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Abstract

:

A dual-band, dual-polarized frequency selective surface (FSS)-backed multilayer reflectarray antenna is designed for 5G high-speed satellites operating at Ka-band uplink and downlink frequencies (20/30 GHz). A reflectarray antenna system consists of two reflectarrays that are separated from each other by an FSS layer that behaves as a planar bandpass filter at Ka-band satellite uplink frequencies. Each reflectarray antenna is designed with dual-polarized unit cells. In order to achieve a uniform phase distribution across the reflectarray surface, physical dimensions and positions of the unit cells with a fixed periodicity are carefully chosen. The FSS conductor is etched to the bottom layer of the 30 GHz reflectarray substrate to save cost and weight. The reflectarray performance is analyzed by using CST Microwave Studio and array theory. A prototype is fabricated, and the results are experimentally verified. The gain of the reflectarray is measured as 21.13 dBi and 26.94 dBi at 20 and 30 GHz, respectively. A crosspol level of more than 35 dB is observed at both frequencies. The simulated and measured results show that the proposed reflectarray is suitable for high-speed Ka-band satellites.
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1. Introduction


To sustain the demands of 5G communication in terms of mobility and coverage, satellites and space technologies play a critical role [1]. To provide high-speed internet coverage even in remote and underserved regions and achieve unique advantages of seamless, high throughput, uninterrupted global connectivity, satellites serve as a backbone for 5G networks [2]. Progress in the satellite and launch technology pave the way for these demands, which would not be possible technically and economically with terrestrial communication that severely relies on buried fiber optic cables.



Ka-band satellite is a proven technology that provides high-speed services with higher data rates by using smaller receiving antennas [3,4]. Since antennas play a critical role in satellite communications systems, high-gain antennas are essential to operate at the receive and transmit frequencies of the Ka-band (20/30 GHz) simultaneously. Reflector antennas with high gain have served as the mainstream technology until the last decade. However, progressively increasing demands of the end users have triggered the advancement of innovative antennas in both spaceborne and user terminals. As the new generation of high-gain antennas, reflectarrays that consist of planar arrays of conductive elements are developed as an alternative to curved, bulky reflector systems [5]. Besides their superior physical properties, reflectarrays combine the advantages of phased arrays and reflectors. With the individually controllable phases of reflectarray elements, the beam of the reflectarray can be generated according to the predefined benchmarks. Although printed reflectarrays have narrower bands compared to reflectors, they offer a practical solution for multi band antennas [6,7]. Multiband characteristic of a reflectarray can be achieved by using broadband elements [8,9,10,11], multilayer unit elements [12,13], interleaved array grids [14,15], or stacked arrays [16].



The method to be applied mostly depends on the separation of the bands and specifications on the physical structure [17]. Both multi band operation and dual linear polarization may be achieved with a single layer reflectarray [18]. However, altering the phase of the unit elements for different bands results in reduced efficiency and bandwidth performance due to the mutual coupling generated by the phasing elements of the bands on a single aperture [19]. In recent years, efforts on realization of dual-band and/or dual-orthogonal polarization has led to the usage of FSSs in reflectarrays [17,19,20,21,22,23,24,25,26]. The FSS behaves as a ground plane and reflects the signal at one of the operation bands, whereas the signal is transmitted to the bottom reflectarray at the other band of operation.



In this work, an FSS is used to isolate the reflectarrays designed to operate at the downlink and uplink frequency of the Ka-band satellite systems. With the usage of a simple ring resonator that is designed to operate as a planar bandpass filter at the downlink frequency of the Ka-band satellites, the beam is directed towards predetermined direction at two distinct frequencies. Improved gain and aperture efficiency is obtained by suppressing the mutual coupling generated due to the elements of the two reflectarrays. Instead of using a separate printed circuit board for the FSS, the conductive pattern of the single-sided FSS has been etched to the bottom side of the upper reflector, which was designed to operate at 30 GHz. The phases of the two unit cells, designed for 20 and 30 GHz reflectarrays, are calculated to radiate     20  o    by considering the existence of the FSSs in each case. A double-ridged horn antenna that has been oriented to the center of the reflectarrays is used as the feed antenna. The full-wave analysis of the reflectarray is evaluated numerically by CST Microwave Studio [27]. A prototype is fabricated and the performance of the reflectarray designed for transmit/receive operation is experimentally verified.




