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To suppress the mutual coupling between closely-spaced patches, we propose a two-step decoupling design approach for
a microstrip antenna array with the dimensions of 44.9 x 30.495 mm?. The first step is designing a decoupling unit on the basis of
waveguided complementary split-ring resonators (WCSRRs) to improve isolation. The second step is presenting an optimization
method by using a fully connected neural network (FCNN) to enhance design efficiency. By inserting WCSRRs structure between
two patches with the edge-to-edge distance of 0.24A, (port-to-port distance with 0.66,), where A, is the wavelength of free space at
a resonant frequency of 9 GHz, the mutual coupling can be reduced to —29.38 dB, which is confirmed by the EM simulation. We
use the simulation results of the array geometries and EM performances to train FCNN at first and then use the trained FCNN to
predict the array geometric parameters for the optimal EM response when the edge-to-edge distance between patches is further
reduced to 0.21y and 0.18}1 (port-to-port distance reduced to 0.601, and 0.561,). The measured isolation of the predicted
microstrip antenna array is increased to 41.05dB and 52.33 dB, respectively. Compared to the EM simulation, our FCNN
approach has a higher accuracy and lower computational complexity. Therefore, the proposed array predicted by FCNN has
a better decoupling performance. All the simulated and predicted results are validated via the measurement to demonstrate the
effectiveness of our design scheme. The advantages of our work include the good decoupling performance of the proposed
WCSRRs and the convenient optimization of the FCNN from physical response to optimal antenna array geometry design.

1. Introduction

Microstrip antenna arrays can be applied to multiple-input-
multiple-output (MIMO) systems, radar applications,
modern mobile, and space tracking. Radiating patches of the
antenna array are not isolated, and they are mutually
coupled with each other. For the array’s elements, the
mutual coupling may adversely affect the input impedance,
gain, sidelobe level, and radiation pattern [1]. Moreover, the
decoupling design methods of the antenna are generally
solved by the empirical formula and full electromagnetic
(EM) simulation. These two traditional design methods are

inherently limited. The calculated antenna results by em-
pirical formulas are affected by relative permittivity and
tangent loss of the dielectric substrate, while the optimi-
zation process of EM simulation is time-consuming and the
computational cost increases drastically with increasing
structure complexity. The multiparameter optimization can
easily result in millions of calculations.

From the aspect of decoupling unit design, there are
many methods to decrease the mutual coupling such as
using a defected ground structure (DGS) [2, 3], an elec-
tromagnetic band-gap (EBG) structure [4], a frequency
selective surface (ESS) superstrate [5], or adopting the hybrid
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wideband structure [6]. Besides, a cascaded and a dual-band
decoupling network (DN) were proposed for antenna
decoupling [7-9], and incorporating a waveguide meta-
material (WG-MTM) structure could also help in obtaining
a good decoupling performance [10]. However, the partial
power of the source antenna would be radiated from the slot
of the DGS structure, which could cause a strong backward
radiation pattern. The processing of EBG structures is rather
complicated, some of which require an intermediate layer or
metal via a hole, and the elements of other structures are too
complex in the references. Many MTM units have a good
decoupling performance with a simple and compact
structure.

From the aspect of the optimization methods, different
artificial intelligence techniques have been used in modern
antenna design to overcome the computational cost problem
of numerical optimization. Artificial intelligent algorithms
can find correlations between input and output variables
much efficiently and can thus speed up the optimization
process. It has been used in the design of metamaterial
perfect absorbers [11], and estimation of the radiation
performance of antenna arrays [12]. In [13], machine
learning (ML) was used to design a nanomagnetic-based
antenna by mapping the particle radius. Aguni et al. [14]
used artificial neural networks (ANN) to design a dual-band
microstrip patch antenna fed by a coplanar waveguide, and
Sharma et al. [15] designed a double T-shaped antenna and
optimized it by using selection operator, ANN, and k-
nearest neighbor methods, and Khan and Roy [16] pre-
dicted the slot-position and slot-size of a microstrip antenna
by using support vector regression. The multiperformance
optimization of an antenna array was estimated by a mul-
tibranch ANN model and a multistage collaborative ML
algorithm, respectively [17, 18]. Recently, the deep neural
network (DNN) was used to design nanostructure for phase
manipulation [19, 20], and inversely designed the broadband
quasi-Yagi antenna [21]. ML has been applied in antenna
design as a good calculation tool.

