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A 2-bit wide-angle coding metasurface is proposed to decrease the bistatic radar cross section (RCS) in this study. Each meta-atom of the designed coding metasurface is composed of a wide-beamwidth microstrip antenna whose feeding port is loaded with an open stub. There are globally four phase-coding states, namely, “00,” “01,” “10,” and “11,” which are achieved in a wide-angle range through an elaborate design of the lengths of the open stubs. Simulation results indicate that, for each meta-atom, the reflective amplitude is above −1 dB, and the reflective phase difference between two adjacent coding states is limited in the range of 90° ± 25° at 8 GHz at incident angles, 0°, 20°, 40°, and 60°. In addition, the generalized Rudin–Shapiro (RS) polynomial is applied to design the coding sequence of the metasurface array to reduce bistatic RCS. A 16 × 16 metasurface array is simulated, manufactured, and measured to validate the bistatic RCS reduction. The simulated results perfectly agree with the experimental results when the incidence angle of the 8 GHz plane wave is within 60°, which shows that the coding metasurface is practical and valid.
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INTRODUCTION
In contrast to natural materials composed of microscopic particles such as molecules and atoms, metamaterials are artificial structures composed of either periodically or nonperiodically arranged subwavelength structural units (VeselagoViktor, 1968; Pendry et al., 1996; Pendry et al., 1999; Smith et al., 2000; Zheludev and Kivshar, 2012; Hajian et al., 2017). Also, metamaterials have abnormal macroscopic medium parameters that are distinct from natural materials, such as negative permittivity (Pendry et al., 1996), negative permeability (Pendry et al., 1999), and permittivity-near-zero (Hajian et al., 2017). Researchers have accomplished many intriguing and unprecedented physical phenomena (Antonoyiannakis and Pendry, 1999; Shelby et al., 2001; Schurig et al., 2006; Liu et al., 2009; Chen et al., 2010). However, electromagnetic (EM) metamaterials are typically three-dimensional structures with large dimensions and massive weights, making integration with other devices challenging. To overcome these drawbacks, metasurfaces, which are two-dimensional forms of metamaterials, have been proposed (Holloway et al., 2009). Moreover, metasurfaces exhibit great size, cost, and integration advantages. By modifying the parameters of metasurfaces, EM wave characteristics such as amplitude (Landy et al., 2008), phase (Yu et al., 2011; Liu et al., 2014), and polarization (Mutlu et al., 2011) are availably manipulated.
In 2014, the concept of coding metasurfaces was proposed (Cui et al., 2014). In contrast to conventional metasurfaces, coding metasurfaces are described by discretized reflective or refractive phases. In general, 1-bit coding metasurfaces consist of two types of unit cells with 0° and 180° phase responses, denoted as “0” and “1,” respectively. Many intriguing applications are performed by designing a metasurface array with different encodings. RCS reduction is one of the most critical applications based on the ability of different coding sequence metasurfaces to manipulate electromagnetic waves.
RCS is widely used in military scenarios as a critical indicator of the target characteristic of the signal, and the RCS value should be as small as possible to be detected. There has been some research on bistatic RCS reduction using metasurfaces. In these research studies, the diffuse reflection property of electromagnetic waves based on the law of energy conservation is widely utilized in RCS reduction (Cui et al., 2014; Wang et al., 2014; Liu et al., 2016; Han et al., 2017; Masaki et al., 2017; Moccia et al., 2017; Zhang et al., 2017; Liaori et al., 2018; Khan et al., 2019). Optimization algorithms are applied to design coding sequences (Wang et al., 2014; Liu et al., 2016; Han et al., 2017; Zhang et al., 2017; Liaori et al., 2018; Khan et al., 2019), and 1-bit coding metasurfaces are adopted to lower bistatic RCS (Liu et al., 2016; Han et al., 2017; Masaki et al., 2017; Liaori et al., 2018). The situation of regular and fixed oblique incident angles is discussed (Liaori et al., 2018). Moreover, the incident angle of bistatic RCS does not exceed 45° (Cui et al., 2014; Wang et al., 2014; Liu et al., 2016; Han et al., 2017; Moccia et al., 2017; Zhang et al., 2017; Liaori et al., 2018; Dong et al., 2019; Khan et al., 2019). However, the ability of RCS reduction has severely deteriorated when radar operates at a wider incident angle. Also, the simulated results of bistatic RCS reduction within 60° are discussed (Masaki et al., 2017). Moreover, there is a big difference between 0° and 60°, indicating that the RCS reduction is not stable at a wide angle. Furthermore, it should also be noted that no related experimental results are provided. The simulation graphs rather than the specific results are displayed (Semenikhin et al., 2021). The RCS reduction researched in the study does not appear to be satisfactory. So far, the stability of the wide angle and the reduction of bistatic RCS remain focused on issues.
