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We revisit the engineering of metasurfaces displaying
sharp spectral features based on Fano-type
interference between symmetric bright mode and
antisymmetric dark mode. The proposed mechanism
for direct excitation of antisymmetric mode avoids
the necessity of mode hybridization through near
field coupling. We bring modeling and experimental
evidence in the microwave domain that such
excitation mechanism provides greater flexibility for
high quality factor metasurface engineering and
results in a large improvement of their performances.
We also show that Fano interference is related to the
broken eigenmodes orthogonality in open systems
and is independent of hybridization mechanism.
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Frequency selective metasurfaces (MSs) displaying sharp
spectral features are highly valuable for a range of applications
as for instance chipless radio frequency identification (RFID)
in wireless microwaves technology [1,2] or biochemical
sensing in the THz [3,4] and optical domains [5,6]. According
to the mechanism used for achieving a narrow bandwidth
spectral response in transmission or reflection, the numerous
studies reported in the literature can be broadly classified into
three categories: i) Fano type interference in a system of
coupled resonant elements [7-9]; ii) high finesse factor Fabry-
Perot resonator cavity formed by two MSs [10-12]; iii) direct
symmetry-based resonance coupling to higher order modes of
metallic resonators [13-15].

Given that discussion on pro et contra of each method is
deserving a dedicated analysis, this contribution is focused on

achieving both high quality factor and contrast of resonant
intensity variation using Fano resonance interference in a
system composed of interacting resonant elements. This
problem is particularly acute since generally in such systems
high resonance quality factor is achieved at the expense of the
intensity variation contrast and a search for an optimal
tradeoff between these two parameters is then required [16].

The conventional approach to the problem is to consider a
system associating a superradiant element bearing an electric
dipolar momentum and acting as a radiative (bright) mode,
with a subradiant element bearing an electric quadrupolar or
magnetic dipolar momentum and playing the role of a trapped
(dark) mode [7,8,16,17]. The mode hybridization induced by
the strong near-field coupling between resonant elements
leads to the excitation of antisymmetric currents in the near
vicinity of the resonance frequency. The radiation emitted by
oppositely directed electric dipoles is strongly suppressed,
leading thus to the opening of a narrow electromagnetically
induced transparency (EIT) window inside the absorption
band. Despite a great variety of demonstrations based on such
a scheme, the issue is that the control of the antisymmetric
mode resulting from mode hybridization through near field
coupling is challenging, especially when considering operation
in the THz or optical domains.

An important point that should be underlined is that the
break of orthogonality that renders the possibility of the
excitation of antisymmetric mode is not caused by mode
hybridization. It is rather the consequence of the non-
Hermiticity of eigenmodes due the open character of the
system [18-22]. In such situation it is natural to wonder
whether it is possible to bypass the critical for the control
through near field coupling hybridization step by finding a
mechanism for the direct excitation of the antisymmetric
mode.

In this letter we pursue a twofold objective i) demonstration
of a direct antisymmetric mode excitation mechanism
providing both high contrast and quality factor Fano



resonance and ii) bring evidence that Fano resonance
interference relying on the broken eigenmodes orthogonality
is accompanied by a resonant increase of higher order
components in the scattered field multipolar decomposition.

To hit these objectives, we consider a bi-layered
metasurface intended for operation in microwave domain and
composed of identically dimensioned copper Z-shaped
resonators printed in an enantiomeric arrangement on the
two sides of a dielectric substrate. The design of the
considered MSs unit cell is represented in Fig. 1(a). The
dielectric substrate separating the upper and lower MSs has
permittivity of & =2.2, tangential losses tan6=0.0009 and
thickness h =0.4 mm. One advantage of such a design is to
minimize the overlap between the upper and lower MSs
resonant elements and by this reduce almost completely
hybridization through near field coupling. Another advantage
is that negligible metal and dielectric substrate absorption
losses in the GHz frequency domain greatly facilitate the
observation of higher order scattered terms in multipolar
decomposition, which are expected to display a resonant
enhancement at Fano frequency as a consequence of broken
eigenmode orthogonality.
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Fig. 1. a) Enantiomeric Z-shaped meta-atoms MSs unit cell design;
b) Normal incidence transmission and reflection amplitudes (solid
and dashed lines, respectively).

