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(e improved dual-layer mushroom (IDLM) and back-to-back E-shaped stubs for mutual coupling reduction between microstrip
patch antennas are presented in this paper. (e IDLM unit consists of one upper layer complementary split-ring resonator lattice
and four lower layer lattices, whose centers are connected to the ground by a pin.(e decoupling structure can prevent the surface
current from one antenna port to another, so as to improve the isolation between the antennas.(e proposed antenna works in the
open wireless communication band of 2.45GHz. Using the proposed decoupling structure, a low mutual coupling level ranging
from − 27 to − 40 dB is obtained when the center distance of the adjacent patches is 0.5λ0.(e total size of the decoupling antenna is
99× 41× 2.4mm3 with a frequency range of 2.42–2.48GHz for S11< − 10 dB.(e proposed decoupling structure can also improve
the average gain and efficiency of the antenna by 0.1 dB and 5%, respectively. (e antenna is studied from the aspects of isolation,
return loss, current and electric field distribution, radiation pattern, and diversity performance. (e designed decoupling antenna
is fabricated and measured. (e pattern, isolation, and return loss of the tested results show good consistence with the simulation
results. (e diversity gain and envelop correlation coefficient of the diversity performance show that the designed antenna can be
used in MIMO or Rx/Tx systems.

1. Introduction

Inmultiantenna applications such as multiple input multiple
output (MIMO) system, Rx/Tx system, and array antenna,
the coupling between neighboring antenna elements is an
important problem that cannot be ignored. (e mutual
coupling (MC) between antennas will result in low antenna
efficiency, poor impedance matching, and radiation per-
formance. (us, reducing MC involves various types of
antennas, such as 3D nonplanar antenna array [1], wave-
guide slot array [2], and microstrip patch antenna [3]. As
one of the most commonly used antennas, microstrip an-
tenna is extensively employed in many wireless systems.
(erefore, there are many literatures on the decoupling
method of microstrip antenna.(e decoupling structure can
be placed on the upper layer of the microstrip antenna [4] or
between the antenna elements [5].

In previous studies, several techniques have been pro-
posed to enhance the isolation between adjacent microstrip
antenna elements. Common decoupling technologies in-
clude lumped elements decoupling network [6, 7], resonator
[8], defected grounded structures (DGSs) [9, 10], polari-
zation-conversion isolator [11], electromagnetic bandgap
[12–14], and metamaterials [15–17]. (e use of DGS can
suppress the surface wave and improve isolation. However,
this method often leads to a lower front-to-back ratio, as
mentioned in [9, 10]. (e combination of one-dimensional
split ring resonator (SRR) and electromagnetic bandgap
(EBG) [12], Z-shaped etched metallic elements [13], and
fractal-based EBG [14] is adopted to reduce the MC. In [15],
the metamaterial is introduced on both the bottom and top
sides of the antenna array to enhance the isolation of 14 dB,
but the results indicate a poor front-to-back ratio. Elliptical
SRRs have been placed between the ground plane and the
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patch to achieve 44 dB isolation [16]. About 35 dB isolation
was achieved by using flower-shaped metamaterial [17].

In this paper, the MC is reduced by embedding dual-
layer mushroom (IDLM) and back-to-back E-shaped stubs
between the two microstrip antennas. (e IDLM element is
improved on the basis of double-layer rectangular EBG [18],
which has a smaller size than simple double-layer EBG. (e
combination of IDLM and E-shaped stub reduces the MC by
19 dB at the working frequency of the antenna.(e envelope
correlation coefficient (ECC) of the designed antenna is low,
the diversity gain (DG) is high, and the total active reflection
coefficient (TARC) is − 11 dB at 2.45GHz, which is available
for MIMO or Rx/Tx system. (e structure of the proposed
antenna geometry and MC reduction performances are
shown in Section 2. (e patterns, S-parameters, ECC, DG,
and TARC of the antenna are indicated in Section 3. Finally,
Section 4 gives the design conclusion.

2. Antenna Design and Analysis

2.1. Structure of Antenna. (e structure and geometry of the
designed antenna are provided in Figure 1(a). (e substrate
of the antenna is FR4 with loss tangent (δ) of 0.02, and the
total size of the antenna is 99× 41× 2.4mm3. It consists of
four IDLM elements and two back-to-back E-shaped stubs,
which are located between the two antenna elements.

(e resonant frequency of the designed antenna is about
2.45GHz. To obtain this resonance frequency, the patch
antenna dimensions are as follows: Lp � 24.4mm and
Wp � 27.4mm.(e two antenna elements are fed by a coaxial
probe, respectively. (e center-to-center spacing (S1) of the
element is 64.1mm, which is equivalent to half of the
wavelength corresponding to 2.45GHz.

