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ABSTRACT To expand the channel capacity of a traditional single-polarization reconfigurable antenna,
a design method for a dual-polarization reconfigurable microstrip antenna loaded with a passive metasurface
was proposed. By utilizing the equivalent circuit method and characteristic modeling analysis, this method
can provide guidance for designing an integrated antenna with adjustable dual-polarization. An antenna
with an operating frequency of 3.5 GHz is designed, which is composed of four layers, from top to bottom:
metasurface layer, radiation patch layer, feed layer, and reflector layer. By rotating the metasurface layer to
adjust its relative position with other fixed layers, the designed antenna can achieve a mutual transformation
between orthogonal dual-linear polarization (Horizontal polarization/Vertical polarization) and orthogo-
nal dual-circular polarization (Left-handed circular polarization/Right-handed circular polarization), while
ensuring antenna performance. The simulation and measurement results of the designed antenna demonstrate
that it possesses competitive gain and polarization isolation performance, with a 3 dB axial ratio bandwidth

reaching 17.4% in the dual-circular polarization state.

INDEX TERMS Dual-polarization, metasurface, microstrip antenna, polarization reconfiguration.

I. INTRODUCTION

To meet the requirements of contemporary wireless commu-
nication systems, antennas have evolved towards integration
[1], [2], broadband and multipolarization support [3], [4],
and low power consumption [5]. Recently, metasurfaces (MS)
have been applied in the field of antennas to flexibly adjust the
characteristics of radiated electromagnetic waves [6], [7], [8],
resulting in what are known as reconfigurable MS antennas
[9], [10], [11].

Reconfigurable MS antennas can be classified into active
and passive types. When loading an active MS, the working
mode of the MS antenna is reconstructed by connecting an
external programmable active device, allowing for flexible
control over the electromagnetic wave characteristics [12],
[13]. Active MS has also been creatively developed as an
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information MS [14], [15], [16], which can be integrated with
antennas to form a novel architecture for wireless commu-
nication systems and establish a connection between digital
signals and electromagnetic waves. However, the existence of
active devices inevitably leads to the natural disadvantages of
a complex structure and high cost of an active MS antenna,
which can interfere with the electromagnetic field distribution
of the MS antenna and thus affect its performance.

On the other hand, the passive MS antenna changes the
electromagnetic field distribution by regulating the relative
position between the MS and the antenna, so as to realize
a change in antenna operating frequency [17], polariza-
tion characteristics [18], and directional pattern performance
[19]. The polarization reconfiguration aspect that this paper
focuses on has seen the implementation of some clever
designs that play a crucial role in engineering. For instance,
in reference [20], the relative position of the MS and the
antenna was mechanically adjusted to enhance both the
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antenna bandwidth and gain while ensuring the preserva-
tion of the polarization characteristics. Another solution is
to employ a multilayer MS design, with each layer hav-
ing its designated role. This approach allows the antenna
to not only achieve other performance enhancements, but
also acquire polarization-reconfigurable characteristics [21].
Unfortunately, the aforementioned MS reconfigurable anten-
nas in the above research only achieve conversion between
single-line polarization and single-circular polarization char-
acteristics, without considering dual-polarized MS reconfig-
urable antennas that can enhance channel capacity. Therefore,
it is necessary to design a reconfigurable antenna with dual
polarization that can simultaneously transform orthogonal
dual-polarization characteristics.

In this paper, we propose a design method for a reconfig-
urable MS antenna suitable for converting between orthog-
onal dual linear polarization and orthogonal dual circular
polarization using characteristic mode analysis, and complete
the design of the 3.5GHz antenna with a center frequency.
The antenna is composed of four layers: the MS, radiation
patch, feed layer, and reflector plate. In addition to its superior
performance, the antenna can also adjust the relative position
between the MS and radiating patch layer by rotating the MS
to flexibly achieve mutual transformation between orthogo-
nal dual-linear polarization (Horizontal polarization/ Vertical
polarization) and orthogonal dual-circular polarization (Left-
handed circular polarization (LHCP)/right-handed circular
polarization (RHCP)).

