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Abstract -- In this paper a novel useful method to efficiently improve the angular stability of AMCs
is introduced. Aiming to obtain an AMC with fixed design specifications (resonance frequency,
proper bandwidth, maximum size and specific dielectric), the method relies on increasing the grid
inductance through the introduction of lumped inductors. To date, lumped capacitors and/or
inductors have been used to decrease the unit-cell dimensions. However, to the author’s knowledge
their potential applications on angular stability enhancement have not been explored yet. The
proposed method is applied to non-angular stable AMC comprising square loop-based unit-cells on
a RO4003C dielectric. The validity of the method is demonstrated not only through electromagnetic
simulations but also using an equivalent circuit model which clearly explains the behavior of the
AMC. Moreover, some guidelines are given in order to choose a proper lumped inductance. At the
end, comparison with previous literature contributions shows the great potential of this method.
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|. Introduction

Acrtificial magnetic conductors (AMC) have been widely studied over the last few years, mostly due to
their applications on antennas. In fact, using them as a ground plane on antennas improves their radiation
properties (efficiency and gain) and even their bandwidth [1]-[5]. Moreover, miniaturizing the antenna
profiles can also be possible [6]. The radar cross section (RCS) reduction [7] is another potential
application in fields like detection, surveillance and sensing of people and/or objects. In addition, the
decreasing of the specific absorption rate (SAR) in “weareable” devices [5], [8] has a great impact in
medical applications among others.

AMC:s are resonant structures which can be considered two dimensional metamaterials and hence they
are also classified as metasurfaces [9], [10]. The most common way to build up AMCs is through
grounded metallo-dielectric frequency selective surfaces (FSS). Thus, it comprises unit-cells with a top
metallic geometry on a grounded dielectric slab. An infinite plane wave faces a high impedance surface
(HIS) when it impinges on the AMC, provided the wave frequency equals the AMC’s resonance one.
Consequently, this wave is reflected in phase [11]. This phenomenon can be easily explained if the
transmission line theory is used to model the structure. Doing so, the reflection coefficient of the AMC
illuminated by a normally incident plane wave can be represented as [12]:

— Zs(W.8,0)-no
[(w,8,¢) = Zs(w,8,0)+70 @)

where 7, is the free space impedance and Z;(w, 6, ¢) is the effective impedance of the structure. This
impedance varies with the frequency (w), polarization (¢) and incidence angle (6) of the incident wave.
Providing the periodicity of the structure is much smaller than the operational wavelength, this impedance
can be represented as a parallel connection between the grid impedance and the metal-backed dielectric
impedance (also known as grounded dielectric impedance) [13].

AMCs are commonly analyzed by computing the phase of the reflection coefficient on their surface. It
varies with frequency between +180° and crosses 0° at the AMC’s resonance frequency. Therefore, only
at a certain frequency the wave is reflected totally in phase. However, around this frequency the wave is
reflected more in phase than out of phase. Thus, the AMC behavior is mostly considered to be within
+90° in the reflection coefficient phase [5],[11],[13]-[15]. Although this is the bandwidth used in most of
the articles in the literature, some applications require more restricted considerations [16], [17].

A designer usually looks for a wide AMC’s operation bandwidth over a large variety of polarizations
and angles of incidence. Therefore, observing the expression of the reflection coefficient (1) and taking
into consideration the previous remarks, it is obvious that the main limitations of AMCs are in the



bandwidth and the angular stability. The bandwidth limitations have been studied in many articles using
multiresonance structures [7],[8],[18]-[19]. Some solutions are to stack several layers [18] or using unit-
cells with close resonances [7]. However, not so many contributions deal with the angular stability of
AMCs [1]-[4],[13],[20]-[22]. Therefore, this will be the aim of this paper.

When an AMC is used as a reflector of an electrically small antenna, the previous mentioned
improvements in the antenna performance are reduced in the case of involving a non-angular stable
AMC. Indeed, the different harmonics created by the antenna impinges on the AMC at different angles,
so they are reflected with different phase values and hence the contributions will not always be added
constructively (in phase) [1]-[4]. Therefore, the improvement in the radiation efficiency is marginal. In
fact, in this case this improvement is more due to the suppression of surface waves than to the
constructive interference contributions between the antenna and the AMC.

