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Abstract

Artificial magnetic ground planes enable the placement of horizontal an-
tennas close to the ground plane. However, their behaviour as AMCs (Artifi-
cial Magnetic Conductor) is valid only over a small frequency band. Hence,
their use in wideband antenna applications remains a challenge. The antenna-
AMC combination can be optimized to maximize the impedance bandwidth,
thanks to the coupling between the antenna and the AMC. However, we have
observed that the radiation patterns split at broadside when we work close to
the AMC resonance frequency. This limits the useful operation bandwidth, i.e.
the bandwidth at which good radiation and matching conditions are achieved
at the same time. In this thesis, a new non-periodic structure acting as an AMC
and as a leaky-wave surface at the same time has been studied and designed
to recover the broadside directivity near and beyond the AMC resonance. An
antenna with broadside directivity better than 9.2 dB over a 32.65% impedance
bandwidth is finally presented.

This thesis also focuses on the design of a low-profile RFID tag able to
work on metallic objects. We have proved that including an AMC ground
plane in the tag design avoids the tag antenna to be short-circuited when it is
mounted on a metallic plane. But having a compact AMC is essential to obtain
a competitive RFID tag. A new AMC surface of 42.6 mm X 42.6 mm size has
been designed. It supports an inductively-fed meander dipole that provides
the complex input impedance required to activate the microchip terminating
the tag. A prototype has been fabricated in our laboratory to measure its input
impedance. Very encouraging preliminary results have been obtained. The in-
ductive coupling effect achieved with the feeding loop of the meander dipole
is preserved in presence of the AMC ground plane.
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Introduction

1.1 Objective of the dissertation

Over the last decade, a growing interest in a new kind of periodic struc-
tures, called "metamaterials" or "meta-surfaces”, has been observed. These
new artificial materials exhibit many new appealing properties, not found in
nature, and open many new possibilities in the domain of antenna design. An
overview of these metamaterials and of their most relevant properties can be
found in the next section. According to the objectives of this work, our inter-
ests in this kind of structures are focused on their use as reflectors in ground
plane configurations. Special attention has been paid to their use as surface-
waves free ground planes. More concretely, the goals of this work concern
the design of low-profile antennas for different kinds of applications: wide-
band and RFID (radio frequency identification) applications. To this end, a
new aperiodic and a new compact artificial structures acting as AMC (artifi-
cial magnetic conductor) ground planes have been studied and designed. The
design guidelines and numerical techniques used and developed to perform
this work are described along the text of this dissertation.

1.2 Metamaterials

1.2.1 Volumes: negative-index materials

The concept of metamaterial was originally connected to materials with

negative refractive index [1]. Such materials are usually referred to as
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negative-index materials (NIMs). The refractive index of a material provides
information about the factor by which the phase velocity of waves is decreased
or increased in the material w.r.t. vacuum. A negative refractive index implies
propagation of waves with phase and group velocities antiparallel between
them. The refractive index is related to the relative dielectric permittivity &,

and to the relative magnetic permeability y, as n*> = ¢,,. Regarding the defi-
nition provided by Maxwell’s equations V x E = —yaa—lj and V x H = eaa—]f,
the permittivity ¢ and permeability y are the most relevant parameters de-
scribing the electromagnetic waves propagation within a material. Fig. 1.1
presents a materials classification according to their permittivity and perme-
ability features. Most known materials have both positive permittivity and
permeability. There also exist materials with either, but not both, € or i neg-
ative. However, materials with both ¢ and y less than zero do not appear in

nature.

$u

Non-propagating waves| Propagating waves

€<0 p>0|e>0 pn=>0

>

€<0 p<0|&>0 p<o €

Propagating waves |Non-propagating waves

Figure 1.1 Materials classification depending on their permittivity and permeability charac-
teristics.

It is revealed that when both € and y are negative (i.e. &, < 0and y, < 0),
a negative square root for n has to be chosen [7]. Victor G. Veselago, a Rus-
sian physicist from the Lebedjev Physical Institute in Moscow, theoretically
studied plane wave propagation in materials with simultaneously negative
permittivity and permeability [7]. His study showed that the direction of the
Poynting vector (energy flow) is antiparallel to the direction of phase velocity.
It means that the wavevector k, describing the propagation of waves in the
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media, forms a left-handed set with the vectors E and H. NIMs are then often
named as left-handed materials (LHMs) or double negative (DNG) materials.

According to Snell’s law, a wave coming from a medium with a refractive
index 11 and an incident angle i with respect to the normal to the interface
with a second medium with refractive index n,, will be refracted in the second
medium with an angle r. The following relation holds:

ny - sin(i) = ny - sin(r) (1.1)

When one of the media has a negative refractive index, the refracted wave
will make a negative angle  with the normal to the interface between the two
media (Fig. 1.2). This phenomenon is called negative refraction and offers the
possibility of creating perfect lenses, as described by John Pendry in [8]. A
slab of material with a negative index of refraction 7, placed in vacuum, is
capable of perfect focusing, meaning that it can perfectly reproduce the elec-
tromagnetic radiation from the source plane to the image plane (see Fig. 1.3).
A double focusing effect makes the rays transmitted through the slab of thick-
ness d, to travel from a source point located at a distance ds from the slab, to a
focus point situated at df = d — d, from the slab.

Figure 1.2 Refraction of a ray passing through the boundary between two media. 1: Incident
ray. 2: Refracted ray when the second medium is left-handed. 3: Refracted ray when the second

medium is right-handed.

A media with either € or y negative, enables amplification of the evanes-
cent waves related to the source radiation, which improves the resolution of

the image at the focus point [8]. Then, a negative-refractive-index slab with
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ny = —1(@.e. &, = —1and p, = —1) allows to achieve subwavelength focusing
through the amplification of evanescent fields [8]. Subwavelength resolution
and sensitivity to various slab parameters are studied in [9].

0y
(vacuum)

S

0y
(vacuum)

F

n 2<0

A

4
3
F
3
F
3

o,

(o

[o
.

s

Figure 1.3  Passage of a ray through a slab of negative refractive index material of thickness
d. S: source plane. F: focusing or image plane.

1.2.2 Surfaces: artificial materials

The concept of metamaterial has been broadened over the last several
years. Metamaterials are nowadays widely known to be artificial structures
presenting unusual properties, not found in natural materials. In electromag-
netism, more concretely, there has been a huge interest, over the last few years,
in creating artificial materials that allow to expand the range of electromag-
netic properties already present in natural structures. In electromagnetism,
metamaterials usually consist of periodic structures composed of electrically
conducting elements with inductive and capacitive characteristics, which de-
termine their electromagnetic properties. Different uses of such artificial ma-
terials have been found and studied in various areas. Bandgap structures
against surface waves [4], [11], novel microwave guides [13], artificial mag-
netic conductor (AMC) ground planes [4], [14], leaky-wave structures [15] or
slow-wave media [16], are some of their related applications that can be found
in the literature. Concerning the goals of this work, our interest in metamateri-
als is focused on their use as ground planes for obtaining low-profile antenna

designs, for wideband and RFID applications.
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At the appropriate spacing, the presence of a ground plane below an an-
tenna redirects the back-radiation into the opposite direction, improving the
antenna gain and protecting possible electronic circuits on the backside of the
antenna. The most straightforward ground plane is the Perfect Electric Con-
ductor plane (PEC), simply made of a large metallic sheet.

PECs show some disadvantages when used as ground planes in antenna
applications. The first drawback, directly connected with our goals, appears
when considering low-profile designs because they do not allow radiating ele-
ments with horizontal currents to lay directly adjacent to the ground plane. In
this case, image currents cancel the currents in the antenna, resulting in a very
poor radiation. It occurs as result of the fact that the opposite polarity of the
image currents reduces the antenna’s radiation resistance, which approaches
zero as the spacing approaches zero [3]. This results in a high impedance mis-
match and reduced radiation efficiency [3]. To solve the problem, the antenna
must be located at a certain distance (typically 0.251) above the ground plane
to work properly, which increases the total height of the antenna. Another
way to overcome the problem is to use an antenna with a high free space
impedance [3], so that when it is closely spaced to the PEC ground plane it
exhibits a matched impedance. More important is then the increase in the re-
active energy surrounding the antenna when it is placed close (< 0.25A) to the
ground plane, which produces an increase in Q (quality factor) and a corre-
sponding decrease in bandwidth [3]. This is the single major issue to resolve.

Secondly, PECs support surface currents that radiate into free space when
reaching the edge or corner of a finite ground plane (the real case). The com-
bined radiation from the antenna and the ground plane edges results in a kind
of multi-path interference, seen as ripples in the radiation pattern. It is worth
noting here that the size of a finite PEC ground plane has more effect on the
antenna pattern if the antenna is a TM mode radiator -perpendicular to the
ground plane-. For the case of a TE mode radiator -parallel to the ground
plane-, the pattern does not really change as much with a change in the ground
plane size.

Some of these problems would be solved if one could create Perfect Mag-
netic Conductors (PMC), which cannot naturally be found in nature. They are

the electromagnetic dual surfaces with respect to perfect electric conductors.
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In antenna and microwave applications it is mainly the reflection characteris-
tics at the surface of such materials that are of interest. This is the reason why
the differences in the electrical properties between an infinitely large PEC and
PMC are described along the present work by the reflection coefficient for a
uniform incident plane wave. The magnitudes of the reflection coefficient for
both cases are the same and equal to one, while the phase differs by 180°. It
means that if a PEC exhibits a reflection coefficient of I' = —1, the reflection
coefficient of a PMC is I' = +1, meaning, in the latter case, that the phase of
the reflected wave is 0 ° compared to the phase of the incident wave. To sum-
marize, a surface that shows a 180 ° phase shift compared to a PEC surface
and, at the same time, completely reflects an incident plane wave effectively
can be considered as a PMC surface.

An equivalent way of looking at PMC surfaces is that the image of the
antenna currents flowing parallel to a PMC are in phase with the currents in
the antenna. This allows to use PMCs as reflectors in antennas and to place
radiating elements very close to the PMC, even laying flat almost against the
ground plane, resulting in low-profile antennas.

m  Artificial magnetic conductors (AMC)

As described above, special ground planes, alternative to the traditional PEC,
are necessary for achieving low-profile antenna configurations. As a PMC ap-
pears as an open circuit seen from the incoming plane wave, one way to design
an artificial PMC (AMC) is to provide an open circuit condition by means of
periodic structures. Each element of the periodic pattern provides an equiva-
lent L and C parallel connection that changes the surface impedance. At the
frequencies where the periodic loading becomes an open circuit, a magnetic
surface is created. The phenomenon can be interpreted as a parallel LC reso-
nance, at which the surface impedance is very high.

When looking at the reflection phase of an AMC surface vs. frequency
(Fig. 1.4), at frequencies lower than the resonance frequency it is 7r, and the
structure behaves like an ordinary flat metal surface - the surface has low
impedance -. The reflection phase slopes down, and crosses zero at the res-
onance frequency (fy in Fig. 1.4). Above it, the phase returns to —7. In the
literature, the bandwidth of an AMC is often defined as the frequency range
where the reflection phase of an incident wave is within 0 & 7r/2 [4], which
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theoretically corresponds to the frequency band where the AMC behaves as a
PMC. However, when an antenna is placed above a finite AMC and is tuned
to work near the AMC resonance, the surface waves travelling along the AMC
may radiate when reaching the edges of the finite AMC, distorting the radi-
ation patterns of the design with additional lobes and nulls at some angles.
Yang and Rhamat-Samii propose to work in the range where the reflection
phase of the AMCis 7r/2 £ /4 [17], which is said to be the useful operation
bandwidth, that is the frequency band where good matching and radiation
conditions are achieved at the same time. Then, one could question the im-
portance of the reflection phase of the AMC surface in terms of the antenna
impedance matching [5]. As seen in [17] or [5] the antenna can be matched
over a wide range of reflection phase values, but with narrow bandwidths
when working close to the PEC phase condition [5], i.e. 180°. Then, for band-
width reasons, the designs presented in this dissertation have been tuned to
work near the AMC resonance fy, thatis in the 0 £ 7r/2 reflection phase range,
and some solutions have been proposed to overcome the radiation difficulties

encountered in this operation range.

TE —\
T2

-T2

Reflection phase (rad)
o

-1t

f, 1, f,
Frequency (Hz)

Figure 1.4 Reflection phase curve related to an AMC surface.

Many different designs of AMC surfaces have been recently developed.
Multiband AMC surfaces are proposed in [18]. A genetic algorithm (GA)
technique is applied to optimize the geometry and dimensions of the stud-
ied AMC designs. In [19], a very compact AMC, stable with respect to the
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incidence angle, is presented. It can be seen as a modified version of the well-
known Jerusalem cross design [20]. An analytical study on the stability of the
AMC resonance of a high impedance surface (HIS) is presented in [20]. Fur-
ther work on a 2-layer configuration of Jerusalem crosses is provided in [21].
Compact AMC designs based on spiral geometries are studied in [21]. A four-
arm spiral unit cell is finally designed to eliminate the cross-polar backscat-
tering produced by the other spiral shapes proposed. Measurements of the
PMC behaviour of an AMC surface based on spiral resonators are provided
in [22].

m  Electromagnetic bandgap structures (EBG)

Some AMC surfaces show other interesting properties that also make them
suitable to act as special ground planes. As said above, AMCs provide high
impedance surface (HIS) conditions [4]. If moreover, they can suppress sur-
face currents, the interference of surface waves with the main radiation, as
well as the associated edge effects on finite surfaces, can be reduced. The
main characteristic of electromagnetic bandgap (EBG) structures is to forbid
the propagation of the electromagnetic waves whose frequency lies within a
specific frequency range, often called bandgap or stopband. A TM mode radi-
ator (a vertical antenna) on a high-impedance ground plane, showing EBG
characteristics, can produce a smoother radiation pattern than a similar an-
tenna on a conventional metallic ground plane, with less power wasted in the
backward direction [4].

Surface waves appear in many situations involving antennas. As already
mentioned, ground planes are widely used in the design of antennas in order
to redirect half of the radiation into the opposite direction, improving the gain.
In addition to space waves, the back-grounded substrate can support surface
waves. In the case of a finite ground plane, surface waves propagate until
they reach an edge or corner, where they can radiate into free space. The
combined radiation from the antenna and the ground plane edges results in
ripples, additional lobes or nulls at various angles in the radiation pattern
[4]. In the case of multiple antennas sharing the same ground plane, surface
currents can cause undesired mutual coupling.

Then, the design of structures capable of avoiding the propagation of sur-
face waves has awakened the interest of many research groups. To this end,
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electromagnetic band gap (EBG) structures have been designed for surface-
wave suppression applications [4], [11], [23], [24].

1.2.3 AMC-EBG surfaces studied

As mentioned in the previous section, when using AMC surfaces as
ground planes, surface waves may appear. Regarding the objectives of our
work, surface waves are going to be a problem to design wideband antennas.
Hence, we are interested in studying surfaces showing EBG characteristics
that enable the suppression of surface waves. In the present section, some
of the probably most known surfaces that combine AMC and EBG properties
are presented. Their simple shapes also make them suitable for the design of
RFID tags.

m  AMC surface with vias: mushroom structure

Mushroom high-impedance electromagnetic surfaces have been studied by
Sievenpiper [4]. In this approach, the proposed high-impedance surface con-
sists of a lattice of hexagonal metallic plates, connected to a solid metal sheet

by vertical conducting vias (see Fig. 1.5).

T T T T T1TT1TT

000 a000,
000a000!
oR0ROKO

Figure 1.5 Copied from [4]: Cross section (top) and top view (bottom) of a high-impedance
surface that consists of a lattice of solid metal plates, connected to a solid metal sheet by vertical

conducting vias.
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Unlike many grounded substrates, this surface does not support propa-
gating surface currents in a certain frequency band, thanks to the presence
of vias, and it also reflects electromagnetic waves with no phase reversal. It
behaves as an artificial magnetic conductor in the frequency range where it
also exhibits the EBG property. It is worth noticing that the resonance fre-
quency and bandwidth of the AMC depends on the characteristic parameters
of the surface. A parametric study is provided in [17] and it is shown that if
the structure is made thinner, a higher resonance frequency, together with a
bandwidth reduction, are obtained. When the gap width is increased, both
the frequency band position and its bandwidth increase. It is also evidenced
in [17] that bigger patches or higher substrate permittivities result in a smaller

bandwidth and resonance frequency.

Antennas have been demonstrated to take advantage of the two important
properties mentioned in the previous paragraph [4]. An improvement in the
radiation pattern of a simple vertical monopole has been demonstrated, and a
new class of low-profile antennas has been introduced, in which the radiating
element lies directly adjacent to the AMC ground plane. One disadvantage
of the presented structure is that the need for grounding vias makes it more
difficult and more expensive to fabricate than other planar AMC structures.
Hence, in order to simplify the fabrication process, other planar structures,
not including vias, [12], [13] have been proposed.

m  AMC surface without vias: array of closely spaced patches

An artificial PMC using a simple patch array has been studied in [12]. As
seen in Fig. 1.6 the structure consists of square patches located on a homo-
geneous epoxy substrate backed by a ground plane. Such surface is demon-
strated to have reflection properties that are in analogy with a perfect mag-
netic conductor, within a certain bandwidth. The resonant frequency of this
AMC surface depends on the size of the patches, as well as on the separation
between them [12]. Like for the mushroom structure, an increase of the patch
length results in a lower resonant frequency. Larger gap widths produce a
resonance shift towards higher frequencies. On the other hand, when increas-
ing the thickness or the permittivity of the supporting substrate, the resonant
frequency decreases [12].



1.3 Outline of the dissertation 11

PEC {zround plane)

Figure 1.6 To the left, a top view of the patch array surface with the dashed line showing a
single element [12]. To the right, a more detailed drawing of the square patch single element
from the whole array.

The drawback, and main difference w.r.t. the mushroom AMC structure,
is that the array of patches does not necessarily exhibit AMC and EBG fea-
tures within the same frequency band [14]. This can deteriorate the benefits
of the surface as an AMC. A further study provided in [14] evidences two dif-
ferent resonant phenomena related to the AMC and EBG properties. On the
one hand, the AMC operation occurs mainly by virtue of the resonance of the
cavity between the periodic patches array and the ground plane. On the other
hand, the EBG characteristic appears more as a result of the array resonance.
Nevertheless, from a study on the effect of the array parameters on both the
EBG and AMC properties [14], it is shown how both properties can be tailored

to appear over the same frequency band, by varying the array periodicity.

1.3 OQutline of the dissertation

The work presented in this thesis can be divided in two different parts.
Chapters 2, 3, 4 and 5 are dedicated to the design of wideband low-profile
antennas with the help of AMC ground planes. Chapter 6 concerns the design
of AMC surfaces for RFID applications.

Chapter 2 discuses the possibility of designing wideband low-profile an-
tennas with the help of a ground plane with a reflection coefficient whose
phase increases with frequency. Based on the Foster’s reactance theorem, it is
shown that this kind of ground plane does not exist except for strong cross-
polar conditions. The possibility of using an AMC ground plane supporting
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an antenna with horizontal currents is also considered. Due to the narrow
bandwidth of AMC surfaces, their application remains a challenge for wide-
band antennas. A planar bow-tie dipole antenna placed above two different
AMC surfaces (a mushroom-like EBG and an array of patches) is studied. Be-
fore going deeply into this study, some validations are done in order to ensure
the correct use of the simulation tools used: the commercial Feko software and
the MoM code developed at the UCL. The study of the planar bow-tie dipole
placed close to an AMC shows that the directivity at broadside decreases con-
siderably (the patterns split at broadside) near and beyond the frequency at
which the AMC behaves as a PMC (the AMC resonance). This limits the use-
ful achievable bandwidth for an antenna placed above an AMC. In order to
have some insight on the coupling between the antenna and the AMC, the
fields near the AMC surface, giving special attention to evanescent waves, are

analysed.

Chapter 3 proposes to replace the planar bow-tie dipole studied in Chap-
ter 2 by a double-dipole antenna placed vertically above the AMC surface, in
order to overcome the problem of splitting patterns observed for the bow-tie
antenna case. The double-dipole antenna consists of two dipoles, initially of
different lenghts, stacked above the AMC ground plane. The largest dipole,
resonating at the AMC resonance, will be placed close to the surface to obtain
a lower profile than if it was placed on top. A chronologic description of the
design work carried out towards a final design is provided, in order to give

some insight into the antenna principle and into the phenomena observed.

The solution proposed in Chapter 3, to solve the splitting patterns prob-
lem, does finally not help to recover the broadside directivity over the whole
input impedance bandwidth. Then, in Chapter 4, a new non-periodic surface
acting as an AMC and, at the same time, as a leaky-wave structure is designed.
Before presenting the new structure, the problem of poor broadside directiv-
ity when working close to the AMC resonance, is exposed in detail for the
double-dipole antenna presented in Chapter 3, but this time placed horizon-
tally above the AMC to reduce the profile of the design. A review of the theory
related to the computation and representation of the modal features of a peri-
odic structure will help us to understand and to interpret the modal analysis
shown in the following sections for the original and the new AMC ground
planes. Such analysis provides a better physical understanding of why the
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new structure helps to solve the broadside directivity problems, exposed at
the beginning of the chapter. A final design, with its input-impedance and
radiation performances, is presented at the end of the chapter.

Chapter 5 presents a very simple method developed to compute the pe-
riodic Green’s function when dealing with complex phase shifts. It is worth
noting that it can also be applied for real phase shifts, as needed to deal with
leaky waves. First, we expose the problems found when trying to evaluate
the periodic Green’s function for complex phase shifts. After describing the
new proposed method, a parametric analysis is provided. It gives an idea of
the accuracies achievable for both complex and real phase shifts. The new
method is combined with the UCL code, which is based on the numerical
MoM technique, to carry out the modal analysis presented in Chapter 4. It has
especially been developed to study the leaky waves supported by the AMC
surfaces studied in Chapter 4.

Chapter 6 is dedicated to the design of AMC ground planes for RFID appli-
cations. More concretely, the goal is to design a new tag working on metallic
objects without being short-circuited. First, a review of the operation princi-
ples of passive RFID systems is presented. Then, the usefulness of including
an AMC in the tag design to isolate it from a metallic plate is proven experi-
mentally. The following sections present the design of an AMC-tag. It consists
of an inductively-fed meander dipole placed above an AMC ground plane.
Once the meander dipole is proved to operate correctly above the AMC sur-
face, the dimensions of the new tag are reduced to make the design competi-
tive as a RFID tag, taking into account the low resistance and high capacitance
of the RFID chip. Finally, measurements concerning the input-impedance of a
final prototype fabricated in our laboratory are provided.

Conclusions are finally drawn in Chapter 7.
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Wideband low-profile
antennas

Some antennas exhibit a particularly large impedance bandwidth. This is
the case for self-similar antennas [27], i.e. antennas whose enlarged copy is
equal to the original antenna. The input impedance of such antennas is the-
oretically frequency-independent. This is generally the case for TEM horns,
if they are bigger than A, so the ends are not visible to the wave. Self-
complementary antennas [28] are flat metallic antennas whose metallized and
non-metallized surfaces are complementary. In this case, the input impedance
is also theoretically frequency-independent and equal to half the free-space
impedance. This principle can be extended to arrays. In this case, the elements
of the array are not self-complementary, but the array structure is [29]. This is
the case of the planar bicone antennas. The only limitations to the bandwidth
of such antennas are, in the high-frequency end, the fabrication accuracy of the
feed region and, more importantly, in the low-frequency end, the lateral size
of the antenna or array. Roughly speaking, the impedance changes rapidly
when the wavelength becomes larger than the antenna or array.

A major problem with such antennas is that they radiate on both sides
of the antenna plane, and the feeding structure may also disrupt the self-
complementarity of the structure [30]. A primitive solution consists of intro-
ducing a parallel ground plane at some distance from the antenna, to concen-
trate the radiation in one side. Unfortunately, the image of the antenna in the
ground plane supports currents with opposite sign. In the direction perpen-
dicular to the antenna plane, both antennas will radiate in opposition when

the distance between antenna and ground plane is a multiple of half a wave-
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length (i.e. a multiple of the wavelength between the antenna and its image).
This leads to a rapid variation of the radiation resistance versus frequency. In
the case of infinite self-complementary arrays, the radiation resistance is ex-
actly equal to zero when the distance to the ground plane is a multiple of half
a wavelength.

A large research effort has recently been produced for the development
of special ground planes. The impedance bandwidth of the antennas may be
extended by developing three-dimensional ground planes whose phase cen-
ter tends to move away from the antenna when the frequency decreases, such
that the antenna-to-ground plane distance remains close to a quarter wave-
length over a relatively broad range of frequencies. This requires a reflection
coefficient with a phase that increases with frequency. In the following, we
will show that these kinds of ground planes do not exist, except for strong
cross-polar conditions, and we will shortly comment the consequences of this

observation on the possible configuration of wideband antennas and arrays.

2.1 Extension of the Foster’s reactance theorem

The Foster reactance theorem is known for its application to lossless one-
port systems. It will be extended here to the case of the reflection of a plane
wave by a perflectly conducting periodic ground plane. We will do this by
referring to Section 5.2 of Microwave Engineering [31]. First, the Maxwell equa-
tions are derived with respect to frequency. The result is then used to obtain
the following equation:

v (B30 3w < (el lAl) e
where the fields and media properties are denoted by E (electric field), H
(magnetic field), € (permittivity) and p (permeability). Using the divergence
theorem on the left-hand side and identifying the terms on the right-hand side

with the stored electric and magnetic energies, we get [31]:
}{ (E*xaH+aExﬁ*>.ﬁd5:—4j(we+wm) 2.2)
S w w

where the normal to the surface S is pointing outside the integration volume.
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Figure 2.1 Special ground plane and surface of integration for the application of Fos-

ter’s theorem.

