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Abstract: A metasurface-loaded 1×2 patch array antenna assisted by a deep-learning optimization method is proposed to realize 
port and radiation pattern decoupling simultaneously to enhance the isolation among elements in multi-input multi-output 
(MIMO) systems. The deep-learning-assisted optimization method uses an artificial neural network (ANN) and a particle swarm 
optimization (PSO) algorithm to seek the optimal structure of the antenna to achieve port decoupling with undistorted radiation 
patterns. The ANN is trained to describe the nonlinear relationship between the geometric parameters and the responses of the 
antenna. The PSO algorithm, guided by the cost function and number of iterations, is used to optimize the structure of the 
antenna according to the cost function combined with the trained ANN. Finally, by constraining the cost function, we obtain a 
1×2 patch array antenna with a metasurface fixed above by studs, which achieves port and radiation pattern decoupling 
simultaneously. To validate the principle and design method, we designed, fabricated, and measured an antenna prototype with 
dimensions of 0.88λ0×0.47λ0×0.21λ0 (λ0 is the wavelength in free space at the center frequency). The measured fractional 
bandwidth is 8% (4.8–5.2 GHz). The isolation of the two-element patch antenna increases from 7.6 dB to 24.3 dB with an envelope 
correlation coefficient (ECC) of <0.0005 at 0.35λ0. Moreover, the H-plane radiation pattern of each element is consistent 
and symmetric in the broadside direction. These characteristics make the proposed antenna suitable for MIMO antenna 
systems with close spacing.

Key words: Artificial neural network (ANN); Particle swarm optimization (PSO) algorithm; Mutual coupling; Radiation pattern 
restoration; Metasurface
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1  Introduction

Multi-input multi-output (MIMO) array antennas 
(Alibakhshikenari et al., 2018, 2019a, 2019b, 2020a, 
2020b, 2020c; Abbasi et al., 2025) have been widely 
used in wireless communication devices, such as base 

stations (Alibakhshikenari et al., 2018, 2019b; Abbasi 

et al., 2025), benefiting from their advantages of a 

large channel capacity and wide beam coverage range 

(Alibakhshikenari et al., 2020a, 2020b, 2020c). How‐

ever, with reduced antenna spacing, increased mutual 

coupling between antennas may lead to deteriora‐

tion of port isolation. Moreover, the radiation pattern 

of antenna elements may worsen, which decreases 

the performance of beamforming (Chen et al., 2008; 

Alibakhshikenari et al., 2021, 2024; Bouknia et al., 

2021). Therefore, it is well worth designing a MIMO 
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array antenna that can realize port and radiation pattern 
decoupling simultaneously.

Many reported decoupling designs have achieved 
significant achievements in improving decoupling 
performance. These designs are based on two main 
methods. The first involves adding a structure between 
the antenna elements, such as a neutralization line 
(Gao et al., 2020; Femenias and Riera-Palou, 2022; 
Din et al., 2023), a defected ground structure (DGS) 
(Huang et al., 2023; Han and Hong, 2024; Heo et al., 
2024), an electromagnetic band gap (EBG) (Kennedy 
and Eberhart, 1995; Jensen and Wallace, 2004; Hussein 
et al., 2024; Khan et al., 2025), and a metal decou‐
pling structure (Li et al., 2022; Lai et al., 2023; Kiani 
et al., 2024), to introduce an extra decoupling path to 
counteract the original coupling. However, the radia‐
tion pattern of the elements is usually destroyed because 
the extra structure is so close. The second approach 
is self-decoupling, which involves using the inherent 
characteristics of the antenna rather than extra decou‐
pling structures (Paulraj et al., 2004; Poli et al., 2007; 
Lin et al., 2020; Liu F et al., 2020; Liu RP et al., 
2020; Madani et al., 2021; Ma et al., 2023; Odabasi 
et al., 2023; Liu GY et al., 2024a, 2024b; Mondal et al., 
2024; Ozer et al., 2024). A weak electric field can be 
obtained in the coupled element through field cancel‐
lation. Therefore, the coupling between elements can 
be significantly reduced without extra structures. How‐
ever, antenna elements usually need to have specific 
shapes or spacings to achieve a weak electric field.