Theoretical basis for a uniaxial material which exhibits angular independence high impedance
behavior over a wide range of frequencies are presented in [20]. However, it is not easily realizable in
practice for whatever polarization of the incident wave.

One of the first works on angular stability of AMCs was carried out on [21]. It is known that when
vertical vias are excited they give rise to electrical currents which are sometimes used by several authors
to improve AMC’s angular stability. However, these vias are just excited when the electric field is along
them which only occurs under transverse magnetic (TM) polarized incident wave. Therefore, in [21] the
duality principle is used and it is supposed that the same effect can be obtained for transverse electric
(TE) polarization if vertical magnetic currents are excited. Thence, spiral elements are introduced to
improve the angular stability. Another interesting article on angular stability is [4]. Several grids together
with grounded dielectric slabs with and without vias are analyzed with the aim of finding the best
combination of them that avoid angular dependence in the AMC. This best choice is the use of a series-
resonant grid (SRG) (grid can be modeled as a series connection of an inductance (L) and a capacitance
(C4)) above a grounded dielectric slab without vias. Although analytically it seems to be no angular
dependence, electromagnetic simulations show a small dependence. This is attributed by the authors of
the article to the approximations that have been used to obtain the grid models. In [1] authors gather the
work done in [4] and summarize the requirements that an AMC structure should fulfill in order to achieve
angular independence. Such requirements are:

e  The grid should be closely coupled (period << L) and consist of a SRG.

e The dielectric slab have not to contain vias and must be thin (kzh « 1), where k; = w./eq&-Uo
and h is the thickness of the dielectric.

e The period should be comparable with h. This is essential in order to use the expressions given
in [4] to model the structure.
In [1], authors use a double layer Jerusalem cross. This arrangement increases the capacitance coupling
between neighbor unit-cells. Therefore, the condition of closely coupled grid (first condition) is better
satisfied and the periodicity of the unit-cell is compressed. Consequently, the AMC’s angular stability is
improved. In [2], a similar procedure to the one in [1] is employed. In this case the capacitance is
increased due to both the shape of the unit-cell and the introduction of a double layer structure. However,
in both articles double layer structures are used so the thickness and the fabrication complexity of the
AMC:s are increased. Moreover, the study of the angular stability is performed at only one frequency. An
array of one dimensional periodic wires distributed in a non-uniform way is used in [3] in order to
improve the angular dependency of the proposed AMC. A dipole antenna is used to corroborate that this
non-uniformity distribution improves the angular stability of the structure and hence the performance of
the antenna. Another study on the angular dependence of a perturbed array of dipoles is carried out in
[23]. However, this structure only works for TE incident waves. A more detailed angular stability analysis
was carried out in [24] for AMCs based on an array of hexagonal as well as square dipoles.

On the other hand, the introduction of lumped components has been studied with the aim of
miniaturizing AMCs [25], but no angular stability analysis has been tackled.

Although some breakthroughs have been introduced in the realm of AMCs’ angular stability, there is
still much work to do on this topic. Thus, the aim of this paper is to introduce a new idea for improving
the AMCs’ angular stability. As it was mentioned some papers tend to increase the coupling between
neighbor unit-cells (increase the grid capacitance) with the aim of improving the angular stability.
However, to the authors’ best knowledge there is no previous work analyzing the effect of altering the
grid inductance. So this will be the focus of this contribution. Moreover, the advantages of tailoring the
grid inductance are highlighted and compared with other contributions where the angular stability is
pursued.



1. Description of the problem and initial designs

As it was pointed out in the introduction, this work aims to improve the angular stability of AMCs and
give some guidelines to achieve it. This angular stability depends on both the dielectric (thickness and
permittivity) and the grid characteristics (unit-cell’s metallization geometry and size (periodicity) as
compared to the dielectric thickness) of the AMC. Once the dielectric substrate and the unit-cell
periodicity are fixed both the angular stability and the AMC bandwidth only depend on the unit-cell’s
metallization geometry. It is well known that by increasing the substrate relative dielectric permittivity
and/or reducing its thickness the angular stability is improved. However, whichever of these techniques
gives rise to a shift in the resonance frequency and a narrowing in the AMC bandwidth. Therefore, a
trade-off solution concerning these two parameters must be adopted [13].

