be due to the finiteness of the present
structure (with only one groove on each side). Recall that the analytical approach is

developed for an infinite slit flanked by a relatively large number of grooves.
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E-plane flat (dB)
——— H-plane flat (dB)

(b)

Fig. 3.22. Simulation results for the 3-D farfiel diagram (above) and polar diagram (below) for

single slot on a finite perfectly conducting flat plane (a) and for the “Slot + 2 grooves” antenna (b)

The simulation results obtained with CST Microwave Studio ™ shows a surface current
distribution with a clear resonance in the grooves at the working frequency, see Fig.
3.21. Farfield results are also obtained, see Fig. 3.22. It is shown the three-dimensional
farfield diagram and the polar E-plane for the present prototype (panel (b)) jointly
with the flat plane case (panel (a)). It can readily be seen a gain enhancement of 4.3 dB
when two grooves are etched on the metallic plane. The flat plane diagram is nearly
isotropic with a maximum gain of 6 dB whereas the “Slot + 2 grooves” antenna
prototype presents a gain of 10.34 dB at the working frequency. Notice that the
diagram for the flat plane case is different from the one presented in Fig. 3.15(a). The

reason for this is that the metal plate in that case was larger and this affects to the
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angular distribution of the power radiated by the slot [KRAU 02].
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Fig. 3.23. Reflection coefficient: measured (solid line) and simulated (dashed line). A good

agreement is observed.
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Fig. 3.24. Spectral gain in the band from 10 to 18 GHz for the “Slot+2 Grooves” Antenna (blue
curve) and the reference EMCO 3115 Horn Antenna (black line).

The prototype shown in Fig. 3.20(b) was measured in the frequency range from 10 to
18 GHz by using the experimental set-up of Fig. 3.16. The reflection coefficient is
plotted in Fig. 3.23 with the simulation. A good agreement is observed. The gain-
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transfer (gain-comparison) method is again used to measure the antenna gain [IEEE 79].

It gives a 10 dB value at the design frequency (Fig. 3.24). Note that the standard horn

antenna has a gain of 12 dB at the same frequency.
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Fig. 3.25. Farfield diagrams in cartesian coordinates normalized to the maximum power for the

measured “Slot+2 Grooves” Antenna (solid blue curve). Also shown the simulation results in

dashed blue line. Again the better directivity is seen in the E-plane (panel (a)) where the

currents are dominant.
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The angular distribution is measured from 0 to 180 degrees. The results in cartesian
coordinates are shown in Fig. 3.25 in panel (a) for the E-plane and in panel (b) for the
H-plane, normalized in both cases for the maximum transmission. Also included are
the simulated predictions, which show a very good agreement with the experiments.
The measurement shows a -3 dB angular width of 34 deg in E-plane and 60 deg in H-

plane.

Attending to the characteristics of the prototype it can be described as weakly
directive antenna with broadside gain enhancement of 4.3 dB compared to a single

slot on a metallic plane. The structure is flat, light, easy to fabricate and easy to fit.

3.5.3 Towards a thinner metallic antenna.

Up to now, the antenna prototypes seen have used the longitudinal slot resonance to
couple the power to radiation. It could be used as well the transversal slot resonance.
This approach has a clear advantage: the longitudinal resonance is directly dependent
on the metal thickness, while the transversal resonance depends strictly on the
horizontal slot dimension. Using the latter, the condition on the metal thickness can be
relaxed providing the possibility to design very thin prototypes. This has a direct
consequence on the weight and profile of the antennas, making them easy to handle.
In this approach, the only restriction on the metal thickness is governed by the

grooves’ depth.

The proposed prototype is shown in Fig. 3.26. Notice that the parameters have been
modified to tune the grooves’ contribution to the transversal resonant frequency, 13
GHz. Most of the magnitudes have been enlarged with respect to the antenna shown
in the last section, which was optimized at 16.5 GHz. However, the metal thickness
has been reduced due to the fact that it is no longer necessary to preserve a slot
longitude to excite a resonance. Note that in order to design a longitudinal resonance
at 13 GHz the metal thickness should have been of around h = 15 mm. With the
current transversal resonance antenna this parameter has been divided exactly by a
factor of three, i = 5 mm. The constraint for the thickness now is to provide
mechanical resistance in the section where the grooves are etched. Here a margin of

1.2 mm has been safeguarded.



Enhanced Transmission In Slit + Grooves Structures -83 -
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Fig. 3.26. Schematic of the thin antenna working at 13 GHz (a) and photographs of the
constructed prototype (b)

Attending now to the simulated current distribution plotted in Fig. 3.27 the feasibility
to obtain a good farfield response by using the transversal resonance is proven.
Perceive the clear resonance excited inside the central slot (panel (a)) which is
essentially different from the pattern in the longitudinal resonance, see Fig. 3.14(a).
Although different in nature and in field configuration, this current distribution is also
capable to excite the grooves resonance, as shown in Fig. 3.27(b). The next simulation
results (Fig. 3.28) show clearly that the transversal resonance works like the
longitudinal one in terms of the farfield. There is an enhancement in the gain of
around 4 dB, the slot on a flat plane has a gain of 6 dB, panel (a), and with
corrugations 10 dB, panel (b).

The antenna was measured in the range from 10 to 18 GHz by using the procedure
described in the previous sections, see Fig. 3.16. It is interesting to observe the
reflection coefficient shown in Fig. 3.29. With the present compact antenna prototype
both simulation and measurement show a single resonance around 13 GHz (A = 23
mm), which matches with the transversal slot A/2 resonance (lateral dimension b =
11.54 mm). The longitudinal resonance has disappeared from the measurement range
and has been translated towards higher frequencies. The gain curve has also been
measured and computed by the gain transfer method. It is shown in Fig. 3.30. A
maximum gain of 10 dB is obtained at the working frequency. Notice that the

reference horn antenna presents there a gain of 12.5 dB.
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Fig. 3.27. Surface current distribution inside the central slit at its transversal resonance (a) and

on the output surface (b). Notice that the grooves can be excited with this new resonance.
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@) (b)

Fig. 3.28. Simulation results for the 3-D farfiel diagram (above) and polar diagram (below) for
single slot on a finite perfectly conducting flat plane (a) and for the “Compact Slot+2 grooves”

antenna(b)
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Fig. 3.29. Reflection coefficient: measured (solid line) and simulated (dashed line). A good

agreement is seen.
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Fig. 3.30. Spectral gain in the band from 10 to 18 GHz for the “Compact Slot+2 grooves” antenna
(blue curve) and the reference EMCO 3115 Horn Antenna (black line)
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Fig. 3.31. Farfield diagrams in cartesian coordinates normalized to the maximum power for the

measured “Compact Slot+2 grooves” Antenna working in the slot transversal resonance regime

(solid blue curve). Also shown the simulation results in dashed blue line.

Finally, the angular distribution from 0 to 60 degrees at the resonance frequency is

measured. The results are given in Fig. 3.31 normalized to the maximum in cartesian

coordinates and compared with the simulation results. A good agreement is seen

between simulation and measurement. The experiment shows a -3 dB angular width
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of 32 degrees in E-plane and 56 degrees in H-plane. Again the directivity is better in
the E-plane. Thus, with the transversal resonance, the current density is mainly

distributed along the vertical (E-field) direction, as happens with the longitudinal one.

3.5.4 Dual-band antenna.
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Fig. 3.32. Schematic with the dual antenna working at 13 GHz and 16.5 GHz (a) and
photographs of the constructed prototype (b)

In the preceding sections two small and low profile metallic antennas have been
exposed. It has been shown that by using both longitudinal and transversal slot
resonances and by etching grooves on the metallic plate radiation is enhanced. Due to
the fact that some wireless applications demand the capability of dual-operating-
frequency band, it has been explored the possibility to extend the current design for
that desired dualband operation. It is clear that the two slot resonances can be
independently tuned. Attending to the design rules (Egs. (3.1)-(3.4)) and to the results
shown in sections 3.4.2 and 3.4.3, it is seen that all the antenna parameters are
frequency dependent. In principle, grooves’ distance and depth can be accurately

tuned to work at a single frequency.

The dual antenna is shown in Fig. 3.32. In panel (a) is shown the antenna schematic
with the parameters. The working frequencies proposed for the prototype are those
utilized in the previous sections. The lateral dimension of the slot (b = 11.54 mm) is

tuned to resonate at fi = 13 GHz (transversal resonance) and the metal thickness
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chosen (h = 12 mm) is resonant at f = 16.5 GHz. Notice that the grooves’ parameters

are tuned as in the preceding sections without modifications.

25 A/m 25 Afm

sem o ] o/
@) (b)

Fig. 3.33. Surface current distribution at 13 GHz (a) and 16.5 GHz (b). Above is shown the
central slit resonance, which is transversal in (a) and longitudinal in (b). Below is the current at
the output surface Notice that the grooves are only excited at the design frequency and remain

almost transparent for the other frequency band.
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Fig. 3.34. Simulation results for the 3-D farfield diagram and polar diagram for the Dual
Antenna in the transversal resonance (a) and the longintudinal resonance (b). The same for a flat

metallic plane at the same frequencies, (c) and (d)

The simulation of the surface current distribution shows clearly that the design of the
two operating bands can be made independently, see Fig. 3.33. The grooves are
operating only at their resonant frequency being practically transparent in the other
band. The slot also works independently in both frequency bands. The farfield
characteristics are shown in Fig. 3.34. Both bands have been represented with the
three-dimensional diagram and the polar E-plane diagram. The farfield at 13 GHz is

in panel (a), and at 16.5 GHz in panel (b). For comparison purposes also are shown the
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farfield diagrams for flat metallic plane at both frequencies, 13 GHz in panel (c) and
16.5 GHz in panel (d). A clear improvement in the gain of the antenna of around 4 dB

is seen for both frequencies.
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Fig. 3.35. Reflection coefficient: measured (solid line) and simulated (dashed line). A good

agreement is seen with two clear resonances at 13 GHz and 16.5 GHz.

20

10 "_/\/—\

Gain (dBi)

Dual Band Flat Antenna Gain (dBi)
—— EMCO 3115 Horn Antenna Gain (dBi)

-30 T T T
10 12 14 16 18

frequency (GHz)

Fig. 3.36. Spectral gain in the band from 10 to 18 GHz for the Dual Band Antenna (blue curve)
and the reference EMCO 3115 Horn Antenna (black line).
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Fig. 3.37. Measured farfield diagrams in cartesian coordinates normalized to the maximum
power for the measured Dual Band Antenna. (a) E-plane in the slot transversal resonance
regime. (b) H-plane at the same frequency. (c) E-plane in the slot longitudinal resonance. (d) H-

plane at the same frequency.

The antenna shown in Fig. 3.32(b) was measured in the band between 10 GHz and 18
GHz with the technique described in the preceding sections. The results of the
reflection coefficient show plainly the two resonances excited in the central slot, see
Fig. 3.35. Simulation and measurement curves agree well, with some discrepancies in
the longitudinal resonance, probably due to insufficent mesh in the simulation or to
tolerances in the fabrication process. The broadband gain behavior is also obtained by

using the gain transfer method [IEEE 79] and is compared to the gain of a reference
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horn antenna, see Fig. 3.36. Two clear peaks of transmission are detected
corresponding each one to the two design frequencies. At the frequency of 13 GHz a
peak of 10.4 dB is measured whereas at 16.5 GHz it is around 9 dB.

In a similar way as in the previous sections, the farfield diagram is measured. The
results in cartesian coordinates and normalized to the maximum are shown in Fig.
3.37. In panels (a) and (b) are shown the E- and H-plane at 13 GHz respectively. In
panels (c) and (d) are plotted the E- and H-plane polar diagrams at 16.5 GHz. A good
agreement can be seen between simulation and measurement. The measured -3 dB
angular width is of 20 degrees in the E-plane (Fig. 3.37(a)) and 50 degrees in the H-
plane (Fig. 3.37(b)) at 13 GHz, whereas these value change for 16.5 GHz into 30
degrees in the E-plane (Fig. 3.37(c)) and 40 degrees in the H-plane (Fig. 3.37(d)).

3.5.5 High gain “Bull’'s-Eye” antenna.
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Fig. 3.38. Schematic with the “Bull’s-Eye” antenna (a) and photographs of the constructed

prototype (b).

Up to the present section, all the prototypes taken into account are framed in the “slit
+ grooves” structure. All of them consist of a narrow aperture surrounded by straight

corrugations. In this section the grooves are given revolution simmetry, see Fig. 3.38.
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(b)

Fig. 3.39. Simulated surface current on the output metallic plane for a single slot on a flat

metallic surface (a) and for the “Bull’s-Eye” antenna prototype (b).
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Due to its characteristic shape, this structure is named “Bull’s-Eye” antenna and is a
modified version of the presented in [LEZE 02]. In that work, the “Bull’s-Eye” was
used as a planar metallic lens. It was illuminated with a plane wave by the rear and
the power was collected at a long enough distance where the outcoming plane wave
could be considered completely recovered. The power was coupled through a sub-
wavelength hole in the center and transmission enhancement was ascribed to the
metal texturization. The same procedure has been applied in experiments realized in
microwaves [LOCK 05], [CAGL 06] using the “Bull’s-Eye” as a lens.

Y
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T 20, 180 T 24
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Fig. 3.40. Simulation results for the 3-D farfiel diagram (above) and polar diagram (below) for

single slot on a finite perfectly conducting flat plane (a) and for the “Bull’s-Eye” antenna (b)
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In the present antenna, the central sub-wavelength aperture has been replaced by the
slot presented in the precedent sections. It has been done this way in order to ensure a
good level of coupling. Second, the excitation is made by means of the aforementioned
coaxial-to-waveguide transition. The design procedure is the same as in the precedent
sections. A final tunning with the simulator is needed to optimize the antenna gain in
the working frequency. The final parameters are given in Fig. 3.38(a) and several

photographs of the prototype are shown in Fig. 3.38(b)

Watching the simulated surface current on the output metallic surface for the flat
plane case, Fig. 3.39(a), it is clear that a good geometrical choice for the grooves is the
annular shape. After adjusting the construction parameters a good resonance can be
excited inside the corrugations, see Fig. 3.39(b), which is essential to improve the

farfield characteristics.

The farfield behavior in the simulation results of Fig. 3.40 establishes clearly that
giving rotational simmetry to the corrugations boosts the gain. There is an
improvement in radiation of more than 13 dB for the “Bull’s-Eye” antenna compared
to a flat metallic plane. The prototype presents a simulated gain at broadside of 18.35

dB at the working frequency, whereas for a metallic plane is situated around 5 dB.

As usual, the antenna was constructed by numerical milling machining and measured
by the LABEIN antenna test range in the frequency band from 10 to 18 GHz. The
reflection coefficient shown in Fig. 3.41 shows the two aforementioned resonances.
The agreement between simulation and experiment is good with a slight deviation in
the resonance around 16.5 GHz probably due to tolerances in the fabrication process.
They have a positive effect since the resonance is intensified. The measured gain (Fig.
3.42) has a peak in the design frequency with a maximum value of 21 dB. Note that
this is higher than the simulation prediction. It seems that this increment in gain is

related to the enhancement of resonance ascribed to the tolerances.

The angular distribution measurement is presented in Fig. 3.43 in cartesian
coordinates and normalized to the maximum power. In this case, also the cross-
polarization was measured. There is evidence of the strong beaming obtained for the
E-plane (panel (a)) and the low cross-polarization level, more than 30 dB. A narrow -3
dB angular width of 6 degrees is measured. The side lobe suppresion level is better
than -15 dB. For the H-plane the cross-polarization level is near 25 dB. The strong

beaming seen in E-plane can be explained by considering the surface current



-08 -

Millimeter Wave Extraordinary Transmission

distribution of Fig. 3.39(b), where the current density is higher in vertical direction
that corresponds to E-plane.
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Fig. 3.41. Reflection coefficient: measured (solid line) and simulated (dashed line). A good
agreement is seen, with a deviation in the higher resonance. The measurement in this case
presents a deeper reflection coefficient resonance.

25
Bull-Eye Antenna Gain (dBi)
—— EMCO 3115 Horn Antenna Gain(dBi)

20 A
~ 15 -
m
=
£
]
(D 10 -

5 -

0 T T T

10 12 14 16 18

Frequency (GHz)

Fig. 3.42. Spectral gain in the band from 10 to 18 GHz for the “Bull’s-Eye” Antenna (blue curve)
and the reference EMCO 3115 Horn Antenna (black line).
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Fig. 3.43. Measured farfield diagrams in cartesian coordinates normalized to the maximum

power for the measured “Bull’s-Eye” Antenna (solid blue curve). Also shown the cross-

polarization components in both planes.
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3.5.6 Dielectric loaded antenna.

A further improvement in the antenna prototype is presented in this section. The aim
here is to reduce the thickness of the antenna as much as possible. Recalling the
procedure hitherto given, first the thickness has been reduced by using the transversal
slot resonance, instead of the longitudinal one. Thus, the thickness is no longer limited
by this dimension, but still remains a minimum groove depth to maintain. Here the
groove depth is reduced by the introduction of a dielectric material with relative
permitivitty € > 1. In particular it has been chosen & = 4 in order to simplify the design.
With this value of permitivitty in a rough approximation the groove depth is reduced
in a half. The prototype is shown in Fig 3.44. Notice in the schematic the reduction of
the metal thickness to & = 4 mm. Shown in the photograph of the final prototype is the

dielectric inserted in the grooves.

| w=25mm
-
Feed waveguide d=16.8 mm
1S ———
E =
3 a=2mm
I
[ _L=3mm =
J \
z L
ol |
h=4mm
(@) (b)

Fig. 3.44. Schematic with the “dielectric-filled” antenna (a) and photographs of the constructed
prototype (b). Notice the reduction in the metal thickness and the inclusion of dielectric material

(glass fiber) inside the grooves.

