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In this paper 1-bit dual-polarized ultra-thin lens antennas are presented based on Huygens’ principle. The unit cell provides two-state transmission phase compensation for dual-polarized waves. By tuning state 0 away from resonance and state 1 near Huygens’ resonance, the 180° transmission phase difference between the two states is achieved. In the frequency range of 27.5–28.5 GHz, the transmission phase difference between the two states of the unit cell is 180° ± 20°, and the transmission amplitude is greater than −2 dB. Using the proposed unit cell, three ultrathin 1-bit Huygens’ metasurface antennas comprising 33 × 33 unit cells with single beams pointing separately at 0°, 15°, and 30° are designed, fabricated and measured. Simulated and measured results show that the proposed 1-bit transmitarray antenna can achieve single-beam patterns, which is useful for the development of reconfigurable transmission and digital metasurface antennas in the future.
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INTRODUCTION
Over the past decades, metasurfaces have been gaining increasing attention for researchers. As a two-dimensional (2D) planar version of metamaterial, metasurfaces provides an easy way to manipulate electromagnetic (EM) waves by introducing an abrupt phase and amplitude discontinuity along the interface (Yu et al., 2011). A variety of metasurface-based functional devices are realized which can be found in several reviews (Chen et al., 2016; Ren et al., 2018; Chen et al., 2020; Hu et al., 2021). As a branch of metasurfaces, the concept of digital metasurfaces is first introduced by Cui et al. (2014). By encoding two units with opposite phase responses as “0” and “1” digital states, the EM parameter is briefly connected with the digital expression. As a result, the conventional metasurface pattern configuration is totally digitized as coding pattern, which can greatly simplify the design process and create more functionalities. Digital metasurfaces have been widely used for beam steering (Yin et al., 2021), scattering reduction (Wei et al., 2022), holographic imaging (Li et al., 2017), signal processing (Liu et al., 2016), magnetic near-field reconfiguration (Li et al., 2021) and wireless communications (Zhang et al., 2021).
Metasurfaces are usually classified into two types in reflective and transmissive modes. For a single-layer reflectarray, it is easy to simultaneously achieve high reflection and binary digital state of phase (Glybovski et al., 2016). In contrast, it is difficult for a single- or double-layer transmitarray (Abdelrahman et al., 2014). Therefore, the current digital metasurfaces are mostly based on reflective mode. Recently, as a typical transmissive metasurface, Huygens’ metasurfaces achieve a near-uniform transmission amplitude and a transmission phase shift over 360° by designing the balance between current and magnetic current on the surface (Pfeiffer and Grbic, 2013). Huygens’ metasurfaces thus exhibit the ultimate transmitted wave manipulation abilities such as beam splitting (Cai et al., 2017), wide-angle refraction (Chen et al., 2018), directional emission (Long et al., 2020; Guo et al., 2021), generation of airy beams (Hao et al., 2019; Xu et al., 2019), imaging holography (Wang et al., 2018; Wang et al., 2020) and parametric wave control (Liu et al., 2018). Moreover, Huygens’ metasurfaces exhibit their unique capabilities for lens antenna applications, such as improvement of the antenna efficiency (Epstein et al., 2016; Epstein and Eleftheriades, 2017) and reconfigurations of radiated EM waves (Chen et al., 2017).
In particular, Huygens’ metasurfaces can be used to simplify the structure complexity and reduce the assembly cost, which is crucial for antenna engineering. Recent investigations have shown that the Huygens’ metasurface can be realized on a single-layered dielectric substrate based on induced magnetism (Xue et al., 2019; Xue et al., 2020a; Xue et al., 2020b). Therefore, the high-efficiency planar lens based on Huygens’ metasurface can be achieved (Xue et al., 2020c; Lou et al., 2021). In this paper 1-bit dual-polarized ultra-thin lens antennas based on Huygens’ principle are proposed. Based on induced magnetism, the 1-bit dual-polarized Huygens’ metasurface can be realized by using one PCB substrate. The 1-bit Huygens’ lens antenna achieve the refraction functions of 0°, 15°, and 30° radiated beams for dual polarizations. The antennas have simple structure, small size, light weight, and low cost characteristics. We believe this has great significance for the future development of digitally reconfigurable lens antennas.
