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All-Dielectric Toroidal Metasurfaces for Angular-Dependent

Resonant Polarization Beam Splitting

Dimitrios C. Zografopoulos,* José Francisco Algorri, Walter Fuscaldo,
José Miguel Lopez-Higuera, Ricardo Vergaz, José Manuel Sdnchez-Pena,
lon-Anastasios Karolos, Romeo Beccherelli, Vassilios E. Tsioukas, Traianos V. Yioultsis,

and Emmanouil E. Kriezis

An all-dielectric metasurface exhibiting a strong toroidal resonance is
theoretically designed and experimentally demonstrated as an angular-
dependent resonant polarization beam-splitter in the microwave K-band.

The metasurface is fabricated by embedding a square periodic array of
high-permittivity ceramic cuboid resonators in a 3D-printed substrate of
polylactic acid. It is demonstrated that by properly selecting the resonator
geometry and by tuning the angle of incidence through mechanical rotation,
the metasurface can switch between a polarization beam splitting and
bandpass or bandstop operation. Such performance is achieved by exploiting
the highly asymmetric Fano spectral profile of the toroidal resonance and the
very low (high) dispersion of the associated p-(s-) polarized mode resulting
from the resonant toroidal dipole mode’s field profile, as evidenced by both
full-wave and band structure simulations. Theoretically infinite extinction
ratios are achievable for polarization beam splitting operation with very low
insertion losses and adjustable bandwidth. The experimental demonstration
of such a compact, all-dielectric metasurface expands the research portfolio
of resonant metasurfaces toward not only the investigation of the intriguing
physics of toroidal modes but also to the engineering of functional millimeter-
wave components for polarization control, for instance, in the context of 5G

1. Introduction

Metasurfaces (MS) are electromagneti-
cally thin artificial media composed of
resonant scatterers, metallic, or dielectric,
in an array configuration with subwave-
length periodicity.'3! The collective oscil-
lations of the resonant MS atoms enable
the control of the wavefront, intensity,
polarization, or spectrum of propagating
electromagnetic (EM) waves in unprec-
edented ways, thus eliminating the need
for bulky components. A subset of MS
that has been attracting growing scientific
and technological attention is all-dielectric
MS, thanks to their rich potential for EM
wave manipulation without the drawback
of ohmic losses, which are intrinsic to
their metallic/plasmonic counterparts.
In particular, all-dielectric MS com-
posed of high-permittivity scatterers that
support a plethora of Mie resonances have
been demonstrated as a promising plat-
form for compact, low-loss components
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which lensing,” reflection control and wavefront shaping,!®-®!
manipulation of light emission or photoluminescence,®!
polarimetry,1l highly-selective filtering,'> or enhancement of
nonlinear processes.'>1! In this regard, it is common to study
their resonant properties in terms of electric and magnetic
multipoles, which are derived from the Taylor expansion of
their EM fields and potentials, in order to gain physical insight
into the possibility for intense light-matter interaction. Further-
more, by decomposition of the moment tensor, a third class of
EM modes can be identified, the toroidal multipoles. The arche-
typal structure that generates a toroidal (dipole) moment is that
of a solenoid bent into a torus: the poloidal current flowing
through the solenoid generates a magnetic field inside the
torus, whereas the resulting toroidal moment is parallel to the
axis of revolution of the torus.[]

Toroidal modes have been long known in physics, for
instance, to describe parity violations and weak interactions
in atomic nuclei,® as models for stable atoms™” or even dark
matter.?% However, even though toroidal multipoles do mani-
fest in natural media,’?! their EM response is usually very weak
and difficult to measure as it is screened by the much stronger
electric and magnetic multipoles. This can be overcome in
specially engineered metasurfaces, where toroidal resonances
become dominant, thus enabling not only the investigation of
their elusive physics?2-24 but also their use in various applica-
tions.?>28 As a result, the growing research efforts put in the
study of toroidal MS have led to numerous demonstrations of
their practical potential, for example, for polarization conver-
sion,?”l beam steering,3% high-quality factor filtering,[?331-3]
and narrowband absorption and directional emission.3®!

Although several of the thus far investigated toroidal MS
employ metallic meta-atoms,?¥-3% in certain cases these
have an intricate shape and they anyhow suffer from ohmic
losses, which can dampen their EM response and hinder their
up-scaling to higher frequencies. That being the case, all-dielec-
tric MS are gaining ground also in the context of toroidal MS
as a simpler technological solution with lower intrinsic losses
thanks to the availability of numerous low-loss dielectric mate-
rials. An early proof-of-concept of a metastructure with toroidal
response around 1 GHz exploited the high permittivity of
distilled water.*%! Periodic arrays of single or clusters of high-
permittivity resonators of various shapes, for example, bars
or disks, embedded in a low-index substrate offer a straight-
forward solution for the engineering of toroidal MS in the
microwave spectrum.*#2 At sub-THz frequencies, we have
recently demonstrated an all-silicon MS with a strong toroidal
dipole resonance by using a single microfabrication process,
consisting in the wet anisotropic etching of a high-resistivity
floating zone silicon wafer.*¥] At infrared and optical frequen-
cies, toroidal MS can be fabricated by lithographic definition of
high-index materials, such as silicon or titanium dioxide.>>3l

In this work, we theoretically and experimentally demon-
strate a not yet explored functionality of toroidal MS, namely,
angular-dependent resonant polarization beam splitting (PBS)
in the microwave K-band. The metasurface is composed of a
square periodic array of high-permittivity, low-loss ceramic
resonators, embedded in a 3D-printed polylactic acid (PLA)
substrate. We have opted for this substrate in order to dem-
onstrate the capability of rapid prototyping and large-scale
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fabrication of the investigated PBS-MS, since PLA is one of the
most common 3D-printing polymers. By proper selection of
the resonator geometry, the MS exhibits a toroidal dipole res-
onance with a highly asymmetric Fano spectral profile in the
vicinity of 20 GHz. In addition, thanks to the particular reso-
nant electric field distribution, the MS shows very low (high)
dispersion of the p-(s-)polarized mode, as demonstrated by both
full-wave and band structure simulations. This property allows
for the tunable relative shift of the transmittance profile for the
two polarizations of the impinging plane wave by adjusting
its angle of incidence through mechanical rotation of the MS.
Extensive functionalities are demonstrated, such as tunable
switching between PBS and bandstop or bandpass operation.
The theoretical results are corroborated by microwave measure-
ments in an anechoic chamber of two fabricated MS prototypes.
The key PBS performance metrics (insertion losses, extinction
ratio, and bandwidth) are evaluated and guidelines are dis-
cussed in order to further suppress insertion losses and adjust
on demand the working bandwidth. Apart from providing
further physical insight on the properties of toroidal dipole
resonances, such MS can be deployed as polarization-control
components in wireless communication systems, for example,
for 5G or satcom.

2. Metasurface Layout and Operation Principle

The layout of the investigated all-dielectric metasurfaces is
schematically depicted in Figure la. The metasurface is com-
posed of a square periodic array of high-permittivity, low-loss
ceramic resonators (E7324 by Exxelia),* which are embedded
in a PLA substrate that provides mechanical support. The pitch
of the periodic lattice is p and the resonator dimensions are a
(width), b (length), and h (thickness). The substrate thickness t
is larger than h so as to accommodate the resonators. The PLA
substrate is fabricated by a 3D-printing process, as shown in
Figure 1d, whose details are provided in Section S1, Supporting
Information. The metasurface is assembled by pressing the
cuboid resonators into the equivalent cases of the PLA sub-
strate. The target working frequency of the metasurfaces is in
the microwave K-band (18-27 GHz).

