EPJ Appl. Metamat. 2016, 3, 4
© B. Ratni et al., Published by EDP Sciences, 2016
DOI: 10.1051/epjam/2016008

Applied
Metamaterials

Available online at:
http://epjam.edp-open.org

RESEARCH ARTICLE

OPEN g ACCESS

Design and engineering of metasurfaces for high-directivity

antenna and sensing applications

Badreddine Ratni'*?, Elena Bochkova'*?, Gérard-Pascal Piau?, André de Lustrac'>, Anatole Lupul

and Shah Nawaz Burokur®”

AIRBUS Group Innovations, 92150 Suresnes, France
Université Paris Ouest, 92410 Ville d’Avray, France

B S

Received 30 March 2016 / Accepted 19 June 2016

sensitivity to the presence of substances.

1 Introduction

Metamaterial surfaces also known as metasurfaces have
made relevant a wide array of interesting applications due to
their unusual electromagnetic properties. For antenna applica-
tions in the microwave domain, they have been primarily used
for filtering [1] and decoupling [2]. Metasurfaces embedded in
parallel plate waveguides presenting gradient index have
afterwards been applied as ultra-thin lenses to achieve high
directivity [3, 4]. Refractive index is varied throughout the lens
instead of relying on the interfaces of the dielectric material to
control light flow. Other impedance modulated metasurfaces
have also been proposed to transform surface or guided waves
into radiated waves [5]. Metasurfaces have also been designed
to act as partially reflective surfaces (PRS) in reflex-type
Fabry-Perot (FP) cavity antennas in order to achieve high
directivity from a single primary source [6-8].

In the field of resonance engineering, metasurfaces
composed of generally two or three different resonators have
been intensively studied to obtain an analogy of electromagnet-
ically induced transparency (EIT) [9]. The concept of dark
states was initially introduced in atomic physics. A dark state
refers to a state of an atom or molecule that cannot absorb
or emit photons. The concept has been intensively exploited
during the last decade in the fields of photonics such as
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integrated optics [10—12], photonic crystals [13, 14], metama-
terials [15] or plasmonics [9, 16]. The interests to this domain
were principally driven so as to obtain sharp spectral transmis-
sion features within an absorption band, which are highly
desirable in sensing applications [15]. Most of studied designs
in literature for EIT are based on the association of a superra-
diant element bearing an electric dipolar momentum and
acting as a bright (or radiative) mode, with a subradiant
element bearing an electric quadripolar or magnetic dipolar
momentum and playing the role of the dark (or trapped) mode.
For example, asymmetric coupled split-ring resonators
[17-20], bilayer fish-scale [21] and cut wires structures
[22, 23] have been used. The mode hybridization induced by
the strong coupling between the directly excited bright and
the indirectly excited dark elements then leads to a destructive
Fano interference and thus to the opening of the narrow EIT
window inside the absorption band. However, recent
theoretical advances have shown that Fano resonances can be
described by the interference of bright modes only and thus
dark mode excitation is not necessary for their existence
[24-26]. The term “dark mode” used in the context of this
work is distinctly different from that used in association with
the EIT effect. In our case, the term “dark mode” is used to
specify eigenmodes with strongly reduced radiative damping
resulting in a weak coupling to free space.

This present study deals with the design and engineering
of LC-resonant metasurfaces for antenna and sensing
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applications. We propose firstly the design of phase modulated
metasurface in order to steer an antenna’s radiated beam. Phase
modulation is achieved by judiciously varying the inductance
of the metasurface. Secondly, we present the design of a
metasurface where dark mode excitation is solely based on
symmetry matching conditions of only one type of meta-atom
rather than mode hybridization between two or more meta-
atoms. The design of the metasurfaces is made through
numerical analysis using finite element method based
commercial software HFSS from ANSYS [27]. Reported
experimental measurements carried out on fabricated
prototypes agree qualitatively with simulations.