Theoretical analysis of the 1-bit Huygens’ units
The 1-bit Huygens’ unit is shown in Figure 1. The unit consists of the top and bottom metallic patterns on one dielectric substrate. The dielectric substrate is Rogers RO4003C with dielectric constant εr = 3.55, loss tangent tanθ = 0.0027 and thickness h = 1.524 mm. The metallic patterns are made of 18 μm-thick copper. In the millimeter-wave frequency band, the copper cladding can be regarded as an ideal conductor with negligible ohmic losses. The upper and lower metallic patterns are the angular square ring and the metallic wires with symmetric geometry. The period of the unit is p = 5 mm, the sizes of the metallic patterns are s = 4.8 mm, and all the width of metallic wire is w = 0.2 mm. The different parameters g and l are used to characterize the “0” and “1” states, as shown in Table 1. Due to the symmetry, the EM responses of this unit cell is identical for both X and Y polarized EM wave and thus is dual-polarized. For convenience, we just analyze the frequency response for y-polarized incident EM wave. The frequency-domain solver in commercial software CST Microwave Studio is used to obtain the frequency response of the unit cell.
[image: Figure 1]FIGURE 1 | Three-dimensional view of the Huygens’ unit.
TABLE 1 | Structure parameters of states “0” and “1”.
[image: Table 1]The simulated transmission amplitude is shown in Figure 2A. It can be seen that the transmission amplitudes of two units are greater than −2 dB when the frequency is lower than 28.5 GHz. A wideband transparent window is exhibited. On the one hand, for “0” state, the top and the bottom patterns are typical frequency-selective-surface (FSS) structures and their electric resonant frequencies are much lower than 28 GHz. As a result, the 28 GHz frequency for “0” state is in the non-resonant passband region. On the other hand, for “1” state, the top and the bottom patterns have similar electric resonant frequencies near 28 GHz but opposite current flow directions. Opposite current flows on both surfaces form a current loop which excites an orthogonal magnetic field. Such response is called induced magnetism (Epstein et al., 2016; Epstein and Eleftheriades, 2017). Finally, the balance between the intrinsic electric field and the induced magnetic field stimulate the Huygens’ resonance, opening a transparent window near the resonant frequency.
[image: Figure 2]FIGURE 2 | (A) The transmission amplitude and (B) transmission phase of two digital states.
The simulated transmission phase spectrum are shown in Figure 2B. For “0” state, the transmission phase near 0° at 28 GHz. For “1” state, the transmission phase is near 180° due to Huygens’ resonance. They have opposite phase. The simulated results further show that the phase difference between two states satisfies the range of 180° ± 25° in the frequency region of 27.5–28.5 GHz. Therefore, these two units can be regarded as binary digital states for transmitted wave manipulation.
Design, simulation and measurement of 1-bit Huygens’ lens antenna
Using the proposed 1-bit Huygens’ units, the 1-bit dual-polarized Huygens’ lens antennas are designed. The center operating frequency of the lens antenna is 28 GHz. As shown in Figure 3, the lens antennas can convert spherical waves from horn feed to high-gain beams of directional radiation. The radiated EM waves include the normal direction radiation, the refraction angles of 15° and 30° along x axis, and the refraction angles of 15° and 30° along y axis, respectively. The sizes of Huygens’ lens are 33 × 33 unit cells. A LB-28-15-A standard gain horn antenna as a feed source illuminates the planar lens with the focusing length of F = 148 mm. The precise phase compensation on the transmissive surface satisfy the following expression
[image: image]
where Δφ(m, n) is the phase difference between the unit cell placed at the location of (m, n) on the surface and the unit cell at the origin (m = 0, n = 0), and θ is the azimuth angle. The unit can be digitized as “0” state when Δφ(m, n) is between 0° and 180°, and can be digitized as “1” state when Δφ(m, n) is between 180° and 360°, which is given by
[image: image]
[image: Figure 3]FIGURE 3 | Schematic diagram of a planar lens antenna.
Then the distribution status of all elements on the surface of the lens antenna can be obtained. Figures 4A–C show the unit state distribution for the radiated angles of 0°, 15°, and 30°, respectively. Figures 4D–F exhibits the corresponding distribution of parameter g, and Figures 4G–I exhibits the corresponding distribution of parameter l, respectively.
[image: Figure 4]FIGURE 4 | (A–C) are the unit state distribution diagrams for the radiated angles 0°, 15°, and 30° at 28 GHz, respectively (D–F) are the corresponding distribution of parameter g, and (G–I) are the corresponding distribution of parameter l, respectively.