In recent years, metasurfaces (Sun et al., 2021; 
Shi et al., 2022; Tong et al., 2022a, 2022b, 2024; Wang 
ZB et al., 2023; Qi et al., 2024; Qian et al., 2024; 
Wang MN et al., 2024) composed of planar subwave‐
length scattering units have been gradually applied to 
antenna decoupling (Xia et al., 2015; Wu et al., 2023; 
Xiao et al., 2024; Xiong et al., 2024; Xu et al., 2024; 
Zhai et al., 2024) due to their flexible design and 
lack of restrictions on radiators. Two pairs of double-
sided parallel strips were introduced as bandstop fil‐
ters to separate the propagation of electromagnetic 
(EM) waves to the coupled patch (Wu et al., 2023). 
Square rings (Xia et al., 2015) and hexagon rings 
(Xiao et al., 2024) were used to control the ampli‐
tude and phase of radiation waves, which can coun‐
teract directly coupled waves. A unit cell composed 
of four L-shaped strips and a rectangular patch (Xiong 

et al., 2024) was proposed for reflecting the radiated 
waves to cancel the directly coupled EM waves, and 
a 6-dB port isolation enhancement was obtained. A 
metasurface composed of uniform array metal patches 
was presented as an EBG structure to block surface 
waves (Xu et al., 2024). A metasurface proposed by 
Zhai et al. (2024) was composed of five square loops 
to improve the coupling of elements from 21 dB to 
27 dB. However, these designs can realize port decou‐
pling but not radiation pattern decoupling because of 
the complexity of the numerical calculations.

In this paper, a metasurface-loaded patch antenna 
designed by a deep-learning-assisted optimization 
method is proposed to realize port and radiation pat‐
tern decoupling simultaneously. Complex theoretical 
analysis can be avoided owing to the application of a 
deep-learning-assisted optimization method composed 
of an artificial neural network (ANN) model and a 
particle swarm optimization (PSO) algorithm. The ANN 
is trained to build the nonlinear relationship between 
the geometric parameters and the EM response of the 
desired antenna. The PSO algorithm is used with the 
trained ANN to optimize the structure of the antenna 
with the constraint of a cost function. The proposed 
antenna can improve port isolation from 7.6 dB to 
24.3 dB, and the H-plane radiation pattern of the ele‐
ment can maintain symmetry in the broadside direction.

2  Antenna design

2.1  Antenna structure

Fig. 1 shows the configuration of the proposed 
metasurface-loaded decoupled patch antenna. The top 
layer is located on the upper surface of the substrate 
named Sub 1, which includes 18 (6×3) periodic unit 
cells. For clarity, a unit cell has been enlarged in Fig. 1b. 
The unit cell is composed of 64 (8×8) pixel patches 
and can be represented by a binary 8×8 matrix T, 
where “0” is the vacuum and “1” stands for the metal. 
The middle layer is printed on the upper surface of 
the substrate named Sub 2 and comprises two patches 
excited by the SubMiniature version A (SMA) con‐
nector. Sub 1 and Sub 2 are RO5880 substrates with 
relative permittivity εr=2.2 and loss tangent tanδ=
0.0009. The gap between Sub 1 and Sub 2 (G) was 
chosen as 10 mm, as in Xiao et al. (2024).
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2.2  Mechanism of port and radiation pattern 
decoupling with metasurface loading

Fig. 2 depicts the mechanism by which the meta‐
surface realizes antenna decoupling. Element 1 is 
excited, and element 2 is loaded with a matching load. 
The introduction of the metasurface placed above the 
array antenna adds an extra coupled path (Path 2) 
between the antenna elements, which is superimposed 
with the surface coupled wave generated by the original 
coupled path (Path 1) through the gap between the 
two elements. Port decoupling can be achieved when 
the field generated by the superimposed waves near 
the feeding port of the coupled element is a weak field. 

