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ABSTRACT: The advancement of wireless communication has led to continuous innovation in antenna technology to satisfy the growing
requirement for wireless communication. However, in wireless communication, antennas still face problems and challenges such as high
power consumption and low adaptability. To address these issues, this study introduces magneto electric dipoles to optimize broadband
millimeter wave patch antennas and uses metasurface optimization patches to ultimately design broadband dual-polarized millimeter
wave metasurface antennas. In comparative tests at different temperatures, the gain of the broadband dual-polarization millimeter-wave
meta-surface antenna reached a peak of 10.7 dBi at around 35GHz at−50◦C. At 0◦C and 50◦C, the gain reached a peak of 10.2 dBi and
8.5 dBi, respectively. The result shows that the designed antenna has high accuracy, gain, and strong stability in wireless communication,
and also has certain anti-interference ability in different environments.

1. INTRODUCTION

Millimeter Wave Antenna (MWA) is a core component
of 5G communication equipment, autonomous driving

radar, and satellite communication systems, which uses multi-
layer structures or special patch shapes to achieve broadband
characteristics. Its beam is narrow and can concentrate sig-
nals in a specific direction, so Broadband Millimeter Wave
Patch Antennas (BMWPAs) have advantages such as good anti-
interference ability and high transmission efficiency [1, 2]. The
size of the bandwidth directly affects the data transmission rate
and spectral efficiency of communication systems. Although
bandwidth can be expanded through design, it is still influenced
by factors such as structure and environment [3].
The growing demand for communication has prompted re-

searchers to optimize antenna design and adopt new technolo-
gies. For example, Wu et al. proposed an efficient broad-
band reflective array antenna based on non-radiative dielectric
waveguide elements to utilize the inherent non-resonant charac-
teristics of waveguides to achieve broadband performance. The
antenna achieved 18 and 27 gain bandwidths at 1 dBi and 3 dBi,
with a peak aperture efficiency of 45. Simulation and measure-
ment have both verified that the design achieved broadband and
higher efficiency utilizing a low-cost compact structure [4]. Ju-
nior et al. designed a dual frequency, circularly polarized, effi-
cient antenna to improve the square patch problem. The ex-
periment showed that the proposed antenna exhibited higher
efficiency values, ranging from 0.57% to 1.12% [5]. Wan et
al. proposed a multi-antenna covert communication system de-
tection method based on gamma approximation to detect the
illegal covert communication behavior of criminals in real time
for subsequent processing. The effectiveness of themethodwas
verified via simulation experiments [6]. Nagar et al. proposed
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a low-profile tri-band wearable antenna to address the issue of
antenna wearability. The designed antenna operated at 2.4–
2.59GHz, 3.15–3.76GHz, and 5.1–5.9GHz, and the curvature
radius had no effect on the functionality of the developed an-
tenna, making it an ideal choice for human body measurement.
This study has spurred additional research on low-cost felt sub-
strate antennas for wireless body area networks [7]. Wang et al.
proposed a wearable antenna sensor using an electromagnetic
band gap array to address the issue of humidity levels around
the human surface affecting comfort and overall health. The an-
tenna’s resonant frequency slowly decreased with the increase
of relative humidity level in the environment, and the humidity
sensitivity could reach 90MHz/RH between 1.64 and 40RH.
The actual measurement results of the generated antenna sensor
were very consistent, verifying its appropriateness for humid-
ity monitoring in human areas [8]. Battaglia et al. proposed a
new method for array antenna synthesis and beamforming con-
straints. This method was applicable to any layout and cell ori-
entation diagram, transforming the design problem into a finite
number of convex optimization problems. This method met the
required specifications and had high practical value [9].
In summary, in Wireless Communication (WC), BMWPA

suffers from loss issues caused by small bandwidth and size
limitations. Therefore, this study introduces a Magneto Elec-
tric Dipole (MED) to optimize the antenna, designs it using
dual-polarization, and introduces metasurface improvements
to ultimately design a Broadband Dual-Polarized Millimeter
Wave Metasurface Antenna (BDMW-MA). The paper aims to
enhance the performance of antennas in WC by expanding
and improving their bandwidth and patch placement, meeting
the antenna requirements of broadband, high gain, low cross-
polarization, and miniaturization in WC systems. The innova-
tion of this research lies in combining magnetoelectric dipoles
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FIGURE 1. Antenna polarization. (a) Linear polarization. (b) Ellipsoidal polarization. (c) Circular polarization.

with metasurface technology to design a BDMW-MA. Com-
pared to traditional microstrip antennas, the co-design of mag-
netoelectric dipoles addresses issues such as bandwidth limi-
tations, single polarization, and poor gain stability. The dual-
polarization optimization significantly improves overall trans-
mission efficiency and enhances environmental stability. Com-
pared to existing metasurface antennas, the co-optimization
of metasurfaces and magnetoelectric dipoles enhances radia-
tion efficiency and isolation, achieving high gain and dual-
polarization characteristics.

