www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Few-layer bifunctional
metasurfaces enabling asymmetric
and symmetric polarization-plane
rotation at the subwavelength
scale

Mutlu Gokkavas?, T. F. Gundogdu?, Ekmel Ozbay?** & Andriy E. Serebryannikov3**

We introduce and numerically validate the concept of few-layer bifunctional metasurfaces comprising
two arrays of quasiplanar subwavelength resonators and a middle grid (array of rectangular holes)
that offer both symmetric and asymmetric transmissions connected, respectively, with symmetric

and asymmetric polarization-plane rotation functionalities. The proposed structures are thinner than
A/7 and free of diffractions. Usually, the structure’s symmetry or asymmetry, i.e. unbroken or broken
spatial inversion symmetries, are considered for metasurfaces as prerequisites of the capability of
symmetric or asymmetric conversion of linearly polarized waves, respectively. Due to the achieved
adjustment of the resonances enabling the rotation of the polarization plane simultaneously for both
orthogonal polarizations of the incident wave, the symmetric polarization-plane rotation functionality
can be obtained within one subwavelength band, whereas the asymmetric polarization-plane rotation
functionality associated with the asymmetric transmission is obtained within another subwavelength
band. This combination of the functionalities in one subdiffraction structure is possible due to the
optimal choice of the grid parameters, since they may strongly affect the coupling between the

two resonator arrays. Although normal incidence is required for the targeted bifunctionality, the
variations of the incidence angle can also be exploited for the enrichment of the overall functional
capability. Variations of the polarization angle give another important degree of freedom. The
connection between the polarization-angle dependence of cross-polarized transmission and capability
of symmetric and asymmetric polarization-plane rotation functionalities is highlighted. The feasible
designs of the bifunctional metasurfaces are discussed.

Half-wave plate (HWP) functionality, i.e. a 90° rotation of the polarization plane for a linearly polarized (LP)
incident wave in transmission mode belongs to the basic scenarios of electromagnetic waves manipulation.
The traditional approach to polarization-plane rotation (PPR) is to use a slab of a homogeneous anisotropic
material. In the 2000s quasiplanar metamaterials have been suggested for the microwave frequency range. They
perform various types of polarization manipulation due to the specific geometrical shape and location of the
structural components that may enable bianisotropy/chirality at the subwavelength scale'~. This means that the
thickness of the slab of metamaterial comprising the properly designed subwavelength meta-atoms is (much)
less than the incident-wave wavelength; at the same time, the metastructure can be free of diffractions at least
within the selected range of incidence angles. In recent years, when metasurfaces have been raising from the
area of metamaterials, the quasiplanar metamaterials enabling polarization manipulation started to be called
few-layer metasurfaces. The above-mentioned bianisotropic/chiral metamaterials may emulate HWP function-
ality, although the underlying mechanism of PPR differs from that in the classical HWP. That is why the new
terminology like metasurface (based) HWP, or similar, is widely used®®. In addition to the designs based on
subwavelength resonators, resonator-free, e.g. grid-based few-layer asymmetric metastructures, which are highly
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capable of polarization manipulation, have been proposed®~'2. Moreover, designs comprising both grids and
resonators (or phase shift enabling resonant components) have been explored!>™4.

Along with PPR, diodelike asymmetric transmission (AT) is simultaneously achieved for LP waves in such
Lorentz-reciprocal metastructures, because their symmetry breaking (with respect to the midplane in the propa-
gation direction) is the necessary condition for obtaining the rotation of the polarization plane at normal inci-
dence, which is simultaneously a condition for AT">!"14-24 As shown earlier, breaking the symmetry may also
lead to AT in such reciprocal structures that are not capable of polarization manipulation, as may occur, for
instance, due to the transmission/reflection channels created by higher diffraction orders?* and/or the effects
of spatially shaped beams*?’. It is noteworthy that polarization conversion is probably the only subdiffraction
mechanism of AT in free-standing structures. Even single-layer unitary (i.e. nongradient) metasurfaces may
yield conversion of an LP wave to a circularly polarized (CP) one?®*?’ and diverse scenarios of polarization
manipulation, in reflection mode?*-*!. Moreover, AT can be obtained by means of manipulation by CP waves in
a single-layer unitary chiral metastructure, although a high forward-to-backward transmission contrast is not
(easily) achievable’®~**. In addition, it is worth mentioning the geometric-phase (gradient) metasurfaces, which
enable a myriad of scenarios of polarization manipulation that involve both LP and CP waves*~.

