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Effects of gradual deformation

of identical and nonidentical,
rotated and nonrotated U-shaped
subwavelength resonators in few-
layer metasurfaces
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Raising of negative-index medium has been going hand-by-hand with the exploration of quasiplanar
subwavelength resonators. Now they are widely used in modern microwave, terahertz, and infrared
devices, as well as in advanced physics research. Effects of stacking of the arrays of subwavelength
resonators in one few-layer metasurface is connected with the key problems of modern electrical
engineering, applied physics, and beyond. Recently, the interest to subwavelength resonators has
been growing due to the progress in topological photonics and non-Hermitian photonics. In this paper,
the selected effects of arrays coupling in a few-layer metasurface are revisited with yet uncommon
focus, i.e., survival and (dis)appearance of subwavelength resonances at the gradual deformation of
the resonators at a given lattice period. Microwave frequency range has been chosen to illustrate the
concept. The case when the metasurfaces comprise two periodically placed U-shaped resonator arrays
is considered. The sizes of the resonators are either varied simultaneously for both front-side and
back-side arrays or for the back-side array only. The main purpose of this study is to explore the basic
scenarios of resonance evolution in the space of geometrical parameters. It is shown that different
resonances may be sensitive to the variations in geometrical parameters and to the dissimilarity
between the front-side and back-side arrays to a different extent. The obtained results point to the
existence of the bands, resonances, polarization-conversion and related asymmetric transmission
regimes that are robust to the deformations. They can serve as the starting point in understanding the
functional capability of the physical features while adjusting the size for a much wider variety of the
types of subwavelength resonators. Their unveiling promises a wide avenue towards the realization of
new frequency-domain and angle-domain filters, ultrathin polarization-plane convertors, asymmetric
transmission devices and advanced microwave antennas.

Quasiplanar subwavelength resonators have played the key role in realization of the concept of negative-index
medium!~%. The progress achieved in this field enabled Transformation Optics based cloaking, chirality and
polarization manipulation in quasiplanar metastructures, and advanced microwave antennas and related
components*~!%. Understanding the effects exerted by structural deformations on transmission, reflection and
polarization conversion in metasurfaces based on subwavelength resonators is important at least in two aspects:
(a) in connection with the elucidation of the achievable and design of new functionalities, and (b) design of new
physical scenarios that may exploit, for instance, the coupling of resonances of different types. Stacking of two or
more arrays of resonators is needed for some types of polarization manipulation and filters with stop-/passbands
having sharp edges. At the same time, subwavelength resonators are highly demanded in such extensively
growing research fields like topological photonics and non-Hermitian photonics'!~!¢. In particular, topological
modes are prospective for applications due to their robustness to the structure’s deformation. Even though the
resonant frequency may be shifted, such a mode survives at the deformation and remains well localized within
a narrow frequency range. Generally speaking, the problem of engineering sensitivity of diverse resonances
to the deformations is more general, being beyond the classical topological photonics. Moreover, engineering
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the desired sensitivity, e.g., weak or strong, for different subwavelength resonances in one metastructure at the
same deformation should be an important step towards next-level metadevices, especially the ones capable of
multifunctional operation!’-2!.

It is worth noting that polarization manipulation is closely connected with Reciprocal Asymmetric
Transmission (AT). Although a big part of the proposed AT structures exploits diffractions??-?, the role of
the ones using polarization manipulation is undoubtedly very important”!%2°-%, Janus metasurfaces enabling
asymmetric imaging and asymmetric focusing should be mentioned in the context of AT*°-32, which may be
based on different subwavelength resonant and nonresonant elements. Besides, subwavelength resonators can
be used for asymmetric excitation of (spoof) surface plasmons®*3*,

In this paper, we numerically study transmission, reflection, and polarization effects in the metasurfaces
with the two coupled arrays of U-shaped subwavelength resonators, which are either rotated or not rotated
with respect to each other. Two cases will be studied: (1) front-side and back-side resonators have the same
geometrical sizes and are deformed simultaneously; (2) front-side and back-side resonators have different
geometrical sizes, so the latter are only deformed. The general purpose is exploring the basic attainable features,
while subwavelength resonator sizes are gradually varied. Therefore, our focus is the numerical demonstration of
the achievable resonant effects, whereas their detailed theoretical analysis is beyond the scope. Consideration will
be restricted to the case of linearly polarized plane waves. Most of the results will be presented in the frequency-
size-scaling-coefficient plane [denoted as (f,S)-plane] in order to properly visualize effects in transmission/
reflection/polarization which are yielded by the gradual variations of resonator sizes of either one of the two
arrays or both arrays, in a wide frequency range. The questions to be answered include but are not restricted
to the following ones: (a) when is the rotation of one of the two resonator arrays crucial (and when not) for
the resonance’s appearance and sensitivity, and for particular resonance scenarios, like coupling, overlapping,
and merging? (b) what are the main differences between the cases when we have identical and nonidentical
resonators at the front and back sides? (c) can the effects of the size scaling enable an ultimate behavior of some
kind for cross-polarized transmission, including robustness to the deformations? The obtained results in the
subsequent sections will primarily focus on seeking an answer to these questions.