2. Proposed Unit Cell Configurations


The majority of the Ka-band high-throughput satellites (HTS) operate typically in the frequency range of 27.5–31 GHz for the uplink, whereas the 17.7–21.2 GHz band is used as the downlink. In this work, 20 GHz and 30 GHz are chosen as the design frequencies of the reflectarray with dual-band operation. The periodicity of the unit cells is determined using Equation (1) to avoid grating lobes and to obtain the required phase range [28].


  D < λ /   1 + s i n   θ    



(1)




where λ is the wavelength at the operation frequency and θ is the angle of the radiated beam. The periodicity of the unit cells for 20 and 30 GHz should be chosen equal. Thus, D of the unit cells is chosen as 6 mm, which renders orientation of the main beam direction up to θ = 42°.



Proposed unit cells for the 20 GHz and 30 GHz reflectarray are shown in Figure 1. The star shape of the 30 GHz unit cell given in Figure 1a is constructed by the combination of a square with width  a  and its 45° rotated version. Rogers 5870 substrate material with a thickness of    t 1  = 0.79    mm    and    ε r  = 2.33   is chosen as the substrate material. The conductor of the FSS is etched to the reverse side of the Rogers 5870 printed circuit board. Thus, to create the pattern of the FSS and 30 GHz unit cells, two sides of the same substrate material are used. The unit cell proposed for the 20 GHz reflectarray is given in Figure 1b. It is designed as a derivative of the first iteration of the Minkowski fractal. It is composed of four circles with a diameter of half square width added to the four corners of the square. Rogers 3003 substrate (   ε r  = 3  ) with    t 2  = 0.76   mm   thickness is chosen as the substrate material of the unit cell.



A ring-shaped conductor is used in the unit cell structure of the FSS. The FSS structure consists of a ring with   w = 0.25   mm   width and   r = 2.02   mm   radius. A 1 mm-thick air layer between the two printed circuit boards serves as the substrate of the FSS. The FSS unit cell is designed to pass wave propagation at 20 GHz and stop the 30 GHz band. S-parameters of the FSS unit cell are shown in Figure 2. The top view of the FSS is given as an inset in figure. The scattering parameters show that the FSS unit cell works as a bandpass filter up to 24 GHz and shows bandstop filter characteristics afterwards (−3 dB cutoff is considered). The dual-band reflectarray with FSS should be constructed by placing the higher frequency reflectarray to the top and lower frequency reflectarray to the bottom [29]. The FSS surface is positioned between two substrates. In our case, the reflective surface for 30 GHz will be at the top layer, while the reflective surface for 20 GHz will be at the bottom layer. The FSS structure between them will behave like a ground plane at 30 GHz and as a passband filter at 20 GHz.



The distribution of the phases of the unit cells on the reflective surface determines the characteristic of the radiated beam. Thus, it is critical to obtain the required phase values accurately for reflectarray design. In order to obtain the phase range,  a  and  b  parameters of the unit cells are varied at the corresponding frequencies. Since FSS acts as the ground plane for the 30 GHz reflectarray, it is also included in the unit cell simulations. Similarly, FSS with air substrate and 30 GHz reflectarray unit cell are included to the unit cell simulations of the 20 GHz reflectarray. The phase variation in the multilayer structure is given in Figure 3 as the function of  a  parameter. An approximately 290° phase range is obtained at 30 GHz by the star shaped unit cell. This range reduces to 220° when the FSS unit cell is included. Although the FSS unit cell reduces the phase range, it should be included to the design since it enhances the reflectarray antenna performance by reducing the mutual coupling effect and providing isolation between frequency bands. The phase analysis of the 20 GHz unit cell is performed by including the FSS and 30 GHz reflectarray unit cell. As shown in Figure 3, 330° phase range is obtained at 20 GHz by varying the  b  parameter in the single reflectarray unit cell. It reduces to 260° when the analysis is performed with the multilayer unit cell consisting of FSS as well. This range reduces to 220° when the 30 GHz reflectarray unit cell is included. Corresponding phases of the proposed unit cells are obtained for a very small periodicity value (  D = 6   mm  ). Although the inclusion of the FSS reduces the phase range of the unit cells, they are still at acceptable levels.