To achieve bistatic RCS reduction, a 2-bit wide-angle coding metasurface inspired using the microstrip patch antenna is proposed in this study. For constructing the coding metasurface, open stubs of different lengths are loaded on the feeding port of a microstrip patch antenna with a wide beamwidth. According to the previous research study, meta-atoms “00,” “01,” “10,” and “11,” with phases of 0°–270°, stepping by 90°, can manipulate EM waves effectively. In addition, it is feasible for the proposed meta-atom to realize four coded phases at a wide angle, with a reflection amplitude greater than −1 dB and a reflective phase difference of 90° ± 25° between two adjacent coding meta-atoms. Moreover, the generalized RS polynomial is utilized in the coding sequence design of the 2-bit 16 × 16 metasurface array to achieve bistatic RCS reduction, based on a proposed suboptimal design method (Moccia et al., 2017). The simulated and measured results demonstrate the excellent stability of bistatic RCS within 60° of incidence angles at 8 GHz. The proposed metasurface could facilitate further research and expand more applications to the metasurface system.
DESIGN AND ANALYSIS
Meta-atom design and analysis
As mentioned previously, the inspiration for the design is mainly using the microstrip patch antenna structure (He and Li, 2020). By adjusting the equivalent impedance at the feeding port, the different phase state of the meta-atom could be constructed accordingly. Commercial simulation software CST Microwave Studio is utilized to design the meta-atom. The proposed coding metasurface unit is illustrated in Figures 1A,B, which show the profile and side view of the meta-atom. Moreover, the meta-atom consists of ten layers with three different materials. From top to bottom, the following layers are present: metal layer 1, substrate layer 1, PP layer 1, substrate layer 2, PP layer 2, substrate layer 3, metal ground layer, PP layer 3, substrate layer 4, and metal layer 2. The metal grids between the second and fourth layers, consisting of 5 × 4 metal blind holes, contact the square metallic patch on the top layer. The feeding point metal blind spot connects the metal patch to the open microstrip line on the bottom metal layer. In addition, the metal material is copper, and the substrate material is F4B with a relative dielectric constant of 2.2 and a loss tangent of 0.001. The PP, whose material is FR4 with a relative dielectric constant of 4.4, is used for bonding the layers together.
[image: Figure 1]FIGURE 1 | (A,B) Profile and side view of the meta-atom. (C) Bottom view of four meta-atoms.
In addition, the thickness of copper metal is 0.035 mm, the thickness of dielectric from top to bottom is 0.18, 1.43, 0.18, and 0.18 mm, and the thickness of the PP layer is 0.1 mm. Figure 1C shows the various open microstrip structures on the bottom layer that correspond to the four types of coding meta-atoms, i.e., “00,” “01,” “10,” and “11.” The related geometric parameters of the unit are listed in Table 1. Furthermore, the width of the open microstrip is 0.6 mm, and the diameter of the hole drilled in the metal ground layer is 0.9 mm. Four meta-atoms have an equivalent open microstrip length of 4.4, 16.875, 16.275, and 10.775 mm on the bottom layer.
TABLE 1 | Related geometric parameters about meta-atoms.
[image: Table 1]Furthermore, the simulated results of meta-atom reflective amplitudes and phases of four types of meta-atoms at different incident angles θ are depicted in Figure 2. The periodic boundaries are used in the simulation. In particular, the Floquet ports are set in the z-direction, and the unit-cell boundary conditions are applied in x- and y-directions in CST Microwave Studio to simulate an infinite xy-plane. To characterize the reflective characteristics of the meta-atoms in response to the x-polarized EM wave, the scattering parameters of port Zmax (2) to port Zmax (2) are employed, where Zmax represents the port in the +z-direction and the number in bracket represents the mode that the electric field is x-polarized. In addition, the wave vector k of the incident plane wave is set at the xz-plane, the angle of the wave vector with -z-axis is θ, and the angle between the projection of the wave vector in the xy-plane and the x-axis is φ. Without loss of generality, θ is limited to 60°, and four angles, 0°, 20°, 40°, and 60°, are chosen to verify, and the φ is set to 180°. The lower and upper Z distances are set to 150 mm, along with the frequency from 6 to 10 GHz. It could be seen that the amplitudes of four meta-atoms are above −1 dB, and the phase difference between the two adjacent coding meta-atoms is within 90° ± 25° at 8 GHz in different θ, whose wide-angle stabilization property allows for bistatic RCS reduction using the proposed metasurface array. The details of reflective amplitudes and phases of the proposed meta-atom in different θ at 8 GHz are listed in Table 2.
