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We experimentally investigated the large area subwavelength cavity antenna with artificial permeability-negative metamaterials in the GHz region. It is demonstrated that this new type of planar metamaterials has better directivity and higher gain with the radiation source using the large non-uniform distributed patch array than using a uniform distributed patch array, where the current distribution of the radiation source satisfies the Chebyshev distribution. The experimental values agreed well with simulated results. This new metamaterial antenna has potential applications in weak microwave signal detection and radio observation fields.
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INTRODUCTION
Since the negative refractive index is demonstrated experimentally in the microwave region, metamaterials have attracted wide attention owing to their unique ability to manipulate the propagation of electromagnetic waves (Smith, et al., 2004; Schurig, et al., 2006). According to the plus–minus sign of permeability and permittivity, metamaterials include single-negative and double-negative metamaterials, where the latter have the negative refractive index (Veselago, 1968), zero index, and hyperbolic metamaterials (Guo, et al., 2021; Guo, et al., 2022). Single-negative metamaterials consist of epsilon-negative metamaterials (ENMs) and mu-negative metamaterials (MNMs) in which the latter are also called the artificial magnetic conductors. Metamaterials have been used to fabricate many new excellent electromagnetic devices such as metamaterial antennas (Engheta, 2002; Enoch, et al., 2002; Zhou, et al., 2005; Wang, et al., 2006; Ourir, et al., 2006; Sun, et al., 2012).
The metamaterial antenna has the superiority compared with the conventional parabolic and microstrip antenna (Fan and Rahmat-Samii, 2003; Che, et al., 2013; Vaid and Mittal, 2015; Abu, et al., 2016). The physical mechanism in the metamaterial to modulate the electromagnetic waves is the local resonant coupling mechanism. An important property is that the unit cell of the metamaterial is much smaller than that of the wavelength, and the unit cell is insensitive to wavelength so that the size of the metamaterial may be less than the wavelength. However, the unit cell of the conventional antenna is comparable to the wavelength based on the multiple Bragg scattering mechanism so that the size of the antenna is usually larger than the wavelength. Therefore, the metamaterial antenna may have a smaller volume than the conventional antenna. For instance, the volume of a new zero-order resonant microstrip metamaterial antenna using the left-hand transmission line is nearly one-third of the conventional patch microstrip antenna so that it has a lighter weight (Fladie and Bernhard, 2006). Second, the metamaterial antenna may have the ultra-wide band. For example, the new antenna with a microstrip negative-index metamaterial has a relative bandwidth of almost ninety-four percent (Alhawari, et al., 2011). Third, the metamaterial antenna may have a better radiation performance by improving the matching condition (Enoch, et al., 2002). In particular, single-negative metamaterials are important to realize super-small antennas (Erentok and Ziolkowski, 2005; Fladie and Bernhard, 2006; Qiu, et al., 2017), where mu-negative metamaterials (MNMs) are used to fabricate subwavelength cavity planar antennas (Engheta, 2002; Enoch, et al., 2002; Zhou, et al., 2005; Wang, et al., 2006; Ourir, et al., 2006; Sun, et al., 2012; Lu, et al., 2019), since they can have a zero reflection phase similar to the perfect magnetic conductors (Lin, et al., 2016). For instance, the cavity thickness of the antennas using the MNMs only has one-sixtieth of the resonant wavelength so that the ultrathin directive antennas have the smaller volume (Lu, et al., 2019). Moreover, the main body of MNM antennas comprises the dielectric materials, and the metal only has a small proportion so that they have lighter weight than conventional antennas (Engheta, 2002; Enoch, et al., 2002; Zhou, et al., 2005; Wang, et al., 2006; Ourir, et al., 2006; Sun, et al., 2012; Lu, et al., 2019).
Nowadays, the metamaterial antennas mainly develop toward miniaturization, having ultra-thin thickness, less volume, and lighter weight. However, weak electromagnetic signal detection in some fields including radio astronomy and space spacecraft requires antennas with high directivity and gain, so the antennas need an ultra-large receiving area (Wolszczan and Frail, 1992; Meguro, et al., 2009; Iwai, et al., 2012; Tapping, 2013). It is found that the metamaterial antennas can realize high performance with a large receiving area but with subwavelength thickness and planar configuration (Lu, et al., 2019). Otherwise, the performance of the large-area planar metamaterial antenna nearly equals that of the conventional parabolic antenna with the same receiving area but with a larger volume (Lu, et al., 2019). In this study, we mainly investigated experimentally a kind of large receiving area planar metamaterial antenna in the L band where the radiation source is the large non-uniform distributed patch array.