The interest in multifunctionality has been growing in recent years, since it offers unprecedented opportuni-
ties for unification and integration?”**!~#%, According to this concept, two functionalities can be achieved in
the different (often - closely spaced) frequency ranges or incidence-angle ranges, or even merged into one at a
given angle and frequency®. Even a richer variety of the scenarios can be offered for multifunctional operation
by the structures comprising the actively tunable materials'®>°->>. In this case, two or more functionalities can be
obtained at the same frequency and angle of incidence, for different values of the biasing parameter or different
intensities of pumping.

In the present paper, we introduce and numerically validate the bifunctional metasurfaces comprising the
U-shaped subwavelength resonators and the middle grid (rectangular-hole array) that may enable both the sym-
metric and asymmetric PPR functionalities in one microwave structure at the subwavelength scale; correspond-
ingly, symmetric transmission will be targeted for the former but asymmetric transmission for the latter, while
the same LP illumination is used for the two opposite incidence directions. As the conceptual pre-prototype, the
few-layer metastructures comprising two arrays of metallic subwavelength resonators (one of which is rotated
with respect to the other) and a metallic grid are selected, which may enable diodelike AT due to the joint effect of
chirality and tunneling'®*¢, but they have not yet been shown to yield the symmetric PPR functionality. Owing to
the new degree of freedom that is introduced by the grid, such metastructures are expected to be good candidates
to combine various elementary functionalities and, therefore, reinforce the overall multifunctionality potential
even without entirely new design solutions. The targeted bi-functionality will be achieved by adjusting the geo-
metrical parameters of the structure’s components, and it will be shown that the achieved combination of the
selected functionalities is not accidental. To compare, in our earlier studies of polarization manipulating metas-
urfaces with the middle grid, the effect of spectral overlap of strong cross-polarization components and relevant
symmetric-asymmetric PPR functionality have been found for neither the similar metastructures with U-shaped
subwavelength resonators™ nor the metastructures comprising complementary U-shaped resonators®. The pre-
sent paper is organized as follows. In Sect. "Results and discussion", the basic features of few-layer nonsymmetric
metasurfaces that comprise two arrays of subwavelength resonators are revisited and a route to nonsymmetric
metasurfaces enabling a nearly symmetric PPR functionality in one transmission band and AT within the other
bands is identified. Then, some aspects related to the use of nonzero angles of incidence, arbitrary polarization
angles, circular polarization, and design feasibility will be discussed. The last section presents a short conclusion.

Results and discussion
Basic formulas and structure geometry
In Fig. 1a, the aforementioned operating scenarios of the classical HWP and the metasurface capable of PPR are
schematically shown. Figure 1b presents details of geometry of a metasurface’s unit cell. The structure is assumed
to be illuminated by an LP wave incident at the angle 0, which is measured from the z axis in the counter-
clockwise direction in the (x,z)-plane. Front-side (forward) illumination corresponds to propagation along the
—z direction and is indicated by —. In turn, back-side (backward) illumination corresponds to the propagation
along the opposite, i.e. in the 4z direction and it is indicated by <.

In the general case, the incident and transmitted waves are connected by the following matrix equations:

B-EDE E-EHE o
Y T Ty ) \Iy y Tx Ty ) \b

where I, and I, are the complex amplitudes of the x and y polarized incident waves, respectively, and Ty and T),
are the complex amplitudes of the x and y polarized transmitted waves, respectively. The components of T matrix

describe the contribution of the incident wave to the co-polarized (7,/.7,,,7.% > T, ) and cross-polarized (t,,,7,;

1

T Ty ) transmission components. Owing to the Lorentz reciprocityzo’”, for the co-polarized transmission, we
have|1'y7 | = |r}f; 7o | = |74 |, and so we further omit the arrows indicating direction. Moreover, |7y, | = |Txx|
due to the specific symmetry of the studied structure. For the cross-polarized transmission, Lorentz reciprocity

and symmetry properties result in |r§ | = |ty‘;| and |r);’ | = |rx‘}7 |. More information about the effects exerted

by the structure’s symmetry and its breaking can be found in Ref. ?°. To quantify the extent of asymmetry in
transmission, asymmetric transmission contrast can be introduced as follows:
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Figure 1. (a) Schematics of the operating scenarios of a conventional HWP (left plot), an ultrathin metasurface
enabling asymmetric PPR (middle plot), and an ultrathin metasurface enabling symmetric PPR (right plot);

(b) schematic of basic geometry of unit cell (one period) of metasurface having the following sizes: s = 10 mm,
b=4mm,d =7 mm,h = 0.75mm,a = 22 mm,u = 0.5 mm, t = 3 mm, w differs for different designs;

the parts shown in gray-blue are made of a dielectric; the parts shown in yellow are made of copper with
conductivity ¢ = 5.96 x 107 S/m. The spacers between each of resonator arrays and the middle grid have the
same thickness g = (t — u)/2.

