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ABSTRACT Herein, a high isolation multiple-input−multiple-output (MIMO) antenna with a very close
array element spacing, is proposed. By loading a pair of L-shaped parasitic stubs on the antenna feeder,
the impedance matching bandwidth of the antenna is significantly improved. Furthermore, since the
λ/2 microstrip line can make the signal through it produce 180◦phase transformation at the resonant
frequency. A dielectric wall decoupling structure withλ/2metal microstrip lines etched on both sides of
the substrate is designed, and its profile height is 1.3 mm (0.022λ0).When the antenna element edge-to-
edge distance is only 1mm (0.017λ0), the isolation of the MIMO antenna at the resonant frequency of
5.37 GHz is improved from 8.5 dB to 60 dB by introducing the dielectric wall decoupling structure. Finally,
the close-spacing MIMO antennas using current cancellation method are compared, and the results show
that the proposed decoupling structure is simple and has great versatility and extensibility.

INDEX TERMS Current cancellation method, high isolation, multiple input multiple output (MIMO)
antenna.

I. INTRODUCTION
Massive multiple-input−multiple-output (M-MIMO) tech-
nology has become one of the key technologies in fifth-
generation (5G) wireless communication systems [1], [2].
With the increasing number of MIMO antenna elements and
the increasing miniaturization of equipment, the mutual cou-
pling between compactMIMO antenna elements is becoming
more and more serious [3]. Therefore, it is urgent to develop
a reasonable decoupling structure when the distance between
MIMO antenna array elements is very close. As reported
in previous studies, the isolation between the antenna ele-
ments in the M-MIMO antenna array is greater than at least
25 dB [4].

In recent years, researchers have made significant efforts
have been made to address the strong coupling problem of
MIMO antenna with a very small array element spacing [5].
For example, methods to improve isolation by reducing
or counteracting the original coupling field or coupling
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current are reported. Common decoupling structures include
defected ground structure (DGS) [6], [7], [8], electromagnetic
band-gap (EBG) structure [9], [10], parasitic resonance struc-
ture [11], [12], [13], [14], [15], neutralization lines [16], [17],
[18], decoupling networks [19], [20], [21] and polarization-
conversion decoupling [22], [23].

The coupling field/current cancellation method refers to
artificially creating an additional coupling path with equal
amplitude and opposite phase to improve the isolation
between two antenna elements. In [13], a simple microstrip
U-section was added between the antenna elements to form
an indirect coupling path for field cancellation. However, this
microstrip structure occupied a large amount of antenna ele-
ment spacing. In [15], a three-port high isolation monopole
MIMO antenna operating at 3.5 GHz is proposed. High iso-
lation is achieved by introducing two reactive load dummy
elements between the antennas. The results show that the
isolation is better than –30 dB within the band of inter-
est. In another study [23], a decoupling structure of the
polarized conversion surface coplanar with the antenna was
reported, which achieved coupling suppression above 19.6 dB
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by changing the polarization direction of the coupling field,
the array element spacing of the MIMO antenna was about
9 mm (0.174λ0).

Furthermore, metamaterials and metasurfaces are also
widely used for MIMO antenna coupling suppression
because of their good electromagnetic field control abil-
ity [24], [25], [26], [27], [28], [29], [30]. In [26], Haoze Luan
utilized a simple ring slotmetasurface to enhance the isolation
of the E/H-plane coupled patch antennas. By suppressing
surface waves and partially changing the coupling mode, the
coupling suppression of the MIMO antenna exceeded 40 dB.
However, the use of metasurface decoupling can significantly
increase the profile height of the antenna, which is not con-
ducive to the miniaturization of the array antenna.

Recently, some self-decoupling methods using the char-
acteristics of the antenna itself have been proposed, such as
weak field coupling [31] and mode cancellation [32], [33],
[34], [35], [36]. The self-decoupling technology employs
unique antenna elements to reduce mutual coupling with-
out introducing an additional decoupling structure and there-
fore has a subtle antenna structure. Although self-decoupling
method is novel and effective, it lacks system design criteria
and needs to continuously optimize the structure and layout of
the antenna elements. For instance, in [31], the feed structure
of the microstrip patch antenna is improved, and the coupling
field from the feeding structure is utilized to counteract the
coupling from the radiation patch, so that the electric field
around the coupled patch antenna is very weak and cannot
be effectively excited. Hence, the isolation between adjacent
microstrip patch antennas is significantly improved without
the need for additional decoupling structure. However, lim-
ited by the structure of the antenna, the weak field self-
decoupling method is only applicable to the E-plane coupled
MIMO microstrip patch antenna.