The article is organized as follows. In the Theoretical Investigation of Ultra-Thin Large-Area Planar Metamaterial Antenna section, we investigated theoretically the ultra-thin large-area planar metamaterial antenna with the uniform distributed patch array as the radiation source. In the Experimental Investigation of Metamaterial Antennas With a Metallic Patch Array as the Radiation Source section, we studied theoretically and experimentally the performance of large-area planar metamaterial antennas with the non-uniform distributed patch array as the radiation source. Finally, the conclusions are given in the Conclusion section.
THEORETICAL INVESTIGATION OF ULTRA-THIN LARGE-AREA PLANAR METAMATERIAL ANTENNAS
In past research, many cavity antennas used the single weakly radiating antennas as the feed, where the changes in the transverse scale will inevitably affect the performance of antennas because of the influence of the boundary effect, material loss, and the effective radiation area of the radiation source. Therefore, there is an optimal aperture area for the radiation aperture of the antenna. When the optimal aperture area is exceeded and the transverse scale continues to increase, the boundary effect is offset by the effects of the reduction of the reflection coefficient and the increase of the loss so that the performance of the antenna will be degraded. On the other hand, it was theoretically found that the radiation source using a metal patch array instead of a single metal patch, where a surface source is used instead of a point source, realized the ultra-large radiation aperture of cavity antennas (Lu, et al., 2019). Based on the aforementioned information, an ultra-thin large radiation aperture planar MNM antenna, which has a subwavelength thickness, is investigated at 9.0 GHz in this study.
Considering the relation between the receiving area of the cavity antenna and the resonant frequency, we designed the metamaterial antenna in the L band, and the resonant frequency is 9.0 GHz. The schematic diagram of the metamaterial antenna is shown in Figure 1. The top layer is the partially reflective surface (PRS) where MNM units are periodically arranged on two surfaces of the dielectric plate (the Rogers 5880 RT high-frequency plate with εr = 2.20 and tanδ = 0.0009), whose thickness is 1.5 mm, the middle part is a subwavelength air cavity, and the bottom layer is the highly reflective backplane, whose top surface is the radiation source composed of the metal patch or metal patch array. In this study, the physical aperture of the square metamaterial antenna is designed as 250 × 250 mm.
[image: Figure 1]FIGURE 1 | Schematic diagram of the metamaterial antenna.
Figure 2 shows the simulation results of the unit cell of the partially reflective surface (PRS). The schematic diagram of the PRS-MNM unit is given in Figure 2A where p (p = 5 mm) is the side length of the unit, l (l = 2.5 mm) is the width of the metallic cross wire that makes up the grid array, and w (w = 4.8 mm) is the side length of the square metallic sheet that makes up the patch array. The metal Cu is used with the electric conductivity 5.7 × 107 S/m. Figures 2B, C show the simulated reflection amplitude and reflection phase of the MNM unit, respectively. Based on CST Microwave Studio, the reflection properties of the PRS-MNM unit can be simulated. At the resonant frequency 9.0 GHz, the reflection amplitude of the PRS-MNM unit has a minimal value, and its reflection phase is zero, as described in Figures 2B,C.
[image: Figure 2]FIGURE 2 | Simulation results of the MNM unit. (A) Schematic diagram of the MNM unit; (B) Simulated reflection amplitude. (C) Simulated reflection phase.
First, we engineered the MNM antenna with a single metal patch as the radiation source; its resonant frequency is 9.0 GHz, and its thickness is 10 mm. Simulated radiation properties of the MNM antenna are shown in Figure 3, where Figures 3A, B correspond to the H-plane and E-plane, respectively. The maximum realized gain is 21.8 dBi at 9.0 GHz, and the half power width is 5.0° (6.1°) in the H (E)-plane, but the sidelobe level is −7.3 dB (−7.3 dB) in the H (E)-plane. The physical mechanism originates from the aperture of the MNM antenna (250 mm × 250 mm) far larger than the optimal radiation area covered by only a single metallic patch as the radiation source.
[image: Figure 3]FIGURE 3 | Simulated radiation properties of the MNM antenna with a single metallic patch as the radiation source at 9.0 GHz. (A) H-plane and (B) E-plane.