In this work both the dielectric substrate and the AMC unit-cell periodicity will be fixed and hence,
conclusions regarding the unit-cell’s metallization geometry influence on the angular stability will be
obtained.

From previous works, it has been concluded that loop-based unit-cells are more angularly stable than
patch-based ones [13]. In addition, the hexagonal-shaped unit-cells outperform the square-shaped ones as
regards angular stability provided a proper gap distance between neighbor unit-cells is considered. Since
the aim of this work is to obtain an effective method for improving the AMCs’ angular stability, a unit-
cell’s metallization geometry from a non-angular stable AMC is chosen. Therefore, the square loop-based
unit-cell (LUC) of Fig. 1(a) is considered as starting point. The geometry parameters of the LUC are as
follows: p=7.3 mm, w,=6.3mm, and w;=3.4mm. The dielectric substrate is a RO4003C (&,=3.38 and loss
tangent 0.0027) with a dielectric thickness of 1.524mm.

The behavior of the LUC based AMC can be modeled by the equivalent circuit of the Fig. 1(b). The
grid impedance in this case is a series connection of a grid inductance (L,) and a grid capacitance (C,) as
it has been explained in [26]. The grounded dielectric slab can be modeled as an inductance (L) provided
that its thickness is electrically small with respect to the operational wavelength. Therefore, the equivalent
(surface) impedance of the AMC Z,(w, 6, d) can be expressed as

_jwLq(1-w?LgCy)
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and the reflection coefficient can be calculated from (1). Analyzing the frequency variation of the latter
one, two interesting frequencies, where the imaginary part of the reflection coefficient vanishes, appear:
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The first one (3) brings about a zero in the equivalent (surface) impedance of the AMC and the latter one
(4) a pole. Therefore, it is the frequency computed by (4) which causes the behavior of the structure as an
AMC (in phase reflection).

Ansoft HFSS commercial software is used throughout this paper to numerically compute the AMCs’
reflection coefficient phase. A single unit-cell can be used to characterize the behavior of the whole
structure, provided both proper periodic boundary conditions are applied on the unit-cell and the
excitation modes are defined using the Bloch-Floquet theory. Both modes, traverse electric (TE) and
transverse magnetic (TM), are considered in the analysis. The electric field is normal to the incidence
plane for TE modes whereas for TM modes the magnetic field is the normal one.
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Fig. 1. (a) Geometry of LUC (top view). (b) Equivalent circuit model of LUC based AMC. (c) Coordinate system for angular
stability analysis.



The reflection coefficient phase of the LUC based AMC is simulated, varying the polarization angle
(¢) from 0° to 90° in steps of 15° and for each ¢ the incidence angle () is varied from 0° to 60° in steps
of 15° (see Fig. 1(c)). Most authors studying the angular stability of symmetric unit-cells only consider
the case of ¢=0 and sweep 6. However, it is important to point out that although the structure behaves
identically for any polarization angle under normal incidence, it could be not the case when oblique
incidence is tackled. Moreover, in order to analyze the angular stability two parameters are considered:
stable bandwidth (Bs) (minimum bandwidth under which the structure behaves as an AMC regardless the
polarization and the incidence angle of the incident plane wave) and resonance frequency deviation (Af)
(maximum deviation of the resonance frequency) [13]. The narrowest stable bandwidth (711 MHz)
occurs for TE-polarization with ¢=75° (Fig. 2a). In Fig. 2b, the TM-polarization with ¢=0° is shown; this
is the case in which the maximum frequency deviation (529 MHz) takes place.
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Fig. 2. Reflection coefficient phase for (a) TE-polarization (¢=75° and (b) TM-polarization (¢=0°).

The LUC based AMC resonates at 7.79 GHz with a bandwidth of 1508 MHz (19.37%) at normal
incidence. The results of the complete angular stability analysis are gathered numerically in TABLE 1.
where the aforementioned worst cases for stable bandwidth and frequency deviation are highlighted in
bold orange. These values obviously coincide with the ones depicted in Fig. 2.