2 Metasurfaces for high directivity antennas

2.1 Phase modulated metasurface design

The unit cell of the metasurface consists of simultaneously
a capacitive and an inductive grid on the two faces of a Rogers
TMM4 (g, =4.5 and tan 6 = 0.002) dielectric substrate of
thickness ¢ = 2.54 mm, as presented in Figure 1a. The unit cell
is chosen in order to have an LC resonance allowing to produce
a phase in reflection that varies from +180° to —180°.
The capacitive grid of the metasurface is formed by a row of
metallic patches with width w =272 mm and period
p = 30 mm, whereas the inductive grid consists of mesh strips
having similar period p and width /. The dimensions have been
optimized in order to have a resonance around 2 GHz.
Therefore by fixing w and p, resonance frequency can be varied
around 2 GHz. The PRS is composed of 20 by 20 cells
(600 mm x 600 mm), where each cell presents an elementary
LC resonance. Phase modulation along the metasurface can be
achieved by varying the strip width /, which will allow
engineering the desired gradient for controlling the direction
of the radiated beam.

A parametric analysis is performed on the unit cell together
with appropriate periodic boundary conditions. The results
presented in Figure 1b firstly show a resonance frequency lying
between 1.6 and 2.23 GHz for / ranging from 4 to 20 mm.
The size of the different patterns has been chosen in order to
have the phase of the reflection coefficient below 0° near
2.16 GHz while providing a sufficiently low transmittance
(high reflectance). Figure lc shows the variation of the
transmission phase versus frequency. At a fixed frequency, a
phase that varies with / is obtained. With the geometrical
dimensions used, a phase gradient of 85° can be obtained at
2.16 GHz in transmission, as illustrated in Figure 1d.

2.2 Beam steering in high directivity antennas

Metasurfaces with high reflectance have been proposed as
superstrate reflectors in Fabry-Perot (FP) cavity antennas [6-8].
They are designed to act as partially reflective surfaces (PRS)
in order to achieve high directivity from a single source.
A cavity antenna is formed by a feeding source placed between
two reflecting surfaces. The reflection phase value of the PRS
is an important parameter since it allows to calculate the reso-
nance frequency of the cavity. Therefore using low reflection

phase values allows to design very thin cavity antennas.
The resonance condition is given as:

h—&—t\/a:((f)PRs—i—qbr)fiNé (1)
i 2

where ¢prg is the reflection phase of the metasurface used as
a PRS, ¢, is the reflection phase of the reflector near the
antenna (PEC in our case), and N is an integer corresponding
to the order of the cavity’s electromagnetic mode. # and &, are
respectively the thickness and the relative permittivity of the
antenna’s dielectric board.

The cavity depictured in Figure 2b is composed of a perfect
electric conductor (PEC) surface acting as a conventional
ground plane for the feeding source and the PRS. Furthermore,
metasurfaces presenting a gradient in phase have been success-
fully used for steering the radiated beam in FP cavity antennas
[28-33]. While a variation in capacitance was applied in
references [28-31], a variation of the inductance was used in
references [32, 33] to produce the phase-gradient in the meta-
surface. Such gradient consisted in continuously increasing the
phase of the PRS.

Here, in contrast to previous studies [28, 29, 32, 33], we
show that an incrementing phase in the PRS is not necessary
to obtain a desired beam steering from the cavity antenna.
Instead, we apply phase modulations as illustrated in Figure 2a.
The metasurface is considered as a virtual array of antennas
closely spaced. By analogy with conventional phased array
antennas, a transmission phase difference of 2% psin 6 must
be applied between two consecutive cells of the metasurface
to achieve beam steering. Also as presented in Figure 2b, the
cells are repeated with respect to the center of the cavity as
follows: cell 1 =cell 3 =cell 5 = ... and cell 2 =cell 4 =
cell 6 = .... This topology is explained by the fact that the
reflection phase difference inside the cavity between two
adjacent cells remains the same for the rest of the structure.
We take advantage of the phase accumulated by the path length
of the wave travelling inside the cavity and the reflections on
the ground plane and the PRS cells. Therefore, the transmis-
sion phase shift is calculated only for the 4 middle cells of
the metasurface (cells —1, —2, 1 and 2) situated above the
primary source. Hence, taking these issues into account, we
are able to calculate the transmission phase values of the 4
middle cells in the metasurface in order to obtain the desired
steering angle. Three different configurations are considered
to numerically study the steering performances of FP cavity
antennas. The first one consists in applying a constant phase
value along the PRS and the two other configurations make
use of a phase-modulated PRS.

