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ABSTRACT: This paper presents a compact multiple-input multiple-output (MIMO) microstrip antenna system covering the 2.4GHz and
5GHz wireless local area network (WLAN) bands. By etching rectangular slots on the microstrip patch and adjusting the dimensions of
both the antenna and rectangular slots, the antenna system can radiate at the operating frequencies of 2.44GHz and 5.3GHz simultane-
ously. To achieve high port isolation across the two distinct WLAN bands, a “WM”-shaped defected ground structure (DGS) is etched
on the ground plane to reduce mutual coupling in the 2.44/5.3GHz frequency bands. Simulation results demonstrate that within the
frequency ranges of 2.41–2.49GHz and 5.22–5.39GHz, the isolation of the two dual-band antenna systems achieves maximum coupling
suppression of 26.7 dB and 14 dB, respectively. This DGS can serve as a potential solution for decoupling in WLAN MIMO antennas.

1. INTRODUCTION

With the development of wireless communication technol-
ogy entering a new era, the demand for reliable data trans-

mission rates is growing rapidly. On the other hand, due to the
sharp increase in the number of users, the available wireless
communication spectrum is facing the limitation of high traf-
fic. In recent years, MIMO technology has attracted great at-
tention from researchers because this technology can provide
higher data rates, better reliability and spectral efficiency under
the same bandwidth and power level, and has a stronger ability
to overcomemultipath fading in the scattering environment [1].
In order to realize the MIMO antenna system, it is necessary to
place multiple antennas in a specific area. Therefore, signal in-
terference will occur between antennas, especially in the case
of limited space [2, 3]. Therefore, decoupling multiple com-
pactly placed antennas in MIMO systems is a challenge. Many
compact single-band wireless local area network (WLAN) an-
tennas have been studied [4, 5]. However, due to the rapid
development of wireless services, the demand for multi-band
antennas has become urgent. For example, the wireless local
area network standard IEEE 802.11ax covers the 2.4GHz and
5GHz frequency bands, so a dual-band antenna that can cover
both frequency bands at the same time is required. For MIMO
WLAN, how to achieve high isolation between multi-band an-
tenna elements has become a critical issue.
In the past few years, much work has been devoted to im-

proving the isolation of single-band antennas [6–9]. In addi-
tion, several methods have been proposed to reduce the mutual
coupling between multi-band antennas. Decoupling networks
have been widely studied and used to improve the mutual cou-
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pling of dual-band antennas [10–12]. In [10], a decoupling
network is proposed based on parallel-line coupling elements
for dual-band antenna decoupling. In [11], a dual-frequency
coupled resonator decoupling network is proposed, which con-
sists of a pair of dual-frequency open-loop square resonators,
thereby improving the mutual coupling between antennas. Al-
though decoupling networks have demonstrated good decou-
pling effects in many studies, they also increase the complexity
and loss of the antenna system. Other effective methods for
reducing mutual coupling in dual-band antennas include meta-
materials [13, 14], resonant elements [15–17], and electromag-
netic bandgap [18]. In [13], the metasurface coating consists
of paired slotted lines with two different lengths, which can ef-
fectively decouple adjacent dual-band antennas. However, the
metasurface decoupling method suffers from the problems of
a bulky structure and time-consuming optimization. In some
studies, parasitic elements such as planar spirals [16], para-
sitic resonators [19], and metal strips [20] are introduced be-
tween/around antenna elements or into the antenna elements
themselves. Additionally, DGS is also an excellent solution for
reducing mutual coupling in dual-band antennas [21–24]. High
isolation between ports can be achieved by etching slots in the
ground plane.
All the above-mentioned works have achieved the reduction

of mutual coupling between dual-band antennas, but they usu-
ally suffer from the problems of bulky decoupling structures,
time-consuming optimization, and high complexity and high
loss of the antenna system caused by the introduction of decou-
pling structures. Therefore, achieving high isolation between
dual-band antenna ports in an intuitive manner remains a huge
challenge.

93doi:10.2528/PIERC25061901 Published by THE ELECTROMAGNETIC ACADEMY

https://doi.org/10.2528/PIERC25061901


Xu and Wang

FIGURE 1. Microstrip line model loaded with “WM”-shaped DGS.

