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Abstract

:

This paper discusses the application of metasurfaces for three different classes of antennas: reconfiguration of surface-wave antenna arrays, realization of high-gain polarization-reconfigurable leaky-wave antennas (LWAs), and performance enhancement of van Atta retrodirective reflectors. The proposed surface-wave antenna is designed by embedding four square ring elements within a metasurface, which improves matching and enhances the gain when compared to conventional square-ring arrays. The design for linear polarization comprises of a 1 × 4 arrangement of ring elements, with a 0.56 λ  spacing, placed amidst periodic patches. A 2 × 2 arrangement of ring elements is utilized for reconfiguration from linear to circular polarization, where a similar peak gain with better port isolation is realized. A prototype of the 2 × 2 array is fabricated and measured; a good agreement is observed between simulations and measurements. In addition, the concepts of the design of polarization-diverse holographic metasurface LWAs that form a pencil beam in the desired direction with a reconfigurable polarization are discussed. Moreover, recent developments incorporating polarization-reconfigurability in metasurface LWAs are briefly reviewed. In the end, the theory of van Atta arrays is outlined and their monostatic RCS is reviewed. A conventional retrodirective array is designed using aperture-coupled patch antennas with a microstrip-line feeding network, where the scattering from the structure itself degrades the performance of the reflector. This is followed by the integration of judiciously synthesized metasurfaces to reconfigure and improve the performance of retrodirective reflectarrays by removing the above-mentioned undesired scattering from the structure.
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1. Introduction


Metasurfaces are two-dimensional, less bulky, and low-loss equivalents of metamaterials [1]. They have been popular as they are suitable for a variety of applications that include wavefront shaping and control [2,3], beamforming using high-gain leaky-wave antennas (LWAs) [4,5,6], radar cross section (RCS) reduction [7,8,9], and design of low-profile antennas [10,11]. These metasurfaces are realized as an array of patches on a grounded dielectric substrate, and they are easy to fabricate. By changing the geometry of these patches, their surface impedance and reflection phase can be controlled. A zero reflection phase can be realized at a particular frequency, thus mimicking a perfect magnetic conductor (PMC). Hence, they have been utilized to enhance the performance of antennas, in addition to the design of reconfigurable antennas. This paper details the utilization of metasurfaces to design and enhance the performance of three types of antennas: surface-wave antenna arrays, polarization-reconfigurable holographic LWAs, and van Atta retrodirective reflectors.



1.1. Surface-Wave Antenna Arrays


Proper excitation of surface waves enhances the overall antenna performance [12,13]. Consequently, several printed antennas have been reported, where the influence of surface waves has been examined. Monopole-like radiation has been achieved using a circular patch in the vicinity of uniform (square) and non-uniform metasurfaces [14,15]. Similarly, surface waves have been excited utilizing a square ring element surrounded by anisotropic metasurfaces, thus yielding broadside radiation [11]. Another design achieving broadside radiation has been realized by placing a diamond-shaped patch in the vicinity of square-patch metasurfaces [16].



To further improve the radiation performance, the analysis has been expanded to include multiple radiators in the vicinities of metasurfaces to form array metasurface antennas [16,17]. The reported designs require a specific spacing between the metasurface supercell to maintain and realize a high broadside gain. This spacing degrades the aperture efficiency and reduces the maximum attained gain. As it will be demonstrated in this paper, the spacings between the metasurface supercell can be reduced without disturbing the functionality of the design. The aforementioned designs are linearly polarized and have a wide range of potential low-profile applications. Circular polarization can be realized by placing a linear-to-circular metasurface superstrate above radiating elements [18]. This approach requires a certain spacing between the radiating element and the metasurface superstrate, which disturbs the overall height-profile. The second approach is to excite surface waves in two orthogonal planes that share the same magnitude and 90   ∘   phase difference [19,20,21]. A truncated square patch element positioned in close proximity to square-patch metasurfaces resulted in 7 dB peak gain, a fractional bandwidth of 45.6%, and 3-dB axial ratio (AR) bandwidth of   23.4 %   [19]. Another design implemented a planar slot to excite rectangular-patches metasurfaces and led to an average gain of 5.8 dB, an impedance bandwidth of 33.7%, and a 3-dB AR bandwidth of 16.5% [20]. The low peak gain observed in the above-mentioned designs is improved to 12 dB by forming a 2 × 2 array of truncated patch elements positioned below square-patches metasurface [21]. This achieved gain can be further promoted by exciting surface waves along with the active element’s fundamental mode, which will be demonstrated.



In the first part of this paper, which corresponds to surface-wave antenna arrays, an array of multiple square ring elements embedded within a metasurface is presented. With different array configurations, linear and circular polarizations are achieved.




1.2. Polarization-Reconfigurable Holographic LWAs


Metasurfaces have facilitated the realization of surface-impedance modulated periodic LWAs that are capable of forming fan or pencil beams with high gains and narrow beamwidths. One-dimensional LWAs form a fan beam in the desired angular direction, whereas two-dimensional LWAs form a pencil beam. The angular direction of the formed beam is determined by the modulation parameters of average surface reactance and period of modulation. One-dimensional periodic metasurface LWAs were realized in [22], while two-dimensional LWAs were designed using the principle of holography in [4].



