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Inspired by the concept of miniaturized and integrated systems, an ultrathin and multifunctional metasurface device is highly desirable in microwave fields. It is an inherent characteristic that the two spin phase states of electromagnetic waves imparted by the geometric phase are always conjugate symmetric, i.e., the geometric phase produces anti-symmetrical phase responses between dual-orthogonal circular polarization states. So it is extremely crucial to break the conjugate constraints and realize the completely independent control of electromagnetic waves with dual-orthogonal circular polarization. Based on this perspective, ultrathin and bifunctional meta-devices operating in reflection mode are proposed to independently manipulate the left-handed and right-handed circularly polarized waves, which are constructed by anisotropic meta-atoms with synthetical geometric and propagation phases. It is worth noting that the component elements only need a single-layer structure with the thickness of 0.07λ0. Several design samples are presented to achieve functionalities of beam focusing, vortex wave generation, and beam deflection, respectively. Experiments are performed and show good consistence with the simulation results, successfully verifying the performance of the designed metasurfaces. The research results in this paper pave the way to design low-profile and bifunctional devices with independent controls of circularly polarized waves, which is expected to expand the working capacity of metasurfaces to realize complex electromagnetic wave manipulation with a new degree of freedom.
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1 INTRODUCTION
Metasurfaces, as a two-dimensional quasi-planar structure of metamaterials, have attracted extensive attention of researchers due to their novel electromagnetic (EM) response properties that are far superior to natural materials (Yu et al., 2011; Chen et al., 2016; Cui et al., 2017; Zhang et al., 2017; Chen et al., 2019; Sun et al., 2019). The existence of metasurfaces provides a new and unprecedented style to freely and flexibly manipulate the amplitude, phase, and polarization of EM waves (Hao et al., 2007; Liu et al., 2014; Lei and Yang, 2017; Li et al., 2018). In recent years, they have become an important application prospect in many fields, such as microwave (Wang et al., 2019; Mao et al., 2020; Xu et al., 2020), terahertz (Yu and Li, 2016; Qi et al., 2020; Liu et al., 2021) and optoelectronic (Kildishev et al., 2013; Chorsi and Gedney, 2016; Fan et al., 2017; Han et al., 2020) devices, and stealth (Zhong et al., 2017; Joy et al., 2021) and antenna (Pan et al., 2016; Moreno et al., 2018) technology. Specifically, various metasurfaces have been proposed to implement fantastic phenomena and applications in microwave regions, including anomalous reflection/refraction (Xu et al., 2016; Bao et al., 2019), beam focusing (Zhang et al., 2019; Yuan et al., 2020a), hologram imaging (Xie et al., 2019), vortex beams (Yang et al., 2019; Chen et al., 2021), and polarization conversion and absorbing devices (Xu et al., 2018b; Wang et al., 2020).
Generally speaking, a metasurface consists of numerous well-designed meta-atoms by regularly arranging an array. For a reflective metasurface, the meta-atoms mainly contain three parts, metallic resonator, dielectric spacer, and metal ground plate, and the working performance of the metasurface primarily depends on the structure of the metallic resonator. Once the meta-atom with producing predesigned functionality and EM phenomenon is customized, there are two generic manners to adjust its phase responses under different incident waves, that is, propagation phase and geometric phase (Mueller et al., 2017). The propagation phase can be regulated by changing the dimensions of the element and is usually used to achieve different functionalities under two orthogonal linearly polarized wave incidences (Yu and Li, 2016; Cai et al., 2017; Mueller et al., 2017). Moreover, the propagation phase is insensitive to orthogonal circularly polarized (CP) incident waves, due to that two orthogonal CP waves can be separately decomposed into the superposition of two orthogonal linearly polarized waves with equal magnitude but a + π/2 or − π/2 phase difference, and thus the propagation phase generates duplicate amplitude and phase responses for left-handed circularly polarized (LHCP) and right-handed circularly polarized (RHCP) incident waves (Ding et al., 2019; Yuan et al., 2020a; Zhang et al., 2021). The latter geometric phase, also referred to as Pancharatnam–Berry (PB) phase, is excited by rotating meta-atoms that make up the metasurface array and can produce the phase shift of twice the rotated angle under a CP incident wave (Bouchard et al., 2014; Xu et al., 2017; Yang et al., 2019; Chen et al., 2021; Gou et al., 2021). The geometric metasurface operating in a reflection manner can generate a desired functionality for output waves with opposite helicity to the incident waves. Therefore, the PB phase shows anti-symmetrical phase responses with equal values and opposite signs under the LHCP and RHCP waves illuminating the metasurface, which is the conjugate symmetry property of the PB phase theory and limits the manipulation for two orthogonal CP incident waves. In order to break the constraint of the geometric phase, the propagation phase is introduced to decouple the conjugate responses under orthogonal CP wave illumination (Mueller et al., 2017; Ding et al., 2019; Yin et al., 2019; Zhang et al., 2019; Yuan et al., 2020a; Yuan et al., 2020b; He et al., 2021; Wang et al., 2021).
