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Abstract

:

Advanced applications require transmit-array lenses featuring low profiles, covering 360° phase modulation, and, potentially, polarization conversion. Subwavelength metamaterial elements with multilayers manipulate electromagnetic waves with predesigned phase shifts, resulting in the transmit-array lens’s low profile and light weight. Conventional designs separate the transmit-array lens and polarization converter with two functional devices and suffer from high profiles and complicated mechanical assembly. In order to resolve these issues, a subwavelength lens element combining the functions of phase modulation and polarization conversion is proposed. The metamaterial lens element consists of phase modulation, linear-circular polarization conversion modules, and a metallic via structure electrically connecting these two modules. The multifunctional lens element modulates the transmitted phase with a three-bit phase shift and operates in the frequency range from 24.5 to 27 GHz, with less than −10 dB reflection coefficient, 1 dB transmission loss, and a 2.5 dB axial ratio. A transmit-array lens antenna with the proposed element is implemented to validate the abilities of beam focus and polarization conversion. The gain of the lens antenna reaches 26.3 dBi, with a 3 dB beamwidth of 6.7° and −18 dB sidelobe level, and the axial ratio of the converted circular polarization is below 1 dB. The aperture efficiency of the antenna is 45.2%.
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1. Introduction


Modern wireless communication systems, such as 5G, satellite communications, and wireless access, require an antenna possessing multiple features, such as high directivity, low sidelobe level (SLL), high efficiency, and multiple polarization operation. Transmit-array lens antennas show high flexibility in the manipulation of radiating electromagnetic waves by utilizing subwavelength metal-dielectric elements [1,2,3,4,5,6,7,8,9,10], which satisfies the requirements of the wireless communication systems for these special applications, thus raising increased research interest in both academic and industrial domains.



Fixed-beam, high-performance transmit arrays operating in single-linear and dual-polarization modes have been thoroughly demonstrated [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15]. A wideband linearly polarized transmit-array antenna with a high gain of 33.45 dBi and high efficiency of 44.03% is proposed at 150 GHz for fixed beam applications [1]. A dual-band transmit-array antenna with low scan loss is designed with operating frequencies 19.5 GHz and 29 GHz, which achieves scanning performance of ±40° and ±30°, independently, with 2 dB scan loss [7]. A 4 × 4 scanning-phased array antenna with leaky-wave, enhanced lenses operating at 28 GHz is proposed [8]. It is designed with dual polarization and achieves a 20% relative bandwidth and a gain of 26.2 dBi. A circularly polarized transmit-array lens antenna is proposed in [9], which realizes beam steering at Ka-band by in-plane translation of a plate lens antenna. It achieves a gain of 27.3 dBi and a scanning angle of 0° to 50° with a 2.8 dB scan loss. A transmit-array antenna with linear-to-circular polarization at Ka-band is implemented with a high gain of 33.8 dBi, 1 dB bandwidth of 9.2%, and aperture efficiency of 51.2% [10]. The transmit-array antenna utilizes a half-wavelength unit-cell element and modulates the transmitted wave phase by rotating the element.



In order to realize the polarization conversion function, a separate metamaterial polarization converter is commonly implemented. A fixed-beam transmit-array and metamaterial polarization converter are combined to realize the high gain and linear-to-circular polarization conversion. Several metamaterial polarization converters have been investigated for linear-to-circular polarization conversion [16,17,18,19,20,21,22,23,24,25]. A cross-polarization converter uses metalized vias to convert linearly polarized incident electromagnetic wave into its orthogonal-corresponding electromagnetic wave [16]. Its conversion efficiency is 98.6% at 8.79 GHz when the incident angle is normal. A dual-band dual-linear-to-circular polarization converter can convert x-polarization to left-handed circular polarization at a lower band and right-handed circular polarization at a higher band [17]. A polarization converter to convert a linearly polarized incident wave into an outgoing circularly polarized wave is proposed in [18], which is constructed by a two-dimensional array of thin cavities with etched slots. The polarization converter features an extremely low insertion loss of around 0.1 dB and a high polarization conversion efficiency of 0.97. A wideband polarization converter is designed in [19], where a multilayer frequency-selective surface structure is employed to achieve a broad operating frequency range. By rotating the proposed polarization converter, the incident wave can transform in four cases: left- and right-handed circular polarization waves and horizontal and vertical polarization waves.



In this paper, we proposed a transmit-array lens element that can realize both phase modulation and polarization conversion functions at the same time. The lens element consists of phase modulation, linear-circular polarization conversion modules, and a metallic via structure connecting these two modules. When the lens unit works at 24.5–27 GHz, it can convert linear polarization wave into circular polarization wave with phase coverage of 360°, reflection coefficient lower than −10 dB, transmission loss of 1 dB, and an axial ratio of 2.5 dB.



The paper is organized as follows: The design of the transmit-array lens element and simulated results are presented in Section 2. In Section 3, a transmit-array structure with the proposed lens element is proposed and its performance is simulated. Finally, the paper is concluded in Section 4.