Radiation pattern decoupling can be achieved if the 
EM waves coupled to element 2 via the two above 
paths completely cancel out. Unfortunately, it is almost 
impossible to calculate the required amplitudes and 
phases for port and radiation pattern decoupling through 
theoretical analysis because the coupled element is a 
two-dimensional structure rather than a point. Hence, 
in this design, an ANN is used for directly predicting 
the responses of the metasurface-loaded patch antenna, 
avoiding complex numerical calculations and time-
consuming parameter tuning.

2.3  Building an ANN to predict the EM response 
of a metasurface-loaded patch antenna

Fig. 3 shows the topology of the ANN with one 
input layer, five hidden layers, and one output layer. 
In this ANN, five hidden layers with 50, 100, 150, 
300, and 600 neurons are used to connect the input 
and output layers to achieve accurate result prediction. 
The input layer represented by matrix S comprises 
the structural parameters of the antenna. The output 

Fig. 3  Topology of an ANN with one input layer, five hidden layers, and one output layer

Fig. 2  Schematic diagram of coupling paths of a 
metasurface-loaded two-element patch antenna

Fig. 1  Configuration of the proposed metasurface-loaded 
decoupled patch antenna: (a) top layer; (b) enlarged view 
of the unit cell; (c) middle layer; (d) side view. Lg=90, Wg=
50, Lp=19.2, Wp=18, Dp=3, Df=4, Du1=1, Du2=2, P=1, G=10, 
H1=1.57, and H2=0.787 (unit: mm)
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layer represented by matrix R comprises the EM re‐
sponses of the antenna, such as the S-parameter and 
the gain of the antenna.

To accurately express the structural characteris‐
tics of the proposed antenna, the input layer has 18 
neurons. Sixteen neurons are used to load the struc‐
tural characteristics of the metasurface, represented 
by a 4×4 matrix tc, and the other two neurons are the 
length of the patch (Lp) and the location of the SMA 
(Df), considering the EM perturbation of the meta‐
surface on the patch antenna to enhance control over 
the impact of the parameters of the antenna on its 
response.

Fig. 4 shows the design process of representing 
the structural features of the metasurface with a 4×4 
matrix tc. First, the design space is a 53 mm×28 mm 
printed circuit board (PCB) divided into 18 (6×3) 
identical unit cells (Fig. 4a), and a 1-mm interval and 
a 2-mm interval are set between adjacent unit cells 
along the x-axis and y-axis, respectively, to separate 
each unit cell. Second, Fig. 4b shows that each unit cell 
is divided into 8×8 pixels by a square with a side 
length of 1 mm. The structure of each pixel can be 
represented using two discrete values to indicate 
whether it covers a metal or not, where a value of 
“1” means a piece of metal, and a value of “0” stands 
for a void. Finally, the unit cell has an axisymmetric 
distribution around the center for the symmetric radi‐
ation pattern. Hence, the structural features of the de‐
signed metasurface can be described by its left-upper 
part, which can be represented by a 4×4 matrix tc. As 
an example, the shape of the unit cell shown in Fig. 4b 
can be described as a 4×4 matrix tc (Fig. 4c).

The output layer includes 563 neurons, which 
represent |S11| and |S21| of the 101 frequency points 

ranging from 4.5 GHz to 5.5 GHz to ensure the ac‐
curate prediction of the antenna performance, with 
0.01-GHz steps, and the H-plane radiation pattern 
ranges from −180° to 180° with 1° intervals at 5 GHz. 
The results of the output layer can be obtained by 
simulation using computer simulation technology (CST) 
software.

It is necessary to build a diverse and accurate 
dataset for achieving effective training of the ANN 
and accurate prediction of the performance of the 
antenna. In this design, a dataset containing 6000 sets 
of 4×4-0/1 matrix, Lp, and Df at random, which con‐
sumes about 180 h for simulation, is used to train the 
ANN, and the corresponding results are normalized 
to between 0 and 1. The activation function of each 
layer is the leaky rectified linear unit (Leaky ReLU) 
function and the optimizer is adaptive moment esti‐
mation (Adam). The learning rate is determined to be 
0.001. The mean square error (MSE) used to assess 
the performance of the ANN is given by

MSE =
∑
i = 1

N

( yi − y*
i )2

N
, (1)

where yi is the simulated results of the dataset, y*
i rep‐

resents the results predicted by the ANN, and N is 
the total number of samples used to train the ANN 
(6000). L1 regularization and a dropout mechanism 
were used to constrain the weights of neurons and 
decrease reliance on specific neurons. All calculations 
were carried out by an Intel i7-12700KF 3.6-GHz 
machine with 64 GB RAM. Fig. 5 shows the MSE loss 
changing with each epoch. As the number of epochs 
increases, the MSE loss converges to 0.003.