To realize the effective utilization of the radiation aperture, the radiation source with a 6 × 6 metallic patch array working at 9.0 GHz is designed, and the current on every radiation patch array is evenly distributed. All rectangular metallic patches are connected by a coaxial probe feed. The distance between adjacent metallic patches is 34 mm, which is larger than the resonant wavelength. The simulated radiation performances of this radiation source as an antenna are shown in Figure 4. The gain of the main lobe is 19.4 dBi, and the half-power width is 12.5° (11.9°), but the sidelobe level is −12.4 dB (−13.0 dB) in the H (E)-plane, as shown in Figures 4A, B, respectively. Because of the large distance between the metallic patches, the sidelobe of the radiation source patterns is relatively high. Moreover, the performance of the MNM antenna with a 6 × 6 metallic patch array as the radiation source at 9.0 GHz is given in Figure 5. The gain of the main lobe is 25.1 dBi, and the half-power width is 9.4° (8.6°), but the sidelobe level is −13.8 dB (−13.8 dB) in the H (E)-plane, as shown in Figures 5A,B, respectively.
[image: Figure 4]FIGURE 4 | Simulated radiation properties of the radiation source composed of a 6 × 6 metallic patch array at 9.0 GHz, where the current on every radiation patch array is evenly distributed. (A) H-plane and (B) E-plane.
[image: Figure 5]FIGURE 5 | Simulated radiation properties of the MNM antenna with a 6 × 6 metal patch array as the radiation source at 9.0 GHz. (A) H-plane and (B) E-plane.
The radiation performances of four different antennas shown in Figures 3, 4, 5 at 9.0 GHz are shown in Table 1. Considering the physical size as an important parameter affecting the antenna’s performance, the last antenna is designed as shown in Table 1, which is composed of an 8 × 8 metallic patch array with uniform current strength distribution obtained by the function module “antenna magus” in CST Studio Suite and has the same aperture area with that of the MNM antenna, as shown in Figure 5. It can be seen that the MNM antenna using the patch array as a radiation source, as shown in Figure 5, improves the gain of the main lobe by about 3.3 dBi and the sidelobe level by about 6.5 dB (6.5 dB) in the H (E)-plane compared with the MNM antenna using a single patch as the radiation source, as shown in Figure 3. Otherwise, the MNM antenna shown in Figure 5 also has a better performance than the radiation source of an antenna composed of a 6 × 6 metallic patch array, as shown in Figure 4. Considering physical size as an important parameter affecting the antenna’s performance, the last antenna is designed as shown in Table 1. Moreover, the MNM antenna shown in Figure 5 has a better performance than the same-size antenna composed of an 8 × 8 uniform distributed patch array, where the gain of the former main lobe increases by about 4.2 dBi. However, the sidelobe of the MNM antenna in Figure 5 is still high, which cannot meet the needs of some ultra-low sidelobe applications.
TABLE 1 | Radiation performances of four different antennas.
[image: Table 1]In the next section, the work about the better performance of the MNM antenna with a lower sidelobe is investigated theoretically and experimentally.
EXPERIMENTAL INVESTIGATION OF METAMATERIAL ANTENNAS WITH A METALLIC PATCH ARRAY AS THE RADIATION SOURCE
To reduce the sidelobe of the antenna, the radiation source with a metallic patch array was designed at 9.0 GHz, where the non-uniform feed form replaced the uniform feed form from the aforementioned designs. The structure is shown in Figure 6. The dielectric slab is the Rogers 5880 RT high-frequency plate with a thickness of 1.5 mm. One side of the dielectric slab is covered with a copper foil as a perfect reflector, and the center of the other side is an array with 6 × 6 rectangular metallic patches as the radiation source. To reduce the sidelobe level, the current distribution of each unit in the metallic patch array is designed according to the Chebyshev distribution method (Stutzman and Thiele, 2012), and the current distribution on the array is I1: I2: I3 = 1.00: 0.88: 0.66. Each rectangular metallic patch is connected by a metal microstrip feed network. In the metallic patch array, the distance between the patches is 34 mm, which is far less than the wavelength of 9.0 GHz. The excitation current is distributed from the feeding point to each rectangular metallic patch through the feed network. The performance of the radiation source at 9.0 GHz is shown in Figure 7, where the gain of the main lobe is 17.3 dBi at the operating frequency of 9.0 GHz. The half-power width is 14.7°, and the sidelobe level is −16.6 dB in the H-plane, as shown in Figure 7A. Figure 7B shows the half-power width 14.5° and sidelobe level −17.7 dB in the E-plane. Compared with the results in Figure 4, the sidelobe of the antenna is effectively reduced.
