friried applied
e sciences

Article

Subwavelength-Cavity High-Gain Circularly Polarized
Antenna with Planar Metamaterials

Wei Wang 1, Guang Lu

check for
updates

Citation: Wang, W.; Lu, G.; Diao, C.;
Li, J.; Liu, F; Du, G.
Subwavelength-Cavity High-Gain
Circularly Polarized Antenna with
Planar Metamaterials. Appl. Sci. 2023,
13,7665. https://doi.org/10.3390/
app13137665

Academic Editor: Luigi La Spada

Received: 23 May 2023
Revised: 15 June 2023
Accepted: 20 June 2023
Published: 28 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2,3,%

, Chao Diao ?, Junyang Li 2, Fen Liu ? and Guiqiang Du %%*

School of Computer Science and Software Engineering, Harbin Institute of Technology, Weihai 264209, China;
wangwei_hit@hit.edu.cn

2 School of Space Science and Physics, Shandong University, Weihai 264209, China; physicsdc@163.com (C.D.);
leejy35@163.com (J.L.); liufen210@sdu.edu.cn (EL.)

Laboratory for Electromagnetic Detection (LEAD), Institute of Space Sciences, Shandong University,

Weihai 264209, China

WeiHai Research Institute of Industrial Technology of Shandong University, Shandong University,

Weihai 264209, China

*  Correspondence: guanglu@sdu.edu.cn (G.L.); dgqql@sdu.edu.cn (G.D.)

Abstract: We present a specific subwavelength-cavity high-gain circularly polarized ultra-thin an-
tenna made of planar metamaterials. The antenna is designed to operate at 2.80 GHz with a fixed
thickness of approximately 1/6 of the operating wavelength in free space. The asymmetric unit
cells of the metamaterial antenna exhibit two characteristics, namely, negative permeability and
polarization selection. A linear-polarization micro-strip patch, which can realize circular polarization
without a complicated feeding network, is embedded in the cavity as a feed. The circular polarization
mode of the antenna can be changed by simply rotating the planar metamaterial horizontally. Simula-
tions and experiments conducted on this antenna yielded results that are in good agreement with
each other. This new subwavelength planar antenna can have potentially important applications in

communication, early warning systems, and radio observation.
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1. Introduction

Antennas play an important role in wireless communication systems. They gener-
ally include linearly polarized and circularly polarized antennas. Compared to linearly
polarized antennas, circularly polarized antennas possess several unique advantages in the
harsh electromagnetic environment [1-5]. For example, circularly polarized antennas have
a stronger anti-interference ability and can receive radio signals of arbitrary polarizations
including linearly and circularly polarized radio signals. Therefore, they have been widely
used in satellite communication, early warning monitoring, radio observation, etc. [3-6]. To
realize long-distance transmission and high-precision radio observation, an antenna must
radiate and receive electromagnetic waves in one or more specific directions. The demand
for high-gain antennas has increased significantly [7-10]. Otherwise, the miniaturization
of antennas has also been an important topic in engineering many types of high-quality
modern equipment, including unmanned aerial vehicles, communication satellites, and
advanced spaceborne radio detectors. Therefore, designing high-gain circularly polarized
antennas has become an essential research topic.

The traditional high-gain circularly polarized antennas include parabolic antennas,
horn antennas, waveguide slot antennas, lens antennas, etc. [11-14]. Even though these
antennas provide high-gain circular polarization, most of them suffer from disadvantages,
such as large size, difficult assembly, and poor flexibility. In recent years, micro-strip
antennas have been widely studied because of their small size, low profile, easy integration,
and good flexibility [15,16]. Array micro-strip antennas are also widely used to obtain a
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high-gain circular polarization [17-21]. However, designing an array antenna is a complex
process because of the complicated feeding networks that are required to generate both a
circularly polarized behavior and a high gain; in fact, such networks lead to low efficiency
in high-gain antennas. Therefore, their application is restricted to only certain fields.