The MSs spectral response was numerically calculated by
using the finite element method (FEM) Maxwell's equations
solver of high frequency structure simulator (HFSS)
commercial code by ANSYS [23]. The electric field component
of the normally incident plane wave is oriented along the x-
axis. The amplitude of x-polarization transmission and
reflection coefficients is shown in Fig. 1(b). A marked Fano
resonance effect with reflection maximum at fo = 10.9 GHz and
minimum at fi = 13.9 GHz can be observed. Note that in
contrast to the conventional arrangements of coupled
resonant elements based on symmetry breaking [7-9], here
the observed Fano resonance is obtained in a system of
identical resonant elements where near field coupling
between them is strongly reduced.

To exemplify the reduced influence of near field coupling on
Fano resonance additional modeling results where either the
thickness of the dielectric substrate was increased from 0.4 to
1.6mm, or the size of the unit cell from 6x6mm to 9x9mm
while keeping same dimensions for resonant elements, are
shown in Figs. 2(a) and 2(b), respectively. As it can be seen,
aside a shift toward lower frequencies, the increase of the unit
cell size doesn’t produce fundamental changes on Fano
resonance shape or amplitude. Similar trend, albeit a small
decrease of Fano resonance amplitude caused by the dielectric
material absorption is observed when the substrate thickness
is increased.
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Fig. 2. Normal incidence transmission and reflection
amplitudes (solid and dashed lines, respectively). a) Dielectric
substrate thickness variation; b) MSs unit cell size variation.

To explain the origin of the occurring Fano resonance it is
insightful to have a close look on the instantaneous charge
distribution at 10.9GHz frequency, which is shown in Fig. 3. As
it can be seen, for the upper metasurface labeled as (1), the
electric field oriented along the x-axis is inducing a dipolar
polarization momentum Pw:. However, because of the Z-
shaped meta-atom geometry electric charges are also spatially
separated along the y-axis, leading thus to dipolar polarization
momentum Py perpendicular to the orientation of external
electric field. Similar situation is observed for the lower
metasurface - (2), but cross-polarization momentum Py is
now oriented in the opposite direction with respect to Pyz. Itis
easy to observe that the two oppositely oriented cross
polarization momentums Py:. and Pyz on the upper and lower
MSs, respectively, are forming an antisymmetric mode that is
directly excited by the external field. The observed Fano
resonance results from the interference of bright symmetric
mode (Puwa & Pxz) and antisymmetric dark mode (Py: & Py2).
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Fig. 3. Instantaneous charge distribution corresponding to Fano
resonance maximum reflection at 10.9GHz. Direction of incident
field electric component and resonant elements polarizations
indicated by arrows.
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Fig. 4. a) Schematic of Z-atom design with variation of horizontal
arms length; b) Cross-polarization conversion of single layered Z-
atom metasurface as function of relative horizontal arms length
variation defined by p parameter.

The degree of coupling of the antisymmetric mode to the
external field can be controlled through the engineering of the
anisotropy properties of Z-shaped meta-atom. The reduction
of cross polarization momentum could result in a smaller
coupling of antisymmetric mode to the external field and
respectively increase of resonance quality factor. This can be
achieved through a mere change of Z-shaped element
geometry, which consists of increasing the length of Z-element
horizontal arms, as it is represented in Fig. 4(a). We define by
p=ALx/Lx the ratio of the horizontal arm length variation AL«
with respect to its nominal value L«=2.85mm used in non-
overlaping enantiomeric Z-MSs design shown in Fig. 1(a). In
the case of bi-layered enantiomeric Z-MSs shown in Fig. 5(a),
same value of parameter p corresponds to the overlap ratio
between the horizontal arms of the upper and lower MSs.

The cross-polarization conversion can be readily
determined through the numerical modeling of single layered

Z-atom metasurface. The calculated cross-polarization
reflection amplitude as function of p parameter variation is
shown in Fig. 4(b). As it can be seen, the amplitude of the
cross-polarization term is indeed reduced by more that order
of magnitude as p varies from 0 to 95%. Obviously, this
variation is even more striking (more than two orders of
magnitude) when considering the intensity of cross-polarized
terms, which finally are important for the quality factor of
antisymmetric mode. Note also that the increased length of the
Z-resonant element causes the shift toward lower frequencies
of the local maximum in cross-polarization spectra.

The spectral responses of direct and cross-polarized
reflection calculated for the bi-layered enantiomeric Z-MSs at
different values of overlapping ratio p are shown in Fig. 5(b)
and 5(c), respectively. The shift toward lower frequencies of
the marked resonance in the spectral response is due to the
increased length of the Z-shaped element. As expected, the
reduction of cross-polarization terms related to the increase of
the horizontal arms length translates in a drastic increase of
Fano resonance quality factor. For instance, the quality (Q)
factor for 0% overlapping Z equals to 3.8, while for 75% Q
factor is as high as 117, reaching extremely high value of 720
for 95% overlapping configuration. This result is directly
related to the enhancement of the quality factor of the
antisymmetric dark mode, which can be readily observed in
cross-polarization reflection data shown in Fig. 5(c). The
resonant enhancement of cross-polarization conversion at
Fano frequency attests thus that the orthogonality of
eigenmodes is broken.