To date, some element structures have been proposed and applied to form the metasurface arrays with the phase profiles combining propagation and geometric phases, to implement the completely independent control of two orthogonal CP waves in microwave, terahertz, and optical regions (Devlin et al., 2017; Xu et al., 2018a; Yin et al., 2019; Guo et al., 2020; Wang et al., 2021; Zheng et al., 2021). In the microwave field, the independent wavefront controls under CP waves illumination were demonstrated by utilizing the dual-layered anisotropic meta-atoms with low linearly polarized cross talk and imposing both the geometric and propagation phases of metasurfaces (Xu et al., 2018a; Ding et al., 2019). Additionally, a multilayer element structure with various geometric degrees of freedom was designed to realize simultaneous and independent phase modulation of both orthogonal CP-transmitted waves with a specific CP wave illumination (Zhang et al., 2019; Yuan et al., 2020a; Yuan et al., 2020b). Nevertheless, the multilayer structures may ensure the efficiency of the metasurface and the required helicity-decoupled phase but at the same increase the profile thickness and manufacturing complexity. Guo et al. theoretically and experimentally illustrated a broadband single-layered spin-decoupled metasurface based on quasi-I-shaped meta-atom and applied it to a dual-CP reflector antenna (Guo et al., 2020). Moreover, single-layer reflective metasurfaces composed of anisotropic meta-atoms with a thickness of 3 mm were proposed and performed functions including polarization beam splitting and orbital angular momentum (OAM) multiplexing at 5.8 GHz (He et al., 2021). Therefore, with the rapid development of modern miniaturized and integrated systems, it is of great importance to explore ultrathin and multifunctional devices that are programmed by introducing polarization-decoupled phases and could independently control orthogonal CP waves.
In this paper, single-layer ultrathin reflective metasurfaces are proposed to demonstrate multiple functionalities via the polarization-decoupled phase for dual orthogonal CP incident waves. They consist of anisotropic meta-atoms, which can realize well the independent control of orthogonal linearly polarized EM waves by using the propagation phase. The reflection matrix of a metasurface under the illumination of orthogonal CP waves is analyzed, and then the polarization-decoupling phase can be obtained by adjusting the geometric dimensions and rotating meta-atoms at specific angles, imposing the propagation phase and geometric phase simultaneously. On the basis of this concept, the designed metasurfaces can impose distinct phase profiles and respond differently to dual orthogonal CP waves, implementing independent manipulation for incident EM waves with left circular polarization (LCP) and right circular polarization (RCP) states. For proof of concept, we design three kinds of bifunctional metasurfaces operating in a reflection manner for three representative applications in the microwave domain. To be more specific, one of them achieves beam focusing with distinct focal lengths under the illumination of two orthogonal CP waves. Another one acts as an OAM multiplexor, which generates vortex waves with different topological charges when LHCP and RHCP waves separately illuminate the metasurface. Moreover, the third one is a beam deflector that can deflect two orthogonal CP incident waves by different reflection angles according to the generalized Snell’s reflection laws. The verification experiments are performed, and the results coincide well with the simulated ones.