In summary, the decoupling structure designsmainly suffer
from problems such as large array element spacing, a complex
decoupling structure, and high profile. In this regard, a simple
passive metal strip decoupling dielectric wall is designed in
this paper to suppress the mutual coupling by cancelling the
coupling effect of the original path when the MIMO antenna
element spacing is 1 mm. Moreover, a pair of L-shaped par-
asitic resonant structures are introduced on the patch antenna
feed line to improve its impedance matching bandwidth. The
simulation and experimental results show that the MIMO
antenna still has high isolation and good impedance matching
bandwidth in the operating frequency band even when the
array element spacing is very close. This decoupling structure
can be effectively applied to MIMO antennas of different
frequency bands and types.

II. ANTENNA DESIGN AND ANALYSIS
Fig. 1(a) displays the overall structure of the MIMO antenna
and the basic structure of the passive metal strip decoupling
dielectric wall. The proposed antenna was built on an FR4
substrate with a relative permittivity of εr = 4.4, a loss tan-
gent of tan δ = 0.02 and a thickness h=1.0 mm. A λ/2 pas-
sive metal strip decoupling dielectric wall is embedded
between two antenna elements with a spacing of only 1 mm.

The decoupled dielectric wall consists of half-wavelength
microstrip lines on both sides of an FR4 substrate and two
plugs at the bottom, as shown in Fig. 1(b). It should be noted
that the plug is only used to fix the decoupling structure and
does not affect the other performance of the antenna. Simi-
larly, two plug slots are provided at the antenna dielectric sub-
strate and the bottom so that the decoupling structure can be
fixed on the antenna dielectric substrate, as shown in Fig. 1(c).

FIGURE 1. Proposed MIMO antenna structure. (a) Top, (b) passive metal
strip decoupling dielectric wall, and (c) bottom. Detailed dimensions: W =

39 mm, W1 = 16 mm, W2 = 1.9 mm, W3 = 5.0 mm, W4 = 0.6 mm,
W5 = 1.0 mm, W6 = 0.8 mm, W7 = 0.4 mm, L = 32 mm, L1 = 12.55 mm,
L2 = 14 mm, L3 = 5.0 mm, L4 = 4.25 mm, L5 = 22 mm, L6 = 7 mm,
h1 = 1.3 mm.

A. L-SHAPED PARASITIC STUBS
In general, to improve the impedance matching of the
antenna, a method of loading a parasitic resonant structure
can be adopted. Loading a resonant structure that is closer to
the resonant mode of the patch antenna can enhance the res-
onant mode of the antenna, thereby improving its impedance
characteristics to a certain extent.
Fig. 2 shows a comparison of the S-parameter values

with and without loading the L-shaped parasitic resonance
stub. When the resonant structure is not loaded, the reflec-
tion coefficient and mutual coupling of the MIMO antenna
is unacceptable for the MIMO antenna system. Conversely,
by loading the L-shaped parasitic resonance stub between two
very closely spaced microstrip antennas, the original poor
S11 of −7 dB can be improved to better than −15 dB at
the resonant frequency of 5.37 GHz. In addition, it can be
observed from the S21 curve that in the operating frequency
band, loading the L-shaped parasitic stub has almost negligi-
ble impact on the isolation of the MIMO antenna.

B. DECOUPLING STRUCTURE DESIGN AND MECHANISM
ANALYSIS
The decouplingmechanism of the current cancellation decou-
pling method is realized by utilizing additional coupling
between antennas. To be specific, an indirect coupling field
is added between antennas, which meets the requirement
of approximate equalization in amplitude and opposite in
phase between the original direct coupling field and the
added indirect coupling field. At present, there are two main
ways to increase the indirect coupling field, namely the

55104 VOLUME 12, 2024



Z. Du et al.: Intercoupling Suppression of Very Closely Spaced MIMO Antenna Based on Current Cancellation Method

FIGURE 2. S-parameter of the MIMO antenna with and without the
L-shaped parasitic resonance stubs.

non-connected type [11], [12], [13], [14], [15] and connected
type [16], [17], [18].

Fig. 3 shows the voltage and current distribution of the λ/2
microstrip transmission line. When a λ/2 microstrip trans-
mission line with both ends short-circuited is used for the
resonator, the signal passing through it can have a 180◦ phase
shift at the resonant frequency. Therefore, the current coupled
to Ant_2 respectively through theλ/2microstrip transmission
line and Ant_1 satisfies the condition of equal amplitude and
opposite phase. i.e.,

i =
(

i0
−i0

)
(1)

FIGURE 3. Voltage and current distribution of λ/2 microstrip transmission
line.