ATC = max(ni/ &, §i/ni)» (2)

. - 2 2 2 200 2 2
wherei = x, y, i.e. we taken, = |r),?| + |t | and ¢, = |r}§| + |txx | fori = x,and ), = |r;| + I7yy|“ and
2
&y = |Tx<;|
conversion ratio is introduced in forward illumination case as

+ |1yy|* fori = y, ie. for the x and y polarized incident waves, respectively. In turn, the polarization

PCR.” = |17 */ns, PCR;” = [t/ (3)

In the backward illumination case, PCR;™ and PCR;™ are obtained, respectively, from PCR;” and PCR}” by
substituting 7, by {x and n, by ¢, and — by < in the numerator, so that PCR;™ = PCR;” and PCR{™ = PCR,”.

In particular, if a strongly pronounced AT is targeted, we need in the ideal case ATC = oo and either
PCR},_’ ~ 1 (but PCR;” =~ 0) when |‘E§| > |‘L’x<;| and |r§| > |1y, or PCR;” ~ 1 (but PCR;’ ~ 0) when
|f§ | « Itx‘; land | Ty | K |rx‘; |. In turn, for the symmetric PPR, we have to weaken the co-polarized components
and strengthen the cross-polarized components, but then we need |‘E§ ~ |rx‘;| andlt; ~ |ry‘; | that leads, in
such a nearly ideal case, to ATC ~ land PCR” ~ PCR7 ~ 1. Therefore, the difference between the symmetric
and asymmetric PPR functionalities can be quantified in terms of ATC and PCR.

Revisiting the transmission features of metasurfaces with and without middle grids

First, let us revisit the general properties of few-layer metasurfaces that are best known as enablers of AT for LP
waves, which appears in the direct connection with the asymmetric PPR functionality. Their necessary com-
ponents include two arrays of split-ring resonators, or subwavelength resonators of a similar shape, which are
separated by a thin spacer made of a dielectric with permittivity &;. The back-side array represents a 90° rotated
version of the front-side array; see Fig. 1b.

Figure 2 presents the spectrums of the co-polarized transmission component, |7y | = |7y, and the cross-
polarized components, |7, | = |7\ |and|7, | = |7, | for the grid-free structures with the geometrical param-
eters introduced in Fig. 1b. The lowest-frequency subwavelength resonances yield the cross-polarized transmis-
sion band around f = 4 GHz [see Fig. 2a,c]. In this case, the magnetic component of the incident wave that is
parallel to the apertures of the front-side resonators is responsible for strong polarization conversion [see |7, ]
in Fig. 2c]. At the same time, when an electric component is parallel to the apertures, weak cross-polarized
effects are obtained near 4 GHz [see |ry? |in Fig. 2b]. Note that the spectral positions of the resonances enabling
cross-polarized transmission nearly coincide with those for co-polarized transmission in the case of two coupled
parallel (i.e., not rotated) arrays but with the same orientation of the resonators as that of the front-side resona-
tors in the studied metasurface; see Figs. 1-3 in Ref.*® for comparison.

The situation is different for the second band located at f = 7.5 GHz. In this case, strong cross-polariza-
tion effects are observed for the x-polarized incident waves, i.e. when the electric component of the incident
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Figure 2. (a) Demonstration of basic transmission features of metasurfaces without a middle grid: spectrums
of |Txx| = |7yy| (rose dashed line), |r,; | = |r},§\ (green dash-dotted line), |ry7 | = |rx7| (blue solid line) at

es = 5. Effect of &5 on cross-polarized transmission components whose (in)equality is crucial for resulting PPR
functionality: (b) |r);’ | = |1'X‘;| ate; = 5 (blue solid line), &, = 7 (red dashed line), and &, = 9 (green dash-
dotted line); (c) same as (b) but for| r}; | = |ry§ . The grid is assumed to be replaced, compared with Fig. 1b, by
a homogeneous layer with permittivity e, i.e. a single spacer between two arrays of resonators has thickness f;

6 = 0°. Semi-transparent gray rectangles indicate the f-ranges, in which strong cross-polarized components and
related AT may appear. Indicators xy, yx, xx, yy correspond to forward illumination.

wave is parallel to the apertures of the front-side resonators. Now, we obtain ATC ~ 37 and PCR,” = 0.974 at
f =7.75 GHz. To compare, in the first band, ATC ~ 4.3 and PCR;” = 0.81 at f = 4.28 GHz. An important
feature observed in Fig. 2b,c is that the spectral ranges of strong cross-polarized transmission are approximately
scalable by varying &, similarly to Refs.””. It is worth noting that passbands comprising two closely spaced
maximums are typical for the metastructures containing two coupled arrays of subwavelength resonators that
are placed at the front and back sides of the structure and belong to the same unit cell (period); a coupling of
this kind can be explained by using the Lagrange model®'.