This paper presents a dual-band MIMO microstrip antenna
system forWLAN applications. The designed antenna operates
at both 2.4GHz and 5GHz bands. Dual-band characteristics
are achieved by etching a slot on the microstrip antenna patch.
Subsequently, by etching a “WM”-shaped DGS on the ground
plane, decoupling of the antenna is successively realized in both
the low and high frequency bands. The designed dual-band
MIMO antenna has been fabricated and tested. The proposed
design is compact and exhibits dual-band performance, demon-
strating its potential as a candidate for access point applications.
The structure of this paper is organized as follows. Sec-

tion 2 introduces and analyzes the characteristics of the “WM”-
shaped DGS. Section 3 presents the design of the dual-band mi-
crostrip antenna loaded with this DGS. Section 4 discusses the
simulation and measurement results of the microstrip antenna.
Conclusions are made in Section 5.

2. ``WM"-SHAPED DGS AND CHARACTERISTIC
ANALYSIS
To analyze the characteristics of the “WM”-shaped DGS, a mi-
crostrip linemodel loadedwith the DGS is established as shown
in Fig. 1. A microstrip transmission line with a characteristic
impedance of 50Ω is placed on the upper layer of the dielectric
substrate, which is made of Rogers 5880 with a relative permit-
tivity of 2.2 and a thickness h = 1.5mm. The “WM”-shaped
DGS is etched on the metal plate of the ground plane of the di-
electric substrate. The frequency range of the high frequency
structure simulator (HFSS) is set to 2 ∼ 6GHz, and the trans-
mission loss coefficient S21 between the two ports is examined
using HFSS.
The planar structure of the DGS is illustrated in Fig. 2, where

the key parameters affecting the filtering performance are L1,
L2, L4, L5, L2o, L3o, and L5o. The following section will an-
alyze the impact of each parameter on the DGS filtering char-
acteristics in detail. It should be noted that the parameter anal-
ysis presented here aims to investigate the individual influence
of each parameter on the filtering performance. The results
should not be considered as the final dimensions for the DGS
integrated into the MIMO antenna but rather as initial values.
Since the DGS in the antenna is arranged periodically, the final

FIGURE 2. Planar structure of the “WM”-shaped DGS.

dimensions require further fine-tuning after being incorporated
into the microstrip antenna to determine the optimal parameter
values.

2.1. Influence of Parameters L1, L2, L4, and L5o
Using the microstrip line model loaded with the DGS, simu-
lations were conducted to analyze the filtering characteristics
under varying lengths of parameters L1, L2, L4, and L5o while
keeping other parameters constant. The results are presented
in Figs. 3, 4, 5, and 6, where different curves correspond to
different lengths of L1, L2, L4, and L5o. It can be observed
that as the lengths of L1, L2, L4, and L5o increase, the high-
frequency resonance points shift towards the lower frequency
band. Moreover, parameters L1 and L2 exert a stronger influ-
ence on the high-frequency resonance points of the DGS filter
than parameters L4 and L5o.

2.2. Influence of Parameters L5, L2o, and L3o
Figures 7 and 8 illustrate the filtering characteristics of the
DGS filter under different lengths of L5 and L2o. As shown
in the figures, the low-frequency resonance points shift to-
wards higher frequencies as the parameters L5 and L2o de-
crease. Fig. 9 depicts the filtering characteristics of the DGS
filter under different lengths of L3o. It can be observed that
the low-frequency resonance points shift towards higher fre-
quencies as the parameter L3o increases, which is opposite to
the effect of L5 and L2o on the filtering characteristics of the
DGS. Compared with the influence of L1 and L2 on the high-
frequency resonance points of the DGS filter, the influence of
L5, L2o, and L3o on the low-frequency resonance points is rel-
atively weaker.

3. ``WM''-SHAPED DGS DESIGN FOR REDUCING AN-
TENNA COUPLING

3.1. Design of Dual-Band Microstrip Antenna Array without De-
coupling Structure
The proposedWLANMIMOpatch antenna is shown in Fig. 10.
The dielectric substrate is made of F4B with a dielectric con-
stant of 2.2 and a thickness h = 3mm. Both the dielectric
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FIGURE 3. Microstrip line frequency response characteristics trend with
parameter L1.
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FIGURE 4. Microstrip line frequency response characteristics trend with
parameter L2.