The prototype of Huygens’ lens antenna is shown in Figure 5. To avoid any possible interference from the environment, all far-field measurements are carried out in a microwave anechoic chamber. Another horn antenna is used as a transmitter for far-field measurement which is connected to an Agilent E8363C analog signal generator. In order to determine the dual-polarized radiation properties, the simulation and measurement are carried out for the two cases where the horns are placed in the x and y directions, respectively. By assembling the antenna under test on the rotary platform, the forward radiated patterns can be obtained accordingly.
[image: Figure 5]FIGURE 5 | The experimental setup and the measurement environment.
The simulated and measured far-field radiation patterns are shown in Figure 6. For x-polarization, as shown in Figure 6A, the simulated results show that refraction directions of radiated EM waves are 0°, 15°, and 30°, respectively, which is consistent with the design expectations. The half-power beam-width of the radiated beam are 3.9°, 4.1°, and 4.0° for E-plane, respectively. They have similar radiated properties. The peak gain of 0° refraction is 0.7 dB greater than that of 15° refraction and 2.23 dB stronger than that of 30° refraction, respectively. Moreover, the measured results show that refraction directions of radiated EM waves are 0°, 15°, and 30°, respectively, which is also consistent with the design expectations. The half-power beam-width of the radiated beam are 3.9°, 4.4°, and 4.2° for E-plane, respectively. They are consistent with the simulated results. For y-polarization, the simulated and measured results of Figure 6B is similar with those of Figure 6A. The half-power beam-width of the radiated beam of 0°, 15°, and 30° are 3.9°, 4.0°, and 4.1° for E-plane, respectively. The peak gain of 0° refraction is equal to that of 15° refraction and is 1.4 dB stronger than that of 30° refraction. Moreover, the measured results show that refraction directions of radiated EM waves are 0°, 15°, and 30°, respectively, which is also consistent with the design expectations. The half-power beam-width of the radiated beam are 3.9°, 4.1°, and 4.1° for E-plane, respectively. They are consistent with the simulated results. Moreover, the results show that half-power beam-width of the radiated beam are almost unchanged for different radiation angles, whether for x-polarization or y-polarization. In brief, the results of Figure 6 exhibit the dual-polarization property.
[image: Figure 6]FIGURE 6 | The E-plane far-field radiation pattern of 1-bit metasurfaces with the radiated angles of 0°, 15°, and 30° (A) for x polarization and (B) y polarization.
The gains spectrum is given in Figure 7. For x-polarization, the simulated maximum gain at 28 GHz is 27.22 dBi for 0°, 26.52 dBi for 15°, and 24.99 dBi for 30°, respectively. The results are about 4.00 dB weaker than the case of precise phase compensation. The measured results are consistent with the simulated results. For y-polarization, the simulated maximum gain at 28 GHz is 27.22 dBi for 0°, 27.32 dBi for 15°, and 25.82 dBi for 30°, respectively, and are about 4.00 dB weaker than the case of precise phase compensation. Furthermore, we note that, considering the radiation angle of 30°, the gain for the x-polarization case is significantly lower than that for the y-polarization case when the frequency is lower than 27.5 GHz. The reason is that the Huygens’ resonance is discussed just for the vertical radiation case. For the oblique radiation case, x- and y-polarizations cause different angular dispersions, which give rise to different changes of transmission amplitude and phase as the frequency is away from the designed frequency. Such difference leads to the phenomenon of very different gain in the case of x- and y-polarization when the frequency is away from the designed frequency. In addition, as seen from Figure 7, the 1-dB gain bandwidth is very wide, which shows good antenna radiation performance. The measured results are also consistent with the simulated results.
[image: Figure 7]FIGURE 7 | (A–C) The gain spectrum for refraction angles of (A) 0°, (B) 15°, and (C) 30°. All cases are compared to the exact phase compensation case.
CONCLUSION
In summary, we propose the configurations of 1-bit dual-polarized Huygens’ ultra-thin lens antenna. Two units with phase difference of 180° ± 25° are used for mimicking the “0” and “1” states. The metasurfaces designed with these two units achieve beam refraction at angles of 0°, 15°, and 30° for dual polarization. In addition, it is expected that the unit is available for circularly polarized transmitted wave manipulation by changing its structural symmetry. The Huygens’ lens antenna in this work have the advantages of low complexity, easy fabrication, and strong focusing ability, which is of great significance to the development of digital reconfigurable transmission array antennas in future.
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