In the following, we will assume that the fields are due to a plane wave
normally incident on the periodic ground plane. The considered volume cor-
responds to a rectangular volume including a unit cell of the structure. The
height & of the volume is large enough to have vanishing evanescent fields on
the top surface (see Section 2.2.5). We assume that the element spacing be-
tween cells of the ground plane does not allow grating lobes, such that there
is just one reflected propagating plane wave. Based on the periodicity of the
structure, it can be shown that the integrals over the lateral surfaces vanish
(E* x % and % x H*) are identical on opposite points, while the unit nor-
mals are opposite). The integral over the bottom surface is zero because of the
presence of the back-grounding PEC ground plane. The integral over the top
surface is estimated below.

The £ direction is normal to the ground plane, and the origin is located at
height H. The incident and reflected electric fields are written as:

E; = zE° Kz (2.3)
E, = (2Tx+9T,) E° e/ (2.4)
Energy conservation imposes that ITy|> + |Fy|2 =1.

The total fields in the z = 0 plane can be written as:

=

E = E° (ax(1+Ty)+2a,T,) (2.5)
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H = E° (—axTy+ay (-1+Ty)) /1 (2.6)

Equation (2.2) can be written as:

E°|ZA ar dr, dr'y ar ,
[E°f" A o AT (F1TY) S Ty o | = 4 (We ot Wi)
(2.7)

where A is the surface of the unit cell and 7 is the free-space impedance.

(1+4T1%)

Writing the copolarized and cross-polarized reflection coefficients as I'y =
gxe/?and Ty = g, ¢/ # (with g% + g7 = 1), we obtain:

Z]gx o ¢y+2gx g"+2gj 3y :—4j(We+Wm)% 2.8)
d x d¢ .1 d 2y
2 Ty _
X dw +gy dw 2 dw(gx+gy) (W€+Wm) |EO‘2A <0 (29)
2d¢x | 289y (Wet Win) <0 (2.10)

* dw Vdw P,

where P, is the power per unit cell of the incident plane wave.

Eq. (2.10) tells us that when there is no important cross-polarized compo-
nent, the phase of the reflection coefficient must decrease with frequency, that
is Cfiﬁf < 0. A necessary condition for having a positive slope, i.e. d¢x >0,
is a ground plane generating a strong cross-polarized component w1th a very
strong negative slope of its phase versus frequency, that is d(/;y << 0. This

would also mean that the two reflected polarization components have an op-
posite phase trend versus frequency, which would lead to a rapid change
versus frequency in polarization state of the reflected field. Then, eq. (2.10)
evidences that it is not possible to design a ground plane with a reflection co-
efficient whose phase increases with frequency, except for strong cross-polar
conditions.

2.2 Wideband low-profile antennas based on AMCs

As mentioned in the previous section, low-profile wideband antennas
might be obtained by designing a ground plane with a reflection coefficient

whose phase increases with frequency. By extending the Foster’s theorem to
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the reflection of a plane wave produced by a periodic perfectly-conducting
ground plane, it has been shown that, except for strong cross-polar condi-
tions, such ground planes do not exist. Alternatively, antennas supporting
horizontal currents, flowing at larger heights for lower frequencies, may be
good candidates for wideband antennas, because the source currents may be
maintained at about half a wavelength from their image in the ground plane.
AMC ground planes, which can support antennas placed horizontally above
them, are an interesting potential solution for designing low-profile wide-
band antennas. Given the relatively narrow bandwidth of artificial magnetic
surfaces (AMCs), their application remains a challenge for wideband anten-
nas. As most AMC structures are known to be narrowband, the antenna-AMC
combination can be optimized to obtain broad bandwidths. The present sec-
tion describes the components (TEM horn antenna and AMC structures) that
may compose a low-profile wideband design. The work here presented is
performed with the help of the FEKO [6] software, a full-wave simulation tool
also based on the Method of Moments (MoM). Some validations have been
firstly performed by comparing intermediate results with the ones obtained
with a code developed at the UCL [35], [36] (based on the MoM numerical
technique). This has allowed us to ensure the correct use of Feko, and thus,
to ensure the validity of the results obtained in the rest of our study. Both
the FEKO software and the UCL code are based on the Method of Moments
(MoM) technique [32], which is described in Section 2.2.1. In the UCL ap-
proach, the periodicity of the structures is taken into account with the help
of periodic Green’s functions (Section 2.2.2). After carrying out the valida-
tions, the combination TEM horn-AMC has been studied. The performances
obtained, together with the most relevant phenomena observed due to the
interaction between the antenna and the AMC have been analysed.

2.2.1 The Method of Moments

Let us consider an arbitrarily shaped conducting object, with its surface S
discretized in non-overlaping sub-regions on which equivalent currents will
be approximated. A very common discretization consists of triangles, but in
order to reduce the number of sub-regions, the MoM code used in the context
of this work includes also the possibility to use rectangular sub-regions. The
current induced on the structure analyzed may be approximated by means of
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a set of N known basis functions Tn associated to the discretization. It can then
be represented as the vector sum of the surface currents on the sub-regions in

which S is divided: N

J#) =Y xalu(7) (2.11)

n=1
The basis functions used in our numerical simulation code are the ones pre-
sented by Rao, Wilton and Glisson in [46], and denoted as RWG basis func-
tions. The x,’s are the unknown current coefficients to be determined in the
solution of the MoM problem.

An electric field E is incident on the conducting surface. It induces on the
surface current T, which produces a scattered (radiated) electric field Es. The
scattered electric field E° can be computed as follows:

B = —jwA+ L gv.a (2.12)
Jwep
with the magnetic vector potential defined as
A) =u [[ G0 Tas’ (2.13)
S

where p and € are the permeability and permitivity of the surrounding
medium, 7 and 7’ denote the observation and source point locations on S,
and G,(7) is the Green’s function.

The integral equation for the surface current induced on a conducting scat-
terer is derived from the boundary conditions on the electric field. The elec-
tric field integral equation (EFIE) is obtained by enforcing the total tangential
electric-field component to be zero on the conducting surface:

E:|tan = Es|tan+Ei|tan:0 (2-14)
E’s|tun = _Ei|tun (2'15)

Substitution of the surface current (2.11), the magnetic vector potential (2.13)
and the scattered electric field (2.12) into (2.15) yields a discretized version of
the integral equation (EFIE), which depends on the unknown coefficients x;,.

[—jw+(1/jwey)VV~]//5yxn J.7)G(7)ds' = —E  (2.16)

The EFIE can be solved by the Galerkin method [46], which consists of
testing the integral equation with the help of the same set of basis functions
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used to approximate the surface current JANXN system of linear equations
results in the form

Zun Xn = —E& mmn=12,.,N (2.17)

where Z;;;, is a N X N matrix, called the MoM impedance matrix, and x, and
E,in are column vectors of length N. The elements of Z,;,;, result from the con-
volution between the basis and testing functions, with the Green'’s function
(periodic in the study presented in this dissertation). The mth element of the
excitation vector E!, is obtained as the inner-product of the incident electric
field E” with the testing function J;,

El, = //S ELT.(7")dS (2.18)

The incident field E is often taken as resulting from a Dirac-delta voltage
source defined over the basis function composing the source. Hence, on trans-
mission, only one elemenent of the excitation vector Ei, will be non-zero. On
reception, E! corresponds to the fields associated with an incident plane wave.
By combining (2.16) and (2.18), the impedance matrix Z;, in (2.17) can be

written as:
T = //Sﬁ(?")[—jw—i—(l/jwey)VV-]//syxn T.(7") Gy(7)dS'dS, (2.19)

which can be evaluated analytically.
Once the impedance matrix Z,;; is known, the current coefficients x, can be
obtained and useful information about the behavior of the scatterer, such as

input impedance, input return loss or radiation patterns, can be provided.

2.2.2 Periodic Green’s function computation

The periodic Green’s functions are nothing else than a description of the
fields radiated by a periodic array of current sources. Different formulations
of the periodic Green'’s function are introduced in this section. Some of them
are combined in Chapter 5 to obtain a new simple way to compute the periodic
Green'’s function for complex propagating constants, as we have dealed with
leaky waves in Chapter 4.
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2.2.2.1 Spatial formulation

Let us consider an array of point sources infinite along £ and # diretions.

The related spatial Green’s function can be written as

Gr(?) = i

n=—oco m=—

0 e_ijntn

e mMPx o=ty 2.20
o 4Ry ( )

where k is the free space wave number, and Ry, is the distance between the
observation point 7 = (x,y, z) and the mnth source point 7/ = (mdy, nd,,0):

RN oy e

The phase shift between adjacent elements in the x and y directions are de-
noted by ¢y and ¥y, respectively. They are related to the corresponding prop-
agating constants, ky and ky, through ¢ = ky dy and ¢, = ky d;,. For radiation
into or reception from visible space, we have:

Py = kdysinfcos¢ (2.22)
Yy, = kdysinfsin¢g (2.23)
where the pair (6, ¢) represents the incidence angles.
This spatial summation converges very slowly for most observation positions.

Then, a faster formulation based on planar and cylindrical waves can been
exploited [44].

2.2.2.2 Spectral formulation: sum of plane waves

It can be shown [45] that the spectral domain Green’s function can be ex-

pressed as a sum of plane waves:

1 0 ) e—jkz’ xe—]'kg ]/e—jk'zm |z|
G/ (7) = = 2.24
1’( ) z]dxdy m:Z—oo n:Z—oo kgm ( )
with the following definitions for the wavenumbers :
m_ Yx 20
ky = i +m i (2.25)

k2 — g2 em2 (k) ith Zm {k™) <0 2.27
(k") = (kY') Y with ZIm {k"} <0, (2.27)
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where k is the free-space wavenumber, dy and dy are the spacings along £ and
i, respectively, and ¢, and ¢, are the corresponding phase shifts.

This spectral formulation converges rapidly as long as z # 0 (called the "off-
plane" case). This occurs because, as m and n increase, the plane-wave re-
sponse changes from propagating waves to exponentially decaying evanes-
cent waves. It is worth noticing that waves are propagating if (ky', ky) lie
within a circle of radius k. When z >~ 0 (the "on-plane" case), the convergence
is slower because the exponential decay occurs with an exponent near zero.
To overcome this problem, another spectral formulation, based on cylindrical

waves, can be used.

2.2.2.3 Spectral formulation: sum of cylindrical waves

Let us first consider an array of point sources infinite only along the #
direction (linear infinite array). The associated spatial Green'’s function is ex-

pressed as follows:

G, (7) = e Imix 2.28
r(7) IR D v (2.28)

where R,;;;, is in this case
Ry = \/(x —mdy)? + y? + 22 (2.29)

As shown in [44], such Green’s function can be expressed via the zero-order

Hankel function of second kind H(()z)

7

1

i = e HP (1,R) (2.30)

X m=—oco

Gr(7) = G(R,x) =

where

R = /y2+22 (2.31)

2 2 2 .2 (Yx 272
o= B =k (dx+mdx) (2.32)
For indices m leading to real values of 7, (72, > 0), we obtain propagating
cylindrical waves described by the Hankel functions H(SZ). It is interesting to
observe that the number of these waves corresponds to the number of main

and grating lobes that appear in the visible region along §j. For an imaginary
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value of vy, (72, < 0), the Hankel function becomes a rapidly decaying mod-
ified Bessel function of the first kind (Eq. 2.33), which represents evanescent
cylindrical waves,

. 2j
Hy (1uR) = HYY (—jaR) = L Ko(aR) (2.33)

with attenuation coefficient a = \/—~2, real and positive.

For observation points far from the x axis, the summation converges rapidly.
Contrary, for observation points close to the x axis, the convergence is slower
because in this case, the summation does not benefit from the exponentially
decaying behavior of the evanescent waves (like in the "on-plane" case for the

plane-waves formulation).

The doubly periodic array of point sources can be seen as the superposi-
tion of an infinite number of infinite linear arrays along £. Thus, the Green’s
function related to a planar infinite array of sources can be seen as the infinite
superposition of the Green’s functions associated to the infinite linear arrays
along £, with a phase shift ¢, between successive linear arrays along the § di-
rection. The expression for the doubly periodic Green’s function then writes:

G/ (7) = G(x,R,) = 411 Y. et Y e g (,R,)  (2.34)
] x p=—o0 m=—oo
where
2 2 .2 .2 (Yx 272
o= KRR =k (dx+mdx) (2.36)

Acceleration techniques can be applied [44] for accelerating the computa-
tion of the propagating part of the periodic Green’s function G, (the evanes-
cent part converges exponentially by definition). However, despite the pro-
posed accelerations, such computation can still be too time consuming. To
overcome this problem, the Green’s function is tabulated in a 3-D table of lim-
ited size, after extraction of its singularity. When the Green’s function has to
be evaluated, an interpolation technique is used on the values stored in the
table, enabling a difficult-to-beat computation time.



2.2 Wideband low-profile antennas based on AMCs 25

2.2.3 Low-profile antenna elements and validations

The present section describes the components that may compose a low-
profile wideband design: a TEM horn antenna and an AMC structure. Ini-
tially, we have focused our study on basic TEM horn antennas since they
are known to be wideband thanks to their self-similar structure. Two dif-
ferent surfaces have been used as AMC: an array of patches on a dielectric
substrate [12] and a mushroom-like ground plane [17]. Some validations are
provided to ensure the correct use of the simulation tools employed in this
dissertation: the Feko software [6] and the UCL code [35], [36].

m  TEM Horn antenna

TEM horn antennas consist of a pair of triangular conductors forming a V
structure that supports TEM waves. They are completely characterized by
three parameters (Fig. 2.2) : s is the length of the antenna measured from the
feeding point to a corner of the plate, ¢ is the angular width of each plate, and
B is the angular separation between the two plates.

Feeding point

Figure 2.2 TEM horn antenna and its characteristic parameters.

When the antenna becomes infinitely long (s — oo), the characteristic
impedance (Z.) of the antenna can be defined. This is the impedance of the
TEM mode along the infinite structure and it only depends on the angles ¢
and B. It means that Z; is independent of frequency, and it is equal to /2 (1
being the free-space impedance) in the case of a self-complementary shape (¢
=90° and B = 180°). A graph with the relationship between the angles ¢ and
B, and the characteristic impedance of the antenna can be found in [33]. For
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an antenna of finite length, but reasonably long with respect to the operating
wavelength, the characteristic impedance of the antenna is a good approxi-
mation to the input impedance (Z;,,) of the antenna [33]. In order to validate
this statement, the input impedance of a TEM horn antenna with Z. = 100 (
(¢ = 47.30° and B = 20°) is calculated in [33] as a function of the electrical
length, s/A. Fig. 2.3 contains such Z;,, which is computed by using the feed-
ing scheme shown in Fig. 2.5b. The input impedance is calculated at the lo-
cation labeled T as Z;;, = Vr/Ir. It is observed in Fig. 2.3 that for antennas
at which s/A > 3 the agreement between Z. and Z;, is very good. Thus, by
choosing the right values of ¢ and g, the input impedance can be chosen so
that the antenna is matched according to the design requirements.

200

?,i”[EE]

Figure 2.3 Copied from [33]: input impedance versus electrical length of the ¢ =
47.30° and B = 20° horn antenna.

We have tried to model, with the FEKO software, the same TEM horn an-
tenna as the one simulated in [33]. The input impedance obtained is plotted
in Fig. 2.4. The results are quite close to the expected values shown in [33]
(see Fig. 2.3), a resistance around 100 () and an imaginary part around 0 ().
Furthermore, the zoom presented in the right column of Fig. 2.4 shows a good
convergence for electrical lengths close to 3, as it was expected. This means
that qualitatively, the results obtained with FEKO are good. However, some
differences are observed when comparing the results from Fig. 2.3 and Fig. 2.4.
They mainly differ from each other in terms of peak values, oscillation fre-
quency and resonances. In [33], slightly lower peaks are obtained and a little
shift of the resonances to higher frequencies is observed.
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Figure 2.4 Input impedance versus electrical length of the ¢ = 47.30° and p = 20°
horn antenna obtained with Feko.

One might expect differences between the results provided in [33] (Fig. 2.3)
and the ones obtained with FEKO (Fig. 2.4), because the feed representation
used is not the same for both cases. Fig. 2.5a shows the feed considered in
the Feko computations, a delta-gap voltage source applied at the common
edge between the two plates of the horn. In that case, the input impedance is
obtained by direct calculation on the source. A two parallel-plate transmission
line is proposed in [33] to feed the antenna. The feeding scheme is shown in
Fig. 2.5b. Delta-gap voltage sources Vs are applied at the location marked S on
both plates. The input impedance is calculated at the location labeled T and is
then given by Z;, = Vr/Ir.

Feeding edge

0
A/:p-" 2 A}
Matched load s

(a) (b)

Figure 2.5 Details of the feeding schemes used to excite the TEM horn antenna: (a)
Feko model (b) copied from [33]: model used in [33].

In order to valide the results obtained with Feko, we have analyzed the ac-

curacy of our simulations making higher-density meshes and cross-validating
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with simulations obtained with the UCL code, a MoM code developed at our
laboratory. Fig. 2.6 presents two different meshes applied near the feed. The
mesh at the left is the one used in the previous simulations and the one to the
right is the thinner new one. Fig. 2.7 compares the input impedances obtained

with both meshes. A very good agreement is observed.

(@

Figure 2.6 Meshes near the feed region used in the simulations of the ¢ = 47.30° and
B =20° TEM horn.
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Figure 2.7 Input impedance versus electrical length of the ¢ = 47.30° and § = 20°
horn antenna obtained with the meshes illustrated in Fig. 2.6.

Before continuing with the design of the low-profile antenna, a second val-
idation to ensure the accuracy of the results obtained with the delta-gap feed-
ing scheme has been done. The Z;, of a self-complementary antenna (¢ = 90°
and p = 180°) has been computed. As expected and shown in Fig. 2.8, oscilla-
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tions around 77/2 >~ 188 () have been obtained as well as a good convergence
for s/l > 3. Moreover, a very good agreement is observed when comparing
the results to the ones obtained with the UCL code (see Fig. 2.9). Then, the
simple feeding scheme applied in the Feko simulations is chosen to carry out
the rest of the study.

‘Y‘in[gl]

1 2 3 25 26 27 28 289 3 31 32 33

s/ s/

Figure 2.8 Inputimpedance versus electrical length of a self-complementary antenna
computed with our feeding scheme.

300 /\| — Feko (MoM)  ----- UCL code (MoM)

200 VA N N o

o
100 / \../
0.3 1

L3 2 23 3

Ry, [€2]

100

D/\f\mm

Kl 8]

-100

] 2 23 3

sk

Figure 2.9 Inputimpedance versus electrical length of a self-complementary antenna
(¢ =90° and B =180°), obtained with two different codes: Feko software and UCL code.



30 Chapter 2. Wideband low-profile antennas

m  AMC ground planes

Two different surfaces have been used as AMCs: a NxN array of square
patches [12] and the mushroom-like electromagnetic band-gap (EBG) ground
plane studied in [17]. A schematic representation of each surface is provided
in Fig. 2.10. Both consist of a lattice of square metal patches placed at a cer-
tain distance from a metallic sheet. In the case of the mushroom structure the
patches are connected to the back metal sheet by means of conducting vias,
which are supposed to suppress the surface waves that may travel along the
structure. The spacing between the patches g is 0.5 mm, while the length W
of the patches is 36 mm. The length & and radius of the mushroom vias are
equal to 1 mm and 0.125 mm, respectively. A dielectric substrate can fill the
space between the plates and the ground plane. As stated in [17], the higher
the permittivity of the substrate, the lower the operational band of the AMC.
Thus, we have replaced the dielectric by the air (e, = 1).

L=W=36 mm

h=1 mm

Substrate (=) Rty

W Metallic patches E E' E E
hir-r$-r\1‘/ EEIEEig
' Bioloio

N Ground plane

()

Figure 2.10 Reference geometry for the AMCs under study: (a) an array of square
patches [12](b) a mushroom structure [17].

The Feko software has been used to determine the phase of the reflection
coefficient associated with the AMC surfaces under study. To this end, the
surface is illuminated by a plane wave polarized along v, incident from broad-
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side, and the scattered E-fields are computed at a certain distance above the
reflector. In a post-processing step carried out with Matlab, the reflection co-
efficient is computed from those scattered fields, knowing that the incident
field corresponds to a plane wave. By correcting for the phase difference intro-
duced by the height at which the fields are calculated, the reflection coefficient
is obtained just on the plane that contains the AMC patches.

Before characterizing the surfaces under study, we have studied the de-
pendence of the reflection coefficient phase characteristic on the AMC size
and the height at which the fields are computed. Fig. 2.11 provides the results
obtained for the AMC consisting of an array of square patches. In the case
of Fig. 2.11(a), the fields have been computed at 1 cm above the reflector, and
the phase of the reflection coefficient versus frequency is shown for different
sizes of the AMC surface. The AMC dimensions do not affect very much the
surface behavior. Only for the 2x2 reflector, where the surface is small enough
to exhibit truncation effects at a 1 cm distance, a shift is observed. Fig. 2.11(b)
also depicts the phase of the reflection coefficient versus frequency, but at dif-
ferent distances from a 6x6 reflector. At small distances, very close to the sur-
face, the phase curve becomes distorted, as it can be seen for the 2mm case in
Fig. 2.11(b). The same happens when the distance is high enough to obtain
significant truncation effects of the finite AMC structure. So, the computation
of the reflection coefficients provided in this work is performed from the fields
computed at a distance between A /8 and A, neither too close nor too far from
the AMC surface. It is important to notice, that the field computed with Feko
to obtain the reflection coefficient, contains the evanescent waves scattered by
the ground plane (see Section 2.2.5). These evanescent waves are going to alter
the PMC behavior of the AMC surface. As seen, the results obtained for the
phase of the reflection coefficient depend on the distance at which the fields
are computed. Thus, the performances obtained for an antenna put close to
an AMC structure will also depend on the proximity of the antenna to the
AMC surface (Section 2.2.4). It is worth noting here that at small distances to
the surface, the antenna performance is a function of the near-field interaction
between the antenna and the surface.
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Figure 2.11 (a) Phase behavior of the reflection coefficient at 1 cm from several NxN

elements AMC structures. (b) Phase behavior of the reflection coefficient at different
distances from a 6x6 AMC.

Fig. 2.12 compares the reflection coefficient phase characteristic of both

the array of patches AMC and the mushroom-like EBG structures shown in

Fig. 2.10. We can see that both AMC surfaces, with or without vias, resonate

at the same frequency, i.e. 3.7 GHz.

Figure 2.12
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Reflection coefficient phase curve for a patches array AMC and a

mushroom-like EBG structure, both resonating at 3.7 GHz.

Some validations have been carried out for the mushroom-like EBG struc-

ture. We have tried to reproduce some of the results provided in the Yang
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and Rahmat-Samii paper [17]. The free space wavelength at 12 GHz A1y
is used in [17] as a reference length to define the dimensions of the different
structures studied in it. The EBG structure used has now the following dimen-
sions: a patch width of 0.12A156p, , a gap width of 0.02A15¢p, and radius of
the vias equal to 0.005A156,. The space between the patches and the ground
plane is filled with air. The distance between the patches and the metal sheet is
equal to 0.04A15c - A finite ground plane with A1gH, X AagH., size is used.
The phase of the reflection coefficient for the mushroom-like structure with
the new dimensions has been computed. Fig. 2.13 shows the results presented
in [17], and the ones obtained from our simulations. A 6x6 finite structure has
been modeled with Feko and an infinitely periodic mushroom with the UCL
code. The left picture in Fig. 2.13 shows the phase computed in [17] for dif-

150, —— UCL code (MoM)
3¢ Feko (MaM)

100!

-100 \\

5 10 15 20 25 30 35 40
Frequency [GHz] Frequency [GHz]

Rellection coefTicient phase [deg]

Rellection coelTicien! phase [deg|
<

Figure 2.13 To the left, reflection coefficient phase for different substrate permittiv-
ities [17]. To the right, reflection coefficient phase computed with Feko and the UCL

code, for a mushroom structure without dielectric.

ferent substrate permittivities. The right plot shows the reflection coefficient
phase obtained with the Feko and the UCL codes for the mushroom structure
described above. A significant shift of the AMC resonance to higher frequen-
cies is observed when comparing the results from [17] with those obtained
with Feko. However, a very good agreement is observed in terms of the curve
slope and the AMC resonant frequency if we look at the results from Feko and
the UCL code. It is at the highest frequencies that the two graphics differ from
each other. It is worth noting that in the case of the UCL code, the propagat-
ing wave of the scattered electric field is isolated from the evanescent waves to
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compute the reflection coefficient, which is not the case for the Feko computa-
tions. The reflected field computed with Feko contains the evanescent waves
scattered by the ground plane, which can alter the PMC behavior of the AMC
surface. This is probably the phenomenon observed in Fig. 2.13 for the highest
frequencies in the right picture. In Chapter 4 we will see that strong surface
waves propagate on the AMC at around 35 GHz, which corresponds to the
frequencies region where the reflection phase curves to the right in Fig. 2.13

differ from each other.

In addition to the validations presented here, some measurements con-
cerning the phase of the reflection coefficient of an AMC consisting of an array
of patches have also been carried out, and they confirm the validity of the re-
sults obtained with Feko. Such measurements are related to the work done in
view of the design of the RFID tag based on the use of an AMC ground plane
and they are shown in Section 6.3.3. Thus, despite the differences observed
w.r.t. the Yang and Rahmat-Samii paper [17] (concerning the EBG mushroom
surface) and the Lee and Smith contribution [33] (referring to the TEM horn),
we consider the Feko software a reliable simulation tool and it has been used

for carrying out the study presented in this dissertation.