Results and discussion

Geometry and basic relations

The unit-cell geometry of the studied bi-layer metasurfaces is presented in Fig. 1 for three values of the rotation
angle between the front-side and the back-side array, ¢ = 0°, 90°, and 180°. The metasurfaces are assumed to
be periodic and infinite along the x and y axes. The following geometrical parameters were chosen: p = 15 mm
or p =22 mm, ap = 10 mm, a = Sag, w = 2.76 mm, g = a — 2w, min (g) = 1.28 mm, tres = 0.75 mm
and tsp, = 3 mm; S means the scaling coefficient. Two cases are considered: (i) resonators at the front side,
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Fig. 1. Geometry of unit cells, of which the studied metasurfaces are composed: (a) explanation of the
geometry of a unit cell and used coordinate system; (b) original-sized (S = 1) nonrotated front-side resonators
and their back-side replicas at ¢ = 0°, 90° and 180°, in case of identical resonators; (c) examples of unit

cells seen from the back side at different values of S < 1,1i.e., S = 0.9, 0.8 and 0.7 when ¢ = 0°, in case of
nonidentical resonators (S = 1 for the front-side resonators); when ¢ = 90° and ¢ = 180°, the back-side
resonators have the same size as shown, at the same S-values, but are rotated similarly to right and second right
plots in (b).
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i.e., from the side of larger z, and at the back side, i.e., from the side of smaller z, are deformed simultaneously
and remain equal (S is varied), and (ii) resonators of the back side are only deformed (S is varied), while the
ones at the front side are not (S = 1). Throughout the paper, they are referred to as the cases of identical and
nonidentical resonators, respectively. Consideration is restricted to the case of normal incidence, i.e., § = 0°.

In the general case, the complex amplitudes of the incident, transmitted and reflected waves are connected

as follows:

B-G DO B D o

)~ \ 7y Tyw) \Iy)” Ry) ~ \pya Pyy) \Iy) "

Here, I, and I, are the complex amplitudes of the incident x and y polarized waves, respectively, whereas T}, and
Ty indicate the complex amplitudes of the x and y polarized transmitted waves, and likewise RS and R; those
of the reflected waves. 75, T;‘y, Doz pgy stand for the co-polarized transmission and reflection coefficients,
while 72y, Ty Pzy» Pye do so for the cross-polarized transmission and reflection coefficients. o =— is used
for front-side illumination and ov =< for back-side illumination. The superscript « is omitted at ¢ = 0° and
¢ = 180°, since |T5% |, [Tyl P2 | |Pgy| do not depend on whether the front-side or back-side illumination is
used, whereas |7, = 754 = |, ||| = 0.

At¢ = 90°, the magnitudes of the co-polarized components are still independent on the direction of incidence,
i.e., sgn (z),so that « still can be omitted. However, the magnitudes of the cross-polarized components may be
nonzero, dependingon sgn (z). Moreover, if |7, | > |7.,|and |7, | > |7, |, as may occur due to the properly
designed chirality or anisotropy, then the strongly pronounced reciprocal AT may appear. This feature has been
used in various AT devices”!%?5-2%, Clearly, the Lorentz reciprocity*” states that |7, | = |7, | and |75 | = |75z 1,
so that in the other possible scenario of AT we must have |7, | > |7, | and |7, | > |7, |, assuming that the
equal waves are used for the front-side and the back-side illumination, as is common for AT studies. Notably,
|7oa| # |74y | in the studied configurations due to the structural asymmetries, regardless of the choice of ¢. An
exception may appear due to the accidental coincidence of the two coeflicients. The coupling of front-side and
back-side resonators, including the scenarios which lead to the well-pronounced maximums of cross-polarized
transmission, can be described by the Lagrange model®® or the Temporal Coupled Mode Theory**¥7-%, but it is
beyond the scope of this study. In case when the metasurface has a perfect back-side reflector (not shown), we
obtain |75y | = |75y | = |Tay| = |75 | = 0, while the co- and cross-polarization reflection coefficients may be
nonzero, also if the structure comprises only one array of subwavelength resonators. The capability of partial or
full transfer of the incident-wave energy to the cross-polarized reflection has been extensively used for rotation
of polarization plane for linearly polarized waves and handedness reversal for circularly polarized waves in
various reflective configurations**~*.

Single array of subwavelength resonators

First, let us revisit the case of single arrays of U-shaped subwavelength resonators on a finite-thickness dielectric
substrate. Figure 2 presents magnitudes of reflection coefficients, |pyy| and |pzz| on (f; S)-plane for two arrays,
which only differ by the lattice period, for the both x- and y-polarized incident waves. For y-polarization and
p = 15 mm, the gaps of resonators (denoted by g in Fig. 1) are aligned with the magnetic field vector of the
incident wave. Resonances of two types can be distinguished based on typical features observed in (f,S)-plane,
assuming them rather than the ones of resonant near-field distribution to be a basis for classification. For the
ones, which are referred to as the resonances of type A, the central frequency of the band, f., can be said to
change weakly although the band can be quite wide and increasing while upscaling the resonators. In contrast,
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Fig. 2. Maps of (a, ¢) |pyy| and (b,d) |pz| in (f,S)-plane, for a single array of U-shaped subwavelength
resonators placed on the substrate being 3 mm thick, with permittivity e, = 5 at @ = 0°. The lattice period is
p=15 mm (a,b)andp =22 mm (¢, d).
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the resonances assigned to the type B are narrower and their f. is obviously varied while scaling the resonators
down. The resonances of both types are sustained within the entire range of S variation.

