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Abstract

:

We report the design, simulation, and analysis of a THz phased array, using lens-coupled annular-slot antennas (ASAs) for potential beyond 5G or 6G wireless communications. For a prototype demonstration, the ASA employed was designed on a high resistivity Si substrate with a radius of 106 μm, and a gap width of 6 um for operation at 200 GHz. In order to achieve higher antenna gain and efficiency, an extended hemispherical silicon lens was also used. To investigate the effect of the silicon lens on the ASA phased array, a 1 × 3 array and 1 × 5 array (the element distance is 0.55λ) were implemented with a silicon lens using different extension lengths. The simulation shows that for a 1 × 3 array, a ±17° scanning angle with an about −10 dB sidelobe level and 11.82 dB gain improvement (compared to the array without lens) can be achieved using a lens radius of 5000 μm and an extension length of 1000 μm. A larger scanning angle of ±31° can also be realized by a 1 × 5 array (using a shorter extension length of 250 μm). The approach of designing a 200 GHz lens-coupled phased array reported here is informative and valuable for the future development of wireless communication technologies.
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1. Introduction


With the investigation and development of fifth-generation mobile communication technology (5G) in recent years, a variety of advanced applications such as virtual reality (VR), augmented reality (AR), and internet-of-things (IoT) have been proposed and gradually commercialized [1]. Therefore, research activities have been initiated for beyond 5G or even sixth-generation communication technology (6G) for wireless data links with much higher performance, such as larger capacities, higher data rates, and lower latency [2]. Although there is no unified or clear definition for beyond 5G or 6G yet, data rates in the range of 100 Gbps are expected in the near future. Such high data rates require a higher carrier frequency (e.g., in the mmW-THz region (30 GHz to 10 THz)) and a larger antenna gain [3,4].



Due to the narrower beamwidths in the mmW-THz frequency range (compared with microwave frequencies), point-to-point communication with dynamic beam steering and forming is required. As a result, phased array technology has become an attractive solution to realize higher directivity, better signal-to-noise ratio, and beam steering and forming for tracking users and navigating blockage [5,6,7]. However, data links in the higher frequency regions such as the THz bands (0.1–10 THz) typically have a limited link budget and degraded spatial coverage due to the significant path loss and limited available power (so-called THz gap) [8], which becomes a major issue for realizing advanced THz phased array systems with sufficient power, wider bandwidth, and beam-steering capability. To cope with significant path loss in the THz bands, lens-coupled antennas that have been widely employed in THz detection, imaging, and radiating [9,10,11] can provide higher gain and reduce surface wave losses (substrate mode loss).



In this paper, we proposed a novel approach for realizing a high gain THz phased array using the lens-coupled antenna configuration. For a prototype demonstration and feasibility study, A 200 GHz lens-coupled phased array using annular-slot antennas is designed, simulated, and analyzed. In the lens-coupled phased array design, multiple ASAs were coupled to an extended hemispherical silicon lens, and the element distance (d) was 0.55λ (λ is the wavelength in the silicon dielectric) as shown in Figure 1 (a 1 × 5 array is depicted as an illustrative purpose). A 1 × 3 array and 1 × 5 array were implemented with the extended hemispherical silicon lenses using different extension lengths (L). The full-wave simulation was performed for the above configurations. The simulation results show that a ±22° scanning angle (θ) and a −10 dB sidelobe level can be achieved by using a 1 × 3 array and an extended hemispherical silicon lens (radius (R) of 5000 μm and L of 1000 μm). Compared with a conventional 1 × 3 array on a silicon dielectric half-space without the silicon lens, the lens-coupled 1 × 3 array achieves more than a 10 dB gain improvement. In addition, by applying a 1 × 5 array with a smaller extension length (L of 250 μm) lens, a larger scanning angle of ±33° can be realized. To the best of our knowledge, it is the first time that a lens-coupled phased array has been systematically designed, investigated, and analyzed. The proposed approach for designing phased array antennas can be adopted in THz wireless communication devices such as THz transmitters or receivers. The paper is described as follows: Section 2 presents the configuration and theory of the proposed lens-coupled ASA array. The simulation results of a 1 × 3 array and a 1 × 5 array for different extension lengths are discussed in Section 3. Section 4 concludes this article.