From the asymmetric PPR and, therefore, from the AT perspective, the disadvantages of this design and,
often, other two-array metastructures is that the unwanted co-polarized transmission component can not be
well suppressed, as well as the second cross-polarized component, which is also unwanted for AT, so that ATC is
lower than may be required when highly-efficient AT is targeted. It is noteworthy that optimization in terms of
the material and geometric parameters is possible so that it may yield higher PCR and ATR; compare to Ref.””.
From the symmetric-PPR perspective, the resonances excited by each of the x and y polarized electromagnetic
waves typically have different spectral locations within the subwavelength range, so that they are not suitable for
a symmetric functionality (i.e. the one being identical for the front-side and back-side illuminations at given f).

A useful modification of the classical two-array based polarization-rotating structure like the one in Fig. 1b,
has been proposed in the 2010s by introducing a metallic grid between the two resonator arrays that may allow
for a partial mitigation of the aforementioned disadvantages®>*’. Adding a grid yields an additional degree of
freedom for controlling a coupling between the arrays. The resulting mechanism is typically based in this case
on the combination of chirality and tunneling'®. As observed in Fig. 3a,b for the basic geometry in case of the
x-polarized incident waves, two cross-polarized transmission bands with high |77 appear at f = 4 GHz and

f = 9 GHz, i.e. the incident electric field is parallel to the apertures of front-side resonators. This behavior dif-
fers from that for the grid-free metastructure in Fig. 2, the corresponding single array, and examples presented
for the grid-free (mesh-free) case in Ref.”’. It occurs due to the effects exerted by the metallic grid. At the same
time, the second cross-polarized component, i.e. tg can also show quite high efficiency, as observed in Fig. 3a at
f =10 GHz, and in Fig. 3b near f = 8 GHz. These resonances are excited when the magnetic field component
of the incident wave is parallel to the apertures of front-side resonators. The observed high sensitivity to the
variations in w may indicate a strong local field enhancement in the holes and near the grid.

Interestingly, the transmission maximum for the y-polarized incident waves is strongly sensitive to the vari-
ations in w, i.e. it is shifted from 10 GHz down to 8 GHz, while both cross-polarized transmission bands for
the x-polarized incident waves keep their spectral locations nearly the same. Moreover, it is observed that the
maximum can be located at both smaller and larger values of f compared to the band of high 7,7 |. This indicates

that the overlap of resonances for the two orthogonal polarization states of the incident wave can be achieved by
means of adjusting the w-value that is expected to yield a nearly symmetric PPR functionality at the subwave-
length scale. Therefore, we shall search for the resonances which coincide despite the fact that the broken spatial-
inversion symmetry leads, in the general case, to the illumination-direction dependent spectral positions of the
polarization-conversion resonances. In other words, we need a scenario in which AT enabled by the asymmetric-
PPR functionality and symmetric transmission enabled by the symmetric-PPR functionality co-exist in different
parts of the subwavelength range in contrast with the most typical scenario in which two or even more AT bands
are only occurring within this range. It is noteworthy that the dramatic changes in the transmission scenario,
compared to the grid-free metastructure, can be explained in terms of equivalent impedances and/or effective
material parameters (that is, however, beyond the current scope). Figure 3c,d shows, similarly to Fig. 2b,c, that
the resonance frequencies are scalable for the cross-polarized components by means of variations in &;. Indeed,
the basic features are retained, while corresponding frequencies are changed approximately as f oc 1/,/;.
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Figure 3. Demonstration of basic transmission features of metasurfaces with a middle grid for two values of w:
(a) spectrums of | x| = |7yy| (rose dashed line), |r; | = |tyj| (light-green dash-dotted line), and | ty? | = |rx7
(blue solid line), at &, = 5 for a grid-containing structure with w = 5 mm [see Fig. 1b]; (b) same as (a) but

atw = 7 mm, and effect of &; on cross-polarized transmission components whose (in)equality is crucial for
resulting PPR functionality: (c) |T)Z | = |rx§| ate; = 5 (blue solid line), &, = 7 (red dashed line), &; = 9 (light-
green dash-dotted line), and &, = 11 (gray dotted line), at w = 7 mm; (d) same as (c) but for |r§ = |ry§ H

6 = 0°. Semi-transparent gray rectangles indicate the f-ranges in which strong cross-polarized components and
related AT may appear. Indicators xy, yx, xx, yy correspond to forward illumination.

Designing the structures with asymmetric and symmetric functionalities
Based on the results presented in Fig. 3, it may be expected that the maxima of |r; |and | r; | can have the same
spectral positions, as desired for nearly the same (i.e. symmetric) rotation of the polarization plane for both
forward and backward illumination directions. It has been realized that such an adjustment can be achieved
by means of variations in the middle grid sizes. Clearly, this possibility is absent in the polarization-converting
metastructures without a middle grid.