To reduce the surface current flow and the MC between
the array radiating elements, back-to-back E-shaped stubs
and an array of IDLM have been implemented between the
radiating elements.(e IDLM units consist of a double-layer
split-ring resonator with a similar structure shown in
Figure 1(b). (e lower layer consists of four elements of the
same size, and the upper layer is an element of another size.
(e resistance band of the IDLM is used to prevent the
electromagnetic wave transmitting to the nonexcitation
element. (e specific parameters of the optimized IDLM are
shown in Table 1. (e length of L1 +W1/2 − W3 in the
E-shaped stub is about one-fourth of the effective wave-
length corresponding to 2.45GHz. (e E-shaped stub can
resonate at 2.45GHz which is the center frequency of the
antenna, so it can effectively prevent the electromagnetic
wave from coupling to the adjacent antenna element. Fig-
ure 2 shows the relationship between the length of E-shaped
stubs and S21 of the adjacent antenna elements. W1 remains
unchanged at 27.4mm when L1 changed, and L1 remains
unchanged at 5.5mm whenW1 changed. It can be seen from
Figure 2 that, with the increase in L1 or W1, the frequency
with a smaller S21 value gradually decreases because the
increase in L1 or W1 leads to the decrease in the resonance
frequency. By adjusting L1 or W1, the isolation of the re-
quired frequency band can be improved. (e optimized
parameters of the E-shaped stubs are shown in Table 1.

Next, the position of the E-shaped stub is explored.
Figure 3(a) shows the S-parameter results variation for
various spacing (S2) between the E-shaped stub and IDLM.
S3 remains unchanged at 7.2mm, and the other parameters
of the antenna are listed in Table 1 when S2 changed. As S2
increases from 1 to 3mm and then 6mm, the S21 decreases
from − 23.7∼− 27.4 to − 24.9∼− 36.2 dB and then increases to
− 24.5∼35.1 dB. (e resonate frequency of the antenna in-
creases with the increase in S2. (e best S-parameter is
obtained when S2 � 3mm. Figure 3(b) shows the effect of
E-shaped stub offset (S3) on the decoupling performance. S2
remains unchanged at 3mm, and the other parameters are as
Table 1 when S3 changed.When S3 �1.2 and 13.2mm, that is,
the E-shaped stub offsets too far from the center of the
radiation patch, the frequency of S21 minimum becomes
higher. (is is because the effective length of the E-shaped
stub becomes smaller. However, when S3 increases from 3.2
to 11.2mm, the S21 remains almost unchanged in the op-
erating frequency band of the antenna.

Figure 4 illustrates the S-parameter results versus fre-
quency for the various center-to-center spacing (S1). As S1
reduces from 64.1mm to 56.1mm, the isolation is less af-
fected, while the frequency corresponding to the minimum
value of S11 increases.

2.2. Coupling Reduction Performance. (e configurations of
the three antennas are presented in Figure 5: (1) AT1 is a dual
conventional rectangular antenna without decoupling
structure, (2) AT2 is a dual antenna with an array of IDLM,
and (3) AT3 is a dual antenna with back-to-back E-shaped
stubs on both sides of the IDLM. Figure 6 illustrates the
transmission coefficient (S21) and simulated reflection co-
efficient (S11) of the abovementioned three antennas. It is
observed that AT1 has poor isolation. (e MC of AT2 is
slightly lower than that of AT1 because there are fewer IDLM
elements in a limited space. (e MC of AT3 is obviously
improved by printing E-shaped stubs on both sides of the
IDLM. (e minimum coupling degree is reduced by ap-
proximately 20 dB, which is less than − 27 dB in the entire
working bandwidth, as illustrated in Figure 6.

To express the reason for the increased isolation, the
surface current distribution of AT1, AT2, and AT3 at
2.45GHz is shown in Figure 7. In the analysis, port 1 is
excited and port 2 is loaded with a 50Ω standard resistance.
As shown in Figure 7(a), before loading decoupling struc-
ture, the current induced by the right element is high when
the left unit is excited. (erefore, the MC between elements
of AT1 is high. (e MC is reduced when IDLM is employed.
As illustrated in Figure 7(b), the current on the right element
decreases, but a part of current is still coupled to the right
element. When introducing E-shaped stubs on both sides of
the IDLM, most of the current is concentrated on the
E-shaped stubs, resulting in a small-induced current on the
right element, as illustrated in Figure 7(c). (erefore, the
isolation is greatly improved.