In what follows, the values of the following set of parame-
ters are selected as: a = 4.6 mm, h =1 mm, t = 2 mm, and
p =77 mm. The analysis focuses on two metasurface designs
that employ resonators with square (a = b = 4.6 mm) and rec-
tangular (¢ = 4.6 mm, b = 5 mm) cross-sections, hereinafter
referred to as symmetric metasurface (SMS) and asymmetric
metasurface (AMS), respectively. These parameter values
have been selected such that the target functionality, namely,
angular-dependent PBS, is achieved, as it will be demonstrated.
The relative complex permittivity of the ceramic resonators!*
is £ = 24.4(1 — j4.35 x 107°) whereas that of the PLA substrate
equals & = 2.685(1 — j0.01). This value was retrieved by charac-
terizing a solid plate of the used 3D-printed material through
X-band waveguide measurements (details in Section S2, Sup-
porting Information), and it is aligned with other reported
measurements of PLA permittivity.*>*%l The measured loss tan-
gent of 0.01 is in the order of standard microwave substrates,
such as FR4. A detailed analysis on the effect of the substrate
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Figure 1. a) Schematic layout of the all-dielectric metasurface and definition of the coordinate axes, the plane of incidence (xz-plane), and the polari-
zation of the impinging plane wave. The metasurface is a square periodic array (the pitch equals p) of ceramic resonators (E7324) with dimensions
a x b x h embedded in a PLA substrate of thickness t, as shown in the zoomed insets. b) Principle of the polarization beam-splitting operation of the
investigated symmetric and asymmetric metasurfaces. c) Photograph of the fabricated asymmetric metasurface (a=4.6 mm, b=5mm, h=1mm, t=
2 mm, p =7.7 mm) composed of 13 X 13 unit cells. d) Snapshot taken during the 3D-printing process of the PLA substrate.

dielectric losses will be provided in Section 5. Figure 1c shows
a photograph of the fabricated AMS, composed of an array of
13 % 13 unit cells.

The MS is illuminated by a plane wave impinging at an angle
of incidence 6 in the xz-plane, according to the definition of
the reference frame in Figure 1la. Hence, the wavevector equals
k =ky(cosO0z, —sin 6x,), where k, = 277/ A is the free-space wave-
number at the wavelength A. Both polarizations of the electric
field are investigated, namely, p- [E, = Eq(cos0x, +sin6z,)] and
s-polarization (E, = E, y,).

The operation principle of the PBS-MS is illustrated in
Figure 1b. In the case of the SMS, the transmittance spectra
for both polarizations of a normally impinging plane wave are
identical due to symmetry. It has been previously shown that
when the aspect ratio (a/h) of the high-permittivity resonators
is in the range here investigated, the transmittance spectrum
of the resulting metasurface exhibits a strongly asymmetric
Fano profile around the toroidal dipole resonant frequency.>#1
The transmittance minimum, common for both polariza-
tions, dictates the working frequency. In the case of oblique
incidence, the transmittance spectrum for a p-polarized wave
does not undergo significant variations, thanks to the very low
angular dispersion of the associated mode of the structure, as
it will be demonstrated in Sections 4 and 5. On the contrary,
the spectrum for an s-polarized wave shifts progressively to
lower frequencies as the angle of incidence increases. At a
particular angle 6, the transmittance extinction ratio between
the two polarizations is maximized at the working frequency.
Therefore, the SMS switches between operation as a band-
stop filter and a polarization beam splitter at 6 = 0 and 0 =
6,, respectively.

In the case of the AMS, the response for normal incidence
is polarization dependent. By exploiting the close spectral prox-
imity of the transmittance minimum and maximum in the
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Fano spectrum, the resonator cross-section is adjusted so as to
induce a relative spectral shift of the two polarization-dependent
spectra at normal incidence. This is easily achieved thanks
to the asymmetric Fano profile and it is a feature exploited
in other contexts as well, for instance in the design of non-
linear isolators.[*¥] For a certain ratio of a/b, the transmittance
minimum frequency for s-polarized matches the maximum
for p-polarized wave, enabling PBS operation. Consequently,
by raising the angle of incidence the transmittance spectrum
of the s-polarized wave approaches that of the p-polarization
until the transmittance is maximized for both polarizations at
the working frequency. Hence, the AMS switches its operation
from PBS at 8 = 0 to a bandpass filter at 6 = 6,. The details
of the angular-dependent PBS spectral response of the investi-
gated MS are elaborated in the next sections.

3. All-Dielectric Metasurfaces with Polarization-
Dependent Toroidal Dipole Resonances

3.1. Scattering and Anapole States in Isolated Ceramic
Resonators

Before proceeding to the analysis of the investigated MS, it is
insightful to study the scattering properties of their constit-
uent elements, namely the high-permittivity ceramic resona-
tors. For this purpose, we employ the finite-element method
(FEM) in the scattered-field formulation (COMSOL Mul-
tiphysics) in order to calculate the electric field and the polari-
zation current in the resonator volume when it is illuminated
with a normally impinging plane wave as shown in Figure 2a.
Then, the multipole decomposition method in Cartesian
coordinates is evoked with the aim to calculate the scattering
cross-sections (SCS) of the dominant electric, magnetic, and
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Figure 2. a) Scattering problem of an isolated ceramic resonator for a normally impinging plane wave. b) Scattering cross-sections for the Cartesian
electric (p), toroidal (t), total electric (ed), and magnetic (md) dipoles of a ceramic resonator with a = b = 4.6 mm and h =1 mm with and without
the PLA frame. The anapole (quasi-anapole) state manifests at fas = 21.65 GHz (foas = 20.7 GHz) for the case without (with) the PLA frame. c) Phase

difference between the Cartesian electric dipole moment and the toroidal

dipole moment for both cases. d) Spatial profile of the electric field enhance-

ment at the anapole and quasi anapole state frequencies calculated at the mid-plane section of the ceramic resonator. e) Scattering cross-sections for
the dipole moments of a ceramic resonator with a =4.6 mm, b =5 mm, and h =1, for the two polarizations of a normally impinging plane wave. In all

cases including the PLA frame, its dimensions are 7.7 mm X 7.7 mm X 2

toroidal multipoles (details provided in Section S3, Supporting
Information).

The first investigated case deals with the scattering from
a square cross-section ceramic resonator (¢ = b = 4.6 mm,
h =1 mm) and the corresponding results are presented in
Figure 2b. The multipoles with non-negligible contribution
are the electric, toroidal, and magnetic dipole. Thanks to the
employed decomposition method, the separate contributions of
the Cartesian electric dipole (p) and toroidal dipole (t) moments
are calculated. The crossing point of their SCS spectra C%, and
C!., in addition to the associated cancellation of the total elec-
tric dipole SCS (C<Z), marks the frequency of the so-called ana-
pole state,[*! which is observed at fys = 21.65 GHz. In particular,
the total electric dipole SCS is given by (see Section S3, Sup-
porting Information)

w_ ks 2
Cly =—"1 [
6re;

|p—jkot*

where p and t” are the Cartesian electric and corrected toroidal
dipole moments, respectively, and their individual SCS are cal-
culated as
ke |
6nel

ok
sa T o
6ned

2

’

*

CPh, = t (2)

The condition for the anapole state to manifest is that the
Cartesian electric and toroidal dipole moments are out of phase
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mm, corresponding to the unit cell layout of Figure 1a.

p = jkot" and hence interfere destructively,?” or equivalently
Ch.=Ci. and Zp, = Ljkot,, assuming without loss of gener-
ality a y-polarized impinging plane wave. It is remarked
that here by “anapole” we refer to the nontrivial electric dipole
anapole state. Anapole states can also manifest through
the interference of other multipole moments.P!) The anapole
phase-matching condition for the investigated ceramic reso-
nator is examined in Figure 2c.