2 BASIC DESIGN PRINCIPLE
The EM waves with orthogonal circular polarization states can be represented as the superposition of EM waves with two orthogonal linear polarization bases and expressed as follows:
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where “ + ” and “ − ” represent a pair of orthogonal circular polarization states, namely, LCP and RCP waves in this paper, and the subscripts “x” and “y” are the coordinate components at the Cartesian coordinate system. When the EM waves are incident on the designed meta-atom structure, the reflected output wave polarization states are complex conjugates with respect to each input polarization state {|λ+⟩, |λ−⟩}; mathematically, [image: image] where * denotes the complex conjugate (Mueller et al., 2017). To independently control the orthogonal polarization states [image: image] and [image: image], the designed metasurface needs to impose desired and distinct phase profiles ϕ+(x, y) and ϕ−(x, y) on [image: image] and [image: image]. That is, the Jones matrix of the anisotropic metasurface element at each point should simultaneously satisfy:
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The above two expressions can be deduced and recast to obtain the Jones matrix, as follows:
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Further, for two orthogonal CP incident waves, the Jones matrix of the element at coordinate (x, y) can be obtained by substituting Eq. 1; Eq. 2; Eq. 3:
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In particular, the Jones matrix is unitary and symmetric, so it can be recast as its canonical form:
[image: image]
Then, the unknown quantities in Eq. 5 can be obtained through simple mathematical derivation with combining Eq. 4, as follows (Mueller et al., 2017; Xu et al., 2018a; Yuan et al., 2020b):
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where the Jones matrix is framed based on the linear polarization coordinate base, and A is a diagonal matrix, whose elements are the eigenvalues of J, and Q is an orthogonal matrix, whose columns are the eigenvectors of J. The eigenvalues in matrix A impose the phase shifts φx and φy along the x- and y-polarized directions, while the eigenvectors impose the angular orientation θ of the meta-atoms relative to the reference coordinate system. Specially, the phase shifts φx and φy can be introduced using the propagation phase and attained by varying the dimensions of the anisotropic element along the x- and y-directions, and the angular orientation θ can be introduced using the geometric phase and attained by rotating the meta-atom in an anticlockwise direction. The above derived result can be understood as an integration of the propagation phase and geometric phase in a single meta-atom.
In general, on the basis of Eq. 6 and assigned spatial phase distributions ϕ+(x, y) and ϕ−(x, y) for the specific functionalities under LHCP and RHCP incident waves, the φx, φy, and θ of a meta-atom located at a concrete coordinate (x, y) can be calculated. Then, the metasurface array can be established using the eligible meta-atoms and applied to implement the independent manipulation for dual orthogonal CP incident waves.
3 SINGLE-LAYER METASURFACES FOR INDEPENDENT MANIPULATION OF ORTHOGONAL CP INCIDENCE
3.1 Design of anisotropic meta-atom
Based on the above theoretical analysis, the anisotropic meta-atom plays an important role in designing the desired metasurfaces. Herein, an anisotropic element operating at 14 GHz is utilized, which consists of a top cross-shaped resonator, an intermediate dielectric substrate, and a bottom metal ground plate, as shown in Figure 1A. The middle spacer selects F4B as the dielectric material with a relative permittivity of 2.65 and a loss tangent of 0.001. The thickness of the F4B substrate is 1.5 mm, which is equivalent to 0.07λ0 (λ0 is the free space working wavelength at 14 GHz), and the thickness of the metal layers is 0.018 mm. The symmetric structure of the cross-shaped resonator imparts the anisotropic resonances along x- and y-directions for the meta-atom, guaranteeing the cross-coupling response between x- and y-polarized EM waves can be effectively eliminated. Therefore, the element has a specialty that its propagation phase under the illumination of orthogonal linearly polarized EM waves can be independently manipulated by varying its physical dimensions. As is shown in Figures 1B,D, the relationships of reflection phase and amplitude over frequency under the illumination of x-polarized EM waves are drawn for the unit cells applied in this work, from which we can obtain that the nearly linear