In this article, we propose a two-step decoupling design
of the microstrip antenna array. The first step is to design the
decoupling unit WCSRRs on the basis of waveguide and
complementary split ring resonators (CSRR), and propose
the microstrip antenna array with WCSRRs by EM simu-
lation; the second step is to optimize and predict the ge-
ometry parameters of the proposed array by FCNN.
Different from the existing waveguided decoupling studies
[22], the proposed WCSRRs cover the central substrate of
the array directly to suppress the mutual coupling and
improve the isolation of the microstrip antenna array. To
optimize the proposed array with WCSRRs when the dis-
tance between patches is further reduced, we use FCNN to
learn the relationship between array geometry and EM re-
sponse, and to predict the optimal geometry of the proposed
array for on-demand isolation requirement. On the basis of
the computability of large-volume prediction data, the
decoupling performance of the arrays predicted by FCNN is
better than the array designed by EM simulation.
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2. Methods and Design
2.1. Proposed Microstrip Antenna Array with WCSRR Design

2.1.1. Geometry of the Proposed Microstrip Antenna Array.
According to the microstrip antenna design principle [23],
the input impedance [24], and the radiation conductance
calculated method [25], the reference microstrip antenna
array is proposed. The layout of its structure is shown in
Figure 1(a).

The material of Teflon with a permittivity of 2.65 and
a thickness of 1 mm is selected as the substrate. The
proposed reference antenna array operates at 9 GHz, and
its optimal dimensions by EM simulation are as follows:
a=9.34mm, b=123mm, c¢=576mm, d,=576mm,
w; =0.59 mm, w, =2.63mm, and e=9.635mm. The dis-
tance L between the two patches is 0.241 (8 mm), where
Ao is the wavelength of the free space at 9 GHz. To suppress
the mutual coupling of the reference antenna array, the
decoupling units of WCSRRs are proposed, and its
compositional structure is shown in Figure 1(b). The
proposed antenna array with WCSRRs in Figure 1(c) is
obtained by loading a 1 x 5 array of WCSRRs on the center
of the reference microstrip antenna array, and its backside
is covered with the copper layer as shown in Figure 1(d).
Every WCSRR unit cell consists of the CSRR and the
waveguide on both sides of it, and its structure is shown in
Figure 2. As the decoupling unit between the patches, the
five CSRR units are directly printed on the substrate, and
the waveguide is covered on the CSRRs. It is easy to
achieve, and the complexity of our proposed approach is
low. When the electric field of the electromagnetic wave is
perpendicular to the CSRR plane, an electric resonance
will be excited, resulting in an effect such as the elec-
tromagnetic band gap.

2.1.2. WCSRR Unit Cell Design. The 3D view of the WCSRR
unit cell and its dimensions are shown in Figure 2(a). The
proposed WCSRR structure combines waveguide (WG)
with complementary split ring resonators (CSRR), which
is a kind of waveguided metamaterial (WG-MTM)
structure. The waveguide consists of one Teflon layer and
two copper layers. As a simple classic structure of the
single negative metamaterials, the CSRR has the charac-
teristic of negative permittivity. When the electromag-
netic wave resonates with the CSRR unit, the
electromagnetic wave would be stopped from propagat-
ing. To avoid the unnecessary backward radiation caused
by grooving the ground, the CSRR is inserted in the
middle of the waveguide structure. The CSRR layer is
made of copper, which is sandwiched between two Teflon
layers with a thickness of 1 mm. Both the top and bottom
Teflon layers are covered with two copper layers, with
a thickness of 0.035mm. The geometric parameters of
CSRR, optimized by CST Microwave Studio are as follows:
P=5mm,D=3.6mm, w=04mm,g= 0.4mm,andh =
1 mm, as shown in Figure 2(b).
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FIGURE 1: Schematic of the proposed microstrip antenna array. (a) Layout of the reference microstrip antenna array. (b) Compositional
structure. (c) Proposed antenna array with WCSRRs. (d) Backside of the proposed antenna array.
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FIGURE 2: Structure of the decoupling unit. (a) WCSRR unit cell compositional structure. (b) CSRR unit.