In order to investigate the effect of the PLA substrate, the
second example concerns the same resonator embedded in a
PLA block with total dimensions p X p x t, which corresponds
to an isolated unit cell of the investigated metasurfaces, shown
in the inset of the right panel of Figure 2b. In this case, the
anapole condition is not fulfilled, yet a quasi-anapole frequency
can be defined at the frequency foas = 20.7 GHz where Cg, is
minimized. This is attributed to the presence of the PLA block,
which reduces the permittivity contrast between the ceramic
resonator and its surrounding medium. Nevertheless, when
dielectric particles with such non-pure anapole states are placed
in a periodic MS configuration strong dipole resonances can
still be excited thanks to collective oscillations from the cou-
pling among adjacent particles.’34

Further evidence on the presence of the anapole state is
provided in Figure 2d, where the electric field profile at the
mid-plane of the resonator along the z-axis is depicted. The
observed opposing loops of electric field lines/displacement
current are a distinctive feature of the dipole anapole state. It

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. a) Transmittance (T), reflectance (R), and absorptance (A =1— R — T) spectra for the investigated symmetric metasurface for a normally
incident plane wave. The inset shows the spatial profile of the electric field at the resonant frequency f,.s = 20.14 GHz. b) Relative scattering power of
the Cartesian electric (p), toroidal (t), total electric (ed), magnetic (md) dipoles, and the electric (eq) and magnetic (mq) quadrupoles. Transmittance,
reflectance, and absorptance spectra for the investigated asymmetric metasurface at normal incidence for a c) s-polarized and d) p-polarized normally
incident plane wave. The transmittance minimum for the case of s-polarized wave is observed at the same frequency as the transmittance maximum
for the case of p-polarized wave. The insets show the electric field profiles at the corresponding resonant frequencies f5, =19.91and f£,=19.42 GHz.

is interesting to remark that the electric field is mainly con-
centrated in three regions along the x-axis, that is, perpen-
dicular to the polarization axis of the y-polarized impinging
plane wave. This characteristic is key to understanding the
scattering behaviour from the rectangular cross-section reso-
nator (@ = 4.6 mm, b =5 mm, h = 1 mm) embedded in the
same PLA Dblock, which is studied in Figure 2e. The SCS
spectra for the dipole moments show similar trends, apart
from an overall spectral shift for the case of x-polarized elec-
tric field. Such red-shifting, that is, toward lower frequencies,
is expected when the electric field probes a larger portion of
the high-permittivity material. Although the long axis of the
resonator is parallel to the y-axis, the spectra are red-shifted
for the plane wave of perpendicular polarization. This is
explained by observing the high-field concentration regions of
the profiles in Figure 2d.

3.2. Asymmetric Fano Toroidal Resonances in All-Dielectric
Metasurfaces

The investigated metasurfaces are composed of a periodic
array of the ceramic resonator/PLA substrate unit cells studied
in Figure 2. The analysis focuses on two particular designs of
SMS and AMS, whose geometrical parameters were described
in Section 2. The case of a normally incident plane wave is first
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investigated. Figure 3a shows the SMS transmittance, reflec-
tance, and absorptance spectra, which do not depend on the
polarization of the incident wave due to fourfold symmetry of
the MS unit cell’s cross-section. The spectra exhibit a charac-
teristic asymmetric Fano profile, with a resonant frequency of
fres = 20.14 GHz and a quality factor Q = 44, as calculated by
fitting the simulated spectra to a generic Fano function found
to accurately reproduce the results (details in Section S4,
Supporting Information). The Fano resonant frequency coin-
cides with the frequency where absorptance is maximized
(Ama =10.8%), stemming almost exclusively from absorption
losses in the PLA substrate. The maximum absorptance in the
ceramic resonators is 0.2%, thanks to the very low losses of the
ceramic material.

The inset of Figure 3a shows the electric field profile at the
resonant frequency for an s-polarized incident wave. The field
distribution is similar to the profiles of the isolated unit cell
at the anapole frequency, as in Figure 2d, which is an indica-
tion of the toroidal dipole nature of the resonance. Again, it
is important to notice that the electric field lobes are aligned
along the axis perpendicular to the impinging polarization. In
addition, higher field localization in the PLA volume among the
resonators, which hints for the potential of intense coupling,
is also observed along the x-axis. The strong toroidal contribu-
tion is further corroborated by the results of Figure 3b, where
the relative scattering power of the various multipole moments

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. a) Schematic layout of the experimental setup for the characterization of the metasurfaces in the K-band. The angle of incidence is adjusted
by mounting the sample on a rotation stage (RS). The polarization of the incident wave is selected by rotating by 90° the Rx and Tx horn antennas.
This configuration is equivalent to the layout presented in Figure 1a. The y-axis is aligned with the length b of the resonators. b) Photograph of the
experimental setup, showing the entire link including the transmit (Tx) and receive (Rx) horn antennas, the sample placeholder, that is, a slab made of
radar absorbing material (RAM) with a square opening and the RS. The complete experimental setup is accommodated within an anechoic chamber.
) Photograph taken from the perspective of the Tx antenna, showing the sample mounted in the RAM placeholder.

is calculated. Apart from the dominant electric and toroidal
dipoles, the quadrupole magnetic moment also has a non-
negligible contribution. It is noted that these results are pro-
duced by decomposing the fields in a single unit cell of the MS,
which are computed by full-wave simulations with the applica-
tion of the necessary periodic boundary conditions.[>%33]

The response of the AMS and the electric field profiles on
resonance are investigated in Figure 3c,d for an s- and p-polar-
ized normally impinging plane wave. The corresponding Fano
resonant frequencies are f.,=19.91 GHz, f£ =19.42 GHz,
and Q° = 38.5 and QF = 62.7. It is observed that the resonant
frequency for p-polarization, namely x-polarized wave in
the case studied, is lower (f& < fis). Given the similarity of
the field profiles shown in Figures 3 and 2d, this behavior
is attributed, as in the scattering problem from the isolated
resonators, to the higher electric field concentration along the
axis perpendicular to the polarization axis of the impinging
plane wave. This characteristic is important for the tun-
able PBS operation of the AMS, as it will be clarified in Sec-
tions 4 and 5. The results of the multipole decomposition
for the two polarization cases of the AMS show similar
behavior to Figure 3b, and they are reported for completeness
in Section S3, Supporting Information.

As evidenced from the transmittance spectra in Figure 3c,d,
the AMS operates in PBS mode for normal incidence. The res-
onator length/width ratio (b/a) is selected such that the min-
imum transmittance frequency for s-polarization matches that
of maximum transmittance for p-polarization. In the case of the
AMS, this occurs at the working frequency of f,, =19.65 GHz. It
is convenient to quantify a metric with respect to the operation
bandwidth of the PBS-AMS, here defined as the spectral window
where an extinction ratio (ER) above 10 dB is achieved between
the two polarization, namely f ER = logy[T,(f)/ Ty(f)] > 10 dB.