2. Transmit-Array Element Structure


A transmit-array lens element that can realize phase modulation and polarization conversion functions at the same time is shown in Figure 1. The element consists of six layers of metal patterns, five layers of dielectric substrates, and a metalized via. The first four-layer metallic patterns with substrates form a phase modulation part, as shown in Figure 1a. The split ring resonator with substrate functions as a linear-to-circular polarization conversion part. The fifth layer is a metal ground with circular holes to isolate these two parts as shown in Figure 1b, and the phase modulation and polarization conversion parts are electrically connected through a metallic via. All layers of the metal patterns are printed on dielectric substrates of Rogers RT5880 with εr = 2.2, tanδ = 0.0009, and M1 = 0.75 mm. The period of the element is S = 3.6 mm. In the electromagnetic simulation software HFSS, we optimized the geometric dimensions of nine elements under periodic boundary conditions and Floquet port excitations. In the frequency range of 24.5–27 GHz, the element provides a phase shift of 40°, covers 360° with three-bit phase modulation, and demonstrates horizontally linear polarization to right-hand circular polarization. The geometric dimensions of all unit-cells are shown in Table 1. The phase shift varies with the size parameters of the unit cell. Among them, the radius of the metalized via R_via and the outer radius of the metallic open ring R_out are sensitive to the axial ratio, transmitted amplitude, and phase modulation of the unit cells. According to the state-of-the-art fabrication processing, the minimum fabrication size is 25 μm for the multilayer PCB. The variations in transmission coefficient with R_via and R_out are shown in Figure 2. When R_via and R_out change ±25 μm, the axial ratio, transmission coefficient, and phase of the unit cell change about ±0.4 dB, ±0.5 dB, and ±5° over the frequency range of 24.5–27 GHz, respectively, which is tolerated for the transmit-array phase distribution.



The simulated reflection coefficients, transmission phase, and axial ratio responses of the proposed transmit-array element versus the frequency are shown in Figure 3. The reflection coefficients of all lens unit cells are lower than −10 dB, the transmission phase of the lens unit-cells shifts with a step of 40° and covers 360°, and the axial ratio of all unit cells is less than 3 dB for the whole frequency range, from 24.5 GHz to 27 GHz. With the incident angle varying from 0° to 30°, the change in the transmission phase shift is less than nine degrees, as shown in Figure 3e. The element has no air layer and is easy to fabricate with PCB manufacturing. In order to highlight the advantages of this research, Table 2 lists comparative features of several elements in the published literature, including the center frequency, period of the element, thickness of the element, phase modulation, and polarization conversion. It can be seen from the table that only the elements in [10,24,25] and our proposed element support both phase modulation and polarization conversion in one unit. However, the element of the proposed element is a subwavelength structure, compared with the elements with half-wavelength size in [10,24,25], which means more units can be deployed in the same transmit-array aperture, with higher phase modulation diversity.




3. Array Verification Lens Element Function


In order to verify the proposed functional unit-cell performance, a fixed-beam transmit-array with a 4λ0 × 4λ0 (λ0 is the wavelength at the center operating frequency 25.8 GHz) size was designed and simulated. The schematic diagram of the transmit-array is shown in Figure 4a, and the phase distribution is demonstrated in Figure 4b. The transmit-array was fed with a horn antenna with a gain of 14.3 dBi and a focal length of 108 mm. The proposed transmit-array was studied using Ansys HFSS 2020. The gain pattern and axial ratio of several frequency points of the transmit-array in the frequency range of 24.5–27 GHz are presented in Figure 5. At 25.8 GHz, the gain of the main lobe with a 3 dB beamwidth of 6.7° reached 26.3 dBi, and the maximum SLL was −18 dB. Figure 6 presents the simulated co-polarization and cross-polarization gains versus frequency. The transmit array exhibited 11.5% 1 dB gain bandwidth. The maximum gain is 26.5 dBi, leading to the corresponding aperture efficiency of 45.2% at 25.8 GHz. Due to the existence of metallic vias and six metal-pattern layers in the transmit-array element, the fabrication processing became complicated and difficult, so we mainly focused on the design and novelty concept.