2. METHODS AND MATERIALS

2.1. Construction of BDMW-MA Based on MED
BMWPA is widely used in 5G, Internet of Things (IoT), au-
tonomous driving, and satellite communication, and partici-
pates in the operation of WC with its advantages of wide band-
width and easy integration. However, traditional bandwidth ex-
pansion methods result in a significant increase in antenna size
and weight, making it difficult to promote and apply in scenar-
ios such as mobile devices and satellite communications, where
size and weight are strictly limited [10, 11]. Therefore, by in-
troducing MED, this study can achieve ultra-wideband perfor-
mance, while the dual-polarization design of MED can achieve
low cross-polarization and high isolation. Polarization is the
spatial orientation and variation of electric field vectors in elec-
tromagnetic waves during propagation. Under different envi-
ronments and conditions, electromagnetic waves may exhibit
different polarization states, as shown in Fig. 1.
In Fig. 1(a), in linear polarization, the electric field vector

always vibrates along a fixed direction, which is perpendicular
to the propagation direction. In Fig. 1(b), elliptical polarization
is an elliptical trajectory formed by the propagation of electric
field vectors. In Fig. 1(c), circular polarization is a circular tra-
jectory formed by the rotation of electric field vectors in a spiral
manner during propagation. When the amplitudes of two or-
thogonal linearly polarized waves are not equal, and the phase
difference is 90◦, elliptical polarization will occur [12, 13]. For
any polarization, it can be expressed as linear polarization com-
ponents along the directions x and y, as shown in Equation (1).{

Ex = E1 sin (λt− λz)

Ey = E2 sin (λt− λz + δ)
(1)

In Equation (1), Ex and Ey are the electromagnetic wave
components in x and y. ω denotes the frequency of electromag-
netic waves, and t is the time. λ is the phase constant, which is
related to the medium’s wavelength and refractive index. z is
the position along the direction of electromagnetic wave prop-
agation. δ is the phase difference, which represents the wave’s
phase delay or advance in the y direction relative to the wave
in the x direction. In a dual-polarized antenna, these orthog-
onal electromagnetic wave components can coexist, allowing
the antenna to operate in two different polarization directions
simultaneously [14]. The antenna experiences energy loss due
to polarization mismatch when receiving signals, as shown in
Equation (2).

PLF = |−→e ∗
R · −→e |2 (2)

In Equation (2),−→e ∗
R means the radiation wave potential vec-

tor of the antenna, and −→e denotes the wave potential vector of
the radiation wave. The Polarization Loss Factor (PLF) is an
important indicator for evaluating polarization matching per-
formance. It represents the loss caused by polarization mis-
match in antennas. The purpose is to evaluate and optimize the
polarization matching performance of antennas during the de-
sign and analysis of antenna systems, thereby reducing signal
loss caused by polarization mismatch and improving reception
efficiency. When the −→e ∗

R and −→e directions are aligned, that
is, when the antenna’s radiation direction completely matches
the direction of the incident wave, the dot product reaches its
maximum value. At this point, the PLF value is 1, indicating
that the antenna has the highest received power and efficiency.
To further broaden the bandwidth and improve the isolation be-
tween different polarized ports, Electric Dipoles and Magnetic
Dipoles (ED&MDs) are combined in one antenna unit based on
the dual-polarized antenna, as shown in Fig. 2.
In Fig. 2(a), an electric dipole is composed of two equal but

oppositely numbered charges with a distancemuch smaller than
the wavelength. An electric dipole is formed by extending a
finite length of a current element in space. In Fig. 2(b), a mag-
netic dipole is composed of two magnetic charges that are very
close together and of equal magnitude but different signs. A
single magnetic charge does not exist, and magnetic dipoles are
usually generated by current loops. The magnetic vector gener-
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FIGURE 2. Schematic diagram of an electromagnetic dipole. (a) Electric dipoles. (b) Magnetic dipoles.

ated by the current element at point P is shown in Equation (3). k = λ
√
µε

A = 1
4π

∫ L
2

−L
2

I
Re−jkRdz

(3)

In Equation (3), k is the wave number;A is the magnetic vec-
tor potential; j means the imaginary unit; µ and ε are the mag-
netic permeability and permittivity of the medium; I and L are
the current intensity and length of the current element; R de-
notes the distance from the current element to the spatial point
P; dz is an integral variable representing a small segment of the
current element along its length. The far-field representation
is obtained through magnetic vector analysis and calculation of
electric dipole antennas, as shown in Equation (4).