TABLE I. ANGULAR STABILITY RESULTS FOR LUC BASED AMC
TE ™

Af Af Bs Bs Af Af Bs Bs

(MHz) (%) (GHz) (%) (MHz) (%) (MHz) (%)
O=0 425 5.31 728 8.91 529 6.57 1342 17.07
®=15 419 521 728 8.87 425 5.28 1422 18.05
O=3 428 5.34 728 8.90 525 6.53 1353 17.25
O=45 439 5.47 720 8.78 461 5.73 1314 16.60
D=60 383 4,77 774 9.45 436 5.41 1397 17.71
O=75 442 551 711 8.67 501 6.20 1382 17.51
D=90 362 4.54 781 9.59 512 6.37 1343 17.08

Nowadays, designers have to face some constraints difficult to meet. In actual applications there is a
limited space for the device arrangement (in this case the AMC), so the miniaturization (introducing as
many unit-cells as possible in the allocated space and using a reduced dielectric thickness) plays a
fundamental role in the design. Moreover, this must be achieved while preserving the bandwidth and the
resonance frequency specifications. As one can imagine this is not an easy task at all.

The aim of this work is to design an AMC based on the previously described LUC, with a 5.8GHz
resonance frequency and a proper bandwidth (wide enough for the common intended applications),
preserving the dielectric substrate characteristics (RO4003C and thickness 1.524mm) and without



increasing the unit-cell dimensions (p=7.3 mm). Moreover, due to the fact that this AMC is not angularly
stable, an improvement on its angular stability will be sought. Analyzing the expression of the AMC’s
resonance frequency (4), the only way to reduce its value, without altering the periodicity and/or the
dielectric characteristics, is by increasing the grid inductance. However, this is not new. What is really
new is the study focused on the influence of introducing lumped inductors on the AMCs’ angular
stability.

Il. A.  Further explanation of the loop-based AMC behavior and some guidelines regarding the
lumped inductors choice.

Analyzing the loop-based AMC’s equivalent circuit and its resonance frequencies given by (3) and (4)
several remarks can be done. The behavior of the structure mainly depends on the ratio of the grid and the
dielectric inductances' values (L, and L, respectively). The latter is directly proportional to the thickness
of the dielectric provided an electrically thin dielectric is considered [13]. These values (L, and Lg)
determine the frequency location of the zero and the pole of the AMC’s equivalent (surface) impedance
(Zs) (see expressions (3) and (4)). Therefore, the AMC behaves differently in terms of resonance
frequency, angular stability and bandwidth for different values of Lj.

On the one hand, if L; > Ly, the frequency location of the zero and the pole of Z; are far away
enough. Thus, the zero does not perturb the behavior of the structure and the AMC’s resonance frequency
is properly described by (4). Consequently, when the dielectric thickness increases (T Ly) the grid
inductance must decrease ({ L,) to keep the resonance frequency.

On the other hand, if L; < Ly, the pole and the zero frequencies are very close to each other.
Therefore, an overlap of both resonant effects may occur in the structure and hence a peculiar behavior is
observed. In this case, decreasing the dielectric thickness (4 L) also implies the reduction of the grid
inductance ({ L) in order to maintain the resonance frequency.

Since both cases entail decreasing the grid inductance (L,) in order to preserve the AMC’s resonance
frequency, an upper limit for L, value can be defined coinciding with a similar value for both inductances
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Fig. 3. (a) Geometry of LIUC (top view). (b) Equivalent circuit model of LIUC based AMC.

In this work the grid inductance (L) is tailored introducing lumped inductors. Thus, a new square
loop-based unit-cell (LIUC) including lumped inductors (of L value) soldered on its unit-cell’s
metallization geometry, is proposed (Fig. 3a). In order to analyze only the effect of the lumped inductors,
the LIUC is identical to the LUC (Fig. 1a) except for the introduction of four lumped inductors. Both
LIUC and LUC based AMCs can be modeled using the same equivalent circuit components (Fig. 3b and
Fig. 1b), provided their values are considered properly in each case. The width of the loop metallization
strips was wisely designated in the LUC based AMC (width=((w, — w;)/2)=1.45mm) so as to accurately
arrange the inductors of 0805 size [27] (w, = 0.8mm). The lumped inductor values are appropriately
chosen to get an AMC’s resonance frequency at 5.8GHz. Considering a dielectric thickness of 1.524mm
and supposing normal incidence and an electric field along x-axis, the grid capacitance (C,) can be
estimated using the formulation proposed in [28] for a grid of conductive strips which gives a 0.203pF
grid capacitance value. The grid inductance (Lg) can be modeled by a parallel connection of the
inductances yielded by the top and bottom parts of the unit-cell (the metallic strip inductance in series
with the lumped inductor, (L;)). Using the formulation proposed in [29], concerning the inductance
calculation for metallic strips on grounded dielectrics, the inductance given by the considered metallic
strips (L,,) which remains after the introduction of the lumped inductors can be estimated, given a value
of L,, =1.61nH for the dielectric thickness under consideration (1.524mm). The inductances of the top
and bottom parts of the unit-cell are equal (so L, = L;/2) and its value is L, = Ly, + L. On the other
hand, the value of L, for electrically thin dielectrics can be approximated by L, ~ uh, where u is the
dielectric permeability and h its thickness [13]. For the dielectric thickness considered here (1.524mm),
the dielectric inductance is L; =1.92nH. Therefore taken into consideration that the resonance frequency
(4) must be 5.8 GHz the value of L can be solved and it should be L= 1.99nH. This value is very close to