3. Dual-Band Reflectarray System Design


3.1. Aperture Efficiency Analysis


An aperture efficiency analysis is carried out to determine the physical dimensions of the reflectarray. The reflectarray antenna configuration is given in Figure 4. The reflectarray is illuminated with a horn antenna. During the measurements, OBHL180400 double-ridged horn antenna that operates in the 18–40 GHz frequency range will be used. Thus, characteristics of this antenna are used to observe the aperture efficiency. If the feed antenna is approximated with the   c o  s q    function,   q = 11   at 30 GHz. The far-field distance of the feed antenna is calculated as 154 mm at 20 GHz and 231 mm at 30 GHz. Since the feed antenna is meant to be positioned to the far-field region in both cases, the distance of the phase center in the z direction is chosen as   H = 250   mm  . In the reflectarray design, we aimed to direct the reflected beam towards    θ o  = 20 °   in the   ϕ = 0 °    plane. And the predefined feed antenna is placed to    θ f  = − 20 °   in the   ϕ = 0 °    plane. By the aperture analysis [30], the physical structure of the reflectarray that would work with the highest efficiency is obtained for the given requirements. Aperture efficiency (   η a  )  , illumination efficiency (   η i  )   and spillover efficiency (   η s  )   are given in Figure 5 as the function of reflectarray diameter. Aperture efficiency, which is calculated by the product of illumination and spillover efficiencies, shows highest performance at   D = 250   mm   and   D = 280   mm   at 20 and 30 GHz, respectively. By considering the physical size of the available printed circuit boards in our laboratory, the diameter of the reflective surface for the prototype is chosen as   D = 198   mm  , which results in aperture efficiency of approximately    η a  = 0.69   for both bands. The resulting reflective surface consists of 33 unit cells along its diameter.




3.2. Reflective Surface Design at 20/30 GHz


To direct the beam reflected from the reflectarray surface towards predefined direction, the phase angle of each unit cell on the reflectarray should be calculated. Equation (2) is used to calculate the distance    r  f , m n     of each unit cell from the phase center of the feed antenna, while Equation (3) is used to calculate the corresponding phases (   ψ  m n    ) required to direct the beam.


   r  f , m n   =        x  m n   −  r   f x       2  +      y  m n   −  r   f y       2  +      z  m n   −  r   f z       2     



(2)






   ψ  m n   =  k 0     r  f , m n   −   r →   m n   .   r ^  0    +  ψ o   



(3)







    r →   m n     is the position vector of the   mn  th element,    k 0    is the wave number,    ψ o    is the phase constant, and     r ^  0     is the main beam direction [5].    r   f x    ,    r   f y     , and    r   f z      in Equation (2) are the (  x , y , z  ) components of the feed position. The phase distribution on the reflectarray surface is matched with the unit cell size given in Figure 2. For each of the unit cell on the reflective surface, the element dimension should give the phase value obtained using Equation (3). The phase patterns of the reflectarray consisting of   33 × 33   unit cells are obtained at 20 and 30 GHz for   D = 198   mm  ,    θ o  = 20 °  , and    θ f  = − 20 °   in the   ϕ = 0 °    plane, as given in Figure 6. The vertical distance between the reflective surface and the phase center of the feed antenna is set to   H = 250   mm   for 30 GHz. Since the phase center position of an antenna varies as the function of frequency, the phase center of the feed horn antenna at 20 and 30 GHz would be different from each other. By considering the phase center position at 20 GHz and reflective surface position compared to the reflective surface of 30 GHz, 5.18 mm is added to  H  to determine the corresponding phases of the unit cells for 20 GHz reflectarray.




