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Abstract: In this paper, a single-feed microstrip antenna (MA) equipped with a transmission-mode
focusing metasurface (MS) is proposed to achieve dual-polarization capabilities and superior high-
gain radiation performance. The original-feed MA comprises two distinct layers of coaxial-fed
tangential patches, enabling it to emit a circular polarization (CP) wave with a gain of 3.5 dBic
at 5.6 GHz and linear polarization (LP) radiation with a gain of 4 dBi at 13.7 GHz. To improve
the performance of the single-feed MA, a dual-polarization transmission focusing MS is proposed
and numerically substantiated. By positioning the originally designed MA at the focal point of the
MS, we create a transmission-mode MS antenna system capable of achieving CP and LP radiations
with the significantly higher gains of 12.9 dBic and 14.8 dBi at 5.6 GHz and 13.7 GHz, respectively.
Measurements conducted on the fabricated dual-polarization focusing MS antenna closely align
with the simulation results, validating the effectiveness of our approach. This work underscores the
significant potential of dual-polarization high-speed data systems and offers a practical solution for

enhancing antenna gains in contemporary wireless communication systems.

Keywords: microstrip antenna; linear polarization; circular polarization; transmission-mode metasurface;

high gain

1. Introduction

In recent years, the advancing maturity of printing and integration processes has
propelled microstrip antennas (MAs) to the forefront of research and market applications.
Their popularity stems from their low profile, compactness, lightweight design, simplic-
ity in mass production, and conformal characteristics. Nevertheless, a major hurdle in
their current development remains, namely, their limited gain performance, which is pri-
marily due to significant losses in matching loads [1-4]. Furthermore, traditional MAs
frequently encounter difficulties in concurrently radiating both linear polarized (LP) and
circular polarized (CP) waves, thereby limiting their utilization in multi-functional wire-
less communications [5-8]. Consequently, those MAs that employ dual-polarization (LP
and CP) models often require a complex feed network with dual (or multiple) ports or
the integration of lumped circuits for effective control [9-12]. For instance, Dasari et al.
introduced an MA that integrates positive-intrinsic-negative (PIN) diodes and biased affine
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function networks to enable three polarization modes: LP, right-hand circular polarization
(RCP), and left-hand circular polarization (LCP) [9]. KoroSec et al. proposed a design for a
reconfigurable MA operating at 0.89 to 1.5 GHz using PIN diodes. This MA can achieve
frequency tuning, polarization agility, and phase shifting at 0.89-1.5 GHz [10]. Similarly,
Hong et al. introduced a dual-polarization antenna that employs a sophisticated dual-port
feed network and switching elements to optimize port isolation [12]. Despite their ability
to attain multiple polarization states, these MAs still suffer from challenges related to low
gain and radiation efficiency.

Metasurfaces (MSs), being a planar manifestation of two-dimensional (2D) or quasi-2D
metamaterials (MMs), have undergone rapid progress across various scientific and engi-
neering disciplines because of their remarkable electromagnetic (EM) characteristics and
wide application [13-16]. An MS offers increased flexibility and simplicity in design and
fabrication, driving advancements in a variety of applications, such as absorption [17-21],
wavefront manipulation [22-26], polarization conversion [27,28], and numerous others.
Specifically, MSs have been extensively utilized in the development of diverse antennas
due to their inconspicuous profile, minimal insertion losses, and straightforward imple-
mentation [29]. The development of MSs was greatly influenced by antenna theory, and
conversely, MSs have played a pivotal role in the antenna domain [30-37]. In recent years,
numerous antennas leveraging various types of MSs have been proposed to enhance var-
ious performance metrics, including an increased gain [37], broadened bandwidth [38],
improved axis ratio (AR) [39], and optimized profile [40]. For example, Han et al. intro-
duced an antenna array equipped with absorbing MSs, achieving a remarkable gain of
15.47 dBi within the operational frequency range [41]. Liang et al. proposed a method for
positioning an MA within a multi-layer transmission focusing MS, achieving an average
high gain of 16.7 dBi from 9.4 GHz to 10.6 GHz [42]. Hua et al. employed a multi-layer
focusing MS to concentrate the feed antenna’s radiation in transmission mode at 15.7 GHz,
bidirectional mode at 16.5 GHz, and reflection mode at 17.1 GHz, achieving a gain ex-
ceeding 16 dBi [43]. Additionally, Wang et al. introduced a high-gain CP antenna using
a focusing MS, achieving a transmission gain of 15.9 dBic at 8.15 GHz and an impressive
gain of 19.4 dBic at 14.8 GHz [44]. While the MAs mentioned above that employ MSs
demonstrate some level of gain enhancement, they typically function exclusively in either
LP or CP mode. To date, there has been no reported instance of dual-polarization antenna
systems that incorporate transmission focusing MSs.