Figure 4 presents the magnitude of the cross-polarized transmission components, |r§ |and |r; | vs. fin the
case when both quantities can exceed 0.75. It is obtained here by taking w = 6 mm. You can see that, in a wide
&s range, the narrow peak of high |7, [is located within a wide band of high |7,/ |

Depending on the choice of &5, max|t; | can coincide with the second maximum of| 7 |in the second band,
like it occurs between 7 and 8 GHz at &, = 8, or be located between the two maximums of |r; | in the second
band, as happens at &, = 5. Notably, the coincidence of spectral positions of the maximums can not be achieved
starting nearly from &; = 10. On the other hand, max|7,;’| < 0.7ate; < 5for the chosen sizes. From the obtained
results, it follows that the case of &, = 5 is most suitable. However, the second-stage optimization is required

for the rigorous equality of | t; |and | ry? |, along with their maximization, it will be considered in Sect. “Toward
design adjustment”. At the same time, the usual scenario of AT, which is yielded by the asymmetric PPR regime,
is obtained in the first band, i.e. in the vicinity of f = 4 GHz.

The details of both symmetric and asymmetric PPR bands are shown in the insets in Fig. 4. Indeed, a mod-
erately efficient AT is achieved in the first band, where ACT ~ 71at f = 3.83 GHz, whereas PCR]” = 0.986; see
the left inset in Fig. 4. Strictly speaking, AT can appear at &; = 5 not only within the first polarization-conversion
band but also within the second band, i.e. near f = 8.9 GHz. In other words, asymmetric and symmetric PPR
functionalities can be obtained in the closely spaced spectral regimes, i.e. in the vicinity of f = 8.9 GHz. In terms
of ATC and PCR, the difference between these functionalities is well seen: ATC ~ 58 and PCR,” = 0.99 at the

first maximum of]| ry}) |in the second band, and ATC = 1.12and PCR)? = 0.997 between the first and the second
maximums of |7, | in the same band. The obtained results show that the main goal is achievable: the symmetric
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Figure 4. Demonstration of the coexistence of nearly equal and inequal cross-polarized components in one
metastructure, at different values of &5: spectrums of |‘L'; = Iryjl (solid lines) and |r};’ = |‘[x<;| (dashed lines)
at e = 4 (blue lines), &, = 5 (red lines), &, = 6 (light-green lines), &, = 7 (gray lines), &, = 8 (light-blue lines)
for the grid-containing structure with w = 6 mm and the same remaining parameters as in Fig. 3. Left and right
insets are fragments of the spectrums of |Tyy| = |7y | (red lines),lr; | = |1:x7| (blue lines), andlr; | = |ty§
(green lines), in the vicinity of f = 4 GHz and f = 9 GHz, respectively, for &; = 5;6 = 0°. Semi-transparent
gray and green rectangles indicate, respectively, the f-ranges in which either only asymmetric or both symmetric

and asymmetric PPR are possible.

and asymmetric PPR functionalities can be obtained at the subwavelength scale in one metastructure. Some
examples of the field distribution are presented in Supplementary Material®.

Exploring angular effects
This section is dedicated to the effects arising due to the variations in 6 and in polarization angle, ¢ [it is meas-

ured from x axis in (x,y)-plane]. As follows from the obtained results (both shown and not shown), there may
be diverse scenarios of changing the f-dependencies of |z, |and |7, | while varying 6. Demonstration of all of
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Figure 5. Effects of 0 variation for the structure from Fig. 4: spectrums of | r},;’ | = |tx‘y_\ (blue lines) and
|r7| = |1:y‘_ (green lines) at (a) 0 = 0°, (b) & = 10°, (c) & = 20°, for &, = 5; the nearly symmetric and
asymmetric PPR regimes are indicated by hashtags and asterisks, respectively. Schematics showing spectral
location of the above-mentioned PPR regimes with respect to each other for (d) 6 = 0°and (e) 6§ = 10°.
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lines), 8 = 10° (red lines), & = 20° (light-green lines), & = 30° (gray lines), & = 40° (light-blue lines). Vertical
dashed lines indicate two spectral regimes that are suitable for low-pass spatial filtering. Greenish ellipses

and bluish circles indicate high-contrast AT regime and symmetric transmission regime with |7, | = |7,
respectively.
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Figure 7. Effect of polarization angle (¢) variations in connection with symmetric and asymmetric PPR
functionalities: (a) cross-polarized transmission shown on (f,¢)-plane for the metasurface with the same
geometrical parameters as in Fig. 4; ¢ is varied from 0° to 90°% ¢ = 0° corresponds to |r};’ = |1:x‘; ¢ =90°
corresponds to |7, | = |7, |; (b) spectrum of the cross-polarized transmission in the vicinity of f = 9 GHz:
blue solid line - ¢ = 0°, red dashed line - ¢ = 20°, green solid line - ¢ = 30°, yellow solid line - ¢ = 40°, cyan
solid line - ¢ = 50°, black solid line - ¢ = 60°, blue dotted line - ¢ = 70°, red dotted line - ¢ = 80°, green
dotted line - ¢ = 90° (the lines are located from the top to the bottom at /<8.97 GHz).