Cavity antennas having lateral dimensions 600 mm X
600 mm are designed with a separation distance # = 15 mm,
corresponding to 4/9 at 2.16 GHz (Figure 2b). In all cases,
the primary source is a 31.2 mm X 31.2 mm microstrip patch
antenna with a 4 mm offset coaxial feed. The simulated reflec-
tion coefficients of the three different studied configurations
are plotted in Figure 3a. For all the antenna cases, a good
matching is observed (S;; < —13 dB) around 2.16 GHz.

A conventional FP cavity antenna denoted as “Fixed FP”,
incorporating a constant phase PRS (red trace in Figure 2a) and
producing a radiated beam at boresight is designed (Figure 3b).
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Figure 1. (a) Unit cell of the metasurface composed of an inductive grid and a capacitive grid, (b) transmission magnitude for variable strip
width /, (c) transmission phase for variable strip width /, (d) transmission phase /1 that can be achieved along the metasurface by a variation
of .
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Figure 2. (a) Transmission phase i/t along the PRS surfaces for the cavity antennas, (b) schematic view of the cavity composed of a PEC
surface and a PRS and embedding a patch antenna as the primary feed.

A non-steered beam is observed due to the uniform PRS  PRS, two other cavity antennas are designed. In the first one

presenting a transmission phase of —34° along its surface.
The dimension / used in the inductive grid is equal to
10.2 mm. To highlight the influence of the phase-modulated

referred as “30° FP”, the width / is modulated and is equal
to 6.1 mm, 9.7 mm, 14 mm and 11.5 mm on the inductive
grid of the PRS. The transmission phase variation of the
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Figure 3. Full-wave simulation results of the different configurations of the Fabry-Perot leaky wave antennas. (a) S;; coefficient. (b)—(d) 2D
radiation patterns of respectively Fixed FP, 30° FP and 60° FP, (e) 3D radiation patterns (linear scale) of the antennas.

PRS is shown by the blue trace in Figure 2a. The resulting 2D
radiation patterns presented in Figure 3c show a beam steering
of 32° at 2.16 GHz. A second configuration denoted “60° FP”
where / equal to 4.1 mm, 9 mm, 154 mm and 12.3 mm is
applied to the PRS, is considered. Therefore a higher phase

modulation, as illustrated by the green trace in Figure 2a,
has been applied to reach a higher beam steering. Numerical
results show a beam steering of 52° at 2.16 GHz (Figure 3d).
Figure 3e shows the simulated 3D radiation patterns of the
considered cavity antennas, where the influence of the
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Figure 4. (a) Unit cell of the single-layered cut wires metasurface. The geometrical dimensions of the unit cell are: a, = 20 mm, a, = 6 mm,
[, =19.6 mm, w = 0.3 mm and d = 0.4 mm, (b) unit cell of the single-layered Z metasurface. The geometrical dimensions of the unit cell
are: a, =a, =6 mm, /, =58 mm, /,=57 mm, w=0.3 mm and d = 0.4 mm, (c) simulated transmission response of the cut wires
metasurface under normal incidence, (d) simulated transmission responses under normal and oblique incidence of the single-layered Z
metasurface in H-plane, (e) charge distribution at the fundamental (m) resonance of the cut wires structure. Dark mode is not excited under
normal incidence due to a zero net dipolar momentum, (f) charge distribution at the fundamental () and first higher order (m,) resonances
of the Z structure. Under normal incidence, there is no creation of dipolar magnetic momentum and therefore dark mode is not excited.
However under off-normal incidence, magnetic field excitation occurs and currents flow in opposite direction in the Z structure, creating a

magnetic momentum and exciting the dark mode.

phase-modulated PRS can be clearly observed on the deviation
of the radiated beam.

The study made on these antennas allows to show the
interesting applications of metasurfaces in the design of highly
directive low-profile antennas. Beam steering can also be
considered by analogy with classical array antennas. Instead
of applying a phase shift between radiating elements, here a
phase modulation is applied on the metasurface to create the
desired beam steering.

3 Metasurfaces for sensing

3.1 High quality factor resonant metasurface
design

In this section, we present the design of metasurfaces
where excitation of dark modes is not based on mode
hybridization but rather on symmetry matching conditions.
The great sensitivity of mode hybridization with respect to
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(c) measured transmission responses.

the variation of inter-element separation distance makes the
reliable fabrication of such structures in the optical domain
highly challenging. Therefore, an absence of hybridization
mechanism allows to considerably relax the tolerances for
the fabrication of such nanostructures at optical frequencies.