In this article, we present a transmission-mode focusing MS antenna that exhibits
high-gain and dual-polarization capabilities. Initially, we propose a dual-polarization feed
antenna capable of radiating CP waves with a gain of approximately 3.5 dBic at 5.6 GHz and
LP waves with a gain of approximately 4 dBi at 13.7 GHz. Subsequently, to enhance the gain
performance, we introduce a transmission-mode MS specifically engineered to focus both
CP and LP waves at these two specified frequencies, and we verify its effectiveness. The
simulation outcomes indicate that the MS exhibits remarkable focusing capabilities for both
CP and LP waves at these specific frequencies. Finally, we integrate the transmission-mode
focusing MS with the initial feed MA to create a dual-polarization MS antenna system.
We fabricated and measured the proposed design, validating the simulation outcomes to
reveal a consistency with the simulation outcomes. The gain is significantly improved
compared to the initial feed antenna, thereby validating the effectiveness of our proposed
MS antenna system.

2. The Design of the Feed Antenna and Focusing MS
2.1. Dual-Polarization Feed MA

In this section, we provide an initial design overview and overall performance analysis
of the dual-polarization (CP and LP) feed MA. Figure la depicts the preliminary design
scheme of the dual-polarization feed MA, which comprises three distinct layers of metallic
copper, each measuring 0.035 mm in thickness, along with two layers of dielectric substrates
(FR-4 board, ¢r =4.4 (1 + I x 0.025)). Illustrated in Figure 1b for the front-layer view of our
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design, the rectangular metal patch (RMP) structure with a length of m; and a width of n4
is directly interfaced with the coaxial probe to produce LP waves at a higher frequency.
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Figure 1. (a—d) The perspective and front-, middle-, and back-layer views of the designed feed MA.

In order to realize CP waves at a lower frequency, as shown in Figure 1c, an angular in-
cision is present along the diagonal of the truncated square metallic patch (TSMP) structure,
with a side length of 1, in the middle layer. It can be expected that this designed TSMP
structure can radiate the LCP wave [2,3]. It should be noted that if an angular incision
is present along another diagonal of the TSMP structure, it has the potential to radiate
the RCP wave. This TSMP structure is coupled via the frontal RMP structure and lacks a
direct connection to the coaxial probe, and there is a circular slot with a diameter of D, for
passing through it, similar to a previous design [45]. At the same time, the middle and back
metal layers can act as the ground layer of the front RMP and middle TSMP structures,
respectively, which are used to realize the LP and CP radiation of the feed MA at two
different frequency ranges. The operating frequency, designated as f;, of the feed MA can
be predicted utilizing the following formula [3]:

c

N M
e +1

Eeff = Y 2)

where ¢ denotes the velocity of light, /; is side length of the radiant sheet (RMP and TSMP
structures), €. signifies the equivalent effective permittivity, while ¢, denotes the relative
permittivity of the dielectric substrate. Consequently, the side length of the radiant sheet
of the designed feed MA can be estimated based on the fact that the antenna radiates EM
waves of the desired frequency range. To substantiate the efficacy of the dual-polarization
MA design, a full-wave simulation was executed utilizing the finite-difference time-domain
(FDTD) methodology. Throughout the simulation process, open boundary conditions were
incorporated surrounding the feed antenna structure, with the corresponding structural
geometrical parameters being ascertained through simulation optimization. The definitive
geometric parameters for the antenna structure are as follows: m; = 6.5 mm, 11 = 4.6 mm,
my =20 mm, 1, = 11.3 mm, a = 2 mm, {; = 1.55 mm, £, = 0.95 mm, Dp =2mm, D, =1 mm,
and D, = 0.6 mm. Ultimately, the designed dual-polarization feed antenna was crafted
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based on conventional PCB technology, adhering to the aforementioned parameters, and
the corresponding samples are depicted in Figure 2a,b. To assess the radiation performance,
an advanced vector network analyzer from USA (Agilent E8362B) and an accompanying
antenna measuring system were employed [45,46].
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Figure 2. (a,b) Illustrations of the proposed dual-polarization feed MA sample, and (c) the simulated