Once the ANN is well trained, R can be obtained 
if S is determined. Fig. 6 illustrates a comparison using 
two validated samples between R values predicted by 
the ANN and those simulated by CST. The predicted 
and simulated results are highly consistent.

2.4  Combining the PSO algorithm to realize the 
port and radiation pattern decoupling

The PSO algorithm (Zhang and Pedersen, 2016; 
Zhao et al., 2024) is applied to realize the port and 
radiation pattern decoupling after the training of the 
ANN, as shown in Fig. 7. The optimized input can be 

Fig. 4  Schematic of the metasurface: (a) the unit cell 
distribution of the metasurface; (b) the pixelated distribution 
of each unit cell; (c) the 4×4 matrix describing the shape of 
(b). Lm=53, Wm=26, Du1=1, Du2=2, and P=1 (unit: mm)
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searched for by updating the velocity and position of 
the particle. The purpose of the PSO algorithm is to 
construct the cost function, which can be calculated 
by the output of the trained ANN. The cost function 
is given by

C=w( s11−m ) + w( s21−n )

+(1−2w )∑
k = 0

45

|| s(k )− s(− k ) ,
(2)

where s11 is |S11| at 5 GHz, s21 is |S21| at 5 GHz, and s(k) 
and s(-k) are the gains of the H-plane beam at degrees 
k and −k, respectively, which are predicted from the 
trained ANN. Moreover, m and n are the desired re‐
sponses, which are set as −20 and −25, respectively. 

The weight of the port matching and isolation (w), 
whose value is 0.1, is used to improve the importance 
of radiation pattern optimization. The minimum value 
of the cost function calculated by R generated by the 
trained ANN model is searched for until the PSO 
algorithm stops running. Finally, a group of parameters 
is found by the proposed method (Table 1), which 
consumes 468 s. The simulated results and the results 
calculated by the proposed method are compared in 
Fig. 8, which shows that the simulated results are in 
good agreement with the predicted results of the opti‐
mized antenna. Furthermore, compared with the opti‐
mized antenna without the metasurface loading, the 
proposed antenna decreases the mutual coupling from 

−7.6 dB to −24.3 dB, and the H-plane radiation pat‐

tern is corrected to be symmetrical about the broad‐

side direction.

Fig. 9 shows the change in the average electric 

field amplitude of the patch antenna with and without 

metasurface loading. As shown in Fig. 9a, the electric 

field in the coupled patch is strong without metasurface 

Table 1  Optimized input based on the PSO

Lp (mm)

19.2

Df (mm)

4

Pixel encoding of the 
metasurface

[1111110101010001]

Time cost (s)

468

Fig. 7  PSO algorithm flowchart for optimization of the 
metasurface-loaded patch antenna

Fig. 6  Simulated and predicted S-parameters and H-plane 
radiation patterns of two validated samples: (a) sample 1; 
(b) sample 2

Fig. 5  MSE results during the training process
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loading, which shows that there is strong coupling 
between the two patches. Furthermore, with metasur‐
face loading, the electric field in the coupled patch 
becomes weak, which proves that the EM waves 
via Path 2 partly counteract those through Path 1 
(Fig. 2).

To demonstrate the advantages of the metasur‐
face-loaded patch antenna array, Fig. 10 shows the 
gain and efficiency of the 1×2 patch antenna with a 
loaded metasurface, with two elements excited with 
the same amplitude and phase. The gain increases 
from 8 dBi (without) to 9.1 dBi (with) at 5 GHz, and 
the efficiency correspondingly increases from 77.9% 
to 95.4%.