Assuming that a z-polarized electromagnetic wave im-
pinges on the surface of the CSRR along the direction of the
+y axis (please refer to Figure 2(a)), then the scattering
parameters of the CSRR at 9 GHz can be calculated, and the
simulated results are shown in Figure 3(a). The calculated
real parts of the effective permittivity and permeability are
shown in Figure 3(b).

As shown in Figure 3(a), the electromagnetic wave
cannot pass through the CSRR at 9 GHz. The real part of the
effective permittivity is negative, and the real part of the
effective permeability is positive, as shown in Figure 3(b).
These results indicate that the CSRR unit cell is a single
negative permittivity material, and can be used to obtain
decoupling performance. The decoupling structure of the
waveguide cavity is covered with a copper layer, which
prevents the incident electromagnetic waves from radiating
outward.

The geometry of the patch and CSRR is separately
optimized to obtain a high accuracy, and the process of
decomposing the whole structure into several parts for
optimization separately is a local optimization process.
The proposed microstrip antenna array with WCSRRs in
Figure 1 is based on the locally optimal parameters of the
EM simulation. To optimize all the geometric parameters
of individual patches and CSRRs at the same time is

CSRR 8
2 — —

.
a4 (b)

a global optimization process. The reason for our global
optimization approach is that while using local optimi-
zation it can improve the solution efficiency, but the
optimal decoupling performance of the whole proposed
array becomes difficult to obtain. To overcome this issue,
we use FCNN to achieve global optimization more
efficiently.

2.2. FCNN Approach. FCNN is a type of artificial neural
network where the architecture is such that all the
neurons in one layer are connected to the neurons in the
next layer [26]. The information is interconnected
through a group of artificial neutrons, where each node
produces a nonlinear function of its input. Its complex
relationship could be effectively learned by multilayer
perceptrons (MLPs) [27]. Our FCNN scheme is estab-
lished under the TensorFlow framework as shown in
Figure 4. Its MLPs consist of an input layer, variable
hidden layers, and an output layer, and every hidden layer
has variable artificial neutrons. In order to achieve fast
convergence, the MLPs are trained by the adaptive mo-
ment estimation (Adam) algorithm. On the basis of the
adaptive estimates of lower-order moments, the Adam
algorithm adapts to the first-order gradient-based



S-parameters (dB)

8.0 8.5 9.0 9.5
Frequency (GHz)

10.0

(a)

International Journal of Antennas and Propagation

Effective permittivity
and permeability

8.0 8.5 9.0 9.5
Frequency (GHz)

—m— Re(ey)
—o— Re(p,)

(b)

FIGURE 3: Simulated results of the CSRR. (a) S parameters. (b) Retrieved effective permittivity and permeability.

Input
Layer

Input

Hidden
Layers

Output
Layer

Ficure 4: FCNN scheme.

optimization of the stochastic objective functions. The
output corresponding to the input is computed by the
forward propagation formula as follows:

yi= A< Zwi)jxi> +b;,

where y; (the features of training: the S-parameters re-
sponse of the proposed array) is the output signal, x; (the
geometric parameters of the proposed array) is the input
signal, A is the activation function, and the rectified linear
unit (ReLU) is used as the activation function to avoid the
gradient explosion or disappearance. Both the weights w, ;
and the bias value b; are generated by random initiali-
zation, and they are further updated by the Adam
algorithm.

Through the forward training by FCNN in Figure 4, the
relationship between geometric parameters and S-
parameters response is obtained. In the following part, we
will utilize it to predict the geometric parameters of the
proposed array for obtaining the optimal decoupling, when
the distance of patches is further reduced.