The simulated surface current shows clearly a good resonance excited inside the
grooves at the working frequency when the dielectric (glass fiber, € = 4) is inserted in
the grooves, see Fig. 3.45(b). For comparison purposes it is also shown in panel (a) the
surface current for the same architecture with the grooves filled with air (e = 1). It is

clear that the resonance in this case is not optimum.
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18 Afm

o | 10 A

(b)
Fig. 3.45. Simulated surface current on the output face for the antenna with air-filled grooves

antenna (a) and for the same antenna with dielectric-filled grooves (b). Notice the stronger

grooves’ resonance in the latter case.
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E-plane grooves eps=1 (dB)
——— H-plane grooves eps=1 (dB)

Fig. 3.46. Simulation results for the 3-D farfiel diagram (above) and polar diagram (below) for
the antenna with air-filled grooves (a) and for the same antenna with grooves filled with
dielectric (¢ =4) (b)

In Fig. 3.46 are shown the simulated farfield diagrams. In panel (b) it is seen the
farfield pattern of the current antenna, with the grooves filled with a dielectric of & =
4. There is a clear improvement in the radiation pattern with a gain of 11.3 dB, more
than 5 dB larger than that of a flat metallic plane, see Fig. 3.22(a). The importance of
the choice for the dielectric inside the grooves is plotted. In panel (a) the grooves are
filled with air, & = 1. The gain now is 8.1 dB, i.e. 2 dB better than a flat plane but 3.2 dB
lower than the optimum. In this last case, the grooves are collaborating to the

radiation, but are too shallow to support an efficient resonance.
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Fig. 3.47. Reflection coefficient: measured (solid line) and simulated (dashed line). Notice that
only one resonance is seen, corresponding to the transversal slot resonance. The measurement

shows a ripple, probably due to fabrication tolerances.
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Fig. 3.48. Spectral gain in the band from 10 to 18 GHz for the “Dielectric-filled Antenna” (blue
curve) and the reference EMCO 3115 Horn Antenna (black line).
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Fig. 3.49. Measured farfield diagrams in cartesian coordinates normalized to the maximum

power for the measured “Dielectric-filled Antenna” (solid blue curve). Also shown the simulation

results in dashed blue line.

The antenna was constructed and measured with the usual set-up. The measurement

results for the reflection coefficient and the broadband gain are presented in Fig. 3.47

and Fig 3.48 respectively. A good agreement is seen between simulation and

measurement in the reflection coefficient, although a ripple is present in the
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experiment, probably due to fabrication tolerances. Also, notice that only one
resonance is observed, corresponding to the transversal slot resonance. With the given
metal thickness the longitudinal slot resonance has been translated to higher
frequencies. With respect to the broadband gain shown in panel (b) a clear
enhancement around the design frequency is observed. A peak of 11.3 dB appears at
approximately 13 GHz with a much lower gain in the rest of the spectrum. The horn

antenna at that frequency has a gain of 12.6 dB.

The next measurement results are the farfield angular distributions. It is plotted in Fig.
3.49(a) for the E-plane and in Fig. 3.49(b) for the H-plane, with the gain normalized to
the maximum and in cartesian coordinates. A very good agreement is seen in both
panels. The measured -3 dB angular width for E-plane is 30 degrees and for H-plane
is 52 degrees.

3.5.7 Further improvements: sinusoidal profiles.

In this section it is presented the latest result obtained in the optimization of the
antennas. The usual square profile of a “Bull’s-Eye” has been substituted by a

sinusoidal one, obtaining the shape of Fig. 3.50(a).

210 4

S22 (dB)

.15 4

220 4

-25

T T T T
10 12 14 16 18 20

Frequency (GHz)
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Fig. 3.50. (a) Schematic of the sinusoidal profile Bull’s-Eye Antenna. The design parameters are:
Period, d = 17 mm, sinus amplitude, w = 2.21 mm, metal thickness, h = 10 mm, number of

periods: N = 6. (b) Simulated reflection coefficient magnitude.
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Fig. 3.51. Polar plot diagram of sinusoidal profile Bull’s-Eye antenna with N = 6 periods (a) and
N = 20 periods (b). E-plane is represented with solid line and H-plane with dashed line.

The antenna has been simulated with CST Microwave Studio™ The reflection
coefficient obtained is shown in Fig. 3.50(b). Note that the upper resonance is shifted
to 17.5 GHz, while in the standard Bull’s-Eye was located at 16 GHz, see Fig. 3.41. In
fact, the value obtained here is more accurately related to the leaky wave formalism
[OLIN 63], which predicts radiation through the spacial harmonic n = -1 at an angle
near broadside when the wavelength is close to the period, or in frequency, f ~17.64
GHz. Therefore, the rest of parameters need to be tuned to give a good level of
radiated power. The metal thickness is modified to translate the longitudinal
resonance to the broadside radiation frequency and the sinus amplitude is also

adjusted to give good resonance at that frequency.

The simulated farfield characteristics for sinusoidal antennas are shown in Fig. 3.51,
for six periods in panel (a) and twenty periods in panel (b). With six periods the
simulated broadside gain is 20.3 dB, 2 dB better than the gain obtained with a square
profile. The sidelobe suppresion is 16.2 dB, 1.3 dB above the square profile. The -3 dB
angular width is 4.5 deg, 1.7 deg narrower than the square profile. When the number
of periods is increased to twenty, the farfield characteristics improve. The gain is now

24.4 dB, with a sidelobe level suppresion of 21.4 dB and a very narrow -3 dB angular
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width of 2 deg.

A final comparison is given in Fig. 3.52. It is depicted in panel (a) the gain curve and
in panel (b) the sidelobe suppresion of the square profile Bull's-Eye with six periods
(black), the sinusoidal profile Bull’s-Eye with six periods (red) and the sinusoidal
profile Bull’s-Eye with twenty periods. It is noticeable the enhancement achieved by

changing the corrugation profile.

25 22
Square; 6 periods

Sinusoidal; 6 periods
Sinusoidal; 20 periods 20 4

24

Square; 6 periods
Sinusoidal; 6 periods
Sinusoidal; 20 periods

Gain (dB)
Side-lobe suppresion (dB)

Frequency (GHz) Frequency (GHz)
(@) (b)

Fig. 3.52. Comparison between the farfield characteristics of Bull's-Eye antennas with a square
profile and six periods (black curve), sinusoidal profile and six periods (red curve) and
sinusoidal profile and twenty periods (blue curve). (a) Gain curve (b) Side-lobe suppresion

curve.

3.6 Concluding remarks.

In this chapter the enhancement of transmission through a narrow slot on a metallic
plane achieved by corrugating the metallic plane has been experimentally proven in
the range of microwaves and millimeter waves. This fact corroborates the theoretical
approach that found the origin of the enhancement on the periodic structure,

regardless of the model used to describe the metal.

It has been checked the ability to enhance directivity by using these structures in the
output corrugation configuration. This result has been extended to the practical
implementation of several low-profile and all-metallic antennas in the microwave
range. The feeding is made by means of a waveguide. By changing the central

(ideally) infinite slit to a finite slot several improvements can be done, fundamentally
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the thickness of the antenna can be reduced and a dual-band operation can be
achieved. It has been seen that a great variety of farfield characteristics can be

obtained by changing the number of corrugations.

High gain antennas can be attained by using annular corrugations, the so-called
Bull’s-Eye antenna. Further improvements deal with the insertion of dielectric inside

the corrugations and with changes in the shape of the corrugations.

These results show that light, compact and flat antennas for applications in different
wireless systems, like base station, WLAN in millimeter waves, and radiofrequency

links are feasible.



Chapter 4

Stacked Hole Arrays: Merging Photonic
Crystals, Enhanced Transmission And
Metamaterials In A Single Structure.

In this chapter it is shown how a left-handed metamaterial can
be achieved by the periodic stacking of sub-wavelength hole array
plates to form a photonic band-gap structure. First, a preliminar
analytical study of the transmission through stacked structures is
developed by using an artificial waveguide approach. This initial
model is checked with the commercial simulator. Later is presented
the measurement results in the millimeter wave regime of a
prototype built by stacking subwavelength hole arrays. It is
experimentally shown that extraordinary transmission (ET) and
electromagnetic band-gap (EBG) can be tuned independently, and
that, under some conditions, a left-handed behaviour (LHM) in the
frequency band where extraordinary transmission happens can be
observed as well, even for very small longitudinal periods. An
equivalent circuit approach based on the inverse transmission line
concept is worked out to explain this surprising effect. It will be
shown that by modifying the periodicity of the stack a rich variety
of responses can be obtained and that by positioning the bandgap
over the ET band, LHM is inhibited and transformed into a pair of
right-handed bands. Further study is developed by simulating and
measuring stacks with different periodicities. Special attention will
be given to the periodicity where the transition from LHM to
RHM arises. By exploiting the LHM character of the stack,
metamaterial prisms and parabolic lenses with anomalous features
are designed. A final simulation discussion of the mnecessary

ingredients to obtain LHM is presented.
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4.1 Introduction.

Three discoveries have altered the state of the art of electromagnetic radiation
research over the last years. First, the concept and realisation of photonic band-gap
(PBG) structures have opened up new original approaches for the control of light flow
and confinement with great technological consequences [YABL 87], [JOHN 87],
[JOAN 97], [NODA 00]. Photonic Crystals (Ph. C.) are artificial structures which
fundamentally inhibit propagation of electromagnetic waves for certain directions and
wavelengths [YABL 87], [JOAN 97], so-called photonic band-gap (PBG). Artificially
introduced defects permit light control and localization [JOHN 87], [NODA 00], and
for this reason they have been proposed as the photonic counterpart of electronic
semiconductors [YABL 87].

Second, the demonstration of extraordinary optical transmission (EOT) through sub-
wavelength hole arrays and other structures has provided the basis for using
subwavelength apertures for a variety of potential applications [EBBE 98], [LEZE 02],
[MART 01], [BARN 03] [PEND 04], [OZBA 06]. In the optical range EOT has been
explained as a diffraction effect, assisted by the enhanced fields associated with
surface plasmon polaritons [BARN 03b]. Surface plasmons provide the possibility of
localization and the guiding of light in subwavelength metallic structures [MART 01],
[BARN 03] [PEND 04], which can be tailored for the creation of plasmonic circuits
with the potential ability to merge photonics and electronics [OZBA 06].

Third, the concept of negative refraction index (NRI) has refreshed the classical
electrodynamics field by introducing highly unconventional properties -so-called left-
handed metamaterials (LHM)- that can lead to a new class of devices [VESE 6§],
[PEND 00], [PEND 96], [PEND 99], [SHEL 01], [SMIT 05], [SMIT 05b]. Foremost
among these properties is the opposite Snell’s refraction law at the interface between a
standard and a NRI medium. For NRI to happen, both the permittivity and
permeability must be negative simultaneously [VESE 68]. Pendry claimed that those
NRI materials could act as perfect lenses [PEND 00]. Pendry’s group had previously
shown the feasibility to fabricate an artificial material with negative permittivity using
a lattice of thin metal wires [PEND 96], and they had also reported how to obtain a
negative magnetic response from a lattice of “split rings resonators” [PEND 99]. Smith
at al. built a structure with simultaneous negative ¢ and p showing negative refraction
for the first time [SMIT 00]. Since then left-handed metamaterials have been achieved
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for frequencies in the microwave range [PEND 05], [SMIT 05] from split-ring
resonators components [PEND 99] and their complementary [FALC 04]. Only very
recently a media with negative permeability at optical frequencies has been reported
[GRIG 05], thus paving the way for NRI materials at visible frequencies [SAMB 05].

Up to now, relations of photonic crystals and negative refraction have been shown
[NOTO 02], [CUBU 03] as well as of photonic crystals and sub-wavelength hole arrays
[YE 05], [QIU 05] and, moreover, evanescent growth and tunnelling effects have been
predicted in paired complementary metamaterials [ALU 03], [ALU 05]. Finally, it has
also been suggested that negative refraction and extraordinary transmission through
hole arrays are probably different manifestations of the same physical behaviour of
surface modes [GOME 03].

4.2 Artificial waveguide approach to the hole
array problem.

4.2.1 Formulation of the problem.

Fig. 4.1. Unit cell of a single hole array and the planes defining the boundary conditions of the

artificial waveguide.
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Prior to the description of the phenomena related with the stacking of hole arrays, is
presented in this section an ab-initio analysis of the single plate hole array. The
analysis is based on the method given in [KATS 60], [KATS 98]. This analysis
considers that the diffraction problem by a periodic surface can be reduced from the
three dimensional case to a rectangular waveguide problem provided that a plane
wave impinges normally to the periodic surface. Following the procedure, two sets of
planes perpendicular to the surface are added and proper electric and magnetic wall
boundary conditions are imposed on these planes. In this situation, the incident plane
wave becomes the fundamental mode of the artificial square waveguide (of side

identical to d, being d the period of the hole array) defined with these planes.

The reflection and transmission coefficients are the desired parameters of the problem
as well as the power distribution of the high-order mode spectrum. Several non-
evanescent higher diffraction orders, similar to those appearing in the spectrum of a
diffraction grating, emerge if kd > 7 [KATS 60], [KATS 98].

In order to form the square artificial waveguide are drawn perpendicularly to the hole
array surface two sets of artificial parallel planes, i.e. x =n.d and y = g.d, (being ... -2, -
1, 0=n,q= +1, +2, ....) in such a way that each hole remains just in the middle
between two pairs of planes, x = constant, y = constant, see Fig. 4.1. The proper
boundary conditions are fixed for the tangential field components on the artificial

planes defined above, i.e.,
Ei= E.=E. =0 on the planes y = constant (4.1)
H;=H, = H, = 0on the planes x = constant (4.2)

Note that the artificially defined planes do not disturb the propagation of the y-
polarized plane wave incident normally to the hole array surface, that is, they act as
electric and magnetic walls. Therefore, the fundamental mode of this artificial squared
waveguide is the incident plane wave, a transversal electric and magnetic (TEM)

mode with no cut-off frequency.
E,=Eoexp(-jkz) = n H.= nHoexp(-jkz) (4.3)

These component values remain unchanged for a uniform waveguide, ie., a
waveguide without discontinuities or obstacles [KATS 98]. As the fundamental mode
(the plane wave) of the artificially defined waveguide is incident on the discontinuity,

placed in z = 0, and defined as the individual hole of diameter a drilled in a metallic
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squared wall of side d (the period of the hole array), the reflected fundamental mode
is excited together with a set of high-order reflected modes for z < 0. A similar
situation occurs for the transmitted fundamental mode (the plane wave) and another
set of high-order transmitted modes. Most of these reflected or transmitted modes are

evanescent but some of them become propagating if kd > n.

The above mentioned scattered fields are symmetrical along two of these planes
because the impinging plane wave and the discontinuity share the same symmetry
planes. A set of infinite squared waveguides dividing the hole array, see Fig. 4.1, can
be introduced to divide the hole array in a two-dimensional array of elementary cells
and, due to the imposed boundary conditions (electric and magnetic walls), the
electromagnetic fields on a pair of opposed waveguide walls are identically equal. In
other words, the fields on a pair of such opposite waveguides walls are exactly the
same and, therefore, the electromagnetic field in all the artificial waveguides is

continuous on the walls.

Following the above described procedure, the various electromagnetic fields of this
waveguide are the solution of the scattering problem of the periodic hole array
surface, when a plane wave is normally incident. The reflected fundamental mode
amplitude in the waveguide is equivalent to the reflection coefficient from the hole
array surface and the modulus of the remaining angular spectrum are identical to the

modulus of the artificial waveguide higher order modes [RAMO 94].

Provided that waves have a time harmonic dependence varying along the time and
the space as exp(jo t + y z), where the minus sign describes forward modes and the
plus sign backwards modes respectively; and provided that the total electric charge
density is zero and conduction currents are included in the complex permittivity, then
we can take advantage of the Helmholtz wave equations for the electric and magnetic
three-dimensional vector fields, following the well known approach in electrical

engineering, see [COLL 91],
VZE+k’E=0 (4.4)
V’H+k*H =0 (4.5)

If the three-dimensional operator is separated in its transversal and longitudinal

components, then we have,
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0’E

V’E =V’E + P VIE+y’E (4.6)

Resulting in the well known eigenvalue problem equations,

VZE =—k’E (4.7)

ViH=—kH 48)

where the fields are the eigenfunctions and the eigenvalues are k2=p*+k*. Therefore,
it is possible to simplify the resolution of the problem in terms of the longitudinal field

components.

Using vector calculus operations on the Maxwell equations, the transversal

electromagnetic field components can be expressed in terms of the longitudinal ones,

£ L[, M

el ox Moy (4.9)
1L OE, . oH,

TR T oy I (4.10)
g L(: O oH,
oo (. CE _ oH,

e R sy (4.12)

From Egs. (4.9)-(4.12), it follows that transverse electromagnetic waves, TEM (plane
waves), are obtained in the case of E; = H; = 0. Under these conditions, the transversal
components are also zero, unless y2 + k2 = 0, which implies that y rem = #j k. In other

words, the wave propagates with the velocity of light in the medium, see [KATS 60].

Moreover, in the above described artificial waveguide, a set of modes, TE (with E; = 0)
and TM (with H; = 0) can be obtained from the above transversal eigenfunctions H; for
the TE modes, and E; for the TM modes, respectively, satistying the proper boundary

conditions,
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E,(x,y)=0and o, =0, fory=0andy=d (4.13)
OE

H,(x,y)=0and —*=0,for x=0and x=d (4.14)
OX

This requires that the eigenfunctions have to be,

H,(x,y) = N"sin(nax/d)cos(qzy/d)
(4.15)
forn=2,4,6,...andq=0,2,4, ...

E,(x,y) =M™ cos(nzx/d)sin(qzy/d)
(4.16)
forn=0,2,4,...andq=2,4,6, ...

being nz/d and g7 /d the eigenvalues k.. and k., respectively of the problem satisfying,

2 2
k2 =72 +Kk?= n”] (Qﬂ')
e =V Tt [d + d (4.17)

The symmetry of the problem forces to allow only for even n and g, and the case n = ¢

= ( can be seen as the particular TEM plane wave.

As usual, when the mode is in propagation the convention y= jfis used. The fields
for a mode under cut-off are evanescent, and y = « represents a reactive attenuation
without power dissipation nor radiation. Moreover, the terms N" and M" are power
normalization factors that can be determined imposing the specific value of the power
transported by a given mode [KATS 98], [RAMO 94]

Employing (4.9)-(4.12), (4.15), (4.16) the electric and magnetic field transversal
components can be derived. Firstly, for the case of TE,q modes, and assuming the z

dependence as exp(+£ y z), it is obtained,

E,(xy)= Ji’é’j” N™ sin(nzx/d)sin(qzy/d) 4.18)
E,(xy)= Jfﬁg” N"™ cos(nzx/d)cos(qzy/d) (4.19)
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H.(x,y)= _kﬁr;” N™ cos(nzx/d)cos(qzy/d) (4.20)
H,(x,y) = %T N"™ sin(nzx/d )sin(qzy / d ) (21)
and, for the TM,q modes,

E, (X, y):%M”qsin(nrzx/d)sin(qny/d) 4.22)

E,(xy)= _I?jj” M ™ cos(nzx/d)cos(qzy / d) (4.23)

jodz | 1
H.(xY) = g M “cos(nzx/d)cos(qay/d) (4.24)
H, (x,y) = Jak)i:” N" sin(nzx/d)sin(qzy/d) (4.25)

C

Note that to get a complete system of modes, the TEM plane wave needs to be added
to the previously introduced TE and TM modes.