[image: Figure 2]FIGURE 2 | Amplitudes and phases of four types of meta-atoms in θ = 0°, 20°, 40°, and 60° from 7 to 9 GHz.
TABLE 2 | Reflective amplitudes and phases of meta-atoms in θ = 0°, 20°, 40°, and 60° at 8 GHz.
[image: Table 2]Metasurface design and analysis of radar cross-section reduction
Compared with other coding metasurfaces, the meta-atom proposed in this study has wide-angle stability, so many fascinating functions are achieved, among which the bistatic RCS reduction is representative. RCS is defined as Eq. 1, where Es and Ei represent the intensity of scattered and incident electric fields, respectively, with angles θ and φ being the same as mentioned previously. Moreover, R denotes the distance between radar to target, while bistatic RCS is defined as max σ(θ, φ) in the upper z-plane. Figure 3 shows the schematic diagrams of a 2-bit coding metasurface array composed of 16 × 16 unit cells, which could reduce bistatic RCS in a wide-angle range. To simplify the simulation of bistatic RCS, the wave vector k of the incident plane wave is always in the xz-plane, the angles are also set as mentioned previously, the magnetic field vector h is parallel to the y-axis, and the projection of the electric field vector e in the xy-plane is parallel to the x-axis. Inspired by the absolute lower bound and IAF bound proposed by Moccia et al. (2017), the suboptimal method of 2-bit coding sequences is further studied. Furthermore, it is found that the generalized RS polynomial (Lei, 1991) is suitable to design array coding sequences, which could be expressed as the following Eqs. 2–5.
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[image: Figure 3]FIGURE 3 | Diffuse scattering diagram of the metasurface in the plane wave with the incident angle θ.
The generalized RS polynomial method does not require optimization algorithms and extensive simulation, saves computational resources, speeds up the design cycle, and has good results. In addition, considering the array composed of 16 × 16 unit cells, the array factor in two dimensions is separable. The coding sequences along the two dimensions are identical, so only one-dimensional sequence needs to be designed. It is noted that designing a coding sequence is to render the absolute value of the array factor as a constant as possible. Hence, the feature of generalized RS polynomial is well suited. Considering that the meta-atom has four different phase states, which means that the value of q is 4 and that the length of the sequence is 16, the coefficient matrix M with four rows and sixteen columns in Eq. 5 is needed.
In matrix M, different values map different dots of the unit circle in the complex domain, which contains four phase states, namely, 0°, 90°, 180°, and 270°. Moreover, the third-row elements in matrix M are chosen as the coding sequence in one dimension. Then, the whole coding matrix in the array is easily obtained.
The colored sketch matrix of the array is depicted in Figure 4A. Colors yellow, blue, purple, and red represent reflective phases 0°, 90°, 180°, and 270°, respectively. Furthermore, the curves of the absolute lower bound, IAF bound, and algebraic fit (Moccia et al., 2017) are shown in Figure 4B as a reference. Based on the parameters mentioned previously, the RCS ratio γfit (a negative value of RCS reduction) of the metasurface array in Eq. 6 can be obtained, where λ represents wavelength in free space, l represents the length and width of the meta-atom, and N represents the number of units in one dimension. In addition, the metasurface array is designed to meet the results of the RCS reduction approaching the IAF bound as much as possible. In Figure 4B, the value in the cross symbol represents points (4.267, −9.711) owing to that the meta-atom length is in the subwavelength scale at 8 GHz, about 1/3 wavelength in free space, and the RCS reduction is less than 10 dB according to Eq. 6. If the number of the array in the x- or y-direction is increased, the RCS reduction increases further. The RCS reduction comparative results of the metal plate and metasurface, which are of identical sizes in different θ, are shown in Figure 5. Compared with the metal plate, the RCS values of the metasurface are significantly reduced. Since the metasurface could manipulate the EM wave and disperses the energy in all directions, the RCS value is reduced at different incident angles. There are concrete values in Table 3, where the angle θr represents the angle between the wave vector of the maximum scattered wave and the z-axis and φr indicates the angle between the projection of the wave vector of the maximum scattered wave at the xy-plane and the x-axis and θ is defined as previously. The simulated RCS reduction results in different θ are approximate with the calculated algebraic fit value at θ = 0°, which embodies the feasibility of designing the method using the generalized RS polynomial. Moreover, the direction of RCS reduction of the metasurface is not precise in the mirror direction, demonstrating the manipulation of EM waves.
