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This study investigated a novel electronically controlled two-dimensional beam-scanning reflective array antenna (reflectarray), which uses nematic liquid crystals. A double-dipole resonance structure is used as the phase-shift unit for the reflectarray for the required phase compensation. The simulation shows that, for about 7 GHz bandwidth of the phase shift range, over 360° can be achieved at the F-band. In addition, a novel wiring scheme is proposed to reduce the adverse effect of the biasing line on the phase-shift performance and simplify the manufacturing process. A simulation of the designed 39 × 39 reflectarray shows that the maximum beam steering range, maximum gain, and side-lobe level at 115 GHz are 20°, 16.55 dBi, and −8.4 dB, respectively.
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INTRODUCTION

In recent years, millimeter-wave and terahertz reconfigurable reflective array antennas (reflectarrays) have advanced rapidly because of their broad application potentials. These include wireless communication [1], radar systems [2], medical imaging and diagnostics [3], and security inspection [4, 5]. For sub-millimeter and THz application systems, the demand for terahertz functional devices, such as phase shifters [6], resonators [7–9], and antennas [10], is also increasing.

Reflectarrays overcome many of the drawbacks typically associated with individual reflector and planar-phase array antennas. For example, they can maintain high gain with low loss and are relatively simple to fabricate [11]. The phase scheme of conventional reflectarrays includes varying dimensions of reflectarray elements [12]. Once the dimensions of the array and unit cell are determined, both the beam direction and beam shape of the antenna become unchangeable [13]. To still enable beam formation and beam scanning, the reconfigurable reflectarray can be equipped with tunable phase-shifting elements. Furthermore, PIN diodes [14], varactor diodes [15], micro-electromechanical systems (MEMS) [16], and ferroelectric materials [17] are widely used to fabricate phase shifters. However, these are associated with disadvantages such as high loss, the inability to be used for terahertz frequencies, and a high bias-voltage.

Liquid crystals (LCs) are already widely used with terahertz technology and are very suitable for reconfigurable reflectarrays above 60 GHz [18]. Because of their dielectrically adjustable properties, phase shifters [19–21], which are based on LCs, can dynamically control the reflection phase by applying a variable bias-voltage. Furthermore, they can realize a large phase-shift range and wide bandwidth, which allows the LC-based reconfigurable reflectarray to increase the degree of freedom for unit-cell-independent control and wavefront shaping. In addition, the low fabrication cost and low bias-voltage identify them as promising candidates for terahertz reconfigurable reflectarrays [22]. Recently, many LC-based reconfigurable reflectarrays have been reported. For example, a liquid-crystal based reconfigurable antenna was proposed, and gains of 25.1 dB at 78 GHz were obtained [23]. In 2015, liquid crystals, which operate above 100 GHz, were experimentally demonstrated by Perez-Palomino et al. Their study showed that the antenna can generate an electronically steerable beam in one plane across an angular range of 55° [18]. In 2019, a reflectarray, based on liquid crystals and static driving technique in the millimeter-wave band, was proposed. According to a simulation, this reflectarray is capable of two-dimensional beam-scanning [24]. However, most of the reported antennas can only perform one-dimensional (1-D) beam scanning [18, 23]. The reason is the complicated wiring scheme of two-dimensional (2-D) beam scanning antennas, which makes them difficult to fabricate.

This paper describes the application of nematic LCs (NLCs) for electrically controlled reconfigurable reflectarrays ~115 GHz. A simple but effective wiring scheme is proposed, which enables 2-D beam scanning and enables easy fabrication. The proposed reflectarray consists of 39 × 39 double-dipole-patch-based phase-shift cells [25]. Several double dipoles are connected by surrounding rectangular loop bias lines that act as a subarray. Numerical simulation shows that the negative effect of the added rectangular loop bias lines on the phase-shift performance is negligible, and the number of the bias lines decreased by 89% (e.g., for a 3 × 3 phase shift element as a subarray).