Metamaterials have unique electromagnetic properties compared to natural mate-
rials [22-25]; therefore, they have many important applications, including sensing and
diagnostics, biomedicines, telecommunications, absorbers, measurements, etc. [26-35].
Therefore, metamaterial antennas are more advantageous than their conventional coun-
terparts [24,25,36,37]. Metamaterials include double- and single-negative metamaterials
(SNMs) [36,38]. SNMs include epsilon-negative metamaterials (ENMs) with negative per-
mittivities and mu-negative metamaterials (MNMs) with negative permeabilities. Perfect
ENMs and MNMs can be used as electric and magnetic mirrors, respectively. The reflection
phase of perfect ENMs is 7, while that of perfect MNMs is 0. A cavity metamaterial antenna,
which is generally composed of a partially reflective surface (PRS), a resonant cavity, and
a reflector, can be used to realize high-gain performance. Metals are a type of natural
ENMs, the reflection phase of a smooth metal surface is close to 7, and the minimum
thickness of a cavity antenna composed of a smooth metal surface is half the resonant wave-
length [39,40]. However, when made of MNMs, which are also called artificial magnetic
conductors, the thickness of a cavity antenna can be equal to or less than 1/4 of the resonant
wavelength [41-44]. Thus, new ultra-thin-cavity MNM antennas are attracting significant
attention. Based on analysis and research on cavity antennas [40,44-46], a high-gain cir-
cularly polarized antenna is presented in this paper. We have designed a subwavelength
planar MNM antenna with an asymmetric microstructure such that the PRS composed
of the MNM units has dual characteristics of a negative permeability response and cir-
cular polarization selection. These types of antennas have the advantages of high-gain,
ultra-thinness, good circular polarization radiation, simple feed network, and convenience
of assembly.

In the next section, we describe the design of a high-gain circularly polarized MNM
antenna with a simple linearly polarized patch source. All the simulations were performed
using CST Studio Suite software. The metamaterial antenna was machined and its radiation
performance was measured in a microwave anechoic chamber. Finally, the last section
includes some conclusions.

2. Simulations and Experimental Measurements

In this study, we investigated a circularly polarized subwavelength cavity metamate-
rial antenna made of an MNM operating in GHz range. Figure 1 shows a three-dimensional
schematic of the proposed antenna operating at 2.80 GHz. The metamaterial antenna
consisted of three layers. The top layer was an MNM-PRS reflector composed of a periodic
array of metallic crosses and patches on both surfaces of a 1.524 mm thick dielectric Rogers
4003C substrate (Rogers Corporation, Chandler, AZ, USA). Copper, with an electrical
conductivity of 5.7 x 107 S/m, was the selected metal. The MNM-PRS reflector has the
characteristics of high reflection and low transmission. The biggest difference between
the MNM-PRS reflector and the smooth metal reflector is that the former has a tunable
reflection phase from 0° to 360°. The MNM-PRS reflector as a reflection plate for the cavity
structure can reduce the thickness of the cavity. The middle layer was an air-filled subwave-
length cavity. The bottom layer was a 1.524 mm thick dielectric (Rogers 4003c) substrate
covered with a metallic patch feed on the upper face and a metallic ground plane acting
as a perfect electric conductor (PEC) reflector on the other face; a single metallic patch
was used as a radiation source on the top surface and a 50 () input port was provided on
the opposite side. The electromagnetic signal radiated by the metal patch feed is reflected
in the MNM-PRS reflector and metal ground plane. Multiple reflected electromagnetic
waves propagate in the air-filled subwavelength cavity. When the thickness of the cavity
meets certain conditions, the standing wave formed by multiple reflections can achieve
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resonance enhancement. High-directional electromagnetic signals can be radiated through
the MNM-PRS reflector.

Figure 1. Schematic of the 3D structure of the proposed antenna.