Eθ = jη kIL
4πr sin θe

−jkr

Hφ = j kIL
4πr sin θe

−jkr

η =
√

µ
ε

(4)

In Equation (4), Eθ is the electric field’s component in the θ
direction (perpendicular to the electric dipole) in the coordinate
system;Hφ is the component of the magnetic field in the φ di-
rection (parallel to the electric dipole) in the coordinate system;
η is the characteristic impedance of the medium; r means the
distance from the electric dipole to point P. The magnetic vec-
tor generated by the current loop at point P is shown in Equa-
tion (5).

A =
1

4π

∫ 2π

0

φ̂
1

R
e−jkRdφ (5)

In Equation (5), φ̂ is the unit vector in the direction of az-
imuthφ, and dφ is an integral variable representing the azimuth
angle on the current loop. Electric and magnetic fields can be
converted into each other during electromagnetic wave propa-
gation. Therefore, ED&MDs have similar radiation character-
istics. The far-field representation of a magnetic dipole antenna
is shown in Equation (6).{

Eφ = −j kImL
4πr sin θe−jkr

Hθ = j kImL
4πrη sin θe−jkr

(6)

In Equation (6), m is a constant related to a specific param-
eter of the magnetic dipole. By combining ED&MDs, an di-
agram of equivalent circuit can be obtained, as displayed in
Fig. 3.

FIGURE 3. Equivalent circuit diagram.

In Fig. 3, a transmission line structure is formed by alter-
nately connecting two transmission lines with different char-
acteristic impedances. By connecting ED&MDs in parallel,
the bandwidth is widened. The equivalent circuit model re-
veals the underlying mechanism of magnetic dipole broadband
characteristics theoretically, providing a quantifiable parame-
ter optimization basis for antenna design. Although the process
of directly driving design decisions is not described in detail,
this model provides theoretical support for optimizingmagnetic
dipole broadband antennas. This also explains why this struc-
ture can break through the bandwidth limitations of traditional
antennas, making the design physically reasonable and opera-
ble. The equivalent circuit model of the MED antenna can be
used for designing and analyzing antennas, as shown in Equa-
tion (7).

Yin ≈ Ya =

(
1

Re
+

1

Rm

)

−j

[(
λLe −

1

λCe

)
1

R2
e

−
(
λCm − 1

λLm

)]
(7)

In Equation (7), Yin is the input admittance of the antenna;
Ya is the approximate input admittance of the antenna;Re/Rm,
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FIGURE 4. Patch structure diagram. (a) Top view. (b) Bottom view.

(a) (b) (c) (d)

FIGURE 5. Structural diagram of a meta-surface. (a) Low-pass filtering characteristics. (b) High-pass filtering characteristics. (c) Band resistance
filtering characteristics. (d) Bandpass filtering characteristics.

Le/Lm, and Ce/Cm are the radiation resistances, inductances,
and capacitances of ED&MDs. The input admittance of MED
antenna is composed of parallel input admittance of electric
dipole and magnetic dipole. Due to the different frequen-
cies of ED&MDs, their parallel combination can achieve good
impedance matching over a wide frequency range, thereby pro-
viding a wide matching bandwidth. By adjusting the electrical
parameters of the antenna, a wider operating bandwidth can be
obtained, as shown in Equation (8).{

CeLe = CmLm

R2
e = Le

Cm

(8)

In Equation (8), CeLe = CmLm is the resonant frequency
of the electric dipole and the magnetic dipole, which are equal
and operate at the same frequency to achieve complementarity.
R2

e = Le

Cm
is the impedance matching between ED&MDs, re-

sulting in a wider operating bandwidth. By satisfying these two
conditions, the bandwidths of ED&MDs can be combined to
obtain a wider matching bandwidth, thereby achieving broad-
band and good impedance matching.