2.2.4 Planar bow-tie dipole above an AMC

The different components described in Section 2.2.3 have been combined
in order to create the whole antenna configuration. After chosing the TEM
horn parameters, a ground plane is added below the horn antenna to see its
effect on bandwidth and on radiation performances. A flat TEM horn antenna
(i.e. B=180°) is chosen to reduce the profile of the design, which turns the
TEM horn into a planar bow-tie dipole antenna. The use of a PEC is expected
to reduce the impedance bandwidth but to improve the directivity achieved
when it is placed close to the bow-tie dipole (d < A/4, considering the AMC
resonant frequency). So, the PEC is replaced by an AMC, and its effect on
the impedance bandwidth and directivity performances is studied. It is worth
noting that the distances d provided here refer to the total height of the design,
i.e. from the bottom ground plane of the AMC to the planar bow-tie dipole.

This gives a clear idea about the profile of the design under study.



2.2 Wideband low-profile antennas based on AMCs 35

m Input impedance characteristics

First of all, appropriate values of the angles ¢ and B have been chosen for
the TEM horn antenna described in Section Section 2.2.3, in order to find the
best trade-off between useful bandwidth and low-profile requirements. The
angular separation 8 between the plates of the horn antenna plays an impor-
tant role in the low-profile aspect of the complete configuration. Then a flat
antenna, i.e. $=180°, is chosen and a parametric study of ¢ has been per-
formed [34]. As mentioned before, a p=180° turns the TEM horn into a pla-
nar bow-tie dipole. The return loss coefficient w.r.t. 50Q) has been analyzed
in the absence of a ground plane for a bow-tie antenna resonating around 1
GHz. A maximum value (16.10%) is reached around ¢ equal to 70°. This
is then the value used to continue the study here presented. Nevertheless,
it should be adjusted in the final configuration to optimize the final perfor-
mances achieved.

Fig. 2.14 presents the input reflection coefficient of the planar bow-tie
dipole (8=180°, ¢=70°) placed at 1 cm distance from an ideal infinite PEC, a
4 x4 mushroom-like EBG and an AMC consisting of an array of 66 patches.
The ground plane below the patches of the AMC surfaces is also infinite. It is
worth noticing that the results obtained with a 4x4 or a 6x6 AMC (with or
without pins) were very similar in terms of input impedance bandwidth. The
length of the antenna is equal to 1.5 cm to make it resonate at 3.7 GHz (the
resonant frequency of the AMCs described in Section 2.2.3).

The input reflection coefficient is also provided when the antenna is at 3
cm from the different ground planes (see Fig. 2.15). It is clearly evidenced
that the closer the antenna is to the PEC, the worse is the behavior in terms
of bandwidth. For a distance d of 1 cm, which corresponds to d < A/4 at
the AMC resonance, the S1; does not even reach -10 dB. When adding the
AMCs at distances close to the antenna, i.e. d < A/4, the bandwidth behavior
is improved with respect to the PEC case as was expected. However, many
unexpected oscillations around 4 GHz are observed. If we compare Figs. 2.14
and 2.15, it is seen that the further the antenna is from the AMCs the fewer
oscillations are obtained.

So, it has been shown that an AMC ground plane is useful in terms of
impedance bandwidth when putting the antenna close to the ground plane.
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Figure 2.14 Input reflection coefficient for a planar bow-tie dipole antenna placed at
1 ecm from a PEC, a mushroom-like EBG structure and an array of patches AMC.
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Figure 2.15 Input reflection coefficient for a planar bow-tie dipole antenna placed at
3 cm from a PEC, a mushroom-like EBG structure and an array of patches AMC.
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However, the closer it is, the more oscillations we obtain near the AMC reso-
nant frequency. In order to know more about these oscillations, the Z;, and the
input reflection coefficient have been computed when placing the antenna at
lcm from a patches array AMC of different sizes. From Fig. 2.16, it is observed
that the bigger the AMC, the more oscillations and peaks appear around 4
GHz. This is visible in both impedance and reflection coefficient forms. And
as already evidenced before, the closer to the AMC the more oscillations ob-
served. So, these oscillations may be due to resonances of the whole antenna-
AMC structure.
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Figure 2.16 Inputimpedance (left) and input reflection coefficient (right) for a planar

bow-tie dipole antenna located at 1 cm from an array of patches AMC of different sizes.

m  Radiation performances

In order to study the radiation performances achievable when an antenna
is backgrounded by an AMC, the directivity in the 6=0°, $=0° direction has
been plotted as a function of frequency for the planar bow-tie dipole (8=180°,
¢=70°) alone and when putting it at 1cm (d < A/4 at the AMC resonance) and
3cm (d > A/4 considering the AMC resonance) from a PEC, the mushroom-
like EBG and the array of patches AMC.

In Figs. 2.17 and 2.18, a directivity improvement is clearly evidenced when
adding a ground plane on the backside of the antenna. When comparing the
directivity obtained with the three different ground planes, we observe that

the directivity decreases considerably if AMC ground planes are used. It is
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Figure 2.17 Input reflection coefficient (top) and broadside directivity (bottom) for a
planar bow-tie dipole located at 1 cm from a PEC, a mushroom-like EBG structure and
an array of patches AMC.
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Figure 2.18 Input reflection coefficient (top) and broadside directivity (bottom) for a
planar bow-tie dipole located at 3 cm from a PEC, a mushroom-like EBG structure and

an array of patches AMC.
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observed in Fig. 2.17 that the directivity decreases near and beyond the AMC
resonance (3.7 GHz). Oscillations in the directivity also appear to the right of
the useful input impedance operating bandwidth. If the bow-tie antenna is
put further from the ground planes, at 3cm concretely in Fig. 2.18, less oscilla-
tions in the directivity curve are observed, as happens with the input reflection
coefficient, and better directivity values may be achieved in the useful input
impedance bandwidth (see Fig. 2.18). In Fig. 2.18, it can be seen that the direc-
tivity increases to 12 dB in a certain frequency range. Such directivity values
are bigger than the maximum ones achievable with a PEC ground plane, that
is 9 dB (see Fig. 3.31 or [3]). This is due to the fact that the distribution of
reactive fields -related to the surface currents- across the surface of the AMC
ground plane causes an increase in the effective area, and therefore an increase
in directivity.

Figs. 2.17 and 2.18 also include the input reflection coefficient S11 in order
to see if there is a concordance between the bands where a good reflection co-
efficient and directivity are achieved. We observe that good directivity values
are not obtained in the whole useful input impedance bandwidth. Moreover,
in contrast to the S11 behavior, the directivity improves with the distance of the
bow-tie antenna to the AMC structures. Thus, a trade-off between directivity
and impedance bandwidth requirements should be found.

2.2.5 Evanescent waves above an AMC surface

As mentioned and seen in Section 2.2.4, the performances achieved when
an antenna is placed above an AMC depend on the distance at which the an-
tenna is from the AMC surface. It is worth noticing that an AMC structure
acts as PMC only for plane propagating waves, and for a limited range of in-
cidence angles [37], which is not a fair approximation for an antenna close to
an AMC. A further study about the fields near the AMC surface, with special
attention given to evanescent waves, has been carried out and is presented in
the next section. It has been shown that the reactive fields (evanescent waves)
are stronger near the resonant frequency. So, they will certainly affect the reac-
tance of an antenna placed above the AMC surface. In Section 2.2.4, a study on
the bandwidth achieved for a flat horn antenna placed above an AMC ground
plane of different dimensions has been presented. Some unexpected oscilla-
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tions appear just to the right of the useful operating band. It has been seen that
the bigger the AMC finite structure the more oscillations observed. A 2x2, 4x4
and 6x6 AMC were tested (left graph in Fig. 2.19). We have repeated the same
simulations for an 8x8 AMC in order to verify this effect. Fig. 2.19 provides
the results obtained. More oscillations are clearly evidenced when increasing
the number of patches composing the AMC structure.
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Figure 2.19 Input reflection coefficient for a flat, p=70°, horn antenna above an AMC
of different sizes. To the left, some results presented in Section 2.2.4. To the right, a
verification for an 8 x 8 surface.

The presence of evanescent waves, and hence, reactive fields, near the
AMC has not been analyzed in detail before. In this section, we present an
effective numerical method to carry out a modal analysis in the infinite-array
approach. Strong reactive fields, with a non-negligible vertical component,
at the resonant frequency are evidenced. The same effects are observed for a
finite array, in which evanescent waves are reflected by the edges, resulting
in strong array truncation effects at the resonance. This work may lead to the
establishment of new design criterion for artificial ground planes devoted to

low-profile antennas.

2.2.5.1 Infinite AMC surface under study

The MoM code developed at the UCL [35], [36] has been used to compute
the modes composing the E-field above an infinitely periodic structure. An

infinite array of square patches has been studied. Its unit cell is shown in
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Fig. 2.20. The spacing between patches is 0.5 mm, while the length of the
patches is 19.5 mm. The patches are located 1.57 mm above the ground plane.
The space between the patches and the ground plane is in this case filled with
air, i.e. no dielectric substrate is used. The surface is illuminated by a plane
wave polarized along 7, incident from broadside. Fig. 2.20 contains the phase
of the reflection coefficient versus frequency for the propagation mode. The
resonance, where the phase crosses 0 degrees, is 5.54 GHz. Here below, the
propagating and successive evanescent modes above the surface, computed
at different distances from the AMC for the resonant frequency, are identified.

150F

100F
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5.54 GHz
50r

L=W=195mm
h=1.57 mm

reflection coefficient
dn
S

0 2 4 6 8 10
freq (GHz)
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Figure 2.20 Reference geometry for a unit cell of the AMC under study (left). Phase

behavior of the reflection coefficient computed at 1cm from an infinite AMC (right).

2.2.5.2 Numerical method applied

As has been shown in Section 2.2.2.2, the electric fields above an infinitely

periodic surface can be written as a superposition of plane waves with hor-

izontal and vertical wavenumbers: k' = % +m 27”, ky = % +n 27" and
2
(kmmy? = k2 — (km)* — (k;) , with Zm {kI'"} < 0. The free-space wavenum-

ber is represented by k, a and b are the spacings along £ and 7, respectively,
and ¢ and 1y are the corresponding phase shifts.

The electric field scattered by each mn-order harmonic can be computed

as:

- 1 - PO
Enn(7) = 52 (K2 Ayin (7) + V'V - A (7)), (2.37)
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where A, (7) is the 2-D periodic magnetic vector potential (Section 2.2.2.2):

— ki (x=x") p=iky (y=y") p—jkin|z—2|
W(7) = / / 7 ¢ s’ (2.38)

2jabkimn
or, in a simpler way :
T 2
Amn(7) = ap 2jabkmn ’ (2.39)

where &, = [[J(7")e*7'dS' and K = Kyw = (K, KL, k") = kilyn = ki,
provided that z > z’. In this case, the absolute value from |z — 2’| can be
removed in (2.38). Substitution of (2.39) into (2.37) yields the scattered electric
field :

. 2 o—ikF
Enn(7) = — (a4 — (4p - 1)) 2jabkm (2.40)

According to the MoM discretization, the surface current J(7') can be ex-
pressed as a vector sum of the surface currents on the basis functions in which
the surface is divided: J(7') = YN, a;J;(¥'). Using the MoM’s notation the
electric field can be written as :

n)) e k=7
(7) ]wez // 2]abkm” as’, 41)

where N is the number of basis functions. Now, the e‘j’?'? factor can be placed

out of the integral term :

N . _k2 . N RN
Enn(?) = 5oreapin © k7 / Ji-a)a) ek as'. (2.42)
i

Finally, a sum of the electric field contributions of the different modes
yields the total scattered electric field. The currents and integral in (2.42) are
calculated with our MoM code for a given number of basis functions N. The
¢~ /*7 factor is added in a post-processing step. In this way, just one compu-
tation is needed for any observation point (x,y,z) provided that the observer’s
position is above the top of the surface z > z),,,,.
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2.2.5.3 Evanescent waves study

The scattered electric field above the infinite AMC described in Fig. 2.20
has been computed with our MoM code, as explained in the previous section.
It consists of a propagating plane wave interfering with a number of evanes-
cent waves. The first (im = n = 0 in (2.42)) is constant versus x and y coordi-
nates if a and b < A/2, the latter have a harmonic behavior versus horizontal
coordinates. Fig. 2.21 represents the first modes of the y and z electric field
components versus height for the frequency of resonance, that is 5.54 GHz. It
clearly evidences the evanescent behavior when increasing the distance to the
AMC. It can also be seen that, the higher the order mode, the lower the con-
tribution to the total E-field. After the second order mode, the contributions
rapidly become negligible. Hence, just the contribution of the first four modes
has been taken into account to compute the total scattered E-field.

Ey field magnitude (V/m)
Ez field magnitude (V/m)

(1,0)

—6|
0.5 1 L5 2 2.5 3 35 4 4.5 10 0.5 1 L5

2 2.5 3
Height (cm) Height (cm)

35 4 4.5

Figure 2.21 The first four modes of the y (left) and z (right) E-field components for the
frequency of resonance.

The three components of the field computed at the resonant frequency
(5.54 GHz) have been studied. The y and z components obtained at different
distances are provided in Fig. 2.22. The graphics for the y component show
magnitudes around 1 as expected, but they do not correspond to a single plane
wave. The ripples correspond to the harmonic behavior of the higher-order
modes. Close to the AMC (5 mm), the second-order harmonic is not negligi-
ble, resulting in small ripples at y = 0, £2 and £4 cm. It is worth noticing the
huge ripples obtained close to the surface due to the presence of the evanes-

cent waves. The z component magnitudes are also surprisingly big. The same
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study has been carried out for 4 GHz (out of the resonance region). Similar
effects have been observed. However, the evanescent waves are very much
stronger near the resonant frequency.

35 —— Smm 2 T T T - : . S - p—
—— lcm —— lcm
g E 15t
2 3
Py 5
; ;
i -
2 2
E g
= =
Gl 2
=} =}
& o 0.5
-5 -4 3 22 -1 0 1 2 3 4 5 -5 -4 3 2 -1 0 1 2 3 4 5
y (cm) y (cm)

Figure 2.22  XY-plane cut for the y (left) and z (right) components of the E-field scattered by
an infinite AMC (computed with the UCL code).

2.2.5.4 AMC truncation effect

The scattered electric field has been computed for a finite AMC surface.
The commercial Feko software has been used. A 6x6 elements structure with
the same unit cell as for the infinite case has been considered. It has also been
illuminated by a plane wave polarized along 7}, incident from broadside. The
resonance frequency is now 5.87 GHz; the difference w.r.t. the infinite case
may be due to the finiteness of the structure. Fig. 2.23 includes the y and z
components of the total scattered field computed at different distances from
the AMC. Compared to the infinite-array case, the uniformity of the scattered
fields is broken. Also notice the similar orders of magnitude for both compo-
nents. Given that the higher-order harmonics have a horizontal propagation
component, they can be reflected by the edges of the array, making the effects
of array truncation strongly visible near the resonant frequency. Indeed, trun-
cation effects at 4 GHz have also been studied and observed; however they

are stronger near the resonant frequency.
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Figure 2.23  XY-plane cut for the y (left) and z (right) components of the E-field scattered by
a finite AMC (computed with Feko).

2.3 Conclusion

Low-profile wideband antennas might be obtained by designing a ground
plane with a reflection coefficient whose phase increases with frequency.
Based on Foster’s theorem, we prove that this is not possible if we consider
the co-polar reflection on any lossless periodic structure. At first sight, the
exploitation of the cross-polar components seems difficult for a reason related
to polarization stability. AMC ground planes are an interesting solution since
they allow antennas to be placed horizontally, very close above them. The
study of a planar bow-tie dipole above two different AMC ground planes cor-
roborates the interest of using an AMC surface w.r.t. a metallic plane. How-
ever, good directivity values are not obtained over the whole input impedance
bandwidth. This limits the useful operating bandwidth of the antenna. The
two following chapters propose two alternative antenna designs in order to
overcome this limitation. We have also studied the fields near the AMC sur-
face, with special attention given to evanescent waves present at small dis-
tances. A MoM-based code and the Feko software have been used to compute
the fields scattered by an infinite and a finite AMC, respectively. It has been
shown that the reactive fields are strong near the AMC resonant frequency,
with a particularly strong Z component. Truncation effects due to edge reflec-
tions are also stronger near the resonant AMC frequency. These reactive fields
will certainly affect the antenna reactance. Then, the proximity of the antenna
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to the AMC surface plays an important role on the input impedance charac-
teristics. Some additional resonances due to the whole antenna-AMC surface
have been observed for the case of the bow-tie antenna. Therefore, when an
antenna is placed above an AMC, the whole antenna-AMC combination has
to be analysed instead of each single element independently.
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Double-dipole antenna
placed vertically above

an AMC

When using AMC surfaces as ground planes for low-profile antenna con-
figurations, working close to their resonance allows us to take advantage of
their PMC features. However, as seen in Chapter 2, the directivity at broadside
decreases as we approach the AMC resonance, limiting the useful operation
bandwidth. This phenomenon is also visible in Best’s work [38], also concern-
ing the design of a bow-tie antenna above a mushroom-like EBG structure,
and in the work presented in [39] and [40], where two different broadband

dipole antennas, a diamond and a sleeve dipoles, are investigated.

It is evident in understanding that increased bandwidth will require a cer-
tain vertical extension. Hence, we initially propose here a dual-band antenna
made of two dipoles stacked above the ground plane. The two narrow band-
widths would overlap to form one broader bandwidth. If the ground plane
is a perfect electrical conductor, the dipole resonating at the lowest frequency
end must be placed on top (see Fig. 3.1), which leads to a high profile. If
the ground plane is an AMC resonating at the same frequency as the largest
dipole, the latter can be placed close to the surface, i.e. beneath the shorter

dipole (see Fig. 3.2).

At the frequency of resonance of the shorter dipole, the AMC is not res-
onating, and it appears as a perfect electric conductor. Hence, the shorter
dipole must be maintained at a quarter wavelength from the ground plane.
The advantage is that, besides the enlargement of the bandwidth, we are also
considering a total height of a quarter wavelength at the highest frequency,
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Figure 3.1 Dual-band antenna consisting of two dipoles above a PEC.

rather than at the lowest frequency. In the following sections, we will go

| | ~ Min [ 4
| [ [
L’ AMC resonating near A=A, .,

Figure 3.2 Dual-band antenna consisting of two dipoles above an AMC.

through an almost chronologic description of the hand-design work carried

out, in order to provide some insight into the phenomena observed.

3.1 New antenna principle

The new antenna studied here consists of two planar dipoles resonating
at two close frequencies at different distances from an AMC ground plane.
In that way, the largest dipole takes advantage of the PMC properties of the
AMC surface, providing an intermediate bandwidth and low-profile configu-
ration at the same time. Besides this, the shorter dipole helps to enlarge the
bandwidth and may contribute to the radiation performance providing better
directivity levels over the whole useful band.

A picture of the proposed dipole design is provided in Fig. 3.3. The new
antenna is single-fed at a central common point excited by means of a voltage
gap. The dipoles width (w) and length (Ltop, Lyot), along with the distance (s)
between them are the design parameters. Together with the AMC parame-
ters, they determine the resonances and both the impedance and directivity
bandwidth achieved.
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45° iw

feed

Lbot

Figure 3.3 Design parameters (w, Liop, Lpor and s) of the newly proposed antenna. It
consists of two plane dipoles fed at a common point.

A prototype with w equal to 0.41 mm and dipoles lengths equal to 2.2 mm
(Ltop) and 2.5 mm (Ly,;) has been studied. The distance between dipoles is set
to 0.4 mm. Fig. 3.4 contains the input reflection coefficient obtained for such
design with respect to 5002 and 75(). Two different resonances are clearly
distinguished, as expected.

Input reflection coefficient [dB]

Frequency [GHz]

Figure 3.4 Input reflection coefficient of the prototype studied: w=0.41mm,
Ltop=2.2mm, Lj,;=2.5mm and s=0.4mm.

The magnitude of the surface currents on the dipoles for the resonance fre-
quencies are ploted in Fig. 3.5. It can be seen how currents are concentrated on
the largest dipole for the lowest resonance and on the shorter one for the high-
est frequency. This fact supports the initial idea of having two dipoles which
contribute independently to the design performances. The design parameters
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allow to tune the dual-band antenna in order to obtain the bandwidth and
radiation performances desired.

Surface currents [A/m] Surface currents [A/m]
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Figure 3.5 Magnitude of surface currents at 22.5 GHz (left) and 27 GHz (right). These

are frequencies close to the resonance ones.

3.2 Effect of an AMC ground plane

Section 3.1 evidences the dual-band behavior of the proposed antenna. An
EBG structure is now added as a ground plane, trying to obtain an intermedi-
ate bandwidth and low-profile configuration at the same time. Fig. 3.6 shows
the antenna-AMC configuration studied. The mushroom-like EBG structure
described in Section 2.2.3 is the one used in the following study, because the
vias of the mushroom structure are supposed to suppress the surface waves
that may travel along the AMC, contributing destructively to the radiation
patterns of the antenna placed above the AMC. Initially, a substrate with per-
mittivity equal to 2.2 (Fig. 2.13) fills the space between the patches and the
ground plane, because using a substrate with permittivity bigger than 1 en-
ables to reduce the profile of the design [17]. Then, the frequency at which the
surface behaves as an AMC is 21.3 GHz instead of 26.3 GHz, when using the
air (Section 2.2.3). In the whole design, the distance from the top edge of the
shorter dipole to the bottom edge of the AMC ground plane is 2.8 mm (accord-
ing to the A,,;;, /4 criterion illustrated in Fig. 3.2). An analysis of the impedance
and radiation performances achievable with such antenna-EBG configuration

are presented in the following sections.

3.2.1 Input impedance performances

The dual-band antenna presented in Section 3.1 is placed above the
mushroom-like EBG surface specified before. A second prototype with a big-



3.2 Effect of an AMC ground plane 53

« —top
45° IW
S P
%/
feed
*——
g,=22 Lot

S e e O

Figure 3.6 Dual-dipole antenna placed above a mushroom-like AMC.

ger difference between the dipoles length is also placed above the EBG struc-
ture and analysed. The designs studied are composed of dipoles with lengths
equal to, on the one hand, 2.2 mm (Lt,p) and 2.5 mm (L), and on the other
hand, 2.1 mm (L) and 2.7 mm (Ly,). The input reflection coefficients ob-
tained for both designs w.r.t. 5002 and 75Q) are plotted in Fig. 3.7. A dual-band
behavior, as for the antenna alone, is observed. The position of the two reso-
nances w.r.t. the frequency at which the EBG surface behaves as a PMC (21.3
GHz for the mushroom structure here used), determines the performances
achieved. By increasing the difference between the dipoles lengths, the fre-
quency gap between their resonances is also increased (as seen in Fig. 3.7). As
it was expected, a larger bandwidth is achieved with the configuration where
the resonances are closer to each other.
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Figure 3.7 Input reflection coefficient w.r.t. 50Q2 (left) and 75Q) (right) for two differ-
ent dual-dipole antennas, with dipoles of different lengths, placed above a mushroom-
like EBG structure.



54 Chapter 3. Double-dipole antenna placed vertically above an AMC

3.2.2 Radiation performances

The directivity achieved at broadside (¢ = 0°, ¢ = 0°) is here presented
(see Fig. 3.8) for the two dual-dipole configurations analysed in Section 3.2.1.
We observe values around 7 dB - 8 dB at the first resonance (18 GHz - 19
GHz), then a deep down to negative values, then a peak again. It is especially
important to notice that the latter peak is produced at the frequency of the
second resonance (beyond the AMC resonance). It confirms the contribution
of the shorter top dipole to the radiation performance, as desired. However,
Fig. 3.8 evidences that the narrower the gap between the two resonances, the
smaller the peak obtained.

Further dipole resonances -3 -

[a]

=]

n

_________________________________

______

=1

A ,(:’.' ...............

Closer dipole resonances e
15 16 17 18 19 20 21 22 23 24 26 26 27 28 29 30
Frequency [GHz]

Broadside directivity [dB]

Figure 3.8 Broadside directivity achieved for two different dual-dipole antennas,
with dipoles of different lengths, placed above a mushroom-like EBG surface.

To have an idea about the radiation performances obtained at the dipole
resonances, Fig. 3.9 and Fig. 3.10 provide the radiation patterns for the dual-
dipole antenna providing closer resonances (Ltop = 2.2 mm and Ly, = 2.5
mm). The vertical cuts (¢ = 0° and ¢ = 90°) at £=18.75 GHz (left column)
and f=26.48 GHz (right column) are ploted. A maximum is always observed
at broadside (f = 0°) except in the H-plane for the second resonant frequency.
A small dip appears in such a case. The performances obtained for configu-
rations with other dipole lengths are very similar to the ones here shown. It
is worth noticing that the broadside dip appearing in the H-plane is deeper
when the frequency gap between the dipole resonances is smaller.
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Figure 3.9 Radiation patterns at the ¢ = 0° vertical cut for the dual-dipole antenna

with closer resonant frequencies above a mushroom-like EBG surface.
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Figure 3.10 Radiation patterns at the ¢ = 90 ° vertical cut for the dual-dipole antenna

with closer resonant frequencies above a mushroom-like EBG surface.
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3.3 Detailed study of the antenna performances

The two previous sections (Section 3.1 and Section 3.2) present the prin-
ciples of operation of the new dual-band antenna. The present section pro-
vides a study on the impedance and radiation performances of a single planar
dipole located above the EBG structure described in Section 2.2.3, and used in
the study provided in Section 3.2. This has allowed us to better determine the
contribution of each dipole composing the dual-band design to the performa-
ces achieved. Moreover, a parametric study on the planar dipole length and
on its distance to the AMC surface has provided some basic rules for design-
ing the dual-band antenna.