[image: Figure 6]FIGURE 6 | Diagram of the radiation source composed of a 6 × 6 metallic patch array with the Chebyshev current strength distribution.
[image: Figure 7]FIGURE 7 | Performance of the radiation source. (A) Simulated gain of the H-plane. (B) Simulated gain of the E-plane.
To analyze the performance of the MNM antenna with a non-uniform distributed patch array as the radiation source, the electric field intensity distributions at 9.0 GHz are simulated in the MNM antenna with a metallic patch and patch array as radiation sources, which are shown in Figures 8A, B, respectively. The parameters of the former and latter sources are the same as those in Figure 3 and Figure 6, respectively. It can be seen that the radiated electric fields from the radiation source with a metallic patch cannot effectively cover the whole antenna aperture as given in Figure 8A, which results in the weak performance of the antenna. However, the radiated electric fields from the latter radiation source have nearly complete coverage in the cavity of the antenna so that the latter antenna with the same large aperture has a better performance.
[image: Figure 8]FIGURE 8 | Intensity distribution of the electric field in the MNM antenna (cross section). (A) Single metallic patch as the radiation source of the antenna, which is same with that in Figure 3. (B) Metallic patch array as the radiation source which is shown in Figure 6.
According to the simulated results, the MNM antenna is engineered by the printed circuit board etching processing technique. The radiation source of the antenna uses a large non-uniform distributed patch array with 6 × 6 metallic patches, as shown in Figure 6. The antenna size is 250 mm × 250 mm × 10 mm, and the cavity thickness is only 7 mm, which is about 1/5 of the resonant wavelength. Figure 9A shows the image of the MNM antenna in the darkroom. Figure 9B shows that the simulated (experimental) return loss S11 is −24.3 dB (−18.2 dB), and the maximum realized gain is 25.0 dBi (23.9 dBi) at the resonant frequency of 9.0 GHz (8.93 GHz) described by the solid (dashed) line. Figures 9C, D show the radiation patterns in the H- and E-planes at the resonant frequency, where the simulated (experimental) half-power width is 11.2° (11.4°), and the sidelobe level is −22.1 dB (−24.1 dB) in the H-plane, and the simulated (experimental) half-power width is 10.9° (11.1°), and the sidelobe level is −25.8 dB (−22.8 dB) in the E-plane. The Keysight PNA N5224B 10 MHz–43.5 GHz vector network analyzer is used to measure the performance of the MNM antenna. The experimental results showed significant agreement with theoretical values. On the other hand, the small discrepancies between the theoretical and experimental results mainly originate from microstructure differences during the etching processes and refractive index discrepancies between the theoretical and experimental materials.
[image: Figure 9]FIGURE 9 | Performance of the MNM antenna, where the solid (dashed) line describes the simulated (experimental) results. (A) Antenna image in the darkroom. (B) Return loss S11. (C) Realized gain in the E-plane. (D) Realized gain in the H-plane.
The radiation performances of two different antennas shown in Figures 7, 9 are shown in Table 2, where the simulated and experimental results are summarized, respectively. It can be seen that the antenna shown in Figure 7 has a lower sidelobe than the antenna with a uniform distributed patch array in Figure 4, where the sidelobe of the former decreases by about 4.2 dB (4.3 dB) in the H (E)-plane. Otherwise, the experimental results show that the main lobe gain of the MNM antenna in Figure 9 increases by about 5.4 dBi, and its side-lobe level increases by about 7.5 dB (5.1 dB) in the H (E)-plane than those of the antenna in Figure 7. As a result, an ultra-thin planar MNM antenna with a non-uniform distributed patch array as the radiation source is realized where it has a large radiation aperture and good performance.
TABLE 2 | Radiation performances of two different antennas.
[image: Table 2]CONCLUSION
Based on artificial magnetic conductor materials, a kind of new planar subwavelength metamaterial antenna with good performance is realized. Compared with the traditional antenna, the cavity thickness of the antenna is only 1/5 of the resonant wavelength. Furthermore, it has a high gain, large radiation aperture, and good directivity. Such a metamaterial antenna has potential applications in large microwave communication or radio observation equipment.
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