Several approaches can be found in the literature in order to determine the complex
reflection and transmission coefficients for the fundamental mode, i.e., the plane
wave, as well as for the high-order modes. For instance, one approach is based upon
the coupling coefficients [KATS 98]: a system of coupled-wave equations describes the
evolution of the power of the modes along the nonuniform waveguide and allows to
compute the power exchange between the modes. This method was intensively used
by Schelkunoff in the fifties of last century, see the discussion given in [KATS 98].
Another semi-analytical method, developed in parallel to the previous one is that of
Mode Matching Technique, see [RIEN 01].

4.2.2 Simulation results.

Having the problem formulated, now the commercial code CST Microwave Studio ™,
based upon the Finite Integration Time Domain Method will be used. This software
allows to define the proper boundary conditions to get the artificial waveguide

described above. Therefore, the diffraction problem can be solved under the basis of
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the determination of the mode amplitudes distribution caused by the hole drilled on a

perfect conductor sheet placed inside the artificial waveguide.
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Fig. 4.2. Equivalent waveguide multimode S-parameters for the case of 2 = 2.5 mm, d = 5 mm
and w = 0.5 mm, S11 (a), S21 (b). In black is represented the response of the fundamental TEM
mode (or plane wave), in red is the response of the TMg> mode under plane wave excitation and

in blue the response of the TEx mode under plane wave excitation

In Fig. 4.2 it is depicted the frequency response of a hole array structure with hole
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diameter a4 = 2.5 mm, lattice constant d = 5 mm and thickness w = 0.5 mm.
Extraordinary Transmission appears as a narrow peak which tops 100% of
transmission in the hole cut-off region. As it can be deduced from the observation of
the modal transmission and reflection scattering matrix representation of Fig. 4.2,
there are only two relevant modes contributing to the enhanced transmission near 60
GHz. One is a TM, mode having its cut-off frequency just at 60 GHz, and the other
one is its degenerated mode TEz with the same cut-off frequency. This can be easily
proven by inspection of Eqs. (4.18)-(4.25). As the frequency increases, the TM2, and
TE2 modes begin to play a role in the electromagnetic field. The cut-off frequency of
these modes is at 84.85 GHz, the location of the second minimum of transmission, see
Fig. 2.10.

In order to simplify the discussion that follows, the z-component of the electric field
for the TMp mode and the z-component of the magnetic field for the TEx mode are
represented in Fig. 4.3. As it can be expected, the TMp, mode has only functional
variations along the vertical y-axis being constant with x. Moreover, this mode does
not present x-component of the electric field nor y-component of the magnetic field as
it can be easily derived from Eq. (4.22) and Eq. (4.25). Similarly, the TE; mode has
only functional variations along the horizontal x-axis being constant with y. Also, this
mode does not present x-component of the electric field nor y-component of the
magnetic field as follows from Eq. (4.18) and Eq. (4.21).

Mode TM,, (|E, ) Mode TE,, (IH,])

=]

Fig. 4.3. Profile of the E, field magnitude of the TMy; and the H, field magnitude of the TEx

modes
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Fig. 4.4. The evolution along the artificial waveguide of the y- and z-components of the electric
field (TMo2 mode) in cut-planes parallel to the hole at 57 GHz.

In Fig. 4.4, it is represented the evolution along the artificial waveguide of the y- and
z-components of the electric field in cuts parallel to the hole at 57 GHz, the frequency
where the peak of enhanced transmission is maximum. And the x- and z-components

of the magnetic field are given in Fig. 4.5. For this very particular case, due to the fact
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that there is not reflected wave, it suffices to plot the output side of the waveguide.
The input side is totally identical. This situation disappears as the reflected waves

become relevant.

Fig. 45. The evolution along the artificial waveguide of the x- and z-components of the

magnetic field (TEz mode) in cut-planes parallel to the hole at 57 GHz.

Due to the fact that the TMp; and TEx modes are evanescent at this frequency, the
fundamental mode (plane wave) y-polarized electric field is recovered as one moves
away from the nearby hole array surface. This fact will play a key role in the effects

described in the next section.
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Also, it must be remembered that the individual hole cut-off is around 70 GHz, for the
lowest mode of the circular waveguide (TEm), see Figs. 4.4 and 4.5, when the cut-plane
is located on the hole. This mode is also evanescent but it exhibits a magnetic field
component along z-axis that cannot be compensated by the plane wave nor by the
TMo2 mode, and then the presence of the degenerated TEx mode can be understood.
As the operating frequency is increased, more modes enter in propagation and,

consequently, the electromagnetic field structure becomes more complicated.

The Wood'’s anomaly [WOOD 02], [HESS 65] can be explained within the framework
of this model as the perturbation that produces the entrance into propagation of the
TMo2 and TEzx modes of the artificial waveguide. The cut-off of these higher order
modes is related to the so-called Rayleigh-Wood’s anomaly, and in the hole array
results in a null of transmission. From the classical point of view this kind of anomaly
can be linked to branch point singularities occuring in a periodic structures at the
Rayleigh wavelengths, i.e. at wavelengths where a new spectral order (a high order
mode in the equivalent waveguide approach) passes from evanescent to propagating
[HESS 65]. When this happens, rapid variations in the amplitude of the different

spectral orders (waveguide modes) take place.

Resonant Wood anomalies, on the other hand, are related to forced resonances of the
periodic structure. A perforated plate supports (complex) waves, which can be
resonantly excited when the incident wavenumber matches the real part of the surface
wave complex wavenumber, i.e. a spectral order is resonantly excited [SARR 03],
[LOMA 05]. The additional effect of the resonance is to redistribute the energy among
the other spectral orders, and, in particular among the observable propagating ones.
Following the discussion of [HESS 65], the resonant spectral order is always
evanescent. The holes provied a channes that allows for coupling between the two
sides of the plate by means of evancescent hole fields. The periodic grating formed by
the holes allows the incident wave to be scattered into an infinite number of
diffraction (Floquet) modes. Cross coupling between these modes gives rise to

resonant- and Rayleigh.Wood anomalies.

Therefore, extraordinary transmission has been explained in terms of the artificial
waveguide model which is equivalent to the diffraction problem of a plane wave
impinging normally to the hole array. From the experimental results, this model needs

to be corrected in the sense that total transmission is only possible provided a
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reasonably high number of holes are illuminated by the impinging plane wave, i.e., a
minimal size of the structure is necessary, see Fig. 2.11. Notice that the

aforementioned boundary conditions implicitly entail infinite replica of the unit cell.

The description of the subwavelength hole array problem as an equivalent artificial

waveguide has been submitted to revision in the form of Article 4.3.

4.3 Left-handed propagation in the enhanced
transmission band by stacking hole arrays.

In this section it is presented the surprising result of a left-handed propagation inside
the structure constructed by stacking subwavelength hole arrays. First, the dispersion
diagram of the structure is obtained taking advantage of the commercial simulator
CST Microwave Studio ™. It is compared with the dispersion diagram of stacked dense
hole arrays plates. A graphical picture of the evolution of the fields is given as well.
Then, the experimental results confirming the simulation predictions are shown. The

results given here have been published in Article 4.1.

(@) (b)

Fig. 4.6. (a) Schematic of the stacked hole array structure. (b) Photograph of the
prototype. Parameters: hole diameter 2 = 2.5 mm, transversal lattice constants d, = d, =
d = 5 mm and metal thickness w = 0.5 mm. The longitudinal periodicity d. can be

conveniently tuned.
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4.3.1 Dispersion diagrams: antiparallel phase and group velocities.

Once the single sub-wavelength hole array has been analyzed, one can explore the
effects on the electromagnetic wave propagation along a stacked structure made of
sub-wavelength hole arrays as it appears in Fig. 4.6. The proposed configuration is a
particular case of a periodic structure that presents an electromagnetic band gap along

the z direction.

The longitudinal lattice d. between each hole array can be conveniently adjusted in
order to select the band gap position of the photonic crystal structure, which is located
around a wavelength two times the inter-plate air cavity length. For this study, it was
selected d, = 2.25 mm, i.e. cavity length 4. - w = 1.75 mm, which corresponds to a
band-gap centred at 86 GHz (A = 3.41 mm). Therefore, the band gap has been placed

far away over the frequency band where ET appears.

Taking advantage of the eigenmode solver provided by the CST Microwave Studio ™
commercial code, it is possible to determine the dispersion diagram of the structure
(alternatively, a similar approach based upon mode matching and generalized
scattering matrix, see [RIEN 01], can be used to compute such dispersion diagram). In
Fig. 4.7(a) is plotted the dispersion diagram of a subwavelength hole array stack with
the next parameters: hole diameter 4 = 2.5 mm, transversal lattice constants d, = d, = d
= 5 mm, cut-off wavelength A. = 4.3 mm (A. = 0.85d), and metal thickness w = 0.5 mm.
For comparison purposes, it has been depicted in panel (b) the dispersion diagram of
a stack of dichroic filters (i.e. plates perforated with a dense hole array). The
parameters of this last structure are: 2 = 4.0 mm, cut-off at 40 GHz (A = 7.5 mm, being
e = 1.54d), with the same lattice constants and metal thickness. The longitudinal

periodicity is d, = 2.25 mm, as mentioned above.

The ET band for the subwavelength hole array photonic crystal structure corresponds
to the first band of Fig. 4.7(a). Notice that this band shows a negative slope (see inset
in Fig. 4.7(a)), which accounts for phase velocity opposite to the group velocity, or, in
other words, phase and group velocities are antiparallel. This kind of propagation in
which phase evolves in the opposite sense of the energy propagation is usually
referred as left-handed propagation and has found many interest in the field of
metamaterials [VESE 68], [SHEL 01], [PEND 00], [SMIT 05b]. Thus it can be said that
by just stacking subwavelength hole arrays a Left-Handed Metamaterial (LHM) can
be obtained.
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Fig. 4.7. Simulated dispersion diagrams for photonic crystals with longitudinal periodicity d, =

2.25 mm, made by stacking (a) sub-wavelength hole arrays with parameters 2 =2.5 mm, d =5

mm, w = 0.5 mm (b) propagating hole arrays with a = 4 mm and the same lattice constant and

metal thickness.

This behavior is qualitatively different to what happens when dichroic filters are
stacked. Recall that for dichroic filters ET was not obtained. Note that the first band in

Fig. 4.7(b) begins at the cut-off of the holes. Looking at the inset of the figure, it is seen
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that the first band shows a positive slope, that is, phase and group velocities are
parallel. Employing the mentioned terminology, this corresponds to conventional

right-handed propagation or Right-Handed material (RHM).

Backward wave

Fig. 4.8. Simulated vertical electric field of a plane wave impinging normally to the lossless
structure. Simulations for the cases of sub-wavelength hole array structure (a) in the first band
(ET band) at 57.3 GHz and (b) inside the band gap at 88 GHz. Simulations for propagating hole
array structure (c) in its first band, at 53.5 GHz.

Notice that the band gaps are placed at 86 GHz (A = 3.41 mm) in both cases due to the
same inter-plate cavity. It can be observed that the band-gap in the sub-wavelength
case is broader than in the propagating one. Moreover, a previous band-gap is present
around 60 GHz (A = 5 mm) due to the transversal periodicity related to Wood

anomalies. Conversely, this band-gap is narrower in the subwavelength case.

A graphical picture of the electric field evolution inside the metamaterial when a
plane wave impinges normally to the plates is shown in Fig. 4.8. Each panel
correspond to the highlighted points (s, b, and c) in Fig. 4.7: panels (a) and (b)

correspond to the first band and band-gap of the metamaterial made of sub-
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wavelength hole arrays (points a and b in Fig. 4.7(a), respectively), whereas panel (c)
correspond to the first band of the photonic crystal made of propagating hole arrays
(point c in Fig. 4.7(b)). Notice that - following the formulation of the problem given in
section 4.1 - the structure is infinite in the x and y dimensions and only the unit cell is

shown.

In Fig. 4.8(a) the electrical field evolution is visualised for a particular frequency inside
the band, say the frequency of maximum transmission with a single plate, 57.3GHz
(point a in Fig. 4.7(a), A = 5.23 mm). The phase fronts inside the structure are reversed
with respect to the incident and emergent plane wave phase fronts, proving the
existence of a backward wave there. In other words, anti-parallel phase and group

velocities inside the stacked hole array result in a left-handed metamaterial.

For the sub-wavelength structure it is also given the electric field evolution at the
band gap, specifically at 88 GHz (point b in Fig. 4.7(a), A = 3.41 mm), see Fig. 4.8(b).

Note the stationary wave pattern at the face where the plane wave is impinging.

For propagating holes working in its first band, at 53.5 GHz (point c in Fig. 4.7(b), A =
5.61 mm), it is readily seen (Fig. 4.8(c)) that phase and group velocities travel parallel

inside the structure, giving evidence of standard, right-handed behaviour.

Finally, the electric field evolution at the band-gap of the propagating hole structure is

not given since it shows a similar behaviour as that of Fig. 4.8(b).

4.3.2 Experimental results: LHM.

The possibility to obtain a metamaterial by stacking hole arrays is experimentally
tested in this section. The structure of Fig. 4.6 was constructed by means of laser
drilling machining. The parameters of the structure are as mentioned in the previous

section, and the size of the array is 54 x 54 holes.

By means of an AB Millimetre ™ quasioptical vector network analyzer, the amplitude
and phase of the transmission coefficient have been measured in the frequency range
of 45 up to 110 GHz (2.73 mm up to 6.67 mm), exploying the set-up shown in Fig. 4.9.
The emitter and receiver have been located at a distance of 950 mm from the sample.
The beam waist diameter impinging on the structure has a maximal dimension of
approximately 326 mm (at 40 GHz), that is comparable to the side length of the

structure. To avoid perturbing diffraction effects the bench is covered with absorbing
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material. The results of the measurements when the longitudinal periodicity is fixed in

d, =2.25 mm are given in Fig. 4.10.

950 mm 950 mm
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Stacked hole array

Fig. 49. Schematic of the experimental set-up used for the transmission measurement of

stacked hole array structures.

Looking at the experimental results for the amplitude (panel (a)), it can be seen that a
selective transmission band is obtained for different number of plates, thus showing
enhanced transmission that can be used in novel filters. The level of signal diminishes
somewhat as the number of stacked plates increases. However, in all the cases the
level of signals is at a reasonable level. Moreover, for 2 plates the received power is
above 0 dB, though the structure is passive. This may be due to a possible increase of
the emergent beamwaist compared with that of the incident gaussian beam. Also
notice in the magnitude response the clear presence of a band-gap around 88 GHz, as

predicted in the dispersion diagram of Fig. 4.7(a).

Fixing the attention on Fig. 4.10(b), in the band where the transmission reaches its
maximum, the phase surprisingly increases with the number of structure periods.
Note that the phase for two plates (black line) is lower than for three plates (red line)
and these two lower than for four plates (blue line) in the ET frequency range,
whereas out of this range the phase behaves normally, i.e. it decreases as the number
of plates increases, see panel (c). This result shows experimentally that the phase

velocity and power flow are in opposite directions and, therefore, left-handed
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propagation effects appear inside the structure.
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Fig. 4.10. (a) Measured logarithmic transmission coefficient magnitude for N = 2 (black), N =3
(red), and N = 4 (blue) stacked plates, (b) measured phase varying the number of sub-
wavelength hole array plates, N = 2 (black), N = 3 (red), and N = 4 (blue) in the LHM band, and
(c) the same as in (b) in the RHM band.

4.4 EBG over ET band: RHM.

In this section it is seen that by just modifying the longitudinal period, the left-handed
character of the stacked structure can be converted to right-handed. These results are

currently under revision in the form of Article 4.2.

4.4.1 Simulation results: tunning RHM or LHM with the EBG.

The band of Extraordinary Transmission depends fundamentally on the vertical hole
array lattice constant, d,. In contrast, the Electromagnetic Band Gap position of the
structure is engineered by choosing the longitudinal lattice d, between each hole-array
in such a way that it is located around a wavelength two times the inter-plate air
cavity length. Therefore, it is deduced that both phenomena can be controlled
independently. This leads to the possibility of placing the EBG just over the ET band.
Selecting d. = 2.75 mm, i.e. cavity length d. - w = 2.25 mm, and taking into account the
phase introduced by the imperfect mirrors that bound the cavity, the band-gap is
centred at 57 GHz, just over the frequency band where LHM-ET appeared. The result
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of this is seen in the dispersion diagram depicted in Fig. 4.11

Note that a band gap is opened just over the band where previously appeared joint ET
and left-handed effects (see Fig. 4.7(a)). The first band in Fig. 4.11 (shown in detail in
the inset) is shifted towards lower frequencies (longer wavelengths) and exhibits a
positive slope, i.e. phase velocity parallel to the group velocity. In other words, right-

handed propagation exists inside the structure.
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Fig. 4.11. Simulated dispersion diagram for a stack of sub-wavelength hole arrays with

parameters a = 2.5 mm, 4 = 5 mm, w = 0.5 mm and longitudinal periodicity d, = 2.75 mm.

The physical origin of the band gap, where wave propagation is not allowed, is
caused by interferences of multiple waves in the periodic structure [JOAN 95]. In this
case, propagation is forbidden along the longitudinal direction in certain frequencies,
and the longitudinal lattice allows us to select the gap position. Putting the EBG just
over the ET band, inhibits LHM-ET propagation and provokes the emergence of a pair
of shifted right handed propagation bands surrounding the band gap. Hence, it is
apparent that tunning the EBG position LHM or RHM propagation can be selected.

An intuitive explanation for this fact will be given later in section 4.5.

4.4.2 Experimental results: RHM.

With the prototype shown in Fig. 4.6, and selecting a longitudinal period of d, = 2.75
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mm, measurements are carried out in the millimeter wave range by using our AB
Millimetre ™ quasi-optical vector network analyzer and using the experimental set-up

depicted schematically in Fig 4.9.
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Fig. 4.12. Experimental amplitude transmission spectra in the case of RHM-ET, d, = 2.75 mm,
as the number of stacked subwavelength hole arrays increase (a) and a comparison of the
measured phase response for increasing number of stacked subwavelength hole arrays for
LHM-ET (red) and RHM-ET (blue).
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The transmission coefficient magnitude measured in the frequency range of 45 up to
110 GHz is shown in Fig. 4.12(a), for an increasing number of plates, N. The peaks
appearing for N > 1 are notably shifted towards lower frequencies as compared with
the case of N =1 (single subwavelength hole array, displayed as reference). However,
this phenomenon is more than just a frequency shift. It actually comprises the mixture
of two related singularities: EOT is inhibited from its frequency range, the band at 57
GHz vanishes, and a new right-handed band emerges at 54 GHz. Note also that
several minima of transmission are clearly identified, as the band diagram of Fig. 4.11

predicted.