3.3. Results


The reflectarray antenna is required to steer the beam towards    θ o  = 20 °   at both 20 GHz and 30 GHz frequencies. The feed antenna is located to     91   mm ,   0   mm ,   250   mm     of the coordinate system. Firstly, each of the reflectarrays are simulated separately. The performance levels of the single layer reflectarrays are also analyzed analytically using array theory. Figure 7 shows the simulated and calculated normalized radiation pattern of the reflectarrays in   ϕ = 0 °   plane. It should be noted that, in this figure, a 30 GHz reflectarray is simulated with a whole copper ground plane (without FSS and 20 GHz reflectarray). Similarly, a 20 GHz reflectarray is simulated without FSS and 30 GHz reflectarray layers. The main beam is oriented towards    θ o  = 20 °   with both reflectarrays. The directivities of the single layer reflectarrays are obtained as 22.5 dB and 24.8 dB at 20 and 30 GHz, respectively.



The multilayer reflectarray system consisting of the 30 GHz reflectarray at the top, 20 GHz reflectarray at the bottom, and FSS in between is given in Figure 8. As exhibited in this figure, the FSS structure is sandwiched between the two reflective surfaces. Simulated three-dimensional directivity patterns of the reflectarray at 20 and 30 GHz are given in Figure 9. The maximum directivity of the reflectarray antenna system is obtained as 20.9 dB at 20 GHz, 21.8 dB at 20.9 GHz, and 24.9 dB at 30 GHz. The figure clearly shows that the beam is oriented to    θ o  = 20 °   at both target frequencies. Normalized radiation patterns of the dual-band FSS-backed reflectarray system are given in Figure 10 in   ϕ = 0 °   plane. Higher sidelobes are observed at 20 GHz. However, they are still below the −10 dB level.





4. Experimental Verification


4.1. Fabrication of the Dual-Band Reflectarray


The reflective surfaces with 33-unit cells along their diameter are printed on a   200   mm × 200   mm   Roger 5870 and Rogers 3003 printed circuit boards by chemical etching technique. Top and bottom views of the boards are given in Figure 11. All conductors are copper with a 35    μ m    thickness. Screwing holes with 5 mm diameter have been added to the corners of each reflective surface. A holder is fabricated by additive manufacturing technique using polylactic acid (PLA) material. By using the fabricated holder, the reflectarrays and the feed antenna are fixed to their positions as given in Figure 12. A   1   mm   air gap between the reflectarrays is preserved by utilizing foam, which has a relative permittivity very close to air. The 18–40 GHz broadband double-ridged horn feed antenna is attached to the holder at   θ = 20 °    in the   ϕ = 0 °   plane. Reflectarrays and the foam is attached to the planar surface of the holder by four 5 mm screws.




4.2. Measurement Results


The dual-band reflectarray is measured with a 40 GHz Anritsu Vector Network Analyzer. The scattering parameters and radiation pattern of the reflectarray system are measured. The measurement of the radiation pattern is carried out in   ϕ = 0 °   plane within   0 ° ≤ θ ≤ 90 °    angular range. An identical double-ridged horn antenna is used as the reference antenna in the measurements. The reflectarray antenna in the measurement setup is shown in Figure 13.