For investigating the decoupling performance of 
the proposed metasurface under large arrays, Fig. 11 
shows a 1×4 metasurface-loaded element array opti‐
mized by the machine learning method. The S-parameter 
and H-plane radiation pattern at 5 GHz are shown in 
Fig. 12. The isolation increases from 8.65 dB to 16.30 dB, 
and the radiation pattern is restored to broadside.

Fig. 12  S-parameter (a) and radiation pattern (b) of the 
1×4 element array

Fig. 11  Structure diagram of the 1×4 element array loaded 
on the metasurface: (a) metasurface; (b) 1×4 patch antenna

Fig. 10  Gain (a) and efficiency (b) of the 1×2 patch antenna 
with a loaded metasurface

Fig. 9  Average electric field amplitude of the 1×2 patch 
antenna: (a) without metasurface loading; (b) with 
metasurface loading. References to color refer to the online 
version of this figure

Fig. 8  Predicted results of the optimized input 
(Predicted_with), simulated results of the optimized input 
(Simulated_with), and simulated results of the optimized 
antenna without the metasurface loading (Simulated_W/O): 
(a) S-parameter; (b) normalized H-plane radiation pattern
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3  Results

A prototype of a 1×2 metasurface-loaded patch 
antenna was finally designed, fabricated, and measured 
with Keysight E5230C for the S-parameters and an 
anechoic chamber for gain and radiation patterns 
(Fig. 13). Fig. 14 shows that the simulated and mea‐
sured S-parameters agreed well with each other. The 
measured 10-dB impedance matching bandwidth is 
0.4 GHz (4.8–5.2 GHz), or the fractional bandwidth 
is 8%. The mutual coupling level of the proposed 
antenna is −24.3 dB at 5 GHz.

Fig. 15 shows that the simulated and measured 
gain, total efficiency, and envelope correlation coeffi‐
cient (ECC) of the prototype are in good agreement with 
each other. The peak gain is 6.13 dBi. The total effi‐
ciency and the ECC are higher than 90% and lower than 
0.0005, respectively. Compared with the traditional 1×2 
patch antenna without the metasurface, the maximum 
ECC across the frequency band is reduced from 0.3 
to 0.000 06, which shows that the proposed antenna 
array has good radiation and diverse performance.

Fig. 16 shows the simulated and measured radia‐
tion patterns of the proposed metasurface-loaded 
antenna array for ports 1 and 2 at 5 GHz. Figs. 16b 
and 16d show that the H-plane radiation patterns for 
ports 1 and 2 exhibited great symmetry in the broadside 
direction. The cross-polarization levels in the E-plane 
and H-plane for port 1 and port 2 are both below −18 dB.

Fig. 17 shows the trends of the calculated channel 
capacity (CC) and bit error rate (BER) of the proposed 
antenna with a signal-to-noise ratio (SNR) at 5 GHz. 
The black dashed line in Fig. 17 represents the pro‐
posed antenna without the metasurface, and the blue 
solid line represents it with the metasurface. The CC 
is upgraded and the BER is reduced after loading the 
metasurface at any SNR (Zhao et al., 2024).

Table 2 summarizes the performance of the pro‐
posed antenna and previously reported designs. Com‐
pared with port decoupled antennas (Jensen and Wallace, 
2004; Xia et al., 2015; Li et al., 2022; Huang et al., 
2023; Wu et al., 2023; Xiao et al., 2024; Xiong et al., 

Fig. 13  Photographs of the fabricated metasurface-loaded 
patch antenna and the measured environment: (a) 
metasurface; (b) two-element patch antenna; (c) Keysight 
E5230C; (d) anechoic chamber

Fig. 14  Simulated and measured S-parameters of the 
proposed antenna

Fig. 15  Simulated and measured gain and total efficiency 
(a) and ECC (b) of the proposed patch antenna
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2024), the proposed metasurface-loaded decoupled 
antenna achieves radiation pattern coupling and sub‐
stantial port isolation improvement. Compared with 
self-decoupled antennas (Paulraj et al., 2004; Liu F 
et al., 2020; Ma et al., 2023), our proposed antenna can 
realize port and radiation pattern decoupling simulta‐
neously with the minimum center-to-center spacing 

Fig. 17  Channel capacity (a) and bit error rate (b) for the 
proposed antenna before and after loading the metasurface 
at 5 GHz. References to color refer to the online version of 
this figure