DESIGN OF A LC-BASED PHASE SHIFTER

Figure 1 shows the structure of the phase shifter element. The unit cell consists of two quartz substrates and a sandwiched NLC layer. Both ground and double-dipole resonant structures were printed on the upper surface of the bottom and the lower surfaces of the top quartz substrates, respectively. Both the ground and the patches were made of copper with a conductivity of 5.8 × 107 S/m. The relative dielectric permittivity and loss tangent of quartz are ε = 3.78 and tanδ = 0.002, respectively. To align the NLCs in a state without bias voltage, two thin aligned polyimide layers were spin-coated on the ground and double-dipole patches. The sandwiched NLCs were LC mixtures (HFUT-HB01) with the following characteristic parameters for the F-band: ε⊥ = 2.50, ε∥ = 3.69, and tanδ = 0.02 [26]. Assuming that the device is illuminated by a linear polarization and normal incidence plane wave, the electromagnetic performance of the device has been analyzed and optimized using numerical finite element method (FEM) simulation. The initial value of the patch size was obtained by using the classical formula for the resonant frequency of a patch antenna [27]:
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Here, L represents the actual length of the patch, fr represents the resonant frequency, μ0 represents permeability in free space, ε0 represents permittivity in free space, εreff represents the effective dielectric constant of the substrate, and ΔL represents the extended incremental length of the patch. For example: using (1), the actual length of the patch was 713.1 μm at 115 GHz.


[image: Figure 1]
FIGURE 1. Three-dimensional (3-D) schematic diagram of a phase shifter unit (A). Top view of the unit cell (B). Side view of the unit cell (C).


Other parameters, such as the dipole width and the distance between two dipoles, were adjusted to obtain the required phase range and the frequency shift. The adjustment was made by consecutively and independently changing each parameter. The optimized dimensions for the unit cell are shown in Table 1.


Table 1. Optimized dimensions of the unit cell.
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The reflected element consists of two parallel unequal electric dipole patches, and the electric dipole resonance is excited by a linear polarization and normal incidence terahertz plane wave. Figure 2A shows the amplitude vs. frequency for a dielectric permittivity variation from 2.50 to 3.69 and the value change between −1.5 dB and −5.5 dB at 115 GHz. As shown in Figure 2A, the maximum loss is −7.9 dB at 104 GHz, and the minimum loss is −6.4 dB at 123 GHz. In Figure 2B, a phase shift range of 360 was obtained for a 7 GHz bandwidth, which ensures the design of a reconfigurable reflectarray antenna, and the curve showed good linearity. The inset of Figure 2B shows the surface current distribution around double-dipoles at 115 GHz. The largest current exists at the surface of the dipole, phase-shifted at the resonant frequency.


[image: Figure 2]
FIGURE 2. Simulated amplitude (A) and phase shift (B) as a function of frequency for different dielectric permittivities and surface current distribution around the double-dipole.




WIRING SCHEME FOR TWO-DIMENSIONAL BEAM-SCANNING

For simplification, most reported reconfigurable reflectarray phase-shifting units are connected by the same bias line in the same row [28]; however, this is insufficient for 2-D beam scanning. To achieve a better balance of fabrication complexity and 2-D beam scanning performance, a compromise with respect to wiring is introduced. For example, for a 39 × 39 reflectarray, every three patches in the same row are connected by a bias line parallel to the x-axis, and every three rows of the patches described above are surrounded by a rectangular loop bias line. The trunk bias lines pass through gaps between the adjacent unit cells along the x-axis, as shown in Figure 3. Thus, voltage can be applied individually to each 3 × 3 subarray. All bias lines and the distance between adjacent trunk bias lines are set to the same line width (10 μm). Because of the subarrays, the number of driving lines decreased significantly. The total number decreased from 1,521 to 169, which represents an 88.9% decrease.


[image: Figure 3]
FIGURE 3. Wiring scheme of the whole antenna (A) and four driving line arrangements of a 3 × 3 subarray. None trunk bias line (B). Two trunk bias lines (C). Three trunk bias lines (D). Five trunk bias lines (E).


