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The polarization-insensitive reflective metasurfaces constructed from hexagonal-ring units along with honeycomb lattice are proposed for the efficient generation of converged orbital angular momentum (OAM) waves. The proposed unit has a very succinct structure constructed from a hexagonal-ring patch along with a hexagonal metallic reflector, which could achieve a polarization-insensitive response to the incident waves, when binding further with the hexagonal lattice. Through the topology optimization of the unit arrangement, two reflective metasurfaces stimulating the first-order and the second-order OAM beams are numerically designed, which may find useful in radio communications and radar applications.
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INTRODUCTION

Since the first exploration by Allen et al., orbital angular momentum (OAM) has displayed its independent value in many interdisciplinary fields and has become one of the most important research frontiers in modern technologies [1]. Recently, OAM has been thoroughly studied and widely understood as a promising candidate for information multiplexing to increase the spectral efficiency in microwave domain [2], and the capacity of the wireless communication systems can thus be largely extended [3, 4]. Many researches have then been conducted for stimulating OAM waves, which can generally be split into two categories, the microwave antenna method [5–11] and the physical optics method [12–23].

One of the most elegant approach to stimulate OAM for microwave antenna method is based on high-order mode patch antenna [5]. For example, dual circularly polarized (CP) dual-mode vortex OAM beams were succinctly generated by exciting the second-order resonance modes on a single patch antenna, which is with very compact structure and much suitable for low-cost OAM applications [6]. For more flexible multi-mode OAM modulation, circular phased array systems are constructed to provide the successive phase shifts in elements [7]. The dual-mode OAM operation was realized in a four-element array by employing the opposite phase differences created for left-handed CP and right-handed CP incidences, where the four dual-CP elements are sequentially rotated [8]. To stimulate more OAM modes associated with multi-polarization operation, circular horn array using elements with three polarizations was realized by introducing the phase control networks, which can be very costly and complicated [9]. For the low-cost multi-mode OAM operation, Rotman lens was introduced to simplify the feed network for the phased array [10], and later combined with Fabry-Perot resonant cavity to improve the beam divergence for different OAM modes [11]. Major drawbacks with such microwave antenna methods are that versatile modulations of mixed or multi-OAM modes in different propagation directions are hardly achieved.

In-depth research and exploration based on physical optics theory have been devoted to stimulate OAM beams through the wavefront transformation of the spherical or plane waves, including the dielectric spiral plate [12], discrete spiral reflector [13], and twisted parabolic reflector [14], whose structures are all very ponderous and enormous in real applications. Recently, metasurfaces have been widely researched for the independent talent of delicate regulation on electromagnetic waves [15–17], which also draw significant attention as a promising realization approach for OAM generation in physical optics method [18–26]. High-efficiency reflective and transmissive metasurfaces with various topological forms have been proposed for vortex OAM generation in linear polarization [18–20]. For the converging OAM radiation with CP waves, broadband transmissive metasurfaces based on Pancharatnam–Berry phase or photon spin Hall effect have been efficiently demonstrated [21–24]. Recently, to improve the isotropy and spatial coverage property of the metasurfaces, polarization-insensitive transmissive metasurfaces with honeycomb lattice or rotational symmetry arrangement are proposed to create converging OAM beams for fully polarized applications [25, 26], which are troubled with the complex design along with the complicated configurations.

In this paper, we propose the design of polarization-insensitive reflective metasurfaces with very succinct units along with a honeycomb lattice for the efficient generation of converging OAM waves. The proposed units are constructed from hexagonal-ring patches along with hexagonal metallic reflectors, which could obtain a full-polarization response of the incident wave, when binding further with the hexagonal lattice. Through the topology optimization of the unit arrangement, the reflective metasurfaces stimulating the first-order and the second-order OAM beams are numerically demonstrated.