Il. ANTENNA DESIGN METHODOLOGY

This paper proposes a design method for a dual-polarization
reconfigurable microstrip antenna loaded with an MS to meet
the design requirements of a dual-polarization reconfigurable
antenna. The overall design process of the antenna is illus-
trated in FIGURE 1. First, the selected MS structure was
analyzed using the equivalent circuit method to assess the
feasibility of converting between linear and circular polariza-
tions. Second, after conducting a characteristic mode analysis
on the MS, the structure and position of the orthogonal
dual-feeder are designed based on the obtained results from
the surface current distribution. Finally, a superior struc-
ture was determined using full-wave simulation software to
achieve balanced optimization of the performance parameters
of the proposed microstrip antenna.

A. FEASIBILITY ANALYSIS OF POLARIZATION
RECONSTRUCTION TO METASURFACE BY EQUIVALENT
CIRCUIT METHOD

From the perspective of an equivalent circuit, if the MS is
excited in a specific direction and exhibits structural symme-
try in two orthogonal components of the excitation direction,
two equivalent impedances with identical amplitudes and
phases can be generated. Consequently, two electric field
components with the same amplitude and phase can be
excited in the two orthogonal directions, resulting in the
synthesis of a linearly polarized wave. In contrast, if the MS
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FIGURE 1. The design process of dual-polarization reconfigurable MS
antenna.

exhibits structural asymmetry in its two orthogonal compo-
nents of the excitation direction, it is possible to generate
two equivalent impedances with identical amplitudes and a
phase difference of 90°. Then, as long as the structural param-
eters are properly adjusted, two electric field components
with the same amplitude and a phase difference of 90° are
excited accordingly, resulting in the synthesis of the circularly
polarized wave. According to the generation mechanism of
linear and circular polarizations, if the designed MS can
achieve structural symmetry and asymmetric transformation
in the two orthogonal components of the excitation direction,
it is feasible to realize conversion between linear and circu-
lar polarizations. An MS composed of equilateral tangential
square elements can easily meet the above requirements,
as shown in FIGURE 2(a). Considering the excitation along
the E direction, the equivalent impedances along the orthogo-
nal components E; and E; are equal because the MS structure
is symmetric in both directions, which can be expressed as:

. 1
Z,=7,=2R+joQL)+ — =|Z1| Lo = |ZLs| Ly
joC

ey

where R and L are the equivalent resistance and inductance
of the MS element along E; and E,, respectively, C is the
equivalent capacitance between the gaps of the two elements
along E| andE;. Thus, two electric field components with the
same amplitude and phase can be obtained in the directions of
E| and E,, respectively, allowing for the synthesis of linearly
polarized waves.

The structure of the metasurface is shown in FIGURE 2(b)
when the excitation direction is changed to E’, while the
equivalent impedances along the orthogonal components of
E;’ and E,’ directions are as follows:

1
Zy =2R| +jo QL) + —— = |Z}[Lp1 ()
Ja)Cl

Z) = 2R +jo (2Ly) + Jw%z =|Z}| Leg» )
Because of the asymmetry of the MS structure in the
E;’and E,’ directions, circularly polarized waves can be syn-
thesized by adjusting the metasurface structure parameters
such that le and Z/2 satisfy |Z | = |Z,| and g1 — ¢ = £90°.
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(a) Symmetrical structure

(b) Asymmetrical structure

FIGURE 2. Equivalent circuit of MS.

The above analysis shows that the MS, which is composed
of equilateral tangential square elements, is roughly evaluated
using the equivalent circuit method. The feasibility of the MS
structure to achieve polarization characteristic conversion is
preliminarily verified, which lays the foundation for introduc-
ing characteristic mode analysis to guide the design of MS
antennas.

B. DUAL POLARIZATION AND FEED NETWORK DESIGN
BASED ON CHARACTERISTIC MODE ANALYSIS

After determining the general appearance of the MS, we con-
ducted a preliminary design for the 3.5GHz frequency and
further optimized it using CST software. The designed struc-
ture of the MS is illustrated in FIGURE 3. Subsequently,
the results of the characteristic mode analysis were utilized
to guide the design of both the dual-polarization feed posi-
tion and the reconfigurable realization method for the MS
antenna.

FIGURE 3. Structure of the metasurface.