L4
L4
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FIGURE 5. Microstrip line frequency response characteristics trend with
parameter L4.

FIGURE 6. Microstrip line frequency response characteristics trend with
parameter L5o.

FIGURE 7. Microstrip line frequency response characteristics trend with
parameter L5.

FIGURE 8. Microstrip line frequency response characteristics trend with
parameter L2o.
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FIGURE 9. Microstrip line frequency response characteristics trend
with parameter L3o.

substrate and ground plane have dimensions of Wg × Lg; the
patch has dimensions of W × L. The antenna is designed to
operate in two frequency bands by controlling the dimensions
of the patch, and a rectangular slot etched on the patch is used
for fine-tuning the dual-frequency characteristics, with the slot
dimensions being Gw × Gl. The antenna adopts a coaxial
feeding method, where the horizontal distance from the feed-
ing center to the center of the rectangular patch is Lf , and the
vertical distance is Xf . The inner core of the feed has a size
R = 0.7mm, providing a 50Ω matched impedance. The de-
signed antenna is specified to operate at center frequencies of
2.44GHz and 5.3GHz, respectively; the antenna array spacing
is S (approximately 0.16λ0, where λ0 is the free-space wave-
length at 2.44GHz). Fig. 11 presents the parametric study on
the patch widthW , and the results show that the upper resonant
frequency can be easily adjusted by changing the patch width.
Fig. 12 describes the parametric study on the rectangular slot
lengthGl, indicating that the upper/lower resonant frequencies
can be finely adjusted by varying the length of the rectangular
slot.

3.2. Proposed Antenna Array with Decoupling Structure
To implement aMIMO antenna system, multiple antennas must
be placed within a specific spatial volume, which inevitably re-
duces the inter-element spacing. Such reduced spacing often
leads to strong mutual coupling between antennas. To mitigate
this coupling effect, the “WM”-shaped DGS designed in the
previous section is integrated into the ground plane of the mi-
crostrip antenna array. The configuration of the microstrip an-
tenna array loaded with the “WM”-shaped DGS is illustrated in
Fig. 13.
The distance from the centroid of the DGS located at the

lower position to the center of the ground plane is denoted as
m1, while the distance from the centroid of the DGS at the up-
per position to the ground plane center ism2. Using HFSS for
parametric sweep analysis of the antenna structure, the optimal
dimensions of the antenna and “WM”-shaped DGS are summa-
rized in Table 1.

TABLE 1. Antenna arrays and “WM”-shaped DGS dimensions.

Parameters
(in mm)

W L Wg Lg Lf Xf Gl

41.1 37 65 112 17 25 4
L1o L2o L3o L4o L5o g Gw

3.7 12.9 3.8 5.2 2 0.9 4
L1 L2 L3 L4 L5 m1 m2

0.1 7.1 2.9 2.7 1.2 6.5 14

4. EXPERIMENTAL AND MEASUREMENT RESULTS
To validate the effectiveness of the “WM”-shaped DGS in sup-
pressing the mutual coupling between microstrip antenna el-
ements, this section employs HFSS software to simulate the
proposed microstrip antenna array integrated with the “WM”-
shaped DGS. The dimensions of both the “WM”-shaped DGS
andmicrostrip antennas are provided in Table 1. The simulation
frequency range is set from 2GHz to 6GHz, and the results in-
clude S-parameters, Envelope Correlation Coefficient (ECC),
and far-field radiation patterns.

4.1. S-Parameter
The performance of the antenna can be evaluated by S11 and
S21, where S11 is the reflection coefficient of the antenna port,
indicating the amount of energy reflected from the antenna port;
S21 is the coupling coefficient from the first antenna to the sec-
ond antenna, which is numerically equal to the ratio of the sig-
nal power between the second antenna port and the first antenna
port, and a smaller value of S21 indicates a lower coupling be-
tween the two antennas.
The resonant frequency of the antenna is defined as the fre-

quency range within which the antenna meets the operational
requirements and thus realizes the effective reception and trans-
mission of the signal. For the antenna, the resonant frequency
is defined as the frequency range in which the reflection coeffi-
cient S11 of the antenna is below−10 dB. The center frequency
of the antenna is defined as the frequency corresponding to the
lowest S11 in the resonant frequency range, and the gain and ef-
ficiency of the antenna reach the maximum values at the center
frequency.
The simulation results of the S-parameters of the microstrip