3.3.1 Performances comparison w.r.t. a single planar dipole

The performances obtained with a planar dipole located above the EBG
presented in Section 2.2.3 are compared to the ones obtained for the dual-
band antenna with closer resonances studied in Sections 3.2.1 and 3.2.2. The
dimensions of the planar dipole and distance to the AMC ground plane are
the same as the ones for the bottom dipole composing the dual-band antenna
(see Fig. 3.11). This is, a planar dipole of 6.8 mm length and 0.41 mm width is
placed at 1.58 mm from the bottom edge of the AMC.

2.1 mm
45° 1 0.41 mm
0.4 mm 6.8 mm

| ]10.41 mm
3.4 mm

0.9 mm’ 55
2.5 mm 1.58 mm

€=22 =22

TlT T T Ty £ Tl 7T T T'T

1.58 mm

Figure 3.11 Dual-band antenna (left) and planar dipole (right) placed both at 1.58
mm from a mushroom-like EBG surface. The planar dipole has the same dimensions

as the bottom dipole of the dual-band antenna.

Fig. 3.12 compares the input reflection coefficients obtained for the planar
dipole and the dual-band configuration. The appearance of a second reso-
nance along with a larger bandwidth is clearly evidenced for the latter an-
tenna, as expected and desired. However, it is interesting to notice from a
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design point of view that the first resonance frequency is nearly the same for
both antennas. The directivity performances achieved with the planar dipole

Planar dipole - Planar dipole ...
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Figure 3.12 Input reflection coefficient for a dual-band antenna and a planar dipole
with the same dimensions as the bottom dipole from the dual-band design.

and the dual-band antenna are compared in Fig. 3.13. It corroborates the di-
rectivity contribution of the top dipole at its resonant frequency (~ 26.5 GHz).
On another hand, the directivity performance obtained at lower frequencies (<
21 GHz (~AMC resonance)) is nearly the same for the dual-band antenna as
for the single dipole. We can then say that the bottom dipole contribution con-
stitutes the basis of the directivity performance achieved with the dual-band
antenna in the lower-frequency part.

Broadside directivity [dB]

" Dual-band antenna

15 16 17 18 19 20 21 22 23 24 25 26 27 28 23 30
Frequency [GHz]

Figure 3.13 Directivity behavior vs. frequency for a dual-band antenna and a planar
dipole with the dimensions of the bottom dipole from the dual-band design.
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From the analysis presented above, one may say that the design of the bot-
tom dipole should be the first step in the composition of the new antenna.
Because of the similarity between its contribution and the performances ob-
tained with a planar dipole placed at the same distance from the AMC, a
parametric study of the latter has been carried out (see next section). Such
a study provides some design rules that help to better determine the features
of the new antenna designed.

3.3.2 Parametric study of a planar dipole above an AMC

The performances achieved with a planar dipole placed at a certain dis-
tance from an EBG surface depend on the position of the dipole resonance
w.r.t. the frequency where the phase of the reflection coefficient is zero (AMC
behavior). The dipole resonance is mainly determined by the dipole length
and by its distance to the AMC ground plane. Thus, a study on the impedance
and radiation performances of a planar dipole of varying length (L) placed at
different distances (d) above a mushroom-like EBG structure has been carried
out (see Fig. 3.14). The mushroom-like EBG surface with dielectric permittiv-
ity equal to 2.2 was used firstly to do the study. Afterwards, the same EBG
surface, this time filled with air between the bottom ground plane and the
mushroom patches, is tested. Only the results for the EBG without dielectric
are provided here below, since the conclusions drawn are the same in both
cases, and the EBG without dielectric (used in the following sections) will pro-
vide larger impedance bandwidths [17].

d
- rdr T T

Figure 3.14 Parametric scheme under study. The air fills the space between the

patches and the bottom ground plane of the mushroom structure.

The dipole length and distance from the AMC ground plane are chosen
such that the dipole resonates close to the AMC resonance frequency (26.3



3.3 Detailed study of the antenna performances 59

GHz). The dipole width is always equal to 0.41 mm. A dipole of 5.6 mm length
is placed at 2 mm, 2.5 mm and 3 mm from the back ground plane of the EBG.
The maximum height (3 mm) is A/4 at the AMC resonant frequency. It has
been chosen envisaging a profile smaller than A /4. Fig. 3.15 provides the input
reflection coefficient obtained w.r.t. 50Q) and 75Q) reference impedances. In
both cases, the closer to the EBG surface, the smaller resonance frequency and
the lower the profile. Fig. 3.16 contains a sweep in frequency of the directivity
obtained at broadside. Since placing the planar dipole at smaller distances
results in resonant frequencies further from the AMC resonance, the behavior
of the EBG surface gets closer to a PEC behavior, and the closer the dipole is
to the AMC ground plane, the better directivity values obtained (as seen in
Fig. 3.16).
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Figure 3.15 Input reflection coefficients for a planar dipole of 5.6 mm length placed
at different distances from a mushroom-like EBG structure without dielectric.

The parametric study presented in this section, for a single dipole, reveals
that the performances achieved strongly depend on the distance at which the
dipole is placed from the AMC surface. Section 3.2 shows that the lengths
of the dipoles composing the dual-band antenna need to be close one to each
other in order to increase the impedance bandwidth. But, it has been seen
(Section 3.2) that having closer dipole resonances does not help to improve
the directivity achieved over the useful impedance bandwidth. Therefore, we
can say that the determining parameter is not the lengths difference of the
dipoles composing the dual-band design, but their distance to the AMC sur-
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Figure 3.16 Directivity at broadside direction of a planar dipole of 5.6 mm length
placed at different distances from a mushroom-like EBG without dielectric.

face. Then, we finally propose to design a dual-band antenna with dipoles of
identical lengths. It is worth noting that if both arms of the dipole antenna
have the same length, the antenna itself is not a dual-band dipole anymore.
Nevertheless, when it is placed vertically above the AMC, the dipoles resonate
at different frequencies because their distances to the AMC are different. The
height at which the dipoles are placed above the AMC will be the main design
parameter that will enable to achieve the desired performances.

3.4 Design of the double-dipole antenna

In this section, a double-dipole antenna is designed according to the op-
eration principles observed in the previous sections. The analysis made pre-
viously has helped us to determine the relevant parameters in the design of
the double-dipole antenna. The design of the bottom dipole is the first step
in the design of the double-dipole antenna. Afterwards, the distances of the
dipoles to the AMC surface are adjusted to fix an operating bandwidth with
good directivity values over the whole band. A mushroom-like EBG filled
with air is used as a ground plane since it provides larger impedance band-
widths [17]. At the end of the present section, we provide a comparison with
the performances achieved when using a PEC as a ground plane in the pro-
posed dual-band design.
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3.4.1 Bottom dipole choice

The study presented in Section 3.3.2 shows that the closer to the AMC
ground plane, the better directivity. In order to ensure a moderate directiv-
ity (>8 dB), we have chosen to initially place the bottom dipole of the double-
dipole antenna presented in this section at 2 mm height, from the back ground
plane of the EBG structure. A second dipole, with the same dimensions as
the bottom one, is added on top. Thus, the double-dipole antenna designed
here consists of two identical dipoles of length equal to 5.6 mm and width
equal to 0.41 mm. The top dipole is located at 0.18 mm from the top edge of
the first dipole in order to have a total antenna height equal to 3 mm (A, /4
maximum height criterion when envisaging a relative bandwidth around 20%
(fmax = 26.5 GHz and f{,,;;,, ~ 22 GHz)).

2.1 mm
—
45° 1041 mm
> 0.18 mm
2 mm

el r o r 1

Figure 3.17 Double-dipole antenna with identical dipoles and a total antenna height

equal to 3 mm.

The directivity and bandwidth performances achieved with such a config-
uration are compared to the ones obtained with a single dipole located at 2 mm
height. The directivity obtained with the double-dipole structure is nearly the
same as for the single dipole (see Fig. 3.18). However, the impedance band-
width has considerably increased: from 13.22 % to 22.04 % for a 500} refer-
ence (left plot in Fig. 3.19), and from 22.22 % to 32.73 % for a 75() reference
impedance (right plot in Fig. 3.19). Directivity values > 5.25 dB are obtained
in the 22.04 % 50Q)-impedance bandwidth.



62 Chapter 3. Double-dipole antenna placed vertically above an AMC

Single planar dipole

TSRS

271 L Dual-band antenna , 777777

Broadside directivity [dB]

D N = J| oM B W/ F W/ W W
Frequency [GHz]

Figure 3.18 Directivity at broadside direction for both a double-dipole antenna con-
sisting of two identical dipoles and a single dipole placed at 2 mm height from a
mushroom-like EBG structure without dielectric.
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Figure 3.19 Input reflection coefficient w.r.t. 5002 and 75¢) for both a double-dipole

antenna consisting of two identical dipoles and a single dipole placed at 2 mm height
from a mushroom-like EBG structure without dielectric.

But when enlarging the useful band without decreasing the height of the
antenna, the profile factor becomes worse. So, the next step in this design
(following section) consists of adjusting some parameters of the basic double-
dipole configuration provided here, in order to achieve a lower profile (<
Amin/4) without losing directivity and impedance bandwidth.
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3.4.2 Some parameter adjustments

According to the parametric study from Section 3.3.2, the distances of both
dipoles to the AMC ground plane have been adjusted. First, a decrement of
0.5 mm has been applied to both distances, while keeping the separation (0.18
mm) between dipoles. The total height of the antenna is now 2.5 mm and
the bottom dipole is located at 1.5 mm from the back edge of the EBG surface
(see Fig. 3.20). With such dimensions, the useful band decreases (Fig. 3.21),

2.1 mm

45° 1041 mm

> 0.18 mm

1.5 mm

e T

Figure 3.20 Double-dipole antenna with identical dipoles. The total antenna height
is equal to 2.5 mm.

in contrast to the directivity performance, which experiments a considerable
improvement (Fig. 3.22). Directivity values higher than 8.12 dB are obtained
in a 17.15 % impedance bandwidth (relative to 50(}). In such a case, the low
profile factor is decreased from A,;,, /3.7 to Ay, /4.7, where Ay, corresponds

to the wavelength at the highest operation frequency.
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Figure 3.21 Input reflection coefficient w.r.t. both 50Q) and 75Q) obtained for two

different antenna profiles (1) of a double-dipole configuration with identical dipoles.
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Figure 3.22 Directivity at broadside obtained for two different antenna profiles () of
a double-dipole configuration with identical dipoles.

A second adjustment is applied so that the directivity values and the to-
tal antenna height of the previous configuration are maintained when trying
to enlarge the impedance bandwidth. This time the bottom dipole is placed
slightly closer to the top one, that is, the separation between dipoles is slightly
decreased (set to 0.1 mm) (see Fig. 3.23). In such a way, a wider bandwidth
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Figure 3.23 Double-dipole antenna with the bottom dipole placed at 1.58 mm from
the bottom edge of the EBG surface. The total antenna height remains equal to 2.5 mm.

is achieved while keeping the directivity performance obtained after the first
adjustment (Fig. 3.25). The useful band increases from 17.15% to 18.48% in
the 502 reference case, as can be seen in Fig. 3.24. However, the directivity
achieved at the highest useful frequency decreases from 8 dB to 7 dB. Thus,
depending on the requirements, a tradeoff between the impedance bandwidth
and the directivity achieved in the whole band should be found.
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Figure 3.24 Input reflection coefficient w.r.t. both 50Q2 and 750 for a double-dipole
configuration with identical dipoles where the bottom one is placed at different dis-

tances from the EBG structure.
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Figure 3.25 Directivity at broadside for a double-dipole configuration with identical
dipoles where the bottom one is placed at different distances from the EBG structure.
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3.4.3 Medium gain, medium bandwidth design

The dimensions and performances of a final double-dipole design pro-
posed as medium gain, medium bandwidth antenna are summarized and pre-
sented here. A picture of the design is provided in Fig. 3.26. An EBG structure
is used as AMC ground plane. It consists of square metal patches connected
to a solid metal sheet by conducting vias. The spacing between the patches is
0.5 mm, while the length of the patches is 3 mm. The length and radius of the
vias are equal to 1 mm and 0.125 mm, respectively. Like in the last previous
sections, the space between the plates and the ground plane is filled with air
(er =1).

2.1 mm

. 45° 10.41 mm

1.5 mm

T T T

Figure 3.26 Dimensions of the design proposed as medium gain prototype.

Such a prototype provides more than 8.12 dB of broadside gain and a better
than -10 dB reflection coefficient over a 17.15% bandwidth. Fig. 3.27 provides
the performances achieved with such a design. Good directivity performances
are obtained in the whole useful band. A A,,;;,/4.64 profile is achieved, where

Amin is again the wavelength at the highest operation frequency.

To have an idea about the radiation performances obtained at frequen-
cies within the impedance bandwidth, some radiation patterns are provided.
Fig. 3.28 and Fig. 3.29 plot the vertical cuts ¢ = 0° (H-plane) and ¢ = 90°
(E-plane) at f=23.1 GHz (left column) and {=25.5 GHz (right column). A max-
imum is always observed at broadside (8 = 0°), except for the H-plane at
£=25.5 GHz. A small deep appears in such a case. However, the directivity
values remain acceptable and do not reach negative values as it did for the

planar bow-tie dipole antenna case (see Section 2.2.4).
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Figure 3.27 Performances achieved with the medium gain prototype proposed.
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Figure 3.28 Radiation patterns at the ¢ = 0° vertical cut for the medium directivity design.
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Figure 3.29 Radiation patterns at the ¢ = 90° vertical cut for the medium directivity
design.

3.4.4 Interest of using an AMC instead of a PEC

A comparison of the performances obtained when using a PEC instead of
the AMC surface as a ground plane for the double-dipole antenna proposed
in Section 3.4.3 is carried out. The antenna is placed at a distance such that
the profile factor is the same as the one obtained with the configuration pre-
sented in Section 3.4.3. That means, a profile equal to A, /4.64. Fig. 3.30
includes the results obtained with the two different ground planes. While an
impedance bandwidth (left plot) equal to 10.97% is achieved with the PEC, a
17.15% bandwidth is obtained with the AMC consisting in a mushroom-like
EBG surface. Directivity values (right plot) between 8.46 dB and 8.56 dB in the
useful impedance band are observed for the PEC case, while directivities are
comprised between 8.12 dB and 9.8 dB for the AMC configuration. Hence, bet-
ter directivity and impedance bandwidth performances are achieved by using
an AMC surface as a ground plane.

m Directivity of a dipole above a PEC

It is worth noticing that the directivities obtained in the previous comparisons
with the PEC are very constant over the whole useful band. We would have
expected a decreasing behavior when going up in frequency. So, in order to
ensure the correction of our results, we have calculated and plotted the direc-
tivity of a short dipole placed horizontally above a PEC at different distances.
The heights are expressed in terms of wavelengths in Fig. 3.31. It shows that,
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Figure 3.30 Comparison of the input reflection coefficient and the broadside directivity ob-

tained when using an AMC and a PEC as a ground plane for the double-dipole antenna from
Section 3.4.3.

for profiles smaller than A /4, the slope of the directivity curve is quite smooth.
This explains the small variation observed in the comparisons presented be-
fore, ensuring their validity.

Dipole above a PEC
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Figure 3.31 Directivity of an horizontal dipole placed above a PEC versus electrical height
(W/A).
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3.5 Conclusion

A new antenna configuration has been proposed as an alternative to the
planar bow-tie dipole antenna studied in Section 2.2.4. It consists of two pla-
nar dipoles resonating at two close frequencies at different distances from an
AMC ground plane. The initial idea of having dipoles of different lengths
does not finally help to improve the directivity and enlarge the impedance
bandwidth at the same time. Then, a design of dipoles with identical lengths
is proposed. The distance of the dipoles to the AMC determines the perfor-
mances achieved. The closer to the AMC the higher directivities obtained, but
narrower impedance bandwidths are achieved. Since the vertical separation
between the dipoles is small, their directivity contributions are practically the
same. The top dipole mainly helps to enlarge the impedance bandwidth. A
prototype providing more than 8.12 dB over a 17.15% bandwidth is presented
in Section 3.4.3. The profile of the design is A,,;,, /4.64, where A, corresponds
to the wavelength of the highest operation frequency. The profile is defined
from the ground plane backing the whole design, i.e. antenna and AMC com-
bination, and measured as a factor of A,,;, because it represents the worst pro-
file of the operation bandwidth. Good radiation patterns are obtained over the
whole useful band. However, the proposed solution does not help to solve the
problem if designs with wider bandwidths are desired. The broadside direc-
tivity still decreases near and beyond the AMC resonance. It is also worth
noting that the vias connecting the patches to the back ground plane of the
AMC do not seem to help us either to avoid this problem. The next chap-
ter proposes a new solution, based on the design of a new AMC surface (not
including vias).
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The solution proposed in Chapter 3, to enlarge the useful operating band-
width obtained for an antenna placed above an AMC ground plane, provides
bandwidths around 17% with broadside directivities higher than 8 dB in the
whole bandwidth. Despite the improvements already achieved w.r.t. the pla-
nar bow-tie dipole antenna studied in Section 2.2.4, a decrease of the broad-
side directivity near and beyond the AMC resonance is still observed. Then,
the useful achievable bandwidth is still limited. Moreover, it would be inter-
esting to obtain lower profiles than the ones provided by the vertical double-
dipole antenna proposed in Chapter 3. Thus, a new solution, concerning the
design of a new AMC surface, is studied in the present chapter. The double-
dipole antenna presented in Chapter 3 is placed this time horizontally above
the AMC in order to achieve lower profiles.

In this chapter, we firstly expose the problem of splitting patterns in detail.
In order to have a further physical insight into this splitting effect, a modal
analysis using a home-made code based on the Method of Moments (MoM)
technique is provided in Section 4.3 and Section 4.4. An original extension
of this code has been developed (see Chapter 5) to study the leaky-modes
supported by the AMC surface. Section 4.2 sets the numerical computation
basis of the eigenmode analysis presented in the later sections. The directivity
improvement achieved with the new AMC design is presented in Section 4.4.
A final design together with its performances is finally provided in Section 4.5.
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4.1 The problem of splitting patterns

The prototype here studied consists of a double planar dipole antenna lo-
cated above an artificial PMC. Figure 4.1 shows the double-dipole antenna
studied, which is fed at a central common point by means of a voltage gap.
The dipoles width w and length L, along with the distance s between them are

the design parameters.

P
|

feed

Figure 4.1 Design parameters (w, L and s) of the double-dipole antenna studied.

The AMC is a finite array made of 6x6 metal square patches placed on
a grounded dielectric substrate. Fig. 4.2 provides the dimensions of the unit
cell. The length of the patches is equal to 3 mm and the space between them
is 0.5 mm. In order to achieve the largest possible bandwidth, air (¢, = 1)
fills the space between the patches and the ground plane. The patches are
located 1 mm above the metal sheet. There are not vias connecting the patches
to the back ground plane since they do not seem to improve the radiation
performance of the design (see Chapter 2 and Chapter 3) and they are difficult
to fabricate.

plane §/2=0.25 mm

Figure 4.2 Unit cell of the 6 x6 AMC considered.
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Fig. 4.3 shows the phase of the reflection coefficient versus frequency, ob-
tained when the surface is illuminated from broadside by a plane wave po-
larized along . The resonance frequency of the AMC, for which the phase
crosses 0°, is 27.4 GHz. The reflection coefficient is computed with Matlab,
from the scattered E-fields obtained with FEKO at 1 cm distance above the
surface. The phase difference introduced by the height at which the fields are
calculated is corrected to compute the phase just on the plane that contains
the AMC patches.

[
(=
[«

100}
27.4 GHz

—_
(=3
(=3

reflection coefficient phase [deg]
=

2995 20 25 30 35 40
Frequency [GHz]
Figure 4.3 Phase behavior of the reflection coefficient obtained when illuminating the 6x6
finite AMC, consisting of an array of square patches.

The antenna is placed horizontally at 1.5 mm from the bottom surface of
the AMC (Fig. 4.4). We have computed the input reflection coefficient w.r.t. 50
) and the radiation patterns for configurations with double-dipole antennas
of different lengths L, all of them resonating close to the AMC resonance (27.4
GHz). The dipoles width and the distance between them are always 0.41 mm
and 0.185 mm. Impedance bandwidths (S1; < -10 dB) around 20%-30% can
be achieved. However, we observe that the radiation patterns split at broad-
side near and beyond the AMC resonant frequency, reducing the real useful
band. The input reflection coefficient and the broadside directivity for an an-
tenna with dipoles of length equal to 1.7 mm are shown in Fig. 4.5. A relative
impedance bandwidth equal to 18.7% is achieved in that case. When observ-
ing the broadside directivity versus frequency, we see that it dramatically de-
creases when approaching the AMC resonance, reaching even deep negative
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values (in dB) at higher frequencies -a strong dip is observed at 35.5 GHz-.
This means that the degradation of the broadside radiation performances is

gradual as the frequency increases beyond the AMC resonance, getting the
worst at 35.5 GHz.

X
M=6
Y

H —
0.5 mm 3mm

Figure 4.4 Double-dipole antenna placed horizontally above the square 6 x6 AMC.
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Figure 4.5 Reflection coefficient w.r.t. 50 Q) (left) and broadside directivity (right) for a
double-dipole antenna of 1.7 mm dipoles length horizontally placed above the 6 x6 AMC.

Fig. 4.6 shows vertical cuts in the E-plane and in the H-plane of the radia-
tion patterns obtained for 35.5 GHz. It is clearly seen how the patterns split at
broadside in both planes.
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Figure 4.6 Radiation patterns in both the E-plane and the H-plane at f=35.5 GHz, obtained
for the double-dipole antenna of 1.7 mm dipoles length placed above the 6 x6 AMC.

4.2 Modal analysis of the AMC surface

Knowing the modal features of the AMC ground plane will provide us a
better understanding about what is happening at the frequencies where the
patterns split. To this end, an eigenmodes analysis has been carried out by
using the home-made code developed at our laboratory [35], [36]. An exten-
sion of it (see Section 5), based on the theory for the periodic Green’s func-
tion reviewed in Section 2.2.2, has been elaborated to analyse the leaky-modes
supported by the AMC surface under study. Before exposing the results of the
eigenmodes analysis in Sections 4.3 and 4.4, we provide here a description of
the dispersion diagram representation for a periodic structure, together with
a brief review about leaky waves, in order to help to the reader to better un-
derstand the results obtained and discussed later.

4.2.1 Computation of eigenmodes
As described in Section 2.2.1, the MoM system of equations reads:
ZI=V (4.1)

where Z is the N x N MoM impedance matrix, [ is the column vector con-
taining the N unknowns describing the currents and V is the excitation vector

(fields E? impressed on the N basis functions). The MoM impedance matrix Z
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can also be used for computing the eigenmodes of a structure. If we look for
the resonances of a structure, all elements of V are zero (no excitation) and the
solution of the equations system (4.1) becomes an eigenvalues problem. For a
two-dimensional periodic structure, the impedance matrix Z depends on the
frequency f and on the phase shifts between successive unit cells, ¢ and ¢,
itis Z(f, ¢, Py). The values of f, ¢y and ¢, that make the determinant of Z
equal to zero correspond to the eigenmodes of the structure. The dispersion
relation f = fo" (%S), described in more detail in Section 4.2.2, can then be
obtained. The dispersion relation gives the frequencies for which the wave
modes travel along the structure, as well as their corresponding propagation
directions described by the vector ks.

4.2.2 Dispersion diagram

The present section provides a description of the dispersion diagrams rep-
resenting the modal features of a periodic structure. According to the Floquet
wave decomposition associated to plane waves supported by periodic struc-
tures (see Section 2.2.2.2), the wave vectors of the resulting set of plane waves,

for a two-dimensional periodic structure, are related by:

kY :kx+m2d—xn ky :ky—i—nzd;[ 4.2)
in the x and y directions, respectively. This means that the wave vector ks, re-
lated to the wave modes travelling along the structure, is a periodic function
with periodicity (277)/dy and (277)/d,, in the x and y directions, respectively.
Consequently, the dispersion relation f = F (ks) associated to a periodic struc-
ture is also a periodic function F of ks. Thanks to this periodicity, the search for
the eigenmodes of a periodic structure only needs to be carried out in a unit
cell of the periodic structure, which corresponds to the so-called first Brillouin
zone [43]. Besides this, the first Brillouin zone may be redundant because
of symmetries. Then, the redundant regions can be eliminated to avoid the
ks redundancy and further simplify the eigenmodes search. The smallest re-
gion within the Brillouin zone for which the ks directions are not related by
symmetry is called the irreducible Brillouin zone. For example, the irreducible
Brillouin zone related to a periodic structure with a doubly-symmetric square

lattice, is a triangle, with 1/8 the area of the full Brillouin zone, defined by
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the I', X and M points (see Fig. 4.7). The rest of the Brillouin zone contains
redundant copies of the irreducible zone.

Figure 4.7 Brillouin zone of a periodic structure with a square lattice. The irreducible

Brillouin zone is shown in darker color.

The dispersion relation associated with the irreducible Brillouin zone of a
periodic structure with a square lattice is represented in a dispersion diagram
like the one shown in Fig. 4.8. The I'X, XM and MI paths represent all the
possible planar directions of propagation (ky, k) contained in the area of the
irreducible Brillouin zone. We remind that the propagation vectors (kx, ky)
are related to the phase shifts between the elements of the periodic structure

as (Px = ke dy, ¢y = kydy).
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Figure 4.8 General representation of the f — s dispersion diagram corresponding to
the irreducible Brillouin zone of a periodic structure with a square lattice.