In this paper, the characteristic modal analysis of the
designed MS was performed using CST software. FIGURE 4
and 5 show the characteristic mode values and character-
istic angles of the selected modes near 3.5GHz.As shown
in FIGURE 4, modes numbered 1-6 can be excited around
the observation of frequencies near 3.5GHz due to their
characteristic mode values approximate or exceed 0.707. The
difference between the characteristic angles of modes 1 and 2,
as shown in FIGURE 5(a), was 0°, while the difference
between the characteristic angles of modes 1 and 3 was
180°. These differences satisfy the conditions for generating
horizontally or vertically (X/Y direction) linearly polarized
waves. The mode current distributions of the designed MS
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modes 1 and 2 are shown in FIGURE 6(a). Conversely,
according to the principle of vector orthogonality, if the MS is
excited in the synthetic direction X1 shown in FIGURE 6(a),
the response current components of modes 1 and 3 shown
in FIGURE 6(a) can be obtained simultaneously, thus gener-
ating horizontally (X-direction) polarized waves. Similarly,
as shown in FIGURE 6(b), if the MS is excited in the X2
direction, both Mode 1 and Mode 3 response current com-
ponents can be obtained, resulting in vertically (Y direction)
linearly polarized waves in the Y direction. Considering the
case of circular polarization, as shown in FIGURE 5(b), the
difference between the characteristic angles of modes 4 and
51s 90°, and the difference between the characteristic angles
of modes 6 and 5 is —90°, which satisfies the conditions
for generating left-handed/right-handed circularly polarized
waves. Similar to the linear polarization mechanism men-
tioned above, as shown in FIGURE 6(c) and 6(d), when the
MS is excited in the direction of X3 or X4, it can generate left-
handed/right-handed circularly polarized waves, respectively.
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FIGURE 4. Characteristic mode values.
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FIGURE 5. Characteristic angle.

Combined with the above analysis, as shown in
FIGURE 6(a) and 6(b), X1 and X2 are mutually orthogonal.
If the MS is excited simultaneously in these two directions,
dual linearly polarized waves can be generated. Similarly,
X3 and X4 were orthogonal to each other. If the MS is
simultaneously excited in these two directions, it can pro-
duce left-handed/right-handed circularly polarized waves.
Additionally, X1 and X2 can be rotated 45 ° counterclock-
wise to obtain X3 and X4, respectively, and vice versa.
In other words, by changing the excitation direction of the
MS, it is possible to achieve mutual conversion between
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(a) mode1 and mode 2, excitation direction X1
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(b) mode1 and mode 3, excitation direction X2.
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(c) Modes 5 and 6, excitation direction X3.
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(d) mode 4 and mode 5, excitation direction X4

modeS

FIGURE 6. Mode current distribution and vector synthesis.

dual-linearly polarized waves and dual-circularly polarized
waves. Inspired by this mechanism, in practice, the MS
antenna is designed as a multilayer structure, and the exci-
tation directions of ports 1 and 2 are fixed in the feed
layer beneath the MS. By rotating the relative positions
of the MS and the feed layer, the dual-linear polarization
excitation direction X1/X2 is converted to the dual-circular
polarization excitation direction X3/X4. Thus, the design goal
of mutual transformation between dual-linear polarization
and dual-circular polarization of the antenna was achieved.
The morphology of the MS during counterclockwise rotation
at 0°, 45°, 90°, and 135° is illustrated in FIGURE 7. The
polarization characteristics of the designed MS for each
morphology are listed in TABLE 1.

C. ANTENNA AND METASURFACE INTEGRATED DESIGN

According to the dual-polarization feeding mode and
polarization-reconfigurable implementation scheme men-
tioned above, combined with advanced methods to improve
the performance of the MS antenna, the MS antenna is
designed in four layers: MS layer, radiation patch layer, feed
layer, and reflector layer from top to bottom. The shape of
each layer is designed as a circle with a radius of 126.5 mm
in order to facilitate the rotation of the MS. The assembly
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FIGURE 7. The morphology of MS under different rotation angles.

TABLE 1. Polarization characteristics of the metasurface in each
morphology.