For the x-polarized incident waves and p = 15 mm, gaps of the individual resonators are aligned with the
electric component field vector of the incident wave. Two resonances can be assigned as type B, whose bandwidth
depends on their f. up to a certain degree, which in turn significantly varies with S. Here, we also observe
the resonances which are assigned as type C, whose typical feature is that their f. is either nearly constant
or weakly varied with S. Possible reasons of such behavior may include (a) compensation of a(n) decrease
(increase) of the resonator’s effective inductance by increase (decrease) of its effective capacitance while varying
S, and (b) appearance of lattice resonances**~*°, for which the expected function of the resonators is, first of all,
introduction of the required lattice period and dependence on polarization. The importance of the period choice
in the appearance of resonances is clearly seen when Fig. 2a-d are compared.

Coupled arrays of subwavelength resonators at ¢ = 0°
Figure 3 presents |Toa|, |pze|> |Tyy| and |pyy| for the metasurface comprising two arrays of resonators separated
by a dielectric spacer. In the case of identical resonators, translational symmetry is kept, but in the case of
nonidentical resonators it does not. The results are presented for both x- and y-polarized incident waves, for
the same array period as in the left panel in Fig. 2 (p = 15 mm). Forming the pass-/stopbands with the well
pronounced edges and significant modification of narrowband features occur as a result of the stacking, e.g.,
see Refs.*!, Some features look (very) similar in the cases of identical and nonidentical resonances, but others
differ significantly.

For the y-polarized waves, the wide stopband is observed between 6 and 12 GHz, whose width depends on S.
It is connected with the resonance of type A. The stopband’s left (lower-f) edge shows a Fano resonance shape!*2,
Indeed, the closely spaced regimes of (near-)zero and (near-)unity transmission are observed, for example, in
the vicinity of f = 6 GHz at S = 1. They are kept for all values of S in the case of identical resonators but the
observed behavior tends to significantly change in the case of nonidentical resonators when S is decreased; see
Fig. 3a-d. The same Fano-type behavior remains for the right (higher-f) edge of the wide band in case of identical
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Fig. 3. Maps of (a, ¢) |pyy|, (b, d) |Tyy|, (¢, 8) |pzz|, and (£, h) |Tze| in (f, S)-plane, for a metasurface
comprising two coupled arrays of U-shaped subwavelength resonators separated by the dielectric spacer with
permittivity e = 5;0 = 0°, ¢ = 0°,p = 15 mm . Left panel—case of identical resonators; right panel—case
of nonidentical resonators.
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resonators, at least if S < 0.87. In the vicinity of f = 12.5 GHz, we observe the overlapping of the narrowband
and wideband features in transmission and reflection, so that they can suddenly be changed at a rather small
variation of S, as occurs at 0.87 < S < 1. For the given S, the observed narrowband features may remind us
about defect modes®*~>° or topological modes'*~1¢, but here it occurs in a structure with translational symmetry
of the resonator arrays. A very interesting feature of the maps of |7yy| and |py, | is that they are symmetric with
respect to the vertical line around f ~ 13.3 GHz that may indicate the possible existence of Exceptional Point
(EP)''-13, For the nonidentical resonators, we obtain a more “vertical’, i.e., a less dependence on S on the left
edge of the wide band in the vicinity of f = 7 GHz. At f > 12 GHz, we should notice a completely different
behavior of the narrow-resonance features than in the case of identical resonators. In particular, the “mountains”
of |7y | gradually approach each other. Some of them are kept at nearly the same spectral distance from the
neighbor in a wide range of S. In any case, we may obtain narrow transmission “valleys” inside the otherwise
highly reflective regions in the (f,S)-plane. A partial analog of the band edges “convergence” region, which was
observed in Fig. 3b near f = 13.3 GHz and S = 0.93, appears in Fig. 3d near f = 13.25 GHz and S = 0.87.
However, the symmetry of the maps of |7, | is observed for the latter only if S > 0.87 but it does not remain at
smaller S. The map’s symmetry can be said to be protected in this case against effects of deformation at S > 0.87
and not protected at S < 0.87. One more significant difference is that we do not observe a well pronounced
right (i.e., higher-f) edge of the wide band, so it is rather blurred here due to the narrowband transmission effects,
some of which will be discussed in Fig. 4. The obtained results show that in case of y-polarization we need rather
identical resonators for the “sharp” (nongradual) chase of wide bands by narrow resonances, like the one in
Fig. 3a, b. In turn, gradual features, including the ones that may lead to resonance coupling, are typical rather for
the case of nonidentical resonators.