the one needed in electromagnetic simulation (1.8nH) to get the desired resonance frequency. Although
more complex models, which fit more accurately the AMC’s behavior, can be used, the circuit model
intuitive comprehension is lost and a full-wave electromagnetic analysis is usually preferable. Thereupon,
even though highly order modes are sometimes considered in the equivalent circuit model when the
dielectric thickness is much smaller than the unit-cell periodicity [30], the model proposed here is
insightful for the analysis carried out in this article.

TABLE II. AMC BEHAVIOR WITHOUT AND WITH LUMPED INDUCTANCES FOR DIFFERENT DIELECTRIC THICKNESSES

Thickness  fiyc  frwe L @5.8GHz
(mm) (GHz) (GHz) (nH)

2.2 6.74 5.44 1.15
1.8 7.34 5.63 1.62
1.524 7.79 5.78 1.8
1.3 8.20 5.84 1.86
1.2 8.43 5.83 1.86
1 8.78 5.84 1.86
0.9 8.94 5.81 1.86
0.8 9.06 5.77 1.78
0.7 9.17 5.67 1.70
0.6 9.28 5.46 1.55
0.5 9.41 5.30 1.38
0.4 9.45 5.05 1.19
0.3 9.51 4.68 0.96
0.2 9.46 4.06 0.65
0.1 9.31 3.06 0.35

With the aim of checking the previous remarks about the AMC’s behavior for different ratios of Ly
and L, the dielectric thickness is varied (from 2.2mm to 0.1mm). Thence, dielectric inductance’s values
greater and smaller than the grid inductance’s one are obtained. For each dielectric thickness,
electromagnetic simulations were carried out for both LUC and LIUC based AMCs. TABLE Il. gathers
the following results: the resonance frequency of the LUC based AMC (f.y¢), the resonance frequency of
the LIUC based AMC with inductors of value 1.8nH (f;;;¢) and the value of the inductors needed to
reach a 5.8GHz resonance frequency in the LIUC based AMC (L@5.8GHz).

For the LUC based AMC (second column of the table) it is clear that when the dielectric thickness
decreases (! L;) the resonance frequency increases. This behavior is due to the fact that the AMC’s
resonance frequency is well ruled by (4), since L, > L,. However, for very thin dielectric slabs (bold blue
values), the value of L, is much smaller than the one of L, (the zero and the pole of the equivalent
(surface) impedance are close to each other), bringing about changes in the behavior of the resonance
frequency.

For LIUC based AMC with lumped inductors of 1.8nH (third column of the table) it is observed that
as the dielectric thickness decreases the resonance frequency increases (AMC resonance behavior ruled
by (4) since Ly > Lg). Following this tendency up to a range of dielectric thickness values where the
resonance frequency keeps nearly constant (bold green values (L;~L,)). Further decreasing the dielectric
thickness entails a continuous shift in the AMC’s resonance frequency to lower frequencies. This
phenomenon is attributed to the zero and the pole frequencies overlap in the AMC’s equivalent (surface)
impedance (Lg < Ly).

According to the previous statements the required lumped inductor values to preserve the resonance
frequency at 5.8GHz as the dielectric thickness decreases are presented in the fourth column of the table.
For thicker dielectric slabs (L; > Lg), the expression (4) describes the AMC’s resonance frequency
behavior, so the lumped inductor value should be increased as the dielectric thickness decreases, up to a
range of dielectric thicknesses where the dielectric and grid inductances are similar (L;~L, (bold green
values)). In this latter region, the inductor values should be kept constant to preserve the resonance
frequency. Further reducing the dielectric thickness (L4 < L) causes the zero and the pole of the AMC’s
equivalent (surface) impedance overlap and the lumped inductor values should be decreased to preserve
the resonance frequency.