To calculate the radiation capability of the cavity structure, the resonant cavity antenna
was simplified as shown in Figure 2. The proposed cavity was analyzed using both the
reflection and transmission coefficients of the superstrate, as well as the reflection coefficient
of the ground plane. The governing equations for a normally incident wave are given
by [1,47]:

a; =e 19 x — pol (1)
by = e 1%y — pol ()
apy1 =€ 296/ (Ryxay + Rayby) ®)
bys1 = e 729/ (Ryyby + Ryxay) 4)
Ex=Y o (Tatui1 + Taybuia) ®)
Ey =Y oy (Tyybur1 + Tyxtnin) (6)

where ¢ is the phase between the ground plane and superstrate; n indicates the repetition
number of the reflection wave inside the cavity; 7t is the refection phase of the ground; and
Rand T are the reflection and transmission coefficients, respectively, of the superstrate. In
addition, the subscripts for R and T denote the polarization of the fields and describe the
tield transition of reflection and transmission. For example, Ty, indicates the amount of
field conversion from y-polarization to x-polarization for transmission coefficients passing
through the superstrate. When x-polarization was excited in the cavity, the initial value
of b; was set to 0. However, 12; would become zero when the y-polarization was excited.
Equations (5) and (6) show that the electric field strength of the cavity radiation can be
calculated using R, T, and the thickness of the cavity.
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Figure 2. Multiple reflections and transmissions between the MNM-PRS and ground plane.

The axial ratio (AR) is the ratio of mutually orthogonal components of an E-field and
is often used for antennas, where the desired polarization is circular. AR is calculated using
Equations (5) and (6) and is given by the references [1,47]:

\ 5 ) . A i 1/2) 1/2
[59 |Ex|® + |Ey|” + [|Ex|* + |Ey|” + | Ex|*| Ey|" cos(2¢)] * }]

AR = @)

1 2 2 4 4 2r |2 12,12
[2 | Ex| +‘Ey’ [|Ex| ‘|“Ey| + | Ex| ’Ey‘ cos(2¢)] ]

where ¢ = ZEy — ZE,. From Equations (5)—(7), it can be seen that the AR of the electro-
magnetic waves radiated from the cavity can be calculated from R, T, and the thickness of
the cavity.

First, we studied the reflection properties of an MNM-PRS unit cell. Figure 3 shows
the structure of a square MNM-PRS unit, whose side length (p) was 24 mm and thickness
(1) was 5 mm. The side length (/) of the square metallic patch was 14 mm; the width
(w) of the metallic cross was 22.6 mm, and the side length of the corner cut (g) of the
square metallic patch was 1.60 mm. To obtain R and T of the superstrate, the plane waves
were illuminated from wave port 1 with x- or y-polarization to wave port 2, as shown in
Figure 3. Additionally, all the lateral sides of the unit cell were enclosed with a periodic
boundary condition (PBC), and all the simulations were performed using CST Studio Suite
software, where CST Studio Suite is a high-performance 3D EM analysis software package
for designing, analyzing, and optimizing electromagnetic (EM) components and systems.

Periodic boundary
condition

W

Figure 3. The geometry of a unit cell and its boundary conditions; the electromagnetic waves are