For the x-polarized waves, two wide frequency bands are observed in the case of identical resonators almost
for all S values that are connected to the resonances of type B, but the lower and the higher bands have different
sensitivity to the same S variations. In particular, the aforementioned Fano resonance shapes are observed at the
edges of the wide bands almost at all values of S. For the first wide band, the bandwidth is conserved within the
entire range of S variation. In other words, the deformations weakly affect its width. This is the main difference
between the first wide band of the y-polarized waves and those of x-polarized counterparts. The convergence of
second wide band edge leads to the degeneration of this wide band near S = 0.7 and f = 11.3 GHz. Notably,
the symmetry line (similar to the ones in Fig. 3b, d) can be introduced but it is not vertical now, i.e., it is deviated
from f = const . Hence, if the appearance of an EP is expected, then it might be not a conventional case. A
similar behavior has been observed on a frequency-geometric parameter plane for a single-layer metasurface
comprising high-index dielectric resonators, due to the two modes with distinct symmetries that are excited in
the same resonator at the same frequency®®*’. Yet, we showed it for the same resonators at the front and back
sides in our case. In fact, they are not equal in sense of excitation conditions that can cause the observed behavior.
Note that the above discussed case with an equal-frequency symmetry line (as observed for y-polarization) has
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Fig. 4. One-dimensional slices of the color maps from Fig. 3: (a) |pyy|( red line) and |7, | at S = 0.945(
blue line); and |pyy|( green line) and |7, |( orange line) at S = 0.95, for the identical resonators; (b) | pyy |(
red line) and |7y, |( bright-blue line) at S = 0.91; and | py,|( green line) and |7y, |( violet line) at S = 0.945,
for the nonidentical resonators; (c) |7y | at S = 0.81( red line), S = 0.83( green line), S = 0.85( blue line),
S = 0.87( orange line), S = 0.91( violet line), S = 0.92( brown line), S = 0.93( black line), and S = 0.94(
rose line), for the identical resonators; (d) |7yy| at S = 0.825( red line with the maximum at f = 12.75 GHz),
S = 0.83( green line), S = 0.835( blue line), S = 0.84( orange line), S = 0.845( violet line), S = 0.85(
brown line), S = 0.855( black line), and S = 0.86( red line with the maximum at f = 12.58 GHz), for the
nonidentical resonators.

Scientific Reports | (2025) 15:7873 | https://doi.org/10.1038/s41598-025-88678-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

not been achieved in Refs.”%. Besides, the narrow resonances assignable to those of type C should be noticed
for x-polarization. They appear in the vicinity of f = 13 GHz for a wide range of S variation. In the case of
nonidentical resonators, we obtain, in fact, the wide bands’ gradual splitting as shown in Fig. 3g, hat S < 0.85.
This feature can be easily explained if we take into account the fact that for two resonators with well separated
resonant frequencies, the resonance appears at given f only for first of them, while the second resonator serves
as a perturbation to the first one. The larger the difference in size between the front-side and the back-side
resonators, the weaker the perturbation effect of the out-of-resonance elements is expected. This is also a reason
for that some maximums and minimums are observed when S is close to 1 but disappear when S is decreased.
Moreover, the lower-f band (of the two bands arising due to the splitting when S decreases), which is enabled
mainly by the effects exerted by non-scaled front-side resonators with S = const , has a larger “slope” (i.e.,
it is more “vertical”) than the higher-f band, which is enabled rather by back-side resonators with variable S.
For instance, it can be observed in Fig. 3g, h at 4 < f < 8 GHz. Notably, the resonance of type C, which was
observed in Fig. 3e, f in the vicinity of f = 13 GHz, remains in Fig. 3g, h. It may indicate that the size of
subwavelength resonators is less crucial in this case. For both the identical and nonidentical resonators, such a
behavior of the resonances may be a signature of lattice resonances**~*° or guided-mode resonances®>.

Figure 4 presents several slices of the above discussed maps for the y-polarized waves, which demonstrate the
features indicating possible presence of EP'"13 and adjustable Fano resonances®>0-62, In Fig. 4a, one can see that
the symmetric response, which may be associated with the vicinity of EP, can be obtained in the case of identical
resonators at least at the properly adjusted structural parameters; compare to Fig. 3a—d. This result allows us to
expect that EP can appear in the structures with translational symmetry, which comprise the commonly usable
split-ring-type subwavelength resonators. If the resonators are nonidentical (Fig. 4b), the response is rather not
associated with a vicinity of EP, because of the wide band of |pyy| &~ 1 instead of a single maximum of |py,|
between two separate maximums of |7y, |. Therefore, identical resonators may be needed, in order to obtain an
EP for the chosen value of p and polarization state.

Next, Fig. 4c presents the examples of evolution of Fano resonance shapes at varying S, in the case of identical
resonators. For the sake of better visibility of the results, we present here |7y,|, but not |py,|. Rather wide
passbands are formed, whose edges show Fano shapes of different polarities, i.e., different sgn (q)( q is the
Fano parameter)6°‘62. It occurs at least when S is varied from 0.81 to 0.92. Moreover, narrow Fano resonances
overlap with the above-mentioned wide bands, as observed at S = 0.83, 0.85, and 0.87. In turn, at S = 0.91,
0.92, and 0.93, the stopbands are obtained, whose edges show Fano shapes. Finally, Fig. 4d presents the examples
of Fano resonances in the case of nonidentical resonators. The most interesting thing here is that polarity of Fano
resonance shapes, i.e., sgn (¢), is changed from negative to positive when S is increased, while the case of ¢ = 0
corresponding to the quasi-Lorentz shape is achieved at S ~ 0.84.

Coupled arrays of subwavelength resonators at ¢ = 180°

Next, we rotate the resonators of the back-side array by 180°. In such a way, we abandon translational symmetry
for the both cases of identical and nonidentical resonators but still avoid cross-polarization effects. This case
may also be associated with the classical double split-ring resonators, in which the gaps of the individual rings
are rotated by 180° with respect to each other but in contrast to our case, they are placed on the same plane'.
Such a rotation may enable a smaller first resonant frequency at the fixed physical size, although a non-rotated
performance may also have some advantages; e.g., see Ref.’.