them is not a purpose; the emphasis is put here on the selected scenarios. In Fig. 5, the results are presented for
the same structure as in Fig. 4, at three values of . Consideration is restricted to the second PPR band, within
which a nearly symmetric functionality can be obtained. At6 = 10°, the two maximums of |z, |are still strong
but more strongly separated from each other than at & = 0%, and |z, | are now less than 0.6 in the vicin-
ity of f &~ 9 GHz, so that the resulting functionality can be considered rather as merging of PPR and splitter
functionalities. Two AT regimes with max|7)| > 0.9 occur at & = 10° in the neighboring f-ranges, i.e. around
8.8 GHz and 9.1 GHz. At6 = 20°, a nearly symmetric but low-efficiency PPR is obtained at f = 8.6 GHz, while
the asymmetric PPR functionality enabling a low-contrast AT is achieved here around f = 9 GHz. Therefore, not
only the choice of the grid sizes but also that of the angle of incidence is crucial for obtaining of high-efficiency
symmetric and asymmetric PPR functionalities in one metastructure.

To further explore the effects of 6 variation, Fig. 6 presents |ry? | and Ir; | vs. f for the second PPR band of
the metastructure that differs from the one in Fig. 5 only in the spacers’ permittivity, which is taken here as
&5 = 11.4. The way of results presentation also differs from that in Fig. 5, that is needed for better visibility of the
basic features which just partially coincide with those in Fig. 5. As observed for the dependencies of |7,/ | vs. f,
the increase of 0 leads to the decrease of the values of max| I}Z | for both first and second maximums. However,
they show different sensitivity to the 6 variation.
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In particular,lr; | =0.95at0 = 0°,0.65atf = 40°,and 0.25atd = 70°for f ~ 6.3 GHz, whereas|t;| =0.95
atf = 0°0.29atf = 40° and 0.1 at§ = 70°for f =~ 6.45 GHz, compare the left and right vertical dashed lines in
Fig. 6a. Although both cases shown by dashed lines are appropriate for low-pass 6-domain filtering, they strongly
differ in terms of the 6-domain bandwidth; also compare to Figs. 3 and 5 in Ref.%. Notably, low-pass spatial
filtering [shown in Fig. 6a by vertical dashed lines] can coexist with a well-pronounced AT [shown in Fig. 6a,b
by the greenish ellipses], and with the transmission of comparable (but generally inequal) intensities at forward
and backward illumination. In contrast with the conventional regimes of spatial (angular) filtering, it is achieved
here for the cross-polarized component, and so it can be considered as merging the spatial filtering and PPR
functionalities in one. Details of this regime will be the subject of one of our future studies. Taking f = 6.49 GHz,
i.e. a slightly higher value than the one at which the second maximum of |7, | appears at # = 0°, we can obtain
17,2 | = |, | = 0.76, i.e. the exactly symmetric PPR functionality at the price of lowering efficiency of the cross-
polarized transmission [shown in Fig. 6a,b by the bluish circles]. High ATC is achieved at the first maximum

0f|1:; | in the considered (i.e., second) band, at least when 6 < 20°. For instance, at f = 6.3 GHz and 6 = 0°,
we obtain ATC ~ 68 and PCR” = 0.988. It should also be noted that AT occurs also in the first band within a
wide range of  variation. As an example, at f = 2.75GHzand 6 = 0°, we obtain ATC ~ 48 and PCR,” = 0.98.
An angular selectivity of another kind has been explored at variations of ¢ from 0° to 90°. This variation
corresponds to the gradual transition from the x-polarized to the y-polarized incident waves at the forward
illumination. An example is presented in Fig. 7a. For the first band (near 4 GHz), a monotonic decrease of
transmission is obtained when ¢ is varied from 0° to 90° that corresponds to the well pronounced asymmetry
in transmission. For the second band (near 9 GHz), strong variations in transmission can appear within the
J-subranges of AT, i.e. at the first maximum of |z " | which is observed in the right inset in Fig. 4 and in Fig. 5a,
whereas the effect of variations in ¢ is much weaker between the maximums of the second band, as shown in
Fig. 7b. This allows us to retain a relatively high capability of PPR when ¢ is varied over a wide range. Although
|7,y | (which corresponds to ¢ = 90° in Fig. 7) does not serve as the lower-transmission bound for all fvalues in
the vicinity of its maximum, it can be quite close to becoming such a bound, as observed in Fig. 7b. However,
the range of moderate ¢, e.g. the cases of 40°, 50°, 60° can be said to be less appropriate for PPR functionality.