1

3. Results and Discussion

3.1. Results by EM Simulation. By using EM simulation, we
simulate the parameters and the radiation patterns of both the
reference array and the proposed array, respectively. The local
optimization scheme is as follows: the geometric parameters
a and b of the patch are first optimized to design the reference
array, and then the geometric parameter D of CSRR is para-
metrically optimized to give an isolated array with WCSRRs. As
Figure 5(a) shows, both arrays are resonant at 9 GHz and their
reflection coefficients (S;,) are less than —25dB. The mutual
coupling (S5) of the proposed antenna array with WCSRR is
improved by nearly 8 dB compared with that of the reference
antenna at a resonant frequency. The simulated results are
shown in Figure 5(a). A good agreement of the radiation
pattern is obtained between the proposed antenna arrays with
WCSRRs and the reference array, and the gain varies from
7.6dBi to 7.4 dBi after adding the decoupling element in the
reference microstrip array, as shown in Figure 5(b). It reveals
that the proposed antenna array with WCSRRs could reduce
the mutual coupling effectively without affecting the reflection
coefficient and the radiation pattern.
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Figure 6 shows the simulated surface current distribu-
tion of two arrays. When the left patch is excited, the induced
current density on the right unexcited patch is significantly
reduced after loading the proposed WCSRRs structure. It
shows that the WCSRRs structure can suppress the mutual
coupling between the patches.

To obtain the optimal decoupling performance of the
array with reduced distance between patches, the calculation
accuracy must be further increased simultaneously, which
means a higher computation in our simulation. Due to the
limited computing ability of EM simulation, we introduce
FCNN to solve the computationally high precision opti-
mization problems, which aims to predict the geometrical
parameters for the optimal EM response.

3.2. Predicted Result by FCNN. Without considering the
influence of dielectric substrate, there are four critical
geometric parameters which have a major impact on the
performance of the proposed antenna array with WCSRRs.
They are g, b, D, and L. Therefore, the geometric parameters of
the proposed array with WCSRRs need to be optimized in the
following range: a € [8.5mm, 10mm],b € [8mm, 14mm)],
D € [0.5mm, 5mm],andL € [6mm, 8mm]. The low-fidelity
accuracy means that the optimization step length of a, b,
and D is 0.5mm, and it is Imm for L. The complete S-
parameters are composed of 2001 frequency points uni-
formly distributed among the frequency range of 8~10 GHz
with an interval of 0.001 GHz. It needs 64 hours to optimize all
1560 data generated from the global optimization calculation in
the EM simulation (the configuration of PC: Intel i7 CPU, 64 G
RAM, GPU with 4GB VRAM, and 2TB Hard Drive). The
high-fidelity accuracy is essential to meet the needs of the
accurate model design. It means that the optimization step of
b and D reduces to be 0.1 mm, a reduces to be 0.01 mm, and it is
still 1 mm for L, which would lead to more than 1.2 million
possible configurations. EM simulation will need months to
compute such an enormous amount of data, and it is hard to
search the satisfactory geometric parameters of the proposed
array according to its S-parameters performance. For breaking

the calculated limitations of EM simulation and shortening the
global optimization time, a FCNN is used to predict the high-
fidelity geometric parameters of the proposed array when L is
reduced from 8 mm to 7mm and 6 mm, respectively.

By using the 1560 simulated data obtained by EM
simulation (low-fidelity geometric parameters data of global
optimization), we trained two different FCNN networks for
S11 and Sy responses, respectively. The training network of
the geometric parameters versus S;; contains 3 hidden layers
with 500 neurons per layer, and it took only 4 minutes to
complete the 1400 iterations. The training network of the
geometric parameters versus Sy contains 12 hidden layers
with 1300 neutrons per layer, and it took 58 minutes to
complete the 2000 iterations. According to the low-fidelity
data training results, the 1.27 million high-fidelity geometric
parameters data of the proposed array are predicted only in
2 minutes. In the frequency range of 8~10 GHz, the 100 test
groups of geometric parameters are chosen randomly from
the prediction array. The predicted and simulated results of
the proposed array performance in 100 test groups are
shown in Figure 7, the reflection (|S;;|) comparison is shown
in Figure 7(a), and the isolation (|S,;|) comparison is shown
in Figure 7(b).

Figure 7 shows that the prediction results and simulation
results have consistent variation trends; however, the specific
peak values have differences. In general, the reflection and
isolation of the predicted values are better. It indicates that
excellent predictions could be obtained by the proposed
FCNN approach.