Figure 5 shows the magnitudes of transmission and reflection for the metastructures comprising the same
resonators as in Fig. 3, but now for the opposite orientation of the gaps at the front and the back side. For
the y-polarized waves, comparison of the cases of ¢ = 0° and ¢ = 180° for identical resonators shows that
the performed rotation does not (significantly) affect the maps of transmission and reflection, at least when
f < 10 GHz (\/p > 2). The same remains true for nonidentical resonators. Therefore, the presence or absence
of translation symmetry is not crucial for f < 10 GHz. The situation becomes different when f > 10 GHz.
Then, in the case of identical resonators, we obtain rather a gradual merging of the bands/maximums, which
entirely differs from the features observed in Fig. 3a, b at S > 0.8. In turn, at S < 0.8, we do not find any
significant effect of rotation of the back-side array at least for 12.8 < f < 14 GHz. In the case of nonidentical
resonators, the maps of transmission and reflection for ¢ = 0° and ¢ = 180° look more similar, despite some
differences occurring at f > 10 GHz. Indeed, the narrow minimums and maximums become now even less
dependent on S variations, so that they may be protected from crossings and overlaps, alternating at varying f.
Note that there is no merging or coupling at the edges of the wide band near f = 12 GHz, in contrast with the
case of ¢ = 0°; compare with Fig. 3.

The sensitivity to the 180°-rotation of the back-side array is stronger pronounced for the x-polarized waves.
Then, in the case of identical resonators, we observe that (i) the first and the second wide bands are wider
for ¢ = 180° than for ¢ = 0°; (ii) there is no signature of EP for the second wide band, since it narrows not
sufficiently with decrease of S; compare to Fig. 3e, f; (iii) at f > 11 GHz, the maps of transmission and reflection
are completely different from the ones for ¢» = 0°. In the case of nonidentical resonators, we observe in Fig. 5e,
the effects of S variation that are similar to those in the case of @ = 0°, at least if f < 10 GHz. The similarity of
the cases of » = 0° and ¢» = 180° is that the second wide band is located at 8.5 < f < 12.5 GHzwhen S = 1,
but the difference is that the edges of the single wide band remain nearly parallel at ¢ = 180°. This feature may
indicate the fact that the smaller (i.e., back-side) resonators being out of resonance represent a perturbation to
the larger (i.e., front-side) resonators in resonance, to the same extent as the larger ones being out of resonance
serve as a perturbation to the smaller ones in resonance. Similarly to Fig. 3, Fano resonance shapes are typical for
the edges of wide pass and stop bands, for both polarizations. The resonance regimes associated with the modes
of different types are recognizable in Fig. 5.
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Fig. 5. Maps of (a, c) |pyy|, (b, d) |Tyy|, (€, 8) |pa=|> and (£, h) |7z | in (f, S)-plane, for a metasurface
comprising two coupled arrays of U-shaped subwavelength resonators, which are separated by the dielectric
spacer with permittivity e = 5;6 = 0°, ¢ = 180°, p = 15 mm . Left panel—case of identical resonators;
right panel—case of nonidentical resonators.
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Fig. 6. Selected fragments of two-dimensional color maps of transmission partially coinciding with Fig. 5: (a,
¢) |7yy| and (b, d) |7z |; for (a, b) the identical and (c, d) the nonidentical resonators; the f-range extends here
from 13 to 15 GHz.

Figure 6 presents |7y, | and |72 | on the (f, S)-planeat 13 < f < 15 GHz. In Fig. 6a, the details of overlapping
Fano resonances with the moderate-magnitude wide (nonresonant) region of |7, |, and gradual disappearance
of the former at decreasing S are observed. Interestingly, the sensitivity of |7, | to the S variations for the Fano
resonances (in the vicinity of f = 13 GHz) depends on the subrange of S, e.g.,0.9 < S < 0.950r S < 0.9.In
Fig. 6b, the details of the above-mentioned narrow-“mountain”-like transmission regime are shown. Indeed, the
narrow bridge connects two large regions of nearly-unity transmission, |7, | &~ 1, and itself preserves a nearly
unitary magnitude despite of the S variations. This regime may remind us a topology-protected mode, but it is
expected to be not such a classical mode, since the passbands separated by the bridge depend on S, and it cannot
be said that we have a stopband between these passbands for all S values. Comparing Fig. 6a with Fig. 6¢, we can
see the differences in the appearance of Fano resonances for the cases of identical and nonidentical resonators. In
particular, there is protection of some narrowband Fano-type resonant features, which remain to be overlapped
with wide moderate-magnitude transmission region, in the entire range of S variation. As a result, the first and
second Fano-type resonances are observed in Fig. 6¢ for a wider S range, which extends down from S = 0.8
and S = 0.9, respectively. Hence, S = 1 should be kept for resonators of at least one side, in order to prevent
the possible disappearance of these resonances while decreasing S. Notably, there is the minimum frequency
f = 13.7 GHz, at which the second “valley” of |7, | is still observed; it happens when S = 0.9, and the “valley”
central frequency increases at least for S > 0.92 and S' < 0.87 The sign of g can be changed while varying S,
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as occurs for the second Fano resonance in Fig. 6¢. The case of g=0 is achieved in the vicinity of $=0.7 for the
first Fano resonance and near S=0.9 for the second one. Possible connection of the Fano shapes with lattice
effects is noticeable. From the comparison of Fig. 6b with Fig. 6d, it is seen that the substitution of the identical
resonators with the nonidentical ones results in significant changes of the map of |75+, and, in particular, of the
regions of | Tzz| = 1 and |7zz| & 0. The features observed in Fig. 6d at f > 13.2 GHz are in some sense similar
to those observed for the identical resonators, but a topological-like bridge is not observed. Some features may
look similarly to this mode, but there is not a connection between the two large regions of strong transmission.