Toward design adjustment
While the principal possibility of co-existence of the asymmetric and symmetric PPR functionalities in one meta-
structure was demonstrated in the previous sections, the question remains whether the desired bifunctionality
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Figure 8. Comparison of transmission for the six selected sets of parameters: (a) # = 0.5 mm, (b) # = 1.0 mm,
and (¢) h = 1.5 mm when t = 3.06 mm, 4 = 0.5 mm, w = 6.1 mm and &; = 6.5; (d) &, = 6.41, (e) &; = 6.45
and (f) & = 6.5whent = 3.56 mm, u = 1.0 mm, 4 = 7 x 1072 mm, w = 6.37 mm; the remaining parameters

are the same as in Fig. 4; blue solid lines - |T}Z = |tx7 |, case of lossless spacers; gray dotted lines - |r}; | = |rx? R
tand = 2 x 10~ for spacers; brown solid lines - |r; | = |7:yj |, case of lossless spacers; green dotted lines -

73 . . . . .
|75y | = |75 | tand = 2 x 107~ for spacers. Bluish ellipses indicate the cases of (nearly) equal cross-polarized

transmission components.
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can be achieved by using such dielectric materials for spacers that are commonly used for antennas and other
microwave devices. Our first purpose in this section is to estimate (a) possibility of increase of| 7, [and |z, |and
(b) their possible equality. The second purpose is to show that the basic functionalities are robust to the varia-

tions of the material parameters and selected geometric parameters. In particular, for the commercial materials,
a tolerance range of permittivity is often provided, rather than a single value.

Figure 8 presents the results for the second PPR band in the case when both spacers are made of Roger
RO3006 laminate®. As observed in Fig. 8a-c, the change of / from 0.5 to 1.0 mm and then to 1.5 mm does not
lead to significant changes in the spectrums of the cross-polarized components. Note that | r; | & 0.85is observed

in Fig. 8¢ for lossless spacers, but |ry? | is still larger than |r; | at the same f. The scenario of (nearly) symmetric
PPR, for which max|t; | is located between two maximums of |ry? |, can be obtained for various parameter

sets. When losses in the spacers are taken into account (tand = 2 x 1073, in line with Ref.5), cross-polarized
transmission predictably tends to weaken. As observed, |ry}> |is less sensitive to the losses than |r; |, expectedly
due to lower-Q resonances. The results presented in Fig. 6 may give us a hint as to how |7, /| = |z, | > 0.7 could
be achieved. Indeed, the frequencies that are a bit larger than the one of maxlr; | look suitable, see Fig. 8d-f.
It is worth noting that the band of |r; | with two maximums is transformed into a single wide maximum for
the chosen sets of geometric parameters, among which # is critical. It is demonstrated here that the regime of
|r; = |tyj = |r},? = |‘L’x7| ~ 0.8 (in case of lossless spacers) is robust to the variations in &, in spite of the
fact that the fvalue, at which max|,; | is obtained, is weakly changed. Although transmission is weaker if the
losses are taken into account, the equality of | 1)5’ |and |ry;’ |is still achievable at the acceptable level, e.g. 0.6. The
cases of (nearly) equal cross-polarized components are shown by the bluish ellipses. Clearly, Roger RO3006 is

not the only commercial material suitable for the spacers. For instance, TMM4 laminate® is one more material,
for which the features similar to those in Fig. 8 have been numerically demonstrated (not shown).

Involving circular polarization

From the multifunctionality perspective, it is worth mentioning that the same structure as in Fig. 4 may enable
reversal of the handedness of the CP incident waves in reflection mode. As demonstrated in Fig. 9a for &, = 5, it
happens between the first and second transmission-mode PPR bands, which have been observed for LP waves.
Interestingly, this effect is robust to the 6-variations. Indeed, |, | does not vary, at least when 6 is varied from
6 = 0° to 8 = 40°. Understanding the mechanism underlying the observed insensitivity is beyond the scope.
Notably, various mechanisms of angular insensitivity have been discussed; for instance, see Refs.***¢’, In addi-
tion, it is observed in Fig. 9b that the frequency of max|r—, | is approximately scalable by varying &;. In particular,
the maximum’s frequency is shifted nearly from 8 GHz down to 5 GHz, while & is varied from 3 to 9, i.e. it is
proportional to1/,/€;. The features observed in Fig. 9a in the vicinity of f = 4 GHz result from the joint effect
of two resonator arrays and the middle grid. In the contrast with it, the ones seen in the vicinity of f = 6.4 GHz
are almost the same as those observed in the case when the back-side resonator array is removed (not shown),