Adv. Optical Mater. 2021, 2002143 2002143 (6 Of'|2)

The bandwidth of the AMS is 300 MHz and it extends from
19.48 to 19.78 GHz, marked as the yellow shaded region in
Figure 3c,d.

The experimental evaluation of the two fabricated MS was
conducted in an anechoic chamber, using a pair of standard
gain 20 dBi, K-band (176-26.7 GHz) horn antennas (FLANN
Microwave 20240) and a Vector Network Analyzer (Anritsu
37397D). The layout of the antenna measurements and two
actual views of the employed measurement setup are shown in
Figure 4. The sample is mounted on a lightweight plastic frame,
which is subsequently attached to a square opening, cut on a
slab made of radar absorbing material (RAM), in order to elimi-
nate spurious diffraction effects. The plastic frame is mounted
on a rotation stage (RS), which controls the angle of incidence
of the impinging plane wave. In addition, the polarization of
the incident wave is controlled by rotating the pair of transmit
(Tx) and receive (Rx) antennas by 90°, as schematically shown
in Figure 4a. This configuration allows for the full characteriza-
tion of the investigated MS. In order to record the sample trans-
mittance spectra, each measurement corresponding to different
polarization and/or angle of incidence is referenced to the
signal measured in the absence of the sample, namely with the
placeholder and RAM frame mounted as shown in Figure 4b.
A view taken from the perspective of the Rx antenna is shown
in Figure 4c. The sample corresponds to the SMS and it was
printed in blue PLA that comes from the same manufacturer
as the red one seen in Figure 1; both share identical electrical
properties (the color serves only purposes of visual differentia-
tion). The slight discoloration seen in the substrate material
surrounding the left two columns and upper three rows of reso-
nators is due to the light illumination (a light spot is mounted
on the anechoic chamber ceiling corner) that is shaded by the
RAM slab edges.

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Theoretically calculated and experimentally measured transmit-
tance spectra for both polarizations of a normally incident wave for the
a) symmetric and b) asymmetric metasurface.
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Figure 5 shows a direct comparison between the theoreti-
cally simulated and the experimentally measured transmit-
tance spectra of the two MS. Excellent agreement is observed
in terms of both the resonant frequencies and the asymmetric
shape of the Fano linewidth. The PBS properties of the AMS
are demonstrated with a measured extinction ratio of 22 dB at
the working frequency. In addition, the theoretically expected
polarization-independent electromagnetic response of the SMS
is also experimentally corroborated.

4. Angular-Dependent Polarization Beam Splitting
and Filtering

Next, we investigate the angular-dependent PBS performance
of the two designed MS. The transmittance spectra for both
MS are first theoretically simulated for an angle of incidence
6 varying from 0 to 45°. The results are concisely presented in
the transmittance maps of Figure 6a. The white dashed lines
mark the Fano resonant frequencies and they outline their
dependence on the angle 6. It is interesting to remark that the
resonant frequency for the p-polarization in the case of both
MS shows negligible dependence on 6, that is, negligible spa-
tial dispersion. On the contrary, the resonance for s-polarized
waves exhibits a progressive shift toward lower frequencies for

increasing 6, demonstrating the behavior of a spatial frequency
filter.>4

Symmetric MS Asymmetric MS
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C
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€
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Figure 6. a) Maps of the transmittance spectra for the symmetric and asymmetric metasurfaces for an angle of incidence varying from 0 to 45° for
the s- and p-polarizations of the impinging plane wave. The white dashed lines mark the resonant frequencies resulting from the Fano fitting of the
spectra and the grey dashed lines the working frequencies [f,, =19.93 GHz (SMS), f, =19.65 GHz and f;=19.29 GHz (AMS)]. b) Transmittance for both
metasurfaces and wave polarizations at the working frequencies as a function of the angle of incidence. c) Band diagrams for both metasurfaces in
the investigated spectral window along the I' — X direction of the irreducible Brillouin zone of the square periodic arrays. The dots are the equivalent

points calculated from the resonant frequencies of (a).
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Figure 7. Theoretically calculated and experimentally measured transmittance spectra for both polarizations of the incident wave for the a) SMS and
b) AMS for an angle of incidence from 0 to 30° in steps of 10°. The yellow shading marks the operation bandwidth for the two cases.

This behavior is key to achieving the target PBS angular-
dependent performance, which provides tunable operation by
mechanical rotation. In the case of the SMS, the transmittance
T,(fop) Stays very low in the entire range of values for 6. The
working frequency (f,, = 19.93 GHz) corresponds to minimum
transmittance at 6 = 0° (equal for both polarizations) and it is
marked with a gray dashed line in Figure 6a. Due to the pro-
gressive shift of the spectra T, the transmittance for s-polar-
ized wave increases at the working frequency, until it reaches
a maximum value at 8 = 6, The angle- and polarization-
dependent transmittance at f,, is evaluated in Figure 6b. The
PBS angle is equal to 8, = 27°, at which the transmittance for
the two polarizations is T;( fop,60) =81% and T,( fo,,00) =0.5%.
The PBS bandwidth is calculated at 6, and it is found equal
to 220 MHz, extending from 19.83 to 20.05 GHz. Therefore,
the SMS switches between a bandstop (6 = 0) and a PBS state
(6 = 27°) by simple mechanical in-plane rotation. The transmit-
tance values T, and T at both states are marked as yellow spots
in Figure 6b for clarity. Nevertheless, the transition is contin-
uous, therefore the transmittance of the s-polarized wave can
be modulated between its minimum and maximum value by
adjusting the angle 6.

In the case of the AMS, it has been demonstrated in
Section 3.2 that PBS is achieved for normal incidence at the
working frequency f, = 19.65 GHz. For an increasing angle of
incidence, the transmittance T,(f,0) is slowly enhanced, from
approximately 80% at 6 = 0 to 90% at 6 = 45°, as shown in
Figure 6b. As far as the s-polarized wave is concerned, its reso-
nant frequency red-shifts, crosses the working frequency f, at
approximately 6 = 15° and further diverges for increasing 6.
This spectral shift leads to a modulation of the s-wave transmit-
tance from T(f;) = 0 to 82% for @ varying from 0° to 27°. Thus,
the AMS switches between PBS (6 = 0°) and bandpass opera-
tion (6= 27°).

Adv. Optical Mater. 2021, 2002143 2002143 (8 of 12)

It is interesting to observe that the AMS provides also for
a second possibility of mechanically tunable PBS. Apart from
the working frequency f;, as defined in Section 3.2, tunable
PBS is also achieved at a second, lower, working frequency
fi = 19.29 GHz, which coincides with the transmittance min-
imum of p-polarized wave at normal incidence. At that fre-
quency, T,(f;,6) remains very low, while T(f;,6) starts at a value
of 16% for normal incidence, drops to a zero minimum at
6, = 18°, and then increases monotonically to the value of 80%
at 6, = 45°. Hence, the AMS switches its operation at f; from
bandstop (6= 6,) to PBS (6 = 6,), and therefore it provides the
same functionality of the SMS, albeit at different PBS angles
and with a lower bandwidth of 140 MHz (additional informa-
tion in Section S5, Supporting Information).