The effect of different driving line arrangements on the phase-shift performance is shown in Figure 4. Curve ‘a’ represents the phase shift vs. the relative permittivity for the phase-shifter elements with arrangement (B) in Figure 3. Curve ‘b’ represents the phase shift for arrangements (C), (D), and (E) in Figure 3. As shown, the average phase shift discrepancy between both cases is ~20° from 110 to 115 GHz, which remains within tolerance. The results show that the effect of different bias line arrangements on the phase shift performance was small and can thus be neglected. Under this wiring scheme, the phase and relative permittivity response curves of the phase-shift units still maintain high accuracy. This represents evidence for accurate phase compensation of the reconfigurable reflectarrays.


[image: Figure 4]
FIGURE 4. Comparisons of phase-shift performances for different bias line arrangements. Two trunk bias lines (A). Three trunk bias lines (B). Five trunk bias lines (C).




DESIGN AND NUMERICAL RESULTS OF THE REFLECTARRAY

The reflectarray consists of 39 × 39 double-dipole phase shifter cells with a total area of 50.7 mm × 50.7 mm. Figure 5 shows a schematic of the planar reflectarray. A pyramid horn, located perpendicular to the reflectarray, is used as feeding horn. To ensure that the TM polarized wave of the 10-dB beam width emitted by the feed can cover the reflectarray, the distance between the phase center and the center of the reflectarray is set to 43.9 mm. The 10-dB beam width of the feed and the array aperture are 30° and 50.7 mm, respectively, are also considered.


[image: Figure 5]
FIGURE 5. Schematic of the reflectarray.


The array is illuminated by the electromagnetic wave radiated from the primary feed, which generates the secondary radiation after phase compensation of the unit cells. According to the superposition principle of the vector field, the superposed wave can form a main beam with fixed direction in free space. The required phase compensation (Φx, y) consists of two parts; Φ1 compensates for the spatial phase delay caused by different distances from the feed to the array units, and Φ2 is the plane phase distribution that radiates electromagnetic waves toward the main beam direction (θ, ϕ). This can be expressed as follows:

[image: image]

Here, k0 = 2π/λ represents the free-space wave number (xi, yi), represents the coordinate for each array element, and (θi, ϕi) represents the direction from the phase center to each array element. With the bias voltage applied to each element, the unit cells obtain the corresponding phase distribution Φx, y. Figure 6 shows the phase distributions for scanning angles of−10°, 0°, 10°.


[image: Figure 6]
FIGURE 6. Phase distributions for various scanning angles of −10° (A), 0° (B), and 10° (C).


The far-field patterns of the reflectarray are calculated using finite integral technology (FIT) simulation. Figure 7 shows the simulated results for the elevation plane and azimuth plane for several angles at 115 GHz. For the elevation plane, the reflectarray performs a beam scanning range of 20°, with a maximum gain of 16.55 dBi at a scan angle of 0°, while the SLLs remains below −6.6 dB for the whole scanning range. The half-power beam-widths (HPBW) are 4.9, 5.6, and 5.8° at scanning angles of 0, −10, and 10°, respectively, which indicates good directivity.


[image: Figure 7]
FIGURE 7. Simulated radiation patterns at 115 GHz for an azimuth angle ϕ of 90° (A) and an azimuth angle ϕ of 0° (B).


The antenna performance for the azimuth plane is slightly different because of the asymmetry of the structures of the unit cells. The beam-scanning range is 20°, as shown in Figure 7B. A maximum gain of 16.09 dBi is obtained for a scan angle of 0°, and the SLLs are below −6.1 dB with the HPBWs of 5.7° at scanning angle of 0°.

Table 2 shows the detailed electrical performance for the designed reflectarray for several scan angles. The performance of this antenna will improve when a 2 × 2 subarray and a more complicated driving circuit are used.


Table 2. Details of the electrical performance of the reflectarray for several scan angles.
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CONCLUSION

In this paper, a double-dipole phase shifter is designed with a phase range exceeding 360°. The wiring scheme for the 2-D beam-scanning attempted to balance structural simplification and performance. Based on a liquid-crystal phase shifter, an electrically controlled 2-D beam-scanning reflectarray for the F-band is presented. Simulation shows that the reflectarray reaches the maximum gain (16.55 dBi) for a scanning range of 20° and a very low SLL of −8.4 dB. Furthermore, the HPBW remains below 6.5° for several scanning angles. The new antenna may be used for terahertz imaging and detection.
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