reflection phase gradient within 360° and reflection amplitude higher than 0.98 are realized at 14 GHz. Moreover, the reflection phase differences (△φ = |φxx − φyy|) between two EM waves with orthogonal linear polarization states at 14 GHz are exhibited in Figure 1C for all unit cells, which are approximately equal to 180°. This approximate constant ensures that the reflection coefficients under the incidence of x- and y-polarized waves satisfy the relation of rxx = − ryy. Then, the desired bifunctional metasurfaces can be designed by employing the nine proposed representative unit cells with the combination of propagation and geometric phases. The desired phase profiles for bifunctional metasurfaces under incidences of two orthogonal CP waves and their layouts are displayed in Figure 2, where the two columns on the left separately depict the phase profiles under incidences of waves with LCP and RCP states, and the one column on the right draws the layouts of the three bifunctional metasurfaces for separately realizing the functions of 1) beam focusing, 2) vortex beam generation, and 3) beam deflection. It should be particularly noted that the designed metasurfaces are one single layer and the thickness is only 0.07λ0, which has an obvious advantage in realizing ultrathin design, compared with the other metasurfaces of the published literatures (Xu et al., 2018a; Meng et al., 2018; Ding et al., 2019; Guo et al., 2020; Zhang et al., 2021). Furthermore, a comparison between the proposed meta-atom and other reported reflection unit cells for realizing dual-polarization control in the microwave region is made and presented in Table 1.
[image: Figure 1]FIGURE 1 | (A) Schematic of the proposed unit cell. The period p of the element is 10 mm, the thickness h of the dielectric substrate is 1.5 mm, the width w of the rectangular patch is 1 mm, and its lengths along the x and y directions are lx and ly, respectively. For the unit cells used in this work, their reflection phase and amplitude versus frequency under the illumination of x-polarized EM waves are plotted in (B,D). The extract reflection phases under the incidence of x- and y-polarized EM waves at 14 GHz are plotted in (C), where the black curve displays the phase difference between the two orthogonal linear polarized waves △φ = |φxx − φyy|.
[image: Figure 2]FIGURE 2 | The desired phase profiles under incidences of two orthogonal CP waves in two columns on the left, and layouts of the designed metasurfaces in one column on the right, for (A) beam focusing, (B) vortex beam generation, and (C) beam deflection, where the phase is discretized into four levels, that is, 0°, 90°, 180°, and 270°.
TABLE 1 | Comparison with other reported reflective unit cells for dual polarization control.
[image: Table 1]3.2 Design of bifunctional metasurfaces
3.2.1 Beam focusing metasurface
In order to realize dual functionalities of generating focal beams with different focal lengths using a single metasurface, the spatial phase profiles can be obtained as follows:
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[image: image]
where λ0 is the operating wavelength in free space at 14 GHz, fi (i = 1, 2) is the desired focal length, and (x, y) are the position coordinates for each meta-atom. In this work, a beam focusing reflective metasurface with different focal lengths under orthogonal CP waves incidence is proposed, which can efficiently focus the reflected wave with a focal length of f1 = 160 mm under LHCP wave incidence and with a focal length of f2 = 100 mm under RHCP wave incidence. According to Eqs 7a,b, different spatial phase profiles for orthogonal circular polarization can be calculated as shown in Figure 2A, in which the calculated continuous phase distributions are discretized into four levels without impairing the working efficiency of the metasurface, in order to simplify the design of the metasurface. Then, the specific phase shifts δx and δy along the x and y directions and angular orientation θ at each point for each element can be derived by substituting Eqs 7a,b with different fi into Eqs 6a,b,c. Furthermore, the metasurface operating at 14 GHz can be constructed using the nine representative elements, and it consists of 32 × 32 anisotropic subwavelength meta-atoms, occupying a total size of 320 mm × 320 mm. The focusing behavior of the metasurface can separately be characterized under LHCP and RHCP wave illumination through the commercial software CST Microwave Studio 2020, as depicted in Figure 3. The simulated normalized intensity distributions at the xoz planes under LHCP and RHCP wave incidence are