2.2. Broadband Dual-Polarization MWA Based on Metasurface
Optimization
Broadband dual-polarization MWA is an antenna that can radi-
ate or receive electromagnetic waves in two orthogonal polar-
ization directions. It has significant advantages such as easy in-
tegration and stability inWC, but still faces the limitation of low

gain [15, 16]. Metasurfaces regulate the amplitude, phase, po-
larization, and other characteristics of electromagnetic waves at
sub-wavelength scales. Therefore, this study introduces meta-
surfaces into broadband dual-polarization MWA and proposes
BDMW-MA, which further improves the dual-polarization per-
formance of the antenna by improving the geometry, size, and
arrangement of the patch [17]. In practical applications, the
common dual-polarized MWA patch structure is exhibited in
Fig. 4.
Figure 4(a) shows the antenna’s planar layout viewed from

top to bottom, with two electric dipoles connected by a feed-
ing structure. Fig. 4(b) shows the planar layout of the an-
tenna viewed from bottom to top, with metalized holes serv-
ing as radiating elements to enhance the antenna’s radiation
capability. The radiation characteristics of broadband dual-
polarized millimeter waves are achieved through the combina-
tion of ED&MDs. Metallized holes act as equivalent magnetic
dipoles and work in conjunction with electric dipoles to achieve
the desired electromagnetic properties. In Fig. 4, the elec-
tric dipoles are orthogonal rectangular strips with a length of
3.2mm and a width of 0.6mm. The metallized holes have a di-
ameter of 0.3mm, and there are four of them. The copper thick-
ness is 35µm; the dielectric substrate thickness is 0.254mm;
the dielectric constant is 2.2. The characteristic impedance of
the feedline is 50Ω, and the input impedance of the radiating
patch is matched to 50Ω. The design freedom of metasurface
antennas is high, and different electromagnetic characteristics
can be achieved by changing the unit structure and arrangement.
The metasurface structure is shown in Fig. 5.
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(a) (b) (c)

FIGURE 6. Schematic diagram of each layer of the antenna. (a) Top floor. (b) Interlayer. (c) Underlying.

Figure 5(a) shows the low-pass unit of a Frequency Selective
Surface (FSS), which allows signals below a certain cutoff fre-
quency to pass through, while signals above that frequency are
reflected or absorbed. Fig. 5(b) shows a high-pass cell that al-
lows signals above a certain cutoff frequency to pass through,
while signals below that frequency are reflected or absorbed.
Fig. 5(c) shows a bandpass unit that allows signals between two
cutoff frequencies to pass through, while signals at other fre-
quencies are reflected or absorbed. Fig. 5(d) shows a band-stop
unit that allows signals of frequencies other than those between
two cutoff frequencies to pass through, while signals within that
frequency band are reflected or absorbed [18]. The metasurface
band-rejection unit in Fig. 5 consists of complementary metal
square ring structures with a line width of 0.2mm, arranged in
a 2 × 4 pattern to form an array of eight units. The dielectric
layer thickness is 0.127mm; the copper thickness is 17µm; the
equivalent refractive index is 1.5–2.0. To reduce external inter-
ference while maintaining the antenna’s performance within the
operating frequency band, a band-stop unit improvement patch
is selected, as shown in Equation (9).

T =

[
cos (nkd) −w

k sin (nkd)
w
k sin (nkd) cos (nkd)

]
(9)

In Equation (9), cos(nkd) and sin(nkd) are the phase
changes of electromagnetic waves on the metasurface; n is
the equivalent refractive index; k denotes the wave number;
d is the thickness of the equivalent optically active material;
w means the equivalent impedance. Therefore, the patch with
improved metasurface is shown in Fig. 6.
Figure 6(a) shows a rectangular metal radiation patch re-

sponsible for emitting and receiving electromagnetic waves. In
Fig. 6(b), the middle layer of the antenna is composed of 8
square element arrays, which are utilized to control the propa-
gation of electromagnetic waves. Fig. 6(c) shows ametal feeder
line responsible for transmitting signals from the feeding point
of the antenna to the radiating patch. In Fig. 6, the top-layer ra-
diating patch is a 6mm× 5mm rectangular metal patch with a
copper thickness of 35µmand is centrally placed. The interme-
diatemetasurface layer consists of a 2×4 band-rejection unit ar-
ray with a dielectric thickness of 0.127mm, a copper thickness
of 35µm, a distance from the feedline layer dielectric thickness
of 0.254mm, and a total thickness of 0.635mm. The S param-
eter directly reflects the reflection and transmission character-
istics of the network. By calculating the transmission matrix of

each layer and multiplying these matrices, the total transmis-
sion matrix of the entire structure is obtained. Finally, the S
parameter is calculated as shown in Equation (10).