78 Chapter 4. Double-dipole antenna above an aperiodic AMC

The light line in Fig. 4.8, which corresponds to the relation w = ck, where
k is the free-space wave vector, divides the diagram in two regions: the slow
waves and the fast waves regions. When w < cks, it means that ks > k
and there are no angles (6,¢) for which the relations (4.3) below are satis-
fied. Hence, radiation into free space cannot occur. The modes corresponding
to such k; values are called bound modes. Bound modes propagate across the
structure without radiating, but on a finite structure they may reach the edges,

resulting in a free space multi-path radiation.
ky = ksinfcos ¢ ky = ksin 6 sin ¢ (4.3)

On the contrary, when ks < k, which means w > ck;s, energy can be radiated
into free space, in the direction (6,¢). The related modes satisfying ks < k
are known as leaky modes. Modes with wave vectors near ks = 0 radiate
perpendicular to the structure, while modes near the light line, ks = w/c (see

Fig. 4.8), radiate in a transversal direction, i.e. § = 90°.

4.2.3 Leaky wave modes

Leaky waves propagate transversely with a complex propagation constant
kpw = B —ja (Fig. 4.9), with § and « standing for the phase and the attenuation
constants [47], [49]. The main characteristic of a leaky wave is that § < k
so that the wave velocity is faster than light, i.e. w > cks;. The wave may
radiate at a specified angle into space, depending on . Small values of « result
in large effective radiating apertures, and then narrow beamwidth patterns.
Another well-known property of leaky waves is that they are improper [47],
[48], which means having a field amplitude that increases exponentially away
from the surface that guides them (see Fig. 4.9). On the contrary, modes bound
to the surface are proper, with a field decreasing exponentially away from the
surface.

Radiation from leaky waves is often considered as undesired leakage that
produces power losses. However, leaky-waves radiation can also be advan-
tageous for some kind of antennas and applications. In our concern, having
leaky-waves propagating along the AMC surface that radiate at broadside can
help us to overcome the problem of splitting patterns presented in Section 4.1.
From there, our interest in studying leaky-wave antennas (LWA). Leaky-wave
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Figure 4.9 Leaky waves propagate transversely.

antennas generally consist of a structure capable of guiding leaky waves, and
a simple source that excites them [49]. The launched leaky waves can deter-
mine the radiation behavior of the antenna. If a weakly attenuated (small «)
leaky wave is dominant on a guiding surface, the total radiation pattern will
be determined by the radiation from the leaky wave. It is important to note
that two leaky waves traveling in opposite directions will appear if the struc-
ture is symmetrical, which is the case for the AMC surfaces we are studying.
Then, the radiation pattern due to those leaky waves will be the superposi-
tion of two beams, symmetric w.r.t. the broadside direction (see Figs. 4.10 and
4.11).

Broadside radiation from a leaky-wave antenna can be obtained for small
values of B [49]. By decreasing B, 6 becomes smaller since f = ksinf cos¢,
and when the two beams are close enough to each other, depending on their
beamwidths, a total pattern pointing at broadside may be obtained. The
beamwidth of the lobes depends on the attenuation constant & with an in-
versely propportional relation [49]. Small values of « produce narrow beams.
Then, a single beam pointing at broadside can be obtained with small radia-
tion angles, i.e. small values of 8, and wide beams (big «) so that their super-
position results in a maximum at broadside (see Fig. 4.10). On the contrary,
if B is big and weak attenuation constants are present, a beam with two dis-
tinct narrow peaks away from broadside will be observed (see Fig. 4.11). It

can be proven [49] that the condition 8 = « represents the splitting condition
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Figure 4.10 Radiation pattern with a single beam pointing at broadside (8 < «).
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Figure 4.11 Radiation pattern with two beams away from broadside (8 > «).
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between the case of a beam pointing at broadside (8 < a) and two distinct
beams close to, but away from broadside (8 > «). The § ~ & condition means
that the beams width have to be at least equal to their tilt in order to be super-
imposed. As mentioned before, this superpositon may result in a single beam
pointing at broadside when B will be small enough w.r.t. a. The particular
geometry of the guiding structure will determine the propagation constants j

and «.

4.3 Infinitely periodic AMC

An eigenmode analysis based on the Method-of-Moments (MoM) tech-
nique described in Section 2.2.1 is here performed to study the wave modes
supported by an AMC consisting of a backgrounded array of square patches.
The geometry of the array of grounded square patches under consideration
is shown in Fig. 4.12. It is an infinite array in x and y directions with inter-
element spacings denoted by d, and d,, respectively. L, stands for the patches
length.

Figure 4.12 Geometry of the infinite array of grounded patches under study.

4.3.1 Eigenmodes analysis

As explained in Section 4.2.1, searching the roots of the determinant of the
MoM impedance matrix Z(f, x, ;) provides the dispersion diagram of the
modes supported by the structure. We have obtained the dispersion diagrams
for the planar patch array described in Fig. 4.12, composed of patches with
two different sizes: 3 mm (Fig. 4.13) and 2.5 mm (Fig. 4.14). In both cases

the patches are at Imm from the ground plane, separated by a gap equal to
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0.5 mm in both directions. The space between the patches and the ground
plane is filled with air. So far, only modes corresponding to real propagation
wavenumbers (bound modes, outside the light cone, i.e. ky, > k) have been
searched for. For the 3mm patches (Fig 4.13), a mode corresponding to a 180
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Figure 4.13 The f — ¢ dispersion diagram (only bound modes) for a planar periodic
patch array with patches of 3 mm length.
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Figure 4.14 The f — ¢ dispersion diagram (only bound modes) for a planar periodic
patch array with patches of 2.5 mm length.

degrees inter-element phase shift exists at a frequency around fy = 35 GHz.

It is worth noticing that a strong pattern dip at broadside has been observed
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at f = 35.5 GHz (Section 4.1). From the dispersion diagram obtained for
patches of 2.5 mm (Fig. 4.14), it is seen that the frequency at which such a
mode appears is moved to 42.7 GHz. Such effect is clearly seen if we plot |Z|
at the X point of the dispersion curves (Fig. 4.15).

Xpoint (y, =7y, =0)

———patch length = 3 mm
patch length = 2.5 mm
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Figure 4.15 Determinant of the Z matrix vs. frequency obtained for infinite AMC

surfaces with patches of different sizes.

4.3.2 Surface currents

After the modal analysis presented in Section 4.3.1, it is worth paying
attention to the currents induced on the antenna-AMC combination. The
double-dipole antenna with dipoles of 1.7 mm length (Section 4.1) is placed
above a 6x6 AMC composed of patches of length equal to both 3 mm and
2.5 mm. The other AMC dimensions are the same as the ones used in the
previous sections (see Section 4.1 or Section 4.3.1). Fig. 4.16 contains the cur-
rent density observed when working at 35.5 GHz, the frequency at which the
pattern splitting at broadside is most dramatic (see Section 4.1). For the AMC
with patches of 3 mm, surface currents, revealing the presence of surface wave
modes, appear on the patches perpendicular to the polarization of the antenna
(7 coordinate). When the AMC patches are smaller, the induced currents are
mostly concentrated on the four central patches just below the antenna, which
suggests the absence of bound modes travelling along the AMC surface. These
phenomena support the eigenmode analysis presented in Section 4.3.1.
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Figure 4.16 Current density on the antenna-AMC configuration when operating at
f = 35.5 GHz. A 6x6 array of square patches with length 3 mm (left) and 2.5 mm

(right) is used as a ground plane.

4.3.3 Summary

An eigenmode analysis based on the Method-of-Moments (MoM) tech-
nique has been carried out to study the wave modes supported by an AMC
consisting of a backgrounded array of square patches. It reveals the existence
of a bound mode whose propagation constant corresponds to a 180° phase
shift, at the frequency at which the splitting pattern problem is most dramatic.
The excitation of such a bound mode results in surface currents induced on the
AMC patches that can destructively contribute to the radiated E-field, produc-
ing secondary lobes or nulls in the radiation pattern. Besides this, it is shown
that reducing the patches length of the AMC causes such trapped mode to
appear at higher frequencies. It is worth noting that if an AMC with smaller
patches is used to support the antenna, we will approach the range where the
AMC reflection phase is 90°+45° [17], instead of working with a reflection
phase in the range 0°+£90°. This explains why the patterns do not split [17]
when working in the 90°+ 45° range. In the following section we propose a
surface that avoids the propagation of bound modes in the H-plane direction,
and that allows us, at the same time, to tailor the propagation of the char-
acteristic modes in the E-plane direction by adjusting the dimensions of the
patches. This will allow us to work with a reflection phase in the 0°+90°
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range without having bound modes distorting the radiation patterns. It will
be shown that the new surface acts as a leaky-wave structure.

4.4 Rectangular non-periodic AMC

The problem of having surface waves propagating along an AMC ground
plane has usually been solved by designing structures with simultaneous
AMC and EBG characteristics at the operation frequency band [4], [14], [17].
The problems caused by the radiation produced when bound modes reach
the edges of a finite structure, can also be minimized by using non-uniform
tuning methods, as described in [50]. Here, a new surface acting as an AMC
and, at the same time, as a leaky-wave structure with homogeneous phases
along successive elements, is proposed (see Fig. 4.17). It consists of a rectan-
gular array of patches with different lengths along the E-plane direction (7 in
Fig. 4.17). As shown below, truncating the surface in the H-plane (£ direction
in Fig. 4.17) avoids the propagation of surface waves in this direction. The
central patches allow us to take advantage of the AMC properties to create
a low-profile design, and the patches of different sizes away from the center
help to create the guiding structure. This surface does not contain vias, mak-
ing it easy to fabricate, and shows smaller dimensions than other conventional
AMC structures.

Az

2 VA Wi N\~

LW surface AMC |surface LW surface

Figure 4.17 Combination of the AMC (central patches) and leaky mode (patches

away from the center) phenomena in the same structure.

Section 4.4.1 shows how the modal features of the AMC ground plane
studied in Section 4.3, can be easily modified in order to avoid the propa-
gation of bound modes and take advantage, at the same time, of the radiation
of the leaky modes traveling along the surface. Then, it is shown how with
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the new structure the radiation performances of the antenna-AMC group are
strongly improved (Section 4.4.2).

4.4.1 Eigenmodes analysis

m  Rectangular structure

According to the eigenmodes and currents study presented in Sections 4.3.1
and 4.3.2 respectively, a reduction of the AMC size in the direction perpendic-
ular to the polarization of the antenna (H-plane) may avoid the propagation
of the existing bound modes along this direction, avoiding the corresponding
surface currents to appear. It is worth noting that, apart from the radiation
problems related to surface waves, having trapped modes traveling along the
AMC surface implies evanescent fields near the AMC that affect the input
impedance of an antenna placed above the surface (see Section 2.2.5).

The Method-of-Moments approach described in Section 2.2.1 is applied again
to perform the modal analysis of a linearly infinite array of backgrounded
square patches. The geometry of the oo x 2 rectangular surface studied is
shown in Fig. 4.18. Like in the infinite-by-infinite array studied in Section 4.3,
L, corresponds to the patches length and, d, and d,, denote the distance be-
tween the array elements in the x and y directions, respectively. The dimen-
sions of the elements composing the rectangular array are the same as the ones
for the infinite by infinite surface from Section 4.3, i.e. the patches are 3 mm in
length and the gap between them is equal to 0.5 mm.
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Figure 4.18 Geometry of the oo x 2 array of grounded patches under study.
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The effect on the modal characteristics of the AMC produced when cutting
the AMC surface in the H-plane direction, can be noticed from the dispersion
diagrams shown in Fig. 4.19. It contains the dispersion diagram of the infinite-
by-infinite array studied in Section 4.3 and the dispersion diagram in the I'X
path of the Brillouin zone for the rectangular array. Only the propagation in
the I'X path is analysed for the co X 2 array because of the truncation in the 7
direction. The analysis for the linearly infinite array has been carried out with
the MoM code developed at our laboratory [35], [36], in combination with the
method described in Chapter 5 for the computation of the periodic Green’s
function. In Fig. 4.19, we observe that the bound mode corresponding to a 180
degrees inter-element phase shift appears at f = 37GHz instead of f = 35GHz
when the array is truncated. Moreover, in the hypothesis of leaky waves (see
the red line in the graph to the right in Fig. 4.19) propagating at around 35.5
GHz, frequency at which a strong dip in the pattern was observed at broadside
(see Section 4.1), broadside leaky-wave radiation could be produced. It would

help to solve the problem of splitting patterns observed in Section 4.1.
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Figure 4.19 The f — ¢ dispersion diagrams for both a 2D-periodic (left) and a 1D-
periodic (right) arrays of square patches of 3 mm length. Only the I'X path is consid-

ered for the rectangular one.
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m  Aperiodic rectangular structure

As has been seen in Section 4.3.1, by changing the periodicity at which the
patches are arranged in the array configuration, the modal characteristics of
the AMC can be tailored. The geometry of a rectangular array with different
periodicities along £ and 7 is shown in Fig. 4.20. The different periodicities are
obtained by using patches with different sizes along £ and 7.

=

/?7 d,

Figure 4.20 Geometry of the co x 2 array of grounded patches of different lengths
along the £ and the # directions.

The dispersion diagrams in the I'X path of the Brillouin zone, for the rect-
angular surface of square patches (Lyx = Ly, =3 mm) (Fig. 4.18) and the one
composed of patches of different sizes along £ and § (Lyx =2.5 mm, L, =3
mm) (Fig. 4.20), are provided in Fig. 4.21. For the array of patches with length
equal to 2.5 mm in the £ direction, we observe two bound modes correspond-
ing to a 180 degrees phase shift, which appear at higher frequencies than the
180 degrees bound mode supported by the array of 3 mm square patches.
These dangerous trapped modes are moved again further from the useful an-
tenna operation band around the AMC resonance (see Section 4.1).

The leaky waves supported by both structures have been studied (hypo-
thetic interrogation lines in Fig. 4.21). Due to the truncation of the surfaces
in the 7 direction (Fig. 4.18 and Fig. 4.20), only the I'X path has been anal-
ysed. We remind that the I'X path represents the propagation in 1D-periodic
direction, i.e. ¥y = (0,7) and ¢, = 0. The computation method described
in Chapter 5 has been used in combination with the MoM code developed at
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Figure 4.21 The f — 1, dispersion diagrams in the I'X path for a planar co x 2 array
of both square patches (Lyx = Lpy = 3mm) and patches of different sizes along the £
and the § directions (Lyy = 2.5 mm and Lpy, = 3mm).

our laboratory [35], [36]. When dealing with complex propagation constants,
krw = B — ja, the MoM impedance matrix Z (see Section 2.2.1) depends on the
frequency f, the real and the imaginary parts of the phase shifts (¢x = kydy,
Py = kydy) between successive unit cells: By dx, By dy, and ay dx, ay dy, respec-
tively. So, one more parameter, that is the imaginary part of the phase shifts
ay dy or ay dy, has to be taken into account in the computation of the eigen-
modes of the structure (Section 4.2.1). The values of f, By dx, By dy and ay dy,
wy dy that make the determinant of Z(f, By dx, By dy, ax dx, xy dy) equal to zero
correspond to the leaky eigenmodes of the structure. The f — Bxdy and the
f — axd, relations related to the I'X path are plotted in Fig. 4.22 for the rect-
angular surface of square patches (Lyx = Lpy =3 mm) (Fig. 4.18) and the one
composed of patches of different sizes along £ and § (Lpx =2.5 mm, Ly, =3
mm) (Fig. 4.20). It is seen that when the patches size is decreased along the %
direction, the attenuation constants of the propagating leaky-waves are bigger
for a given frequency. On the contrary, the phase constant 8, and therefore,
the phase shift fdy between successive patches, becomes smaller for smaller
patches. This means (see Section 4.2.3) that two wider beams, closer to each
other, will appear in the radiation pattern. This will result in the merge of
those beams, and in turn, lead to a higher directivity at broadside. As men-



90 Chapter 4. Double-dipole antenna above an aperiodic AMC

tioned in Section 4.2.3, a single beam pointing at broadside can be reached
when the ratio 8/« is less or equal to 1. It is observed in Fig. 4.22 that the ratio
obtained for the leaky waves propagating at around 35 GHz has decreased
from 21.6 to 3.57, when the length of the patches has been reduced from 3
mm to 2.5 mm in the £ direction. Although B is still bigger than « for the 2.5
mm case, the ratio rapidly approaches the condition 8/« < 1. A study of the
leaky waves supported by a rectangular non-periodic surface of patches with
lengths equal to 2 mm and 3 mm along £ and 7, respectively, is being carried
out. Some preliminary results show that the ratio 3/« is even closer to the
B/« < 1 condition (single beam pointing at broadside) than for the rectangu-
lar array with patches 2.5 mm x 3 mm. This leads to think that reducing the
dimensions of the patches of the non-periodic surface in the £ direction will
help us to obtain radiation patterns with a single beam pointing at broaside.

50
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Figure 4.22 The f — Bydy and f — wydy relations for a planar co x 2 array of both square
patches (Lpx = Lpy = 3mm) and patches of different sizes along the £ and the § directions
(Lpx = 2.5mm and Lpy = 3mm).

4.4.2 Directivity improvement at broadside

In view of the modal study carried out in Section 4.4.1, the double planar
dipole presented in Section 4.1 is located above a rectangular AMC, which is
afterwards made non-periodic, in order to overcome the problem of splitting
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patterns (Section 4.1). As it was mentioned at the beginning of this section,
the new aperiodic surface acts as an AMC and as a leaky wave structure at the
same time. The patches just below the antenna provide the AMC properties

and the patches away from the center help to create a leaky wave surface.

Fig. 4.23 provides a top view of the double-dipole antenna placed above
the 2x6 AMC obtained after reducing its dimensions in the H-plane. The
patches length and the spacing between them are 3 mm and 0.5 mm respec-
tively, with 1 mm space between the patches and the metal sheet.

N=6

X
—_ L
Y

—
3mm

M=2 —

b4

0.5 mm

Figure 4.23  Double-dipole antenna placed horizontally above a rectangular 2x6 AMC.

When the 2x6 AMC is made non-periodic, the design shown in Fig. 4.24
results. The AMC consists now of patches of different sizes along the E-plane
direction. The patch length is gradually decreased from the center of the struc-
ture along the i/ coordinate, and it remains the same along £. The gap between
the patches does not change and is equal to 0.5 mm (as in the previous AMCs).
The central patches are square and their size L. is fixed, depending on the de-
sired AMC resonance frequency. In a first instance, it is 3 mm (the same as
the patches length of the previous AMCs). The difference between sizes of
contiguous patches Ly, is taken constant.

Reducing the AMC size in the direction perpendicular to the polarization
of the antenna significantly improves the directivity achieved at broadside, es-
pecially at frequencies close to the AMC resonance (27.4 GHz). This is clearly
observed in Fig. 4.25, which compares the input reflection coefficient and the
directivity obtained when placing the dual-antenna with dipoles of L = 1.7
mm length above different AMCs: a square 6x6 AMC, a rectangular 2x6
AMC and two non-periodic AMCs. When comparing the 6x6 and the 2x6
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Figure 4.24 Double-dipole antenna placed horizontally above a non-periodic 2x6 AMC.

cases, an improvement of the directivity values achieved in the useful band is
observed. While directivities from 9.7 dB (at the lowest useful frequency) to
6.7 dB (at the upper frequency end) were obtained over the 18.7% impedance
bandwidth when using the 6 x6 AMC, now values from 9 dB (at the low-

est frequency) to 8.7 dB (at the highest frequency) are achieved over a 24.1%
impedance bandwidth with the 2x6 AMC.
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Figure 4.25 Sy coefficient w.r.t. 50Q) (left) and broadside directivity (right) for a double-
dipole antenna of 1.7 mm dipoles length horizontally placed above different AMCs.

Fig. 4.25 (right plot, labeled non-periodic’) also shows that breaking the
periodicity of the AMC in the E-plane strongly improves the directivity
achieved at frequencies beyond the AMC resonance. It is also observed that
for bigger differences between patches, higher directivities are obtained. The
double-dipole antenna put above the non-periodic AMC is always the one
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with dipoles of 1.7 mm length. When looking at the input reflection coeffi-
cient we observe some oscillations to the right of the antenna resonance when
it is placed above the periodic 6x6 AMC surface, as evidenced for the planar
bow-tie dipole antenna in Section 2.2.4. It is worth noting that these oscil-
lations are not so strong when the antenna is located above the rectangular
2x6 AMC and above the aperiodic 2x 6 surface. Because these AMC surfaces
avoid the propagation of some of the bound modes travelling along the 6x6
AMC, at frequencies close to and beyond the AMC resonance, weaker eve-
nescent waves may appear near the rectangular and the aperiodic AMCs, and
therefore less oscillations may be observed in the input reflection coefficient
according to the study carried out in Section 2.2.5. Nevertheless, we can say
that the input impedance characteristics are not especially affected in terms
of bandwidth. However, the directivity achieved at broadside is strongly im-

proved.
E-plane H-plane
10 Non-periodic —~7%7 ~ 10 R 2
2x6 AMC — /X N/
L AN
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Figure 4.26 Radiation patterns in the E-plane (left) and H-plane (right) at f=35.5 GHz,
obtained for the double-dipole antenna of 1.7 mm dipoles length placed above different AMCs.

The vertical cuts in both the E-plane and the H-plane at f = 35.5 GHz,
when using the different AMCs for back-grounding the double-dipole an-
tenna, are provided in Fig. 4.26. As presented in Section 4.1, the worst broad-
side directivity values are obtained at f = 35.5 GHz, when the antenna is
placed above the 6x6 AMC. If the number of patches perpendicularly to the
antenna are reduced, a clear improvement is observed at broadside, reducing
the splitting effect. When looking at the cuts obtained with the non-periodic
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surfaces, we can see that the problem of splitting patterns is solved, reaching
a quite high maximum at broadside. The same recovering effect is observed
at frequencies between the AMC resonance (27.4 GHz) and 35.5 GHz, which

will allow us to enlarge the useful bandwidth of the design (see Section 4.5).

4.4.3 Summary

A new ground plane acting as an AMC and, at the same time, as a leaky-
wave structure with homogeneous phases along successive elements is shown
to help to overcome the problem of splitting patterns at broadside. The new
surface consists of a rectangular finite array of patches with decreasing length
along the direction of the current flow in the antenna. The central patches
allow to take benefir from the AMC features of the surface to create a low-
profile design, and the patches of different sizes away from the center help to
create the guiding structure. An eigenmodes analysis shows that the bound
mode corresponding to a 180° phase shift, supported by the initial square pe-
riodic surface at the frequency at which the patterns split, is shifted to higher
frequencies (out of band) when the AMC surface is truncated and made non-
periodic. In addition, leaky-waves radiating at small angles from the broad-
side direction are supported by the non-periodic surface. They contribute
constructively to the broadside directivity, producing patterns with one sin-
gle main lobe pointing at broadside.

4.5 Final wideband low-profile design

In Section 4.4.2, the input-impedance characteristics obtained when plac-
ing a double-dipole antenna above different non-periodic and periodic AMCs
have been provided. In a first instance, limited bandwidths, around 20%, have
been obtained. Once the splitting problem is overcome, the antenna can be
tuned closer to the AMC resonance (reflection phase in the 0°£90° range [4])
in order to increase the input-impedance bandwidth. To do so, we can vary
either the length of the dipoles of the antenna or the dimensions of the AMC
patches. Here, the size of the square central patches of a non-periodic design
has been increased from 3 mm to 3.25 mm in order to bring the AMC res-
onance closer to the antenna resonance. The length difference between the
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successive patches along the antenna polarization direction is 0.5 mm. They
are all equally spaced, with a 0.5 mm gap. A distance equal to 1 mm separates
the patches from the bottom metal sheet. The double-dipole antenna is placed
at 1.5 mm from the metal sheet.
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Figure 4.27 Sqq coef. w.r.t. 50Q) (left) and broadside directivity (right) for the final design
(red line). The blue curve in the right plot is the theoretical directivity achievable with such a
final design.

Fig. 4.27 provides the performances obtained with such a design. It pro-
vides more than 9.2 dB of broadside directivity and a reflection coefficient bet-
ter than -10 dB over a 32.65% bandwidth. The total antenna height is 0.15A,;,,,
where A, corresponds to the wavelength at the highest frequency (the worst
case).

Fig. 4.28 shows vertical cuts in the radiation patterns at f=23.6 GHz (fre-
quency of minimum S;;) and =28 GHz for the final proposed design. Good
directivity performances are achieved in the whole useful band, with a maxi-
mum always observed at broadside.

Finally, Fig. 4.27 compares the directivity obtained (red line) with the theo-
retical one (blue line) achievable with such a physical area (1.9A,,;,, X 0.7A,,3,),
as given by the expression D = A,rr4 71/ A2. The directivity obtained over the
useful band is almost flat. It can be seen that, at the lowest frequency, the direc-
tivity is very close to the maximum achievable, while a 2.5 dB lag is observed
at the upper frequency end.
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Figure 4.28 Radiation patterns in vertical planes at two frequencies comprised in the useful
band provided by the final proposed design.

To end, we would like to notice that the new aperiodic surface has also
been used to improve the broadside directivity of a Tulip antenna [51]. The
patterns also split at broadside when the Tulip antenna is placed above a peri-
odic AMC consisting of an array composed of square patches. The rectangular
non-periodic structure has helped to avoid this problem.

4.6 Influence of the AMC'’s ground plane size

It is interesting to study the influence of the size of the AMC’s ground
plane on the performances achieved. Fig. 4.30 provides the input impedance
characteristics and the broadside directivity obtained for the design presented
in Section 4.5, with a ground plane larger than the area taken by the patches
of the AMC. The results for a ground plane of size equal to 6x6 times the
central patches length (3.25 mm in this case), and for an infinite ground plane
are presented. The meshes of such designs are shown in Fig. 4.29.