2. Lens-Coupled ASA Array Design


The single ASA to be employed in the phased array (see Figure 1) was designed based on Tong and Blundell’s work [12], as shown in Figure 2a. For operation at ~200 GHz on high-resistivity silicon (with relative permittivity of 11.9 and resistivity > 20,000 Ω·cm), the radius (r) and slot width (w) of the ASA are chosen as 106 μm and 6 μm, respectively. The far-field E-plane and H-plane radiation patterns in the silicon half-space (without a lens) are simulated using ANSYS HFSS and plotted in Figure 2b. The corresponding antenna return loss is 31.8 dB, and the directivity is 4.3 dB at 200 GHz. The 10 dB factional bandwidth of the return loss is 14%.



For realizing a phased array system, multiple such ASAs were parallelly placed with an element spacing (d) and attached to an extended hemispherical silicon lens, as shown in Figure 1. Here, d = 0.55λ was chosen for effectively reducing the mutual coupling effect as well as suppressing the grating lobes [13,14]. In addition, the silicon lens was designed with a radius R of 5000 μm. This radius was chosen, so the lens is large enough as compared to the entire antenna array for the high antenna gain. Finally, the extension length L can be varied to adjust the directivity [15] for obtaining a relatively high gain and a reasonably low sidelobe level (SLL). The above configuration can be fabricated on a high-resistivity silicon substrate (with the desired thickness L) using a standard photolithography and lift-off processes [16]. Then, the substrate containing the array and feeding network [17] will be attached to a hemispherical silicon lens for testing.



While the ASA array (without lens) is fed by an equal magnitude and unique progressive phase difference (the feeding points are shown as red squares in Figure 1a), the far-field radiation patterns (or power density) can be obtained by using the array factor (AF) technique [18]:


   A F =   ∑  n = 1  N    e  j ( n − 1 ) ψ       where   ψ = k d cos ( θ + 90 ° ) + β   



(1)




where N is the number of elements, k is the wavenumber in the dielectric half-space, β is the progressive feeding phase difference, and θ is the beam angle from boresight. When ψ = 0, the    e  j  (  n − 1  )  Ψ   = 1  ; therefore, the entire array will have maximum power density, and thus the beam angle (θ) of the maximum power density can be obtained using (1). For a lens-coupled phased array, an extended hemispherical silicon lens bends the rays toward the boresight direction. Therefore, a larger gain can be achieved while having a relatively smaller scanning beam angle.




3. Simulation Results


3.1. A 1 × 3 ASA Array Analysis


A relatively small overall array size is preferred for a chosen silicon lens of R = 5000 um to realize a high antenna gain improvement. Therefore, as a prototype demonstration, a small 1 × 3 array (the length of ~700 μm, see Figure 3a inset.) was first analyzed by full-wave simulation using ANSYS HFSS to study the feasibility and design strategies to adopt such lens-coupled configuration for beam-steering phased arrays. Figure 3a shows the simulated array scanning beam angle (i.e., θ) as a function of the feeding phase difference, β, for different L/R ratios (i.e., L changes from 0 μm to 1500 μm, with R fixed at 5000 μm). In general, θ increases when β raises from 0° to 180°, and smaller extension lengths result in larger beam steering angles for the same feeding phase difference. Specifically, the θ that can be achieved with a β of 180° changes from ~11° to ~20°, ~36° and 41° when L decreases from 1500 μm (L/R = 0.3) to 1000 μm (L/R = 0.2), 500 μm (L/R = 0.1), and 0 μm (L/R = 0), respectively. For all cases, especially for L/R = 0.2 and 0.3, further increase in β (e.g., β > 150°) does not lead to a significant increase in θ. Figure 3a also shows the theoretic calculation result for a phased array without silicon lens using the array factor technique (black curve) [18], and the beam steering angle increases almost linearly with increasing β (maximum θ = 63° when β = 180°). Compared to the lens-coupled ASA arrays studied above, ASA arrays without lenses generally show a larger achievable beam steering angle range. However, as shown later in this paper, lens-coupled array configurations could have much higher antenna gains which is much desired for mmW-THz applications.