On the basis of the optimal prediction geometry of the
proposed array corresponding to the best S-parameter re-
sponse, three new geometric of microstrip antenna arrays
are obtained, where L is 8 mm, 7 mm, and 6 mm, respectively
(the specific geometric parameters are shown in Table 1). We
use EM simulation to simulate their structures to get the S-
parameters and radiation patterns for comparison.

Figure 8 shows the comparison of both results. The
resonant frequency of the predicted antenna arrays is nearly
at 9 GHz, and both reflection and isolation can meet the
actual application requirements. After adding athe
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FIGURE 6: Surface current distribution. (a) Reference antenna array. (b) Antenna array with WCSRR.
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Figure 7: Comparison of predicted and simulated S-parameters response. (a) Reflection |S;;|. (b) Isolation |Sy.

TaBLE 1: Comparison of simulated and measured results of the proposed arrays by different design methods.

Design Geometric parameters (mm) ) S (dB) ) Su (dB)
Simulated Measured Simulated Measured
L=8 a=9.23 b=14.0 D=23 -38.24 -39.09 -17.89 -29.11
FCNN L=7 a=9.32 b=13.0 D=25 —40.45 —41.05 -28.02 -37.34
L=6 a=9.42 b=12.6 D=25 -62.20 -52.33 -33.12 -30.60
EM L=8 a=9.34 b=123 D=36 -29.48 -31.32 -30.68 -26.81
decoupling element, when L=8mm, the isolation is in-  varies from 99.77%~80.13% when L=6mm. All the

creased from 25.53 dB to 38.24 dB, and the gain varies from
7.7 dBi to 7.5 dBi. When L =7 mm, the isolation is increased
from 23.33 dB to 40.45dB, and the gain varies from 7.5 dBi
to 7.1 dBi. When L =6 mm, the isolation is increased from
22.66dB to 62.20dB, and the gain varies from 7.4dBi to
7dBi. It reveals that the decoupling performance of the
proposed array is improved obviously, and its radiation
performance has little been affected.

The radiation efficiency of the predicted antenna array
is simulated, and the results are shown in Figure 9. It
reveals that in the operating frequency band (<-10dB)
from 8.95 to 9.15GHz, the radiation efficiency of the
predicted antenna array varies from 98.51%~92.32%
when L =8 mm, the radiation efficiency of the predicted
antenna array varies from 99.6%~86.46% when L =7 mm,
and the radiation efficiency of the predicted antenna array

maximum values are at 9 GHz.

3.3. Measurement Comparison between the EM Simulated
Design and FCNN Design. To further prove the advantage of
FCNN compared to the EM simulation, the proposed an-
tenna array designed by EM simulation was fabricated, and
its prototype is shown in Figure 10(a). Three newly predicted
arrays designed by FCNN were also fabricated, and their
prototypes are shown in Figures 10(b)~10(d).

The prototypes of the abovementioned proposed arrays
were measured, and the results are shown in Figure 11.
Figure 11 shows that, the experimental results are consistent
with the simulation results and the operating frequency is
nearly 9 GHz. As the distance between patches is further
reduced, the requirements for machining accuracy have also
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increased, which lead to fluctuations in the S,; curves and
discrepancies between the two cases. It is worth noting that
the measurement values of S,; are lower than their simu-
lation values basically, and the differences between mea-
surement values and simulation values are acceptable in
practical applications. From Figure 11(c), it can be known
that the measurement results of the radiation pattern are
basically consistent with the simulation results. The com-
parison results indicate that the decoupling element will not
affect the radiation pattern of the predicted arrays. At the
operating frequency, there is a detailed S-parameter per-
formance comparison of the proposed arrays designed by
FCNN and EM simulation in Table 1.

As shown in Table 1, when L=8mm, FCNN can im-
prove the isolation of the proposed array by 29.7% compared
to EM simulation. Besides that, the measured S,; of all the
predicted arrays are all less than —39.09dB basically, re-
vealing a good decoupling performance, and that of the
measured S;; are all less than —29.11 dB, thus meeting en-
gineering requirements. Especially, when L=6mm, the
measured S,; is improved to -52.33dB. The results
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(a) (®)
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FiGure 10: Photographs of the proposed array fabrication (unit: mm). (a) Proposed array design by EM simulation. (b) Proposed array
predicted by FCNN (L =8). (c) Proposed array predicted by FCNN (L =7). (d) Proposed array predicted by FCNN (L =6).