Il.B. Comparison between LUC and LIUC based AMCs for different commercial dielectric
thicknesses regarding angular stability.

Now with the previous remarks in mind, the effect of introducing inductors in the unit-cell’s
metallization geometry will be analyzed for different dielectric thicknesses (TABLE I11. ). Firstly, it must



be stated again that for each thickness the LUC and LIUC based AMCs are identical except for the
introduction of lumped inductors in the latter one. In all the cases tackled here, the resonance frequency of
the LUC based AMC will be above 5.8 GHz, due to the considered dielectric and the periodicity
preservation. The inductor values in the LIUC based AMC will be chosen to shift the resonance
frequency up to 5.8 GHz to meet the aforementioned requirements.

From now on, only the worst cases of polarization (¢) will be presented. Indeed, these cases can be
considered to be the AMC’s operating specifications (narrowest stable bandwidth and maximum
resonance frequency deviation). For each dielectric thickness the same simulation procedure as the one
used for the LUC based AMC is followed.

TABLE Il ANGULAR STABILITY RESULTS FOR LUC AND LIUC BASED AMC WITH DIFFERENT DIELECTRIC THICKNESSES

Af Af Bs Bs

(MH2) (%) (MH2z) (%)

LUC (1.524 mm) 529 6.57 711 8.67

LIUC (1.524 mm) 186 3.17 220 3.82

Difference (1.524 mm) -343 -51.75 -491 -55.94
LUC (0.762 mm) 345 3.74 255 2.73
LIUC (0.762 mm) 71 1.21 79 1.36

Difference (0.762 mm)  -274  -67.65 -176  -50.20

As it was previously stated, for dielectric thickness of 1.524mm, lumped inductors of 1.8nH are
introduced in the LIUC based AMC so that it resonates at 5.8GHz. A bandwidth of 450 MHz (7.8%) at
normal incidence is obtained in this LIUC based AMC. The narrowest stable bandwidth occurs for TE-
polarization (220 MHz) and the higher frequency deviation arise for TM-polarization (186 MHz), in both
cases the polarization angle coincides (¢=0°). Comparing the results of the LUC and LIUC based AMCs,
several remarks can be highlighted. First of all, the LIUC based AMC’s resonance frequency is 25.55%
lower than the LUC based AMC’s one, preserving the unit-cell periodicity and the dielectric
characteristics. Although the stable bandwidth is narrowed, the frequency deviation is reduced by 51.75%
from the one in the LUC based AMC.

Considering a dielectric thickness of 0.762mm the corresponding resonance frequencies are 9.09 GHz
and 5.8 GHz and the bandwidth are 815 MHz and 166 MHz at normal incidence for the LUC and LIUC
based AMCs, respectively. Inductances of value 1.7nH are needed in the LIUC based AMC to shift down
the resonance frequency up to 5.8GHz. Thus, a decrease in the resonance frequency of 36.2% is achieved.
Concerning the AMC’s angular stability, the frequency deviation is further reduced (67.65%) if it is
compared with the previous case (thicker dielectric AMC (1.524mm)). Moreover, the stable bandwidth is
also narrowed but to a lesser extent (50.2%) compared to the previous analyzed dielectric thickness.

Therefore, as one can see, the achieved improvements in the angular stability and miniaturization are
noticeable at the expense of a narrowing in the stable bandwidth. However, the latter is not a problem
provided the application’s bandwidth requirements are satisfied. Moreover, the frequency deviation
reduction is essential in applications requiring narrow bandwidth to maintain the AMC’s operation band.

On the other hand, if the LUC based AMC is designed to resonate at 5.8GHz the unit-cell periodicity
has to be increased. In this case not only the frequency deviation is increased but also the stable
bandwidth is narrowed if compared to the LIUC based AMC for each of the analyzed dielectric
thicknesses.

I11. Range of dielectric thicknesses where this method
can be applied preserving the resonance frequency

In this section, the range of dielectric thicknesses for which introducing lumped inductors improves
the angular stability of square loop-based AMCs, keeping the resonance frequency, will be discussed.
Thus, an upper and a lower dielectric thickness values should be defined.