Moreover, the phase response for the case of ET measured at 54 GHz (see blue trace of
Fig. 4.12(b)) decreases with the number of structure periods, i.e. the phase behaves
normally as in an ordinary Right-Handed structure. Conversely, for the case where
band gap is away from the ET band (d. = 2.25 mm), the phase inside the first band
(56.6 GHz) increases with the number of periods of the structure, which accounts for
an anomalous phase behavior. This result suggests that the left-handed propagation
effects have been inhibited due to the electromagnetic band gap of the periodic
structure. The measurement results demonstrate our simulation predictions. The
results presented in this section have been submitted for publication in a paper which

is currently under revision, Article 4.2.

4.5 LHM- and RHM-ET: an intuitive
explanation.

It has been shown that in stacked subwavelength hole arrays left-handed and right-
handed propagation can be obtained by simply modifying the longitudinal
periodicity. Here, an intuitive engineering-based explanation is developed to clarify in

some extent the phenomenon.

Since the times of radar development, it is well known that a sub-wavelength hole in a
conducting plate can be considered as a self-inductive element, being the self-
inductance larger as the hole diameter decreases. Conversely, a capacitive response is
obtained when the hole diameter increases [SCHW 68]. Therefore a subwavelength
hole array in a conducting plate can be considered as an array of self-inductance
elements, Lie. The hole array plate stacking brings about a mutual capacitance, Cpiaes,

between the plates in such a way that a structure of shunt Ly and series Cpiates
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elements respectively is created. Additionally, the free space between the plates
behaves as a transmission line with a distributed series inductance Li. and a
distributed shunt capacitance Cii that permits wave propagation [RAMO 94]. For a
fixed periodicity within the plate plane, as the hole diameter decreases the fractional
area of metal is enlarged and the capacitance Cyues between the plates increases. At the

same time, Cpuurs is augmented as the plates are stacked closer.

1 plate Sub-wavelength hole — 2 =2 5mm 1 Plate Propagating hole - 2 =4 mm

T .

11 plates - Sub-wavelength holes 11 Plates - Propagating ho
oz =2 25 mm- frequency = 57.3 GHz - LHM 1 nmejie. dz =2 25 mm-frequency = GHz- RHM ' vm—fe.

11 plates Sub-wavelength holes . 11 plates Sub-wavelength holes p
gzg-?s_mmmy:-mﬁ-em_ RHM | o eo—- dz=275mm-fraquency=57.3 GHz - GAP 1 g

Fig. 4.13. Simulations for the cases of single sub-wavelength hole array structure (a) in the first
band (EOT band) at 57.3 GHz. Single propagating hole array structure (b) at 53.5 GHz. Sub-
wavelength hole array structure with 11 stacked plates spaced d, = 2.25 mm (c) at 57.3 GHz.
Propagating hole array structure with 11 stacked plates spaced d, = 2.25 mm (d) at 53.5 GHz.
Sub-wavelength hole array structure with 11 stacked plates spaced d, = 2.75 mm (e) at 54.6 GHz
and (f) inside the band gap at 57.3 GHz.
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Due to the complex electromagnetic field distribution governing this problem it will
be followed a simplified approach in order to identify the kind of propagating waves
present in these structures. It has been considered the evolution of the z-component of
the electric field (i.e. perpendicular to the plates) along the y - z cutting plane. Under
the modal formalism approach outlined in section 4.1, the evanescent electric field E,
can be attributed to the z-component of the TM; mode. It is shown in Fig. 4.13(a) and
Fig. 4.13(b) the E. field for a single plate of subwavelength and propagating hole
arrays respectively. It is clear that E, for subwavelength holes is much more intense
than for propagating ones at the edge of each hole. Moreover, the field out of the
subwavelength hole array plate extends over a longer distance perpendicular to the
plate. Figures 4.13(c) to 4.13(f) show E; for different stacked structures: subwavelength
hole array plates stacked with periodicities d, = 2.25 mm in the LHM-ET band (Fig.
4.13(c)) and 4. = 2.75 mm in the RHM-ET band (Fig. 4.13(e)) and inside the bandgap
(Fig. 4.13(f)), as well as propagating hole array plates stacked with periodicity d, = 2.25
mm, Fig. 4.13(d). From this figure it is clear that the electric field along z behaves
similarly for all the cases of subwavelength or propagating stacked hole arrays (Figs.
4.13(d), (e), and (f)) where usual RHM wave propagation has been observed (note that
a RHM-ET is also present in Fig. 4.13(e)). In these cases, the fields are not able to
change the total series inductance and the total shunt capacitance and, therefore, the
waves are propagating in the usual RHM way. This is also in agreement with the

dispersion diagrams of Fig. 4.7 and Fig. 4.11.

However, for the case of LHM-ET, the field is very different compared with the
remaining cases, see Fig. 4.13(c). It suggests that the inter-plate series capacitance Cpiaes
and the subwavelength hole shunt inductance Lys become dominant. Therefore, a
dual transmission line [RAMO 94], consisting of dominant shunt inductances and
series capacitances, is formed. The key property of this simplified and idealized dual
transmission line model is that it supports waves where energy and phase fronts are
travelling in opposite ways, which implies that LHM propagation is present. It can be
consequently stated that a left-handed metamaterial can be obtained by ET through a
photonic crystal structure of metallic plates with subwavelength hole arrays whenever
the longitudinal periodicity of the structure is short enough to allow for an intense
coupling between the subwavelength hole array plates. Conversely, a right-handed
propagation is obtained for spaced subwavelength hole arrays and for arrays of

propagating holes. These results provide direct evidence to the statement that the



Stacked Hole Arrays: Merging PhCs, EOT and MTMs in a Single Structure. -135 -

extraordinary transmission, negative refraction, and photonic band-gap are connected
phenomena [GOME 03].
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Fig. 4.14. Simulation results of a single hole array. The surface current on the plate and the
electric field on a cutting plane representation are overlayed. It is shown that in ET operation,
the hole array can be described by a LC-tank circuit: when the conduction current is maximum,
the displacement current is nearly zero (a) and when the displacement current is maximum, the

conduction current is nearly zero (b).
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Fig. 4.15. (a) Schematic of a chain of electrically coupled resonators. (b) Generic curve obtained

for the first band of the depicted structure.

Finally, note that the modellization of a small hole as an inductance is an
advantageous simplification for the rough analysis given here. However, a more

correct model for each hole array in its ET band would be a shunt LC-resonator. To
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observe this, it has been depicted in Fig. 4.14 the simulated surface current on a single
plate hole array overlayed to the electric field in a cutting plane at two different
instants. It is observed that when the surface current (conduction current) reaches a
peak, the electric field (displacement current) is nearly zero, see panel (a). Conversely,
as shown in panel (b), when the electric field reaches a peak the surface current is
neraly zero. Thus, in the first half of the period the energy is contained in the
conduction current, directly related with the magnetic field and in the other half it is
contained in the displacement current, directly related with the electric field. Thus the

hole array in the regime of ET can be appropriately modelled by a LC-tank.

It is shown here that provided there is an electric coupling between resonators, LHM
propagation is found. The schematic of the structure is depicted in Fig. 4.15(a). From

the circuit, the dispersion relation can be obtained (see details in section 5.3):
@y

\/l_ 2C:7M(:03(ka) (426)
C+2C

M

w =

where @, =[L(C +2C,, )] "%, L is the inductance and C is the capacitance to ground of

the each resonator and Cy is the mutual capacitance between adjacent resonators.

Particularizing the argument of the cosine to 0, n/2, ©, the general shape of the first
band is obtained. As it can be observed in Fig. 4.15(b) it presents a negative slope,
accounting for the left-handed propagation. Thus, any chain of electrically coupled

resonators is LHM in its first band.

4.6 Transition from RH to LH (zero group
velocity) and other results.

Up to now it has been seen that by stacking hole arrays and modifying the stack
period, LHM and RHM response can be obtained. A natural question arises about the
point where the transition from the LH to RH regime is effectively done. It is depicted
in Fig. 4.16 the first band for different longitudinal periodicities of hole arrays with the

usual parameters, see Fig. 4.6.

As it is readily observed, for the curves d. = 1.25 mm (black), 1.75 mm (yellow) and
2.25 mm (red), the first band has a left-handed characteristic. It is worth to note that
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even for very small periods the band is LH (in the case d. = 1.25 mm the relation to
wavelength is d./A = 0.24). This fact allows to consider the stacked hole array as an
effective metamaterial in the longitudinal direction, without any explicit reference to

the operating wavelength.

x10°
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B
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S
52 1
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dz=1.75mm
dz=2.25mm
48 A dz =250 mm
dz=2.75mm
dz =3.25mm
46 T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Fig. 4.16. Simulated first band of stacked hole arrays with different longitudinal periodicity: d,
= 1.25 mm (black), 1.75 mm (yellow) and 2.25 mm (red) show left-handed character, d, = 2.50
mm (pink) is the transition from LH to RH propagation, d, = 2.75 mm (green) puts the bandgap
over ET band and a RH band appears just below and d; = 3.25 mm (cyan) presents a first RH

band due to resonant F-P cavity.

On the other hand, for large periods, say d, = 3.25 mm, the first band is certainly RH
and appears at a frequency below ET. The origin of this band is clearly a F-P cavity
mode resonance of the inter-plate spacing. Note that as the period is enlarged, the
cavity resonance wavelength is also enlarged. Therefore the holes are relatively
smaller in terms of resonance wavelength, giving as a result a cavity of length equal to
the thickness of the air slab (4, - w = 3.25 - 0.5 = 2.75 mm) bounded by a couple of
imperfect reflectors. Transmission of power through the holes is allowed by a tunnel-
like mechanism, when the resonance condition of the cavity, corrected by the phase

introduced by the imperfect reflectors, is accomplished.
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Fig. 4.17. Measured transmission coefficient results when d, = 1.25 mm for two (black), three
(red) and four (blue) plates. (a) Magnitude from 45 to 70 GHz. (b) Phase from 52.5 to 60 GHz:

anomalous behavior in the ET band. (c) Phase between 65 and 70 GHz: normal behavior.
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Fig. 4.18. Measured transmission coefficient results when d, = 1.75 mm for two (black), three
(red) and four (blue) plates. (a) Magnitude from 45 to 70 GHz. (b) Phase from 55.5 to 59 GHz:

anomalous behavior in the ET band. (c) Phase between 65 and 70 GHz: normal behavior.
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Fig. 419. Measured transmission coefficient results when d, = 2.5 mm for two (black), three
(red) and four (blue) plates. (a) Magnitude from 45 to 70 GHz. For comparison purposes it has
been included the trace of a single plate (dashed gray). (b) Phase from 54 to 60 GHz.
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Fig. 4.20. Measured transmission coefficient results when d, = 3.25 mm for two (black) and
three (red) plates. (a) Magnitude from 45 to 70 GHz. (b) Phase from 45 to 70 GHz. In the first

band around 50 GHz the phase presents a normal behavior.
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Finally and very interestingly, the limit between LH and RH propagation is the case d.
= 2.50 mm where the curve obtained presents a slope approximately equal to zero, i.e.
zero group velocity. This fact suggests that with this periodicity and at that particular
frequency, a frozen mode - a mode with very low group velocity - can exist inside the
stacked structure. This frozen mode regime as well as a revision of the left-handed
and right-handed propagation in stacked subwavelength hole arrays has been

submitted to revision in the form of Article 4.3.

All these cases have been experimentally studied. It is shown in Fig. 4.17(a) the
transmission coefficient magnitude when d. = 1.25 mm, for two (black), three (red)
and four (blue) plates. As it is readily seen, the measured transmitted power level in
the ET band is reasonably high in all the cases shown, and is effectively above 0 dB
probably due to a lens effect produced when the structure is inserted. It can also be

identified the presence of the Wood’s anomaly at around 60 GHz.

The phase in the ET band is shown in panel (b). It is clearly seen that in this range the
phase for two plates goes below the phase of three plates and this two below the
phase of four plates, accounting for a LHM behavior. Finally is shown in panel (c) the
phase behavior out of the ET band. Now the phase obbeys a RH behavior decreasing

with an increasing structure.

When the periodicity is d. = 1.75 mm the results are quite similar. The magnitude
response (Fig. 4.18(a)) has also a high level in the ET band, and also the peak for two
plates is more than 0 dB. The Wood’s anomaly is clearly shown in then measurements.
The phase response in the ET band (panel (b)) accounts for the LH behavior, with
phase increasing as the structure grows in thickness. Out of the ET band (panel (c)) the
phase behaves normally, with that of two plates above the one three plates, and these
two above that of four plates, though in the figure it has suffered of a 180 degrees

wrap and is apparently above the other curves.

The case of d; = 225 mm has been explained in detail in section 4.3 and the
measurement results are shown in Fig. 4.10. The study continues with 4, = 2.50 mm,
the periodicity where the transition from LH to RH propagation takes place. In Fig.
4.19(a) is depicted the transmission coefficient magnitude for this case. Watching the
dispersion diagram, it is expected that only a narrow peak at approximately 55.8 GHz
should be detected. For two plates this is quite not the case. Rather a wide band is

obtained in the range of ET.
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This suggests that the effect is a dynamic one and we should at least construct a three
plates stack in order to have the minimum necessary periodic structure. In fact when
three plates are stacked the transmission is strongly affected and only a narrow peak
with a level of -5 dB in the vicinity of 55.1 GHz remains. The transmission with four
plates shows a deep rejected band precisely in the ET frequency range (it has been
included in dashed gray the response of a single plate), with a weak trace of a peak at
55 GHz and other at 59 GHz, related to the second band (not shown in Fig. 4.19).
Therefore, it seems that losses as well as finite structure effects cancel the emergence

of the very narrow peak of transmission around 55 - 56GHz.

Importantly enough, the phase measurement plotted in panel (b) shows no signs of
LH behavior in the band, except in the narrow frequency range of 55.5 to 56.2 GHz
between two and three plates. However, as it has been mentioned before, the rejection
of the band needs at least three plates to be effective, accounting for a dynamical
nature of the effect, in contrast with the LHM behavior which manifests itself for only

two plates.

When the periodicity is d. = 2.75 mm, the ET band is splitted into two RH bands. This
has been explained in detail in section 4.4 and the measurement results are in Fig. 4.12.
The case d.=3.25 mm is the last one to be studied. In this case only the measurement
results for two and three plates have been included in Fig. 4.20, in order to make it
more readable. In the magnitude plot of panel (a) the first band around 50 GHz is
clearly detected. This is followed by a second band centered at 56 GHz, with a deep
rejection band between them. The phase measurement of panel (b) shows
unambiguously the RH character of the first band, with the phase of two plates above
that of three plates.

4.7 Gaussian beam compression: beaming.

Watching the experimental results obtained, it is noticed that for some configurations
a transmission level above 0 dB is detected. This is a notable effect and deserves some
attention. By putting the farfield measurement set-up with the 54 x 54 subwavelength
hole array located at 950 mm of the antennas a peak of transmission between 3 - 4 dB
is obtained at the ET frequency, see Fig 4.21(b). This means that the structure enhances
in some manner the power collected by the receiver antenna in comparison to the free-

space propagation calibration.
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Fig. 4.21. (a) Schematic of the experimental set-up to measure the gaussian beam waist

compression. (b) Tranmission coefficient magnitude of a 54 x 54 subwavelength hole array.
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Fig. 4.22. E-plane measurement. Contour plot of the received power level as a function of the
frequency (abscisa) and the lateral shift (ordinate). The frequency span extends from 50 to 65
GHz and the lateral shift excursion from -250 to 250 mm. (a) Bench support without hole array.
(b) Bench support and hole array. (c) Bench support and two stacked hole array plates with d, =
1.25 mm.

This phenomenon has been experimentally investigated in more detail, performing a
measurement of the gaussian beam waist in the plane of the receiver. The set-up is
depicted schematically in Fig. 4.21 (a). The transmitting antenna is located at a fixed
position at 950 mm of the sample, and the receiving antenna is moved, with a step Ax
= 5 mm, along the x axis in the plane located at 950 mm from the sample. The
measured spectrum is registered at every position with the AB Millimetre ™ Vector
Network Analyzer in the band between 50 and 65 GHz. The experiment is done for
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both E-plane and H-plane. In the case of E-plane the receiver is moved along the line
in the direction of the electric field vector, whereas in the H-plane case is moved in the
orthogonal direction. The procedure is made for three configurations: bench support
without hole array, bench with the hole array inserted and bench with two stacked
hole arrays, with longitudinal period d. = 1.25 mm. The results are depicted in Fig.
4.22 for E-plane and in Fig. 4.23 for H-plane. The received power level is represented

with a color scale in function of the frequency (abscisa) and the lateral shift (ordinate).

1 plate 2 Plates

Fig. 4.23. H-plane measurement. Contour plot of the received power level as a function of the
frequency (abscisa) and the lateral shift (ordinate). The frequency span extends from 50 to 65
GHz and the lateral shift excursion from -250 to 250 mm. (a) Bench support without hole array.
(b) Bench support and hole array. (c) Bench support and two stacked hole array plates with d, =
1.25 mm.

In panel (a) of Figs. 4.22 and 4.23 are the results when only the bench support is
inserted in the path. It can be seen that the structure is transparent in both cutting
planes. Also, the gaussian beam is narrower for higher frequencies, as expected from
theory [GOLD 98].

When the hole array is introduced in the path, see panel (b), a clear frequency filtering
is observed around the ET frequency of 57 GHz. Also, a strong beaming is obtained in
the E-plane. The gaussian beam is also narrower in the H-plane, but is not so clearly
noted. Finally, it is noticed an enhancement in the maximum measured power, that

goes up to 3 dB at the ET frequency.

In the last panel of both figures it has been depicted the case of two perforated plates
stacked with a longitudinal period d, = 1.25 mm. The frequency filtering is observed

again in both cutting planes. Moreover, for the E-plane case the beaming is reinforced
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and for the H-plane, the effect is not so strong.
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Fig. 4.24. Measured beam waist at the position of the receiver (z = 1900 mm) for the free-space
propagation (dashed green curve), single hole array case (solid blue curve) and two stacked

plates with period 4, = 1.25 mm. E-cutting plane (a) and H-cutting plane (b).
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To observe these results more clearly, it has been plotted in Fig. 4.24 the power level
as a function of the lateral shift particularized at the frequency of Extraordinary
Transmission. In panel (a) is shown the E-cutting plane and in panel (b) the H-cutting
plane. The power has been normalized to the value measured at the position x = 0.
Due to the unavoidable ripple the value maximum value is above 0 dB in some cases,

being this an experimental artifact.