Further evidence for the broken eigenmodes orthogonality
can be obtained by considering multipole decomposition of
the scattered field. Results of such analysis for 0% and 75%
overlapping ratio cases are displayed in Fig. 6. The multipole
decomposition consists in calculation of the relative strength
of induced multipole moments contributing to the far-field
response of the metasurface [24-28]. This method is based on
expressing the total radiated power through three families of
multipoles such as electric, magnetic and toroidal type of
excitations [26]. The total scattering includes contributions of
electric, magnetic and toroidal dipoles, electric and magnetic
quadrupoles. With the multipole components, electric field
(Es) emitted by the array can be calculated [28], and the
radiation reflected and transmitted by the 2D array can also be
determined, as shown in Fig. 6.

According to computed intensity of multipole terms for the
bi-layered enantiomeric Z-MSs illuminated by a plane wave
with electric field orientated along x-axis, the strongest
contribution to radiation is provided by the electric dipole,
particularly its x-component, for both 0 and 75% overlapping
ratio structures. However, the contribution of all y-polarized
higher order terms is also considerable (15%). The resonant
enhancement of these higher order terms in the vicinity of
Fano frequency is manifest. The multipolar decomposition
results are thus globally in agreement with resonant cross-
polarization-conversion results presented in Fig. 5(c).
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Fig. 5. a) Schematic of bi-layered Z-MSs unit cell design with
partially overlapping enantiomeric elements; b) X-polarization
reflection spectra for different values of overlapping ratio; c)
Cross polarization reflection for different values of overlapping
ratio.
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Fig. 6. Multipole decomposition including scattering intensity of
electric (Edip), magnetic (Mdip) and toroidal dipoles (Tdip),
electric (Qe) and magnetic quadrupoles (Qm), interference
between electric and toroidal dipoles (etdip) and the contribution
of higher order terms (mrad) for enantiomeric Z-shaped
metasurface. (a) 0% and (b) 75% overlapping ratio configurations.

To validate modeling results, prototypes of bi-layered Z-MSs
with partially overlapping enantiomeric elements were
fabricated using classical printed circuit board technology.
Each metasurface comprises 35 x 35 unit cells on a 210 mm x
210 mm dielectric substrate. The material parameters of the
substrate and the geometrical dimensions used for the
experimental validation are the same as those used in
numerical simulations. Microwave transmission
measurements based on the experimental setup described in
[29] are done in an anechoic chamber using an Agilent 8722ES
network analyzer and two [2-18 GHz] wideband horn
antennas. Phase referencing and normalization are performed
in transmission by removing the sample from the signal path.
As it can be clearly observed in Fig. 7, measured transmission
characteristics for the different Z-MSs designs show a very
good qualitative agreement with simulation results. The noisy
features appearing in the measurement data are caused by
Fabry-Perot interferences in the parallel-plate cavity system
formed by the emission antenna and the metasurface.

As follows from modeling and experimental results
presented in Fig. 7 the quality factor of Fano resonance
increases with the overlap ratio p. The Q factor of measured
Fano resonance for enantiomeric Z-MSs with 75%
overlapping ratio equals to 62 and the contrast of intensity
variation is =52%. As compared to simulation results the
lower Q factor and intensity variation contrast is due to the
metal related absorption losses that are not taken into account
in the numerical model. The further improvement of
performances related to the increase of overlap ratio is
prevented by the saturation of the resonance quality factor
caused by losses. Fano resonance almost vanishes as the



feeding rate of the antisymmetric dark mode by the external
field becomes comparable or lower than losses. This is what is
observed in modeling results shown in Fig. 5(b) when p>95%.
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Fig. 7. Transmission coefficients of bi-layered Z-MSs with partially
overlapping enantiomeric elements. a) Modeling results; b)
Experimental data.

In conclusion, we demonstrated numerically and
experimentally the possibility for the realization of high
contrast and Q-factor Fano resonance MSs through direct
excitation of antisymmetric dark mode by the external field.

The advantage of such solution is to avoid the necessity of

mode hybridization through near field coupling. The obtained
results unambiguously show that Fano resonance interference
is related to the broken eigenmodes orthogonality in open
systems and is independent of hybridization mechanism.
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