presented in Figures 3A,C, respectively. It can be obviously seen that the focal spots separately locate at z = 160 mm and z = 100 mm for incident waves with LCP and RCP states. To further characterize the focusing performance, Figures 3B,D separately show the simulated and measured transverse normalized intensity distributions of the focal spots in the xoy planes at z = 160 mm under the LHCP wave incidence and z = 100 mm under the RHCP wave incidence, where the insets demonstrate the simulated and measured normalized focus intensity distributions in the corresponding xoy planes. By comparing the cross section and transverse normalized intensity profiles of the focus spots, the intensity distributions of simulation and measurement are observed to be in good agreement with each other. The full width at half maxima (FWHMs) of normalized intensity profiles of the focal spots are about 0.84λ0 under the LHCP incident wave and about 0.75λ0 under the RHCP incident wave from both simulation and measurement, indicating that a high-quality focus spot can indeed be produced. Here, the beam focusing metasurface is fabricated, and the near-field mapping measurement is performed in the microwave anechoic chamber (the detailed measurement process is illustrated in Experimental Section). As expected, the measured intensity distributions for reflected waves at the focal planes separately achieve a good focus under dual orthogonal CP incident waves, verifying the reliability of the designed metasurface.
[image: Figure 3]FIGURE 3 | The numerically simulated normalized intensity distributions for beam focusing metasurface with dual focal lengths in xoz planes under (A) LHCP and (C) RHCP incident waves at 14 GHz, respectively. Simulated and measured transverse normalized intensity distributions of the focal spots in the xoy planes at (B) z = 160 mm under the LHCP wave incidence and (D) z = 100 mm under the RHCP wave incidence, and the insets show the simulated and measured normalized focus intensity distributions in the corresponding xoy planes.
3.2.2 OAM-multiplexed metasurface
In another aspect, an OAM-multiplexed metasurface for generating converged vortex waves with dual modes is designed. Two independent OAM modes can be generated and switched by reversing the helicity of the incident CP waves, i.e., a metasurface producing converged vortex beams with OAM modes of l1 = − 2 under the LHCP wave incidence and l2 = 3 under the RHCP wave incidence is constructed. The theoretical phase compensations of each element under the illumination of two orthogonal CP waves should satisfy the following equations:
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where the focal length f1 is set to 160 mm. The calculated phase profiles under LCP and RCP incident waves and the metasurface layout are shown in Figure 2B, where the four phase states still are available and the continuous phase profiles are discretized into 2-bit levels. Then, by calculating the rotation angles and phase delays for orthogonal linear polarization states, the metasurface with dual OAM mode functionality can be constructed. With the LHCP wave illuminating the metasurface, the left-handed component of the reflected wave electric field is obtained at the sampling plane distanced 160 mm from the metasurface, as shown in Figures 4A,B. As expected, a donut-like intensity distribution and a helical phase pattern corresponding to the theoretical phase change of l1*2π and with the phase singularity at the center are observed. Likewise, similar results are obtained under the RHCP wave incidence, where the right-handed component of the reflected wave electric field exhibits the characteristic of a vortex wave with the OAM mode of l2 = 3, as depicted in Figures 4D,E. Herein, Fourier transform analysis of the sampling electric field is introduced to decompose the individual modes and quantify the purity of the OAM modes generated by the metasurface (Yang et al., 2019; Chen et al., 2021). Moreover, the OAM modes l from −5 to 5 are considered to calculate the energy weight (EW) under different modes. The corresponding mode spectra are drawn in Figures 4C,F, from which we can get the conclusion that the OAM mode of −2 with a ratio of 0.74 is mainly produced under the incident wave with the LCP state, and the OAM mode of 3 with a percentage of 0.71 is mainly produced under the incident wave with the RCP state, and other modes account for less than 0.05 and can be negligible because of the 2-bit discrete phase levels in the metasurface design process. The Fourier analysis results further certify the rationality of the design method.