Table 2  Performance summary of the proposed and state-of-the-art designs

Reference

Huang et al., 2023

Jensen and 
Wallace, 2004

Li et al., 2022

Liu F et al., 2020

Ma et al., 2023

Paulraj et al., 2004

Wu et al., 2023

Xia et al., 2015

Xiao et al., 2024

Xiong et al., 2024

This work

Frequency 
band (GHz)

11.05–13.06

25.3–30.6

3.28–3.6

2.394–2.53

2.38–2.52

4.82–5.08

2.5–2.7
3.4–3.6

24.11–29.68

5.13–5.26

26.18–30.34

4.8–5.2

Size
(λ0×λ0×λ0)

0.52×0.22×0.25

0.89×0.44×0.14

0.74×0.32×0.036

0.46×0.42×0.008

0.83×0.42×0.056

2.17×1.53×0.05

0.87×0.52×0.15

0.82×0.39×0.36

1.21×0.89×0.21

0.98×0.49×0.18

0.88×0.47×0.21

Decoupling 
method

DGS

EBG

Metal decoupling 
structure

Self-decoupling

Self-decoupling

Self-decoupling

Metasurface

Metasurface

Metasurface

Metasurface

Metasurface

C-C/E-E 
spacing (λ0)

0.29/0.07

0.44/0

0.5/0.25

0.44/0.02

0.42/0

0.6/0.05

0.35/0.01

0.4/0.05

0.36/0.03

0.49/0.35

0.35/0.05

BW 
(%)

16.7

19

9.3

5.5

5.7

5.3

7.7/
5.7

20.7

2.5

14.7

8

MCLR 
(dB)

15

15

15

10

11

8

10

17

17.3

6

16.7

PG 
(dBi)

4.9

5

5.34

8

8.8

6

8.6

9

10

5

6.13

PE 
(%)

N.A.

90

87

92

86

94

88

95

N.A.

N.A.

96

RPD

No

No

No

Yes

Yes

Yes

No

No

No

No

Yes

Design 
complexity

Complex

Complex

Medium

Easy

Medium

Complex

Complex

Complex

Medium

Complex

Easy

C-C: center-to-center; E-E: edge-to-edge; BW: bandwidth; MCLR: mutual coupling level reduction; PG: peak gain; PE: peak efficiency; RPD: 
radiation pattern decoupling; N.A.: not available

Fig. 16  Simulated and measured radiation patterns of the 
proposed antenna at 5 GHz for two ports: (a) E-plane of 
port 1; (b) H-plane of port 1; (c) E-plane of port 2; (d) 
H-plane of port 2
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and wider bandwidth. Meanwhile, simultaneous decou‐
pling can be realized with easy design, and the design 
process avoids complex theoretical analysis and time-
consuming parameter optimization.

4  Conclusions

In this paper, we present a metasurface-loaded 
port and radiation pattern decoupled patch antenna 
designed by deep-learning-assisted optimization. First, 
the nonlinear relationship between the geometric param‐
eters and the EM responses of the antenna can be 
built by the trained ANN model, saving much simula‐
tion time when obtaining extra EM responses based 
on different geometric parameters. Second, intelligent 
geometric parameter optimization can be realized by 
combining the PSO algorithm and the trained ANN. 
Finally, by constraining the cost function of the PSO 
algorithm, the optimized geometric parameters can 
be obtained for port and radiation pattern decoupling. 
Results show that the proposed antenna can realize 
10-dB impedance matching bandwidth from 4.8 to 
5.2 GHz with a 16.7-dB isolation improvement. The 
total efficiency is higher than 90% and the ECC is lower 
than 0.0005, which shows that the proposed antenna 
array has good radiation and diversity performance. 
Furthermore, the H-plane radiation pattern for each 
port shows great consistency. Compared with the cur‐
rent metasurface-loaded patch antennas, the proposed 
antenna can realize a conserved radiation pattern with 
great port isolation. In addition, the design process is 
not constrained by complex theoretical analysis. The 
proposed design concept is an attractive strategy for 
patch antenna decoupling.
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