The angular-dependent PBS properties of the MS were experi-
mentally tested for an indicative set of values for the angle of inci-
dence, from 6= 0° to 30° with an increment of 10°. The meas-
urement results presented in Figure 7 confirm all the trends of
the MS: the angle-insensitivity for p-polarization, the gradual
red-shift for the s-polarization for increasing 8 and the bandstop,
bandpass and PBS operation at the corresponding working fre-
quencies of the two MS. Some discrepancy between measure-
ments and experimental results at higher angles is attributed to
the finite size of the MS and the reduction at oblique incidence
of the effective surface that interacts with the incident plane
wave, as well as the tolerance in the dimensions of the fabricated
resonators, declared at 50 um by the manufacturer.

5. Discussion and Conclusions

As explained in the previous sections, the PBS performance
of the investigated metasurfaces relies on a series of features:
a) the MS assembling from high-permittivity, low-loss ceramic
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resonators that provide rich opportunities to harvest Mie
multipole resonances; b) the design of the MS dimensions such
that a toroidal dipole resonance is induced close to the anapole
state frequency of the individual resonators; c) the strongly
asymmetric Fano profile of the resulting toroidal resonance,
which makes straightforward the design of rectangular cross-
section resonators for PBS at normal incidence; d) the very low
(high) sensitivity of the MS response on the angle of incidence
for p-(s-)polarized wave.

With the aim to further elucidate on the observed differences
in the polarization-dependent angular dispersion, we have cal-
culated the band structure of the periodic MS array using the
FEM method by using appropriate Floquet boundary condi-
tions and calculating the eigenfrequencies of the periodic unit
cell for both SMS and AMS. The band structure is calculated
for k, = 0 and k, ranging from 0 to 7/p, which corresponds to
the T to X contour path of the irreducible Brillouin zone of the
square MS lattice. The results for the two MS are presented in
Figure 6¢, where the spectral window under investigation is
marked in yellow shading. The gray region corresponds to the
part below the light line, which contains guided modes of the
structure. Modes above the light line can be externally excited,
for instance, by an incident plane wave.

This is the case of the pair of modes of interest around
20 GHz, whose band diagram is reconstructed by calculating
the in-plane wavevector k, = kysin & component and the cor-
responding Fano resonant frequencies for each of the spectra
calculated in Figure 6a. The results are superimposed as blue
and green dots on the band diagram, showing excellent agree-
ment with the calculated eigenfrequencies of the MS. It is
further demonstrated that the modes excited by p-polarized
wave show very low dispersion up to a value of k, = 0.87/p,
which covers the entire parameter space under investigation
in the context of the tunable PBS-MS. Such angle-insensitive
behavior has been recently observed in other types of micro-
wave toroidal metasurfaces as well.”® On the contrary, the
s-polarized mode shows significant dispersion, since the asso-
ciated resonant electric field profile (inset of Figure 3a) leads
to coupling between adjacent resonators along the perpendic-
ular axis, which is enhanced for increasing k,. It is remarked
that the demonstrated MS spatially dispersive behavior stems
from the properties of the individual scatterers at a funda-
mental level. Hence, it is not some collective effect resulting
from the MS periodicity, which can be explained by analytical
models such as, for instance, in the case of metallic frequency
selective-surfaces.’6%]

The two modes are degenerate, as expected, due to symmetry
at the T point of the SMS and their bands progressively diverge
as k, obtains higher values. On the contrary, the s-polarized
mode has a higher frequency at the " point of the AMS with
respect to the p-polarized mode. The bands of the two modes
cross at approximately k, = 0.47/p and then diverge. It is here
remarked that in order for the AMS to exhibit PBS properties,
it is essential that the plane of incidence, here the xz-plane,
is perpendicular to the long axis of the ceramic resonators,
namely, the y-axis. In case the plane of incidence were the yz-
plane, or equivalently if a<>b, according to Figure 1la, the two
modes would flip positions at the I" point and the s-polarized
mode would simply further diverge for increasing 6. Overall,
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the dispersive behavior of the two modes, as revealed in the
band diagram, explains from a different perspective the tunable
PBS properties of the two MS studied in Section 4.

Last, the band diagram for the AMS shows a third mode
within the frequency range under investigation. This mode cor-
responds to the resonance between 21 and 22 GHz observed
in the right panel of Figure 6c. It is interesting to note that the
mode is not excited at normal incidence. In fact, the mode is a
bound state in the continuum (BIC),®* which is symmetry-
protected at normal incidence, but becomes quasi-BIC with a
finite lifetime and hence excited by obliquely incident plane
waves.[®00 A Dbrief analysis of its properties is provided in
Section S6, Supporting Information.

Next, we discuss the key operation parameters of the inves-
tigated PBS-MS, namely: a) working frequency, b) insertion
losses, and c) extinction ratio/bandwidth. The working fre-
quency clearly depends on the geometrical parameters; how-
ever, once a working design is defined, it can be scaled for
operation at a different frequency in a straightforward manner.
The employed ceramic resonators feature an operation range
from 7 to 40 GHz with minimal material dispersion,* which
covers radar, satcom, and, importantly, a large part of the 5G
Frequency Range 2 (FR2) spectrum (24.25-52.6 GHz). The
material dispersion of the substrate can also be very low, as
here demonstrated for the case of the 3D-printed PLA mate-
rial, which showed minimal dispersion in the X-band meas-
urements, yielding a permittivity value that reproduced
excellently the MS resonant frequencies around 20 GHz. In any
case, given the availability of high-permittivity resonators,!%%
a fine tuning of the geometry can restore the MS-PBS perfor-
mance in the case of slightly different permittivity values of the
constituent materials.

As far as insertion losses (IL) are concerned, in all cases here
investigated, the maximum transmittance for the pass-polar-
ization is above 80%, namely the IL are lower than 1 dB. In
Section 3.2, it has been demonstrated that the low-loss resona-
tors marginally affect the absorption losses of the MS. Thus,
a way to directly decrease the IL is to use a substrate with a
lower loss tangent. In order to isolate the effect of the losses,
we evaluate the PBS performance of the AMS in Figure 8a, by
artificially varying the PLA loss tangent, spanning a range com-
patible with microwave substrates, either 3D-printable (e.g.,
acrylonitrile butadiene styrene and high-impact polystyrene)
or standard (such as polytetrafluoroethylene at the low-loss
edge).>4] A loss tangent of 0.001 increases the transmittance
above 90%, whereas its further reduction by one order of mag-
nitude has negligible impact. A way to further suppress the IL
is by using a low-permittivity microwave foam. Figure 8b com-
pares the PBS performance between the fabricated AMS and
an equivalent AMS with all geometric parameters equal except
the resonator length, adjusted at b = 4.8 mm, and the substrate
type, which is the Rohacell 31 microwave foam characterized by
£ =1.05(1 — j0.0034).°3l Owing to the reduction of the substrate
permittivity, the working frequency is shifted to a higher value.
What is important, though, is that the maximum transmittance
is above 99% considering the same ceramic resonators and a
commercially available substrate. Therefore, there is ample
room to reduce the IL of the investigated PBS-MS, even to a
negligible level.
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Figure 8. a) Influence of the PLA loss tangent on the PBS performance of the AMS. b) Comparison of the PBS performance of the AMS with a similar
AMS employing a microwave foam substrate (Rohacell 31). c) Eigenfrequencies and d) quality factors of the pair of s-/p-polarized modes (dashed and
solid lines, respectively) for a set of symmetric MS (a =b =4.6 mm, h=1mm, t = 2 mm) with a varying pitch from 6.7 to 8.7 mm in steps of 0.5 mm.

e) PBS performance of the symmetric MS as a function of the pitch.