and measured reflection coefficient (S11).

Figure 2c provides a depiction of the measured and simulated reflection coefficients
(511) of the dual-polarization feed antenna sample, indicating that the S;; remains be-
low —10 dB at around 5.4-5.9 GHz and 12.2-14.7 GHz, respectively, revealing the low
return loss property of dual bands. In addition, the measured (simulated) S;; is about
—18.3/—12.1 dB at 5.6 GHz and about —19/—12.01 dB at 13.7 GHz, respectively. It is worth
noting that the discrepancies observed between the measured and simulated results are
primarily attributed to the following reasons. Firstly, there may be a slight difference in
the permittivity of the dielectric substrate. Secondly, there may be minor variations in the
thicknesses of the dielectric substrate and metallic structure. Thirdly, the initial microstrip
antenna has a finite size in the experimental test environment, whereas this is not the case
in simulations.

In order to elucidate the radiation characteristics of the designed feed MA, we present
the simulated curves of the axis ratio (AR) and gain, respectively. As depicted in Figure 3a,
the AR value is about 2.52 dB at 5.6 GHz and 36.24 dB at 13.7 GHz, respectively, meaning
that the designed feed MA can efficiently radiate CP and LP waves at around these frequen-
cies [43—49]. Obviously, the designed feed MA can achieve a dual-polarization radiation
performance within the two desired frequencies. Furthermore, as shown in Figure 3b, the
designed feed MA has a gain of 3.5 dBic for the CP wave at 5.6 GHz and a gain of 4 dBi for
the LP wave at 13.7 GHz, revealing a relatively lower gain.

In order to illustrate the operation mechanism of the designed dual-polarization feed
antenna, the simulated distributions of the induced surface current with an advancing
phase in the middle-layer TSMP structure at 5.6 GHz and the top-layer RMP structure at
13.7 GHz are depicted in Figure 4, respectively. From Figure 4a, at 5.6 GHz, the induced
surface current on the TSMP structure of the middle layer rotates clockwise in the forward
phase, showing the characteristics of LCP radiation [2,3,47-49]. As depicted Figure 4b,
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at 13.7 GHz, the induced surface current with an advancing phase on the RMP structure
follows along the +/—y-axis direction, revealing LP radiation. This means that the designed
feed MA can effectively radiate the LP wave of the y-axis direction at 13.7 GHz and is
actually vertical polarization. These distribution features of the surface current with an
advancing phase further validate the CP and LP radiation performance of the designed
feed antenna across both aforementioned bands [2,3,43-45].
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Figure 3. The simulated (a) gain and (b) axial ratio (AR) of the designed feed antenna.
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Figure 4. Simulated distributions of surface current with advancing phase in (a) the middle-layer
TSMP structure at 5.6 GHz and (b) the top-layer RMP structure at 13.7 GHz of the proposed dual-
polarization feed MA. The red arrow indicates the flow direction of the induced surface current in

the radiation elements.

In order to more fully illustrate the radiation characteristics of the designed feed
antenna, as shown in Figure 5, we present the simulated and measured 2D far radiation
patterns. It is clear that the measured results are basically consistent with the simulated
results, with some minor fluctuations. This may be due to the small size of the initial
MA, which is not easy to fix on the rotation axis when measuring the far-field pattern.
At 5.6 GHz and 13.7 GHz, the radiation shape of the feed antenna is hemispherical, and
the energy is relatively divergent, revealing a lower directionality for both the CP and LP

wave radiations.
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Figure 5. The measured and simulated 2D far radiation patterns of the designed dual-polarization
feed antenna in the E- and H-plane at (a,b) 5.6 GHz and (c,d) 13.7 GHz.