To further analyze the influence of decoupling structure
on antenna performance, the electric field without or with
the decoupling structure is shown in Figure 8. (e electric
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field of excitation element is almost unaffected by the
decoupling structure. But the electric field of nonexcited
element rotates about 45 degrees. (erefore, the far-field
pattern radiated by the right element has almost no effect on
the copolarization pattern of the excited element.(at is why
the copolarization pattern of the excited element is not
affected by the nonexcited element with the decoupling
structure introduced. It can also be seen from the figure that,
with introducing the decoupling structure, the feed point of
the nonexcited element is at the minimum position of the
electric field, so the feed port isolation between the two
elements is improved.

(e proposed decoupling structure in this paper is also
effective for PIFAs shown in Figure 9. (e S-parameters of
2-element PIFAs with and without the proposed decoupling

Table 1: Dimensions of optimized parameters of the proposed
antenna.

Parameters Dimension (mm) Parameters Dimension (mm)
W1 27.4 h1 1.2
W2 10.7 h2 1.2
W3 2 W4 0.6
L1 5.5 W5 0.5
W 4.8 W6 0.6
g 0.3 W7 0.5
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Figure 1: Geometry of the proposed antenna: (a) top view; (b) dual-layer mushroom cell.
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structure is compared when the center distance of the PIFAs
remains 0.5λ0, as shown in Figure 10. It is observed that the
minimum coupling value is reduced by approximately
10 dB, which is less than − 35 dB in the entire working
bandwidth.

3. Experimental Results and Discussion

To validate the MC performance of the designed antenna, a
prototype is fabricated (Figure 11) and measured in an
anechoic chamber. (e S-parameters and radiation patterns
are simulated and measured. (e ECC, DG, and TARC are
studied to further evaluate the diversity performance.

3.1. Antenna Performance. (e S-parameters of the designed
antenna are simulated and measured, and the results are il-
lustrated in Figure 12.(emeasured result of S11 shows that the
resonant frequency of the antenna is 2.43GHz, which is
0.02GHz lower than the simulated result.(e slight shift in the
resonance frequency may be due to common factors, such as
the tolerance on the FR4 dielectric constant, inaccuracy in the
fabrication process, and effect of the SMA connector. (e
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Figure 3: Comparison between the position of the E-shaped stub and S-parameters: (a) spacing between the E-shaped stub and IDLM;
(b) the offset of E-shaped stub.
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Figure 7: Surface current distribution: (a) AT1; (b) AT2; (c) AT3.
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simulated S21 of the operating frequency is − 38.6 dB, and the
measured is − 35dB. (e MC of the proposed antenna is less
than − 35dB within the operation bandwidth of − 10dB.

Figure 13 shows the radiation patterns of measured and
simulated when one port of the antenna is excited and the

other port is connected to 50Ω resistance. (e measured
results correspond with the simulated results. In the main
lobe patterns of the upper-sphere space, the simulation and
measurement results are basically consistent. Compared
with the conventional antenna, the peak of the H-plane
pattern of AT3 appears in the broadside direction. (e
proposed decoupling structure of increasing isolation can
effectively reduce the influence of the adjacent element on
the main lobe of the pattern.With the insertion of IDLM and
E-shaped stub, the cross-polarization level of the antenna is
almost unaffected. Within 3 dB beam width, the relative
cross-polarization level is greater than 18 dB.

(e simulated and measured gain and radiation effi-
ciency of the AT1 and AT3 are shown in Figure 14. It can be
seen that the simulated efficiency of AT1 and AT3 are 47%
and 51% at 2.45GHz, respectively. When the frequency is
higher than 2.45GHz, the gain and efficiency of AT3 are
improved because the matching and isolation of AT3 is
better than that of AT1 (as shown in Figure 6). (e gain and
efficiency of AT3 are basically consistent with the simulation
results.
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Figure 11: Photograph of the fabricated prototype.
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(is method is compared with the common mutual
coupling suppressionmethods of microstrip radiation patch,
as shown in Table 2. It can be seen that the proposed method
of combining the stub and EBG can achieve a better isolation
than others with the same center-to-center spacing. Al-
though the antenna in [21] achieves a wider bandwidth and
better isolation, it has a higher profile and larger spacing.

3.2. Diversity Analysis. To evaluate the diversity character-
istic, the ECC andDG of the designed antenna are estimated.