The polarization of the formed beam is dependent on the polarization of the leaky-wave mode; TM-mode leaky waves result in vertically-polarized beams, while TE-mode leads to horizontally polarized [23]. Circularly-polarized beams were realized by employing a spiral surface impedance modulation in [24]. The design of scalar holographic metasurfaces to form a pencil beam in the desired direction with a desired polarization was detailed in [25]. Tensor impedance surfaces with amplitude, phase, and polarization control were proposed in [26].



The suitability of these metasurfaces to communication-based applications necessitates the formation of beams with reconfigurable polarizations. The design of polarization-diverse metasurfaces that can form a pencil beam in the desired direction with a horizontal, vertical, or circular polarization is discussed in [6]. The polarization state was reconfigured by changing the source of excitation. A similar approach was used to realize dual reconfigurable polarizations using tensor impedance surfaces, and recently proposed in [27]. Another recently-proposed design achieves polarization reconfigurability by using polarization-insensitive holographic surfaces, where the reconfiguration is facilitated by diodes on the surface-wave launchers [28].



The second part of this paper reviews the procedures to design a multi-polarization metasurface LWA. The existing techniques are reviewed and potential new techniques are proposed.




1.3. Van Atta Retrodirective Reflectors


In many radar and communication systems, reflectors are utilized because of their ability to maximize the re-radiation towards the direction of wave incidence. Such a response can be achieved using a retrodirective reflector, first proposed in [29]. The retrodirective reflector is an antenna array whose elements are interconnected by transmission lines such that the received signal is then reradiated towards the direction of incidence [30,31,32]. In automotive collision avoidance systems, a high scattered field can be achieved only toward near-normal directions to the target surface. Thus, by equipping vehicles and road obstacles with retrodirective reflectors, the self-phasing feature of such reflectors will increase scattering beamwidths and targets will become more visible [32]. Furthermore, retrodirective reflectors have been investigated for the application of wireless power transfer [33,34,35]. A device that requires wireless power can send a beacon signal that is then received, amplified, and sent back to the user by the retrodirective antenna array.



Generally, retrodirective arrays can be synthesized with basic radiating elements such as dipoles [31]. In addition, they can be designed using patch antennas [36,37,38]. However, due to the high-backscattering from the structure (consisting of antenna arrays), it degrades the performance of the retrodirective reflector by destructively interfering with the desired reradiated fields. Thus, a low-backscattering array of long slots was investigated [39], and it was shown that this reflector could reradiate fields without interference from the array structure’s scattering. However, a retrodirective reflector comprised of a patch antenna array is a better option due to the simplicity of design and the low profile of patch antenna elements if the high backscattering by the patch antenna array can be mitigated. Thus, artificial magnetic conductor (AMC) technology is utilized to reconfigure the performance of such antenna arrays by reducing scattering from such structures [40].



In the third part of this paper, a van Atta retrodirective reflector with a smoother backscattering pattern is synthesized and developed using a two-dimensional microstrip-antenna array. Conventional retrodirective reflectors are sensitive to the interference by the fields scattering from the antenna structure. Using a virtual feeding network, structural mode scattering is identified and canceled using metasurfaces.





2. Surface-Wave Antenna Arrays


This section details the first of the three areas, where metasurfaces are used to realize and enhance the antenna performance. In this section, a 1 × 4 arrangement of square ring elements is printed on the same plane with periodic patches to achieve linear polarization. With a spacing of   0.56  λ o    between the elements, a high realized gain with high aperture efficiency is attained. The polarization can be reconfigured from linear to circular using a 2 × 2 structure with a spacing of 0.85  λ o   between the ring elements. After analyzing the port isolations between the ports, a simple parallel feeding network is designed and incorporated with the structures. Due to the similar characteristics of the two arrays, only the 2 × 2 circular polarized structure is experimentally validated.



2.1. 1 × 4 Linearly Polarized Metasurface Array


The array designs considered in this paper are based on the structure proposed in [11]. The radiator within the metasurface (RWMS) is extended due to its wide matching bandwidth and stable unidirectional radiation. The mechanism of this design depends on the excitation of the radiating elements’ mode (TM11) and the surface-wave modes in such a way that their resonances are closely spaced in order to enhance the overall antenna performance in terms of gain and bandwidth. For brevity, this paper does not cover the analysis and the design of RWMS; the readers can refer to [11] to develop an understanding of the RWMS design. A one-dimensional (1-D) array is designed, as illustrated in Figure 1a. The array has four square-ring elements utilized to launch surface waves, in addition to their resonances. The inter-element spacing is   s =   37.5 mm, which is about 0.56  λ o   at 4.5 GHz. The substrate is Rogers RT/Duroid-5880 (   ε r  = 2.2 ,  tan δ = 0.0009  ) with a thickness   h =   5.08 mm. The ring elements and the metasurface patches are printed on the top face of a single substrate with length    l s  =   191.5 mm and width    w s  =   62 mm. The remaining parameters are detailed in the caption of Figure 1. Since the design relies on the excitation of surface waves, it would be of interest to shed insight on the isolation between the ports. Therefore, the ring elements are individually fed with four coaxial probes, as presented in Figure 1a. For optimum broadside radiation, all elements are excited with the same magnitude and phase.