Figure 3b shows the antenna gain as a function of θ for different configurations. For the lens-coupled ASA arrays, in general, the antenna gain increases with the increase in the extension length L. At the same time, the achievable beam scanning range (when β changes from 0° to ±180°) decreases. Particularly, the boresight gain (θ = 0°) increases from 12.91 dB to 16.41 dB, 19.02 dB, and 24.01 dB, while the extension length changes from 0 μm to 500 μm, 1000 μm, and 1500 μm, respectively. For most phased-array systems, the maximum gain is typically located at boresight, but for the lens-coupled arrays with L/R = 0 and L/R = 0.3 studied here, relatively lower gains at boresight as compared to other scanning angles can be observed. This is caused by the off-axis property of the extended hemispherical lens, i.e., a higher gain at other angles can be generated by the off-axis antenna elements, which causes a lower gain at boresight [19]. For a 1 × 3 ASA array without lens, as seen in Figure 3b, a peak gain of 7.2 dB is observed at θ = 0°, and the gain decreases when the antenna beam is steered away from the boresight (i.e., θ > 0° or θ < 0°). By using the lens-coupled array antenna configurations, a significant gain improvement can be achieved. Especially for the cases of L/R = 0.1 and 0.2, a decent gain improvement of 9.2 dB and 11.82 dB (compared to the same antenna array without the lens), respectively, have been achieved while maintaining a relatively large beam scanning range, i.e., ±36° and ±20°, respectively, demonstrating that the proposed lens-coupled phased-arrays are promising for 5G or beyond wireless communications and other more advanced THz applications.



In addition to the antenna gain, Figure 3c shows the antenna SLL as a function of β for different configurations. For L/R = 0, L/R = 0.1, and L/R = 0.2, SLL increases gradually with β when β increases from 0° to 120°. When β approaches 180°, the SLL increases rapidly due to the emerging grating lobes for a large θ, as suggested by ref. [14]. For the case of L/R = 0.3, the SLL becomes very high for all β (e.g., −2 dB when β = 150°, see the H-plane pattern in Figure 3c inset), since the large extension length of 1500 μm significantly bends the antenna rays and raise the antenna directivity for both the main beam and sidelobes. Therefore, a smaller extension length (e.g., L < 1500 μm) is preferred for designing a 1 × 3 lens-coupled ASA array to achieve a reasonably low SLL.



As discussed above, for a lens-coupled phased-array design, a larger extension length (for the same lens radius) typically leads to a higher gain improvement, but at the same time results in a narrower beam scanning range and higher SLL. As a compromise, for the configuration studied here, the extension lengths of 500 μm and 1000 μm with which both high antenna gains and low SLLs can be achieved are adopted for designing and demonstrating a lens-coupled 1 × 3 ASA array. For the two designs (L/R = 0.1 and L/R = 0.2), the simulated H-plane (i.e., the beam scanning plane) radiation patterns at different scanning angles (β = 0°, ±60°, and ±120°) are plotted in Figure 4. Figure 4a shows that for L/R = 0.1, the main beam of the 1 × 3 array scans from −22° to −11°, 0°, +11°, and +22°, as β changes from −120° to −60°, 0°, +60°, and +120°, respectively. The 3-dB beamwidth of the main beam for this design is estimated to be ~21°. For L/R = 0.2 (see Figure 4b), the main beam is steered in a smaller range, i.e., from −17° to −7°, 0°, +7°, and +17° when β changes from −120°, to −60°, 0°, +60°, and +120°, respectively. As expected, the 3-dB beamwidth reduces to ~15°. In summary, the designed lens-coupled 1 × 3 ASA phased array offers a high gain improvement while sacrificing the beam scanning range.