(e ECC can be calculated using S-parameters [14, 22] or
far-field vector phasor radiation patterns [23, 24]. In [25],
the author has verified that the two methods are equivalent
in calculating the ECC of half-wave dipoles and orthogonal
fed microstrip antennas. Comparing with a radiation
pattern method, S-parameter method is more convenient
in data acquisition and calculation. When the radiation
efficiency of the antenna is low, the radiation efficiency
should be considered while using S-parameter to calculate
ECC [17, 26] as equation (1), where Saa and Sbb represent
the reflection coefficients of the two element ports, Sab and
Sba represent the transmission coefficients of the two ele-
ment ports, and ηa and ηb are the radiation efficiencies of
the two elements:

ECC �
S
∗
aaSab + S

∗
baSbb



2

1 − Saa



2

− Sba



2

  1 − Sbb



2

− Sab



2

 ηaηb

. (1)

(e DG can be estimated by ECC [17], and the calcu-
lation formula is shown as follows:

DG � 10
���������

1 − (ECC)
2



. (2)

(e ECC and DG of the proposed antenna are illustrated
in Figure 15. (e simulation results are in good agreement
with the measured in the range of 2.42–2.48GHz. (e es-
timated value of ECC is far less than the commonly used
threshold level of 0.5, and the value of DG is large, very close
to 10 dB. (ese characteristics show that the designed an-
tenna has good diversity performance and is suitable for Rx/
Tx or MIMO system.
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Figure 13: Simulated and measured far-field radiation patterns: (a) H plane; (b) E plane.
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Total active reflection coefficient (TARC) is another im-
portant parameter to evaluate the diversity performance. (e
TARC can be calculated by equation (3) [27]. When TARC is
less than 0dB, MIMO system can work normally [17]. As
shown in Figure 16, the simulated and measured TARC are
− 6dB and − 11dB for the desired frequency 2.45GHz:

TARC �

����������������������

Saa + Sab( 



2

+ Sba + Sbb( 



2

2



. (3)

4. Conclusion

An efficient technique for adding IDLM and back-to-back
E-shaped stubs is proposed for MC suppression in micro-
strip patch arrays with center-to-center spacing between
antenna elements of 0.5λ0. (e designed IDLM and
E-shaped stub are placed between the H-coupled radiation
elements. (e influence of coupling elements on the cou-
pling and radiation performance is discussed, and the reason
is analyzed through the current and electric field on the
antenna. Moreover, the ECC, DG, and TARC of the pro-
posed structure are also studied. (e ECC is very small, the
DG is large, and the TARC is less than − 3 dB. Owing to the
abovementioned features, the proposed structure is a
promising candidate for the wireless Rx/Tx or MIMO
applications.

Data Availability

(e design results can be reproduced using Figure 1and
Table 1 of the paper

Conflicts of Interest

(e authors declare that they have no conflicts of interest.

Acknowledgments

(is work was supported in part by the Project of Guangxi
Youth Innovative Talents Research (no. 2019AC20281), in
part by the Project of Guangxi Natural Science Foundation
(no. 2019JJA170029), and in part by Guangxi Key Labora-
tory of Wireless Wideband Communication and Signal
Processing, Guilin University of Electronic Technology (no.
GXKL06190201).

References

[1] T. Shabbir, R. Saleem, S. S. Al-bawri, M. F. Shafique, and
M. T. Islam, “Eight-port metamaterial loaded UWB-MIMO
antenna system for 3D system-in-package applications,” IEEE
Access, vol. 8, pp. 106982–106992, 2020.

[2] S. Ebadi and A. Semnani, “Mutual coupling reduction in
waveguide-slot-array antennas using electromagnetic
bandgap (EBG) structures,” IEEE Antennas and Propagation
Magazine, vol. 56, no. 3, pp. 68–79, 2014.

[3] J. Ouyang, F. Yang, and Z. M. Wang, “Reducing mutual
coupling of closely spaced microstrip MIMO antennas for
WLAN application,” IEEE Antennas and Wireless Propaga-
tion Letters, vol. 10, pp. 310–313, 2011.

[4] M. Li, B. G. Zhong, and S. W. Cheung, “Isolation enhance-
ment for MIMO patch antennas using near-field resonators as

Table 2: Dimensions of optimized parameters of the proposed antenna.

Ref. Method f0 (GHz) Freq. range
(|S11|<10 dB)

Max isolation (dB) Center-to-center
spacing Total size (mm)

[19] EBG 5.1 / 30 0.5λ0 >0.82λ0 × 0.50λ0 × 0.03λ0
[20] EBG 5 2.4% 34 0.5λ0 1.3λ0 ×1.0λ0 × 0.02λ0
[21] Decoupling feeding network 7.5 9.2% 58 0.65λ0 λ0 ×1.01λ0 × 0.2λ0
(is work Stub and EBG 2.45 2.4% 39 0.5λ0 0.81λ0 × 0.33λ0 × 0.02λ0

0.05

0.04

0.03

0.02

ECC_Mean.
ECC_Sim.

DG_Mean.
DG_Sim.

0.01

0.00

EC
C

2.40 2.42 2.44 2.46 2.48 2.50
Frequency (GHz)

10.1

10.0

9.9

9.8

9.7

9.6

D
iv

er
sit

y 
ga

in

Figure 15: ECC and DG of the proposed antenna.
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