antenna array before and after loading the “WM”-shaped DGS
are shown in Figs. 14 and 15, respectively. The results indicate
that there is no significant change in the antenna’s S11 before
and after loading the DGS. Before loading the DGS, the S21 of
the microstrip antenna is −21 dB at 2.44GHz and −16.38 dB
at 5.3GHz. After loading the DGS, the S21 of the microstrip
antenna becomes −47.71 dB at 2.44GHz and −30.42 dB at
5.3GHz. This demonstrates that loading the DGS effectively
reduces the coupling between antenna arrays by 26.71 dB at
2.44GHz and 14.04 dB at 5.3GHz. This verifies the band-stop
filtering characteristics of the designed “WM”-shaped DGS,
achieves the blocking of coupling currents on the ground plane,
and can effectively reduce the mutual coupling between an-
tenna arrays.
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FIGURE 10. Original antenna array structure without decoupling design.

FIGURE 11. Simulated S11 of the proposed antenna with parameterW . FIGURE 12. Simulated S11 of the proposed antenna with parameter Gl.

FIGURE 13. Microstrip antenna array loaded with “WM”-shaped DGS.
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FIGURE 14. S11 simulation results with and without “WM”-shaped
DGS.

FIGURE 15. S21 simulation results with and without “WM”-shaped
DGS.

FIGURE 16. Correlation coefficients of microstrip antenna arrays with
and without “WM”-shaped DGS.

4.2. Correlation Coefficient
The spatial correlation of the signal is a key factor affecting the
performance of the MIMO systems. The spatial correlation of
the antenna refers to the correlation characteristics between the
antenna at the transmitting end and the antenna at the receiving
end, which is generally expressed by the correlation coefficient.
If the correlation coefficient is too large, the channel capacity
of the MIMO systems will be significantly lost. In order to
achieve good performance, a necessary condition is to have a
low correlation between the transmitter and receiver antennas.
The correlation between the envelopes of two signals is

known as the ECC, and it is calculated by Formula (1):

ρe=
E
{(

|x1|2−E
{
|x1|2

})(
|x2|2−E

{
|x2|2

})∗}
√

E

{∣∣∣|x1|2−E
{
|x1|2

}∣∣∣2}E

{∣∣∣|x2|2−E
{
|x2|2

}∣∣∣2}
(1)

where x1 and x2 represent the two shunt signals, respectively,
and E {·} represents the expected value of the signal. ρe is the
ECC of the antenna.
According to HFSS, the correlation coefficients of anten-

nas with and without loading the W-shaped DGS are shown
in Fig. 16. The figure shows that the overall envelope corre-
lation coefficient is less than 0.1, which indicates that adding
this structure makes the correlation coefficient between the two
antennas significantly lower, demonstrating that the loading of
the structure significantly improves the isolation between the
antennas.

4.3. Far-Field Radiation Pattern

The central operating frequency of the microstrip antenna array
is 2.44/5.3GHz. The radiation pattern at the central operating
frequency was tested respectively. The simulation pattern of
the E plane and H plane is shown in Figs. 17 and 18. In the
figures, the antenna gain direction shows a directional radia-
tion characteristic. After loading the defective ground structure,
at the central frequency of 2.44/5.3GHz, the radiation pattern
shows good consistency in the forward radiation of theE plane
and H plane, while the backward radiation of the antenna in-
creases by up to 9.3 dB at most. This is because part of the
energy of the antenna radiates into the free space through the
defective ground structure, which indicates that there is no sig-
nificant difference in the radiation pattern before and after load-
ing the “WM”-shaped DGS, but the isolation between antenna
arrays is significantly improved.
To further validate the effect of the proposed “WM”-shaped

DGS on reducing the coupling between the microstrip antenna
arrays, the microstrip antenna arrays loaded with the “WM”-
shaped DGS were processed and measured by a vector net-
work analyzer. The prototype of the antenna arrays was fab-
ricated according to the parameters in Table 1, as shown in
Fig. 19. Fig. 19(a) shows the top view of the antenna arrays,
and Fig. 19(b) shows the bottom view of the antenna arrays.
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(a) (b)

FIGURE 17. Far-field radiation pattern of microstrip antenna arrays with and without “WM”-shaped DGS (2.44GHz). (a) E-plane. (b)H-plane.