The performances obtained (see Fig. 4.30) are compared with the ones
for the design presented in Section 4.5, which contains a ground plane of
size equal to the area taken by the AMC patches. We observe that the in-
put impedance characteristics do not change substantially after enlarging the
AMC’s ground plane. When looking at the broadside directivity obtained at
frequencies smaller than 35 GHz, we see that enlarging the ground plane re-
sults in higher directivity values at those frequencies. However, smaller direc-
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Figure 4.29 Double-dipole antenna placed above an aperiodic AMC with: a ground plane of
size equal to 6 X6 times the central patches length (left), and an infinite ground plane (right).
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Figure 4.30 Sqp coefficient w.r.t. 50Q) (left) and broadside directivity (right) for a double-
dipole antenna placed above an aperiodic AMC with a ground plane of different sizes.
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tivity values are obtained at higher frequencies when the ground plane is en-
larged. A strong dip is observed around 39 GHz. It is worth saying that a dip
also appears for the original design (the one from Section 4.5), but at higher
frequencies (around 41 GHz). This means that the dip has been shifted down
in frequency when enlarging the ground plane, but it is still out of the use-
ful band. The directivity values obtained in the useful impedance bandwidth
(which remains almost the same) are better with a bottom ground plane larger.
The minimum broadside directivity obtained in the useful band has increased
from 9.2 dB, for the original design, to around 10 dB when the metallic bottom
ground plane is larger. The relative impedance bandwidth has been slightly
enlarged from 32.6% to 33.9%.



A simple new method
to compute the

periodic GF

5.1 Introduction

It is well known that the scalar Green’s function associated to a periodic
planar array of sources represents a challenge in terms of convergence of se-
ries, especially if treating complex wave modes. We present a novel solution
based on the observation that, once the contribution of the nearest dipoles is
extracted, the remaining part of the Green’s function must be a very smooth
function of spatial coordinates. Hence, on-plane or near-plane solutions can
be extrapolated from solutions obtained further away from the dipole plane.
The resulting method is extremely simple to implement and can be applied to
both real and imaginary phase shifts, the latter being important for the analy-
sis of leaky wave structures.

Traditional techniques devoted to the simulation of periodic structures
difficultly accomodate complex-wave modes, often represented by complex
wave numbers kg = B — ja. This is mainly due to the difficulty of com-
puting the related Green’s function, which may be very slowly convergent
in the case of the spectral solution and divergent for the spatial one. To our
knowledge, very little information concerning the evaluation of the periodic
Green'’s function for complex phase shifts, is found in literature. This prob-
lem has recently be tackled by [52]. An overview of the main acceleration
techniques is provided in [52] and [53], and the possibility of treating com-
plex phase shifts with the different existing techniques is discussed. The case
of 3-D problems with 1-D periodicity has been studied in detail in [52]. The
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Kummer-Poisson’s decomposition [54] is optimized and accelerated with the
Shank’s transformation in [54], [55] and with the p-algorithm in [56]. A com-
parison with the Ewald’s method [57] and the Veysoglu integral representa-
tion [58] reveals that the Kummer-Poisson’s solution proposed in [52] is more
efficient when dealing with accuracies lower than 107°. For higher accura-
cies, the Ewald method works better. For 3-D problems with 2-D periodicity,
Ewald’s method is shown to be more efficient for errors smaller than 1073. In
the present work, we propose a new very simple method for evaluating the
periodic Green’s function for real and complex phase shifts in 3-D problems
with 2-D and 1-D periodicity. We first expose the problems found when trying
to solve the periodic Green’s function for complex phase shifts. In Section 5.3
we describe the new method proposed, which is followed in Section 5.4 by a
discussion regarding the accuracy of the results obtained. A parametric anal-
ysis provides an idea of the expected accuracy. Accuracies of the order of
10~7 and around 10~ !! are easily achieved for complex and real phase shifts,
respectively. A conclusion is drawn at the end of the chapter.

5.2 Problem statement
m  3-D problems with 2-D periodicity

We consider a two-dimensional array of sources repeated periodically (see
Fig. 5.1). The distance between the sources is d, and dy along the £ and §
directions, respectively. The propagating constants of the waves travelling in
these directions are denoted by ko and ko, respectively.

The spatial Green’s function related to an infinite array along £ and # can
be written as

ol e_ijwz1'1

GM= ) Y 47TR

N=—00 Mm=—00

e—jmkxodxe—jnkyody (51)

where k stands for the free-space wave-number, and R;;, is the distance be-
tween the observation point 7 = (x,y,z) and the mnth source point 7/ =
(mdy, ndy,0). The phase shift between two adjacent cells in the x and y direc-
tions are represented by ¢, and ¢, respectively. They are related to the corre-
sponding propagating constants, kyo and kyo, as ¥x = kyo dx and ¢, = ko dy.
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Figure 5.1 Geometry of the 2-D infinite array of sources under study.

When kg and kg are complex, they are usually written as ko = Bx — jax
and kyo = By — jay, where the real numbers B, B, and ay, «y stand for the
propagation and the attenuation constants in the £ and # directions, respec-
tively. From (5.1) we can see that complex phase shifts cause an exponentiall

Y plexp P y
diverging term to appear, that is e~""®x in the £ direction and e~ "% in the §
direction.

On the contrary, the spectral series (or plane-wave series) remains conver-
gent for complex phase shifts. The infinite periodic Green’s function can be
expressed in the spectral domain by:

. o0 oo €_jk§"1 xe—jk;} ye_]‘kgm ‘Zl
GPH=Y Y S (5.2)

NnN=—o0 Mm=—00

with the following definitions for the wavenumbers:

2
KM = kot ;Tm (5.3)
X
27tn
Y
(k2> = k= (ky)* = (ky)? (5.5)

For complex kyo, kyo values, the resulting attenuation-constant exponen-
tials, namely e”*** or e~ ¥, are independent from m, n, leading to a conver-
gent spectral series (5.2). Nevertheless, it converges very slowly when the ob-
servation point is very close to the array plane due to the e /%" factor, which

2remlz|/dx oy p—27n|2

resultsinae™ |/dy exponential when m or n are large.
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m  3-D problems with 1-D periodicity

Let us consider here a one-dimensional infinite array of sources repeated pe-
riodically (see Fig. 5.2) along the % direction. The periodicity of the sources
is denoted by d, and the propagation constant of the waves travelling in the
direction of the array, i.e. %, is denoted by k.

Figure 5.2  Geometry of the 1-D infinite array of sources under study.

The spatial Green’s function related to a one-dimensional array infinite

along % can be written as

G() = Y e imhotk (5.6)

m=—co
where k stands for the free-space wave-number, and R, is the distance be-
tween the observation point 7 = (x,y,z) and the mth source point 7/ =
(mdy,0,0). The phase shift between two adjacent cells in the x direction is
represented by 1, and it is related to the corresponding propagating constant
kxo, as Py = kxo dy.

As happens in 2D-periodicity problems, for the case of complex propagat-
ing constants, the spatial series (5.6) does not converge. When kg is complex,
usually written as kyg = By — jax, where the real numbers §, and a, stand for
the propagation and the attenuation constants in the £ direction, the exponen-
tially diverging factor e+ appears in (5.6).

On the contrary, the spectral series remains convergent for complex phase
shifts. The one-dimensional infinite periodic Green’s function can be ex-

pressed in the spectral domain with the help of the zero-order Hankel function
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of second kind Héz):

1

T 4jdx D e_jkaH(gz)('}’mR) (5.7)

m=—oo

Gp(7)

where R = /y? + 22 is the distance to the array axis and

2
TR (= (B 2T 68)
For real phase shifts ¢, 7, can be a real (73 >0) or a pure imaginary
(72, < 0) value, with Im{~,,} <0, depending on the index m. For real values
of v, we obtain propagating cylindrical waves described by the Hankel func-
tions HéZ). For pure imaginary values of v, the Hankel function becomes a
rapidly decaying modified Bessel function of the first kind (Eq. (5.9)), which

represents evanescent cylindrical waves.
2 2 ) 2j
HY (o R) = HYY (=, R) = 2 Ko (), R) (5.9)

with &}, = \/—72, real and positive.

For imaginary phase shifts ., the Hankel function is evaluated for
complex v, values. The convergence of (5.7) is exponential for both real and
imaginary phase shifts. Nevertheless, it converges very slowly when the
observation point is very close to the array axis, i.e. R tending to 0.

In the following sections, we present a new method that combines both
computation approaches, spatial and spectral, in order to obtain a simple
way to compute the periodic Green’s function for complex propagating
constants at any distance from the array plane (2-D periodicity problems) or
the linear-array axis (1-D periodicity problems). The results exposed in the
following sections correspond to the 2D-periodicity case. The parameters
tendency and the nature of the results is the same for the 1-D periodicity
problem. For simplicity in the exposition of the results, we assume in this
study real propagating constants in the % direction. The behavior of the
method remains the same when considering both complex ko and ko values.
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5.3 New computation method

The proposed method is based on the observation that, once the contribu-
tions of the nearest few source points are extracted from the Green’s function,
a very smooth function of the distance from the array plane, denoted here by
F(z), is obtained. From there, the idea consists of extrapolating the G, val-
ues calculated spectrally at different vertical distances z; from the array plane
(2-D periodicity), to the G, values for smaller distances z,;, down to z,, = 0
(Fig. 5.3), by means of the F(z) function.

| L 7= 2z,

Figure 5.3  Scheme of the extrapolation procedure. The contributions of the (m., n.) sources,
presented in a darker colour, are extracted from the spectral Gp's calculated at distances z1, zp

and z3. The resulting function is then extrapolated to zy,.

Fig. 5.4 shows the scheme of the extrapolation procedure carried out in the

1D-case.

An extremely simple procedure is then obtained:
1) Compute the Green'’s function in the spectral domain (5.2) at different ver-
tical distances z; from the array plane : G,(z;).
2) Extract from Gp(z;) the spatial contributions G, of the few closest sources
(me,me) at z;:
Gp(zi) — Gr(zi)lmen. = Fi (5.10)
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=2z, 2;=3z,

Figure 5.4 Scheme of the extrapolation procedure carried out. The contributions of the m,
sources, presented in a darker colour, are extracted from the spectral Gp’s calculated at distances
21, zp and z3, for extrapolating at zy,.

The indices (m,,1.) denote the finite number of terms used to compute the
extracted sum computed as in (5.1).
3) Extrapolate F; to the desired height z,;, smaller than the z; heights, to obtain
Fyp.
4) Reintroduce the spatial contributions extracted in point (2) at the observa-

tion distance z,, in order to restore the complete Green’s function:

G;J (Zoh) = Fop + Gr(zob) |me/ne (511)

It is worth noticing that the number of terms m, n used to calculate the
spectral G,’s (5.2), in the first step, has to be sufficient regarding the precision
desired. The number of terms necessary for achieving a specified precision
p (error smaller than 1077) in the computation of (5.2) can be approximated
analytically with the expressions:

dy pIn10
dy pInl0

which result from the evaluation of the exponential e /%" /2l in (5.2) for large

m and n indices, so that it reaches a value smaller or equal to 1077:

e (eo) s em2E/dy < g0 P (5.14)

e (o) eI < 10 (5.15)
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The expressions (5.14) and (5.15) also show the dependence of the computa-
tional load on the distance |z| from the array plane.

3z

2

27,1
z_ Z, F(z)

Array plane

Figure 5.5 An even-order polynomial is used as extrapolation function after extracting the

spatial contributions of the closest sources.

The smooth function F(z), resulting from the extraction of singularities,
can be represented by an even-order polynomial model (see Fig. 5.5), since
the Green’s function must be even w.r.t. z. If the extrapolating polynomial is

written as
Fiz) =co+ 122 +czzt+ .. +enzV (5.16)

with N an even positive number. The c;’s are required to satisfy the linear

equation [59]:

1 z% z‘l1 .. zi\] c1 F
1 z3 2z z c F
2 42 2 2 2
= (5.17)
1 z%\] z‘}\, .. z% CN Fn

Thus, the knowledge of the Green’s function at two or three heights z;, for ex-
ample, z, 2z, or z¢, 2z, and 3 z,, enables an extrapolation assuming a second
and fourth-order models, with a system (5.17) composed of two and three

equations, respectively. The F; values in the right vector correspond to the
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ones obtained in the Step 2 of the procedure. The coefficients c; can then be
determined from Eq. (5.17) and the extrapolation to the desired z,;, values can
also then be performed (Step 3).

5.4 Discussion and results

The relative error € between the Green’s function value obtained with the
extrapolation method and the one resulting from the spectral solution (5.2)
has been calculated.

€ = |Gp(zop) — Gp(2b) |/ 1Gp(z0p)]| (5.18)

The reference solution Gp(z,p) is calculated with the same precision p as the
spectral values G,(z;) used to perform the extrapolation. The spectral series
are computed with precision p = p’ 4+ 1, where p’ corresponds to the order of
the desired error e < 1077 It is important to notice that the error € depends
on both the error incurred when computing the spectral G, values, from
which we extrapolate, and the error associated to the extrapolation procedure.
The error due to the spectral G, computations is related to the finite number
of terms m, n used to calculate (5.2), as well as the distances ze, 2 ze and 3 ze
at which (5.2) is calculated. The error due to the extrapolation procedure
is also related to the distance z. from which we extrapolate, together with
the number of spatial contributions extracted before extrapolation, and the
order of the polynom used to extrapolate. A parametric study is provided
below to better show the evolution and dependence of the error on those
parameters. The 2-D array presented in Fig. 5.1 with dy = d;, = 0.4A, where
the wavelength A is equal to 1, is studied. Our goal is to find a suitable
combination of parameters so that an error ¢ < 107>, small enough for
common numerical purposes, is achieved, with a computational complexity
as small as possible. The latter is evaluated here in relation to the number
of terms (m,n) in the double sum (5.2), (m,n) being the summation limit
parameters +m, +n in (5.2), which results in a total number of terms (2m + 1)
x (2n+1).
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5.4.1 Spatial singularities extraction

The number of extracted terms given by m,, n. has to be limited for com-
plex propagating constants, because the spatial sum to extract diverges in that
case. Hence, the larger the attenuation constant ay, ay, the fewer terms can
be extracted without numerical difficulties associated with the extraction and
introduction of very large spatial contributions. A very simple rule regarding
the number of extractions is obtained by noticing that, versus m or n, the ex-
tracted contributions first decrease, because of the 1/R;;,, behaviour (see Eq.
(56.1)), and then increase because of the exponential behaviour. A safe choice
consists of stopping the series when the exponential behaviour starts to be no-
ticeable; i.e. when successive terms reach a minimum value. Then, a threshold
of the number of extractions is applied as a function of a or a, by searching

the minimum of the diverging series:

) e—maxdx
e, = 0 (5.19)
o) efmxydy

0 (5.20)

on n "
The threshold, which avoids the divergence of the spatial series to extract,
corresponds then, to the nearest inferior integer of 1/ (ay dy) or 1/ (ay dy), with
a minimum equal to 2 and a maximum equal to half the number of spectral
terms. If both extracted and re-introduced source contributions are considered
(steps 2 and 4 above) it can be shown that the denominators of (5.19) and (5.20)
should be m” and n", respectively, where 7 increases with the order of the
extrapolation technique. In that case, the minimum occurs for m ~ v/ (ax dy)
and n ~ 7/ (ay dy). For second-order extrapolation, we have y = 5.

5.4.2 Extrapolation distance

Extrapolating from distances z, closer to the observation point (Fig. 5.3),
improves the accuracy of the extrapolation itself. But is is worth noticing that
it implies a higher number of spectral terms in (5.2). Hence, it is important to
choose an extrapolation distance z. such that it offers the required accuracy

with a minimal computational load.

This is evidenced in Figs. 5.6 and 5.7, which show the relative error ob-
tained at a given observation point, (x/dy = 0.5, y/d, = 0.5, z,,/dy = 0.0025),
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for extrapolation from different heights z./d,, and consequently 2z, /d, and
3z./dy for the second and third extrapolating points (4th order polynomial
extrapolation), at (x/dy = 0.5, y/d, = 0.5). It is presented together with
the number of terms needed to compute the spectral G, used to extrapolate
from such distances z./z,, to ensure a sufficient given accuracy p = p’ + 1
in Egs. (5.12), (5.13), where p’ is the desired method accuracy and equal to 5
in this case. This study has been carried out for real (Fig. 5.6) and complex
(Fig. 5.7) values of kyo, kyo, with big imaginary parts aydyx, aydy equal to 1
(the maximum and worst case considered in this work). The number of sin-
gularities extracted is given by m, = n, = 2, the minimum value used by the
extrapolation method.

For the case of real phase shifts, the error is also provided for an extrap-
olation performed with a polynom of 2nd order. A 2nd order extrapolation
implies the computation of the spectral G, for 2 points, i.e. z./d, and 2z./d,,
instead of 3. However, it is interesting to notice that the additional computa-
tional load that represents a higher order extrapolation, 4th in this case, can be
considered negligible, especially when one knows that computation at larger
heights requires fewer terms. We can observe in Fig. 5.6 that high accuracies
are obtained for both extrapolating polynoms.

)

000 Rea:f phase shi_]‘!fs.' ctxa.’x:a" czydy:O
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Figure 5.6  Bottom: error incurred for real phase shifts Yo = Bx dx, yo = By dy, versus
distance from which extrapolation is carried out. Top: number of spectral terms needed to
achieve a precision p = p' +1 = 6 in the G, computations at the different distances. The
number of extracted source points m, = n, is equal to 2.
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In Fig. 5.7 we compare the error obtained with a fourth-order extrapolation
for different combinations of real and complex phase shifts {9, ¢,0: both real
(axdy = aydy = 0), one of them complex (ayd, = 1) and both complex
(axdy = aydy, = 1). It is seen that when dealing with complex phase shifts
less precision is obtained. Nevertheless, still high accuracies are achieved,
even for both complex phase shifts in £ and # directions.

)

Complex and real phase shifts
1000 T T T
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Figure 5.7  Error incurred for different combinations of real and complex o, Pyo, versus
distance from which extrapolation is carried out. The number of spectral terms needed to achieve
a precision p = p’' +1 = 6 in the G, computations at the different distances, is also provided.

The number of extracted source points n, = m, is equal to 2.

We can see then, from Figs. 5.6 and 5.7, that the extrapolation distance has
to be fixed before applying the extrapolation method. It has been observed
that extrapolating from a distance z, = d,/40 = 0.025d, provides a good
tradeoff between the accuracy achieved and the computational load.

5.5 Final results

To end this work, we provide the performances achieved with the new
extrapolation method. We have first summarized the accuracies achievable
versus ay, together with the number of extractions carried out for such ay.

Fig. 5.8 shows the error vs. the imaginary part, obtained with a 4th-order
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extrapolation model, performed from distances z./d, = 0.025, 2 x z,/d, and
3 x z¢/dy. The number of singularities extracted is dependent on &, and the
computation charge is m = n = 88 terms. For complex phase shifts with
imaginary parts equal to 1, an accuracy of the order of 1077 is achieved. For
real phase shifts, an error around 107! is easily obtained.
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Figure 5.8 Error incurred vs. the imaginary part of complex phase shifts: Pyo = By dy —
jaoy dy. The number of extractions is dependent on ay according to 1/ (ay, dy). The observation
point is at distance zqp, /dy = 0.0025, extrapolated from ze/d, = 0.025, with a computation
charge of m = n = 88 spectral terms.

The error incurred at different distances z,;,/dy from the array plane (see
Fig. 5.9) is finally provided. The 4th order polynomial extrapolation is per-
formed from the Green’s function values calculated at distances z,/ dy =
0.025, its double and its triple values. The number of singularities extracted
is dependent on &, according to the nearest inferior integer of 1/ (a, dy). We
can see that, even if, as expected, the error increases for observation positions
tending to 0 (on-plane situation), the accuracies achieved are around 1077,
when only one propagating constant is complex. We have also included the
accuracies obtained when both ko and kyo are complex, with large imagi-
nary parts y = 1/dy and ay = 1/dy, respectively. Smaller accuracies are
obtained, 10737, but still good enough when treating numerical problems for
imaginary parts of phase shifts smaller than 1.
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4th order palynowmial extrapalation
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Figure 5.9 Error incurred at different distances z,p,/dy from the array plane, for complex
phase shifts in only the § direction (top) and in both £ and § directions (bottom). The mini-
mum extrapolation distance is z¢/dy = 0.025 and the number of extractions corresponds to

1/ (ay dy). Phase shifts imaginary parts, y dy, equal to 1 are considered.

5.6 Conclusion

A very simple and accurate method for the computation of the periodic
Green’s function (G,), evaluated for complex phase shifts, has been devel-
oped and presented here. It consists of extrapolating the G,’s calculated spec-
trally at different distances from the array plane, to the G, for smaller dis-
tances, where the spectral G, computation is very slowly convergent. Be-
fore extrapolating, the contribution of the closest source points is spatially
extracted in order to produce smoother functions. After the singularities
extraction, a fourth-order polynomial extrapolation is performed. Finally,
the sources contributions extracted are reintroduced to obtain the complete
Gp. Accuracies of the order of 1077 are easily obtained when extrapolat-
ing from distances z./d, = 0.025 and its double and triple values, using
m xn = 88 x 88 terms in the computation of the spectral G, values. The
method can also be applied for real phase shifts and both complex ¥x0, ¥yo,

achieving accuracies of the order of 10~ and 10737

, respectively, with the
same computational load. It is worth noticing that the latter accuracy con-
cerns phase shifts with large imaginary parts equal to 1. The biggest imagi-
nary parts we have dealed with in Section 4.4.1 are values around 0.4. For the

case of complex phase shifts, the number of extracted singularities has to be
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limited to the nearest integer of m, = n, = 1/ (txy dy), in order to control the
error incurred. As a final comment, notice that the number of spectral terms

can be reduced by using the Levin acceleration technique [60].
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Passive RFID tag based

on AMCs

6.1 Introduction

Radio-frequency identification (RFID) is a rapidly developing wireless
technology used for the automatic identification of objects by exploiting the
modulated reflectivity of a tag. In a RFID system, data is then exchanged be-
tween a reader and a tag (Fig. 6.1). The identification data is contained in an
IC chip that is connected to the tag antenna. Data transfer in passive RFID
systems is achieved by means of backscatter modulation. RFID technology is

already being used in a large range of applications [61].

Wireless communication

-

Reader

Figure 6.1 RFID system scheme.

A number of frequencies have emerged through technology developments
and agreements with regional radio regulators that can be used for radio fre-
quency identification (RFID). A number of these frequencies fall under regu-
lations specified for industrial, scientific and medical applications, restricting

antenna

IC chip

Tag
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the amount of power that can be used and, thus, the range of the transmis-
sion. The European spectrum for the operation of RFID at UHF frequencies
goes from 865 MHz to 868 MHz. The regulatory standard relevant to UHF
RFID is the ETSI EN 302 208. It proposes UHF covering 100mW, 500mW and
2W devices in the 865.0-868.0 MHz band, with 200kHz channels and a manda-
tory "listen before talk" (LBT) function. The spectrum mask and the allowed
power levels relating to the EN 302 208 regulations are illustrated in Fig. 6.2.

10 channels
yA %
2 channels
: = 500 mW
3 channels
100 mW I_l_l_
865.0 865.6 867.6 868.0
MHz MHz MHz MHz

Figure 6.2 UHF channel allocation and allowed power levels (EN 302 208 standard).

m  RFID in complex environments

Typically, read ranges from 2 to 5 meters are achieved with passive UHF RFID
systems [62]. Many challenging features are required from the tag antenna to
reach longer read distances. Firstly, the antenna has to be small, preferably
low-profile, in order to be usable. Secondly, the fabrication has to be inex-
pensive, since RFID tags are designed to be disposable. In passive systems,
a very good impedance match between the antenna and the RFID microchip
is essential to at least sustain the power supply of the chip. A simple ad-
justment of its dimensions and an impedance bandwidth broad enough are a
must. More important is that the matching has to hold in any environment
because, in RFID applications, the tags are attached directly to different kind
of objects. When the tags are mounted on objects made of reflecting (metallic
cans) or absorbing materials (water bottles), they stop working properly (de-
tuning, reduction of radiation resistance...). One of the best known solutions

is to increase the distance between the tag and the conflicting material. Wide
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research has been carried out on RFID tag antennas in the UHF band. Most of
the developed tag antennas are dipoles with different shapes, like folded [63]
and meandered [64] dipoles. Their main disadvantage is that their impedance
bandwidth is narrow and their performances strongly depend on the envi-
ronment, which can detune the antenna. Microstrip patch [65] and PIFA [66]
antennas are proposed as RFID tag antennas for operating in metallic environ-
ments because they already contain a metallic ground plane in their design.
However, their performances as tag antennas are still too dependent on the
dimensions of their metallic planes [65], [67]. By using the PIFA, reduced size
tags, with smaller metallic planes, may be achieved, but generally at the cost
of reduced tolerance to the environment [67]. In PIFA solutions for RFID tags,
the microchip has to be attached vertically at the feed point. This makes the
mounting of the chip on the tag difficult. To overcome such a problem, a com-
pact slotted PIFA-type tag working at 911 MHz, mountable on metallic objects
is presented in [68]. The microchip can be easily attached on the centre of the
slot. The design proposed in [68] can be easily matched to most microchips
by adjusting the slot parameters. The use of EBG ground planes in microstrip-
tag designs is shown to be advantageous for improving the antenna efficiency,
reducing the side lobe levels and increasing the antenna gain by reducing sur-
face waves propagation [65]. A low-profile passive RFID tag antenna includ-
ing an AMC in its design, working at 911 MHz, is presented in [69]. Although
its matching performances are still dependent on the dimensions of a conduct-
ing plate placed below it, it is shown to provide reading distances from 2.4 m
to 4.8 m in different environments.