10 12 14 16 18 20
Frequency (GHz)

4 6 8

Figure 6. Calculated transmission coefficients under normal inci-
dence for bi-layered enantiomeric metamaterial with different
dielectric spacer thickness d. The second higher order electric
mode resonance frequency is insensitive to the variation of d
conversely to the LC fundamental mode.

The main goal here is therefore to present a single structure
topology that enables the excitation of dark modes without
the need of hybridization between two or three different
structures.

To present our approach, we consider firstly a cut wires
(CW) based metasurface where a uniform electromagnetic
plane wave is normally incident, as presented in Figure 4a.
A transmission dip related to the electric dipole mode
excitation is observed (Figure 4c). It represents the lowest
eigenmode frequency where current flows from one end to
the other, as illustrated in Figure 4e. Besides this bright mode,
the CW structure also possesses dark eigenmodes that do not
manifest in the spectral response because of the zero net
dipolar momentum.

We consider therefore an odd symmetry structure
composed of a Z-shaped meta-atom shown in Figure 4b. From
considerations related to the symmetry of a structure with
respect to the center of the unit cell, it follows that the odd
geometry of the Z structure allows avoiding coupling with a
uniform electric field [34]. The total length of the Z element
is 16.3 mm, with [, =58 mm, /, =57 mm, w= 03 mm
and periods a, = a, = 6 mm. The dielectric substrate used is
a 0.4 mm thick copper-cladded epoxy with a relative dielectric
permittivity of 3.9 with tangential losses of 0.02. As presented
in Figure 4d, the calculated transmission spectrum of the single
Z layer structure with the electric field directed along the
x-direction shows a resonance around 4.6 GHz for all
incidence angles. This resonance corresponds to the lowest
inductor-capacitor (LC) resonance frequency of the Z-shaped
meta-atom. The resonance quality factor, which is given as
the ratio of resonant frequency f; to half-power frequency
bandwidth Af (Q = f/Af), is very low (Qp = 0.7) because of
the strong radiative coupling to free space. Under normal
incidence, because of the even symmetry of the electric field
and odd dark mode symmetry, the resulting interaction overlap
is null and therefore dark mode is not excited.
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Figure 7. Calculated transmission coefficients under 45° oblique incidence with and without analyte (thickness = 50 um and dielectric
constant = 3). (a) single-layered Z structure, (b) bi-layered enantiomeric structure.

To excite the dark mode, we make use of the magnetic
component of the incident field [35-37]. As the magnetic field
transforms as a pseudovector, its symmetry is odd. The direct
dark mode excitation is thus allowed for an oblique incidence.
Therefore for off-normal incidence in the H-plane, with the
electric field still vertically aligned along the x-direction, the
excitation of an additional resonance is obtained around
13.8 GHz. It manifests as the appearance of a narrow reflection
frequency band. Even though dark mode excitation is achieved
through a direct field coupling, the resonance quality factor
of this latter mode (Q; = 19) is much higher than the funda-
mental one. This is due to the smaller radiative damping
corresponding to that of a magnetic dipole.

The dark mode excitation corresponds to the generation of
currents flowing in the same clockwise or counterclockwise
direction and results in a net dipolar magnetic momentum.
It follows that an external magnetic field can thus directly feed
the charge displacement corresponding to the resonant dark
mode excitation. For this dark mode resonance, due to the
opposite direction of the currents flow in the adjacent Z legs,
the accumulated charges are of the same sign. The oppositely
directed currents flow in the adjacent Z legs create an
additional loop making the dark mode excitation more
efficient, as illustrated in Figure 4f.

In order to excite dark mode resonances under normal
incidence, a bi-layered enantiomeric metasurface composed
of two anti-symmetric stacked Z structures is considered.
The unit cell of the metasurface is shown in Figure Sa.
Conversely to the single-layered Z structure which does not
present any signature for the excitation of the second higher
order mode, the bi-layered one shows an efficient excitation
of the second higher order mode at 14.5 GHz, as presented
in Figure 5b. The main advantage of the enantiomeric
structure is that it possesses both even and odd symmetry
properties. It is therefore possible to excite the second high
order electric mode by the interaction of the magnetic
momenta formed by current loops, which are induced by
external electric field, between the horizontal arms of the Z
meta-atoms.