The reflection coefficients and the mutual coupling between the coaxial ports are simulated and presented in Figure 2a. The −10 dB reflection coefficient bandwidth for all ports (dotted red line) is about 28% from 3.9–5.2 GHz, which is the same as attained with a single RWMS [11]. The isolation between two adjacent elements (e.g.,   S 12  ) is low at lower frequencies and reaches up to −10 dB at 5.2 GHz. This is attributed to surface waves along the y-axis, which begin to resonate above 5 GHz [11], and they disturb both the port isolation and the broadside radiation. The isolation can be improved by increasing the spacing between the square-ring elements; however, this approach will introduce undesired sidelobes.



Once the port isolations are examined, a parallel feeding network, presented in Figure 1b, is designed for the implementation of the RWMS array. The feeding network is also designed on Rogers RT/Duroid-5880 substrate whose thickness    h f  =   0.38 mm. The feed is stacked below the 1 × 4 array, and the outputs of the feed are coupled to the ring elements by metallic vias. The dimensions of the feed network are detailed in the caption of the figure. For comparison purposes, the S-parameters investigated for the feed network when it is connected to the RWMS and a conventional square element array (in the absence of metasurface). As illustrated in Figure 2a, when the feed is connected to the RWMS array, the −10 dB fractional bandwidth is comparable to that obtained with coaxial ports; however, poor matching is attained when the feed is integrated with a conventional 1 × 4 square ring array.



To further examine the influence of coupling on the radiation behavior, the broadside realized gain is examined and plotted in Figure 2b. At lower frequencies, the gain is the same when the RWMS is excited either by the feed network or the multiple coaxial probes; however, the two results begin to deviate slightly around 4.7 GHz, which is attributed to the more pronounced effect of coupling.



The simulated realized gain, when the RWMS is excited with a feed network, ranges from 13.5 dB at 4 GHz and reaches up to 14.8 dB at 5 GHz. This observed high gain for the RWMS is attributed to the use of metasurfaces, as displayed in Figure 2b. The aperture efficiency at 4.5 GHz is about   83 %   for the RWMS array, while it is only   52 %   for a conventional square ring array. The impact of the metasurface in enhancing the efficiency is demonstrated by plotting the surface current distribution at 4.5 GHz in Figure 3. As observed, both the ring elements and the periodic patches contribute to the total radiation; this justifies the higher achieved efficiency compared to the conventional array.




2.2. 2 × 2 Circularly Polarized Metasurface Array


This section addresses the reconfiguration from the linear to circularly polarized RWMS array. Since RWMS is designed to excite surface waves on a single plane [11], circular polarization (CP) can be achieved by arranging orthogonal structures of RWMS fed with a 90-degree phase difference. To achieve a gain comparable to the linear RWMS, a 2 × 2 RWMS scheme is considered and designed, as displayed in Figure 4a.



A square grounded dielectric is modeled with a thickness   h =   5.08 mm, and a length    l  s u b   =   133 mm. The spacing s along the x- and y-planes is 56 mm, which corresponds to   0.85  λ o    at 4.5 GHz. The dielectric material, the dimensions of the ring elements, and the metasurface patches are identical to those given in the 1 × 4 array configurations. Similar to the linear array, the coupling between the ring elements is investigated first by individually feeding the ring elements with four coaxial probes. The simulated scattering parameters for 2 × 2 circular polarized structure are depicted in Figure 5a. The −10 dB fractional bandwidth is slightly less than that for the 1 × 4 array, with a bandwidth of 25% from 3.9 to 5.0 GHz. The mutual coupling between vertically/horizontally adjacent ports and diagonally orientated ports is less than −20 dB, which is lower than those observed for the 1 × 4 linear array. This is attributed to the orthogonality of the excited surface waves, which agrees with the findings in [41].



Once the coupling is examined, a parallel feeding network is designed to excite all four ring elements with a single coaxial feed, as illustrated in Figure 4b. The feed is designed at the center frequency (4.5 GHz) to split the power equally among the four ring elements with a   90 ∘   phase increment. The feed can dictate whether the sense of rotation of the CP is right hand (RHCP) or left hand (LHCP), depending on the orientation of the phase increment (clockwise or counterclockwise); in this work, the feed is modeled to realize RHCP. The feed is designed on Rogers RT/Duroid-5880 substrate, which has a thickness    h f  =   0.38 mm. Similar to the 1 × 4 linear array, the feeding substrate is stacked below the 2 × 2 circular array, and the outputs of the feed network are coupled to the ring elements using vias. The remaining dimensional parameters of the feeding network are detailed in the caption of Figure 4. When the feed network excites the 2 × 2 RWMS, the −10 dB matching bandwidth is larger than that obtained with the four coaxial feeds. This is attributed to the parallel feed structures which do not provide any isolation between the ports; therefore, any reflected power from any port can couple through to other ports resulting in small power return back to the feed.