It is readily observed that th inclusion of a hole array is accompanied by a gaussian
beam compression, being more remarkable in the E-cutting plane. The beam radius is
defined as the distance to the axis where the power has been reduced by a factor e, or
in dB: Ppeam-waist = 20log(e?) = -8.68 dB [GOLD 98]. With this definition, the measured
beam radius for the free-space case is slightly larger than 250 mm, @ree-space = 250 mm.
When the hole array plate is inserted (blue curve), the beam radius is markedly
reduced, ®hole_array ® 55 mm. Thus, it can be concluded that the hole array provides a
reduction of the gaussian beam diffraction, which is accompanied by a gain. This
effect is similar to that seen in chapter 3 for “slit + grooves” structures in the OC
illumination, see for instance Fig. 3.8(a). Finally, when two plates are stacked, the

beaming is enhanced, and the beam waist is reduced to a value of @apiates~ 30 mm.

In the H-cutting plane, the effect is weaker. The beam waist radius in free-space
propagation is @eree-space ® 240 mm. For the single hole array case is ®hole_array = 205 mm
and for two stacked plates @aplates ® 225 mm. This result can also be related to that
presented in Fig. 3.8(b) and, in general, with all the radiation diagrams presented for
the metallic antennas shown in section 3.5. In all those cases, the beaming in the E-
cutting plane was stronger than the beaming in the H-cutting plane. The argument
given there, relating the beaming to the direction where the currents are excited, is

also applicable to the hole array.

4.8 Superprism or anomalous collimation.

The achievement and control of a LHM made by stacking subwavelength hole arrays
opens up the way to a new class of practical devices both in the microwave and in the
optical range. One possible realization is related to superprism effects or anomalous

collimation.
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LHM Snell’ law:

Ray crosses the normal
RHM Snell’ law:

Ray never crosses
the normal

Fig. 4.25. Graphical ray illustration of Snell’s law in the interface between a RHM and other
RHM with different refractive index (blue arrow) and in the interface between a RHM and a

LHM (red arrow). The incident ray is represented with a green arrow.

As it has been explained, one of the more surprising features of LHMs is that Snell’s
law is reversed in the interface of a standard RHM and a LHM, see Fig. 4.25. This
atypical effect can be tested with the commercial simulator CST Microwave Studio ™ by
constructing a prism. First it is shown the behavior of a prism made of a normal
dielectric. In Fig. 4.26 is depicted the electric field contour - panel (a) - and the power
flow - panel (b) - for the case of a prism made of a dielectric material of permittivity .
= 2 (n = 205) surrounded by air. As it can be seen, some reflected power exists at the
input, and the transmitted ray goes away from the normal, as Snell’s law asserts. In
the opposite case, a prism of air surrounded by a dielectric with & = 2, shown in
panels (c) and (d), the ray approaches the normal but does not cross it. Conversely, for
the case of a homogenous metamaterial with negative refractive index, the transmitted
ray crosses the normal, see panels (e) and (f). In the figure is depicted the case of & =
tr = -1 and then perfect matching is seen with no reflected power. According to Snell’s

law the transmitted angle is equal to the angle of incidence but with opposite sign.
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(@) ()

Fig. 4.26. Simulated contour of the vertical component of the electric field (a) and power flow
magnitude (b) for a prism with &€ = 2 inserted in air € = 1. The transmitted ray goes away from
the normal. Vertical electric field (c) and power flow magnitude (d) in the case of a prism of air
inserted in a medium with € = 2. The transmitted ray approaches the normal but does not cross
it. Vertical electric field (e) and power flow magnitude (f) in the case of a metamaterial with n =

-1 inserted in air (n = 1).

This is the visual illustration of Snell’s law reversal, and for the particular case of
prisms this phenomenon is called superprism effect. The concept of superprism is
applied when the refractive index of the prism presents exotic values, i.e. n < 1.
Superprism effects have been described in Ph.C. structures [KOSA 98], [ENOC 03] and
in LHMs [SHEL 01], [SMIT 04].
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4.8.1 Prism in microwaves.
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Fig. 4.27. Schematic of the prism designed by stacking hole arrays. Parameters: a = 9.25 mm, w

A

=1 mm, d; = 11 mm, d, = 18.5 mm, d, = 3 mm. With the given dimensions the ET band is in the

microwave range.

With the stacked hole array, a prism is designed by progressively removing columns
of holes, see Fig. 4.27. In the figure it is shown only one period, but in the simulation
the boundary conditions extend the structure infinitely in the vertical dimension. The
parameters of the structure are: 4 = 9.25 mm, w =1 mm, d, =11 mm, d, = 18.5 mm, d. =
3 mm. With these dimensions, the ET band is located in the microwave range, around
15 GHz. At this frequency the longitudinal periodicity is 0.154, thus in this dimension
the long wavelength limit can be considered, i.e. a homogenoeus description is valid.
The metal thickness is also small, about 1/20 the wavelength, which is optimum for
ET. It can be noticed that the x and y periodicities are not equal. This is due to the fact
that ET essentially depends on the periodicity d, (the larger periodicity) [LOMA 05].
Recall that the phenomenon can be explained in terms of resonant-Wood’s anomalies
[SARRA 03], [HESS 65], which is directly related to periodic structures. Thus, it can be
chosen this configuration in order to have the ET resonance and also a good level of

signal due to the fact that the density of holes is larger.
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Fig. 4.28. (a) Dispersion diagram for the stacked hole array with parameters 2 = 9.25 mm, w =1

mm, d, =11 mm, d, = 18.5 mm, d, = 3 mm. (b) Calculated refractive index.

The dispersion diagram for a stacked hole array with the aforementioned dimensions
has been computed with the electromagnetic simulator. It is shown in Fig. 4.28(a)
where the graphic is restricted to the first band. It is obviously LHM and extends from
14.2 GHz to 15.7 GHz. From the data, it can be calculated the equivalent refractive
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index by a simple procedure: n = ¢/Upms. = ck/. Notice that the sign of the phase
velocity is negative and, therefore, the refractive index must be negative, as it is
depicted in Fig. 4.28(b). At around 14.5 GHz the refractive index is approximately n =
-1. The electric field and power profile at this frequency are shown in Fig. 4.29 in
panels (a) and (b) respectively. It is readily seen that the simulation predicts a
transmitted angle equal to the incidence angle but with opposite sign in agreement
with the predicted reversal of Snell’s law for LHMs. This demonstrates the left-

handed prism effect of the stacked hole array structure.

(@) (b)

Fig. 4.29. Contour plot of the y-component of the electric field (a) and the magnitude of the
power flow (b) at 14.5 GHz for the simulated prism made with stacked hole arrays in

microwaves. At this frequency n = -1, and according to Snell’s law 6, = -6; as it happens.

4.8.2 Prism in millimeter waves.

The results in microwaves are scaled now to the millimeter wave range. This range is
less optimal for the design of prisms, due to the fact that things are further from
ideallity. The minimal available standard aluminum thickness is 0.5 mm which limits
the thickness to wavelength ratio to around 1/10 (at 60 GHz). Also the longitudinal
stack periodicity cannot be extremely reduced, and the misalignements between

correlative plates are hard to control.
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With all this limitations in mind, it has been chosen the double periodicity topology
and plates very close, see the proposed prototype in Fig. 4.30.

OOOORIOOOO

Fig. 4.30. Schematic of the prism in milllimeter waves range. Parameters: 2 = 2.5 mm, w = 0.5

e

mm, d, =3 mm, dy =5mm, d, = 1.25 mm.

Repeating the mentioned procedure, it has been computed the dispersion diagram for
the first band of the structure. It is shown in Fig. 4.31(a). The first band is left-handed
and extends from 52.5 GHz to 57.3 GHz. From the data is extracted the equivalent
refractive index. It is shown in Fig. 4.31(b). It ranges from n = -2 to n = 0. It reaches the
value n = -1 at about 53.5 GHz. The electric field and power profile at this frequency
are shown in Fig. 4.32 in panels (a) and (b) respectively. The simulation predicts a
transmitted angle equal to the incidence angle but with opposite sign in agreement
with the predicted reversal of Snell’s law for LHMs. This demonstrates the left-
handed prism effect of the stacked hole array structure also in the millimeter wave

range.
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Fig. 4.31. (a) Dispersion diagram for the stacked hole array with parameters 2 = 9.25 mm, w =1

mm, d, =11 mm, d, = 18.5 mm, d, = 3 mm. (b) Calculated refractive index.
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Fig. 4.32. Contour plot of the y-component of the electric field (a) and the magnitude of the
power flow (b) at 53.5 GHz for the simulated prism made with stacked hole arrays in millimeter

waves. At this frequency n = -1, and according to Snell’s law 6, = -6; as it happens.

4.9 Parabolic lens.

In the same sense that a prism made of negative refractive index material shows
unconventional properties, other geometries based on metamaterials can be tried.
They also show atypical and exotic features. One of the most immediate architectures

is the parabolic geometry.

As it is well known, a parabolic-shaped mirror has the property of focusing all the
incident parallel rays on a point called focus of the parabola, see Fig. 4.33(a).
Reciprocally, also all the rays emitted by a point source located on the focus are

reflected by the parabolloid mirror in a set of parallel rays.
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Fig. 4.33. Ray tracing of the operation of a parabolic mirror, where parallel rays are reflected to
the focus (or reciprocally all the rays emerging from the focus are reflected as parallel rays) (a)
and ray tracing when the interface between a standard RHM medium with n = 1 and a
metamaterial with n = -1 is parabolic. The rays travel parallel in the LHM medium. If there is

impedance matching there is not reflection.

Fig. 4.34. Schematic of the parabola constructed by stacking subwavelength hole arrays. The
parameters of the structure are, following the usual notation: 4 = 2.5 mm, w = 0.1 mm, d, = 3

mm, dy=5mm, d; = 0.75 mm.



Stacked Hole Arrays: Merging PhCs, EOT and MTMs in a Single Structure. -157 -

Following the usual formalism of geometrical optics, the reflection is usually
described as being a material with refractive index n = -1 [CORN 94]. This is an
advantageous interpretation in order to study reflection as the equivalent refraction
on a ideallized material, a mere mathematical tool. But with the incoming of the
metamaterials formalism this abstract idea can be seen to take a real form. In fact,
when shaping with a parabola the interface of a standard RHM medium, say air with
n =1, and a LHM medium with n = -1, and using as a emitter a point source on the
focus of the parabola waves, the situation depicted in Fig. 4.33(b) arises. The rays that
emerge from the source diverge as spherical waves until they reach the interface.
Then, applying Snell’s law, the rays propagate parallel in the metamaterial. In the
particular case when there is impedance matching between the two media the waves

can traverse the surface without reflection.

(b)

Fig. 4.35. Top view of the simulated vertical electric field component (a) and power flow

magnitude (b) of the parabola constructed by stacking hole arrays. The structure is excited by a

plane wave impinging from the back. A clear concentration of power is observed in the focus.
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A metamaterial parabolloid can be constructed with stacked hole arrays by using the
same procedure as for the prism. The design proposed is shown in Fig. 4.34. A
parabolic shape is roughly constructed by carefully removing rows of holes. This
result in a staircase approximation of the ideal parabola. The parameters of the design
are, following the usual notation: 2 = 2.5 mm, w = 0.1 mm, d, = 3 mm, d,= 5 mm, 4. =
0.75 mm. The structure is excited by a plane wave impinging on the back and by using
the appropriate boundary conditions is made infinite in the vertical dimension. The
results for the electric field and the power flow are depicted in Fig. 4.35 in panels (a)

and (b) respectively.

Power (a.u)

X (mm)

Fig. 4.36. Normalized power along x on the focus cross-plane. It has been represented with
green dashed lines the points where the power is half the maximum and with blue dashed lines

the half a wavelength distance.

Notice the clear concentration of field and power observed on the focus of the
parabola. As it can be seen in the power plot (panel (b)) the focus is very narrow in the
x direction but more extended in the z direction. It has been plotted in Fig. 4.36 the
normalized power on the focus cross-plane along the x direction. It is seen that the
distance of the half power (green dashed lines) is smaller than half a wavelength (blue
dashed lines).
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4.10 Equivalent circuit discussion.

In this section it is intended to grasp a little more in the equivalent circuit approach
outlined before. The main aim here is to show in some extent the validity of this

approach by taking some selected simulation results.

\ |
/1o

I

@) (b)

Fig. 4.37. Unit cell and equivalent circuit for an infinite slit array (a) and an infinite slot array
(b). The unit cell is infinitely replicated by inserting electric wall in the upper and lower planes

and magnetic walls in the lateral planes.

As it has already been mentioned, after the discovery or EOT in subwavelength hole
arrays, some of the research effort was directed towards the “equivalent” one-
dimensional case: the slit array [TREA 99], [PORT 99]. Now we know that this
structure fails in describing the situation of Ebbesen’s experiment since slits propagate
without a cut-off while holes have a cut-off frequency. From the equivalent circuit
point of view, narrow slits in a thin plate have been classically considered as shunt
capacitors [COLL 91], as represented in Fig. 4.37(a). The surface conduction current
lines on the metallic face are closed as a displacement current across the capacitor
formed by the upper and lower metallic plates. When the slit is transformed into a slot
by inserting lateral walls, see Fig. 4.37(b), surface current is allowed to flow around
the slot giving as a result an inductive reactance in parallel with the mentioned

capacitive reactance. The circuit that describes the operation is an LC-tank.

It has been simulated the spectral response of an array of apertures varying the
horizontal dimension. For the simulation, the above described procedure is used: an
artificial waveguide is constructed by imposing as boundary conditions magnetic and

electric walls, see Fig. 4.1. This makes the structure be infinitely replicated in the
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transversal cross-plane. The thickness of the metallic plate is fixed at 1/10 the

operating wavelength. The vertical dimension of the aperture has been fixed at 0.4A.
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with vertical dimension a = 0.4A. (a) Single plate transmission spectra obtained for different
horizontal dimensions ranging from b = d (infinite slit) to b = 0.2d and (b) stacked hole arrays
dispersion diagram particularized to the first band for the cases b = 0.84 (red curve) and b = 0.6d4

(blue curve). The longitudinal period is d. = 2.25 mm. In dashed line is represented the hole

waveguide cut-off frequency.

kd,/2n

(b)

Fig. 4.38. Simulation results for an infinite array of apertures in a metal of thickness w = 1/10,
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The results obtained are shown in Fig. 4.38(a) where the width of the slot has been
varied from the infinite slit case (black curve) to the very narrow slit, b/d = 0.2. In all
the analyzed cases Wood’s anomaly appears at 60 GHz and is preceded by a total
transmission narrow peak sligthly below it. For an infinite slit array a total
transmission is observed at DC and the power level gradually decreases as the
frequency increases, in good agreement with the shunt capacitor model - low pass
characteristic response. When the slit is transformed into a slot, transmission at DC is
completely forbidden, i.e appears a cut-off frequency, marked with dashed line of the
color corresponding to the spectral curve. A peak of total transmission emerges
between DC and Wood’s anomaly. This total transmission peak moves towards
higher frequencies as the slot is made narrower, until the point where it almost
collapses with the Wood’s anomaly frequency. What is interesting is that after a
particular slot width, the peak falls below the slot cut-off frequency. This constitutes
the ET regime. Computing now the dispersion diagram of stacked hole arrays with
longitudinal period d. = 2.25 mm for the cases b/d = 0.4 (blue curve) and b/d = 0.2 (red
curve), see Fig. 4.38(b), it is interesting to observe that in the first case, when the band
falls below the cut-off, the first band obtained has a negative slope, i.e. is LHM.
Conversely, in the second case, when the band is above the cut-off, the slope is
positive or RHM. Therefore, in order to obtain a LHM by stacking slot arrays, a
necessary condition is that ET occurs (transmission below cut-off) or, in other words,
the slot horizontal aperture dimension has to be small in order to show a strong

inductive character.

It is interesting to see what happens if the horizontal dimension of the slot is left
constant and narrow enough such that ET exists, and the vertical dimension is
somewhat enlarged. For instance, the vertical dimension is duplicated maintaining a
slot width b = 0.8d and the dispersion diagram for a stacked hole array with
longitudinal periodicity d. = 2.25 mm is computed. The results are presented in Fig.
4.39: a = 0.4\ (blue curve), a = 0.81 (pink curve). For a = 0.81 the band obtained is
RHM, with a positive slope, while for a = 0.4\ the band is LHM. This can be easily
explained with a very intuitive argument: when the vertical dimension of the slot is
enlarged, the fraction of metal per unit cell decreases. Moreover, notice that the
electric field lines responsible of the electric coupling between adjacent plates emerge
just in that region. As the metal fraction is smaller, the mutual capacitance also

decreases and eventually disappears the electric coupling along the chain. Therefore,
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in order to obtain LHM by stacking hole array three conditions should be fulfilled:
first and second, designing the holes small enough in order to enhance the inductive
character maintaining at the same time a good power coupling across them. Third, is
favour the electric coupling between correlative plates by employing large metal

areas. These conditions can be fully satisfied by using stacked ET hole arrays.
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Fig. 4.39. Computed dispersion diagram for a slot array structure with dimensions b = 0.8, w =
A/10 and a = 0.4A (blue curve) and a = 0.8\ (pink curve). The longitudinal period is 4, = 2.25

mm. In dashed line is represented the hole waveguide cut-off frequency.

4.11 Metal-dielectric (¢ > 1) stack.

This point is devoted to the extension of the structures studied in section 2.7. The
results obtained there are extended here to the case of stacking hole arrays separated

by a dielectric with € > 1. Very interesting features appear, as it will be seen.

Consider a double periodicity hole array on a dielectric slab or inserted between two
dielectric slabs. It has been seen in section 2.7 that in general the ET band is shifted to
lower frequencies. Now, proceeding as before, a bulk material is constructed by
stacking such structures, see schematic and picture in Fig. 4.40(a) and (b) respectively.
The stack period is the sum of the thickness of the dielectric and conductor layers, d. =
h + t = 0.525 mm. As it is explained below, the resonance is shifted towards lower

frequencies when the stack is constructed. In order to observe the resonance in the
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measurement frequency range, the vertical periodicity of the hole array needs to be
slightly modified to dy = 3.4 mm. The rest of the hole array parameters are the same as
in section 2.7. It is shown in Fig. 4.41 the computed dispersion diagram of the double
periodicity structure separated with air and with a dielectric of relative permittivity &
= 2.43. When the stack is embedded in air, the first band appears between 75 and 87
GHz (red line) and when is embedded in the dielectric it is between 48.4 and 56 GHz.
Therefore, with an easy calculation, it is seen that the frequency shift is simply due to

dielectric loading (faiel = fair /€%9).