The evidence of the direct excitation mechanism is
provided in Figure 6, where the thickness d of the dielectric
substrate separating the two Z meta-atoms is varied in the
bi-layered enantiomeric metasurface. As it can be clearly
noted, the fundamental resonance at 6 GHz is only slightly
sensitive to the variation of coupling strength controlled via
the thickness d of dielectric spacer. The slight shift to lower
frequencies for higher separation d is due to the increase of
inductance when current loops become bigger. However, the
frequency of the dark mode resonance at 14.5 GHz is insensi-
tive to the variation of d, indicating that such mode is not based
on the near-field coupling between the two Z designs.

Under oblique incidence, the bi-layered enantiomeric
metasurface supports not only direct excitation of dipolar
magnetic mode resonance at 10.7 GHz, as in the case of the
single-layered metasurface, but also a quadrupolar magnetic
mode resonance at 18.3 GHz as shown in Figures 5b and Sc
in simulations and measurements, respectively. These
magnetic modes possess a zero net electric dipolar momen-
tum leading to less radiation losses and therefore a higher
resonance quality factor of the response with respect to the
electric dipolar modes. Quality factor for dipolar magnetic
resonance at 10.7 GHz is equal to 5.4 in comparison to 0.8
and 3.7 for fundamental and second high order electric modes
respectively.

3.2 Sensing applications

To verify the sensing mechanism in this work, we
performed simulations of the single-layered and bi-layered Z
metasurfaces in the presence of a substance placed above the
designs [38]. Figure 7 shows the influence of a 50 pm thick
analyte having dielectric constant equal t0 3 (apaiye = 1.73).
It is clear that the presence of such a material with refractive
index greater than 1 causes the different resonances of the
metasurfaces to shift towards lower frequencies. In order to
quantify the sensitivity of the metasurfaces, the impact of the
analyte thickness and refractive index on the performances of
the metasurfaces is studied. The resulting characteristics are
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reported in Figure 8. When the analyte thickness is increased
from 1 to 50 um, the sensitivity given as the frequency
shift Af per refractive index unit (RIU) also increases in both
metasurfaces. The excited dark modes are more sensitive to
the presence of the substance under test than the fun-
damental resonance mode. Furthermore, it can be noted the
magnetic modes, i.e. dipolar resonance m; in single-layered
metasurface and dipolar and quadrupolar resonances m;
and m; in bi-layered metasurface, present a higher sensitivity
than the electric resonance modes m, and m,, particularly
for thickness greater than 20 pm, as presented in Figures 8a
and 8b.

When the refractive index of a 50 um thick analyte is
increased, the frequency shift of the different resonances of
the Z metasurfaces also increases. A frequency shift of more
than 1 GHz is obtained from the magnetic resonance mode
my in the single-layered metasurface and from the quadrupolar
magnetic resonance mode mj3 in the bi-layered metasurface.
The higher quality factor of the magnetic resonances make
these modes more sensitive to the presence of the substance.
These results show that the engineered resonances through
symmetry matching conditions in the Z metasurfaces
present high sensitivity for the detection of substances.

Therefore such metasurfaces can be considered as good candi-
dates for sensors.

4 Conclusions

In summary, the design and engineering of metasurfaces
for applications in antenna and sensing domains have been
presented. An LC-resonant metasurface with high reflectivity
was utilized as a partially reflective surface in a Fabry-Perot
cavity antenna for high directivity. Applying a phase modula-
tion by variation of the geometrical parameters of the cells
composing the metasurface allow to steer the radiated beam
to an off-normal direction. Another metasurface composed of
only one type of meta-atoms has been exploited to excite dark
mode resonances through direct coupling with incident far field
rather than the classical hybridization mechanism based on
near field coupling between two meta-atoms having different
resonance frequencies. Such metasurface has been tested as a
sensor in the presence of a substance to be analyzed. A high
sensitivity has been observed particularly for the excited
magnetic resonance modes due to their higher quality factor
since radiative damping is lower.
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5 Implications and influences

The results provide a method for designing metasurfaces

for high directivity antenna and sensing applications. Though
results have been presented in the microwave domain, the
dimensions of the constituting cells of the metasurfaces can

be

easily downscaled for higher frequency applications.

Millimeter-wave steered beam antennas and terahertz sensors
can therefore be considered.
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