Figure FIGURE 7. FIGURE 7. FIGURE 7. FIGURE 7.
() (b) © (d)

Rotating 0° 45° 90° 135°

Angle

X-linear Left-handed Y-linear Right-handed

Port 1 . circular . circular
polarization . polarization L

polarization polarization

Y-lincar ngl_lt—handed X-lincar Left—handed

Port 2 . circular . circular
polarization o polarization o

polarization polarization

schematic of the antenna is shown in FIGURE 8(a), and
its cross section is shown in FIGURE 8(b). The medium
plate selected for the MS, patch, and feed layers was Rogers
4350 (Relative permittivity = 3.66, Relative permeability =
1) with a thickness of 0.508 mm, while the reflector was
made of a copper plate. The MS layer consisted of 16 square
tangential copper elements, as shown in FIGURE 8.(c), with
Wc = 37mm, a = 22mm, Sc = Imm. The radiation layer
is constructed with a square metal patch measuring W2 =
29.9 mm and L2 = 29.9 mm, as shown in Figure 8(d). Accord-
ing to the Fabry-Perot resonator theory [22], the height
between the layers of the antenna is roughly specified to
enhance the overall antenna gain. The feed layer consisted
of two Cu-coated surfaces. The upper surface is equipped
with two orthogonally placed H-shaped gaps to expand the
impedance bandwidth, while the lower surface comprises
two vertically positioned 50 €2 feed microstrip lines, meeting
the design requirements for the dual-polarization feeding
mode. The structure is shown in FIGURE 8.(e). Finally, based
on the previous design, the full-wave simulation software
HEFSS was used to optimize the overall MS antenna. The
optimized antenna structural parameters were obtained by
considering the balance between various performance indi-
cators, as shown in TABLE 2.
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FIGURE 8. The structure of the designed MS antenna.

Ill. SIMULATION AND MEASUREMENT RESULTS
To verify the effectiveness of the designed antenna, the
HFSS full-wave solver was used to simulate the S-parameter,

VOLUME 12, 2024

TABLE 2. The structural parameters of the designed antenna.

MS and a Sc We w2 L2
Patch 22mm Imm 37mm 29.9mm 29.9mm
Layer /0.26)0 /0.01ho /0.43%0 /0.35h0 /0.35h0

Sa Wa Ta Fa La
4.9mm 0.95mm 4.75mm 1.04mm 12mm
Feed /0.0610 /0.01%0 /0.05%0 /0.01%0 /0.14%0
Network Da Fb Wb Tb Db
Layer 0.5mm 22mm 0.95mm 4.4mm 0.5mm
/0.01%0 /0.26)0 /0.01%o /0.05%0 /0.01%0
Sb Lb
5.4mm 11.65mm
/0.05k0 /0.14ho
Interlayer Hce H2 H3
Spacing 44mm 8mm 8mm

/0.51%9 /0.1%9 /0.1

direction pattern, axis ratio, and other performance parame-
ters of the antenna, and compared with the measured results
of the antenna. The designed antenna and the actual measure-
ment environment are shown in FIGURE 9.

It 4
b) Antenna measurement environment

(a) Design antenna

(

FIGURE 9. Antenna and measurement.

A. S PARAMETER

The S-parameters of the designed antenna under the four
morphologies with MS rotation angles of 0°, 45°, 90°, and
135° are shown in FIGURE 10. It can be observed that
the simulation results agree well with the measured results.
Owing to the symmetry of the MS antenna structure, the
results are shown in FIGURE 10.(a), and FIGURE 10.(c)
were similar. The —10 dB impedance bandwidths of S11 and
S22 are approximately 11.4%, and S21 is less than —40 dB
at the center frequency of 3.5GHz. For the same mechanism,
the results are shown in FIGURE 10.(b), and FIGURE 10.(d)
are similar. The —10 dB impedance bandwidths of S11 and
S22 are approximately 11.4%, and S21 is less than -20 dB
at a center frequency of 3.5 GHz. This shows that, in the
designed frequency band, when the MS rotates in different
positions, the two ports are well matched, and the ports have
high isolation.

B. RADIATION PATTERN

Considering the reciprocity between the two feed structures
of the designed antenna, including the feed microstrip line
and H-slot, and the symmetry of the MS structure, the antenna
fed by port 2 can be equivalent to the antenna fed by port 1
after the MS is rotated by 90° when analyzing the antenna
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FIGURE 10. Simulated and measured S parameter for MS under different
rotation angle.

pattern characteristics. For example, the port 2 feed state of
the MS with a 0° attitude is equivalent to the port 1 feed state
of the MS with a 90° attitude. Similarly, the feed equivalence
of ports 1 and 2 under each MS rotation attitude is presented
in TABLE 3.