Obviously, the designed feed antenna can radiate CP and LP waves at two different
frequencies, separately. Nevertheless, its practical application is also restricted due to its
relatively low gain.

2.2. Transmission-Mode Dual-Polarization Focusing MS

Incorporating a focusing MS onto a standard MA is a proven method for optimizing
the radiation capabilities of a tailored antenna system, as demonstrated in previous stud-
ies [44-46,50]. Although antennas using MSs in previous studies show some degree of gain
enhancement [35-46], they usually only operate in LP or CP mode, or they are enhanced
using a reflection focusing MS. So far, there are no reported instances of dual-polarization
antenna systems containing a transmission focusing MS. To further enhance these capabili-
ties, we introduce a novel design concept for CP and LP wave transmissive focusing MSs,
which aim to augment the radiation performance of the feed MA.

Figure 6 shows a schematic diagram of the proposed unit cell structure of the transmission-
mode MS, composed of two layers of 0.035 mm a copper resonator structure and a single-
layer FR-4 dielectric substrate. A single-split-square-ring (SSSR), a diagonal-split-circular-
ring (DSCR), and a diagonal-split-square-ring (DSSR) structure are printed on two sides
of the dielectric layer of the unit cell. The front layer consists of an external DSCR and
an internal SSSR, while the bottom layer consists of an internal DSSR and an external
DSCR, in opposition to the top layer. Note that the external DSCRs of front and back
layers can form a Cy-rotation symmetric chiral structure and can effectively manipulate CP
waves [28,51-54]. As shown in Figure 6¢, the bi-layer reverse DSCR as a chiral structure
can act as a CP converter or selector [51-54], transmuting normal incident LCP/RCP waves
into transmitted RCP/LCP waves at 5.6 GHz. The rotation angle of the bi-layer reverse
DSCR structure, relative to the y-axis direction, is labeled as 8, and the opening orientation
angle and note angle length of the back DSSR structure with respect to the positive x-axis
are labeled as 6, and [, respectively. A combination of the front-layer SSSR structure
and the back-layer DSSR structure can function as an LP converter or selector, capable of
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converting the y-/x-polarization wave into an x-/y-polarization wave propagating along
the +z-axis direction at 13.7 GHz after transmission. For the MS we designed, the phase
of the orthogonal CP wave is primarily controlled by the rotation angle 6 of the bi-layer
reverse DSCR structure. Therefore, by altering 6; of the bi-layer reverse DSCR structure
of the MS, an arbitrary phase shift of the orthogonal CP wave, ¢ = 201, can be realized.
Thereby, it can be easily covered completely in the 0~27 phase range. The phase of the
transmitted orthogonal LP wave is mainly dictated by the I; and 60, of the back-layer
DSSR structure. Therefore, by adjusting I; and 68;, the phase of the orthogonal LP wave
can be easily modulated. Through an adjustment of the dimensions of the SSSR, DSSR,
and DSCR structures, crosstalk and interference between orthogonal CP and LP waves
in transmission mode can be significantly reduced and eliminated, essentially enabling
independent wavefront manipulations in both operation modes.

Figure 6. The (a—c) front, back, and perspective views of the unit cell of the proposed transmission-
mode MS.

The highest possible transmission coefficient and polarization conversion efficiency
(PCE) within its individual operating bands should be obtained, all while maintaining
precise control of the phase corresponding to the emitted orthogonal CP and LP wave.
Thus, we elaborated the unit-cell structure to achieve a high PCE and isolation of CP and
LP waves. After meticulous optimization, the geometric parameters of the unit cell were
obtained: t =2 mm, p = 10 mm, g = 1.05 mm, w = 1.2 mm, w; = 0.5 mm, and / = 5.2 mm.
Adjusting 61, 8, and [; achieves independent control over phases of orthogonal CP and LP
waves in transmission mode. A numerical simulation of our proposed MS was performed
using CST Microwave Studio. The x-/y-axis direction of the unit-cell structure was set as
the periodic boundary condition, and the z-axis direction was set as open (add space). In
the simulation, operating frequencies were set at f; = 5.6 GHz (A1 = 53.5 mm) for the CP
wave and fp = 13.7 GHz (A, = 21.8 mm) for the LP wave, respectively.