On the one hand, concerning the upper dielectric thickness and considering L, > Lg, the higher
frequency deviation will appear under TM-polarized incident wave. Indeed, the thicker the dielectric is,
the higher the frequency deviation and hence, a greater value of grid inductance is necessary to reduce
this frequency shift. However, as it was shown in Section Il when L, > Ly, smaller values of lumped
inductors are necessary to preserve the resonance frequency as the dielectric thickness increases.
Therefore, considering that the resonance frequency must be preserved, the value of L, (and hence the
one of the lumped inductors) must decrease as the dielectric thickness increases. Then, the improvements
in the AMCs’ angular stability are negligible since the value of these lumped inductors should be small to
preserve the resonance frequency. Consequently, the upper dielectric thickness limit is reached once the
introduction of lumped inductors no longer improves the AMC’s angular stability. However, thick



dielectrics are not of interest in actual applications due to general profile constrains. Thus, in order to
build up a low profile AMC, its thickness is commonly considered to be less than A/10. Moreover,
grounded dielectric slabs with thickness greater than A/4 can no longer be modeled as inductances.

On the other hand, there is no theoretical lower limit on the dielectric thickness, since for L, > L,
introducing lumped inductors always reduce the frequency deviation as it will be shown later from
simulation results. Moreover, there is a dielectric thickness from which the stable bandwidth in the LIUC
based AMC is wider than the one of the LUC based AMC. This is possible due to the fact that the
reduction of the frequency deviation thanks to the lumped inductor introduction compensates the
narrowing in bandwidth originated by the shifting down of the resonance frequency. Therefore, the lower
limit in the dielectric thickness will be given by the desired operation bandwidth for the intended
application provided that a realizable AMC can be obtained.

TABLE 1V. is presented with the aim of clarify the previous statements. Two zones are clearly
visible. In the first one (thickness from 1.8 to 2.1mm), as the thickness increases the improvement in the
frequency deviation is smaller, since small lumped inductors are introduced to keep the resonance
frequency at 5.8 GHz. On the other hand, in the second zone (from 0.508 to 0.305 mm) the reduction on
the dielectric thickness improves relatively both the frequency deviation and the stable bandwidth. The
frequency deviation is reduced as far as 74.67% and the stable bandwidth is relatively widened by
56.16% for dielectric thickness of 0.305mm.

TABLE IV. ANGULAR STABILITY RESULTS FOR LUC AND LIUC BASED AMCS WITH OTHER DIELECTRIC THICKNESSES

Af Af Bs Bs

(MHz) (%) (MHz) (%)
LUC (2.1mm) 613 8.48 880 11.92
LIUC (2.1mm, 1.3nH) 445 7.40 434 7.24
Difference (2.1mm) -168  -12.74  -446 -39.26
LUC (1.9mm) 598 7.92 849 11.06
LIUC (1.9mm, 1.4nH) 362 6.04 357 6.10
Difference (1.9mm) -0.236  -23.74  -492 -44.85
LUC (1.8mm) 607 7.95 799 10.31
LIUC (1.8mm, 1.5nH) 312 5.24 319 5.46
Difference (1.8mm) -295  -34.10  -480 -47.04

LUC (0.508mm) 194 205 177 186

LIUC (0.508mm, 1.4nH) 40 0.69 59 1.02
Difference (0.508mm) -154  -66.34  -118 -44.62
LUC (0.406mm) 190 2 105 1.08
LIUC (0.406mm, 1.2nH) 32 0.55 60 1.03
Difference (0.406mm) -158 -725  -0.045 -4.63
LUC (0.305mm) 144 1.50 70 0.73
LIUC (0.305mm, 1nH) 22 0.38 66 1.14
Difference (0.305mm) -122 7467 -4 +56.16

V. Comparison with other literature contributions

This section will be focused on comparing the results of this article with previous literature
contributions. Although there are no many articles in which the AMC’s angular stability is analyzed and
even less where the analysis is carried out under different polarization angles (¢), some comparisons can
be made.

