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Abstract—The design of a flexible uniplanar AMC is presented.
A prototype is manufactured and characterized based on reflection
coefficient phase under flat and bent conditions. The designed
prototype shows broad AMC operation bandwidth and polarization
angle independency in both flat and bent situations. Its angular
margin when operating under oblique incidence is also tested. FEM
simulations and measurements in an anechoic chamber are presented.

1. INTRODUCTION

In recent years, artificial magnetic conductor (AMC) structures
composed of composite materials or circuit components [1,2], are
widely studied due to their unique properties in controlling the
propagation of electromagnetic waves, which makes them a promising
alternative to face antennas and microwaves circuits’ problems.

AMCs are synthesized Perfect Magnetic Conductors (PMCs) (as
these do not exist in nature) and are dual to a Perfect Electric
Conductor (PEC) from an electromagnetic point of view. In the ideal
lossless case, AMC condition is indicated by a reflection coefficient
with a magnitude value of 1 and a phase value of 0°. However, it is
considered [1-3] that AMCs behave as PMCs over a certain frequency
band, the so called bandwidth of AMC performance or AMC operation
bandwidth, which is generally defined in the range from +90° to
—90°, since in this range, the phase values would not cause destructive
interference between direct and reflected waves.
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One of the more extensively used AMCs’ implementation
techniques consists in using two-dimensional periodic metallic lattices
patterned on a conductor-backed dielectric surface, also called
electromagnetic band-gap (EBG) surfaces [16-19], as they have one or
multiple frequency bandgaps in which no substrate mode can exist [3].
Enhanced in gain and efficiency, antennas with low back lobe and
low side lobe level [20-33] should be mentioned between the most
fructiferous EBGs’ applications. Other applications involve filters [34—
41], power amplifiers [44] and absorbing screens [42].

Recent research efforts focus on the development of low-cost AMCs
that can be easily integrated in microwave and millimeterwave circuits.
This means, on one hand, the use of EBGs without via holes [2, 48]
(in contrast to designs consisting in patches with via holes [1, 10]) and,
on the other hand, the use of an unilayer periodic Frequency Selective
Surface (FSS) over a metallic ground plane (in contrast to multilayered
F'SSs [15]). The main limitation in the unilayer case is the very narrow
AMC operation bandwidth, due to EBGs’ inherent resonant nature.
However, this can be compensated, to some extent, with an optimized
unit cell geometry design and the use of relatively low relative dielectric
permittivity substrates, which in addition reduces the cost.

In some of the AMCs’ prospect applications, such as its use in
Radio Frequency Identification (RFID) tags over metallic objects [6],
wearable antennas [11-14] and RCS reduction [42,43], it would be
desirable to have the AMC object-shape-adapted. This would require
the AMC to be flexible (especially in the case of objects with curved
surfaces) but without losing its functionality. Thus it is interesting to
analyze flexible AMCs’ performance.

In this contribution, the novel AMC design with neither via holes
nor multilayer substrates presented in [9] is manufactured using a
bendable dielectric substrate, which adds the advantage of flexibility to
the resulting AMC structure, preserving the design features remarked
in [9]: planar feature, compact size, low dielectric losses and broad
AMC operation bandwidth, as it will be shown in the section II. In
this way, a flexible AMC which meets the reduced-cost and easy-to-
manufacture-and-integrate requirements is obtained.

2. PLANAR AMC DESIGN

The resonance frequency and the bandwidth of an AMC design
depend on the unit cell geometry together with substrate’s relative
dielectric permittivity and thickness. In [9], a trade-off solution
regarding substrate’s relative dielectric permittivity is adopted in order
to obtain both compact size and broad AMC operation bandwidth.
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The PMC behavior characteristics of a FSS surface over a metallic
ground plane can be verified by simulating the reflection coefficient
for a uniform incident plane wave. So, to search for the frequency
band in which the periodic structure behaves as an AMC, a Finite
Element Method (FEM) simulation based on the Bloch-Floquet theory
is considered, modeling a single cell of the structure with periodic
boundary conditions (PBC) on its four sides, resembling the modeling
of an infinite structure.