4. Conclusions


Numerical simulations confirmed that the proposed subwavelength transmit-array lens elements exhibited both phase modulation and polarization conversion functions with one unit. The phase-shift change in the transmit-array unit was less than 10°, with an incident angle varying 30°, which is tolerable for beam scanning of the transmit-array antenna. The lens element covers the frequency range of 24.5–27 GHz, modulates the transmitted wave with a three-bit phase shift covering 360°, and converts the linearly polarized incident wave into a circularly polarized wave. The reflection coefficients of the unit cells were lower than −10 dB, the transmission loss was lower than 1 dB, and the axial ratio was below 2.5 dB. In order to further verify the functions of the transmit-array lens element, the unit cells were arranged in a grid pattern to form a fixed-beam, transmit-array antenna. The simulated results showed that the gain of the transmit-array increased by 12 dB, and the axial ratio was lower than 1 dB. The proposed transmit-array lens element can be implemented into flexible transmit-array antennas for wireless communication applications.
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Figure 1. Schematic diagram of the proposed lens element: (a) phase modulation part; (b) polarization modulation part; (c) 3D view. 
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Figure 2. The influence of variations in R_via and R_out on the transmission coefficient, transmission phase, and axial ratio of the lens element over the frequency range of 24.5–27 GHz: (a) transmission coefficient of R_via in dB; (b) transmission phase of R_via in degrees; (c) transmission coefficient of R_out in dB; (d) transmission phase of R_out in degrees; (e) axial ratio of R_via in dB; (f) axial ratio of R_out in dB. 
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Figure 3. Phase modulation and polarization conversion properties of the proposed lens element over the frequency range 24.5–27 GHz: (a) reflection coefficient in dB; (b) transmission coefficient in dB; (c) phase shift in degrees; (d) axial ratio of the converted right-hand circular polarization in dB; (e) phase change for the incident wave varying from 0 degrees to 30 degrees. 






Figure 3. Phase modulation and polarization conversion properties of the proposed lens element over the frequency range 24.5–27 GHz: (a) reflection coefficient in dB; (b) transmission coefficient in dB; (c) phase shift in degrees; (d) axial ratio of the converted right-hand circular polarization in dB; (e) phase change for the incident wave varying from 0 degrees to 30 degrees.



[image: Applsci 12 04745 g003]







[image: Applsci 12 04745 g004 550] 





Figure 4. The designed transmit-array lens antenna with proposed elements: (a) schematic diagram of the transmit-array lens antenna; (b) phase distribution of the transmit-array antenna in degrees. 
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Figure 5. Radiation properties of the transmit-array with the proposed unit-cells over the frequency range 24.5–27 GHz: (a) gain pattern at 25 GHz; (b) gain pattern at 25.6 GHz; (c) gain pattern at 25.8 GHz; (d) gain pattern at 26.2 GHz; (e) gain pattern at 26.8 GHz; (f) axial ratio of transmit array in dB. 
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Figure 6. Co-polarization and cross-polarization gains of the transmit array versus frequency. 
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Table 1. Geometric parameters of the nine unit cells.
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	L1
	L2
	L3
	L4
	W1
	W2
	W3
	W4
	R_in
	R_out





	Unit-cell1
	2.58
	2.34
	2.3
	2.92
	0.1
	0.18
	0.1
	0.13
	0.4
	1.69



	Unit-cell2
	2.85
	2.71
	2.67
	2.89
	0.18
	0.18
	0.1
	0.13
	0.39
	1.7



	Unit-cell3
	2.56
	2.7
	3.11
	3.09
	0.18
	0.19
	0.14
	0.12
	0.39
	1.69



	Unit-cell4
	2.14
	1.98
	1.62
	2.68
	0.19
	0.25
	0.15
	0.18
	0.39
	1.7



	Unit-cell5
	3.12
	3.16
	3.08
	3.1
	0.13
	0.11
	0.08
	0.14
	0.39
	1.71



	Unit-cell6
	3.22
	3.18
	3.16
	3.13
	0.12
	0.11
	0.1
	0.14
	0.39
	1.705



	Unit-cell7
	2.18
	2.11
	1.5
	2.25
	0.35
	0.1
	0.15
	0.1
	0.4
	1.7



	Unit-cell8
	2.7
	2.7
	3.13
	3.15
	0.1
	0.18
	0.09
	0.13
	0.55
	1.7



	Unit-cell9
	2.33
	2.2
	1.1
	2.9
	0.17
	0.25
	0.15
	0.18
	0.39
	1.7
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Table 2. Comparisons of the elements.
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	Ref.
	Center Frequency (GHz)
	Period of the Element (λ0)
	Thickness of the Element (λ0)
	Phase Modulation
	Polarization Transformation
	Measurement





	[1]
	140
	0.58
	0.28
	2 bit
	×
	√



	[3]
	12.25
	0.6
	0.5
	3 bit
	×
	√



	[9]
	29.75
	0.25
	0.33
	6 bit
	×
	√



	[10]
	29.5
	0.5
	0
	3 bit
	√
	√



	[11]
	25
	0.29
	0.81
	3 bit
	×
	√



	[16]
	9
	0.48
	0.06
	×
	√
	√



	[17]
	25
	0.44
	0.09
	×
	√
	√



	[18]
	10
	0.72
	0.11
	×
	√
	√



	[19]
	9.4
	0.31
	0.19
	×
	√
	√



	[24]
	27
	0.54
	0.18
	2 bit
	√
	√



	[25]
	300
	0.5
	0.26
	3 bit
	√
	√



	This work
	25.8
	0.31
	0.32
	3 bit
	√
	×
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