Coupled arrays of subwavelength resonators at ¢ = 90°

The metastructures comprising two identical arrays of subwavelength resonators, one of which is rotated by 90°
with respect to the other, are known for the capability of rotation of the polarization plane and related asymmetry
in transmission, which originate from the chirality arising at the resonances; see Refs.%!%2%28 Figure 7 presents
the magnitudes of co-polarized transmission and reflection for both the x- and y-polarized incident waves at
¢ = 90°. Along with the features, which have been observed in Figs. 3 and 5, there are new ones connected with
the possible partial or full conversion of the incident-wave energy to that of the cross-polarized reflection and
transmission.

For the y-polarized incident waves and identical resonators, the consequent wide ranges of high, moderate and
low transmissionat3 < f < 12 GHz, which show the well pronounced boundaries between each other, excluding
the narrow ranges of low transmission that appearat4 < f < 8 GHz,  are easily recognizable in the reflection
and transmission maps in both cases of identical and nonidentical resonators; see Fig. 7a-d. At f > 12 GHz,
diverse features of transmission and reflection are observed, including the ones which may indicate possible
merging and coupling of individual resonances. In the case of nonidentical resonators, the aforementioned
transmission ranges differ, to somehow, in terms of magnitude; compare Fig. 7b with Fig. 7d. The said above
remains true for reflection; compare Fig. 7a with Fig. 7e. For the nonidentical resonators, the features that weakly
depend on S are kept (nearly) in the whole range of S-variation. They look very similar to the ones observed at
¢ = 180°. Also, the Fano resonance shapes at the edges of the wide bands are noticeable; e.g., see Fig. 7a around
5 GHz and Fig. 7d near 6 GHz. For the x-polarized waves, we also observe the wide consequent ranges of strong,
moderate, and weak transmission, the boundaries between which are well recognizable. Notably, in the case of
identical resonators, very similar transmission maps for x- and y-polarizations [Fig. 7(b,f)], but simultaneously
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Fig. 7. Maps of (a, ¢) [pyy|, (b, d) |Tyy|, (€, 8) |pzx|, and (£ h) [7uz| in (£S)-plane, for a metasurface
comprising two coupled arrays of U-shaped subwavelength resonators separated by the dielectric spacer with
permittivity e = 5;0 = 0°, ¢ = 90°, p = 15 mm . Left panel—case of identical resonators; right panel—
case of nonidentical resonators.
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quite different reflection maps (Fig. 7a, e) are observed. For the case of nonidentical resonators, the effect of
polarization is rather strong for both transmission (Fig. 7d, h) and reflection (Fig. 7c, g). Fano resonance shapes
similar to the ones occurring in transmission at S < 0.85 in the vicinity of f = 5.5 GHz for the y-polarized
waves in the case of nonidentical resonators, appear for the x-polarized waves near f ~ 8 GHz; compare Fig. 7d
with Fig. 7h. At the same time, the range of |pz| = 1 appears at 4 GHz in Fig. 7g, but it does not have analog in
Fig. 7e, so that nonidentical resonators are required to obtain it. Although substitution of the identical resonators
with the nonidentical ones typically leads to the appearance or enhancement of the “vertical” features on the
(f, S)-plane (i.e., of narrow minimums and maximums of reflection and transmission, which do not depend or
weakly depend on §), they may also occur in the case of identical resonators. One more interesting regime is
observed for the nonidentical-resonators case at 11.9 GHz in Fig. 7g when both transmission and reflection are
weak for all values of S. As it will be clarified below, this behavior is related to the dominant contribution of the
cross-polarized components; also see Fig. 8. Similarly to y-polarization, the range of f>12 GHz is characterized
by a variety of narrowband resonant features that show different sensitivity to the same variations in S. Notably,
Fano resonance shapes may appear in the narrow-feature ranges, i.e., at f > 12 GHz, for both identical and
nonidentical resonators.