To verify the correctness of the principle of field decou-
pling, the surface current distribution of the MIMO antenna
with and without a decoupling structure at the center fre-
quency of 5.37 GHz is simulated. The Port 1 is connected
to the excitation source, and port 2 is connected to a 50 �
load. It can be seen from Fig. 4(a) that in the absence of
a decoupling structure, a surface current opposite to that of
Ant_1 is induced on Ant_2, which is generated by the direct
coupling field between the antenna elements. After adding
the proposed decoupling structure, the passive metal strips
on the structure will also be excited by Ant_1, and a surface
current opposite to that of Ant_1 will appear, as shown in
Fig. 4(b). Consequently, the current indirectly induced on
Ant_2 through the passive metal strip is opposite to the cur-
rent directly induced on Ant_2 through Ant_1, and the two
can cancel each other, thereby reducing the current directly

coupled to Ant_2 from Ant_1. Finally, it can be clearly seen
from Fig. 4(c) that after adding the decoupling structure, the
intensity of the induced current on Ant_2 is weak, and its
current direction is consistent with that on Ant_1. It further
proves the effectiveness of the decoupling structure.

FIGURE 4. Current distributions at 5.37 GHz of the MIMO antenna:
(a) without decoupling structure, (b) Current distribution on the λ/2
microstrip transmission line and (c) with decoupling structure.

Fig. 5 shows a comparison diagram of antenna
S-parameters with and without a passive metal strip decou-
pling dielectric wall. When the decoupling dielectric wall
is not loaded, the isolation of the antenna is only 8.5 dB,
indicating that the coupling between the antennas is very
strong. When the decoupling structure is added, the isolation
of theMIMO antenna is significantly improved. The isolation
at the resonant frequency is approximately 60 dB, achieving a
coupling suppression of more than 51.5 dB. Further, with the
addition of the decoupling structure, the S11 of the antenna
improved from −15 dB to −33 dB, further verifying the
effectiveness of the decoupling dielectric wall designed in
this study.

Next, the influence of the relevant parameters of the
L-shaped parasitic stub on the antenna performance is
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FIGURE 5. S-parameter of the MIMO antenna with and without the
decoupling structures.

FIGURE 6. Influence of different parameters on the antenna
S-parameters. (a) L3 and (b) W3.

analyzed. As can be seen from Fig. 6(a), by changing the
length of L3, the impedance matching of the antenna at the
resonant frequency can be effectively controlled. Similarly,
W3 not only affects the length of the L-shaped resonant
structure but also affects the mutual coupling cancellation
between itself and the decoupling dielectric wall. Therefore,
it is extremely crucial to select a reasonable value. Fig. 6(b)
presents the results for a different value of W3. The value of
W3 is selected to be approximately 5 mm, and the impedance
matching of the MIMO antenna was approximately 33 dB.
The isolation of the antenna was also observed to be the best
in this setting (|S21| > 60 dB @5.37 GHz). Therefore, it is
finally determined that the values of L3 andW3 are both 5mm.

FIGURE 7. Influence of different parameters on the antenna
S-parameters. (a) L5 and (b) W6.

Fig. 7 analyzes the influence of the length L5 and height
W6 of the half-wavelength metal microstrip line on the
decoupling dielectric wall on the isolation of the MIMO
antenna. As can be seen from Fig. 7(a), the impedance match-
ing and isolation of the MIMO antenna will vary with the
length of the metal microstrip line, which indicates that only
when the size of the metal microstrip line is within a reason-
able range, can it be excited by Ant_1, resulting in resonance.
Based on the above analysis, CST electromagnetic simulation
software was used to optimize the relevant parameters, and
the values of L5 andW6 were finally determined to be 22 mm
and 5.8 mm, respectively.

III. RESULTS AND DISCUSSION
A. S-PARAMETERS
Fig. 8(a) presents the prototype of the fabricated antenna.
To facilitate the assembly of the antenna and the decoupling
structure, a plug with a width of 7 mm and a length of 1.0 mm
are designed on the decoupling dielectric wall and mounting
holes of the same size are reserved on the antenna, as shown
in Fig. 8(b). The plug is then attached to the dielectric wall
with insulating glue after installation.

The proposed antenna is simulated and measured using
the full-wave simulation software CST, version 2021, and
Keysight E5063A vector network analyzer, respectively. The
simulated and measured reflection coefficients and isolation
results are presented in Fig. 9. It can be seen that in the
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FIGURE 8. (a) Photograph of the MIMO antenna, (b) decoupling structure.

FIGURE 9. Simulated and measured S-parameters.

5.3−5.46 GHz operating frequency band, the isolation of
the MIMO antenna is greater than 30 dB and the maximum
value is 61 dB at the center frequency of 5.37 GHz. It should
be emphasized that the antenna measurement and simulation
results are in good agreement, which further illustrates the
rationality of the design.