0
-10
— /M
g 20 =
~ Q
(5} o
T 30 g
=] b
P 40 =
S =
-50
-60 + : : :
8.0 8.5 9.0 9.5 10.0 8.0 8.5 9.0 95 10.0
Frequency (GHz) Frequency (GHz)
Simulation Measurement S S
11 21
—a Sll — Sll & -V L=6mm
- 821 - 821 @ 4 L=7mm
A P L=8mm
(a) (b)
0
-10 J
220 A
230 J
30 A
220 J
-10 A k 120
04
Normalized pattern (dB) 180
—m— Reference
—0— L=6 mm
—A— L=7 mm
- L=8 mm

(c)

FIGURE 11: Measurement results of the proposed arrays. (a) S parameters comparison results of the array design by EM simulation. (b) S

parameters comparison measurement results of predicted arrays design by FCNN. (c) Normalized radiation pattern comparison results of
the reference array and predicted array.

demonstrate that the benefits of using FCNN in our design The proposed WCSRRs is compared with the previous
are multifaceted, and it not only provides a higher accuracy =~ representative decoupling structure, i.e., DGS, EBG, FSS,
of isolation, but also requires less computational power,and ~ DN, and WG-MTM, and the results are listed in Table 2.
has a faster calculation. Different from the design method of other references, the
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TaBLE 2: Comparison of the proposed antenna array with previous decoupling works.
. 2 Edge-to-edge Max. Isolation . . Radiation

References Decoupling approach/profile (mm~) distance (mm) improvement (dB) Design complexity pattern deterioration
2] DGS/128.2 x 14.6 0.2, 30 Low No

[3] DGS/130x130 0.191, 15 Moderate No

[4] EBG/55 x 28 0.11A, 18 High Yes

[5] FSS/20x 16 0.5, 10 Moderate —

[9] DN/80 x 60 0.056A, 24 Moderate Yes

[10] WG-MTM/76.4 x 91 0.125), 20 Moderate No

[22] WG-MTM/35 x 69.5 0.11A, 10 Moderate No

Prop. WCSRRs/(in Figure 1) 0.2414/0.2114/0.18A, 30 Low No
antenna arrays with WCSRRs are predicted by FCNN. The Acknowledgments

comparison results reveal that the geometric dimensions of
the predicted antennas are relatively small and have a good
isolation. Besides that, the proposed decoupling microstrip
antenna array has a low design complexity and no radiation
pattern deterioration.

4. Conclusion

For the implementation of the decoupling design of the
microstrip antenna array, a two-step approach is proposed
to solve the two key factors, (1) the decoupling unit design
and (2) the high-fidelity geometric parameters global op-
timization. First, we design a novel WCSRR structure to
reduce the mutual coupling between the closely spaced
patches in an H-plane array. By suppressing the surface
waves through the proposed structure, the mutual coupling
is further decreased by 8 dB compared with the reference
antenna array. The proposed WCSRR structure has no
adverse impact on the radiation pattern. Second, a global
optimization design scheme by using FCNN is used to
predict the accurate geometric parameters of the proposed
array when the distance between patches is further re-
duced. It needs 64 hours to obtain the low-fidelity training
data obtained by EM simulation, and the high-fidelity
geometric parameters can be predicted only in 62 minutes
by the FCNN, which cannot be obtained by the EM
simulation. The simulated isolation of the predicted arrays
increases from 38.24 dB to 62.20 dB as the patch distance
decreases from 8 mm to 6 mm, the corresponding gain
decreases from 7.5dBi to 7 dBi, and the radiation effi-
ciency increases from 98.15% to 99.77%. The simulated
results have been confirmed by the measurement of their
prototype. Compared with the EM simulation, FCNN has
a greater computational ability to improve the design
efficiency of complex antennas significantly. The proposed
decoupling design approach has the potential to be ap-
plied in the MIMO antenna and RADAR array designs.
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