2 4 6 8 2 4 6 8
Frequency (GHz) Frequency (GHz)

Figure 9. Effects 0 and €, on handedness reversal of CP waves in reflection mode: spectrum of reflection
coefficient |r—, | (a) at different incidence angles: 8 = 0° (blue line), & = 10° (red line), & = 20° (light-green
line), & = 30° (gray line), 6 = 40° (light-blue line), when &, = 5; (b) at different values of €;: &, = 3 (light-blue
line), &, = 5 (red line), &, = 7 (light-green line), &, = 9 (gray line), when 6 = 0°; the remaining parameters are
the same as in Figs. 4, 5 and 6. Subscripts + and - stand for left-handed and right-handed CP wave, respectively.
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so that only the front-side resonators array and the middle grid contribute to the appearance of the maximum of
[~ |. Involvement of this regime enhances the overall multifunctionality potential of the studied metasurfaces.

Conclusion

To summarize, we have studied few-layer metasurfaces comprising two arrays of subwavelength resonators (one
of which is rotated by 90° with respect to the other) and a metallic grid (rectangular-hole array), which jointly
enable the efficient conversion of linear polarization to the orthogonal one, in both symmetric and asymmetric
transmission regimes. While a geometrically symmetric structure may need the broken time-reversal symmetry
or time modulation in order to achieve different forward and backward transmissions, obtaining nearly the same
forward and backward cross-polarized transmissions in a structure with broken spatial inversion symmetry is
possible rather due to the accurate adjustment of the polarization-conversion-enabling resonances. This opens
a route to new multifunctional scenarios that involve both symmetric and asymmetric PPR functionalities at
the subwavelength scale. In the suggested nonsymmetric designs, the lower-frequency polarization-conversion
band is a conventional AT band, whereas the second-lowest PPR band contains a subrange that can be said to
be an “anti-AT”, or a nearly symmetric transmission band. Regarding the symmetric regime, it should be noted
that crossing the curves representing f-dependencies of the two cross-polarized transmission components is not
unique, but it is not trivial to obtain such (nearly) equal but simultaneously high transmittances. This feature is
rather unusual for ultrathin metastructures. It is achieved by using the ability of the middle grid to totally change
the scenario of arrays coupling compared to the designs without a grid. Moreover, the grid helps to suppress
the remaining co-polarized transmission components that are unwanted for AT. As an example, the resulting
thickness can be nearly 6.75 x 1072 (/ is free-space wavelength) for the lowest-frequency (first) polarization-
conversion band and nearly 0.1354 for the second band, as occurs for the design in Fig. 4 at &, = 5. At the same
time, the array’s period is about 0.33/ and 0.66/, respectively, so that the unwanted diffractions do not appear,
at least at zero and small angles of incidence. As follows from the obtained results, the frequencies, at which the
desired cross-polarization effects do appear, are scalable by variations of the spacers’ permittivity, and a part of
the examined permittivity range can be used for obtaining the targeted combination of the functionalities in
one metastructure. Normal incidence is shown to be most suitable, while nonzero angles of incidence can be
applicable to other multifunctional scenarios that will be considered in a future paper. It is demonstrated that
the nearly symmetric PPR functionality can be achieved within a wide range of the polarization angle variation,
whereas the asymmetric PPR functionality and, thereby, its co-existence with the symmetric one can be sensi-
tive to the choice of incident and polarization angles. Design adjustment has been discussed, including the case
when materials that are conventional for antennas and other microwave components are used for spacers; the
chosen materials and geometrical sizes are consistent with the commonly used fabrication techniques. Moreover,
the overall capability of multifunctionality can be enriched by involving the waves with circular polarization. In
particular, wide-angle conversion of the wave with left-handed circular polarization to the one with right-handed
circular polarization, or vice versa, is achieved in the reflection mode in the same structure, for a wide range of
variation of the spacers’ permittivity. A study of the structures comprising the actively tunable components is in
progress, as well as an extension of the proposed approach to THz and higher frequencies.

Methods

The utilized approach is based on the qualitative physical estimates and extensive numerical simulations for
the accurately chosen ranges of variation of geometric and material parameters. CST Studio Suite®®, which is
an efficient commercial software program, was used. This numerically efficient program is based on the finite
integration method with controllable convergence and accuracy that makes it particularly appropriate for few-
layer metasurfaces comprising unit cells of complex geometry. The frequency-domain solver with Floquet-Bloch
boundary conditions and a tetrahedral mesh have been used to perform the simulations.

Data availibility
All of the data generated or analyzed during this study are included in this article and its supplementary infor-
mation file.
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