The stacked prototypes separated by dielectric slabs have been measured with the
previously described QO bench. The resulting transmission coefficient spectra are
shown in Fig. 4.42. In solid cyan curve is shown the response of a single plate between
a dielectric sandwich. Notice that the resonance is located around 70 GHz. When two
plates are stacked a clear ET peak is detected at 50.4 GHz, see solid red curve. As the
number of layers is increased, the level decreases, probably due to losses and to slight
misalignements between consecutive layers, but the resonance frequency is locked at
50 GHz.

The shift of the resonance frequency between a single plate response and the stacked
structures is due to the the electric field distribution. In the single plate case, the
electric field lines are spread in the volume surrounding the perforated metallic plate
that comprises a mixture of dielectric slab and air, i.e. the effective permittivity is a
number between 1 and & (1 < e < 2.43). This makes the ET peak shift to lower
frequencies (as shown in section 2.7), in a factor proportional to the square root of the
effective dielectric permittivity. When a stack is constructed with dielectric slabs
separating the metallic plates, all the electric field lines are trapped in the same
material, and contribute to the self-capacitance of the single plate hole array and to the
mutual capacitance of adjacent plates (this is directly linked to the discussion
presented in section 5.3.1 relative to electroinductive waves. It will be seen there, that,
for electrically coupled resonators, the total capacitance is splitted in self and mutual
capacitance terms). Thus, as all the electric field lines are confined in the dielectric
material, the frequency of the LHM band is consequently shifted in a factor £1/2 What
is more, this frequency shift towards lower frequencies in stacked structures can also
explain the reduction in the measured power level, since now the hole diameter, g, is
smaller in units of wavelength and, following the discussion presented in section 2.4

(also in Article 2.2), the smaller the hole in units of wavelength, the narrower the
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passband which for finite size structures results in a reduction of the peak level.

(@) (b)

Fig. 4.40. Schematic (a) and picture (b) of the stacked hole array. The parameters are d, = 1.5
mm, d, =4 mm, d, = 0.525 mm, hole diameter a = 1.2 mm, metallization thickness (copper) ¢ = 35

microns, dielectric thickness & = 0.49 mm and dielectric permittivity e = 2.43
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Fig. 441. Dispersion diagram particularized to the first band of the stacked hole array
separated by air slabs (blue) and by & = 2.43 dielectric slabs (red).
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Fig. 4.42. Experimental transmission coefficient magnitude (a) and phase (b) of stacked hole

arrays. Solid lines correspond to copolar excitation of the double periodic hole array on

dielectric slab structure, i.e. E-field in the direction of the large periodicity and dashed lines to

the orthogonal polarization. Black is for two plates, red three plates and blue four plates.
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It has also been depicted in Fig. 4.42(a) the frequency response for the cross
polarization. No resonance is observed in any of the measured cases, and it is

observed that as the stack is enlarged the power level decreases monotonously.

Attending now to the phase in Fig. 4.42(b), it is clear that as the number of plates
increases, the phase increases at the EOT band, as happened in4, giving evidence of
LHM inside the stack.

4.12 Concluding remarks.

Summing up, an artificial waveguide defined by introducing a set of parallel electric
and magnetic conductors can be employed to analyze the diffraction problem of a
plane wave impinging normally to a sub-wavelength hole array. Simulation results
have demonstrated the key role of the evanescent higher order modes to explain the
ET effect. Even more unexpected results appear if a periodic structure is made by

stacking several of such plates.

It has been shown how a left-handed metamaterial can be achieved by the periodic
stacking of sub-wavelength hole array plates to form a photonic band-gap structure. It
has been shown that the stack period with LH behavior can be made much smaller
than the operating wavelength and, therefore, it can be safely stated that the structure

works in that dimension as an effective metamaterial.

In addition to this, the simulation and experimental results presented show that left-
handed propagation effects appearing in the band where EOT happens can be
allowed or inhibited by a proper engineering of the band gap position of the photonic
crystal made of stacked subwavelength hole-arrays. Moreover, in the transition from
LH to RH behavior a nearly zero slope band is observed, which can evidence a frozen

mode propagation regime inside the structure.

A simplified model based on inverse line equivalent circuit has been exposed to
explain the LH and RH behavior. This model has been complemented with some
simulation results. Some future work has been advanced with interesting simulation
results showing potential applications of the structure such as the implementation of
metamaterial based prisms and parabolic shaped lenses. Finally, it has been explored

the case of stacked double-period hole arrays separated with dielectric slabs.

The reported results have been achieved for the millimetre range, but similar results
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are expected to happen at optical frequencies since extraordinary transmission has
been shown at optical frequencies and the kind of structure presented here will
present low losses in higher frequency regime. The control of the EOT-LHM could
lead to a new class of practical devices both in the microwave and in the optical range.
Further experiments and theoretical analysis are needed to grasp the full implications

of these findings.
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Chapter 5

Alternative Structures.

In this section other structures are shown. They stem from
novel electromagnetic phenomena, namely the so-called Left-
Handed Metamaterials. The key particle in the development of this
subject has been the Split-Ring Resonator (SRR) proposed by Prof.
Pendry in 1999.

Here, this particle is used in the implementation of planar
screens or Metasurfaces. It will be seen that due to the peculiar
properties of the SRRs the response of the metasurfaces obtained
show strong resonance and  cross-polarization  effects.
Complementarity is applied to construct prototypes with the dual
particle of the SRR, the CSRR, presented for the first time by
Falcone in 2004. Analytical as well as experimental results are

given.

The strong resonance of these particles allow for the coupling
and the energy transport along a chain made by arraying several of
them. When the coupling is magnetic the wave supported is
referred as Magnetoinductive Wave (MIW). If the coupling is
electric is referred as Electroinductive Wave (EIW). Here it is
presented the first realization of a Electroinductive wave (EIW)
transducer. Several simulation results that illustrate the energy
transport with EIWs are given. Also an analytical discussion that

shows that EIWs and MIWs are complementary is presented.

Finally, a comparison of these alternative structures with

enhanced transmission structures is made.
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5.1 Introduction: SRR, Babinet, bianisotropy.

In the last few years, an issue of great research interest has been the study of materials
with artificial exotic electromagnetic properties. Amongst them, the investigation in
the so-called Left-Handed Metamaterials (LHM) has occupied a prominent role. The
term Left-Handed comes from the fact that for a plane wave propagating inside these
artificial materials the electric field vector, E, magnetic field vector, H, and wave
vector, k, form a Left-Handed triplet. This is in contrast with usual media in which the
vectors form a Right-Handed triplet. This fact is highlighted in Fig.5.1(a) and (b).

E E
k
S S
H H
k

@) (b) ©

- vacuum

Fig. 5.1. (a) Electric field, magnetic field and wave vectors form a right-handed triplet in a
standard media. (b) This triplet is left-handed in the media described by Veselago. Note that
Poynting vector is always in the same direction. (c) Sketch of the Snell’s law reversal in the

interface between a standard medium and a left-handed medium

The origin of this terminology dates back to 1968, when Veselago studied from a
theoretical point of view the properties of media having simultaneously negative
values of electric permittivity and magnetic permeability [VESE 68]. He found the
aforementioned Left-Handed propagation characteristic along with other surprising
properties: inversion of Snell’s law in the interface between a standard and a left-

handed medium, Doppler effect reversal, Cerenkov effect reversal among others.

The synthesis of a negative electric permittivity was feasible by that time, for example
by means of a plasma or a metal at optical frequencies. Negative values of magnetic

permeability in contrast were not attainable. It was in 1999 when Pendry [PEND 99]
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proposed for the first time a particle which can give a negative magnetic response in a
certain frequency range: the Split-Ring Resonator (SRR) depicted schematically in
Fig.5.2(a). The first medium showing simultaneously negative values of permittivity

and permeability was developed in the next year by Smith et al. [SMITH 00].

(a) (b)

Fig. 5.2. Geometries of the SRR (a) and CSRR (b). Metal parts are represented in gray and air in

white. Notice that the structures are complementary in the sense of Babinet’s principle

These results attracted great interest and many other works were advanced. It was
soon realized that conventional SRRs present cross-polarization effects [GAY 02],
[MARQ 02], [MARQ 03], so that artificial LHM designed with these elements also
become bi-anisotropic [MARQ 02]. Two characteristics make SRRs very interesting in
the design of artificial media. The first one is that they are high Q resonators, which
produce a strong diamagnetic response above the resonance, so that they can
potentially produce a negative effective u. The second one is that the first SRR
resonance is quasi-static [MARQ 03], so that SRRs electrical size at such resonance is
small enough to allow for a continuous media modelling of the composite. Actually,
artificial media design is not the only application of these elements coming from the
aforementioned properties. They also make SRRs very useful for applications in

microwave technology (see, for instance, [FALC 05] and references therein).

More recently, the dual configuration or complementary SRR (CSRR), shown in Fig.
5.2(b), began to be studied as an alternative to SRRs for some applications [BAEN 04],
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[FALC 04], [FALC 05]. The term complementary arises from the Babinet’s principle.
This principle states that the total field transmitted by a metallic screen with an
arbitrary aperture, added to the total field transmitted by its complementary screen
(illuminated by the complementary incident wave), gives the incident wave over this

last structure.

Similarly to SRRs, CSRRs also behave - at its first resonance - as quasi static LC
resonators. However, due to Babinet’s principle, a strong electric dipole generation is

the dominant effect at this resonance and cross polarization effects are also present.

5.2 Metasurfaces.

Frequency selective surfaces (FSS) are periodic structures with a frequency filtering
behavoir for an incident wave [MUNK 00], [WU 95]. These devices are well-known in
microwave and millimeter wave ranges. Usually they consist of a periodic array of
resonant metallic elements or apertures on a metallic screen. Depending on the
construction, material and geometry of elements, FSSs can be classified in high-pass,
low-pass, band-pass and rejected-band filters. As a simple rule, disconnected or patch
elements usually present low-pass or rejected-band behavior, whereas connected or

slot elements usually present high-pass or band-pass behavior.

According to diffraction theory, for secondary-grating lobe suppression the size and
periodicity of the resonant elements should be smaller than the wavelength of the
incident radiation. Otherwise, the resonant optical properties of the FSS may be
related to the coupling between adjacent elements, thus depending on the angle of
incidence of the incoming radiation. The small electrical size of the SRR and CSRR
particles described in the previous section makes them very attractive in the
application to FSSs. These particles have usually been excited by means of axial fields,
see [PEND 99], but they can also be excited by transversal fields, due to their
bianisotropy characteristic [MARQ 02]. This last feature permits the plane wave
excitation of a surface constructed with these particles. Besides, a rich variety of cross-

polarization effects are observed by changing the angle of indicence.

5.2.1 SRR/CSRR Metasurfaces under normal incidence.

In this section are given the results of an ab-initio analytical theory for the design of

SRR-made and CSRR-made FSSs under normal incidence plane wave excitation. The
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validity of this analysis is restricted to the conditions: infinitely thin metallic perfectly
conducting screens in free space (conditions of Babinet's principle), and SRR/CSRR
sizes much smaller than the free space wavelength. This condition can be easily
fulfilled owing to the small electrical size of the SRRs. In consequence, the analysis can
be simplified by using the surface admittance approach. CSRR-based FSSs can be
analyzed as the complementary counterpart of SRR-based FSSs.

The electromagnetic response of the SRR at its first resonance can be described in

terms of four polarizabilities [MARQ 03]. The expressions are reproduced here:

mm  ext em [ ext
m, =a, BzX -y, ny 6.1)
p, =y B +ag'B (5.2)
P, = ag B (5.3)

where the axis orientation is seen in Fig. 5.2 and Ecx and Bex are the externally applied
field. From the above polarizabilities, a;;, a;;“ and )" have a resonant behavior,

with a generic o dependence near the resonance of the kind:

a)2 -
ax ao[% —1j (5.4)

[0

where ay is a constant and ay is the first frequency of resonance of the SRR. It is worth
to note that the dipoles m. and p, are resonantly excited in the first or quasi-static
resonance of the SRR whereas the dipole p. does not present a resonant response at

that frequency.

By using the complementarity concept, the response of CSRRs can be described with
the complementary polarizabilities [BAEN 04]; [FALC 04].

t t
P, =BE" - By BJ (5.5)
m, = B,"BY + BR'E (5.6)
m, = B B (5.7)

b, ,B;;n and S, having a resonant behavior near the resonance of the kind:
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@’ N
B = ﬂo( ajéo _1J (5.8)

where the CSRR frequency of resonance oo is, in general, different from wo due the
influence of the dielectric board [BAEN 04]. However, if the dielectric is removed, by
duality oco = wo. In this case, from Babinet principle [FALC 04] and from the well
known expressions for the electromagnetic fields of the electric and magnetic dipole, it

is shown that:
mm __ 2 _ee. pmm __ 2 _ee. pem __ em. pee __ 1 mm
ﬂxx =—C axx’ﬂyy =—C ayy’ﬂyz __ayz ’ﬂzz =50, (5-9)

where c is the speed of light in vacuum.

Fig.5.3. Geometries of the analyzed square array of SRRs (a) and CSRRs (b).

It is studied now a planar square array of SRRs of periodicity a (see Fig.5.3), and a
plane wave of arbitrary polarization incident on this array from the left-hand side (z <
0). As far as the size of the SRRs can be considered small with regard to the
wavelength, the far field produced by the surface currents on the array will approach
to that of the mean currents on it. These mean currents arise from the mean electric
<p> and magnetic <m> dipoles generated in the SRR array. These dipoles are
generated from the electric and magnetic fields incident upon each SRR through (5.1)-

(5.3). Therefore, there is a linear relation between the mean surface currents and the
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mean fields on the array of the kind:

(Jsxj [YXX ny](Exj
= 5.10
JSY YyX YW Ey ( )

The theory leading to the first order approximate values of the admittances Y is

developed in Article 5.1 . The results are:

Y, = ja){ szxe + kj}ff:} (5.11)
Yy =l 0;52; + ki?fzm} (5.12)
Yy = jw{aazty - kx:)yzzg m} (5.13)
Y, = ja){— a%“zky - kx:);‘;‘?m} (5.14)

where k; and k, are the transverse components of the wave vectors of the incident
field. The theory behind these results is based on the the simplest homogenization
procedure, i.e. on the assumption of that the incident field on each SRR coincides with

the mean field on the array.

Under normal incidence k; = k;, = 0. Thus, the surface admittance matrix (5.10)
becomes diagonal. Although no crosspolarization effects can occur (the non-diagonal
elements are zero), since ¢, is resonant and . is not, the behavior of the FSS for the
two orthogonal polarizations of the incident wave are quite different: for waves
polarized with the electric field parallel to the y-axis (see Fig. 5.2) a strong reflectivity
is expected near the resonance, whereas for incident waves having the orthogonal
polarization it is not. Therefore, for normal incidence and near the resonance, the FSS

will act as a polarizer.

Now the analysis is restricted to the resonant case. The excitation is made with a plane

wave polarized in the y axis: E™ = Eoye"'kzzej“". In these conditions the FSS is
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characterized by a scalar surface admittance:

e

J,=YE v, =19%

R (5.15)

The admittance can be decomposed into the sum of two admittances, see Article 5.1:

4o '
Y, =Yp + Yic (5.16)

Ty

Here Yp is the admittance of a disk of radius equal to that of the SRR [COLL 91]. This
choice for the non-resonant part of the SRR admittance is justified by the similarity in
behaviour of the SRR and the aforementioned disk far from the resonance [MARQ 03].
The second summand on the right-hand side of the previous equation, Yic, is the

series connection of the SRR equivalent inductance, L, and capacitance, C = 7zr¢Cpu/2

[MARQ 03], giving the resonance frequency @, =-/(LC)" .

__jaC

e =1 2C 5:17)

Now the transmission and reflection coefficients can be extracted from the admittance

following the standard procedure.

2

t=1l+r=—"—
Ys770+2

(5.18)
where 7 is the free-space impedance. At resonance the equivalent SRR admittance
goes to infinite and there is total reflection. Total transmission is achieved when the
admittance vanishes. According to (5.16) and (5.18) this happens above the SRR

resonance frequency.

The same analysis can be reproduced for the CSRR case. However, for thin and
lossless plates the Babinet’s principle can be applied. This principle states that the total
field transmitted by a metallic screen with an arbitrary aperture, added to the total
field transmitted by its complementary screen (illuminated by the complementary
incident wave), gives the incident wave over this last structure. After some algebra,
see Article 5.1, the transmission coefficient for the CSRR-FSS, t., and for the SRR-FSS, t,

are related by ¢ + tc = 1. So t. = —r and r. = —t, where t. and r. are the transmission and
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reflection coefficients for the CSRR-FSS when it is illuminated by the complementary
wave. With this, the response of CSRR-FSSs is readily obtained from that of the SRR-
FSSs.

10 =————7——— T ===
T == 7 =
~ /! | =————CSRR Analytic 1
0.8 A N | | ——— csRR Analytic 2
\ = CSRRCST
— — — SRR Analytic 1
— — — SRR Analytic 2

SRR CST

0.6

0.4 1

Transmission coefficient

0.2 -

0.0 T T T
4.5 5.0 55 6.0 6.5

Frequency (GHz)

Fig. 54. The transmission coefficient for a metasurfaces of SRRs and CSRRs with lattice
parameter a = 8 mm. The resonators dimensions are 7. = 3.5 mm and c = d = 0.4 mm. Solid lines
are for the CSRR-FSSs and dashed lines for rhe SRR-FSSs. Black curve: simulation results
obtained using CST Microwave Studio. Blue curve: theoretical results computed from the
proposed analytical model with des = c + d. Red curve: results computed using the same model
with dey=2(c + d).

To verify the analysis quantitatively, the theoretical results obtained for a specific
CSRR-FSS and SRR-FSS have been compared with those obtained from the

commercial software CST Microwave Studio ™ This comparison is shown in Fig. 5.4 for

the resonant polarization, i.e. when E™ = Eoye‘jkzze J! in the SRR screen and when

inc —jk,z 4 jot - . - .
H™ =H, ge "€’ (as expected, a near zero transmission coefficient was obtained

for the orthogonal polarization at all frequencies). For the theoretical computations the
values of L and C,., have been extracted from [MARQ 03]. Two different values have

been tested for the effective diameter: dey = ¢ + d (blue curve) which is the expression
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usually used in the analysis of SRRs and d, = 2(c + d) (red curve) which is an
unrealistic value tested in order to fit the numerical results. A good qualitative
agreement can be seen between theoretical and numerical results (black curve), as
well as an accurate quantitative prediction of the frequency of the transmission peak.
The good qualitative agreement includes the zero-transmission point above the
transmission peak, although the bandwidth is not accurately predicted. The fitted
curve closely resembles the numerical results. Similar results were obtained for
different resonator dimensions and periodicities. Thus, it can be concluded that the
proposed theory qualitatively reproduces the behaviour of the analysed FSSs for
normal incidence. It also gives quantitatively accurate predictions for the frequency of
resonance, although it underestimates the bandwidth. This fact is probably related to
the limitations of the SRR model reported in [MARQ 02].