HEXAGONAL UNIT DESIGN

Figure 1A presents the architecture of the hexagonal units in the metasurface, which have a very succinct structure and composed of two metal layers supported by a substrate layer. The numerical simulations of the units are carried out with the support of CST Microwave Studio Software by using unit-cell boundary conditions along with the Floquet-port excitations. The substrate layer has a dielectric constant of 3.66, a dissipation factor of tan δ = 0.0037, and a thickness of h = 1.524 mm. The unit is a hexagonal structure with a periodic side length R = 8 mm, corresponding to a central working frequency f = 7.5 GHz. The upper hexagonal-ring patch serves as the phase-shift metasurface, while the lower metal ground layer plays the role of the metallic reflector. The reflective phase modulation of the units can be achieved by varying the outer side length ro of the hexagonal-ring patch, while the inner side length ri remains constant. Based on the former study on the phase-quantization effects for the metasurface lens, the quantization loss for the typical 3-bit metasurfaces is only 0.2 dB, which is within the scope of acceptable [25]. Eight representative units are thus selected for the construction of the honeycomb reflectarray to minimize the reflection losses and acquire the high-linearity phase-shift range of 2π, as shown in Figure 1B. Almost complete reflections have been obtained for all eight representative units, along with the full 2π phase modulation. All the optimized parameters for the designed representative units are provided in Figure 1.
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FIGURE 1. Metasurface unit architecture and numerical simulations. (A) Exploded view of the hexagonal unit on top and the reflective metasurface at bottom. (B) Simulated reflection coefficient for the eight representative units at 7.5 GHz. (C) Simulated reflection phase spectra of Unit 4 for different incident angles. (D) Simulated reflection phase spectra of Unit 4 for orthogonal linear polarizations in normal incidence (θ = 0°).


Figure 1C presents the simulated reflection phase spectra of Unit 4 for different incident angles as representative, and the phase shift has relatively minor change while varying the incidence angle, implying that the hexagonal unit possesses a good spatial coverage property. Figure 1D shows the simulated phase spectrum in reflection coefficient of Unit 4 for orthogonal linear polarizations as representative, and almost no phase shifts could be observed for the two different polarizations, implying that the hexagonal unit possesses good polarization-insensitive characteristic.



METASURFACES CONFIGURATION AND VERIFICATION

The proposed reflective metasurfaces are constructed with the honeycomb lattice by using 974 hexagonal units, and a standard waveguide horn is positioned in the metasurface central axis as the space feed source, as shown in Figure 1A. To improve the beam divergence and obtain the convergent OAM beams through the proposed reflective metasurfaces, the theoretical phase modulation ϕ for the metasurface units should be designed to meet the equation below [27]:
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Here l is the designed OAM mode number, (x, y) are the unit position coordinates, λ is the free-space wavelength, and F is the focal length of the feed antenna and set as F = 8λ = 320 mm.

To stimulate the OAM wave with mode number l = +1, the required phase-shift distribution for all the units are designed using Equation (1) and performed as shown in Figure 2A. The corresponding topological structure of the honeycomb metasurface is provided in Figure 2B, which clearly exhibits a single spiral configuration. Figure 2C presents the amplitude pattern of the simulated far-field radiation of the honeycomb metasurface for OAM mode number l = +1, where an annular tapered pattern of high-intensity radiation is clearly revealed. The side lobes are much lower than the main lobe, indicating that the electromagnetic energy is mainly propagating with the OAM wave. The corresponding phase pattern of the simulated far-field radiation is also plotted in Figure 2D, where the characteristic spiral phase front along with on-axis phase singularity of OAM are clearly revealed. The phase distribution of the OAM waves undergoes a linear variation of 2π around the axis of propagation, indicating the creation of a vortex beam with OAM mode l = +1.
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FIGURE 2. Reflective metasurface for OAM mode l = +1. (A) Quantized phase distributions for the units. (B) Topological structure of the metasurface. (C) The amplitude pattern of the simulated far-field radiation. (D) The phase pattern of the simulated far-field radiation.


For the OAM mode with number l = +2, the required phase-shift distributions are provided in Figure 3A, along with the corresponding metasurface structure shown in Figure 3B, both clearly exhibiting the double-helix configuration. Figures 3C,D present the amplitude and phase patterns of the simulated far-field radiation for OAM l = +2, respectively. The high-intensity annular tapered patterns along with the characteristic spiral phase fronts as well as on-axis phase singularity are clearly exhibited. The phase distribution undergoes a linear variation of 4π around the axis of propagation, indicating the creation of a vortex beam with OAM mode l = +2.
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FIGURE 3. Reflective metasurface for OAM mode l = +2. (A) Quantized phase distributions for the units. (B) Topological structure of the metasurface. (C) The amplitude pattern of the simulated far-field radiation. (D) The phase pattern of simulated far-field radiation.




CONCLUSION

In summary, polarization-insensitive reflective metasurfaces constructed from hexagonal-ring units along with honeycomb lattice have been proposed for efficient converging OAM generation. The proposed unit is made of a very succinct structure that binds further with the hexagonal lattice for obtaining a full-polarization response to the incident wave. Through the topology optimization of the units, two reflective metasurfaces stimulating the first-order and the second-order OAM beams have been numerically verified, which could be a promising candidate for radio communications and radar applications.
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