TABLE V. shows the AMC characteristics presented in several literature contributions. In this table
the following data are gathered: the dielectric slab properties (relative dielectric permittivity and
thickness), the absolute and relative bandwidth at normal incidence, the resonance frequency and the
worst cases for the absolute and relative values of the frequency deviation and the stable bandwidth of the
AMCs reported in the different contributions. The striped table cells refer to articles in which only
polarization angles corresponding to ¢$=0° are analyzed. In order to consider a prototype with similar
characteristics to the ones found in the literature contributions, the LIUC based AMC with a dielectric
thickness of 1.524mm is used to carry out the comparisons.

TABLE V. COMPARISON WITH OTHER ARTICLES
Material ~ Thickness BW BW f Af Af Bs Bs
(£,) (mm) (MHz) (%) (GHz) (MHz) (%) (MHz) (%)
[21] _ . .
Mushroom 22 65 5 1000 20
[21]

ss 22 6.3 - - 8.75 700 8 -



Material ~ Thickness BW BW fr Af Af Bs Bs

() (mm)  (MH2) (%) (GH2) (MHz) (%) (MHZ) (%)

21] - - :

G 22 47 65 =0 8

[4] . . _
sraminy 27001 6 860 72 358 a3

[4] G . _ _
e, 27001 6 205 4 p

[4] . _ _ _
oy 2.7-j0.01 6 306 7 10

[4] Alumina _ _

JCDiNV - (83115 9698 5 W

[22] 615 254 4660 4641 100/ 6 By .
Design |

[22] 6.15 254 a0 A543 97, 69 B4
Design 11

[24] 3.38 1524 3020 235 1285 850 661

Hexagon

[24] 338 1524 1700 133 1285 760 501

Square

[13]

HL 06 3.38 1,524 690 12 578 382 64 182 3
551(3)]6 3.38 1524 578 1013 57 362 61 69 12
Proposed AMC  3.38 1,524 450 78 58 186 317 220  3.82

* The bandwidth is measured for +45¢2

As one can see from the table, the proposed AMC is the one with the smallest relative frequency
deviation. However, in order to carry out a fair comparison the AMCs should be in the same frequency
band and identical dielectric characteristics must be used. Therefore, the AMC proposed in [13] with a
similar gap (1.2mm) between unit-cells to the one proposed in this paper (Lmm) is a good candidate. It is
observed that the proposed AMC does not only reduce the frequency deviation by a half, but also
increases the stable bandwidth from both square and hexagonal loop-based AMCs (SI_0.6 and HI_0.6)
presented in [13]. In addition, although it is not the aim of the proposed AMC, its unit-cell area (0.53cm?)
is much smaller than the unit-cell area of the AMCs proposed in [13] (0.82 cm® and 0.88 cm? for SI_0.6
and HI_0.6, respectively).

V. Conclusion

The introduction of lumped inductors to improve the angular stability of AMCs has been explained
and justified by both an equivalent circuit model and electromagnetic simulations. A non-angular stable
AMC is selected in order to study the improvements introduced by the lumped inductors. Therefore, a
square loop-based AMC is chosen. First of all, the behavior of this AMC, using an equivalent circuit
model, is analyzed and explained in order to give some guidelines in the choice of the lumped inductors
value. An upper grid inductance limit is provided from which the resonance frequency could not be
preserved. Then, the AMC’s angular stability without and with lumped inductors is studied for several
dielectric slab thicknesses with the aim of analyzing the improvements introduced by the latter. A range
of validity for the dielectric thickness where the proposed technique can be applied, show that the
limitations are more in the application specifications than in the introduction of the lumped inductors.
Finally, comparison of the proposed AMC and the ones found in literature contributions are carried out.
These comparisons confirm that the technique introduced here to improve the AMCs’ angular stability
outperforms the ones presented in the literature.

Consequently, it has been shown that the proposed AMC with lumped inductors can not only
miniaturize the structure but also reduce the resonance frequency deviation and widen the stable
bandwidth for whichever angle of incidence and polarization.

The technique introduced here is not only valid for AMCs comprising square loop-based unit-cells but
also to no matter which series resonant grid based AMC, preserving the aforementioned advantages
(fitting to the design constraints, miniaturization of the unit-cell and angular stability improvements).

Moreover, other studies have been conducted by these authors introducing lumped capacitors on
patch-based unit-cells concluding also in angular stability improvement. However, patch-based unit-cells
are not as stable as the loop-based ones.
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