By analyzing the radiation pattern of the MS antenna fed
by port 1 under the four rotating attitudes of the MS, the radi-
ation characteristics of the MS antenna fed by port 2 can be
equivalently obtained. Based on the orthogonality of the port
position, the analysis of radiation characteristics from only
one port is sufficient for dual-polarized antennas because the
two ports work simultaneously and do not interfere with each
other. The measured and simulated radiation patterns from
the E-plane and H-plane of the antenna with 3.5 GHz excited
by port 1 for different MS attitudes are shown in FIGURE 11.
It can be seen from this result that under the attitude of MS
0° and MS 90°, the main polarization mode of the antenna is
linear polarization in the X and Y directions, respectively. The
antenna gain is 13 dBi, and the cross-polarization isolation
degree is greater than 40 dB. For MS angles of 45° and 135°,
the main polarization modes of the antenna at are left-handed
circular polarization and right-handed circular polarization,
respectively. The gain of the antenna is 13 dBi, and the
cross-polarization isolation degree is greater than 20 dB.
These measured results are in accordance with the design
results of the antenna, especially the high cross isolation,
which guarantees the dual polarization of the antenna.

C. AXIAL RATIO (AR)

According to the analysis in the previous section, when ana-
lyzing the Axis Ratio (AR) of the designed antenna, this
paper also adopts a scheme that only analyzes the response
of the port 1 feed and performs an equivalent calculation
of the port 2 feed. FIGURE 12 shows the simulation and
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TABLE 3. The equivalence of port 1 and port 2 for each metasurface
rotation attitude.

MS rotation attitude 0° 45° 90° 135°
Port 1 90°/Port2  135°/Port2  0°/Port2  45°/Port2
Port 2 90°/Portl  135°Portl  0°/Portl  45°/Portl
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FIGURE 11. Simulated and measured radiation patterns at 3.5 GHz.

measurement results of the antenna axial ratio under circular
polarization (left-handed circular polarization/MS 45° and
Right-handed circular polarization /MS135°). It can be seen
that the axial ratio of the antenna AR is less than 3 dB in the
band range of 3.3 GHz to 3.8 GHz under circular polarization,
and the axial specific bandwidth is about 500 MHz.

TABLE 4 presents a performance comparison among
several polarization-reconfigurable antennas that achieve
polarization switching by rotating the MS. The main contri-
bution of the proposed antenna is its ability to flexibly convert
between double linear polarization and double circular polar-
ization while maintaining good polarization cross-isolation,
which distinguishes it from other similar antennas [23], [24],
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TABLE 4. Performance comparison of several polarization-
reconfigurable antennas.

This
Ref. 23] [24] [25] [26] Paper
Frequency
(GHy) 9.5 35 435 24 35
Polarization single single single single dual
operation £ s g £
3dB-AR BW(%) 33.0 11.4 2.7 17.4 17.4
is};‘:;;‘fg:“r‘ee CP:15.0 CP:21.5 CP:2138
€ LP:50.0 LP:27.2  LP:42.0
(dB)
o CP:5.0 CP:7.2  LP:13.0
Gain (dBi) 165 [p75s 65 [p70  cPi30
Ele&;ﬁf&gﬁ“ 200F  0.88M*  0.03h*  0.6h* 14kt
¢ 1.1 006k  0.012%  0.14% 0.7k
Height)

[25], [26]. TABLE 4 presents a comparison of the electrical
sizes of each antenna. Although the proposed antenna is not
dominant in terms of electrical size, it achieves a balance
between electrical size and performance. Compared with the
reference [23], the proposed antenna has a smaller electrical
size than the contrast antenna, but it also suffers from a result-
ing reduction in gain. Compared with references [24], [25],
[26], despite the proposed antenna having a larger electrical
size, it offers higher gain benefits.

IV. CONCLUSION

A dual-polarization reconfigurable antenna with a cen-
ter frequency of 3.5 GHz was designed according to the
design method proposed in this paper. By rotating the MS,
a mutual transformation between dual-linear polarization and
dual-circular polarization can be achieved. The simulation
and measurement results of the antenna indicate that the
antenna has a gain of 13 dBi and polarization cross isola-
tion of 42 dB in the dual-linear polarization state. In the
dual circular polarization state, the antenna maintains a
gain of 13 dBi, a polarization cross isolation of 21.8 dB,
and an axial ratio bandwidth with a 3dB range that can
reach 17.4%.
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