/i‘

3

Periodic boundary
condition

incident on port 1 and traverse to port 2.
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Next, we calculated the amplitudes and phase values of Ty, Ty, Txy, Tyx, Rxx, Ryy,
Ryy, and Ry for the MNM-PRS unit cells at different polarizations. Figure 4a shows the
simulated MNM-PRS reflection and transmission coefficients. The transmission of this
structure is mainly in the same polarization mode (Txy, Tyy). The transmission coefficient is
greater than 0.6 from 2.40 GHz to 3.20 GHz, with its maximum value being near 2.75 GHz.
The values of transmission coefficients with different polarizations (Ty,, Tyx) are relatively
small, less than 0.1 between 2.40 GHz and 3.20 GHz. The reflection of this structure is
mainly in the same polarization mode (Ryx, Ryy). The reflection coefficient ranges from 0.7
to 0.8 in the range of 2.40 GHz to 3.20 GHz, with a minimum value of nearly 2.75 GHz. The
values of reflection coefficients of different polarizations (Ryy, Ryx) are relatively small, less
than 0.2 between 2.40 GHz and 3.20 GHz. Figure 4b shows the simulated reflection and
transmission phases. In the frequency range of 2.40 GHz to 3.20 GHz, the transmission
and reflection phases gradually decrease as the frequency increases. The same polarization
reflection phase and transmission phase overlap at about 2.80 GHz. The values and changes
of reflection and transmission phases with different polarizations are similar. Based on R
and T values, the effective refractive index and impedance of the unit cell were calculated,
from which per and .5 of the MNM-PRS unit cell can be calculated, as shown in Figure 4.
In the figure, the red and black lines denote the real parts of j.¢ and .4, respectively, while
the magenta and blue lines denote the imaginary parts of ¢ and €., respectively. It can
be seen that the real part of y,4 was negative, while that of ¢,4 was positive over 2.68 GHz,
and the former was minimal when near 2.80 GHz. These results indicate that the structure
behaved like an MNM at 2.80 GHz. Using Equations (5) and (6), the values of the electric
field strength for different polarizations were calculated, and the AR of the electromagnetic
waves that radiated from the cavity could be obtained using Equation (7). The simulated
boresight AR of the MNM-PRS cavity is plotted as a function of the frequency in Figure 4d.
The AR of the antenna gradually decreases when increasing the frequency from 2.70 GHz
to 2.80 GHz and increases with the frequency changing from 2.80 GHz to 2.90 GHz. The
minimum AR was 1.02 at 2.80 GHz. Therefore, using this microstructure, a circularly
polarized electromagnetic wave could be obtained from a linearly polarized electromagnetic
wave, as shown in Figure 5. This structure can achieve low transmittance at a frequency
of 2.80 GHz and can partially transmit resonant electromagnetic waves. Therefore, if the
structure is periodically arranged and separated by a distance and combined with a metal
plate, a resonance-enhanced FP cavity structure can be formed. If a linearly polarized
radiation source is placed inside the cavity, the new antenna will have a high performance
of radiation enhancement and circular polarization conversion.

Using the proposed MNM-PRS unit cell, n x n perfect metallic meshes and square
patches with a pair of truncated corners were patterned on the top and bottom surfaces
of the substrate to form an MNM-PRS layer. We studied a subwavelength cavity antenna
using MNM metamaterials with antenna dimensions of 240 x 240 x 21 mm?>. The thickness
of the subwavelength air-filled cavity was 18 mm, which was approximately one-sixth
of the operating wavelength of 107.1 mm. The radiation source was a simple, linearly
polarized patch antenna.. We could perform a full-scale modeling of the antenna in the
microwaves and RF/Optical Antenna module, and all material electromagnetic parameters
came from the material library of the software. Appropriate parameter settings could
ensure the accuracy of simulation results.
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Figure 4. (a) Simulated MNM-PRS reflection and transmission coefficients; (b) simulated reflection
and transmission phases; (c) effective permeability (y,5) and permittivity (e,5) of the MNM-PRS
unit cell, where the red and black lines denote the real parts of Heff and Eeffs respectively, and the
magenta and blue lines denote the imaginary parts of peff and ey, respectively; the green dashed line
denotes zero effective permittivity or permeability; (d) simulated boresight axial ratios (ARs) for the
proposed structure.

Figure 5. Circular polarization behavior of the MNM-PRS.

The simulated boresight ARs of the proposed antenna were plotted as a function of
frequency in Figure 6a. The minimum AR was nearly 2.8 GHz, and this result agrees well
with that observed in Figure 4d. At frequencies greater than 2.80 GHz, the AR of the antenna
decreases. However, at frequencies below 2.80 GHz, the AR of the antenna increases.
The metamaterial antenna exhibits the best circularly polarized properties at 2.80 GHz.
The reflection coefficient of the proposed antenna is presented in Figure 6b, wherein the
minimum value is -22.8 dB at 2.80 GHz. The antenna has a narrow working band at about
2.80 GHz, which proves that the antenna has narrow-band filtering characteristics. The
reflection coefficient of the antenna exhibits narrowband characteristics and can achieve
good antenna radiation at 2.80 GHz. This radiation frequency is the same as the circularly
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polarized frequency of the antenna, so the antenna can receive or radiate circularly polarized
signals at 2.80 GHz. The radiation patterns simulated in two mutually orthogonal planes,
namely, = 0 and 90°, are shown in Figure 7. The left-hand circular polarization (LHCP)
boresight realized a gain of 13.70 dBi, while the right-hand circular polarization (RHCP)
boresight realized a gain of —9.58 dBi at the same frequency of 2.80 GHz. The cross-
polarization level was 23.29 dB. In two mutually orthogonal planes and circular polarization,
radiation patterns have high directionality. The metamaterial plate and the metal plate
constitute a subwavelength cavity structure. The weak directivity signal radiated by
the radiation patch is resonance enhanced in the cavity, and finally, the high directivity
electromagnetic signal is radiated through the metamaterial plate. The antenna’s ability to
receive LHCP signals is much greater than RHCP signals, and the LHCP antenna has good
directionality. This establishes that the proposed antenna is suitable for use as a high-gain
LHCP antenna.
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Figure 6. Simulation results of the proposed antenna: (a) axial ratio (AR); (b) reflection coefficient (S11).
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Figure 7. Comparison of simulated radiation patterns of the proposed metamaterial antenna at
2.80 GHz on two mutually orthogonal planes: (a) ¢ = 0°; (b) ¢ =90°.