The extinction ratio at the PBS working frequency is mainly
dictated by the transmittance of the stop-polarization, which
can be arbitrarily low from the theoretical point of view. How-
ever, the very high achievable ER is also experimentally demon-
strated, as in Figure 7, where measured ER values higher
than 25 dB are reported for the experimentally characterized
finite MS.

Furthermore, the working PBS bandwidth in the cases
studied is in the range of a few hundred MHz. Such values are
compatible, for instance, with the maximum carrier bandwidth
in the 5G-FR2 spectrum, which is set to 400 MHz.[%4 Here, we
investigate a solution allowing for the adjustment of the PBS
bandwidth by properly selecting the MS pitch. We consider the
design of the SMS and we modify the MS pitch in the range of
+1 mm around the value of p = 77 mm. The complex eigenfre-
quencies @ for the set of investigated s-/p-polarized modes are
calculated by FEM and the modal dispersion curves and cor-
responding quality factors, equal to Q =R{®}/23{®},%! are
shown in Figures 8c and 8d, respectively. Shorter pitch values
lead to higher modal frequencies, as the high-permittivity reso-
nators occupy a higher volume fraction and higher quality fac-
tors due to stronger interaction among adjacent resonators. The
very low dispersion for the p-polarized mode is verified in all
examples investigated.

Instead of resorting to a full-scale investigation of each struc-
ture as a function of the angle of incidence 6, we estimate to a
first approximation the PBS working 6, based on the results of
Fig 8c,d. In order to achieve PBS at the working frequency f,,
namely, the minimum transmittance frequency at normal inci-
dence, the transmittance spectrum for the s-polarization needs
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to be red-shifted by a factor of 27y, where yis the linewidth of
the Fano resonance, or, equivalently, Af = fo,(1 — 1/Q). Then,
the working k, point is identified in Figure 8c and the working
angle of incidence is calculated as 6, =arcsin(k, /k,), where k, =
27f,p/co and ¢y the speed of light in vacuum. This approach
does not take into account the variation of the quality factor
for the s-polarized mode; however, it provides satisfactory
results, as shown in Figure 8e. The bandwidth can be adjusted
by at least a factor of two, which demonstrates the versatility
of the PBS-MS in applications requiring a precise sub-GHz
working bandwidth.

Overall, the proposed PBS provides a novel solution for
polarization control at microwave frequencies, including the
rapidly researched millimeter-wave bands. As discussed, the
IL can be minimized by using standard low-permittivity sub-
strates. This is particularly relevant in view of applications at
higher millimeter-wave frequencies, as current metasurface-
based PBS, which are designed for static operation, employ
metallic elements with the associated loss issues.°®%’] The ER
is very high owing to the spectral shape of the asymmetric Fano
resonance and the bandwidth is compatible with envisaged
applications such as 5G wireless links. The PBS is low-profile,
thanks to the subwavelength MS thickness. The latter is prac-
tically defined by the ceramic resonator thickness (the dielec-
tric substrate can be thinned down), namely 1 mm, which is
~/15. Using even higher-permittivity resonators*l could push
the MS thickness to even lower values. The MS fabrication does
not involve printed-circuit board or lithographic techniques, but
only a single-step mechanical assembly of the resonators in a
perforated substrate, which is promising for automated and
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large-scale manufacturing. Last but not least, the PBS shows
tunable functionalities for polarization control through simple
mechanical rotation, which is achieved at a fundamental level.
As such, the PBS could be exploited in dual-polarization wire-
less links by splitting/combining the two linear wave compo-
nents, essentially providing a free-space, tunable analog of
orthomode transducers, which are broadly used, for instance,
in ground or satellite links as well as in radiofrequency
astronomy.[68.6%]

In conclusion, we have theoretically and experimentally
investigated the polarization-dependent properties of an all-
dielectric MS that exhibits a toroidal resonance with a highly
asymmetric Fano profile around 20 GHz. By proper selection
of the MS, geometry tunable PBS is demonstrated by control-
ling the angle of incidence of the impinging plane wave. Such
performance is enabled by the very low (high) dispersion of the
p-(s-)polarized mode, properties that are intrinsic to this type of
MS. Finally, guidelines to improve or controllably adjust the key
performance characteristics of the tunable PBS-MS, namely,
working frequency, insertion losses, and bandwidth, are dis-
cussed. The proposed free-space components show extensive
versatility for the polarization control of propagating radio
signals in microwave bands for wireless communication, for
example, 5G and satcom.
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S1. Fabrication of the substrates with 3D-printing

The substrates of both metasurfaces investigated are made of PLA (polylactic acid) ma-

1.5152 They were 3D-printed in a Prusa i3 MK3 printer using FFF (Fused Filament

teria
Fabrication) printing technology, also referred to as FDM (Fused Deposition Modelling).
The g-code file was created with the accompanied Prusa Slic3r software application. Reso-
lution for head movement in the x-y plane was set to fine (150 pm), corresponding to the
highest possible printing quality, and the filling factor (infill percentage) was set to 100%.
The printed model has a solid 1 mm base, on top of which develops the openings lattice that
firmly holds the dielectric resonators. Total printing time is less that 3 hours and an almost
finished substrate sample is shown in Fig. S1 during the printing process. Samples were

inspected to assess deviations from the nominal dimensions, which were found to be below

0.5%.

Figure S1: Metasurface substrate printed with PLA in a Prusa i3 MK3 printer. In addition
to the metasurface substrate, two solid PLA plates are concurrently printed, that will be
subsequently used for characterizing the PLA permittivity, as will be outlined in Section S2.



S2. Waveguide X-band measurements of the PLA per-
mittivity

The substrate material (polylactic acid, PLA) was experimentally characterized in the mi-
crowave X-band in order to determine the real and imaginary parts of the relative permittiv-
ity. For this purpose, PLA samples exactly matching the cross section of a WR-90 waveguide
(22.86 x 10.16 mm?) were prepared and placed in an empty section, as shown in Fig. S2(a).
The waveguide holding the sample was attached to the measurement ports marked as Ports
1 and 2 in Fig. S2(b), which are connected to the vector network analyzer (ANRITSU MS
37397D). Additional waveguide sections are seen in Fig. S2(b) between the coaxial cables
and the measurement ports to provide further suppression of higher order modes, if excited,
and calibration is performed with reference to Ports 1 and 2.

The sample under test is assumed to be nonmagnetic (u, = 1) with complex relative
permittivity e, = /. + je!! = /(1 — jtand). A filled waveguide section of length d is

represented by the ABCD matrix>?