To further analyze the performance of the 2 × 2 RWMS structure, the broadside realized gain and the axial ratio are examined. The simulated results for the two different feed approaches are presented in Figure 5b.



When the structure is fed with individual probes, the realized gain is 13.5 dB at 4 GHz and reaches up to 15.8 dB at 4.8 GHz. Almost similar gain is attained when the feed network is utilized. However, there is a noticeable discrepancy in the axial ratio between the two feeding methods. For the individual feed approach, the broadside axial ratio (AR) is below 0.25 dB over the design frequency range, while it is only below 3 dB over a more narrow frequency range (3.9 GHz to 5.1 GHz) when the structure is excited with the feed network. The fluctuation in the axial ratio magnitude is due to the poor isolation of the considered feeding network, which leads to magnitude and phase errors for the power reached to each port [42].



The broadside realized gain at the center frequency (4.5 GHz) is around 14.5 dB, while it is only 10 dB for a 2 × 2 conventional array. This corresponds to the aperture efficiencies of 56% and 20% for the metasurface array and its conventional counterpart, respectively. Similar to the linear metasurface array, the high attained efficiency for the 2 × 2 metasurface array is due to the excitation of the radiating element’s mode along with the surface waves’ modes. This can be verified by examining the surface current distribution in Figure 6, which shows that both the radiating elements and the periodic patches contribute to the total radiation.




2.3. Fabrication and Measurements


To experimentally validate the simulated data, the proposed 2 × 2 RWMS circular array was fabricated, as depicted in Figure 7.



Since linear and circular RWMS arrays share similar characteristics, only the circular array was considered for fabrication. The substrate materials and the dimensions of the fabricated design were identical to those specified in Figure 4. An edge mount SMA connector was soldered to the feed network substrate, as demonstrated in Figure 7. Four nylon screws were placed at the corner to tighten the feed and RWMS substrates together and avoid any misalignment.



The comparison of the measured and simulated results are displayed in Figure 8 and Figure 9. The simulated and measured   S 11   and the axial ratio showed a good agreement; however, the broadside RHCP gain was about 1 dB lower than the simulated data. This deviation could be attributed to the fabrication tolerance and the stacking assembly error. The measured and simulated radiation patterns along different planes are displayed in Figure 9; a good agreement was observed between the simulated and measured data.





3. Polarization Reconfigurable Holographic LWAs


The advent of metasurfaces has facilitated the realization of surface-reactance modulation by varying the geometries of patches that are periodically arranged on a dielectric-covered ground plane. Patches with an inductive reactance support TM-mode surface waves while capacitive surface reactance support TE-mode [43]. The surface reactance of a metasurface unit cell depends on the frequency of operation and can be determined using the transverse-resonance method (TRM) [23].



The surface-reactance modulation function   X s   required to form a pencil beam, in the desired elevation angle   θ d   (from broadside) and the azimuth angle   ϕ d  , is obtained using the holographic principle [4,23]


   X s   ( x , y )  =  X  a v g    1 + M  e  j β     ( x −  x c  )  2  +   ( y −  y c  )  2       e  j  k 0   ( x sin  θ d  cos  ϕ d  + y sin  θ d  sin  ϕ d  )      



(1)




where   X  a v g    is the average surface reactance, M is the modulation index,   (  x c  ,  y c  )   is the location of the source and   k 0   is the free-space phase constant. This leads to a holographic pattern which is a set of periodic ellipses that have a focus at the location of the source, as shown in Figure 10.



The metasurface forms a pencil beam with a linear polarization depending on the leaky-wave mode. The pencil beam is formed as a superposition of radiation from forward and backward leaky waves that move in opposite directions with a change in frequency. Hence, they have to be operated at the phase-crossover frequency, where the radiation from the forward and backward leaky waves interfere constructively.



Different polarizations can be obtained by performing geometric modifications along the surface [25]. While operating at non-phase crossover frequencies, vertical and horizontal polarizations can be achieved by including a   180 ∘   phase shift on either side of the principal axes of the ellipses; a   180 ∘   phase shift along the minor axis results in vertical polarization, while that along the major axis leads to horizontal. A phase shift of   180 ∘   on either side of both the major and minor axes, along with a relative phase of   90 ∘   between them, leads to a circularly polarized pencil beam. The principal axes of the ellipses are expressed as


      ( x −  x c  )  cos  ϕ d  +  ( y −  y c  )  sin  ϕ d  = 0     



(2)






      ( x −  x c  )  sin  ϕ d  −  ( y −  y c  )  cos  ϕ d  = 0     



(3)







The patterns pertaining to horizontal, vertical, and circular polarization are shown in Figure 11.



Polarization reconfigurability can be achieved by feeding the metasurface with two sources instead of one [6]. The surface-reactance modulation function can be obtained as a superposition of the surface-reactance profile needed for each polarization that includes a   90 ∘   phase shift between them. Vertically- and horizontally-polarized beams can be formed when the metasurface is excited by the individual sources, and a circularly polarized beam is formed when excited by both sources, as illustrated in Figure 12.