B. RADIATION CHARACTERISTICS
Fig. 10 displays the measured and simulated normalized
pattern of the MIMO antenna at 5.37 GHz. The simulated
and measured radiation patterns of the antenna are in good
agreement, and the maximum measured realized gain of the
antenna is about 4.54 dBi (Fig. 11), and the cross-polarization
component in the boresight direction is low. However, com-
pared with the radiation pattern without a decoupling struc-
ture, the introduction of a decoupling structure will enhance
the antenna’s backward radiation and increase the side lobes.
This is mainly due to the fact that the field generated by
the passive metal strip is similar to the traditional dipole
radiation field. In addition to being able to offset the cou-
pling field between the antennas, the decoupling structure
will affect the radiation of the antenna. Further, we found
that this phenomenon will be more obvious as the distance
W1 between the metal strip and ground on the decoupling
structure increases. Therefore, while maintaining the other
performance of the antenna, the height of the decoupling

FIGURE 10. Simulated and measured radiation patterns of Ant_1 at
5.37 GHz. (a) E-plane, (b) H-plane.

FIGURE 11. Simulated and measured total efficiencies and realized gain
of Ant_1.

FIGURE 12. Simulated and measured ECC of the proposed MIMO antenna.

structure should be reduced as much as possible to reduce
the impact on radiation performance.

Since the structures of Ant_1 and Ant_2 are symmetri-
cal to each other, only the total efficiency when Ant_1 is
excited is plotted in Fig. 11. It can be seen that the sim-
ulated and measured total efficiency of the antenna in the
operating bandwidth are 70.1%∼74.8% and 74.4%∼78.3%,
respectively. The abovementioned results are basically con-
sistent. In addition, the result of total efficiency of the antenna
with and without decoupling are close in the operating band-
width, which indicates that the metallic and dielectric loss
introduced by the decoupling structure are relatively small.
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TABLE 1. Performance comparison of the proposed method with previously reported methods.

The above results present that the coupling between MIMO
antenna elements can be effectively reduced without the radi-
ation efficiency being affected.

C. DIVERSITY PERFORMANCE
To obtain a result similar to an actual environment, a more
complicated formula, i.e., (2), is used to calculate the ECC

of the MIMO antenna [29]. As the laboratory equipment
does not support currently the test of 3D radiation patterns,
the ECC curve shown in Fig. 10 is the result calculated
using (3). It should be noted that the premise of using (3) is
that the antenna has a higher radiation efficiency. As shown
in Fig. 12, the proposed MIMO antenna has a very low
ECC (ECC<0.003) in the operating frequency band, and the
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measured and simulated results are basically the same.

ρeij =

∣∣∫∫
4π

[
FAnt_i (θ, ϕ) · FAnt_j (θ, ϕ)

]
d�
∣∣2∫∫

4π

∣∣FAnt_i (θ, ϕ)∣∣2d� ∫∫4π ∣∣FAnt_j (θ, ϕ)∣∣2d�
(2)

ρeij =

∣∣S∗11S12 + S∗21S22∣∣2(
1− |S11|2 − |S21|2

) (
1− |S22|2 − |S12|2

) (3)

In (2), i and j denote the number of antenna elements,FAnt_i
denotes the 3-D far-field radiation patterns.

Finally, to highlight the advantages of the proposedMIMO
antenna, Table 1 presents the related research work that
has been reported in the field of MIMO antenna coupling
suppression technology. Compared with References [3], [8],
[15], [19], [23], [29], and [37], the edge-to-edge distance
between the proposed MIMO antenna elements is smaller
and the isolation is greater. However, the profile height of
the antenna proposed in this paper is slightly higher than
that of the antenna in references [3], [11], [15], [17], and
[37]. Although relatively novel weak field coupling self-
decoupling method was adopted in [31], it is more diffi-
cult to implement than traditional methods, and there are no
system design guidelines currently. In addition, orthogonal
decoupling dielectric walls are designed as metasurfaces or
more complex structures, which mainly suppress spatially
coupled waves [38], [39]. First, the overall size of the antenna
increases owing to the bulky metasurface decoupling dielec-
tric wall, which is not suitable for the miniaturization design
with regards to the proposed antenna. Whilst secondly, the
position and height of designed metasurfaces have a signif-
icant impact on the mutual coupling so that optimization is
essential in the design process.

In summary, it can be seen that the decoupling design
of the parasitic structure proposed in this paper is simpler
than that of the MIMO antenna using the neutralization line
and the decoupling network. The decoupling effect is better
when antenna elements are very closely arranged. Compared
with the planar parasitic structure, the decoupling structure
proposed in this paper still shows good coupling suppression
ability.

IV. CONCLUSION
A compact two-element MIMO antenna with high isolation
is designed in this study. To enhance the isolation, a simple
decoupling dielectric wall is inserted between the antenna
elements. In addition, a pair of L-shaped parasitic resonance
stubs is loaded on the feeding microstrip line, which signifi-
cantly improves the impedance matching of the antenna. The
experimental and simulation results are in good agreement,
and the advantages of this design are further highlighted by
comparing with the published research. In addition, the study
shows that the method can be generalized to other types of
printed antennas with general applicability.
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