A || s asin(d) | s
jsin(Bd)/ Zwe  cos(Bd)

B = \/weoe popr — (m/a)?, (S2)

Zwa = whiopty /B, (S3)

and directly allows to determine the transmission coefficient between the sample planes as

2 2
T = Séi) = - . 1 1 . : (S4>
A+ B/Zy+CZy+D  2cos(Bd) + j (ZweZy' + ZyweZo) sin(Bd)

In Eq. (S4) Zy is the wave impedance of the air-filled waveguide. The VNA records the

scattering parameters at the measurement Ports 1 and 2 and thus the measured S should



be translated to the sample planes. This simply accounts for the phase correction

S = Sy explifo(dwa — d)], (S5)

with By being the phase constant of the air-filled waveguide and dwg the length of the
accommodating waveguide. Combining Eq. (S4) with Eq. (S5) develops a single equation

involving the complex unknown value ¢, = /. + je//,
F(el,el) =2—[2cos(Bd) + j (ZwaZy ' + ZyweZo) sin(Bd)] Sar exp[jBo(dwe —d)] = 0. (S6)

Eq. (S6) is cast as a nonlinear system of two equations involving the unknown real quantities
(e, €7),

Re {F(c., ")} = 0, (S7)

Im {F(c), ")} = 0, (S8)

which are numerically solved, concluding the ¢, inversion. The above inversion procedure is
solely based on the measurement of the transmission coefficient (Sa;).

Measured PLA samples were produced by 3D-printing with a thickness of 5 mm or 10 mm,
leading to almost identical results. Due to the low losses exhibited by the material, it is
important to characterize samples having a thickness of at least few mm. Measurements were
taken with the sample placed at 10 different sliding positions along the waveguide, to average
out small errors (for instance in sample orientation or due to waveguide imperfections). VNA
calibration was Through-Reflect-Match (TRM). All measurement points appear in red dots,
with Fig. S2(c) showing the real part of relative permittivity () and Fig. S2(d) the
imaginary part (¢). Thick black curves correspond to the average value over the different

sample positions. The average values in the frequency window examined are €. = 2.685

and €’ = —0.0268 (tand = 0.01), well aligned to PLA permittivity values reported in
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Figure S2: (a) Sample placement for waveguide measurements in transmission. (b) Photo
of the setup showing the measurement ports, which are attached to a straight waveguide
section that accommodates the sample under test (SUT), as schematically illustrated in (a).
Real (c¢) and imaginary (d) relative permittivity of the measured PLA sample. Red dots
correspond to measurements taken at 10 different sample positions along the waveguide,
with the black solid curves being the averages over the different positions. Nominal PLA
sample thickness was 10 mm, with the actual value after 3D-printing measured at 9.96 mm.

literature.S"5? Finally, given the minimal levels of dispersion exhibited in the X-band, we
feel confident that the above measured values can be appointed also to the frequency range

18-24 GHz that is of interest to the metasurfaces discussed in this work.

S3. Multipole decomposition in Cartesian coordinates

The scattering properties of the resonators as defined in Fig. 2, are investigated by the
Cartesian multipole decomposition method. First, the electric field E(r) inside the cuboid is

calculated by employing the scattered-field formulation in the finite-element method imple-



mented in the commercial software Comsol Multiphysics. Then, the multipole decomposition
is used in order to identify the individual contributions of the dipole and quadrupole electric,
magnetic, and toroidal moments to the total scattering cross-section of the resonators. 545

In particular, the induced polarization current density J(r) in the resonators, for the e/

convention for the harmonic electromagnetic fields, is calculated as

J(r) = jw (e, —ep) E(r), (S9)

where w is the angular frequency and €, = €, 69 and €, = €, &0 are the permittivities of the
resonator and surrounding medium, respectively, €9 being the vacuum permittivity. In the
cases here studied, the surrounding medium is air €, = 1.

The dipole moments for the Cartesian electric, magnetic, and toroidal modes are calcu-

lated as

1

p= o J(r)dr (S10)
m = L [r x J(r)]dr (S11)
2'Ub v
1 2
t = 00, /. [(r-J(r))r —2r*J(r)] dr, (S12)

where v, = ¢o//Erp is the speed of light in the surrounding medium and the integration is
performed in the volume of the resonator.

The electric, magnetic, and toroidal quadrupole moments are given by

= [ |reds v = S0 o300 ar (513)
m 3%5 {3 ms e a@)r far (S14)
Qap = éub g [4rars (x- J(r) =5r% (raJs + rgJa) + 2r*0ap (x - J(r)) ] dr, (515)

where the subscripts «, § = z, ¥, z and ¢ is the Dirac delta function. In addition, we include



the mean-square radii corrections®!° for the magnetic and toroidal dipole, and the magnetic

quadrupole,

=2 1 9
T ; [r x J(r)] r°dr (S16)
_f = 28(1)1)1,/‘, [3r23(r) — 2r (r - J(r))] rPdr (S17)
I_{z’gm = évb ; {[r x J(r)],rg+ [r x J(r)]ﬁra} r2dr. (S18)

The mean-square radius corrections for the electric moments are omitted, since they do not
contribute to the far-field radiation.%*

The scattering cross-sections corresponding to each moment are given by

4

k} =2\ |2
cled) — o ’ — ik <t k2R>‘ = p ikt 519
sca 7782 p IR + bVt 671'8% ’p JRb | ( )
ki —
Ccmd) — 67_22 m — k2R, (S20)
b
Clea) — K ¢ ikQL.|? (S21)
sca _8077.822‘@04,3 JKb 065’
—=2.Qm
Ctma) — 80“ ‘Q — BRI ‘ . (522)
b Oé

assuming unit amplitude for the incident planewave electric field (Ei,. = e 7%*y), where
ky, = 21/ is the wavevector and A the free-space wavelength. The superscripts (ed), (md),
(eq), (mq) denote the total electric dipole, magnetic dipole, electric quadrupole, and magnetic
quadrupole, respectively. Also, we define t* as the corrected toroidal dipole moment.

In the context of identifying and investigating anapole states, it is convenient to define

the magnitudes CP_ and C!

ScCa sca

CcP Ky Ip|? (S23)
SCa: p

6me?
Ct it It (S24)
sca 67_(_82
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Figure S3: Scattering cross-sections for the dipole and quadrupole moments of a ceramic
resonator with @ = b = 4.6 mm and ~ = 1 mm (a) with and (b) without the PLA frame,
calculated by both the Cartesian and the spherical multipole decomposition technique.

which correspond to the cross-sections of the Cartesian electric and toroidal dipoles, respec-
tively. These two dipoles may interfere constructively or destructively and their combined
contribution to the total electric dipole scattering cross-section is given in Equation (S19).

Neglecting the contribution of orders higher than the quadrupoles, the total scattering
cross-section of the cuboid is approximated as

Co = CLD Cs(gd) + Clea) 4 ¢(ma) (S25)

sca Sca Sca

Figure S3 shows the SCS for the case of symmetric resonators with and without the PLA
frame, as studied in Fig. 2, for the calculated dipole and quadrupole moments. The results
are compared with a standard multipole expansion method in spherical coordinates,>'" which
is integrated in the FEM model, and uses the same polarization currents resulting from the
scattered field formulation calculations. Excellent agreement is observed in terms of the SCS

for each multipole and their sum. It is remarked that the expansion in spherical functions
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Figure S4: Relative scattering power of the Cartesian electric (p), toroidal (t), total electric
(ed), magnetic (md) dipoles, and the electric (eq) and magnetic (mq) quadrupoles for the two
polarization cases calculated for the AMS by means of the Cartesian multipole decomposition
technique.

does not allow for the individual estimation of the toroidal moments.