S12 = S21 =
1[

sin (nkd)− i
2

(
w + 1

w cos (nkd)
)]

eikd
(10)

In Equation (10), S12 and S12 are non-diagonal elements of
the S-parameter matrix, and i is the imaginary unit. Port 1 and
Port 2 are the two ports used to characterize signal input and
output in a metasurface antenna structure. Port 1 serves as the
signal input port, responsible for transmitting the excitation sig-
nal into the metasurface structure, acting as the starting point
for electromagnetic waves entering the antenna system. Port 2
serves as the signal output port, used to receive electromagnetic
wave signals modulated by the metasurface, and as the output
port for structurally processed signals. In addition, the calcu-
lation for the diagonal of the S-parameter matrix is shown in
Equation (11).

S11 = S22 =
i

2

(
1

Z
− Z

)
sin (nkd) (11)

In Equation (11), S11 and S22 are diagonal elements of the
S-parameter matrix, and Z is the characteristic impedance of
the port. The equivalent refractive index of the meta-surface
is further calculated using the S-parameter, as shown in Equa-
tion (12).

n =
1

kd
cos−1

[
1

2S21

(
1− S2

11 + S2
21

)
+ 2πq

]
(12)

In Equation (12), q is an integer used to ensure that the re-
fractive index n is a real number. In addition, the impedance of
the metasurface is shown in Equation (13).

Z =

√
(1 + S11)

2 − S2
21

(1− S11)
2 − S2

21

(13)

In Equation (13), converting the S-parameter into the phys-
ical properties of the metasurface can more intuitively and ef-
fectively design and optimize themetasurface structure. The di-
electric constant is used to describe parameters, and the propa-
gation characteristics of electromagnetic waves are further con-
trolled by adjusting the parameters, as shown in Equation (14).

ε =
n

Z
(14)
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TABLE 1. Experimental testing equipment and its key parameters.

Laboratory equipment Parameters Effect

Vector network analyzer
Frequency Range: 20–50GHz; Dynamic Range: ≥ 120 dB;
Measurement Accuracy: ≤ 0.1 dB; Port Impedance: 50Ω

Measure the antenna
frequency characteristics

Microwave anechoic chamber
Dimensions: 5m× 5m× 5m; Absorber Material
Performance: Reflectivity ≤ −20 dB within the
20–50GHz frequency band; Isolation: ≥ 60 dB

Provide a non-reflective
electromagnetic environment

Antenna test turntable
Rotation range: 0–360◦; Rotation accuracy: ±0.1◦;

Load capacity: 50 kg
Secure the antenna and
control its rotation angle

Signal source
Frequency range: 20–50GHz; Output power: ≥ 10 dBm;

Frequency stability: ≤ 10 ppm
Provide millimeter-wave

test signals

Spectrum analyzer
Frequency Range: 20–50GHz; Resolution Bandwidth: 1Hz–1MHz;

Dynamic Range: ≥ 100 dB
Analyze antenna
signal spectrum

TABLE 2. Comparison of antenna performance.

Antenna
Matching
Efficiency

Reflection
Coefficient

Radiation
Efficiency

Total Transmission
Efficiency (TTE)

A1 0.88 0.11 0.45 0.43
A2 0.90 0.09 0.51 0.49
A3 0.75 0.18 0.39 0.35
A4 0.97 0.04 0.70 0.68

In Equation (14), ε is the equivalent dielectric constant. In
addition, the expression of parameters using magnetic perme-
ability is shown in Equation (15).

µ = nZ (15)

In Equation (15), µ is the equivalent magnetic permeabil-
ity. It achieves the directional manipulation of electromagnetic
waves by adjusting the equivalent refractive index n and rela-
tive impedance Z, thereby changing ε and µ.

3. RESULTS

3.1. Performance Testing of BDMW-MA
To evaluate the comprehensive performance of BDMW-MA, a
comparative experimental setup is designed. The experimental
equipment used is listed in Table 1.
As shown in Table 1, experiments conducted using these

devices enable the precise control of experimental variables,
minimizing the impact of environmental factors on antenna
performance. Additionally, four representative broadband
millimeter-wave antennas are selected as the control group. A1
(Single-Polarized Broadband Millimeter-Wave Meta-surface
Antenna): Radiating patch 3.2mm×0.8mm; Two-layer dielec-
tric substrate (each 0.254mm and 0.127mm thick); Ground
plane 10 mm×10 mm; 50 Ω feedline, with width of 0.3mm
and length of 5.5mm; Bandwidth 20–45GHz. A2 (Traditional
Array Broadband Dipole Millimeter-Wave Antenna): 2 × 2
array; Units are orthogonal rectangles (3mm × 3.2mm);
Spacing 4.3mm; Dielectric substrate thickness 0.254mm;
Dual-port 50Ω feedline, with width of 0.3mm; Bandwidth