Next, we explore cross-polarized effects arising in the same metastructure. We restrict here our consideration
to transmission, since it is connected with the most interesting polarization-manipulation enabled physical
scenarios like reciprocal AT. Figure 8 presents the maps of |7, | and |7, | in the (f;S)-plane. Let us first consider
the case of identical resonators. For the y-polarized incident waves, two closely spaced maximums of |7, | are
kept within almost the whole range of S variation, at least when 3.5 < f < 7.5 GHz. Only if § is small enough,
e.g., S ~ 0.7, these maximums tend to merge, as observed in Fig. 8a. Unexpectedly, a moderately high |7, |
occursat f = 12.3 GHzbutonlyat S < 0.75, so that a particular combination of a lattice period and a resonator
size (a/p) is important. The detailed analysis of the optimal choice of a/p is beyond the scope. For the x-polarized
incident waves, the lowest-frange of the cross-polarized transmission is observed at 7.5 < f < 10.5 GHz, i.e., at
higher fthan for y-polarization; compare Fig. 8b with Fig. 8a. This feature is quite common for the coupled arrays
of subwavelength resonators, being pre-determined by the properties of the individual resonators. Compared to
the case of y-polarized incident waves, it looks rather like a single wide band, i.e., it does not show two separate
maximums. However, the most interesting feature is observed in Fig. 8b in the vicinity of f = 12 GHz, where a
nearly total conversion of the incident-wave energy to that of the cross-polarized transmitted wave is achieved
in the entire range of S variation, although the bandwidth and spectral location of the band vary with S. Based
on the obtained results, we can confirm the robustness of the resonances responsible for strong cross-polarized
transmission results and, in turn, for the robustness of AT to the applied size changes. At f > 12 GHz and
S > 0.93,andat f > 13 GHz (A\/p < 1.53) and S < 0.93, we observe in Fig. 8b a complicated pattern yielded,
in particular, by merging/coupling of diverse resonances, which invokes a detailed study. Nevertheless, these
regimes are not expected to be most prospective candidates from the point of view of polarization-plane rotation.

In the case of nonidentical resonators, i.e., when we only vary the sizes of back-side array’s resonators, the
lowest-f band of |7, | observed in Fig. 8c disappears when § is still far from Syin. We can see that the two
close but separated resonances, which are observed at 3.8 < f < 5 GHz, show different sensitivity to the S
variation. In particular, |7, | < 0.2 when S < 0.785 for the first resonance of the pair, but |7,,| < 0.2 when
S < 0.705 for the second resonance of this pair. Moreover, the “tail” of the second resonance is continued down
to Smin = 0.68. The analog of the lower-S band of moderate |7, | that is observed in Fig. 8a at f = 12.3 GHz
does not appear in Fig. 8¢, so the equality of the back- and front-side resonators is necessary in this case. The
behavior observed in Fig. 8cat f > 12.3 GHz is similar to the case of the identical resonators. However, it differs
by showing the signatures of diverse resonant regimes. For the x-polarized incident waves, the lowest-f high-
transmission band is also kept in the vicinity of f = 8 GHz, while only varying the sizes of back-side resonators,
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Fig. 8. Maps of (a, ¢) |, | and (b, d) |7, | shown in (f,S)-plane, for a metasurface comprising two coupled
arrays of U-shaped subwavelength resonators separated by the dielectric spacer with permittivity e, = 5;

0 =0° ¢ =190°p=15 mm . Left panel—case of identical resonators; right panel—case of nonidentical
resonators.
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Fig. 9. (2) |pzc| and |7z | at S = 0.945( red line for reflection and blue line for transmission) and S = 0.95(
green line for reflection and orange line for transmission) for the identical resonators; (b) same as (a) but for
the nonidentical resonators; # = 0° and ¢ = 0°, p = 22 mm.

but it disappears still at rather large S; see Fig. 8d. Also in this case we may expect different sensitivities from
the two closely spaced resonances in the pair, which tend to form the band, to the same variation in S. In turn,
the all-S cross-polarized transmission band observed in Fig. 8b at f = 12 GHz also appears in the case shown
in Fig. 8d; it is affected by neither the fact that the resonators are nonidentical nor the fact that S is varied
in a wide range. Its similarity to the resonant band observed at f = 12 GHz in Fig. 8b may occur due to a
lattice resonance, or the joint effect of a lattice resonance and a higher-order resonance of U-shaped resonators.
Notably, this resonance is expected to be different, at least in terms of bandwidth, from the recently studied
lattice resonances**~*8, as well as from the resonances assigned above to the type C, like the ones in Fig. 3e-h,
which may have the lattice nature. But what is most interesting is that it occurs in the case when the incident-
wave energy is almost entirely transferred to the cross-polarized transmission component, which is typical for
the metastructures with the rotated back-side array due to the chirality arising at resonances. The lower-f edge
of the discussed band that is located at f = 12 GHz and shows weak sensitivity to S-variations. It becomes even
more vertical in the (f, S)-plane, i.e., now it is even less sensitive to the variations in S than in the case of identical
resonators. Therefore, AT is robust in this case not only in sense of the conservation within the entire S-range,
but also from the standpoint of the conservation of the operating frequency under physical deformations. It is
worth to remind about a similar (but not so well pronounced) effect, when high capability in cross-polarized
transmission and AT are conserved within the entire range of polarization angle variation, while the sizes of
the few-layer metasurface comprising U-shaped resonators are kept fixed®®. Finally, it is noteworthy that the
behavior of |7, | at f > 12.7 GHz in Fig. 8d is similar to that in Fig. 8b, so it is characterized by merging
and overlapping the resonances which may have different properties. It is interesting that the topological-like
bridge occurs in |7, | at f = 13 GHz and 0.85 < S < 0.93, as observed in Fig. 8b. It is achieved only in the
case of identical resonators. In contrast with the case of ¢ = 180°, it is achieved now in the cross-polarized
transmission.