As shown in Figure 7, we present the transmission coefficient and phase of the orthog-
onal CP and LP waves for the proposed MS structure by changing the geometric parameters
(01, 02, and I1). As depicted in Figure 7a,c, by adjusting 61, the transmission coefficient of
the orthogonal CP wave is over 0.5 at around 5.6 GHz, while the corresponding phase can
shift linearly, and the adequate full phase shift of 27t can be achieved. From Figure 7b,d,
by adjusting 6, and [;, the transmission coefficient of the orthogonal LP wave is also over
0.5 on average at around 13.7 GHz, with an adequate full phase shift of 2. Thus, the
unit-cell structure meets the requirement of establishing CP and LP wave transmission-
mode focusing MSs, similar to previous research [26]. Note that the magnitudes of the
transmitted CP and LP waves are relatively small (only about 0.6) due to the high dielectric
loss of the low-cost FR-4 board. If using the low-loss dielectric substrate board, the trans-
mission efficiency can be enhanced significantly. Based on the aforementioned analysis,
the proposed structure is capable of simultaneously regulating CP and LP waves across
two distinct frequency bands, thus fulfilling the need for an independent dual-polarization
transmission focusing MS [23-26].
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Figure 7. The (a,c) simulated transmission coefficient and (b,d) phase of the orthogonal (a,b) CP wave
and (c,d) LP wave.

On the basis of preceding simulation results, we delved into the focusing effect of the
CP and LP wave of the designed MS based on the principles of the Pancharatnam-Berry (PB)
phase and propagation phase, respectively. By manipulating the phase and transmission
coefficient of the orthogonal CP and LP waves, the transmission-mode focusing MS can be
constructed. The unit cells, arranged according to the phase distribution formula of focusing
MSs, form the transmission-mode focusing MS, as illustrated in Figure 8a,b, which represent
the top and bottom layer of the MS, respectively, and the overall size is 130 mm x 130 mm.
The formula of the compensation phase distribution of the transmission-mode focusing MS
is given by the following [46]:

ploy) = (2 +y2 + P2 F) ®

where F signifies the focal length of the focusing MS; A is the wavelength in free space; and
¢(x, y) indicates the phase compensation of the x-y plane required for different coordinate
positions along the x- and y-axis direction. We chose a focal length F of 40 mm to ensure that
the overall size of the MS antenna was not too large. Employing Equation (3), a transmission-
mode focusing MS was constructed with 13 x 13 unit cells arranged sequentially in the
x-y plane. The simulated phase profiles of transmitted orthogonal CP and LP waves at
two distinct frequencies, namely, 5.6 GHz and 13.7 GHz, are illustrated in Figure 8c,d,
respectively.

In order to further verify that the proposed MS has an excellent dual-polarization
focusing effect in transmission mode, the simulated electric field in the x—z and x-y planes
of the transmitted orthogonal CP and LP waves along the z-axis and the normalized energy
intensity at 5.6 GHz and 13.7 GHz, respectively, are illustrated in Figure 9. As observed in
Figure 9a,d, at 5.6 GHz and 13.7 GHz, the focal lengths of the orthogonal CP and LP waves
are approximately 38 mm and 39 mm, respectively, approaching the preset value of 40 mm.
Furthermore, as revealed by Figure 9b,e, obviously, there are distinct hot spots located at
the center of the xoy plane (focal plane) for the transmitted orthogonal CP and LP waves at
frequencies of 5.6 GHz and 13.7 GHz, respectively. This indicates that when the incident
CP and LP waves pass through the designed MS, they are effectively concentrated and
focused onto a single point. Figure 9¢,f reveal that the calculated full width half maximums
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(FWHMSs) of the electric intensity along the x-axis direction of the transmitted orthogonal
CP and LP waves are 25.4 mm and 10.8 mm, respectively. These results underscore the
outstanding dual-polarization focusing effect of the designed transmission-mode MS.
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Figure 8. The (a) top and bottom (b) views of the transmission-mode MS with phase distributions of
the (c) orthogonal CP wave at 5.6 GHz and (d) LP wave at 13.7 GHz.
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Figure 9. The simulated distributions of (a,b,d,e) the electrical field (| E | 2y and the (c,f) normalized
intensity of the transmitted orthogonal (a—c) CP wave and (d-f) LP wave in the (a,d) x-z and (b,e) x-y
plane for the CP wave at (a—c) 5.6 GHz and LP wave at (d—f) 13.7 GHz.