22–48GHz. A3 (Basic Broadband Millimeter-Wave Patch
Antenna): Radiating patch is a 2.8mm × 3.5mm rectan-
gle; Copper thickness 35µm; Dielectric substrate thickness
0.127mm; Dielectric constant 2.2; 50Ω feedline, with width
of 0.28mm and length of 5mm; Bandwidth 25–40GHz. A4
(Broadband Dual-Polarization Millimeter-Wave Meta-surface
Antenna): Orthogonal electric dipoles (3.2mm × 0.6mm);
Spacing 1.5mm, with 0.3mm metallized holes at both ends;
2× 4 band-reject meta-surface array (outer ring 2.5mm, inner
ring 1.5mm); Three-layer dielectric substrate (0.254mm,
0.127mm, and 0.254mm thick); Dual-port 50Ω feedline, with
a width of 0.32mm; Bandwidth of 20–50GHz; Superstructure
stopband of 30–35GHz. Experimental tests are conducted on
the performance of four types of antennas, as shown in Table 2.
In Table 2, A3 performs the worst in terms of matching ef-

ficiency, reflection coefficient, radiation efficiency, and TTE,
with values of 0.75, 0.18, 0.39, and 0.35, respectively. A4 per-
forms the best in terms of performance metrics, with values of
0.97, 0.04, 0.70, and 0.68, respectively. Comparison shows that
among the four antennas, BDMW-MAhas the highest matching
efficiency, radiation efficiency, and TTE, with the lowest re-
flection coefficient, indicating that BDMW-MA has good per-
formance and low loss during transmission. In addition, to ver-
ify the gain performance of BDMW-MA, experiments are con-
ducted on A1, A2, A3, and A4 using electromagnetic simula-
tion software at frequencies of 25–50GHz, as shown in Fig. 7.
In Fig. 7(a), simulation results show that A1 exhibits a gain

of 5.2 dBi at 25GHz, with an overall trend of increasing then
decreasing, reaching a peak value of 6.1 dBi at 35GHz. Within
the 25–50GHz frequency range, A2 exhibits a maximum gain
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(a) (b)

FIGURE 7. Comparison of test results and expected differences in antenna gain at 25–50GHz. (a) Simulation. (b) Actual measurement.

(a) (b)

(c) (d)

FIGURE 8. Comparison of antenna S-parameter test results and expected differences between 20–50GHz. (a) The reflection coefficient of A1. (b)
The reflection coefficient of A2. (c) The reflection coefficient of A3. (d) The reflection coefficient of A4.

of 8.1 dBi, differing by 1.9 dBi from its minimum value. A3’s
gain fluctuates within the range [5.6 dBi, 4.1 dBi]. A4’s min-
imum gain is 7.2 dBi, with gains exceeding the reference an-
tenna at most frequency points. In Fig. 7(b), the measured gain
of A1 gradually increases from 5.0 dBi at 25GHz before de-
creasing to 4.2 dBi at 50GHz. A2 exhibits a gain of 7.2 dBi
at 25GHz and 5.9 dBi at 50GHz. A3 demonstrates the lowest
gain among the four antennas, with a maximum gain of only
5.3 dBi. A4 maintains a consistently high gain level, fluctuat-
ing within the range [6.9 dBi, 8.2 dBi]. These data indicate that
the simulation results align with the measured trends, with A4
demonstrating superior gain performance across the broadband

spectrum compared to the reference antennas. This confirms
the superiority of broadband dual-polarization millimeter-wave
metasurface structures in enhancing antenna gain. To verify the
isolation level of BDMW-MA, experiments are conducted on
A1, A2, A3, and A4 at frequencies of 20–50GHz, as shown in
Fig. 8.
In Fig. 8(a), the S11-curve of A1 exhibits significant fluc-

tuations, with an overall trend near −18 dB, and the maxi-
mum difference between extremes is −10 dB. The S12-curve
exhibits significant fluctuations, with an overall trend near
−40 dB, and the maximum difference between extremes is
−10 dB. In Fig. 8(b), the S11-curve of A2 exhibits significant
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(a) (b)

FIGURE 9. Comparison of the radiation direction of the antenna. (a) E-side. (b)H-side.