By using the above formulation, one can also calculate the relative scattering power of
the various multipoles in the case of a periodic metasurface. In that case, the electric field
and polarization currents are derived by full-wave FEM simulations using the appropriate
periodic boundary conditions at the lateral walls of the unit cell and overall the computational
domain. The integration in Eqgs. (S10)-(S18) is performed in the volume of the MS unit cell.
The resulting absolute values as in Egs. (S19)-(S24) do not have a physical meaning, such as
the SCS in the case of isolated particles, however their relative values can provide indication
on the multipolar nature of the resonant MS modes. Figure S4 shows the relative scattering
power of the investigated multipoles for the case of the AMS and both polarizations at normal
incidence. These results can be directly compared to Fig. 3(b) in the main manuscript, which

reports the scattering powers for the SMS case.

S4. Fano fitting of the metasurface spectra

The transmittance spectra of the investigated metasurfaces were calculated by means of

full-wave FEM simulations. Subsequently, they were fitted according to the following Fano



Table S4: Fano parameters of the SMS and AMS spectra investigated in Fig. S5.

| C | F Jw (Grad/s)| fo(GHz) | v | @

SMS 0.531 | 0.782 126.53 20.138 (GHz) | 0.01135 | 44
AMS (s-pol) | 0.495 | 0.859 125.13 19.915 (GHz) | 0.01297 | 38.5
AMS (p-pol) | 0.519 | 0.798 122 19.417 (GHz) | 0.00797 | 62.7

functionS!2
(Fyn + wn — 1)2
(wn - 1)2 + 77% 7

T(w,) = C (S26)

where C' is a scaling parameter, I’ is the Fano parameter that described the degree of
asymmetry, w, = w/wg the circular frequency normalized to the resonant frequency wy, and
v, is the normalized Fano linewidth. The quality factor of the resonance can be calculated
as QQ = 1/2,.

Figure S5 provides a comparison between the simulated and Fano-fitted transmittance
spectra for the SMS and AMS for both polarizations of a normally impinging planewave.
The Fano function in Eq. S26 perfectly captures the spectral profile of the resonances and
excellent agreement is observed. From the resulting spectra it can be deduced that the
resonance corresponds to the weak coupling regime.5!3 Indeed, the system supports the
strong toroidal resonance, which interacts with the background Fabry-Perot resonance of
the slab substrate, which has significantly lower damping. Table S1 summarizes the Fano
parameter values for the fitted spectra. In all three cases the Fano asymmetry parameter F

is close to unity, which verifies the strongly asymmetric lineshape of the resonances.

S5. Polarization beam splitting at the second working
frequency of the asymmetric metasurface

As discussed briefly in Section 4, the AMS allows for PBS operation at two frequencies, which
correspond to different working angles of incidence. The low frequency f; corresponds at the

transmittance minimum for the p-polarization, as shown in Fig. 6. Bandstop operation is
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Figure S5: Theoretically calculated and Fano fitted transmittance spectra of the (a) symmet-
ric metasurface, (b) asymmetric metasurface for s-polarized impinging wave and (c¢) asym-
metric metasurface for p-polarized impinging waves. The theoretically calculated spectra
correspond to those studied in Fig. 3.

achieved at 6; = 18°, where the transmittance at f; is minimized for the s-polarization, as
well. At 05 = 45° PBS is achieved as the s-polarized wave is transmitted at approximately
80%.

Figure S6(a) shows the transmittance spectra in linear and logarithmic scale for both
polarizations and at the two working angles of incidence. The corresponding extinction
ratio and working bandwidth are assessed in Fig. S6(b). This operation mode, namely
switching between bandstop and PBS, is qualitatively similar to the functionality achieved
by the SMS, albeit with two differences: a) the smaller bandwidth and b) the different, both
non-zero, working angles of incidence. In any case, it is important to note that the AMS
provides two operation modes, as discussed in Section 4. Therefore, the AMS could provide
double functionality with the same component, should the bandwidth and working angles

are compatible with the envisaged application.

S6. Excitation of a symmetry-protected bound state in
the continuum at oblique incidence

Here, we provide a more detailed investigation of the resonant mode that was observed in

the transmittance spectra and the band diagram of the AMS at approximately 21.5 GHz,
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Figure S6: (a) Linear and logarithmic transmittance of the AMS at two angles of incidence
01 = 18° and 0y = 45° for PBS at the second working frequency f; = 19.29 GHz. (b) PBS
Extinction ratio. The working bandwidth is marked in yellow shading.

as shown in Fig. 6(a) and (c). It is interesting to note that this mode is not excited at
normal incidence, i.e. at the I' point of the Brillouin zone. This is a feature that provides
strong evidence that this particular mode is a symmetry-protected BIC. Such modes coexist
in the continuum of radiation modes, yet they remain localized. In their pure form they have
infinite lifetime, hence they cannot be excited externally. However, when the symmetry of
the structure is broken, their lifetime becomes finite and they can manifest as resonances with
a diverging quality factor, as the asymmetry parameter tends to zero.>%55 One special class
of BIC, which are symmetry-protected at the I' point, is the case of out-of-plane multipolar
resonances, the so-called Brewster-like BIC,5!6 or generally arising due to violation of the
uniqueness theorem.5!” These BIC are protected at normal incidence but they can be excited
by obliquely incident planewaves, where @ plays the role of the symmetry-breaking parameter.

In order to investigate the BIC nature of the observed mode, we calculate the transmit-

12



tance spectra for the AMS for a varying angle of incidence from # = 0 to § = 10°, both
including and neglecting all losses of the constituent materials, namely resonators and PLA.
In the lossy case, a resonance is excited, as shown in Fig. S7(a), however it can be barely
discerned for low 6 and overall it is dampened by the absorption losses of the system. On
the contrary, in the lossless case an asymmetric Fano resonance is observed, whose quality
factor increases as 8 — 0, whereas the resonance completely disappears at 6 = 0, i.e., normal
incidence, due to the symmetry-protected nature of the BIC mode.

The quality factor of the resonance for the lossless case is calculated by fitting the spectra
to the Fano model as explained in Section S4 and compared with eigenfrequency calculations.
The results are presented in Fig. S7(c), where the divergent behaviour of @ is clearly
observed. We also investigate the impact of the system losses on the quality factor. In case
only the low losses of the ceramic resonators are included, the quality factor is affected for
values Q > 10* and leads to a saturation of ) ~ 53000 at # — 0°. When the losses of
PLA are also included, it is evident that the resonance is largely quenched, as also shown
in the spectra of Fig. S7(a), and the quality factor remains below @ < 200. Nevertheless,
the substrate losses can be mitigated to a large extent, as discussed in Section 5. Therefore,
this quasi-BIC resonance could achieve high ()-values in a real system, which could be used
for highly selective filtering or PBS, although such an analysis lies beyond the scope of this
work.

Figure S7(d) shows the electric field profile at the cross-section corresponding at the
mid-plane of the resonator along the z-axis and the in-plane electric field vector profile.
The field and electric line distribution correspond to an electric quadrupole; in addition, the
corresponding profiles at the xz-plane cross-section that splits the resonator in half is also

shown.
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Figure S7: Transmittance spectra of the AMS for an angle of incidence from 6 = 0° to
6 = 10° in steps of 1° (a) including and (b) neglecting the losses of the resonators and the
PLA substrate. (c) Quality factor of the investigated BIC resonance for both lossless and
loss-including scenarios, extracted from the eigenfrequency problem and the simulated Fano-
fitted full-wave spectra. (d) Electric field profile of the BIC calculated at the I' point of the
irreducible Brillouin zone.
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