Focusing now on the simulation results (black curves) it can be seen that the full-wave
simulator clearly predicts a complementary response for SRR-based (dashed black)
and CSRR-based (solid black) FSSs. Due to the non-connected nature of the SRR-FSS a
rejected band is seen, while for CSRRs the filter is of the bandpass type.

5.2.2 SRR/CSRR Metasurfaces under obligue incidence.

The bianisotropy property of SRR/CSRR gives a rich variety of cross-polarization

effects when the incoming wave impinges on the screen at an angle.

The previous analysis is extended here to the oblique incidence case. The results
obtained will be applicable to infinitely thin metallic perfectly conducting screens of
SRRs in free space. Under these conditions, the results can be extended as well to
CSRR-FSSs by means of the Babinet’s principle. To compute the transmission and

reflection coefficients the boundary conditions on the surface z = 0:

‘]sx:H;/+H;_H§/ (5.19)
Jy=—H,—H +H, (5.20)
0=E +E/-E! (5.21)

0=E, +E -E, (5.22)
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are substituted in (5.10) and after some manipulations the following relations are

obtained for the fields of the reflected and transmitted waves at z = 0:

[EX]r (A _YXX B _ny JI[YXX ny j( Exji
= (5.23)
E, B-Y,, C-Y,) (Y, Y, |E,
(Exjt (A—YXX B—YXVJ*(A B)(Ex]i
= (5.24)
E, B-Y, C-Y,| (B C)E,

where A, B, and C are given by:

Ay, (E+E)
§Z

B =-2Y,&8, (5.26)

(&2 +&)

(5.25)

C=-2Y, ‘ (5.27)
with

koS, =k, =Ky =K; (5.28)

k&, =k, =k, =k| (5.29)

k&, =k, =—k; =k, (5.30)

From the above equations, the transmission and reflection coefficients for the co- and
cross-polar polarizations are readily obtained for any polarization and angle of
incidence. It is deduced that cross-polarization effects should be present, in general, in
SRR arrays. However, for the two orthogonal main planes of incidence (i.e., the x - z
and the y - z planes), from (5.13), (5.14) and (5.26) it is deduced that cross-polarization
only occurs k, # 0, which implies that Y,, and/or Y, are non-zero. Or, in other words,
cross-polarization does not happen for incidence in the x - z plane. In the remaining

cases, cross-polarization effects are unavoidable.
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Fig. 5.5. Fabricated metasurfaces of SRRs (a) and CSRRs (b). The parameters of the resonators
are e = 3.5 mm ¢ = d = 0.4 mm (see Fig. 5.2 .for the parameter definition). The dielectric used
has ¢ =2.43 and /1 = 0.49 mm.

This analytical theory is checked with the experiments. Two planar screens of 49 x 49
SRRs/CSRRs (with a total size of 400 x 400 mm) were prepared, see Fig. 5.5. The
SRRs/CSRRs were etched on a commercial low loss microwave substrate with relative
dielectric permittivity &= 2.43 and height 1 = 0.49 mm, coated with a conductive layer
of copper of thickness t = 35 pm. The SRR/CSRR parameters are (see Fig. 5.2 and 5.3)
e = 3.5 mm and ¢ = d = 0.4 mm, which gives a theoretical frequency of resonance of
4.41 GHz for the SRR, and of 4.65 GHz for the CSRR, according with the theories
developed in [MARQ 03] and [BAEN 04] respectively. The periodicity of both screens
was a = 8 mm, which is approximately 1/8 of the free space wavelength at resonance.
The experimental setup is sketched in Fig. 5.6. In order to avoid diffraction and
multiple reflection effects, the SRR/CSRR array was surrounded by microwave
absorbers and the whole setup was placed in an anechoic chamber. Two standard
horn antennas were placed at a distance of 185 cm (27 Ao approximately) from the
screens, as is shown in the Figure. The transmission level (|Sz |) was measured in a
Vector Network Analyzer for the co- and the cross-polar polarizations, and for the

appropriate orientations of the screens, for angles of incidence of 0°, 30°, 45° and 60°.

Simulation results for the analyzed cases have also been obtained. It serves as a check
of the experiment as an alternative to the analytical theory. The simulations are
carried out by using the Frequency Domain solver available in the commercial

simulator CST Microwave Studio ™, The solver is based on Maxwell’s Grid Equations in
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the time harmonic case. With this module it is possible to simulate the oblique
incidence for infinitely periodic structures. However, it is limited to lossless
structures. Thus, the simulation will be restricted to perfect electrically conducting

metals and lossless dielectrics.

185 cm 185 cm
X |« > < % RX

Sample

Fig.5.6. Sketch of the experimental setup. Two horn antennas, located at 185 cm from the array

are used as emitter and receiver.

A Incidence in the x - z plane.

In this case, since k;, = 0, Yy, = Yy = 0 in (5.13) and (5.14). Therefore, the admittance
matrix (5.10) is diagonal and, according to (5.23)-(5.30), there are no cross-polarization

effects. However, for the SRR (CSRR) screen, due to the presence of a resonant
a§§ ( ,B;;,m) electric (magnetic) polarizability, there is a resonant response when the

screen is illuminated by a plane wave with the electric (magnetic) field polarized
along the y-axis [FALC 04]. For the orthogonal polarizations, since there is no resonant
excitation of the SRRs or the CSRRs, resonant responses are not expected in both

screens.

A.l Polarization in the plane of incidence (SRR screen).

If the incident wave is polarized in the plane of incidence (x - z plane), the resulting

wave is a TMy wave (H, = Hy = 0, E; = 0). According to (5.1)-(5.3) there is no resonant
excitation of the SRRs (the polarizability «;, is non-resonant [MARQ 03]). The
theoretical calculations for a lossless and infinitely thin screen in the absence of
substrate are shown in Fig. 5.7(a) (the expressions proposed in [MARQ 03] were used

for the polarizabilities). It predicts almost transparency for all the angles of incidence.

The experimental results (Fig. 5.7(c)) confirm these predictions: the screen is almost
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transparent for the co-polar component and the cross-polar component is almost not
excited. The simulation results (Fig. 5.7(e)) follow very accurately the measurements
with small discrepancies in the level of the curves, probably due to the fact that

simulation neglects losses which are present in the measurement.

A.2 Polarization perpendicular to the plane of incidence (SRR screen).

For this polarization, the resulting wave is a TE, wave, with E, = E, = 0 and Hy = 0. In
this case, resonances occur via the excitation of the SRRs by the field components Ey
and H, (5.1)-(5.3). The analytical results are given in Fig. 5.7(b) and the measurements
in panel (d). The comparison between both figures shows a good qualitative
agreement: a resonant behavior for the transmission coefficient of the co-polar
component, without cross-polarization effects. The discrepancies in the frequency of
resonance can be attributed to the presence of the substrate in the actual structure,
which affects this frequency. The frequency of resonance predicted for the SRRs in the
presence of the substrate is 4.41 GHz [MARQ 03]. This value agrees, within a few
percent of error, with the measurements. The main quantitative discrepancies with the
theory are again in the bandwidths. The experimental bandwidths grow with the
angle of incidence, as is predicted by the theory. However, the experimental bandwith
is always wider than the calculated one. Losses and the presence of the substrate may
partially explain this disagreement. Moreover, the theory behind the expressions for
the polarizabilities is based on a perfect quasi-static behavior, whereas the SRR
perimeter (approximately 22 mm) is about 1/3 of the wavelength at resonance. The
screen periodicity a = 8 mm, although smaller than the wavelength by a factor of §,
may be big enough to affect these particular results. Finally, the chosen

homogenization procedure may not be the appropriate one.

The simulation results of Fig. 5.7(f) are in very good agreement with the experimental
ones. A slight disagreement is observed in the position of the zero of transmission. It
is at 4.45 GHz in the simulation and at 4.54 GHz in the measurement. However, note
that the simulation is closer to the theoretical value of 4.41 GHz. The larger deviation
of the experimental result can be due to the inherent fabrication tolerances. A very
good agreement is seen in the bandwidth predicted by the simulation and measured
in the experiment. The simulated signal level follows quite accurately the

measurement.
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Fig. 5.7. Theoretical (a), experimental (c) and simulated (e) results for a SRR-FSS with plane

wave incidence on the x - z plane and polarization in that plane. The same for polarization

perpendicular to the plane of incidence. Theoretical (b) experimental (d) and simulated (f). The

angle of incidence is defined with regard to the normal (z-axis).
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Fig. 5.8. Theoretical (a), experimental (c) and simulated (e) results for a CSRR-FSS with plane

wave incidence on the x - z plane and polarization in that plane. The same for polarization

perpendicular to the plane of incidence. Theoretical (b) experimental (d) and simulated (f). The

angle of incidence is defined with regard to the normal (z-axis)
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As usual, to compute CSRR screen response, the Babinet’s principle will be applied.

The transmission coefficients are related by the expression:
t+t,=n;n=0,1 (5.31)

where t and t. are the transmission coefficients for the SRR and the CSRR screens

respectively, and n = 1 for the co-polar component and n = 0 for the cross-polar one.

The analytical and experimental results for the polarization in the plane of incidence
are shown in panels (a) and (c) of Fig. 5.8. A good qualitative agreement can be seen.
The frequency shift between the resonances can be attributed to the presence of the
substrate. The frequency of resonance for the individual CSRRs in the presence of the
substrate, obtained from the theory developed in [BAEN 04] is 4.7 GHz, which is near

the experimental value.

A strong disagreement is again seen in the bandwith. The conformity of the
simulation (panel (e)) with the measurement is very good. The position of the peak is
at 5.22 GHz very close to the measurement value. The bandwith is also similar. The
only disagreement is on the level of the signal, which is higher in the simulation. It is
more noticeable in the case of CSRR-FSSs due to the passband characteristic of the
screen, with the bandpass determined by the first resonance of the particles. In the
case of SRR-FSSs, the rejected band characteristic does not suffer appreciably and the

losses may even contribute to stop transmission.

Finally, for the polarization orthogonal to the plane of incidence, no resonance is
observed as expected, see Fig. 5.8(b). The experimental results (Fig. 5.8(d)) confirm

this prediction. The simulation (Fig. 5.8(f)) points in the same direction.

B Incidence on the y — z plane.

If the incidence occurs in this plane k, # 0 and, therefore, the admittance matrix (5.10)
is non-diagonal. Thus, from (5.23)-(5.30), cross-polarization effects are expected. What

is more, for lossless media the cross-polarizabilities o are imaginary [MARQ 02],

whereas the remaining terms are real.

Thus, the non-diagonal terms of (5.10) should be imaginary, whereas the diagonal
terms are real, as is deduced from (5.11)-(5.14). Therefore, from (5.23), (5.20), the co-

and the cross-polar components of the transmitted and the reflected waves are in
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quadrature, so that the reflected and transmitted waves are elliptically polarized.
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Fig. 5.9. Theoretical magnitude (a) and phase (b) response of a SRR-FSS with plane wave
incidence on the y - z plane and polarization in that plane. In (c) is shown the magnitude of the
experimental transmission coefficient for that case and in (d) the simulation result. The angle of

incidence is defined with regard to the normal (z-axis).

B.1 Polarization in the plane of incidence (SRR screen).

In this case, the wave is a TMx wave (Ex = 0, Hy = H, = 0). The theoretical results for
the transmission coefficient are shown in Fig. 5.9(a) (magnitude) and in Fig. 5.9(b)

(phase). The experimental results for the magnitude of the transmitted wave are
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shown in Fig.5.9(c). As in the previous section, the comparison between theory and

experiment shows a good qualitative agreement.

Quantitative discrepancies are mainly in the bandwidth. On the other hand, the
simulation results of Fig. 5.9 (d) are in very good agreement with the measurements.
The simulation bandwith is similar to the experimental one, and the main discrepancy
is in the level of signal, more easily appreciable in the passbands of the cross-
polarization curves. Again, this can be due to the effect of neglecting losses in the

simulation.

An interesting feature of this device, revealed by both theory, experiments and
simulation, is the possibility of obtaining circularly polarized transmitted and
reflected waves for the appropriate angle of incidence: that for which the amplitudes

of the co- and cross-polar waves equal.

B.2 Polarization perpendicular to the plane of incidence (SRR screen).

The results for this case are very similar to those reported in the previous paragraph.
In this case the wave is a TEx wave (Ey = E, = 0, Bx = 0), with the electric field polarized
along the x-axis. The theoretical results for the magnitude and phase of the
transmission coefficient are shown in Fig. 5.10(a) and Fig. 5.10(b) respectively,
whereas the experimental results for the magnitude of the transmitted wave are
shown in Fig. 5.10(c).

The main difference with the results of Fig.5.9 (a)-(c) is in the bandwidth, which is
bigger for the present polarization. This result is expected from the fact that the
magnetic excitation - the main excitation mechanism of the SRRs - is present for this
polarization, whereas it is not present in the previous one. Attending to the simulation
results of Fig. 5.10(d) it is seen again a very good agreement with the experiment,
being the main discrepancies the level of the peaks observed, directly related to the

neglect of losses in the simulation.
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Fig. 5.10. Theoretical magnitude (a) and phase (b) response of a SRR-FSS with plane wave

incidence on the y - z plane and polarization in perpendicular to that plane. In (c) is shown the

magnitude of the experimental transmission coefficient for that case and in (d) the simulation

result. The angle of incidence is defined with regard to the normal (z-axis).

B.3

Behavior of the CSRR screen.

The experimental results for the CSRR screen are shown in Fig. 5.11. The transmission

coefficient for the polarization parallel to the plane of incidence (TMy) is plotted in

panels (a), (c) and (e), theoretical, experimental and simulation results respectively.
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Fig. 5.11. Theoretical (a), experimental (b) and simulated (c) results for a CSRR-FSS with plane
wave incidence on the y - z plane and polarization in that plane. The same for polarization
perpendicular to the plane of incidence. Theoretical (d), experimental (e) and simulated (f). The

angle of incidence is defined with regard to the normal (z-axis)
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The case of polarization perpendicular to the plane of incidence (TEy) is shown in

panels (b), (d) and (f), theoretical, experimental and simulation, respectively.

For a lossless and thin screen, without substrate, the results of Fig. 5.11 (a), (c) and (e)
should be related to those in Fig. 5.10 (a), (c) and (d) respectively and those of Fig. 5.11
(b), (d) and (f) to those in Fig. 5.9 (a), (c) and (d) respectively, by means of Eq. (5.31).
For the more realistic case reported in the experiments, this relation is only
approximate. As it can be seen in the Figures, the experimental results follow this
pattern. The simulation results match very accurately the experiment. Note that
appart from the different power level, the bandwidth as well as the main features
such as the resonance frequency and the relative position of the curves fits very well

with the experiment.

5.2.3 Concluding remarks.

It has been seen that surfaces made by the periodical arrangement of SRRs and CSRRS
illuminated by a plane wave show a high variety of cross-polarization effects. The
analytical discussion based on the homogenization principle has been compared with
the experimental results. It is able to catch the qualitative features in the response of
the screens. The complementarity in the response of SRRs and CSRRs has been
checked.

On the other hand, quantitative disagreements still appear, mainly in the predicted
bandwidth for the transmitted and reflected beams. More theoretical and
experimental work is needed in order to explain these discrepancies. Applications of
the studied devices to frequency selective surfaces, polarizers and polarization

converters can be envisaged.

Metasurfaces have been discussed in Article 5.1 in the easier normal incidence case

and in Article 5.2 for oblique incidence.
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5.3 Electroinductive waves

5.3.1 Dispersion relation and duality

After the seminal paper of Pendry [PEND 99], where he predicted that artificial media
with negative permeability could be designed by using split ring resonators (SRRs),
many researchers became interested in the properties of these particles. Appart from
the obvious interest in achieving the left-handed materials described by Veselago
[VESE 68], some of the research was concentrated on the guiding properties of the
particles. Shamonina et al. analyzed both theoretically [SHAM 02], [SHAM 02b],
[SHAM 03] and experimentally [WILT 03] the properties of a new kind of waves
supported by arrays of SRRs, the Magnetoinductive Waves (MIW). These waves owe
their existence to the magnetic coupling between adjacent resonators, so they can exist
in any periodic structure with magnetic coupling between elements. In that series of
papers, Shamonina et al. described exhaustively the properties of the waves and the
effects of unmatched loading, losses in conductors, tolerances in fabrication, etc, and
compared the characteristics of MI waveguides with standard transmission lines.
Soon after, Freire et al. [FREI 04] explored a practical application of these waves as a
planar wave transducer. There, a delay line in microstrip technology was
implemented using modified SRRs. By using the complementarity concepts
previously detailed, that result has been extended to the case of resonators electrically
coupled. The waves supported by this structure have been termed Electroinductive
Waves (EIW) in analogy with MIW.

The resonator proposed for EIW is the complementary of the SRR, the CSRR [FALC
04], see Fig.5.2(b). CSRRs are modelled in their first resonance like LC resonators
[BAEN 05]. When a chain of CSRRs is formed by arraying particles, a mutual
capacitance, Cu in Fig. 5.12, arises between the central disks of correlative rings, which
gives as a result a transmission line for EIW. The circuit model reported in [BAEN 05]
should be modified in order to include the mutual capacitance between adjacent
resonators. Furthermore, the capacitance between the central disk of the CSRR and the
ground should be modified since this ground is partly reduced by the presence of the
nearest neighbours in the chain. Therefore, as a first approximation, Cc = 2Cu + C,
where Cc is the CSRR capacitance defined in [BAEN 05], and C is the capacitance to
ground in the chain of CSRRs. The dispersion equation is calculated with the
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equivalent circuit of Fig.5.12.