The designed unit cell geometry of [9] is shown in Fig. 1(a). Arlon
25N, with relative dielectric permittivity, e, = 3.28, loss tangent
less than 0.0025 and a thickness of A = 0.762mm (30 mils), is
used as dielectric substrate. Unit cell dimensions are W x W =
11.52mm x 11.52 mm and its geometry exhibits four symmetry planes.
The metallization thickness is 18 um. Such dimensions resulted in an
AMC operating in the 5.8 GHz band: for the 12 x 12 cells planar AMC
manufactured prototype shown in Fig. 1(b) the resonance frequency
is 5.8 GHz and the frequency bandwidth of AMC performance is
approximately 433 MHz (7.3%).

In this contribution, the same unit cell design of [9] is going to
be used, but with a different dielectric substrate, RO3003 of Rogers,
which is bendable and has the same thickness (h = 0.762mm (30
mils)), a slightly lower relative dielectric permittivity (e, = 3.0) and
loss tangent (0.0013). For the same unit cell size a slight shift to a
higher resonance frequency would be expected, due to the reduction
in the relative dielectric permittivity. If the resonance frequency is
desired to be kept in the 5.8 GHz band (for example to be used for an
RFID tag) using RO3003 with 30 mils thickness, the unit cell size has
to be slightly increased by using a 1.05 scale factor as shown in Fig. 2.

1 Conductor
ground plane

(@) (b)

Figure 1. Unit cell geometry. (a) Side view, (b) planar AMC
manufactured prototype.
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Figure 2. Reflection phase shifting versus scale factor of unit cell
of [9].

3. FLEXIBLE AMC CHARACTERIZATION

A 12 x 12 cells planar AMC prototype has been manufactured using
laser micromachining (see Fig. 1(b)) and it has been measured in order
to validate the simulation results.

3.1. Measurement Setup in Anechoic Chamber

Neither the measurement setup in anechoic chamber nor the
methodology is changed with respect to the characterization of an
AMC implemented on a rigid dielectric substrate.

Regarding the measurement setup (see Fig. 3) two horn antenna
probes working in the band 5-7GHz have been chosen as Tx and
Rx being the separation between each probe and the object-under-
test 5m. The proposed measurement setup ensures that the scattered
field is acquired in the far-field region, since accounting for the upper
limit of the frequency band (7GHz, A\ = 4.28cm) and the object-
under-test size (D = 13.82cm), far-field distance can be estimated as
RFF = 2D?/\ = 0.89m.

With regards to the followed methodology [1], it is based on the
utilization of a reference measurement (flat metallic plate) to calculate
the reflection coefficient of the AMC substrate and is the same used
for the full-wave simulation.

Accurate measurement of the reflection phase requires the
measurement distance to be the same for both the metallic plate and
the AMC prototype (having both the same size). In this case, the
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Figure 3. Reflection coefficient measurement setup in anechoic
chamber.

flexible AMC has a bending depth of h, which causes the measurement
distance to be different. However, the distance variation (h) is
negligible with respect to the measurement distance (5m). The
frequency shift due to a distance variation of h has been tested. The
frequency shift is 4 MHz (0.06%) for h = 10 mm which is the maximum
bending depth of the flexible AMC prototypes.

In order to obtain the characterization results presented in the
following sections (3.2, 3.3 and 3.4) measurements of the flat (i.e.,
not bent) AMC prototype have been firstly carried out. Then, the
prototype has been bent (see Fig. 3 and Fig. 5) and measured.

3.2. Reflection Phase Measurement for AMC Band
Determination

A flexible AMC can be bent in many arbitrary ways. Between the
multiple possible ways of bending, two typical different possibilities
have been selected and tested (see Fig. 5): A “creeping” pattern
(henceforth referred as creeping prototype) and a “smooth” pattern
(henceforth referred as smooth prototype). The ratio between the
minimum bending radius of curvature and the AMC unit cell size is
0.43 for the creeping prototype and 0.86 for the smooth prototype.
This minimum bending radius of curvature corresponds to 0.1\ for the
creeping prototype and 0.21\ for the smooth prototype.