This way, a single metasurface is capable of forming a pencil beam in the desired direction with a horizontal, vertical, or circular polarization. The E-plane radiation patterns demonstrating the polarization reconfigurability is shown in Figure 13.



The metasurface forms a pencil beam in the desired direction with a vertical, horizontal, and circular polarization when excited by the first, second, and both sources, respectively.



The sense of rotation of the circular polarization depends on the   90 ∘   phase lead or lag between the two linear polarizations. A circularly-polarized beam with the other sense of rotation can be formed by externally including a   180 ∘   phase shift between the two feeds or by including another source and modulating the metasurface with the superimposition of the surface reactance pertaining to the three sources [6].



Employing metasurfaces and the principle of holography has resulted in a simple configuration of a multi-polarization high-gain LWA, which would otherwise be difficult to achieve. While the presence of multiple sources, yields the metasurface polarization diverse, internal reconfiguration of polarization can be potentially achieved by including switches between the patches. The difference between the surface-reactance profiles that lead to horizontal and vertical polarizations, is the inclusion of a   180 ∘   phase difference on either side of the major or minor axis of the ellipses. Electronic switches like PIN diodes can be used to include the   180 ∘   phase shift, thus resulting in internal reconfiguration; this yields to a metasurface, which is polarization reconfigurable. While having a switch in every unit cell would be expensive and cumbersome to process, the number of switches can be optimized by a judicious design.




4. A Van Atta Retrodirective Microstrip Antenna Array with Low Backscattering


While the previous two sections demonstrate the application of metasurfaces for surface-wave antenna arrays and leaky-wave antennas, this section focuses on the reconfiguration and improvement of van Atta arrays using AMC-based metasurfaces. In a van Atta reflectarray, the fields reradiated by the antennas are necessary while the fields scattered from the structure (i.e., structural mode) are undesired. Hence, metasurfaces are employed to eliminate these scattered fields from the structural mode of the van Atta retrodirective reflectarray.



4.1. Theory of Passive Retrodirective Arrays


A schematic diagram of a 1-D van Atta array is illustrated in Figure 14, where four array elements are connected using the two transmission lines (i.e., elements ‘1’ and ‘4’ are connected with each-other while element ‘2’ is connected to element ‘3’). In order to direct the reradiated waves back to the direction of the incident wave, these transmission lines must either be of equal lengths or the difference between their lengths should be a multiple of the wavelength. Since these two transmission lines transfer the signals received by elements ‘1’ and ‘2’ to elements ‘3’ and ‘4’, respectively; the lengths of the transmission lines connecting the antenna element should be kept equal to make the functioning frequency independent. Therefore both transmission lines have equal lengths,    l 1  =  l 2  = l  . When a plane wave is incident obliquely upon the array at an angle   θ i  , a phase delay  Δ  between the antenna elements is introduced [44]


  Δ =  k 0  d sin  θ t   



(4)







The monostatic RCS of the retrodirective reflector, based on the reradiated fields only, can be derived following the approach in [38,39] and represented by


   σ R  =   λ 0 2   4 π    G  0  2   



(5)




where   G 0   is the gain of the array in the principle plane,  θ  is the incident/elevation angle, and   λ 0   is the free-space wavelength. The monostatic RCS (  σ R  ) of Equation (5) is only based on the fields reradiated (   E  R  ) by the reflector array. However, the total RCS by the reflector array (  σ T  ) corresponds to the total radiated fields (   E  T  ) which can be determined by adding the reradiated fields (   E  R  ) and the scattered fields by the structure (   E  S  ). Figure 15 shows a comparison of the ideal monostatic RCS between a retrodirective reflector (  σ R  ) of Equation (5) and a flat perfect electric conductor (PEC) plate, where both have the same size.



The retrodirective response is obtained by having a planar array of 4 × 4 radiating elements, each of gain [   G 0   ( θ )   ] and with   0.5  λ 0    spacing between them. Thus, the total size of both the reflector array and the flat PEC plate is   2  λ 0  × 2  λ 0   . It is clear from Figure 15 that the fully passive reflector array can offer a maximum reradiation towards the direction of incidence. However, due to the limitation of the patch antenna towards the grazing angles, the maximum reradiation pattern follows the radiation pattern of the single antenna.




4.2. Design of the Patch Antenna and Its Feeding Network


In principle, a retrodirective array can be implemented with any kind of antenna element where the bandwidth performance and beamwidth of the array will be directly impacted by the performance parameters of the single radiating element. Due to their design simplicity and their low profile, patch antennas are chosen to design the utilized retrodirective array.



4.2.1. Aperture-Coupled Patch Antenna with Microstrip Line Feeding Network


Figure 16 illustrates the retrodirective reflector that is constructed using a   4 × 4   finite array of rectangular microstrip-patch antennas.