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[image: Figure 4]FIGURE 4 | (A) Colored coding matrix of the array. (B) RCS-ratio scaling laws in Moccia et al. (2017).
[image: Figure 5]FIGURE 5 | Simulated results concerning RCS of the metal plate and the metasurface at different θ in the upper z plane.
TABLE 3 | Value and angle of max RCS of the metal plate and metasurface in different incident angles θ.
[image: Table 3]RESULTS AND DISCUSSION
A prototype composed of 16 × 16 unit cells is fabricated based on a standard printed-circuited-board fabrication process to validate the aforementioned design method. The whole parameters are identical to the simulated model. The front and back views of the sample and the simulated model are shown in Figure 6A. The whole experiment is performed in the microwave anechoic chamber. Due to the conditions of the microwave anechoic chamber and the difficulty of bistatic RCS measurement, the measurement method is illustrated in Figure 6B to measure RCS of the sample and the metal plate in the mirror direction and use the data for comparison with the simulation results. Specifically, two horizontally polarized horn antennas are located at the same height as the device under test (DUT). Moreover, two horns connect with port 1 and port 2 of a vector network analyzer. Horn antenna 1 transmits EM waves, while horn antenna 2 receives EM waves. To better accomplish measurement in the microwave anechoic chamber, work fixture 1 with a length of 200 mm connects horn 1 to DUT, which guarantees that the angle between the transmitting horn and DUT is unchanged when measuring. Moreover, it has bearings on work fixture 2 in DUT, and the incident angle between horn 1 and DUT could regulate through the tools. The work fixture’s surroundings are covered with absorbing materials to prevent the interference of EM waves. In specific measurements, DUT, referring to sample 1, sample 2, and the stainless steel plate, is fixed on the turntable, which could rotate at the azimuthal plane. The incident angle is changed from 20° to 50°, stepping by 10°, as well as the angle of the turntable in azimuthal synchronously, while horn 2 is always immobile, the normal direction is perpendicular to the wall. Figure 6C illustrates the related measurement scenarios. For the case of θ = 0°, the measured method refers to the monostatic measured method in most of the articles. Figure 6D shows the simulated and experimental results of the aforementioned measured method. It should be noted that θ = 60° and the degrees below 20° are not measured due to the limitations of the microwave anechoic chamber and the horn antenna’s main lobe beamwidth. The detailed results are displayed in Table 4. Compared with the simulated results, the experimental results are better except for some individual points, for example, sample 2 in θ = 0° and 20°, and sample 1 in θ = 30°. Moreover, the RCS reduction of sample 1 is about 1.5 dB larger than that of the simulated one in θ = 40°. The scatter diagram variation tendency of sample 2 and the simulated results are exactly similar from 0° to 50°, and the trend of sample 1 is almost the same as well except θ = 30°. In different θ, the mean value of bistatic RCS reduction of mirror direction of the simulated model is 9.806 dB. In comparison, the values for samples 1 and 2 are 10.524 and 10.05 dB, respectively. The measured results are better than the simulated results. Furthermore, the standard deviations are 0.711, 1.067, and 1.401 dB, which demonstrate the excellent stability of bistatic RCS reduction in a wide angle compared with the results in Masaki et al.(2017). Compared with the RCS reduction of the metasurface with normal incidence (Cui et al., 2014), the maximum incidence angle of bistatic RCS has been raised to 60°, and the experimental results validate the design in this study.
[image: Figure 6]FIGURE 6 | (A) Front and back view of the prototype and simulated model. (B) Schematic diagram of the bistatic RCS measured method. (C) Experimental environment of bistatic RCS measurement. (D) Results of RCS reduction in mirror direction of the simulated models, sample 1 and sample 2.
TABLE 4 | Bistatic RCS reduction in mirror direction of the simulated model and samples 1 and 2 in different θ.
[image: Table 4]CONCLUSION
In this study, we propose a 2-bit wide-angle coding metasurface to reduce the bistatic radar cross section (RCS). Four phase-coding states with 90° phase differences, namely, “00,” “01,” “10,” and “11” states, are designed, which are achieved in a wide-angle range by different lengths of open stubs in the bottom layer. Moreover, the generalized RS polynomial is used in the coding sequence of the metasurface array without complex optimized algorithms. The simulated results have validated that the mean value of bistatic RCS reduction by 2-bit metasurface is 8.381 dB within 60° at 8 GHz. Also, the experimental results show that bistatic RCS reduction is about 10 dB in the mirror direction within 50°, and that the standard deviations of the prototypes with the simulated model are no more than 1 dB. The proposed metasurface design could facilitate further research on metasurface systems and other significant engineering practical applications such as wide-angle radar stealth.
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