In Fig. 4, the measured reflection phase of the flat and bent
manufactured prototypes is represented together with the flat AMC
structure simulation results for normal incidence conditions. Regarding
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the manufactured flat prototype, it has the resonance at 6.23 GHz
which means a 3.3% deviation with respect to the simulation
(6.03GHz). The cause of this shift between the measured AMC
resonance frequency and the simulated value is typically attributable
to the manufacturing process as justified in [45] due to under-etching
in the laser micromachining. However, there is no frequency shift
for the manufactured creeping bent prototype with respect to the
flat prototype resonance, whereas the smooth bent prototype has its
resonance at 6.27 GHz, which means just a 0.6% deviation with respect
to the flat prototype.

The frequency bandwidth of AMC performance for the flat
prototype is 392MHz (6.29%) in good agreement with simulated
value (7.84%) (see Fig. 4) whereas for the creeping bent prototype
the bandwidth of AMC performance is 387 MHz (6.19%) and for the
smooth bent AMC is 416 MHz (6.63%), even slightly greater than that
of the flat prototype.

As the behaviour of the smooth prototype presents a slight
frequency shift and variation in the bandwidth of AMC performance
with respect to the flat prototype, the influence of the incident
field polarization angle and the angular stability under oblique
incidence have been analyzed for this prototype, taking advantage
of the measurement setup capabilities, and are described in the next
subsections.

TBO e | e ARAC 0t BT
: === AMC bent (creeping)
AMC bent (smooth) [
= Simulation

Reflection phase (°)

i I I i
55 575 6 625 &5 675 7
Fraquency (GHZ)

Figure 4. Reflection phase of the flat (simulated and measured) and
bent (measured) prototypes.
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3.3. Reflection Phase Characterization for Different Field
Polarization Angles

The reflection phase of the manufactured AMC prototypes has been
measured for different incident field polarization angles (¢).

The unit cell design symmetry makes possible the AMC to operate
identically for any polarization of the incident field (assuming normal
incidence) for the flat prototype. This behaviour remains for the
smooth bent prototype, as shown in Fig. 6.

3D view

Creeping prototype

Side view

e —— —_— —~~ 'Ih
|
|

Ws | Wa

Figure 5. Bending patters. (a) Creeping prototype with W; =
56.6 mm, Wy = 30.0mm, W3 = 21.5mm, Wy = 18.3mm and h =
5mm, (b) smooth prototype with W = 120 mm, and A = 10 mm.
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Figure 6. Reflection phase of the manufactured smooth prototype for
different incident field (Ej,.) polarization angles (¢).
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Figure 7. Reflection phase of the manufactured AMC surface for
different incident angles (6in.) when the AMC is flat.

3.4. Reflection Phase Characterization for Different
Incidence Angles

To obtain comprehensive information about the angular stability
margin of the presented structure both in flat and smooth bent
conditions, the reflection coefficient phase versus frequency, for
different incident angles 6;,. has been measured. Resonance conditions
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Figure 8. Reflection phase of the manufactured smooth prototype for
different incident angles (finc).

are met within an angular margin of 6;,c = +9° for the flat prototype
(see Fig. 7) whereas the obtained angular margin is i, = +8° (see
Fig. 8) for the smooth bent prototype.

4. CONCLUSIONS

It is possible to obtain a flexible AMC hardly (or even without)
reducing the bandwidth of AMC performance with respect to a rigid
AMC that uses the same unit cell design. A prototype based on a
novel uniplanar AMC has been manufactured using a thin and low
relative dielectric permittivity commercial substrate, and it has been
characterized, based on reflection coefficient phase, under flat and bent
conditions, using two different bending patterns. It shows polarization
angle-independency under normal incidence and hardly reduces its
angular margin when operating under oblique incidence.

The absence of via holes and the uniplanar geometry character-
istics of the presented design together with the flexible character-
istic make it very attractive for applications regarding antennas in
RFID tags and Wearable systems, and also as part of Microwave Inte-
grated Circuits (MICs) and Monolithic Microwave Integrated Circuits
(MMICs) due to its simple fabrication and integration, and low cost.
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