The measured reflection coefficient of the dual-band reflectarray is given in Figure 14. The    S  11     variation in the reflectarray as the function of frequency shows that impedance matching is observed for the frequencies above 18 GHz. This result is expected due to the cutoff frequency of the horn antenna with a WR42 waveguide—2.92 mm connector adapter. When the uplink and downlink frequencies of the Ka-band satellites are considered, we can conclude that the system work properly in terms of impedance matching. Measures normalized radiation patterns of the dual-band reflectarray in   ϕ = 0 °   plane are given in Figure 15. Co- and cross-polarized patterns are shown at 20 and 30 GHz within   0 ° ≤ θ ≤ 90 °   angular range. Compatible with the simulation and array theory results, beam radiation towards   θ = 20 °   is observed in both simulations. The crosspol level is about −35 dB at both 20 and 30 GHz patterns. The maximum gain of the reflectarray is measured as 21.13 dBi and 26.94 dBi at 20 and 30 GHz, respectively. A 3 dB beamwidth of the co-polarized pattern at 20 GHz is observed as   5.3 °  , where it reduces to   3.8 °   at 30 GHz. And 3 dB beamwidths of the measured patterns are almost identical to the simulated patterns. The aperture efficiency of 55% and 51% are achieved at 30 and 20 GHz, respectively. The reduction in the efficiency at the upper and lower bands are attributed to the narrowed reflection phase range due to the FSS structure. Measured gain variation in the dual-band reflectarray at Ka-Band satellite downlink and uplink frequencies are given in Figure 16. The blue and pink shaded areas show the downlink and uplink frequency ranges, respectively. The results show that the proposed dual-band FSS-backed reflectarray is suitable for high-speed Ka-band satellites.





5. Conclusions


In this work, a dual-band dual linear polarized reflectarray system is proposed for high-speed satellites operating at Ka-band Tx-Rx frequencies (20/30 GHz). An FSS consisting of microstrip ring elements is used as the planar filter that acts as a ground layer at 30 GHz and permits the transmission of the wave at 20 GHz. Compared to dual-band counterparts that are designed on a single reflective surface, improved gain and aperture efficiency is obtained by suppressing the mutual coupling generated due to the elements of the two reflectarrays. Dual-polarized unit cells are used for the reflectarrays.



A dual-band reflectarray system, where the feed antenna is located at   θ = − 20 °   in the   ϕ = 0 °    plane and the reflected wave is directed to   θ = 20 °    in the   ϕ = 0 °   plane is demonstrated. Its performance is analyzed by full wave analysis and the analytical method. The maximum directivity of 20.9 dB at 20 GHz, 21.8 dB at 20.9 GHz, and 24.9 dB at 30 GHz is obtained by the reflectarray antenna system. A prototype is fabricated, and the performance of the reflectarray designed for transmit/receive operation is experimentally verified. The results show that the proposed dual-band reflectarray system can be used in high-speed Ka-band satellites.
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Figure 1. Proposed unit cells of the reflectarrays: (a) 30 GHz; (b) 20 GHz. 
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Figure 2. Scattering parameters of the FSS unit cell. 
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Figure 3. Phase variations of the unit cells proposed as the function of a and b parameters: (a) 20 GHz; (b) 30 GHz. 
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Figure 4. Reflectarray antenna configuration. 
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Figure 5. Aperture efficiency at (a) 20 GHz and (b) 30 GHz. 
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Figure 6. Phase distribution and corresponding reflectarray surface at (a) 20 GHz and (b) 30 GHz. 
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Figure 7. Normalized radiation patterns of the reflectarrays in   ϕ =  0 o    plane: (a) 20 GHz reflectarray; (b) 30 GHz reflectarray. 
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Figure 8. Dual-band FSS-backed reflectarray system. 
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Figure 9. Directivity patterns of the FSS-backed reflectarray system at (a) 20 GHz and (b) 30 GHz. 
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Figure 10. Normalized radiation patterns of the dual-band FSS-backed reflectarray system in   ϕ = 0 °   plane. 
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Figure 11. Fabricated printed circuit boards of the reflectarray: (a) top side of 30 GHz reflectarray; (b) bottom side of 30 GHz reflectarray (FSS surface); (c) top side of 20 GHz reflectarray; (d) bottom side of 20 GHz reflectarray. 
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Figure 12. Prototype of the fabricated reflectarray system and the holder: (a) before assembling; (b) side view of the assembled prototype. 
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Figure 13. Measurement setup of the reflectarray system. 
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Figure 14. Measured reflection coefficient variation in the reflectarray. 
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Figure 15. Measured normalized gain patterns of the dual-band reflectarray: (a) 20 GHz; (b) 30 GHz. 
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Figure 16. Measured gain variation in the dual-band reflectarray at Ka-Band satellite downlink and uplink frequencies. 
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