[image: Figure 4]FIGURE 4 | The numerically simulated results for the converging OAM-multiplexed metasurface at 14 GHz. The simulated normalized intensity and phase distributions in the xoy plane at z = 160 mm in (A,B) under LHCP wave incidence and in (D,E) under RHCP wave incidence, respectively. (C,F) depict the corresponding mode spectral analysis with the OAM modes of −2 under LHCP incident wave and 3 under RHCP incident wave, respectively.
For a better demonstration, the experimental measurements for the OAM multiplexed metasurface are performed, as shown in Figure 5 (as detailed in Experimental Section). The measured near-field intensity and phase results under LHCP and RHCP incident waves are separately shown in Figures 5A,B,D,E. In Figures 5A,B, a near-field intensity distribution with a nearly donut-shaped hollow profile and the spiral phase distribution clearly display the beams carrying OAM with the mode of −2 under the LHCP wave incidence. Similarly, the results depicted in Figures 5D,E indicate the generation of the converged vortex wave with the OAM mode of 3 under the RHCP wave illuminating the metasurface. Moreover, the measured 2D far-field scattering patterns at 14 GHz are separately displayed in Figures 5C,F for LHCP and RHCP incident waves with red dotted lines, and the corresponding simulated results are drawn with blue solid lines for comparison. It can be seen that the measurement results coincide well with the simulation results, and a clear drop occurs at the angle of 0° in keeping with the property of vortex beams. In Figure 5F, the simulated and measured results under RHCP wave incidence have a slight deviation at the peaks, which is attributed to two aspects: 1) inevitable fabrication errors and 2) an unavoidable slight offset between the aperture center of the transmitting antenna and the center of the metasurface, which leads to the slight difference between measured results and simulated results mainly caused by the slight off-axis deviation of the incident field and the quasi-planar wavefronts from the feeding horn antenna across the metasurface, compared to normally incident ideal-planar wavefronts considered in simulations. The simulated and measured results verify the effectiveness of generating dual-mode vortex waves by utilizing the proposed ultrathin reflective metasurface.
[image: Figure 5]FIGURE 5 | The experimentally measured results for the converging OAM-multiplexed metasurface at 14 GHz. The measured near-field distributions in the xoy plane at z = 160 mm in (A,B) under LHCP wave incidence and in (D,E) under RHCP wave incidence, respectively. (C,F) separately depict the comparisons of measured (dotted line) and simulated (solid line) far-field scattering patterns of the metasurface under LHCP wave incidence and under RHCP wave incidence.
3.2.3 Beam deflection metasurface
Finally, the anomalous reflection behaviors of the designed metasurface between distinct functionalities depending on the polarization state of the incident wave are characterized and demonstrated based on this design scheme. The spatial phase profiles can be obtained by the following formula:
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where α = 32.4° is the preset reflection angle along x direction and β = − 20.9° is the predesigned deflection angle along the y direction. We calculate the distinct spatial phase profiles for orthogonal circular polarization states, as depicted in Figure 2C. Then, the metasurface can be constructed with the identical method as described above. The full wave simulations are conducted to verify the performances of the designed metasurface. The simulated near-field results are shown in Figures 6D,E, in which it can be clearly observed that the simulated wavefront deflection angles of the reflected waves are in excellent agreement with the predesigned target deflection angles, for incident waves of the LCP and RCP states with a deflection angle of 32.4° along the x direction and a deflection angle of −20.9° along the y direction. Then, the 3D normalized far-field scattering patterns of the metasurface under dual orthogonal CP incident waves are drafted in a Cartesian coordinate system to more clearly demonstrate the functions of the metasurface, as depicted in Figure 6A. As shown, the reflected wave is deflected by −20.9° in the xoz plane when the plane wave in the RCP state is incident normally, and the reflected wave has a deviation angle of 32.4° in the yoz plane under the illumination of incident wave with the LCP state. In order to experimentally validate the performance of the designed metasurface, it has been fabricated and measured in the microwave anechoic chamber (refer to Experimental Section for details). The 2D-normalized scattering patterns of the simulated (blue solid line) and measured (red dotted line) ones in the yoz and xoz planes are shown in Figures 6B,C, respectively, corresponding to the results under the illumination of LHCP and RHCP incident waves. Except for the energy of main beams for measurements lower than the simulated ones, the deflection angles of the main beam of the reflected waves measured experimentally are exactly consistent with the expected, which may be due to the low power of the transmitting antenna used in the measurement. Therefore, the conclusion can be obtained that the measured results are in good match with the simulated ones, proving the feasibility and effectiveness of the designed method and metasurface.