3.2. A 1 × 5 ASA Array Analysis


In order to achieve a wider beam scanning range, larger arrays with more antenna elements can be used. As a prototype demonstration, a 1 × 5 array is implemented (see Figure 5a inset) for full-wave simulation using ANSYS HFSS. The array size along the scanning plane (H-plane) is increased to ~1200 μm by adding two more antenna elements while keeping the same element spacing of 0.55λ. Figure 5a plots the scanning beam angle θ as a function of the feeding phase difference β. Similar to that observed in Figure 3a, θ increases as β increases, and smaller L leads to larger beam steering angles for the same β. The θ achieved when β = 180° is increased from 31° to 41°, 48°, and 56° while the L/R decreases from 0.2 to 0.1, 0.05 and 0, respectively. In addition, the theoretical calculation for a phased array without lens using the array factor technique is plotted (same as the one in Figure 3a). Finally, as compared to the lens-coupled 1 × 3 arrays, the lens-coupled 1 × 5 arrays show that improved beam scanning ranges, e.g., improvement of 15°, 5°, and 11° for L/R = 0, L/R = 0.1, and L/R = 0.2, respectively, have been achieved for β = 180°. This indicates that using a larger array size allows a larger beam scanning range for applications such as wireless communications, wireless power transmission systems, and radar systems [20].



Figure 5b plots the antenna gain as a function of θ for different 1 × 5 array configurations. Similar to the 1 × 3 arrays, the antenna gain of a 1 × 5 array increases when L increases. For example, the boresight gain raises from 13.92 dB to 15.27 dB, 16.63 dB, and 17.51 dB, while the L/R changes from 0, to 0.05, 0.1, and 0.2, respectively. Additionally, similar to the 1 × 3 configurations with L/R = 0 and L/R = 0.3, it is also observed that the peak gain achieved for a 1 × 5 array is not located at the boresight for all cases due to the more antenna elements at the off-axis positions. For a 1 × 5 array without lens, a maximum gain of 8.49 dB at boresight can be seen, and the gain gradually decreases to ~7.2 dB as the beam steers away from the boresight, i.e., from 0° to ±55° (see the black curve in Figure 5b). In addition, a good gain improvement can also be achieved by using lens-coupled configurations. For the cases of L/R = 0 and L/R = 0.05, a gain improvement of 6.51 dB and 7.51 dB (compared to the 1 × 5 array without the lens), and a beam scanning range of ±56° and ±48° (for β = ±180°), respectively, can be realized. Although the gain improvement and the peak gain of the 1 × 5 array are relatively smaller than those of the 1 × 3 array with L/R = 0.1 or L/R = 0.2, the beam scanning range has been enormously increased by ~40° when β = 180°, approaching the theoretical maximum of the ideal phased array (i.e., θ = ±63° when β = ±180°). This shows the great potential of the 1 × 5 arrays for future wireless communications.



The SLL was also characterized for the 1 × 5 arrays. Figure 5c shows the SLL as a function of β for different L/R ratios. For L/R = 0, L/R = 0.05 and L/R = 0.1, the SLL varies from −9 dB to −6 dB as β increases from 0° to 180°. As compared to that of a 1 × 3 array, the SLL of a 1 × 5 array is higher since the higher gain generated by off-axis antenna elements lead to a higher SLL even when β is small (e.g., 0° < β < 90°). For the case of L = 1000 μm (L/R = 0.2), the SSL is increased to about −4 dB (see the H-plane radiation pattern when β = 130° in Figure 5c inset), this means that an extension length of smaller than 1000 μm should be applied to a 1 × 5 array design for achieving a satisfactory SLL.



As described above, a 1 × 5 array can be utilized to obtain a wider beam scanning range. However, this leads to higher SLLs due to more antenna elements located at off-axis positions. In addition, since smaller extension lengths are used (to keep decent SLLs), relatively smaller gain improvement can be achieved. Therefore, to maintain a larger beam scanning range while achieving a high gain and low SLL, the extension lengths of 0 um (no extended part) and 250 μm are chosen for a prototype demonstration. Figure 6 shows the simulated H-plane radiation patterns of the 1 × 5 array at different scanning angles for the above two cases. For L/R = 0, the main beam angle can be steered from −31° to −15°, 0°, +15°, and +31°, as β changes from −120° to −60°, 0°, +60°, +120°, respectively, and the 3-dB beamwidth is ~20° (see Figure 6a). Figure 6b shows that for L/R = 0.05, the main beam steers from −26° to −14°, 0°, +14°, and +26° while β increases from −120° to −60°, 0°, +60°, +120°, respectively, and the 3-dB beamwidth of the main beam is decreased to ~18°, as expected. In summary, for the lens-coupled 1 × 5 array, a wider beam scanning range can be achieved as the gain improvement decreases, and SLL raises. By selecting a suitable extension length (e.g., L = 250 μm), the lens-coupled 1 × 5 array demonstrates a remarkable performance for potential near future 5G and beyond communications.