fluctuations, with an overall fluctuation around −19 dB, and
the maximum difference between extremes is −8 dB. The S12-
curve exhibits significant fluctuations, with an overall fluctua-
tion around −40 dB, and the maximum difference between ex-
tremes is −10 dB. In Fig. 8(c), the S11-curve of A3 has signif-
icant fluctuations, with an overall fluctuation close to −20 dB
and a maximum extreme difference of −15 dB. The S12-curve
has significant fluctuations, with an overall fluctuation close
to −35 dB and a maximum extreme difference of −10 dB. In
Fig. 8(d), the S11-curve of A4 has relatively small fluctuations,
with an overall fluctuation close to −12 dB and a maximum
extreme difference of −5 dB. The S12-curve has small fluctu-
ations, with an overall fluctuation close to −44 dB and a max-
imum extreme difference of −7 dB. Experimental verification
shows that BDMW-MA has a high degree of isolation, further
demonstrating that the proposed antenna has strong signals and
high accuracy.

3.2. Application Effect Testing of BDMW-MA
To verify the anti-interference ability of BDMW-MA, the TTE
of four antennas A1 to A4 is tested when the Signal-to-Noise
Ratio (SNR) is 0, 10, 20, 30, 40, and 50 dB, as shown in Table 3.

TABLE 3. Performance testing of different models.

Antenna 0 dB 10 dB 20 dB 30 dB 40 dB 50 dB
A1 0.26 0.40 0.46 0.48 0.50 0.55
A2 0.34 0.43 0.49 0.50 0.54 0.59
A3 0.20 0.31 0.38 0.39 0.45 0.51
A4 0.44 0.62 0.70 0.72 0.79 0.85

In Table 3, when SNR = 0 dB, the minimum TTE of A3
is 0.20, and the maximum TTE of A4 is 0.44. When SNR =
20 dB, the TTE of A1–A4 is (0.46, 0.49, 0.38, and 0.70). When
SNR = 30 dB, the maximum TTE of A4 is 0.70. When
SNR = 40 dB, the TTE of A1∼A4 is (0.50, 0.54, 0.45, and
0.79). When SNR = 50 dB, the maximum TTE of A4 is 0.85.
The data show that when the SNR is below 10 dB, the overall
transmission efficiency of the antenna significantly decreases.
In different SNR environments, the overall transmission ef-

ficiency of BDMW-MA is always the highest, indicating its
strong anti-interference ability. To verify the high gain perfor-
mance of BDMW-MA, 10 experiments are conducted to record
the radiation directions of A1, A2, A3, and A4 in the E-plane
and H-plane at 35GHz, as shown in Fig. 9.
In Fig. 9(a), A1 exhibits relatively high gain values near 0◦

and 180◦, at 8.1 dBi and 8.4 dBi, respectively. As the angle
shifts toward 90◦ and 270◦, the gain decreases, with the overall
gain level remaining at an intermediate level and a relatively
wide beam coverage range. A2 has higher gain than A1, with
distinct gain peaks near 0◦ and 180◦. The gain decreases more
rapidly than A1 as the angle deviates, and the beam is narrower
than A1’s. The gain of the A3 curve is the lowest, with rela-
tively small gain values at all angles, and the gain changes more
smoothly with the angle, resulting in the widest beam coverage
range. A4 has higher gain than A1, A2, and A3, with promi-
nent gain peaks near 0◦ and 180◦, at 14.9 dBi and 15.0 dBi, re-
spectively. Gain decreases as the angle deviates from the main
direction, and the beam is the narrowest among the four curves.
In Fig. 9(b), A1 gain fluctuates with angle changes, with over-
all gain levels similar to A1 on the E-plane and a relatively
wide beam coverage range. A2 has relatively high gain values
at multiple angles, with a narrow beamwidth. The gain of the
A3 curve is the lowest, and the gain values at all angles are very
small. The gain changes relatively steadily with the angle, and
the beam coverage range is the widest. A4 has the highest gain
among the four curves, with a significant gain peak of 15.0 dBi
near the main angle. The main gain decreases as the angle devi-
ates, and the beamwidth is the narrowest among the four curves.
The comparison demonstrates that the BDMW-MA possesses
high gain and high directivity performance, enabling concen-
trated radiation of energy in specific directions, which is advan-
tageous for long-distance signal transmission and reception. In
addition, to verify the gain of BDMW-MA, a vector network
analyzer is used to test the antenna, and experiments are con-
ducted on BMWPA and BDMW-MA at temperatures of −50,
0, and 50◦C, as shown in Fig. 10.
In Fig. 10(a), when the temperature is−50◦C, the gain curve

of BMWPA fluctuates greatly, with a maximum difference
value of 6 dBi between extreme values. When the temperature
is 0◦C and 50◦C, the gain curve of BMWPA has small fluc-
tuations, with maximum difference values of 4 dBi and 3 dBi
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(a) (b)