[image: Figure 6]FIGURE 6 | The schematic diagram of simulated 3D-normalized scattering patterns of the metasurface under dual orthogonal CP incident waves in (A). The corresponding simulated and measured 2D-normalized scattering patterns on the yoz plane under LHCP incident wave in (B) and xoz plane under RHCP incident wave in (C), respectively. The reflected electric field intensity distributions at 14 GHz on the yoz (along the x direction) and xoz (along the y direction) planes under the LHCP incident wave in (D) and RHCP incident wave in (E) shining the phase gradient metasurface, respectively.
4 EXPERIMENTAL METHOD
The photographs of the three fabricated metasurface samples and the experimental environments are shown in Figure 7. The prototypes of the metasurfaces are fabricated using the printed circuit board (PCB) technique, as shown in Figure 7A, where the insets show zoomed parts for a clear illustration. Moreover, metasurface1 is applied to realize the function of beam focusing with different focal lengths under dual orthogonal CP incident waves; metasurface2 can separately generate converged vortex waves with the OAM modes of −2 and 3 under the waves with LCP and RCP states illuminating, while metasurface3 reflects the two normal incident plane waves with orthogonal CP states to two directions with different deflected angles. The near-field planar scanning system is exhibited in Figure 7B, which is mainly composed of a fixed platform, feeding antenna, position-controllable field probe, and vector network analyzer (VNA). During the measurement, the metasurface prototypes are illuminated with a dual CP horn antenna placed about 1.5 m away from the samples to ensure the incident wave to be a quasi-plane wave as used in simulations. The rectangular waveguide testing probe moves along the x and y directions to measure the intensity and phase wavefront distributions of the reflected wave. Moreover, the scanning planar area of 340 mm × 340 mm is perpendicular to the radiation beams. The near-field distributions of the beam focusing metasurface and the OAM multiplexed metasurface are performed by using the testing method. It should be noted that the distance between probe and metasurface should be adjusted to the focal lengths in the near-field experiments. The far-field measurement environment is presented in Figure 7C, where the samples and a dual CP horn antenna are placed on a board 1.5 m away from each other, and the board is fixed on a rotary stage and can freely rotate 360° in the horizontal plane. Here, the antenna is connected to a VNA and acts as a feeding antenna, whereas another CP horn antenna is placed far away from the rotating platform as a receiver to record far-field scattering patterns. The 2D-normalized far-field scattering patterns of the OAM-multiplexed metasurface and the beam deflection metasurface are performed at the measurement system.
[image: Figure 7]FIGURE 7 | Metasurface prototypes and the experimental setups.(A) Photographs of the fabricated samples. Illustration of the experimental setups for (B) near-field and (C) far-field measurements in the microwave anechoic chamber.
5 CONCLUSION
In conclusion, the theoretical method of the combining geometric phase and propagation phase has been utilized to design ultrathin spin-decoupled meta-devices. A single layer and ultrathin meta-atom operating at 14 GHz are proposed based on a cross-shaped resonator. Guided by the theoretical method, three distinct ultrathin bifunctional metasurfaces have been designed, simulated, and measured, which separately realize the functions of focusing with distinct focal lengths, vortex beams generation with different OAM modes, and beam deflection with different deflection angles and deflection directions, as the dual orthogonal CP waves illuminate the metasurfaces. Moreover, the simulated results have been validated by the microwave experiments, and good agreements are achieved between simulated and measured results, verifying the effectiveness of the theoretical method and the performance of the metasurfaces. The research results in this paper provide a new idea to design low-profile and multifunctional meta-devices and may be expected to significantly improve the capacity of the metasurface in future.
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