In :YVn+1 + In+1 (5.32)
Vn =Vn+l + ZI n= (1+ ZY )\/n+l + ZI n+1 (533)

with Z =(joC,, )" and Y =(-®°LC)/ joL. For any wave propagating inside a

periodic structure and travelling in the +z direction the following relations apply:

V., =Vel (5.34)

I, =1.e" (5.35)

where k is the wave number and a is the periodicity of the array. With all the previous

equations and after some algebra, the dispersion relation is given as:

-1
1) 2C
—=|1-—""M_ cos(ka

; ( 120 ( )J (5.36)

M

where @, =[L(C +2C,, )] '*. Note that this resonant frequency is not simply that of the

LC-parallel for an isolated resonator. In fact, the capacitance seen by the central
conductor is modified by the presence of the two adjacent neighbours and gives as a
result the equivalent capacitance for the parallel of the capacitance to ground plane, C,
an the two mutual capacitances, 2Cy. In all the previous equations only the nearest
neighbour interaction has been taken into account which is enough to obtain the
salient features in this kind of one-dimensional systems. For planar arrays, this choice

is fully justified due to the small coupling to far located resonators.

The dispersion equation obtained shows a great resemblance with that of a MIW
guide in the case of nearest neighbour interaction [SHAM 02], [FREI 04], reproduced

here for comparison purposes:
-1
2M
— = (1+ _— cos(ka)j (5.37)
@, L

where M and L are the mutual inductance and self-inductance of an array of SRRs and

w, = (LC )’1 is the resonant frequency of an isolated resonator. Both relations (5.36) and

(5.37) coincide if the resonant frequency of the CSRRs and the SRRs is the same and
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we change:
-C,, > KM (5.38)
C+2C,, > KL (5.39)

where K is an arbitrary constant. If the CSRRs and the SRRs are embedded in an
homogeneous isotropic medium, these conditions are fulfilled with K :4(5/ ,u)

[BAEN 05].

v

(@)
\
71
5

Fig. 5.12. Equivalent circuit for the unit cell of an infinite chain of LC resonators. Electric

coupling between resonators is represented by a mutual capacitance Cy

Similar relations — although with different values of K —arise when both elements
are etched on the plane interface between two semi-infinite media [BAEN 05]. For
intermediate situations, this equivalence will be only approximated. To sum up, EIWs
can be considered as the dual counterparts of MIWs, having a similar electromagnetic
behavior (in the sense of Babinet’s principle [FALC 04]).

A linear chain of 50 CSRRs drilled on a perfectly conducting metallic plane has been
simulated with the commercial full-wave simulator CST Microwave Studio™. The
structure is excited by a vertical monopole. With this set-up the resonators are
properly excited by the axial electric field component. Also, for comparison purposes,
a single ring located at the same distance as the last one of the chain has been

simulated. The results for the electric energy density are depicted in Fig. 5.13.
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iCoeseseseno s

(d)
Fig. 5.13. Electric energy density created by a monopole located (on the left) on a perfect
conductor ground plane drilled with CSRR resonators. A chain of 50 resonators is etched and
tested well below the first particle resonance (b) and near the resonance (d). It is also shown that
a single ring at a distance equal to that of the last resonator in the chain cannot be substantially
excited by the source itself, neither below resonance (a) nor near resonance (c). The parameters

of the resonators are (as shown in Fig.5.2(b)): text==3.5 mm, ¢ = d = 0.4 mm, 2 = 8 mm.

In panels (a) and (b) the rings are at a frequency below the first resonance. No traces of
energy transport is seen neither for the isolated ring nor for the chain. In panels (c)
and (d) the rings are on the quasi-static frequency. In panel (c) the source by itself is
not able to excite appreciable energy in the ring. When the chain is introduced a clear
energy transport is observed and the ring at the end shows an obvious concentration
of energy. Electric energy is trapped in the vicinity of the particles being negligible out
of them. It is worth noting that the standing wave pattern along the chain of
resonators, due to the mismatch introduced at the end of the chain by the presence of

the perfect conductor plane.
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5.3.2 Practical implementation in planar technology.

With the given results, the existence of EIW has been well established. Now, a further
step towards a more practical prototype is given. Many of the present microwave
devices are fabricated in planar technology, thus these results have been extended to
the implementation of a prototype in microstrip technology. For this analysis, both
simulations and experiments have been carried out. The analyzed structure is shown
shematically in Fig. 5.14(a). It is a transducer which transforms EM waves to EI waves.
It consists of a chain of five resonators drilled on the ground plane of a microstrip
circuit. The excitation of EIW is made by means of two symmetrically disposed
microstrip lines. These are located just over the resonators at the end of the row. Here,
the electric field is maximum and thus, the electric coupling between the microstrip
and the resonators is optimal. The resonators are essentially the complementary ones
of the split squared ring resonator (CSSRR) previously used in [FREI 04]. At difference
with that the slots of the CSSRRs have been enlarged by comparison with the arms of
the SSRR presented in that work. It has been found that this modification contributes
to a reduction in the ohmic losses in the resonator. Another difference with that work
is the location of the resonators, which for MI waves must be at a distance A/4 from
the microstrip open end, in order to enhance the magnetic coupling. The circuit has
been simulated with the commercial electromagnetic solver Ensemble ™. A commercial
low loss microwave substrate with relative dielectric permittivity ¢ =10 and height h =
0.635 mm, coated with a conductive layer of copper of thickness t = 35 um has been
used. The parameters of the resonators are given in Fig. 5.14(a). The simulation results
for the lossless case (Fig. 5.14(b) solid gray curve) show a passband near the resonance
of the individual CSSRRs, well defined and with small ripples. When losses are taken
into account in the simulation (Fig. 5.14(b) solid black curve), the shape of the
passband remains basically the same as for the lossless case, but with some
attenuation. The circuit has been fabricated and measured with a HP 8510 B Vector
Network Analyzer. The experimental response (Fig. 5.13(b) black markers) presents
similar features as the lossy simulation, but it is shifted in frequency, probably due to

tolerances in the fabrication process.
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Fig. 5.14. (a) Sketch of the CSSRR transducer in microstrip technology. The parameters of the
resonators are: Lx = 1.5 mm, Ly = 5 mm, ¢ = d = 0.1 mm. The periodicity is 4 = 1.6 mm. The
substrate thickness is 1 = 0.635 mm and the dielectric permittivity & = 10. The microstrip lines
have been designed to have 50 Q of characteristic impedance. (b) Simulated transmission
response for the lossless case or perfect conductor metallization (gray), and for the lossy or
copper (o = 5.8-107 S/m) metallization (black). Experimental transmission for the fabricated

prototype (black marker).
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5.3.3 UWSB filter based on EIW.
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Fig. 515. UWSB filter based on EI waves. (a) Schematic and (b) frequency response. The
dimensions of the circuit are given in the figure and the substrate used has the next parameters:

thickness /i = 0.635 mm, permittivity & = 10.
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The previous results have been engineered to the design of a ultra wide band (UWB)
filter in microstrip technology. The circuit consists of a pair of feeding microstrip lines
and the filtering section is made by using a particle similar to those described above,
see Fig. 5.15(a). In the figure are represented in blue the metallic microstrip lines and
in gray the filtering resonator etched on the ground plane. The feeding lines have been
designed to present a 50 Q impedance at the working frequency. The circuit is
designed on a substrate of thickness I = 0.635 mm and relative dielectric permittivity ¢
= 10. This design has been simulated with the commercial solver Ensemble ™ . The Si1
and Sy parameters are shown in Fig. 5.15(b), where metal losses have been taken into
account (metallization is made with copper of thickness t = 35 microns). As it is seen, a
clear bandpass response is obtained, with a band that extends from 5 to 7 GHz and
with a minimum value of -1.33 dB in the band. The rejection in the low frequency
region is below 30 dB, with a steep slope towards the band. In the high frequency
region, however, the rejection is not good. This last point can be mended by inserting
a stop band filter structure such as a chain of multiple tuned CSRR in the line
proposed by Falcone in his Ph. D. Thesis [FALC 05]. This has been explored and
succesfully accomplished in [NAVA 06].

5.3.4 Concluding remarks.

The existence of EIWs in chains of electrically coupled CSRRs has been demonstrated
both theoretically and experimentally. The duality between EIWs and previously
reported MIWs has been discussed, and the ability of long CSRR chains to transport
electromagnetic energy along many periods has been shown. A practical transducer
between electromagnetic and EIWs in planar technology has been proposed and
analyzed. Regarding practical applications, EIWs can be an alternative to MIWs for
the guidance of electromagnetic energy, as well as for the design of couplers, delay
lines and other planar devices, when electric couplings rather than magnetic

couplings are imposed, or simply desired for the design.

Taking as a basis the resonators used to implement an EI waveguide, a further step
has been given in the design of a UWB filter in microstrip technology. This filter can
be improved by inserting CSRRs to reject the higher frequencies.

Electroinductive Waves were presented in Article 5.3
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5.4 Comparison with Enhanced Transmission
structures.

In this section are compared the fundamental features of the alternative structures
presented in this chapter and the enhanced transmission structures explained along
the text. In particular the CSRR-based metasurfaces are compared with single plate
hole arrays, since both present a bandpass response. On the other hand, MIWs and

EIWs are compared with stacked hole arrays.

5.4.1 Metasurfaces vs. Enhanced Transmission structures.

CSRR-based metasurfaces and a single plate metallic subwavelength hole arrays
consist of a metallic screen with or without dielectric substrate with a bandpass
response characteristic. Both can be considered as a special kind of Frequency

Selective Surfaces.

From the structural details both are built with small particles (in terms of working
wavelength) but with an important difference: CSRRs in the metasurface are self-
resonant and the working frequency is chosen at this resonance; holes in
subwavelength hole arrays are not resonant at the working frequency. Rather, the
passband is directly related on a joint hole resonance, i.e. a structure resonance. This
imposes a strong constraint in the number of illuminated holes, that must be large
enough (31 x 31 has been proven to be a good number) in order to observe high
transmittance. The passband in CSRR-Metasurfaces is well defined for an arbitrarily
small number of particles. Related to this, periodicity only modifies the bandwith of
the passband: the more coarse the array is, the narrower the band, see Fig. 5.16.
Periodicity in hole arrays is a fundamental parameter and must be tuned to be
approximately equal to the working wavelength in order to obtain the band. Thus,
close-packing is not possible in these structures, while in CSRR metasurfaces not only

it is possible, but also it is associated with an increment in the bandwidth.

Both structures are very dependent on the metal thickness. The evanescent mode
inside the hole of a subwavelength hole array decays rapidly, so the thickness must be
in the order of A/10. It is observed in metasurfaces that as the thickness is increased,
the first (quasi-static) resonance frequency is shifted towards larger values, i.e. shorter

wavelengths, and eventually happens at a frequency near the second (dynamic)



-200 - Millimeter Wave Extraordinary Transmission

resonance. Then, the size of the CSRRs becomes larger in terms of wavelength, and the

quasi-static operation is no longer present.

Regarding losses, subwavelegth hole arrays present a higher level of transmission.
Due to the self-resonant nature of individual resonators, where losses are important,

losses in CSRR metasurfaces are moderately high.

1.0
cell=8
cell=12
0.8 cell=16

Transmission Coefficient (mag)

0.0 T T A
4.5 5.0 55 6.0 6.5

Frequency (GHz)

Fig. 5.16. Frequency response of a CSRR-based metasurface for different lattice constants. It is

observed that as the periodicity is increased the band is made narrower.

Other relevant aspect is that since CSRRs are bianisotropic particles, metasurfaces can
present cross-polarization, as discussed extensively in section 5.2. For certain
applications this can be a desired effect, for example in polarization converters. In
other circumstances it can be a disadvantage. This is a feature that subwavelength

hole arrays do not show.

In summary, hole arrays are better in terms of losses but do not allow for close-
packing and they need a large number of holes to work properly. Thus, they are very
valuable in the design of narrowband filters at high frequencies like millimeter-waves,
terahertz, infrared and visible spectrum, where a large size is not a problem. CSRR-

based metasurfaces can be strongly close-packed although losses are relatively high.
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These particles are ideal in the design of Frequency Selective Surfaces, polarization

converters, etc., at low frequencies like microwaves.

5.4.2 Electroinductive Waveguides vs. Stacked Hole Arrays.

x10°
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5.5 T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Fig. 5.17. Simulated dispersion diagram of a chain of CSRR-based metasurfaces with the next
parameters: 7. = 3.5 mm and ¢ = d = 0.4 mm, with a lattice constant 4 = 8 mm. The longitudinal
periodicity is d, = 5 mm. The CSRRs are etched on a perfect electrically conducting layer with

thickness ¢ = 35 microns. Correlative plates are separated by air.

Electroinductive waves arise in chains of electrically coupled resonators. Therefore, an
EI waveguide can be constructed by just stacking CSRR-based metasurfaces. In that
sense, the comparison between EI waveguides and Stacked Hole Arrays is essentially
the same mentioned in the previous section. In short, EI waveguides constructed by
stacking CSRR-based metasurfaces have the advantage of being easily close-packed,
but at the cost of high losses. One important aspect mentioned in chapter 4 is that for
any chain of electrically coupled resonators the first band has a negative slope. It has

been simulated the case of stacked CSRR-based metasurfaces with the next
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parameters: 7. = 3.5 mm and ¢ = d = 0.4 mm, with a lattice constant 2 = 8 mm. The
longitudinal periodicity has been fixed at d; = 5 mm. The CSRRs are etched on a
perfect electrically conducting layer with thickness t = 35 microns. It has been
considered the easiest case of an air slab between correlative plates. The result of the
dispersion diagram calculated with CST Microwave Studio ™is shown in Fig. 5.17. It is
clearly left-handed with a band that extends from 5.6 GHz to 6 GHz.



Chapter 6

Conclusions And Future Work.
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Conclusions.

The phenomenon of Enhanced Transmission also happens in the millimeter
wave range, as it happened in optical frequencies. This experimental fact
shows that this is a phenomenon mostly linked to the periodic structure

regardless of the model used to describe the metal.

The number of illuminated holes is a key parameter to observe the Enhanced
Transmission band. Measurements in Fresnel zone show a weak band, and

with the farfield illumination a good level is obtained.

It has been shown that ET is mainly governed by one of the transversal
periodicities, the one in the direction of the electric field (under normal

incidence).

The presence of dielectrics can produce a great field confinement and

therefore a more efficient illumination of holes.

Enhancement of transmission through a narrow slot on a metallic plane
achieved by corrugating the metallic plane has been experimentally proven in
the range of microwaves and millimeter waves. This result links the
enhancement to the geometry of the metallic substrate rather than to the

metallic model.

It has been checked the ability to produce a strong beaming at broadside in

the configuration of corrugations drilled on the output face.

Several low-profile and all-metallic antenna prototypes have been designed
and measured in the microwave range. The feeding is made by means of a
waveguide. By changing the central (ideally) infinite slit to a finite slot several
improvements can be done, fundamentally the thickness of the antenna can be
reduced and a dual-band operation can be achieved. A great variety of
farfield characteristics can be obtained by changing the number of

corrugations.

High gain antennas can be attained by using annular corrugations, the so-
called Bull's-Eye antenna. Further improvements deal with the insertion of

dielectric inside the corrugations and with changes in the shape of the
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corrugations, for example sinusoidal profile.

» An artificial waveguide defined by introducing a set of parallel electric and
magnetic conductors can be employed to analyze the diffraction problem of
an incident plane wave normally to a sub-wavelength hole array. Evanescent

higher order modes play a key role in the ET effect.

> Even more unexpected results appear if a periodic structure is made by
stacking several of such plates: a left-handed metamaterial can be achieved by
the periodic stacking of sub-wavelength hole array plates to form a photonic

band-gap structure.

» The stack period with LH behavior can be made much smaller than the
operating wavelength, and therefore it can be safely stated that the structure

works in that dimension as an effective metamaterial.

» Simulation and experimental results presented show that left-handed
propagation effects appearing in the band where EOT happens can be
allowed or inhibited by a proper engineering of the band gap position of the

photonic crystal made of stacked subwavelength hole-arrays.

> In the transition from LH to RH behavior a nearly zero slope band is
observed, which can evidence a frozen mode propagation regime inside the

structure.

> A simplified model based on inverse line equivalent circuit has been exposed
to explain the LH and RH behavior.

> The stacked hole array structure can be engineered to construct prisms with
anomalous behavior. Other geometries such as parabolic lenses can also be

achieved.

> It has been seen that surfaces made by the periodical arrangement of Split-
Ring Resonators (SRRs) and its complementary particle (CSRRs) illuminated
by a plane wave show a high variety of cross-polarization effects. The
analytical discussion based on the homogenization principle has been
compared with the experimental results. It is able to catch the qualitative
features in the response of the screens. The complementarity in the response
of SRRs and CSRRs has been checked. Applications of the studied devices to
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frequency selective surfaces, polarizers and polarization converters can be

envisaged.

The existence of electroinductive waves (EIWs) in chains of electrically

coupled CSRRs has been demonstrated both theoretically and experimentally.

The duality between EIWs and previously reported MIWs has been discussed,
and the ability of long CSRR chains to transport electromagnetic energy along

many periods has been shown.

A practical transducer between electromagnetic and EIWs in planar

technology has been proposed and analyzed.

Regarding practical applications, EIWs can be an alternative to MIWs for the
guidance of electromagnetic energy, as well as for the design of couplers,
delay lines and other planar devices, when electric couplings rather than

magnetic couplings are imposed, or simply desired for the design.

Taking as a basis the resonators used to implement an EI waveguide, a further
step has been given in the design of a UWB filter in microstrip technology.
This filter can be improved by inserting CSRRs to reject the higher

frequencies.

A final word fundamentally related to the ET results presented here: The
reported results have been achieved for the millimetre range, but similar
results are expected to happen at optical frequencies since extraordinary
transmission has been shown at optical frequencies and the kind of structure
presented here will present low losses in higher frequency regime. The control
of the EOT-LHM could lead to a new class of practical devices both in the

microwave and in the optical range.

Future work.
Theoretical study of the hole array using the Mode Matching Technique and

development of a surface admittance equivalent circuit model.

Refinement of the model used to explain the gain obtained with a hole array

under normal incidence.

Further experimental study of the double periodicity subwavelength hole
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array samples with and without dielectric.

» Construction and measurement of the sinusoidal profile Bull’s-Eye antenna in

the microwave and millimeter wave ranges.

> Theoretical analysis of the corrugated antennas using the coupled mode

theory to design prototypes of arbitrary (if possible) radiation characteristics.

> Theoretical study of the stacked hole array using the Mode Matching

Technique and development of an equivalent circuit model.

> Study of the stacked hole array behavior under oblique incidence

illumination.
» Study of the frozen mode regime in stacked hole arrays.

> Characterization of the effective permittivity and permeability of the stacked

hole array metamaterial.
» Experimental exploration of the Left Handed behavior at optics wavelengths.

» Design, construction and measurement of SRR-based and CSRR-based

Metasurfaces at millimeter wave and optics wavelengths.

» Construction and measurement of the planar ultra-wideband filter based on

electroinductive waves.
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