FIGURE 10. S-parameter curve of the antenna. (a) Gain curve of A3. (b) Gain curve of A4.

between extreme values. In Fig. 10(b), when the temperature is
−50◦C, the gain curve of BDMW-MA fluctuates greatly, with
a maximum difference value of 5 dBi between extreme val-
ues. When the temperature is 0◦C and 50◦C, the gain curve of
BDMW-MA has small fluctuations and is generally stable, with
the maximum difference values between extreme values being
3 dBi. Comparison shows that low temperature has an obvious
effect on the performance of the antenna. BDMW-MA has less
gain variation at different temperatures and has high reliability
and stability, with a wide range of application scenarios.

4. DISCUSSION AND CONCLUSION

4.1. Discussion
This study optimized BMWPA through MED and introduced
a metasurface with band-stop units, ultimately designing a
BDMW-MA. By testing the performance of the proposed an-
tenna in WC and conducting comparative experiments, a con-
siderable amount of data results were obtained, and further re-
search and explorationwere conducted based on the experimen-
tal results. The matching efficiency, reflection coefficient, ra-
diation efficiency, and TTE of BDMW-MA were 0.97, 0.04,
0.70, and 0.68. The data showed that the WC performance of
the designed antenna was superior to other compared anten-
nas, meeting the performance requirements of WC for anten-
nas. In the comparison of BDMW-MA using electromagnetic
simulation software, the gain curve under the test experiment
fluctuated similarly to the gain curve under the simulation ex-
periment, with a maximum distance of 2 dBi between the two.
The high isolation of the designed antenna was further veri-
fied by testing the S-parameters of BDMW-MA. The curve
had small fluctuations and was generally gentle, fluctuating
around −12 dB with a maximum extreme difference of −5 dB.
The curve had small fluctuations and fluctuated around−45 dB
with amaximum extreme difference of−10 dB. Various experi-
ments have shown that the designed antenna has superiority, but
there is still a problem of complex structural calculations, and
it is considered to replace the dielectric material for improve-
ment. Karthikeyan et al. designed and compared substrates with
variable relative permittivity values, and obtained suitable di-
electric materials through experiments on different dielectric
materials and patch shapes of the substrate [19]. Compared

with the CMC-based electronic devices designed by Gallegos-
Rosas et al., themanufacturing of BDMW-MA ismore complex
but more stable, meeting the strict high-frequency performance
requirements of millimeter wave communication. This is a
performance level that simplified CMC devices cannot match.
In terms of size, the antenna’s compact design, which strictly
matches the wavelength, is a key to achieving efficient signal
transmission in scenarios such as 5G and autonomous driving.
However, CMC devices, with their flexible large-size design,
are more suitable for low-speed flexible electronics and can-
not meet the miniaturization and directionality requirements of
high-frequency communication. In terms of cost, while anten-
nas have higher costs due to specialized materials and preci-
sion manufacturing, their high transmission efficiency (0.68)
and low reflection coefficient (0.04) provide significant com-
munication performance gains, making them indispensable in
fields with extremely high requirements for transmission qual-
ity [20]. In summary, BDMW-MA based on MED has good
performance in WC, high application value, and development
prospects, and can further improve the quality of WC.

5. CONCLUSION
In response to issues such as bandwidth, size limitations, and
low adaptability, this study adopted MED-optimized BMWPA,
and on this basis, introduced metasurfaces to further improve
the gain and dual-polarization performance of the antenna, and
designed BDMW-MA. In comparative verification, when the
SNRwas 0 dB, 10 dB, 20 dB, 30 dB, 40 dB, and 50 dB, the TTE
of the studied antennawas 0.44, 0.62, 0.70, 0.72, 0.79, and 0.85.
In addition, 10 sets of experiments were conducted to test the
gain of the designed antenna. The BDMW-MA showed signif-
icantly higher gain than the reference antenna in the radiation
patterns of the E-plane and H-plane. The gain peak in the E-
plane was 15.0 dBi, with the narrowest beam. Similarly, theH-
plane also had the highest gain of 15.0 dBi, and the beamwidth
was the narrowest among the four curves. Experimental results
show that in practical applications, the designed antenna has
high accuracy, good stability, high gain, minimal loss during
signal transmission, and strong anti-interference ability. How-
ever, losses during signal transmission are inevitable and re-
quire material improvement. Future research needs to design
more efficient antennas for verification.
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