Based on the simulation results, we exported CAD drawings and a subwavelength-
cavity metamaterial antenna was fabricated using the etching technique. Figure 8 gives
a positive photograph of the antenna. The antenna uses an etching technique, which is
conducive to the integration of microwave devices such as amplifiers. The performance of
the antenna was measured by a KEYSIGHT PNA N5224B network analyzer (10-43.5 GHz)
in the standard microwave anechoic chamber with a range from 700 MHz to 40 GHz, as
shown in Figure 8. The measured operating frequency of the antenna was 2.78 GHz, and
the reflection coefficient S1; was less than —16.80 dB. As shown in Figure 9a, the measured
and simulated results differed from each other in the operating frequencies, which could
be attributed to the deviations in fabrication. The actual antenna has a narrow working
band at 2.78 GHz, which proves that the antenna has narrow-band filtering properties. The
radiation performance of the antenna was measured using a microwave anechoic chamber.
The metamaterial antenna is placed on a test revolution plate that can rotate 360°, with the
rotation plane parallel to the ground and the radiation surface of the antenna perpendicular
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to the ground. We placed a linearly polarized horn antenna that can rotate 360° in front of
the metamaterial antenna, with the rotation plane perpendicular to the ground. The center
of the metamaterial antenna coincided with the center of the horn antenna. It needed to
connect the output and input ports of the vector network analyzer to the two antennas. The
horn antenna radiated signals with different linear polarizations through rotating angles,
and the axial ratio of the antenna could be measured by recording the signal strength
received by the metamaterial antenna. By processing the measured data, we could obtain
the radiation patterns of the metamaterial antenna. As shown in Figure 9b, the minimum
measured value of AR was 1.36 at 2.78 GHz. The AR of the antenna first increased and then
decreased with the increase of frequency in the range between 2.70 GHz and 2.78 GHz. The
AR in the region from 2.78 GHz to 2.90 GHz antenna mainly shows an increasing trend.
Figure 9c shows the realized gains on the ¢ = 0° plane. The realized gain in the LHCP
boresight direction (black solid line) was 13.67 dBi at 2.78 GHz; the LHCP half power width
was 32.1°; and the LHCP side-lobe level was —18.54 dB. On the other hand, the realized
gain in the RHCP boresight direction (red dotted line) was -5.31 dBi at 2.78 GHz on the
¢ = 0° plane, and the cross-polarization level was 18.98 dB. Figure 9d shows the realized
gains on the ¢ = 90° plane. The realized gain in the LHCP boresight direction (black solid
line) was 13.67 dBi at 2.78 GHz; the LHCP half power width was 22.45°; and the LHCP
side-lobe level was —14.19 dB. On the other hand, the realized gain in the RHCP boresight
direction (red dotted line) was —5.54 dBi at 2.78 GHz on the ¢ = 90° plane, and the cross-
polarization level was 19.21 dB. The measured results show that the antenna can receive
LHCP signals and shield RHCP signals. The thickness of the subwavelength air-filled
cavity was 18.0 mm, which was approximately one-sixth of the operating wavelength of
107.1 mm, and it is much smaller than that of traditional cavity antennas. For example,
comparing the performance of the circularly polarized antenna with two cavities [46], the
proposed metamaterial antenna of this work has only one subwavelength cavity and its
MNM-PRS layer is composed of a circularly polarized unit cell. We used a subwavelength
thickness cavity to enhance the radiation performance of the antenna and achieved a good
conversion of linearly polarized signals to circularly polarized signals.