The elements are interconnected as per the van Atta configuration (i.e., illustrated in Figure 14) in the xz-plane. The feeding network is constructed using a 50 ohms microstrip transmission lines of equal length (i.e.,   l =  l 1  =  l 2   ). The dimensions of the square array along the x- and y-direction are 120 mm, corresponding to   2  λ 0   ;   λ 0   is the free-space wavelength at 5 GHz. The top side of the structure consists of 16 patch elements resonating at 5 GHz. With reference to Figure 16, the array spacing is   d = 30   mm (  0.5  λ 0   ), and the patch dimensions are   L = 11   mm and   W = 15.4   mm. All the elements are designed on Rogers-RO3006 dielectric substrate (thickness = 1.28 mm,   ε r   = 6.15 and   tan δ   = 0.0022 at 10 GHz) backed by a PEC.



The above-mentioned design was (modeled in HFSS) illuminated by a plane wave incident along the principal plane (xz-plane) defined by    ϕ i  =  0 ∘  ,  180 ∘    and for    0 ∘  ≤  θ i  ≤  90 ∘   . The configuration was simulated with two different lengths (l) of the transmission lines that are connecting the antenna elements. The total monostatic RCSs (  σ T  ) of the retrodirective array for the two transmission lines are depicted in Figure 17. The difference between the two responses is primarily due to the change in the phase of    E  R   with respect to    E  S   when the length of the transmission lines is changed.



Table 1 summarizes the values of the broadside RCS (   θ i  =  0 ∘   ) of the retrodirective array for the two different lengths of transmission line. It is assumed that the phase of the scattered fields by the array structure (   E  S  ) does not vary significantly with the change of length l of the transmission line (this will be verified in the next section). Thus, the total scattered (   E  T  ) will depend on the varying phase introduced by the transmission line. As seen in Table 1, for the first length of   l = 145   mm, the two components (   E  S   and    E  R  ) of    E  T   added destructively near broadside incidence, while for the second length of   l = 150   mm, the two components are in-phase and thus the total RCS is higher than the reradiated   σ R   obtained using Equation (5). With the current retrodirective setup (aperture-coupled patch antenna with microstrip line feeding network), it is extremely difficult to extract two components of the total scattered fields. In the next section, it will be shown that the virtual feeding network can be used to identify the two separate components of the total scattered field, and it can permit the targeting and cancellation of one of the components, especially the scattering by the structural mode, which is undesirable.




4.2.2. Aperture-Coupled Patch Antenna with Virtual Feeding Network


An alternative method for simulating the retrodirective reflector explained in Section 4.2.1 is to use a virtual feeding network. The basic concept of a virtual feeding network is to capture how much voltage (magnitude and phase) is received by each antenna element, and then feed the measured voltages to the respective antenna elements following the van Atta configuration shown in Figure 14. All the radiating elements of the array are terminated with an impedance equal to the input impedance of the antenna (ideally 50 ohms). Then, at the termination point, the received voltage from the illuminating plane wave is determined by integrating along the electric field lines around the microstrip lines, similar to quasi-static simulators. This integration is performed based on the mode of propagation, which is Quasi-Transverse Electromagnetic (Quasi-TEM) as illustrated in Figure 18 [45]. The above-mentioned process is achieved by using a co-simulation between the full-wave simulator (Ansys Electromagnetic Suite/HFSS), and a Python code that is written to integrate the electric fields and then feed those calculated voltages again to their respective elements in the full-wave simulator. Figure 19 shows the structure that was configured in HFSS. Here, each of the antenna ports (i.e., transmitting antennas) is terminated with an impedance that is equal to the input impedance of the corresponding connected antenna (i.e., receiving antenna) to replicate the connection between them.



Similar to the arrangement of Section 4.2.1, the structure is illuminated by a plane wave incident in the principal plane (xz-plane) defined by    ϕ i  =  0 ∘  ,  180 ∘    and for   0 ≤  θ i  ≤  90 ∘   . Again, by using the Python script, the voltage captured by each antenna element at each incident angle is recorded and fed again to their counterpart reradiating element. This process allows for the decoupling of the total scattered fields    E  T   into the two main components: reradiated fields    E  R   and structural mode scattering    E  S  ; their corresponding RCSs are shown in Figure 20. It can be shown that the phase of    E  S   is primarily dependent on the structure, and it is not impacted by the phase introduced by the connecting cables. However, the phase of    E  R   can be altered based on the connecting cables. Thus, to illustrate the impact of the phase difference (  Δ  R S   ) at the broadside (  θ i  ) between    E  S   and    E  R  , the total RCS by the retrodirective array is shown in Figure 20 when    Δ  R S   =  0 ∘    and   180 ∘  , respectively.





4.3. Retrodirective Reflector with Low Backscattering Using Metamaterials


It was shown in the previous section that the scattered fields from the structure introduce ripples in the total RCS by the reflector, especially near the broadside, where the RCS of the structure is large. Ideally,    E  S   can be canceled by a judiciously synthesized metasurface, like that of the widely-known concept of checkerboard metasurfaces [46].