(a) (b)

FIGURE 18. Far-field radiation pattern of microstrip antenna arrays with and without “WM”-shaped DGS (5.3GHz). (a) E-plane. (b)H-plane.

(a) (b)

FIGURE 19. The prototype of microstrip antenna arrays with “WM”-shaped DGS. (a) Top view. (b) Bottom view.

During the measurement process, two 50Ω SMA connectors
are used to feed the antenna.
The S-parameters were measured using a vector network an-

alyzer. Fig. 20 shows the comparison curves of the simulated
and measured S11 and S21 parameters. A slight discrepancy
exists between the two due to SMA connector losses and man-

ufacturing tolerances. However, it can be observed that the
measured results are in good agreement with the simulated ones
obtained from HFSS. The actual measurement results indicate
that the bandwidth with S11 < −10 dB at the low-frequency
point is 81MHz (2.412 ∼ 2.493GHz), and the bandwidth
with S11 < −10 dB at the high-frequency point is 169MHz
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FIGURE 20. S11 andS21 simulation andmeasurement comparison curves. (a)S11 simulation andmeasurement comparison curves. (b)S21 simulation
and measurement comparison curves.

TABLE 2. Comparison among the relevant works.

Ref. Method Frequency
(GHz)

Edge-to-edge spacing
(λ0)

Isolation improvement
(LB/HB) (dB) Complexity

[12] Decoupling network 2.35–2.5/
5.05–5.3 0.08/0.17 13/9 medium

[15] DGS & Resonant
structure

2.4–2.483/
5.15–5.83 0.12/0.27 12/7 High

[18] EBG 3.42–3.6/
4.7–5.1 0.46/0.65 25/10 High

[20] Metal strips
& walls

3.47–3.53/
5.68–5.72 0.023/0.038 10.8/15.6 High

This work DGS 2.41–2.49/
5.22–5.39 0.16/0.35 26.7/14 Low

Where λ0 is the free space wavelength at the lowest resonant frequency.

(5.222 ∼ 5.391GHz). At the low-frequency range, the cen-
ter frequency of S21 is 2.448GHz, and the coupling value be-
tween the antenna arrays decreases from−21 dB to−41.34 dB,
achieving more than 20 dB of coupling suppression. At the
high-frequency range, the center frequency of S21 is 5.36GHz,
and the coupling value between the antenna arrays decreases
from−16.38 dB to−26.8705 dB, achieving an overall coupling
suppression of more than 10 dB.
Table 2 summarizes the performance of this work and other

relevant works. It can be observed that although the proposed
scheme requires a certain spacing, it outperforms other meth-
ods in terms of decoupling effect and structural complexity. In
[12] and [20], the antenna spacing is relatively small, but the
improvement in isolation in the low-frequency band and high-
frequency band is not particularly significant. In [15], although
the isolation between antennas is improved, the excessively
high structural complexity may pose risks in practical appli-
cations. Ref. [18] has achieved remarkable results in antenna
isolation; however, the issues of large spacing and high com-
plexity remain to be improved. Therefore, it can be seen from
Table 2 that the proposed DGS has the advantage of achieving
a better decoupling effect within a relatively compact volume.

5. CONCLUSION

To suppress the coupling between dual-band MIMO antenna
systems, this paper designs a simple and compact “WM”-
shaped DGS. A microstrip line model loaded with the “WM”-
shaped DGS is constructed, and the band-stop characteristics
of this structure are analyzed. Subsequently, by controlling
the dimensions of the patch and rectangular slot, the MIMO
antenna system is made to operate at two frequency bands of
2.4GHz and 5.3GHz. After loading the “WM”-shaped DGS
into the dual-band MIMO antenna system, the isolation be-
tween the antenna ports is reduced by 26.7 dB and 14 dB at
the high-frequency and low-frequency points, respectively, and
the ECC between the antennas is also reduced. A comparison
with other relevant works reveals that although the proposed
scheme requires a certain spacing, it outperforms other struc-
tures in both decoupling effect and structural complexity. In
addition, the measured results are in good agreement with the
simulated ones, which indicates that the DGS proposed in this
paper can serve as a potential decoupling solution for WLAN
MIMO antennas.
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