4. Conclusions


Table 1 shows the lens-coupled arrays comparison between different configurations with β from 0° to ±120° (for reasonably low SLL). For the same array element numbers (i.e., 1 × 3 array or 1 × 5 array), as the extension length increases, the gain improvement increases, and the beam scanning range decreases. In order to achieve a wider beam scanning range, a larger size array (e.g., 1 × 5 array) could be used with the same lens. However, the SLL of the 1 × 5 array is raised since the off-axis effect is more prominent. To solve the above issue, a shorter extension length is utilized to reduce gain improvement for low sidelobes and, hence, SLL. As a result, a 1 × 5 array with optimized extension length can achieve a wider beam scanning range while maintaining a reasonably low SLL. Although the reported approach is demonstrated using 200 GHz annular-slot antennas, the same approach using the lens-coupled configuration is universal and can be applied to other planar antenna topologies for phased arrays at different frequencies. The proposed lens-coupled phased array will soon be implemented with an optically controlled switch network [17] for a prototype demonstration of switchable THz beam steering.



This paper demonstrates the design, simulation, and analysis of a 200 GHz phased array, using lens-coupled annular-slot antennas. The simulation results show that for a 1 × 3 array, a ± 17° scanning angle, 11.82 dB gain improvement, and about −10 dB SLL can be achieved using an extended hemispherical silicon lens (R = 5000 μm, L = 500 μm). By applying a shorter extension length (i.e., L = 250 μm), a larger scanning angle of ±31°, 6.51 dB gain improvement, and a sidelobe level of about −8 dB can be realized by using a 1 × 5 array. On the basis of the high performance reported here, we believe that the lens-coupled phased arrays have great potential and may find promising applications for future 5G and beyond wireless communications.
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Figure 1. (a) The configuration of the designed 200 GHz beam-steering phased array using five lens-coupled annular-slot antennas (the feeding points are shown as red squares), and (b) the sideview of the lens-coupled phased array (a 1 × 5 array is depicted as the illustrative purpose). 
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Figure 2. (a) The configuration of the designed 200 GHz single ASA (the metal part is shown as gray) and (b) its radiation patterns into the dielectric half-space. 
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Figure 3. (a) The feeding phase difference β versus scanning beam angle θ (the 1 × 3 array configuation is shown as inset), (b) the radiation gain versus scanning beam angle θ and (c) the sidelobe level versus phase difference θ at different extension lengthes L for a 1 × 3 array (the H-plane radiation pattern for an L/R = 0. 3 at β of 150° is shown as inset). 
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Figure 4. The radiation pattern of the H-plane for a 1 × 3 array with (a) L/R = 0.1 and (b) L/R = 0.2 at different phase differences β. 
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Figure 5. (a) The feeding phase difference β versus scanning beam angle θ (the 1 × 5 array configuation is shown as inset), (b) the radiation gain versus scanning beam angle θ and (c) the sidelobe level versus phase difference θ at different extension lengthes L for a 1 × 5 array (the H-plane radiation pattern for an L/R = 0.2 at β of 130° is shown as inset). 
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Figure 6. The radiation pattern of the H-plane for a 1 × 5 array with (a) L/R = 0 and (b) L/R = 0.05 at different phase differences β. 
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Table 1. The lens-coupled arrays comparison between different configurations (β from 0° to ±120°).
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	1 × 3 Arrays w/L/R = 0.1
	1 × 3 Arrays w/L/R = 0.2
	1 × 5 Arrays w/L/R = 0
	1 × 5 Arrays w/L/R = 0.05





	Boresight gain
	16.41 dB
	19.02 dB
	13.92 dB
	15.27 dB



	Gain imrovement
	9.2 dB
	11.82 dB
	6.51 dB
	7.51 dB



	Beam scanning
	44°
	34°
	62°
	52°



	SLL
	−12 dB to −9 dB
	−12 dB to −9 dB
	−9 dB to −7 dB
	−9 dB to −7 dB
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