3. Dual-Polarization Transmission-Mode Focusing MS Antenna

Adding and placing a dual-polarization feed antenna at the focal point of an MS
is an effective way to improve performance. As discussed in the previous section, the
transmission-mode MS has the ability to converge a plane wave towards a focal point.
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Consistent with the principle of the reversibility of EM waves, the MS can subsequently
transform the spherical wave emanating from this focal point back into a plane wave. This
section aims to illustrate the functionality and performance of the MS antenna based on a
combination of the above-designed dual-polarization transmissive focusing MS and MA.
As illustrated in Figure 10a, the proposed dual-polarization feed MA is placed along the
+z-axis at a distance of 40 mm from the center of the transmission-mode MS.

——Sim.S,,

=< —Mea.S,,

5 6

7 12 13 14 15
Frequency(GHz)

Figure 10. The (a) configuration of the dual-polarization MS antenna system, the (b) test environ-
ment and corresponding sample, and a (c) comparison of the measured and simulated reflection
coefficient (Sq1).

In order to better fix the feed antenna and the transmission-mode MS, both the initial
feed MA dielectric layer and the MS layer are uniformly enlarged during processing and
are fixed with screws, and the final fabricated MS antenna system and test environment are
depicted in Figure 10b. The reflection coefficient (S11) and radiation performance of the
designed MS antenna were measured utilizing an Agilent E8362B vector network analyzer
and MA measurement system in the anechoic chamber.

Figure 10c illustrates the simulated and measured S;; of the proposed MS antenna.
The measured Sy; is consistent with the simulated result, exhibiting minor discrepancies
primarily attributable to manufacturing imperfections, fluctuations in welding procedures,
and environmental disturbances during the testing process. The performance of the de-
signed MS antenna remained largely unaffected across resonance frequencies and within
adjacent frequencies. The value of the simulated (measured) S;; is —11.4/—12 dB at
5.6 GHz and —18.6/—23.2 dB at 13.7 GHz, respectively. Note that the S; of the MS antenna
changes a little compared to the initial MA, which is due to the parasitic coupling effect
that exists between the MS and the initial MA. The aforementioned results affirm that the
designed MS antenna system can be effectively tailored to accommodate the two desired
frequency bands.

From Figure 11a, both the measured and simulated ARs are less than 3 dB at around
5.6 GHz, while one is over 30 dB at around 13.7 GHz. The above results prove that the
designed MS antenna maintains the CP and LP characteristics of the MA at 5.6 GHz and
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13.7 GHz, respectively. It also means that the polarization characteristics of the MS antenna
system are not significantly changed compared with the previously designed MA, and
CP and LP waves can be effectively radiated above two frequencies. It is worth noting
that at this time, the MS antenna system radiates RCP waves at 5.6 GHz, which is due
to the cross-polarization conversion of the EM waves emitted by the feed MA as they
pass through the focusing MS. As the dual-polarization transmission-mode focusing MS is
capable of transforming the spherical waves emitted by the initial MA at the focal point into
plane waves [38,43-46,48-50], the gain of the MS antenna exhibits significant improvements
over the initial MA across both operating bands. Figure 11b illustrates that the simulated
(measured) gain of the MS antenna is up to 12.9(10.2) dBic at 5.6 GHz and 14.8(16.8) dBi at
13.7 GHz, respectively, representing a significant improvement compared to the previously
designed MA. This means that the gain enhancement of the MS antenna is over 6 dBic
at 5.6 GHz for CP radiation, and the gain is boosted by over 8 dBi at 13.7 GHz for LP
radiation after loading the transmissive focusing MS. The implementation of the focusing
MS demonstrates a notable enhancement in the gain amplification of the proposed MS
antenna system.

