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Abstract

This study addresses the limitations of conventional metasurfaces, which ex-
hibit symmetric electromagnetic responses under forward and backward inci-
dences and are difficult to achieve distinct functionalities and wavefront con-
trol. A multi-layer metasurface based on a polarization-ordered binary dou-
ble-sided design is proposed. By breaking spatial symmetry at the structural
level, diode-like asymmetric transmission and independent wavefront control
are achieved. The design adopts a checkerboard-like staggered arrangement of
unit cells, enabling different functionalities under forward and backward in-
cidences for the same polarized wave. Orthogonal polarization conversion and
broadband phase coverage are realized using multi-layer twisted metallic struc-
tures and a grating layer. Simulation results demonstrate that the metasurface
achieves a —30° beam deflection under forward incidence, while generating a
vortex beam with topological charge 1 under backward incidence. The two
channels exhibit good isolation, along with broadband and high transmission
efficiency characteristics. This research provides new insights for high-perfor-
mance non-reciprocal devices, bidirectional multifunctional integrated anten-
nas, and information-encryption surfaces.
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1. Introduction

As an artificial two-dimensional material composed of subwavelength elements,
metasurfaces have demonstrated significant potential in recent years across fields
such as beamforming [1], polarization control [2], stealth [3]-[5], and Multifunc-
tional integration [6], owing to their exceptional ability to control electromagnetic

waves. Most traditional transmissive metasurfaces are designed based on spatially
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symmetric elements, and their electromagnetic responses generally satisfy the rec-
iprocity theorem, resulting in identical control effects for forward and backward
incident waves. This makes it difficult to achieve asymmetric transmission and
dual-sided independent imaging functionalities. However, in unidirectional trans-
mission devices, electromagnetic isolation, information encryption, and bidirec-
tional multifunctional antenna systems, there is often a need for differentiated wave-
front control of incident waves from different directions or frequencies within the
same aperture. This imposes urgent requirements for the non-reciprocal design
and functional integration of metasurfaces. Although Janus metasurfaces [7]-[9]
have been developed in recent years, most of them exhibit narrow frequency
ranges and primarily rely on bit-wise phase control.

To address the aforementioned challenges, this paper proposes a multi-layer
metasurface based on a polarization-ordered binary double-sided imaging design.
By breaking spatial symmetry at the element level and adopting a checkerboard
staggered arrangement at the system level, the design achieves diode-like asym-
metric transmission effects under forward and backward incidences. Further-
more, it realizes beam deflection in the forward direction and vortex beam gener-
ation in the backward direction, as shown in Figure 1. This design not only enriches
the implementation methods for double-sided imaging metasurfaces but also pro-
vides novel device solutions for shared-aperture multifunctional antennas, dynamic

information encryption surfaces, and intelligent stealth technologies.

Figure 1. Functional schematic of the broadband transmissive Janus metasurface.

2. Metasurface Construction
2.1. Metasurface Unit Design

To achieve distinct functionalities under forward and backward incidences, a
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broadband polarization conversion unit is designed. The unit cell utilizes a struc-
tural combination of split-ring resonators and gratings as shown in Figure 2, to
achieve orthogonal polarization control for opposite incidence directions. The
unit cell comprises dual split-ring resonators, a dielectric layer, and orthogonal
top and bottom grating structures. The unit period is 6 mm (approximately 0.3,
which is less than 0.51), the dielectric constant of the substrateis &, =2.65 with
a thickness of 1.5 mm, and the grating layers are employed for polarization selec-
tion. The intermediate metallic layer enables polarization conversion at +45°, and
it consists of two split ring resonators (SRRS) of different sizes to enhance reso-
nance and achieve broadband phase response. By adjusting the opening angle ¥/

of the SRRS at +45° positions, a continuous phase control of up to 180° is
achieved. Furthermore, rotating the PB phase by 90° enables 360° phase coverage.
The specific structural parameters are illustrated in Figure 2: the radius of the
smaller split ring is 1 = 1.1 mm, the radius of the larger split ring is » = 2.7 mm,
the thickness of both rings is w= 0.6 mm, the opening angleis ¥/, and the rota-
tion angle of the SRRS is ¢. The width of the gratings on the front and back sides

is s= 0.6 mm, with a grating spacing of d= 0.6 mm.

Coppear

FAB [ $
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Figure 2. Metasurface Unit Structure. (a) 3D structural diagram; (b) Middle-layer SSRS; (c) Front-
side grating.

As shown in Figures 3(a)-(c), under forward incidence with x-polarized waves,
the optimized unit cell exhibits a linearly continuous variation of phase with the
opening angle within the frequency range of 11.35 - 18.6 GHz, easily achieving full
360° phase coverage. Within this 48% relative bandwidth, the transmission ampli-
tude remains greater than 0.9, approaching unity. In contrast, under backward in-
cidence with the same x-polarized wave, the transmission drops below -30 dB,
nearly total reflection, demonstrating excellent directional selectivity.

As illustrated in Figure 3(d), when the unit cell is illuminated by x-polarized
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Figure 3. Electromagnetic characteristics of the metasurface unit. Under forward x-polarized incidence: (a) amplitude and (b) phase

response of the cross-polarized transmission; (c) variation of the amplitude under different incidence angles. Under backward x-po-

larized incidence: (d) amplitude of the co-polarized transmission.

waves at oblique incidence, its efficiency and operational bandwidth gradually
decrease as the incidence angle increases from 0° to 30° in 5° steps. Nonetheless,
the efficiency remains above 88.3% even at an incidence angle of 30°. Therefore,
the impact on electromagnetic performance can be considered negligible for in-
cidence angles ¢ < 30°, indicating that the unit cell exhibits good angular in-

sensitivity.