Design of Metasurfaces Based on AMCs for RCS Reduction of Retrodirective Array


The RCS of the array structure can be reduced by placing an AMC, whose reflection is similar in magnitude but with a   180 ∘   phase difference compared to that of    E  S  . As shown in Figure 20, the RCS of the structural mode is around −10 dBsm and the phase of its reflected fields is around   130 ∘  . Thus, an AMC surface of square patches is designed where their width and unit cell dimensions are selected to have a reflection phase of around   −  50 ∘    and an RCS of −10 dBsm, similar to the monostatic RCS corresponding to the structural mode of the antenna.



The geometries of the synthesized finite sized AMC metasurface are depicted in Figure 21a. As a result, as illustrated in Figure 21b, the final design of the proposed retrodirective reflector is obtained by placing the original antenna array of Figure 19 adjacent to the synthesized AMC of Figure 21a. This configuration will introduce fields by the AMC with a phase difference of   180 ∘   compared to the phase of the scattered fields by the antenna structure.



This design is then illuminated by following a similar arrangement to the retrodirective reflector without the AMC, as explained previously in Section 4.2. The monostatic RCSs due to the antenna structure, reradiated fields, and the total fields are shown in Figure 22. It can be seen that regardless of the phase introduced by the connecting cables that impact the phase of the reradiated fields only, the monostatic RCS caused by the structure   σ S   is reduced at and near broadside. This causes the total RCS to have smaller ripples and the performance becomes less sensitive to the interference by the scattered fields of the structure.



The RCS, which corresponds to the fields scattered by the antenna structure, can be reduced by placing a metasurface with a similar RCS and   180 ∘   phase difference with respect to the reflected fields of the antenna array. The range of the phase difference can be relaxed to achieve an RCS reduction of at least 10 dB when the phase difference is maintained within    180  ± 37  ∘   [46,47]. Using this criterion, the RCS of various antennas has been reduced for more than 10 dB over a wide frequency band [46,48,49]; furthermore, a 10-dB RCS reduction is not necessary here. It is sufficient that the RCS of the scattered fields is lower than that of the reradiated fields by a certain factor based on the acceptable level of the ripples in the total field. Consequently, the phase-difference criterion of    180  ± 37  ∘   can be relaxed further, and a much broader operational bandwidth can be attained. In this model, the metasurface is designed to achieve the RCS-reduction at the operating frequency of the van Atta reflector to validate the concept, which can be applied over a broader frequency range.



The scanning capability of the van Atta reflector depends on the overall gain of the array (  G 0  ) as given by Equation (5), where   G 0   is determined by the radiation pattern of the single element and the spacing between them. Thus, individual radiating elements with broad beamwidths result in a reflector that responds to larger incident angles. However, antennas with broad beamwidths usually have a lower gain. As a figure of merit, the 10-dB beamwidth of the array is considered as its scanning range. In this design, the monostatic RCS plotted in Figure 22 shows that the 10-dB beamwidth of the designed array is about   120 ∘   in the principle scanning plane (i.e., xz-plane).






5. Conclusions


The application of metasurfaces in the reconfiguration and enhancement of the performance of surface-wave antenna arrays, holographic leaky-wave antennas, and retrodirective arrays is illustrated. Square ring-element arrays embedded within metasurfaces are proposed for linear and circular polarizations. The coupling between the ports and their effect on the broadside radiation are discussed and highlighted. For practicality, parallel feed networks are incorporated with the two proposed designs. With the incorporation of metasurfaces, a high realized gain and a high aperture efficiency, compared to a conventional square ring array, are observed. A prototype was fabricated and a good agreement between the simulations and measurements was demonstrated.



Metasurface LWAs designed using the holographic principle are reviewed. In particular, polarization-diverse holographic metasurfaces that can form a pencil beam with a horizontal, vertical, or circular polarization are discussed. A potential technique to incorporate electronic reconfigurability is proposed.



As the third area of illustration, metasurfaces are employed to improve the monostatic RCS performance of retrodirective arrays. A co-simulation method that allows for decoupling the total scattered fields is introduced. Such a simulation allows the identification and cancellation of the undesired component in the scattered fields (those scattered by the antenna structure). It is shown that this work enables the use of retrodirective arrays comprised of simple patch antennas while simultaneously addressing the issue of backscattering by using metasurfaces based on AMCs.
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Figure 1. The 1 × 4 square ring elements embedded within metasurface and excited with (a) four coaxial probes and (b) feed network. The RWMS parameters are:   w i   = 10 mm,   w o   = 20 mm, l = 16 mm, w = 9 mm,   g x   = 4.5 mm, and   g y   = 3.5 mm. The feed network parameters are:   l 1   = 96.3 mm,   l 2   = 10 mm,   l 3   = 11.85 mm,   l 4   = 25.65 mm,   l 5   = 10 mm,   l 6   = 11.85 mm,   l 7   = 9.29 mm,   l 8   = 6.9 mm,   g s   = 2.74 mm, v = 1.143 mm,   w 50   = 1.1 mm, and   w 70   = 0.7 mm. 