~
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Figure 11. The measured and simulated (a) AR and (b) gain of the proposed dual-polarization MS
antenna.

As shown in Figure 12, the simulated and measured 2D far-field radiation patterns are
presented at 5.6 GHz and 13.7 GHz, respectively. This is further evidence that the proposed
MA has directional radiation properties that are specific to both CP and LP waves. Note that
the measured far-field radiation pattern is slightly impacted by interference from clutter in
the test environment and noise from the test system, resulting in a jittery, sawtooth-like
effect. Although this introduces some deviation from the simulated results, the overall
trend remains intact. The above-simulated and -measured dates show that the MS antenna
has the ability of radiating CP and LP waves at two frequencies, respectively, to achieve
high-gain radiation. As demonstrated, the proposed MS antenna displays exceptional dual-
polarization gain amplification across two frequencies. The experimental results confirm
that the focusing MS effectively concentrates microwave energy into a focused beam in
transmission mode, achieving the desired effect at around 5.6 GHz for CP waves and at
around 13.7 GHz for LP waves. This innovative approach offers a promising solution for
dual-polarization radiation in communication systems.
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Figure 12. The measured and simulated 2D far-field radiation patterns of the dual-polarization MS
antenna in the E plane and H plane at (a,b) 5.6 GHz and (c,d) 13.7 GHz.

In order to better understand the advantages of the proposed MS antenna, in Table 1, it
is compared with other existing antennas loaded with focusing MSs, accordingly. In previ-
ous reported works [36,39,43-46,50,55-59], the MS antenna only realizes single polarization
focusing or works in reflection mode. Due to the reflection-mode focusing MS antenna,
the EM waves are blocked by the feed, but the transmission-mode MS does not have this
defect, which is more advantageous. Undeniably, our proposed transmission-mode focused
MS antenna design significantly outperforms its competitors in terms of dual-polarization
radiation and high-gain implementation, offering superior performance overall.

Table 1. A performance comparison of the designed MS antenna to previous ones.

Ref Polarization = Frequency (GHz) Peak Gain With Diodes Gain-Enhanced Method
[35] LP 22.3-40 9 dBi (LP) No Reflective focusing MS
[38] LP 5.7 9.3 dBi (LP) No Huygens MS

[42] cp 9.4-10.6 16.7 dBi (LP) No Reflective focusing MS
[43] LP 15.7/16.5/17.1 20.4 dBi (LP) No Bidirectional focusing MS
[44] Cp 8.15/14.8 19.4 dBic (CP) No Full-space focusing MS
[50] cp 5 7.6 dBic (CP) Yes Reflective focusing MS
v?;i CP/LP 5.6/13.7 12.9 dBi (LP)/14.8 dBic (CP) No Transmission focusing MS

4. Conclusions

In conclusion, a feed MA loaded with a dual-polarization transmission-mode focusing
MS is proposed and demonstrated. The initial feed MA comprises two distinct layers
of coaxial-fed tangential patches, and the corresponding gains are 3.5 dBic and 4 dBi at
5.6 GHz and 13.7 GHz, respectively. To optimize the radiation performance of the initial
feed MA, a dual-polarization transmission-mode MS was introduced. The metal SSSR,
DSCR, and DSSR structures are printed on two sides of the dielectric layer of the unit cell
to construct the designed MS based on the principles of the PB phase and propagation
phase, respectively, which are capable of focusing LP and CP waves above two distinct
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frequencies. After loading the designed dual-polarization transmission focusing MS, the
MS antenna can radiate 12.9 dBic for the CP wave at 5.6 GHz and 14.8 dBi for the LP wave at
13.7 GHz. Through sample processing and measuring, the results correspond closely with
the simulation ones. The proposed MS antenna exhibits superior dual-polarization and
high-gain radiation characteristics, providing an effective solution for dual-polarization
radiation and high-speed data transmission in communication systems.
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