i+ -

Figure 8. Photograph of the proposed LHCP metamaterial antenna.
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Figure 9. Experimental measurements of the proposed LHCP metamaterial antenna: (a) reflection
coefficient (S11); (b) measured axial ratio (AR). Comparison of LHCP and RHCP patterns of the LHCP
metamaterial antenna at 2.80 GHz on two mutually orthogonal planes: (c) ¢ =0°; (d) ¢ =90°.

Next, the MNM-PRS plate was rotated horizontally by 90° to maintain the position of
the PEC reflector and the radiation source fixed, as shown in Figure 10a. The position of
the corner cut of the square metallic patch could produce a 90° deflection. Subsequently,
the polarization selectivity of the MNM-PRS plate was reversed, and the LHCP antenna
became an RHCP antenna. The measured parameters were as follows: The minimum AR,
as shown in Figure 10b, was 1.16 at 2.78 GHz. The AR of the antenna first increased and
then decreased with the increase of frequency in the range from 2.70 GHz to 2.78 GHz.
However, the AR at a frequency range from 2.78 GHz to 2.90 GHz antenna first increased
and then decreased. Figure 10c shows the realized gains on the ¢ = 0° plane. The realized
gain in the RHCP boresight direction (black solid line) was 13.60 dBi; the RHCP half power
width was 22.60°; and the LHCP side-lobe level was —17.68 dB on the ¢ = 0° plane. On
the other hand, the realized gain in the LHCP boresight direction (red dotted line) was
-9.78 dBi at 2.78 GHz on the ¢ = 0° plane and the cross-polarization level was 23.38 dB.
Figure 10d shows the realized gains on the ¢ = 90° plane. The realized gain in the RHCP
boresight direction (black solid line) was 13.60 dBi at 2.78 GHz; the RHCP half power
width was 29.61°; and the LHCP side-lobe level was —20.84 dB. On the other hand, the
realized gain in the LHCP boresight direction (red dotted line) was —9.23 dBi at 2.78 GHz
in ¢ = 90° plane and the cross-polarization level was 22.83 dB. It can be observed that the
antenna could receive the RHCP signals well and shields the LHCP signals. If an automatic
rotating mechanism is added to the metamaterial plate, the antenna can easily realize the
polarization change, obtain the multiplexing of the radiation aperture, and improve the
utilization efficiency of the antenna. Overall, the experimental results agreed well with the
theoretical values. Such theoretical and experimental results show that this kind of planar
subwavelength-cavity metamaterial antenna is easy to be fabricated in the GHz region.
Compared to the traditional high-gain circular polarization antennas, this metamaterial
antenna has a low profile, is lightweight, and has a simple feed network. Thus, this kind of
antenna can be used for many wireless communication types of equipment.
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Figure 10. (a) Photograph of the proposed RHCP metamaterial antenna; (b) measured axial ratio (AR)
of the proposed RHCP metamaterial antenna. Comparison of the measured radiation patterns of the
RHCP metamaterial antenna at 2.80 GHz on two mutually orthogonal planes: (c) ¢ = 0°; (d) ¢ = 90°.

3. Conclusions

In this study, a subwavelength-cavity circularly polarized antenna was proposed
using artificial permeability-negative metamaterials that can convert linear polarization
into circular polarization. This antenna also has the advantages of adjustable polarization
and a high gain. Compared with conventional high-gain circularly polarized antennas, the
proposed antenna achieves the desired performance with a much lower profile, simpler
design, and easier integration. This cavity antenna has good narrowband characteristics to
engineer high-quality filtering devices in compacted radio systems, which is also conducive
to the miniaturization of the radio systems. Good agreement between the measured and
theoretically predicted behaviors ensured the validity of our design and prediction method.
Such metamaterial antennas can be utilized in communication systems, satellite antennas,
and spaceborne radio detectors.
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