Figure 1. The 1 × 4 square ring elements embedded within metasurface and excited with (a) four coaxial probes and (b) feed network. The RWMS parameters are:   w i   = 10 mm,   w o   = 20 mm, l = 16 mm, w = 9 mm,   g x   = 4.5 mm, and   g y   = 3.5 mm. The feed network parameters are:   l 1   = 96.3 mm,   l 2   = 10 mm,   l 3   = 11.85 mm,   l 4   = 25.65 mm,   l 5   = 10 mm,   l 6   = 11.85 mm,   l 7   = 9.29 mm,   l 8   = 6.9 mm,   g s   = 2.74 mm, v = 1.143 mm,   w 50   = 1.1 mm, and   w 70   = 0.7 mm.



[image: Electronics 09 01262 g001]







[image: Electronics 09 01262 g002 550] 





Figure 2. (a) S-parameters and (b) the broadside realized gain of the 1 × 4 RWMS array. 
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Figure 3. Surface current distribution at 4.5 GHz for the 2 × 2 metasurface array. 
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Figure 4. 2 × 2 square ring elements embedded within metasurface and excited with (a) four coaxial probes, and (b) feed network. The feed network parameters are:   l 1   = 50.875 mm,   l 2   = 12 mm,   l 3   = 20 mm,   l 4   = 2.25 mm,   l 5   = 7.2 mm,   l 6   = 11.9 mm,   l 7   = 37.87 mm,   l 8   = 16.92 mm,   l 9   = 0.69 mm,   w 50   = 1.1 mm,   w 35   = 1.9 mm,   g s   = 2.74 mm, v = 1.143 mm,   w f   =   l f   = 6 mm,   g f   = 2.45 mm,   r 1   = 1.4 mm,   r 2   = 6.5 mm, and t = 0.79 mm. 
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Figure 5. (a) S-parameters and (b) the broadside RHCP gain along with the axial ratio of the 2 × 2 RWMS scheme. 
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Figure 6. Surface current distribution at 4.5 GHz for the 2 × 2 metasurface array. 
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Figure 7. Top and bottom views of the fabricated prototype of the 2 × 2 RWMS array incorporated with the feed network. 
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Figure 8. Comparison between simulated and measured values of the (a) reflection coefficient, (b) RHCP broadside gain, and axial ratio. 
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Figure 9. Simulated and measured radiation patterns at (a) 4 GHz along   x z  -plane, (b) 4 GHz along   y z  -plane, (c) 5 GHz along   x z  -plane and (d) 5 GHz along   y z  -plane. 
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Figure 10. The holographic pattern of the surface-reactance profile needed to form a pencil beam along   (  θ d  ,  ϕ d  )  . 
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Figure 11. The holographic pattern of the surface-reactance profile needed to form a pencil beam with (a) horizontal, (b) vertical, and (c) circular polarizations. 
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Figure 12. A holographic metasurface, fed by two sources, that forms a pencil beam with three reconfigurable polarization states: vertical, horizontal, and circular polarizations [23]. 
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Figure 13. The E-plane radiation patterns obtained at 12 GHz when the antenna is excited by the (a) first, (b) second, and (c) both sources. 12 GHz. The metasurface is realized using Rogers RT/Duroid 5880 substrate of thickness 3.175 mm and a dielectric constant of 2.2. The average surface reactance and the modulation index are 255 and 31 ohms, respectively [23]. 
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Figure 14. A schematic diagram of a 1-D van Atta retrodirective array where four elements are used in the array. 
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Figure 15. Comparison of the ideal monostatic RCS between a retrodirective reflector (  σ R  ) obtained by using (5) and a flat PEC. 
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Figure 16. The geometry of the four by four finite array of rectangular microstrip patch antennas that are connected in the van Atta configuration in the xz-plane, (a) top. (b) bottom. 
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Figure 17. The monostatic RCSs of a retrodirective array with two different transmission line lengths compared to the monostatic RCS of a PEC plate of the same size. 
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Figure 18. Electric and magnetic field lines for the TEM mode of a coaxial line. 
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Figure 19. (a) Top and (b) bottom geometries of the 4 × 4 finite array of rectangular microstrip-patch antennas that are terminated and virtually connected in the van Atta configuration in the xz-plane. 
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Figure 20. The monostatic RCSs based on the reradiated, scattered, and the total fields when the phase difference (  Δ  R S   ) between    E  R   and    E  S   is   0 ∘   and   180 ∘  . 
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Figure 21. Geometries of (a) the finite array of the AMC and (b) the 4 × 4 array of rectangular microstrip patch antennas combined with the finite AMC array for canceling the RCS of the structure. 
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Figure 22. The monostatic RCSs based on the reradiated, scattered, and the total fields when the phase difference (  Δ  R S   ) between    E  R   and    E  S   is   0 ∘   and   180 ∘  . 
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Table 1. The broadside (   θ i  =  0 ∘   ) RCS of the retrodirective array for two different coaxial cable lengths.






Table 1. The broadside (   θ i  =  0 ∘   ) RCS of the retrodirective array for two different coaxial cable lengths.





	 
	   l = 145    mm
	   l = 150    mm
	Analytical Using (5)





	 σ  (dBsm )
	−4.42
	−0.63
	−3.24
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