The RFID tag presented in this dissertation is also based on the use of arti-
ficial magnetic conductors (AMC) in order to overcome the difficulty of work-
ing in environments containing metallic or absorbing materials. The AMC
helps to isolate the tag antenna from the reflecting or absorbing material. The
following sections describe the results of the work carried out towards the de-
sign of a platform-tolerant passive RFID system working at the European UHF
RFID band (865 MHz to 868 MHz). First, a review of the operation principles
of the passive RFID technology is provided. Some preliminary anechoic cham-
bre measurements have been done in order to verify the usefulness of adding
an AMC to the tag antenna design. Then, a new tag design is presented, by

describing the role and features of the different elements composing it. In or-
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der to obtain a competitive tag, a modified design of reduced dimensions is
shown in Section 6.4.5. After taking into account some fabrication aspects a
final design, provided in Section 6.5, is created, ready for being tested. Finally,
the input impedance of the final prototype presented in Section 6.5 has been
measured to ensure good matching conditions.

6.2 Operation principles of passive RFID systems

When an electromagnetic traveling wave interacts with the inhomo-
geneities of the medium, the wave may be randomly dispersed in different
directions. Such phenomenon is called scattering and tags in a RFID system
achieve communications with a reader thanks to it. In sensor systems such
as radar or RFID, a transmitter emits a radio-frequency (RF) electromagnetic
wave, which will interact with the objects found along its way. Part of the
energy that reaches the object is absorbed and the rest is randomly scattered
or reflected in different directions. A small part of the reflected energy finds
its way back to a receiver, which detects the object’s scattered response. While
radar technology uses this scatter phenomenon to measure the distance and
position of distant objects, RFID systems take advantage of this phenomenon
to transmit data from a tag to a reader. When the transmitter and the receiver
is the same, scattering is referred to as monostatic or backscatter. Modulated
backscatter RFID systems achieve communications through controlled changes
of the tag’s backscatter response. Variation of the tag’s load impedance causes
an intended mismatch in impedance between the tag’s antenna and load. The
mismatch due to changes in load impedance causes a different level of cur-
rent to flow in the antenna’s radiation resistance, which results in a different
level of scattered or re-radiated power. Regardless of a match or mismatch,
the tag’s antenna will scatter some power as if it was radiating its own sig-
nal. The level of match or mismatch causes the level of scattered power to
change. The tag’s load impedance is altered versus time according to the data
stored in the tag to modulate the scattered wave. The return scattered signal
is detected and decoded by the reader. This form of communication is called
backscatter modulation. A useful representation of an object’s monostatic scat-
tering characteristics is its backscattering cross section or radar cross section
(RCS).
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6.2.1 Scattering and radar cross section

The radar cross section (RCS) can be seen as a measure of how well an object
scatters or reflects electromagnetic waves. It is expressed as an area like an
antenna’s efficient aperture. The RCS depends on different parameters, such
as object size, shape, material, surface structure, but also wavelength and po-
larisation. Because of the dependence of the RCS on wavelength, scattering
can be characterized by three regimes based on the ratio of the wavelength A
to body size. These regimes are the Rayleigh region (not to be confused with
the far-field plane wave region), the resonant region and the optics region. In
the rayleigh region, the wavelength is much greater than the body size. In the
resonant region, the wavelength is on the order of the body size (between 1
and 10 wavelengths). In the optics region, the wavelength is much less than
the body. The dominating scattering mechanisms are different in the different
regions. In RFID systems we are concerned with scattering in the resonant

region.

When analyzing modulated backscatter tags, we are mostly concerned
with the scattering characteristics of the tag’s antenna. Antennas are generally
regarded as having two modes of scattering. On the one hand, the structural
mode is the scattering that occurs because a given antenna has a certain shape,
size and is made of a certain material. On the other hand, the antenna mode is
the scattering that occurs because the antenna is designed to transmit RF en-
ergy and has a radiation pattern. That is, the antenna mode scattering results
from the current that flows in the antenna’s radiation resistance, which results
in scattered or re-radiated power. Typically, the antenna mode scattering is
the dominant factor in establishing the total scattered power, and it is related
directly to the load impedance connected to the antenna. The RCS of the an-
tenna mode scattering () can be given in terms of the well-known familiar
antenna parameters.

m  Antenna scattering

The maximum received power that can be drawn from an antenna, given
optimal alignment and correct polarisation, is proportional to the power den-
sity S of an incoming plane wave,

P. = A.S 6.1)
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Tag transponder I Tag antenna

Figure 6.3 Equivalent circuit of the tag antenna with a connected transponder.

where A, is the effective aperture of the antenna. The power P, that passes
through the effective aperture is absorbed and transferred to the connected
terminating impedance Zt (see Fig. 6.3) [62]. An effective voltage Uy is in-
duced in the antenna producing a current I through the antenna impedance
Z 4 and the load impedance Zt. The input impedance of the antenna Z 4 is made
up of a complex resistance X 4, a loss resistance Ry and the so-called radiation
resistance R,.

Zp=R,+Ry+jXy (6.2)

The current I can be calculated from the ratio of the induced voltage Uj to the

series connection of the impedances Z7 and Z 4:

Uy U

I — — (6.3)
|Zr+Zal  \/(R, + Ry + Ry)2 + (X4 + X1)2
If the received power P, transferred to Z is equal to
P, = I’Ry (6.4)
we obtain that )
Ug Rt
P, = : 6.5
© (R + Ry +Rr)2+ (X4 + X7)? (69
and the effective aperture can be expressed as
P, U3 R
A= 2L = 0T (6.6)

S S[(Ry+Rv+RT)2+ (XA—Q—XT)Z}
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If the antenna is operated using power matching and is also loss-free, that is,

Rr = R,, X1 = —X4 and Ry = 0, the following simplification can be done:
ug
A, = ISR, (6.7)

As can be seen in Fig. 6.3, the current I also flows through the radiation re-
sistance R, of the antenna. The power converted within it corresponds to the
power emitted from the antenna into space in the form of electromagnetic
waves, and in the case of a receiving antenna this is the re-radiated or scat-

tered power Ps, which can be calculated from:
Ps = I’R, (6.8)
Like for the effective aperture, the scatter aperture of the antenna, Ag, can be

defined and calculated as:

Ps  I’R, Uz R,
—Ag =S = - ) 6.9
=455 S~ S[(Rr+ Ry +Rp)Z+ (Xa+ X1)2] 69)

which assumes identical current distributions on transmit and on receive.

If the antenna is again operated using power matching and is also loss-free,

then we can simplify:

s = U
4SR,

Thus, in the case of the power matched loss-free antenna ¢ = Ag = A,. This

c=A

(6.10)

means that the antenna scatters the same amount of power that it absorbs from
the incident wave.

The behavior of the scatter aperture Ag at different values of the terminating
impedance Z7 is interesting. The scatter aperture can take any desired value
in the range 0-4 A, (at the limit cases of Zt). For the short-circuit case (Z7 = 0)
the Ag aperture is found to be:

u _

SR, 4Ae|z7=0 (6.11)

Omax = ASmax =

The opposite limit case consists of an open-circuit connection, i.e. Zr — oo.
From Eq. 6.9 it is easy to see that the scatter aperture tends towards zero, as
does the current I.

Omin = Asmin = 0] z;—c0 (6.12)
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The dependence of the scatter aperture ¢ on the relationship between Zr and
Z 4 isused in RFID systems for the data transmission from the tag transponder
to the reader. To this end, the transponder input impedance Zr is altered in
time with the data contained in it. Such procedure is known as modulated

backscatter.

6.2.2 Link budget

Let us turn our attention to the operation of the tag when it is located in the
interrogation zone of a reader. Fig. 6.4 shows a simplified model of a backscat-
ter system. The reader emits an electromagnetic wave with radiated power P;.
The tag receives power P, proportional to the field strength E, at distance R,
where R is the distance between the tag and the reader. Power Ps is reflected
by the tag antenna, from which power P; is again received by the reader at

distance R from the tag.

Reader G G, Tag
- —
P, -— P.
-— P
P J / Ae
/
As(9)

Figure 6.4 Model of a RFID system: power flow through the entire system.

m  Reader to tag link budget

The power received by the tag when it is interrogated by the reader can be

expressed as:

)\2
E:H&%T (6.13)
(47R)

We should introduce to this relation an impedance mismatch factor q given
by [62]:
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4R4R;,
(Ra +RL)* + (X4 + X1)?

Hence the power delivered to the transponder resistance Rt can de derived

q= (6.14)

as :

G1GoA2
P, = gP (6.15)
e qr1 (47‘[R)2

The polarization mismatch issues have to be also considered. If the receiving

antenna has some polarization that is different from that of the incoming
wave, only a fraction of the power will be received. For this reason, a
polarization mismatch factor, p, is defined. Finally the power available at the
tag chip load can be given by :

G1GoA?
(47R)?
where G P is defined as the ERP (Effective Radiated Power).

Pe = qpPy (6.16)

m  Tag to reader link budget

The power scattered by the tag reaches the reader back. Then, the power
received by the reader after interrogating the tag can be expressed as:

_ PGioA?
7 (4n)3RY

This expression corresponds to the monostatic radar equation, which evi-

(6.17)

dences a fourth-exponential dependence on the read distance between the tag
and the reader.

6.3 Preliminary anechoic chamber measurements

An RFID tag based on artificial magnetic conductors is here proposed to
work close to metallic planes. The power backscattered by a planar dipole tag
antenna is proved to be higher if we use an AMC surface to isolate the tag
from the metallic plane. Preliminary anechoic chambre measurements have
been done in order to verify the usefulness of adding an AMC to the tag an-
tenna design. The experimental work presented in this section provides a
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good idea about the figures of merit of an RFID tag based on the use of AMC
ground planes. The performance of RFID tags is usually evaluated in terms
of detection distance. However, the detection distance does not only depend
on the tag characteristics but also on the reader parameters (mainly, its sensi-
tivity) [75]. A more quantitative manner to evaluate the performance of RFID
tags is to monitor their radar cross-section (RCS) [76]. It can be obtained by
simulating or measuring the power backscattered by the tag when illuminated
with a plane wave or a transmitting antenna. So, the single-port measurement
method described in [77] has been applied to measure the signal backscattered
from a RFID tag based on an artificial magnetic conductor (AMC) consisting
of an array of square patches above a back-grounded dielectric slab.

6.3.1 RFID tag design studied

The RFID tag design studied, based on an artificial magnetic conductor
(AMC), is presented here. We want the envisaged design to work in the Euro-
pean UHF band (865.7 MHz to 867.7 MHz). However, in a first instance, due
to some equipment limitations to measure at low frequencies we have worked
at higher frequencies so far. This does not affect the phenomenology studied
and the designs proposed here are easily up-scaled to lower frequencies. Ac-
tually, a prototype operating at the targeted RFID UHF band has also been
fabricated and proved to behave as AMC at lower frequencies, as predicted

by simulations.

patches — planar dipole

| Substrate (=) P,
ground plane/'

Figure 6.5 Lateral view of the AMC-based tag design studied and proposed as platform-
tolerant passive RFID tag.

The RFID tag antenna analyzed is composed of a simple planar dipole
placed above an AMC consisting of a finite array of square patches on a back-
grounded dielectric slab (see Fig. 6.5). So far, the dipole has been made with
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conducting paper. It has been designed to resonate at a frequency around the
AMC resonance. The tested AMC prototypes are composed of the unit cell
shown in Fig. 6.6. The length of the patches is 13 mm and they are separated
by a 2.5 mm gap. The substrate used is the Rogers RO4003C of 1.52 mm width
and relative dielectric constant equal to 3.55. The etching of the copper film
layer on the substrate is 35 ym. Such dimensions result in an AMC operating
band around 5 GHz.

=W=13mm

g —— |

$/2=1.25mni ' 7
hgp=1.52 mm

Figure 6.6 Reference geometry of the unit cell of the AMC composing the tag under study.

6.3.2 Backscattering measurement technique

The single-port measurement method described in [77] has been applied to
measure the signal backscattered from the AMC-based RFID tag described in
Section 6.3.1. The measurements here presented have been carried out at the
UPC (Universitat Politecnica de Catalunya) facilites. The setup considered is
shown in Figs. 6.7 and 6.8. The tested tag is illuminated with normal incidence

by a ridged horn (left picture in Fig. 6.9).

Environment reflections

a, _»ﬂ /\. V_"‘ open

— _D short
Rldgcd T 32
horn ag

Figure 6.7 Set up for backscattering measurement [78].
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Figure 6.8 Experimental setup in anechoic chamber. The tested tag is posted in the left and
transmitting/receiving antenna in the right.

Figure 6.9 View of the transmitter/receiver horn (left) and AMC of the tag antenna (right)
used in the measurements.
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The backscattering measured at the input port of the calibrated horn
(reader antenna) is composed of different contributions. On the one hand,
the horn receives the power backscattered by the tag antenna, as well as the
contribution from background reflections. The wave scattered by the tag can
be decomposed in two different contributions. The first one, referred to as the
structural mode of the scattered wave, corresponds to the power scattered
by the tag antenna in complex conjugate match conditions z; = z;. It is
worth noticing that it is independent from the load impedance z;. The sec-
ond contribution, called the antenna mode, depends on the load impedance
z1, through the reflection coefficient due to the mismatch between the tag an-
tenna impedance and the load impedance.

z; — 2k
[(z1) = ziT (6.18)

Both, the structural and the antenna mode contributions, are complex
quantities, which can therefore be represented in a complex coordinate plane
[80]. Let us denote the structural mode of the scattered wave by S, the antenna
mode by A, the environment contributions by E and the total backscattered
field by T.

The reader of an RFID system has to determine the tag loading state from
the measured response. For two impedance states z;; and zj», a coherent
detection method allows an easier differentiation of the two loading condi-
tions [80]. Coherent detection obtains the backscattering level difference of the
two loading states by |T;; — Tip| rather than [T 1| — |T12| (incoherent detec-
tion), resulting in greater level differences and better detection performance.
For the case of an ASK modulation with total mismatch in one state, the an-
tenna is disconnected or shorted in one state, I'(z;) = —1 or I'(z) = 1, and
matched to the antenna impedance in the other state I'(z) = 0. We remind
that these reflection coefficients are those seen from the circuits, not from the
wave side. It is worth noting that the level difference |T; 1 — T1,| of these two
states corresponds to the magnitude of the antenna mode component for the
shorted or opened load conditions.

By measuring the power backscattered when the load connected to the tag
antenna is both a short circuit (Z;; = 0) and an open circuit (Z;; = o0),
we can extract the antenna mode contribution obtained for these impedance
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states if we take the difference between both measurements (Tp; — Tpp).
Fig.6.10 shows the vector representation for such a scheme. Comparing the
antenna mode scattering obtained from the AMC-based tag and the one for a
dipole placed at a certain distance from a PEC, gives us information about the
usefulness of using an AMC to isolate the tag from a metallic plane. In order
to make a fair comparison, the dipole should be placed at a distance equal to
the AMC substrate thickness (see section below).
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Figure 6.10 Vector representation of the different backscattering contributions when the load

of the tag is a short circuit and an open circuit [78].

6.3.3 Measurement results

Fig. 6.11 and Fig. 6.12 contain the pictures of the AMC prototypes compos-
ing the tested tags. They have been fabricated using standard photo-etching
techniques. They only differ by the number of unit cells. In that way, a study
on the influence of the AMC size on the power backscattered by the tag has
been carried out. Two square structures of different dimensions (2x2 and
4 x4 unit cells) have been tested as well as a rectangular 4x2 one. We have
observed that the antenna mode backscattering, understood as described in
Section 6.3.2, is higher for the 2x2 case. So, the results discussed below refer
to the RFID tag composed of the 2x2 AMC surface.

Fig. 6.12 also contains the mesh used for computing the reflection coef-
ficient obtained when illuminating the surface with a plane wave coming
from broadside. The commercial Feko software [40], a full-wave simulation
tool based on the Method of Moments (MoM), has been used. Fig. 6.13 pro-
vides the phase of the simulated and measured reflection coefficient of the
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Figure 6.11 Tested prototypes: 4 x4 and 4x2 arrays of square patches above a back-grounded

substrate.

Figure 6.12 Picture of the 2x2 tested prototype (left). Mesh of the simulated AMC surface
shown to the left (right).
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Figure 6.13  Phase behaviour of the reflection coefficient for the 2 x 2 finite AMC under study.
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2x2 AMC prototype. The measurement setup described in Section 6.3.2 has
been used. We can say that a relatively good agreement between measure-
ments and simulations is observed. A 5.7% shift of the AMC resonance with
respect to the predicted value is observed. As was revealed in Section 2.2.3, a
2 x 2 surface is small enough to notice the truncation effects of the finite AMC
dimensions on the computation of the phase of the reflection coefficient.

Fig. 6.14 compares the antenna mode contribution to the backscattered
power measured from a dipole placed just above the AMC and above a PEC
with the same dimensions but at a distance equal to the height of the AMC
(hamc) surface. At the AMC resonance, we observe a 6 dB improvement.
Complementary measurements have been carried out when placing the dipole
at different distances from both ground planes. We have observed that if the
dipole is placed further from the planes, the benefit of using the AMC as a
ground plane is smaller (the improvement observed decreases).

-85 PEC:
dipoleat d=h, .
Lo TN ___AMC:
) // dipole just above
g
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Figure 6.14 Measured magnitude of the antenna mode backscattering for a dipole above the
2x2 finite AMC under study.

6.4 New AMC-based tag

A new RFID passive tag based on metamaterials is proposed in this sec-
tion. It consists on a meandered dipole inductively-fed by a rectangular loop,
located horizontally above an AMC ground plane. The IC transponder con-
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taining the object data will be attached to the loop-feed. In the following sec-
tions, the IC chosen to compose the tag is presented and the different steps
towards the conception of the new design are shown. At the end, a final de-
sign is provided.

6.4.1 UHF transponder IC ATA5590

The energy reflected by the tag antenna is modulated by changing the
impedance presented by the microchip (IC) terminating the tag. An ampli-
tude (ASK) or phase (PSK) modulation can be performed by changing the
input resistance (Z;, real part) or input reactance (Z;, imaginary part), respec-
tively. PSK modulation allows a more robust communication, resulting in
greater communication distances between tag and reader. The UHF transpon-
der that we have chosen for composing the tag is the IC ATA5590. When
thinking about integrating the IC in the tag design, we need to know the in-
put impedance that the IC requires for working properly. Such information
can be found in [70].
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Figure 6.15 Diagram for optimum antenna imaginary part [70].

The IC ATA5590 uses PSK modulation, which consists in modulating the
signal by alternating the phase of the data signal carrier between two phase
states. These states depend on two discrete conditions determined by the IC
impedance. As shown at page 3 of [70], by chosing an antenna impedance Z;;
with a low resistance and a reactance value in the middle of the reactances of
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Figure 6.16 Diagram for possible antenna imaginary part [70].

the two states impedances, a maximum phase difference between the states is
achieved. Diagrams for optimal and recommended matching between the tag
antenna and the IC are provided in [70]. The optimum imaginary part of the
antenna is matched to the average value of both imaginary states of the IC (see
Fig. 6.15). But this optimum antenna imaginary part is only theoretical and can
not be achieved in real life. The diagram in Fig. 6.16 contains a suggested and
possible approximation of the optimum antenna’s imaginary part [70]. We
want the envisaged design to work in the European UHF band (865.7 MHz to
867.7 MHz). For the case of the ATA5590 chip at 868 MHz, the chip impedance
for its operating states is equal to Z;c1 = 6 — j202 and Zjcp = 7 — j216, which
means an antenna impedance matched to Z;,;; = 6 + j209 for an optimum
tag operation at 868 MHz. It is worth noting that a deviation of 4} from the
optimum imaginary part of the Z,,,; reduces the operation range of the IC by
approximately 10% [70]. The real part of Z;,; should be between 10(2 and 150}
for having good IC operation [70]. Lower or higher values would also reduce
its operation range.

6.4.2 Tag antenna fed by inductive coupling

Good impedance match between the tag antenna and the IC is needed to
activate the tag, on the one hand, and to maximise the read range, on the
other hand. An inductively coupled feed method to design UHF RFID tag an-

tennas is presented in [71]. It is a simple and easy way to match an antenna
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impedance to an arbitrary IC impedance Zjc, because the real and imaginary
parts of Z;,; can be adjusted almost independently. So, we have followed the
same kind of design as the one studied in [71]. It consists of a small rectan-
gular loop and of a radiating body (a meandered dipole in that case), which
are coupled inductively. Fig. 6.17 contains a picture of such a design. The
red small line seen in the picture connects the loop terminals that would be
directly connected to the chip and represents the excitation voltage applied to
carry out the simulations. The dimensions are the ones of the dipole studied
in [71]. The length L of the dipole is 80 mm and the loop is 7.7 mm x 14 mm
(a x b). The width of the loop is the same as the meander dipole width wy,
which is equal to 1.5 mm.

gL ="

Inductive . >

: L,.=215mm
Wg feeding loop IC position

Figure 6.17 Proposed tag antenna design consisting of a meander dipole fed by inductive
coupling.
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Figure 6.18 Equivalent circuit for a inductively-fed dipole.

The strength of the coupling is controlled by the distance between the
loop and the radiating body (the meander dipole) as well as the shape of the
loop [71]. The inductive coupling is modelled by a transformer (see Fig. 6.18).
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As stated in [71], at the resonant frequency fy of the radiating body, the re-
sistance R, of the input impedance of the antenna Z;, depends only on M
(the mutual inductance between the radiating body and the feed loop). Mean-
while, the input reactance X, o is dependent only on Ly, (the self-inductance
of the feed loop). Thus, once the loop is designed (X(a,0) determined), the
Ry, can be adjusted mainly by the distance between the loop and the radi-
ating body, resulting in an easy way to match the antenna impedance to an
arbitrary complex impedance within a certain range [71]. Since the reactance
X,,0 only depends on the self-inductance of the loop, the antenna can get very

inductive.

6.4.3 Inductively-coupled tag antenna placed above an ideal
PMC ground plane

We want our tag design to contain an artificial magnetic conductor (AMC)
as a ground plane to isolate the tag antenna from metal planes when working
in metallic environments. In order to see if the principles of the inductively-
coupled meandered dipole presented above are preserved in presence of an
AMC, we have firstly added an infinite ideal PMC to the design (see Fig. 6.19)
and studied the performances obtained. So far, the dimensions of the meander
dipole and loop are the ones from [71], described in Section 6.4.2, and the PMC
is placed below the coupled-dipole design at 0.3 mm.

Figure 6.19 Tag design above an ideal infinite PMC.
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Fig. 6.20 provides the input impedance characteristics obtained for the me-
ander dipole and the loop separately, both located at 0.3 mm from the PMC.
It is worth noting that the features observed are the ones expected for a me-
ander dipole and a loop operating without ground plane. For the case of the
loop, we can observe a resonance roughly close to (Lj,,, = A/2). When

Meander dipole Loop
6 25 -
—--Z, resistance ——-Z_ resistance
in 20 " :
4 —7, reactance — 7. reactance i
=~ mn P~ mn n
o g 15 I
=, =1 [ |
3 2 . g 10 i
—5 AN .E i
: W i it
B N e, E o S R
= =
= / .
g g 1
=, =
10 1
4 -15
0 1 2 3 4 5 1 2 3 4 5
Frequency [GHz] Frequency [GHz]

Figure 6.20 Input impedance characteristics of a meander dipole (left) and a loop (right)
placed at 0.3 mm above an infinite ideal PMC.
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Figure 6.21 Left: input impedance characteristics of an inductively coupled meander dipole
placed at 0.3 mm above an infinite ideal PMC. Right: zoom around the lowest dipole resonance.

both structures are combined to create the inductively-coupled dipole, the in-

put impedance performance provided in Fig. 6.21 is obtained. It can be seen



136 Chapter 6. Passive RFID tag based on AMCs

as the loop impedance characteristics with the inductive coupling effect de-
scribed in [71], appearing at the resonant frequencies (reactance crossing zero)
of the meander dipole. It is interesting to observe that the coupling effect is
stronger at the dipole resonant frequencies that are closer to the loop reso-
nance. To better appreciate such effect, a zoom close to the first dipole res-
onance, which is near the European UHF RFID band, is shown to the right
in Fig. 6.21. This is the same kind of behavior and phenomenology observed
for the coupled meandered dipole without ground plane [71]. Hence, includ-
ing a PMC ground plane in the tag design does not disturb the behavior and
performances expected from the inductively coupled dipole. This means that,
in presence of a PMC, it is still possible to match the tag antenna and the IC
impedances easily, by adjusting the loop dimensions and its distance to the
dipole. These are encouraging results towards the design of the AMC-based
tag antenna. The next section provides some preliminary results concerning
the design of the inductively-fed tag when it is backgrounded by an artificial
magnetic conductor (AMC).

6.4.4 Inductively-coupled tag antenna placed above a finite
AMC ground plane

The AMC used as ground plane consists of a 2x2 finite array of square
patches on a backgrounded dielectric slab (see Fig. 6.22). It has been designed
to resonate at the European UHF band. As it can be seen in the unit cell de-
picted in Fig. 6.23, the length of the square patches is 91 mm. They are sep-
arated by a gap, s, equal to 2.5 mm. The substrate that supports them is the
RO4003C of 1.52 mm width and relative dielectric constant equal to 3.55.

patches planar dipole

r,.-r"

Substrate (=) 1I Db

ground plane vl

Figure 6.22 Lateral view of the AMC-based tag design studied.
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Figure 6.23 Unit cell and dimensions of the AMC used.