2.2. Arrangement and Simulation of Metasurface Arrays

The core of the metasurface array design lies in constructing an interleaved check-
erboard topology to achieve independent wavefront control for both forward and
backward directions. By deeply coupling two distinct functionalities with their
physical arrangement, this design accomplishes complex electromagnetic manip-
ulation within a shared aperture. To improve integration, unit cells are grouped
into 2 x 2 supercells to enhance phase performance, with a supercell period of 12
mm. These supercells are then arranged in an interleaved pattern to form a 16 x
16 array. The designed functionalities of the array are as follows: under forward

incidence with x-polarization, a beam deflection of 20° is achieved; under back-
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ward incidence with x-polarization, a vortex beam with a topological charge of 1
is generated. The detailed array phase design proceeds as follows:

First, the phase distributions for beam deflection of unit A and for vortex beam
generation of unit B are calculated separately. For beam deflection, according to
the generalized Snell’s law, to steer the beam to an angle 6, the metasurface needs

to introduce a linear phase gradient along the beam-deflection direction:
go(xi)=27ﬂ~d-sin¢9-xi 1

where x; is the position coordinate of the i-th element in the array, and / is the
operating wavelength. For single-beam deflection, the required target phase for
each element is calculated directly according to the above formula, as shown in
Figure 4(a).

The vortex phase is calculated based on the orbital angular momentum formula:

p=I- arctan% 2)

where 1 is the topological charge order. The transmission phase of each unit in
the array is set according to the value calculated from its position (x,y), as illus-
trated in Figure 4(b).

The two phase profiles are superimposed after removing the phases at the cor-
responding missing positions in the checkerboard pattern, as shown in Figure 5(a).
The units are arranged in an interleaved pattern according to the superimposed
phase, with the arrangement of the SRRS array illustrated in Figure 5(b).

Based on the aforementioned design methodology, we conducted full-wave
electromagnetic simulations (using CST Microwave Studio) on the fabricated
metasurface array to validate its actual performance. When x-polarized waves are
incident from the forward direction, the array achieves broadband beam deflec-
tion of —30°, as shown in Figure 6 and Figure 7. At the center frequency of 15
GHz, the deflection angle exactly matches the theoretical value of —30°. However,
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Figure 4. (a) 30° deflection gradient phase; (b) /=1 vortex phase.
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Figure 5. (a) Checkerboard superimposed phase; (b)simulated array SRRS distribution diagram.
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Figure 6. One-dimensional far-field scattering patterns of the metasurface array under forward incidence of x-polarized waves in
the 12 - 18 GHz frequency band. (a) 12 GHz; (b) 14 GHz; (c) 15 GHz; (d) 16 GHz; (e) 18 GHz.

because the variable 4 in the formula (1) is frequency-dependent, angular shifts
occur at higher and lower frequencies. The farther the target frequency is from the
center frequency, the larger the angular error becomes. The simulation results are

consistent with the theoretical expectations, and the difference between the main
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lobe and side lobes remains above 10 dB, demonstrating good broadband perfor-
mance.

When x-polarized waves are incident from the reverse direction, a vortex beam
with a topological charge of 1 is successfully generated, as shown in Figure 8 and

Figure 9. Since the vortex calculation formula is frequency-independent—aside
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Figure 7. Three-dimensional far-field scattering patterns of the metasurface array under forward incidence of x-polarized waves in
the 12 - 18 GHz frequency band. (a) 12 GHz; (b) 14 GHz; (c) 15 GHz; (d) 16 GHz; (e) 18 GHz.
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Figure 8. One-dimensional far-field scattering patterns of the metasurface array under reverse incidence of x-polarized waves in the
12 - 18 GHz frequency band. (a) 12 GHz; (b) 14 GHz; (¢) 15 GHz; (d) 16 GHz; (e) 18 GHz.
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Figure 9. Three-dimensional far-field scattering patterns of the metasurface array under backward incidence of x-polarized waves
in the 12 - 18 GHz frequency band. (a) 12 GHz; (b) 14 GHz; (c) 15 GHz; (d) 16 GHz; (e) 18 GHz.

from minor variations in the phase relationship of the units at different frequen-
cies—the vortex effect is maintained across the entire broadband, verifying the
broadband performance of the array and confirming the independent control ca-

pability between the forward and backward channels.

3. Conclusion

This study successfully designed and validated a broadband transmissive Janus
metasurface. Through the design of a broadband polarization conversion unit and
a checkerboard interleaved arrangement, asymmetric transmission and independ-
ent wavefront control under forward and backward incidences within a broad-
band range were achieved. Within a 40% bandwidth, the metasurface realizes —30°
beam deflection under forward incidence and generates a vortex beam with a top-
ological charge of 1 under backward incidence. Simulation results validate the fea-
sibility and broadband performance of the design. Future work can be extended
to dynamic reconfigurable designs, applications in higher frequency bands, as well
as experimental fabrication and testing, promoting the practical development of

this type of metasurface.
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