Coupled arrays at larger lattice period

In this section, we briefly discuss the selected features found for a larger lattice period. Figure 9 presents the
examples of the nearly symmetric response of |pzo| and |7z |, which are achieved at S & 0.95, i.e.,at the same
values of S as in Fig. 4a. But now, in contrast with the case of p = 15 mm, we observe the symmetry of the
response for the both identical and nonidentical resonators and, moreover, for the orthogonal polarization
state. It is worth noting that in contrast with Fig. 4, the mid-maximum observed here near 8.6 GHz belongs to
transmission. Hence, the value of p should be carefully chosen if appearance of EP is aimed for given sizes of
subwavelength resonators and polarization of the incident wave.

At least two more features, which are not observed at p = 15 mm, should be mentioned (not shown). The
first of them is the S-independent right (higher-f) edge of the wide band of large |7 |. This feature is similar
in the cases of single and double resonator array. This edge can be said to be protected against the applied
deformations. The second feature is that the all-S wide range of |7,;| ~ 1 at ¢ = 90° is absent. Instead, we
observe a similar band, but only at rather large values of S. Therefore, the choice of p is crucial also for protection
of this cross-polarization effect against the variations in S. It is worth noting that the field distributions look
similar in this case at p = 22 mm (when it is not an all-S effect) and at p = 15 mm (when it is an all-S effect),
provided that |7, | is rather large. The obtained results allow us expecting that this effect appears owing to the
mode of the same origin, i.e., it may be expected to belong to the class of lattice resonance modes.

Concluding remarks

To summarize, we revisited the selected transmission, reflection and polarization effects in the metasurfaces
comprising arrays of identical and nonidentical U-shaped quasiplanar metallic resonators, while gradually
deforming resonators of one or both arrays. The obtained results show that there are resonant effects in reflection
and transmission, which are weakly sensitive, and the ones which are strongly sensitive to the deformations
of either both the front-side and the back-side resonators or only back-side resonators, for the given angle of
rotation of the arrays with respect to each other (¢) and the selected polarization state of the incident wave.
Moreover, there are such features that are significantly sensitive to whether ¢ = 0° or ¢ = 180° is used, as well
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as the features being weakly sensitive to the 180° rotation. According to the obtained results, such features can
be observed for both cases of the identical and nonidentical resonators located at the front and the back side
of the metasurface. At the 90° angle between the arrays, which is commonly associated with the capability of
chirality and related asymmetric transmission (AT), the 90° rotation of the polarization plane, which is needed
for well-pronounced AT, can be achieved for the x-polarized incident waves in the entire range of variation of
the size scaling coefficient (S), at the given frequency. This resonant regime is expected to be an advancement
as compared to the earlier studied narrowband resonances, like lattice and guided-mode resonances. In turn,
for the y-polarized waves, it is necessary that the front-side and the back-side resonators have (nearly) the same
size to conserve this AT regime for the whole range of the S variation. Moreover, at p < A < 1.75p( p is array
period, ) is free-space wavelength), there is a variety of the effects that manifest “mountain”-like and “valley”-
like features in the (f, S)-plane (fis frequency).

Most of the aforementioned transmission and reflection features observed in (f, S)-plane are worth to be
carefully revisited, one by one, in order to establish an unambiguous connection between them and underlaying
physics. It will be a subject of our future studies. For instance, based on the obtained results, it may be expected
that topology not only protects particular resonances/passbands when the resonators are being deformed, but
does it also while merging or coupling of some resonances. The reflection and transmission dependences being
symmetric with respect to the specific frequency, like the ones indicating possible appearance of Exceptional
Points, have been found at ¢ = 0° in the case of (nearly) the same resonators. Nevertheless, they are expected
to have analogs for nonzero rotation angles, e.g., at better adjusted differences between front-side and back-side
resonators, but it may need a careful optimization of the structural geometry.

At ¢ = 180°, in the case of identical resonators, we found the narrow bridge of nearly-perfect transmission
connecting two large regions of high-transmission in the (f,S)-plane. It reminds us about the behavior of a
topological mode exposed to the variations of one of the geometrical parameters. However, this analogy may
be incomplete, because the obtained narrowband transmission and one of large regions of high transmission
co-exist within some ranges of variations of frequency and scaling coefficient. A similar bridge was noticed in
a cross-polarized transmission component at the 90-degree rotation of the back-side array. Weak and strong
coupling and merging the resonances of different types and diverse scenarios of protection against simultaneous
or differential deformations of the array resonators are planned to be studied at arbitrary ¢. Besides, the collection
of the results are expected to pave a path to enable new directions of research forwarded towards the realization
of filters and polarization-manipulating and related AT devices with advanced multifunctional features.

Methods

The used approach is based on the intuitive predictions inspired by the earlier results, qualitative estimates and
extensive numerical simulations for the justified ranges of variation of geometrical and material parameters of
metastructures of the selected types. CST Studio Suite®®, an efficient commercial software based on the finite
integration method, was used. This software is numerically efficient and provides controllable convergence and
accuracy, that makes it particularly appropriate for the studies of metasurfaces comprising unit cells (meta-
atoms) having nontrivial geometry. The frequency-domain solver with Floquet-Bloch boundary conditions and
a tetrahedral mesh have been utilized to obtain the presented numerical results.

Data availability
Most of the final data generated or analysed during this study are included in this article.
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