Fig. 6.24 presents the phase of the reflection coefficient obtained by simu-
lation with FEKO for such a surface. The zero cross has been finely adjusted
to 866.6 MHZz (the center frequency of the RFID band of interest). We have put
the same meander dipole studied in Section 6.4.3, at 0.3 mm from the 2x2 AMC
surface. If we look at the input impedance presented in Fig. 6.24, we observe
a behavior similar to the one expected from the inductively coupled dipole
alone and when placed above an ideal PMC (as described in Section 6.4.3).
So, the presence of an AMC ground plane preserves the coupled loop effect.
Therefore, by adjusting the dimensions of the feed-coupled meander dipole
we should be able to achieve the required input impedance for a proper IC
operation, meaning a Z;;; = 6 + j209 at 868 MHz when working with the IC
ATAB590 (see Section 6.4.1).
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Figure 6.24 Left: phase of the reflection coefficient obtained for a 2x2 AMC designed to work
at the European UHF RFID band. Right: input impedance characteristics of an inductively
coupled meander dipole placed at 0.3 mm above the 2x2 AMC mentioned before.
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6.4.5 Reduction of the tag dimensions

The dimensions of the design proposed in Section 6.4.4, working at 866.7
MHz (the Europe UHF RFID central frequency) are 18.45 cm x 18.45 cm. Such
dimensions are normal for antennas operating at low frequencies, which are
related to huge wavelengths. But if we want our prototype to be useful and
competitive as a tag antenna for RFID applications, we should reduce its size,
which specially concerns the reduction of the AMC surface. Some litera-
ture has been reviewed, looking for existing compact AMC designs. In [72]
and [73], we can find different compact shapes obtained with different design
methodologies. However, they are complicated shapes and the results pro-
vided concern infinitely periodic surfaces. It means that for finite surfaces we
have to expect bigger dimensions than the ones provided in such works. From
the study presented in [74], we were confident that patches with a spiral shape
would allow us to reduce the AMC dimensions of a factor of 2. However, for
finite AMC surfaces, the AMC resonances achieved are higher, resulting in
bigger dimensions than the ones provided in [74].

6.4.5.1 Reduction of the AMC horizontal dimensions

In order to reduce the AMC horizontal dimensions, we have inserted a
gap in the patch edges, along the direction of the current flow (), in order to
lengthen the path of the travelling current wave. Fig. 6.25 shows a unit cell of
the new AMC together with the mesh of a 2x2 surface. The patch is square
with length pt;,, equal to 91 mm and the separation between patches (g) is
the same in both directions (£ and ) and equal to 2.5 mm. The width and
dielectric constant of the substrate filling the space between the patches and
the background plane are equal to 1.52 mm and 3.55, respectively.

As it can be seen in Fig. 6.26, the presence of the gap produces a shift of
the frequency resonance f,s of the AMC to lower frequencies, which means
a reduction of the electrical dimensions of the AMC surface. By varying the
dimensions of the gap (gpw and gpj.,), the frequency resonance f.s at which
the structure behaves as an AMC (artificial magnetic conductor) can be tuned.
Fig. 6.27 provides the phase curve of the reflection coefficient obtained for dif-
ferent dimensions of the patch gap. It is observed that increasing both the
width and the length of the patch gap, reduces even more the horizontal di-
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Figure 6.25 Left: parameters and unit cell shape of the new AMC design proposed. Right:
mesh of a 2x2 AMC surface composed of the unit cell pictured in the left.

mensions of the AMC. A gap with gpy = 25mm and gpj,,, = 31.6mm provides
an AMC design reduced by a factor of 0.61, w.r.t. the initial AMC working
at the RFID band (866.7 MHz central frequency). It is worth noticing that
even if the bandwidths achieved for AMC operation are narrow (see Figs. 6.26
and 6.27), they are large enough to cover the 0.32% bandwidth needed (from
865.6 MHz to 867.6 MHz) for european UHF RFID applications. An operating
bandwidth around 1% is envisaged to take into account possible fabrication

imprecisions.
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Figure 6.26 Effect on the AMC fros when adding a gap on the patches of the AMC surface.



140 Chapter 6. Passive RFID tag based on AMCs

o 200 = 200
= £ _, &= 25mm
P P gp, = 24mm
£ 10 701.3 MHz | g 10 g, 25mm
= bd=1.36% = gp,.= 31.6mm
= . =} len }
2 g
3] Q
g g’
g gp,=2.5mm 8 636.4 MHz
é 100 2= 24mm é 100 bd=1.32%
9 =25mm a9
) gpw @
G &, = 24mm %
= o = . , , a0 . , , . ,
900 550 600 650 700 750 800 gOO 550 600 650 700 750 800
Frequency [MHz] Frequency [MHz]|

Figure 6.27 Effect observed on the AMC behavior when increasing the width (to the left)
and the length (to the right) of the patch gap.

m  Patches-ground plane connection

Despite the dimensions reduction already obtained, a reduction factor around
0.25 is necessary to achieve a competitive design. By increasing the dielectric
permitivity of the material contained between the patches and the background
plane, we can reduce the resonant frequency by a factor of |/€,1//€,2, where
€1 < €. Fig. 6.28 shows the additional f.s shift obtained if we replace the
substrate with €, = 3.55 by one with €, = 10.2.
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Figure 6.28 Effect on the AMC fyes obtained when increasing the dielectric permitivity of
the substrate (left) and when connecting the patches to the ground plane at the end sides of the
AMC (right).
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If moreover the patches are connected to the background plane of the finite
AMC at its end sides in the § direction (the antenna current flow direction),
the patch electrical length becomes longer again. Fig. 6.29 contains a picture
of the AMC surface with the connected patches. They are easily connected to
the back plane by a metal sheet covering the lateral sides of the substrate in
the direction of the current flow. Fig. 6.28 also provides the phase curve of
the reflection coefficient obtained before and after connecting the patches to
the ground plane of the AMC. A further shift to lower frequencies is obtained
again. So finally, a reduction factor equal to 0.23 has to be applied to resize the
design resonating at 201 MHz (see right picture in Fig. 6.28) to operate again
at the RFID band (866.7 MHz central frequency). With a further adjustment of
the dimensions of the scaled prototype, a 4.26 cm x 4.26 cm AMC surface is
achieved. Such dimensions are small enough to consider our design competi-

tive for RFID applications.

Metallic connecting sheet

Figure 6.29 View of the 2 x2 AMC surface showing the end side connection between the
patches and the backgrounding PEC plane.

Fig. 6.30 contains the reflection coefficient curve obtained for the scaled
design. The length of the patches and gap between them are now equal to
20.67 mm and 1.22 mm, respectively. The substrate width and relative dielec-
tric constant are 1.28 mm and 10.2. At this point, it is already interesting to
study the effect of a metallic plane placed below the AMC. To this end, we
have observed the behavior of the reflection coefficient phase curves obtained
for an AMC with a finite background plane bigger than the surface contain-
ing the patches that compose the AMC (see the mesh in Fig. 6.30). The results
for a metallic plane of dimensions equal to A/4 xA/4 and A/5.35 xA/5.35,
where A corresponds to the wavelength at the RFID UHF center frequency
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(866 MHz), are also provided in Fig. 6.30. It is seen that having larger metallic
ground planes at the back of the surface does not affect the AMC behavior and
resonance of the structure. Hence, the new AMC structure can be considered
as a platform-tolerant design. It is worth noticing that the relative bandwidth
achieved for AMC operation is 1.42%, considering a £ 45 ° reflection coeffi-

cient phase criteron.
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Figure 6.30 Left: mesh of the tag AMC with a finite metallic plane at its back. Right:
comparison of the reflection coefficient phases obtained for the final AMC proposed and the
design with larger backgrounding PEC planes.

6.4.5.2 Reduction of the tag antenna dimensions

Once the AMC has been reduced, the coupled-feed meandered dipole ini-
tially proposed and studied in Section 6.4.4 for composing the tag antenna is
too large. It takes up to 80 mm x 17.2 mm and the new reduced AMC is 42.6
mm X 42.6 mm. A modified smaller version of such dipole has been designed
so that it fits in the AMC area. Fig. 6.31 contains the new dipole design, which
is composed of wider meanders, resulting in a smaller dipole length dip;,,.
The linear dipole in the middle of the design has been shifted to the middle of
the meanders width. This enables a centered design when placing the mean-
der dipole above the AMC (as it can be seen in Figure 6.32). The dimensions
of the new meander dipole tag are 35.34 mm length (dip;,,, parameter in the
picture) and 32.65 mm width (m;). The rectangular loop that composes the
design is 20.04 mm X 9.77 mm (Ly X Ly). The length of the linear dipole in the
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middle is 21.45 mm, its width is equal to 1.46 mm (the same as the meanders
one) and the loop’s width is equal to 0.98 mm. The dipole is placed at 1.7 mm
above the AMC. These dimensions are already adjusted to have a design well
matched to the impedance of the IC ATA5590 at 868 MHz, the IC operating
frequency for working at the European UHF RFID band.

meanders

N\ /o k
¥ linear dipole S
:TE,-"W P o B
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[ ——
Ly 2
e .

diple-n

S

Figure 6.31 New meander dipole design composing the tag antenna.

Figure 6.32 New meander dipole tag at 1.7 mm height from the AMC design of reduced
dimensions studied in Section 6.4.5.1.

Like for the original inductively-fed dipole, a complex input antenna
impedance Z;,; can be achieved, and its real and imaginary parts can be ad-
justed easily. By adjusting the dimensions of the new meandered dipole, par-
ticularly the loop dimensions and its distance to the dipole, the antenna input
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impedance can be matched to Z;,; = 6 + j209 for an optimum ATA5590 chip
operation (see Section 6.4.1). Fig. 6.33 shows the input impedance character-
istic obtained for the new dipole design, placed at 1.7 mm distance above the
final AMC design provided in Section 6.4.5.1 (see Fig. 6.32). As was described
in Section 6.4.4 and as can be seen here again, the coupling loop effect is pre-
served in presence of the AMC, which makes it possible to match the AMC
tag design to a desired complex input impedance.
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Figure 6.33 Input impedance characteristic of the new meander dipole placed at 1.7 mm
above the AMC presented in Section 6.4.5.1.

6.4.6 Effectiveness of the AMC-based tag

In order to verify again (see Section 6.3 for a preliminary experimental ver-
ification) the advantage of using an AMC ground plane instead of a simple
PEC to design the tag, we have computed the input impedance characteristics
of the design presented in Section 6.4.5.2 (the previous one), but without the
patches of the AMC. The dimensions remain the same. The resulting design
consists on an inductively-fed dipole placed above a back-grounded dielectric
(see Fig. 6.34). We have preserved the dielectric layer to make the fairest pos-
sible comparison. Fig. 6.35 provides the input impedance obtained for such
a design. We observe from the input reactance that the inductive coupling
effect provided by the dipole’s loop, described in Section 6.4.3 or [71], is not
present anymore, which is not the case if we use an AMC ground plane (see
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Section 6.4.5.2 or the measurement results in Section 6.5). Moreover, as ex-
pected for an antenna closely spaced from a PEC (A/117.5 in this case), the
antenna resistance is very low. It has been reduced from ~7 ) (see Fig. 6.33)
to ~15 mQ) at the operation frequency (see right picture in Fig. 6.35), when the
AMC has been replaced by the back-grounded dielectric. This clearly shows
the cancellation effect produced by the image currents induced on the PEC
when the antenna is very close to it. Consequently, this supports the fact that
the AMC allows us to achieve a substantial radiation resistance with a lower

profile.

Figure 6.34 Meander dipole from Section 6.4.5.2, placed at 1.7 mm above a back-grounded

dielectric.
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Figure 6.35 Input impedance characteristic of the meander dipole from Section 6.4.5.2,
placed at 1.7 mm above a back-grounded dielectric. A zoom centered on 868 MHz is provided
to the right.
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6.5 Final prototype measurements

The integration of the IC in the tag design is not a simple process that can
be carried out in our laboratory. The first tag prototypes contain the IC in
a TSSOP10 package. This package introduces an additional parallel capaci-
tance that decreases the imaginary part of the IC impedance. Then, the input
impedance of the tag has to be matched to a new impedance, Z,,; = 11 4 j152,
as suggested in [70]. Moreover, an additional substrate is added between the
meander antenna and the AMC surface (see Fig. 6.36) in order to ease the fab-
rication process of the tag. So far, air filled the space between the dipole and
the AMC, but the small dimensions of the meander dipole make the fabrica-
tion process difficult if there is no substrate supporting the dipole. The sub-
strate introduced between the meander dipole and the AMC is the RO3003
with thickness equal to 1.52 mm and dielectric constant equal to 3. It enables a
further reduction of the tag profile. The total height of the tag is now A/123.4,
where A corresponds to the wavelength at 868 MHz. The horizontal dimen-
sions of the tag are 42.6 mm X 42.6 mm, corresponding to A/8 x A/8 at 868
MHz.

pwer dipole patches meander dipole
[ = = RO3003:8, =3 § =2 mm
| — | h=152 mm |

RO3010:£,=10.2 RO3010:£,=10.2

h=1.28 mm h=1.28 mm

Figure 6.36 Profile of the final tag with (left) and without (vight) a dielectric substrate sup-
porting the meander dipole above the AMC surface.

The design of the dipole has been slightly modified in order to match its
input impedance to the impedance of the TSSOP10 package. It is worth noting
that it is more difficult to match the antenna with the additional substrate sup-
porting the dipole. Fig. 6.37 provides the new inductively-fed dipole together
with its dimensions. The meanders are now all situated on the same side of
the loop, and the whole dipole is wider. The AMC surface remains the same
as the one designed in Section 6.4.5.1. Fig. 6.37 also provides a picture of the
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prototype fabricated for test. Thanks to the symmetry of the design, we could
fabricate the half of it and use a metallic sheet to create its image, in order to
ease the measurement procedure. In this way, the balanced feed of the tag,
placed in the middle of the AMC surface, can be replaced by a coaxial cable at
the edge of the half design.
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Figure 6.37 Left: new meander dipole design. Right: view of the tag prototype.
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Figure 6.38 Input impedance (left) and S1q coefficient (right) measurements obtained for the
prototype shown in Fig. 6.37

The input impedance of the prototype shown in Fig. 6.37 has been mea-
sured and the results are presented in Fig. 6.38. The inductive coupling ef-
fect achieved with the feeding loop, described in Section 6.4.3, is clearly ob-
served. This means that the AMC ground plane plays its role correctly, pro-
viding a low-profile tag mountable on metallic sheets. If we look at the input
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reflection coefficient obtained w.r.t. Zrgsopigp = 11 — j152, we observe a res-
onance at 837 MHz instead of 868 MHz, the targeted frequency. The input
impedance measured at 837 MHz is equal to 16 + j136 (). The dimensions of
the dipole should be adjusted to tune the tag at 868 MHz and to obtain a better
impedance matching. Nevertheless, these are very encouraging measurement
results towards the design of a tag based on the use of an AMC to make it

operable on metallic objects.

6.6 Preliminary work toward an even smaller tag

We wondered if we could reduce even more the size of the AMC in order
to have an even smaller tag. Some further simulations have been performed
to this end. Fig. 6.39 shows the mesh of a modified version of our already
reduced design proposed in Section 6.4.5.1. In the same idea of increasing
the length of the path followed by the currents induced on the AMC patches,
we have added two new inclusions in the interior side of the patches, in the
antenna current flow direction (fj). The dimensions of the resulting unit cell
are provided in Fig. 6.39. The central patch gap in the middle of the new
inclusions has been removed (see the unit cell picture in Fig. 6.39) because we
have observed that this produces a further reduction of the AMC size.
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Figure 6.39 Left: unit cell shape of the new AMC design proposed. Right: mesh of a 2x2
AMC surface composed of the unit cell pictured in the left.
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The phase curve of the reflection coefficient obtained when a §j-polarized
plane wave impinges the new surface is shown in Fig. 6.40. We observe a sig-
nificant shift toward lower frequencies w.r.t. the phase curve for the already
reduced design provided in Section 6.4.5.1. This means that a factor equal to
0.84 has to be applied to the dimensions of the AMC (the ones provided in
Fig. 6.39) to retune its resonance to 868 MHz. This would result in a design
about 35.8 mm x35.8 mm instead of 42.6 mm X 42.6 mm. These are encourag-
ing results towards the design of a very small and compact tag, but reached
such point of reduction we should also study and define which are the mini-
mum tag dimensions necessary to continue having a platform-tolerant design.
It is also worth noting that a smaller AMC design will require a new smaller

version of the inductively-fed meander dipole.
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Figure 6.40 Phase of the reflection coefficient for the new AMC and the one proposed in
Section 6.4.5.1
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Conclusions

A growing interest in a new kind of periodic structures, often called "meta-
materials”, has been observed over the last decade. Our interest in this kind
of structures was focused on their use as AMC (artificial magnetic conductor)
ground plane configurations. Given the narrow bandwidth of AMC surfaces,
their application remains a challenge for wideband antennas. The antenna-
AMC combination can be optimized to maximize the bandwidth. The design
of a compact AMC ground plane is also a challenge. In this work, we pre-
sented a new AMC design of small lateral dimensions and used it to design
an RFID tag mountable on metallic objects.

7.1 Wideband low-profile antennas

A low-profile antenna based on the use of an AMC ground plane has to be
designed taking into account that there exists a coupling between the antenna
and the AMC. When an antenna is placed above an AMC, the antenna-AMC
combination has to be analysed instead of each single element independently.
AMC surfaces are often characterized by the phase curve of the reflection co-
efficient obtained when a plane wave incides on them. But, it is worth noting
that an AMC acts as PMC only for plane propagating waves, and for a limited
range of incidence angles, which is not a fair approximation for the fields asso-
ciated to an antenna placed close to an AMC. The fields near an AMC surface
consisting of an array of square patches have been analyzed, paying special at-
tention to the evanescent waves scattered by the surface. It has been evidenced
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that these evanescent waves are stronger, with a non-negligible vertical com-
ponent at small distances from the surface, near the resonance frequency of
the AMC. For the case of a finite AMC surface, the evanescent waves are go-
ing to be reflected by the edges, resulting in strong array truncation effects
also near the AMC resonance. These reactive fields are going to affect the
input impedance of an antenna placed close to the AMC surface. We have
observed some unexpected additional resonances for a planar bow-tie dipole
placed above an AMC ground plane. It has been shown that they depend on
the size of the AMC and on the distance between the antenna and the AMC
ground plane, which corroborates the influence of the evanescent waves on
the antenna input impedance. Then, a trade-off should be found between the
proximity of the antenna to the artificial ground plane on one side, and the
immunity of the antenna reactance to the evanescent waves scattered by the
ground plane, on the other side.

The AMC surface also has an influence on the radiation performances
obained for an antenna placed above it. It has been observed that the radiation
patterns split at broadside such that the directivity strongly decreases in this
direction when we work close to the AMC resonance. This limits the useful
operation bandwidth, i.e. the bandwidth at which good radiation and match-
ing conditions are achieved at the same time. It has been suggested in [17]
that the useful operation bandwidth corresponds to the band where the re-
flection phase of the AMC is within the range 90° £ 45° instead of 0°+90°. In
the present work we have proposed two different solutions to overcome the
radiation problems. The first one concerns the design of the antenna that is
placed above the AMC surface. The second one concerns the design of the
AMC ground plane.

A new antenna configuration has been proposed as an alternative to the
planar bow-tie dipole antenna. It consisted of two planar dipoles stacked
above the AMC ground plane. They resonated at two close frequencies at
different distances from the AMC ground plane. The largest dipole, resonat-
ing at the AMC resonance, was placed close to the surface to obtain a lower
profile than if it were placed on top. The initial idea of having dipoles of dif-
ferent lengths did not finally help to improve the broadside directivity over
the whole input impedance bandwidth. Then, a design of dipoles with identi-
cal lengths was proposed. The distance of the dipoles to the AMC determined
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the performances achieved. The closer to the AMC the higher directivities ob-
tained, but narrower impedance bandwidths are achieved. A prototype pro-
viding more than 8.12 dB over a 17.15% bandwidth was presented. The profile
of the design was A,;,, /4.64, where A,,;;, corresponds to the wavelength of the
highest operation frequency. The profile was defined from the ground plane
backing the whole design, i.e. antenna and AMC combination, and measured
as a factor of A,,;, because it represents the worst profile of the operation band-
width. Good radiation patterns were obtained over the whole useful band.
However, the proposed solution did not solve the problem for designs with
desired bandwidths wider than 20%.

A new non-periodic structure acting as an AMC and as a leaky-wave an-
tenna at the same time was designed and studied, to recover the broadside
directivity near and beyond the AMC resonance. The structure consists of
a rectangular array of patches with different lengths along the E-plane di-
rection. The surface was cut in the H-plane direction in order to avoid the
propagation of surface waves in this direction. The central patches of the sur-
face allow us to take advantage of the AMC properties to create low-profile
designs, while the patches of different sizes away from the center help to cre-
ate a guiding structure with homogeneous phases along successive patches.
An eigenmodes analysis for an AMC consisting of a periodic array of square
patches and for the new non-periodic structure was carried out. It revealed
the appearence of a bound mode corresponding to a 180° phase shift at the
frequency at which the splitting patterns problem was most dramatic, for a
double-dipole antenna placed horizontally above the periodic AMC. The ex-
citation of such a trapped mode resulted in surface currents induced on the
AMC patches that contributed destructively to the radiation patterns. It is
worth noting that having trapped modes traveling along the AMC surface
implies evanescent fields near the AMC, which coincides with the evanescent
waves study mentioned before. It was shown that such bound modes were
shifted to higher frequencies (out of the operation band) when the periodic
AMC surface was cut in the H-plane and made non-periodic by decreasing
the length of the patches in the E-plane direction. In addition, leaky waves ra-
diating with a f/a ratio approaching the condition f/a < 1 were supported
by the new non-periodic surface. These leaky waves, radiating at small an-

gles from the broadside direction with wider beams than their tilt, contributed
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constructively to the broadside directivity. The new AMC surface allowed us
to design an antenna with a broadside directivity better than 9.2 dB, close to
the maximum achievable value in view of the antenna size, over a 32.65%
impedance bandwidth. The total height of the antenna was A, /6.7, where
Amin corresponds again to the wavelength at the highest operation frequency.

A very simple method for the computation of the periodic Green’s function
(Gp), evaluated for complex phase shifts, was developed since we needed to
deal with leaky waves in the modal analysis concerning the new AMC struc-
ture. It consists of extrapolating the G,’s calculated spectrally at different dis-
tances from the array plane, to the G, for smaller distances, where the spectral
Gp computation is very slowly convergent. Before extrapolating, the contri-
bution of the closest source points is spatially extracted in order to produce
smoother functions. After the singularities extraction, a polynomial extrapo-
lation is performed. Finally, the extracted sources contributions are reintro-
duced to obtain the complete G,. Accuracies of the order of 10711, 1077 and
10~37 were easily obtained with a fourth-polynomial extrapolation, for differ-
ent combinations of real and complex phase shifts ¥y, {,: both real, only one
of them complex (), and both complex, respectively.

7.2 Compact AMC design for RFID applications

One of the goals of our work was to design an RFID tag able to work
on metallic objects, without being short-circuited, with the help of an AMC
ground plane. The usefulness of including an AMC in the tag design to iso-
late it from a metallic plate was proven experimentally. But having a compact
AMC ground plane was essential for having a competitive RFID tag. Then,
a new AMC surface of reduced dimensions (42.6 mm X 42.6 mm) was de-
signed. It supported an inductively-fed meander dipole above it that helped
to obtain the complex input impedance required to activate the microchip (IC)
terminating the tag. It is worth mentioning that good impedance match be-
tween the tag antenna and the IC, which is highly capacitive, is necessary to
ensure the correct operation of the tag. It was shown that the operation prin-
ciples of the meander dipole were preserved in presence of the AMC ground
plane. A prototype was fabricated in our laboratory and its input impedance
measured. The inductive coupling effect achieved with the feeding loop of the
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meander dipole was clearly observed. The dimensions of the dipole should be
adjusted to tune the tag exactly at 868 MHz (the european UHF RFID opera-
tion frequency), instead of the 837 MHz resonance obtained for the measured
prototype. However, the results obtained were very encouraging measure-
ment results towards the design of an AMC-tag operable on metallic objects.
It is worth noting that the profile of the tag is A/123.4, where A corresponds
to the wavelength at 868 MHz, the European UHF RFID operation frequency.

7.3 Further prospects

The new aperiodic AMC structure proposed in this dissertation opens new
perspectives in the design of wideband low-profile antennas. Its finite dimen-
sions and its capability to avoid surface waves makes it a promising solution
to create operative wideband antennas with low profiles. The size of the sur-
face could be further reduced by using other shapes for the patches composing
it, which would provide attractive compact antenna designs. Its behavior as
leaky wave guiding surface makes it also suitable for the design of leaky wave
antennas.

A very simple method was proposed for the computation of the periodic
Green’s function when it is evaluated for complex phase shifts. It may help us
to ease the analysis of leaky waves concerning periodic structures.

Some further work can still be carried out concerning the design of the
AMC-tag. Measurements concerning the test of a complete RFID system
would provide a further knowledge about the performances, in terms of read-
ing distance achievable with the new tag. A more flexible design that could
be placed on curved surfaces, provided with different soldering points to ac-
commodate chips with different impedances, would enlarge its range of ap-
plications.
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List of acronyms

AMC: Artificial Magnetic Conductor
DNG: Double Negative Material
EBG: Electromagnetic Bandgap
EFIE: Electric Field Integral Equation
ERP: Effective Radiated Power

HIS: High Impedance Surface

IC: Integrated Circuit

LHM: Left-Handed Material

LWA: Leaky-Wave Antenna

MoM: Method of Moments

NIM: Negative-Index Material

PEC: Perfect Electric Conductor
PMC: Perfect Magnetic Conductor
RCS: Radar Cross Section

RF: Radio-frequency

RFID: Radio-frequency Identification
UHF: Ultra High Frequency
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