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ABSTRACT This paper presents a multi-element multiple-input multiple-output (MIMO) antenna with
self-isolation and flexible characteristics. The primary radiators of the proposed antenna consist of multiple
ellipse-shaped patches arranged in an H-plane configuration. Self-decoupling is achieved by simultaneously
different operating modes on the excited element (TM10 mode) and non-excited element (TM02 mode). The
proposed method also shows strong extensibility. The measurements on the fabricated 4-element MIMO
antenna demonstrate that the proposed decoupling method can improve the isolation by 14 dB. The antenna
shows good MIMO diversity performances with respect to the envelope correlation coefficient and diversity
gain. Additionally, the antenna also works effectively in when the substrate is bent, which contributes to
significantly increasing the applicability of the proposed method in comparison with the other reported
methods.

INDEX TERMS MIMO antenna, self-decoupled, patch, multi-element.

I. INTRODUCTION
In the era of fifth-generation (5G) mobile networks with
the rapid development of multi-antenna systems, Multiple
Input Multiple Output (MIMO) antennas have attracted
significant attention due to their potential to improve
wireless communication efficiency and channel capacity.
However, optimizing the separation between MIMO antenna
elements has many challenges, as their high mutual coupling
significantly degrades radiation performances.

Numerous solutions have been proposed to reduce cou-
pling between antenna elements. The first method, known
as the suppression scheme, has been extensively studied
with a focus on suppressing coupling effects through the
utilization of defective ground structures (DGS) [1], [2], [3],
metamaterials [4], [5], and resonators [6], [7], [8]. However,
it is worth noting that the use of DGS structures can lead to an
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increase in backward radiation, and metamaterial structures
may not be suitable for contemporary compact device designs
due to their bulky structure.

The second type of decoupling method is the counteraction
scheme. Additional coupling paths are introduced to coun-
teract the original coupling. The well-known configurations
include decoupling networks [9], [10], [11], neutralization
lines [12], [13], [14], or parasitic elements [15], [16],
[17], [18]. Despite achieving high isolation, additional
decoupling structures considerably increase the complexity
and dimensions of the MIMO system.

The third decoupling method to overcome the deficiencies
of the above-mentioned methods is self-isolation. The
primary advantage of this approach is its ability to improve
antenna isolation based on the intrinsic characteristics of
the antenna itself, eliminating the need for additional
decoupling networks. Several representative works have been
presented [19], [20], [21], [22], [23], [24], [25]. In [19],
the mutual coupling is mitigated by adjusting the feeding
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position. Another method is to use a special ground design
with slots [20]. In [21] and [22], the patch is cut with various
shapes of slots. In [23], the self-decoupling technique is based
on the weak field on the patch. Another decoupling scheme
using mode-counteraction is presented in [25]. Although
high isolation can be achieved, such MIMO antennas work
effectively only in the normal mode due to their lack
of flexibility features. Additionally, the method proposed
in [19], [20], [21], [22], [23], [24], and [25] cannot be
extended to multi-element MIMO arrays.

This paper introduces a self-decoupling technique to
suppress mutual coupling between microstrip patch MIMO
antennas. The proposed method can be applied to a two-
element H-plane coupled MIMO antenna and can be scaled
up to a multi-element antenna array while maintaining
excellent isolation. Moreover, another advantage of the
utilized self-decoupling method is its flexibility, which has
not been addressed in the previous studies. A thorough
literature review reveals that there are several flexible MIMO
antennas using microstrip structures [26], [27], [28], [29].
Nonetheless, these designs suffer from high profiles and large
element spacings [27], [28]. Additionally, the extension to
multiple elements has not been discussed in such designs.

FIGURE 1. Geometry of the proposed 2-element MIMO antenna.

II. TWO-ELEMENT MIMO ANTENNA
A. ANTENNA OPERATION
Fig. 1 shows the geometry of the proposed 2-element self-
decoupled MIMO antenna with respect to the top view and
cross-section view. Two ellipse-shaped patches are arranged
in the H-plane coupling configuration. The antenna is printed
on both sides of a ROGER-5880 substrate with a dielectric
constant of 2.2. Two 50-� SMA connectors are used to excite
the antenna. The optimized parameters are as follows: Ls =

90, Ws = 40, h = 0.5, R1 = 11.8, R2 = 18, lf = 8.4, s = 1,
lc = 7, wc = 2, d = 2.5 (unit: mm).
The simulated scattering parameter (S-parameter) results

of the self-decoupled and coupled MIMO antennas are
illustrated in Fig. 2. Note that both antennas are optimized
so that they have similar operating frequencies and the
element-spacing is fixed for both cases. The simulated
results indicate that the isolation of the self-decoupled

FIGURE 2. Simulated S-parameter of the self-decoupled and coupled
MIMO antennas.

FIGURE 3. Current distribution of the coupled MIMO antenna.

FIGURE 4. CMA on the ellipse-shaped patch with R1 = 11.8 mm and R2 =
18.0 mm.

FIGURE 5. CMA on the ellipse-patched with different values of major
radius, R2.

MIMO antenna is significantly higher than the coupled
MIMO, which is 18 dB compared to 39 dB. The isolation
improvement is about 21 dB at the resonant frequency of
4.8 GHz.

B. DECOUPLING MECHANISM
The current distribution on the coupled MIMO antenna is
first investigated for a better understanding of the decoupling
mechanism. Fig. 3 shows the vector surface current at the
resonant frequency of 4.8 GHz. It can be seen that the induced
current on the non-excited element has a similar direction to
the current on the excited patch. Here, both are working in the
fundamental mode of TM10, leading to high mutual coupling.

21570 VOLUME 12, 2024



H. Tran-Huy et al.: Multi-Element Self-Decoupled MIMO Patch Antenna With Flexible Characteristics

To suppress the mutual coupling without using any
additional decoupling structure, a possible solution is to
change the operating mode on the non-excited element, while
keeping the fundamental mode on the excited element. The
operating modes on a single ellipse-shaped patch antenna
can be revealed by using The Characteristic Mode Analysis
(CMA) [30]. According to the CMA, the modal significance
is used to identify the possible radiation of an arbitrary mode.
The characteristic modes could be obtained by solving the
equations below [31]:

J⃗ =

∑
n

anJn (1)

where an and Jn are the modal weighting coefficient and the
eigencurrent, respectively.

an =
V i
n

1 + jλn
(2)

Here, V i
n is the modal excitation coefficient, while λn

is the eigenvalue. The normalized amplitude of the current
modes represents the modal significance,MSn, which can be
determined by the following equation [31]:

MSn =

∣∣∣∣ 1
1 + jλn

∣∣∣∣ (3)

When the modal significance is close to 1, it indicates
the resonant capability of the mode. Fig. 4 shows the
CMA on the proposed patch antenna in the frequency range
from 4 to 7 GHz. It can be seen obviously that there
are two dominant modes around 4.6 and 5.9 GHz. Based
on the current distributions, these modes are respectively
the fundamental mode (TM10) and the higher-order mode
(TM02). Next, Fig. 5 shows the CMA when increasing the
major axis of the ellipse patch. As observed, the higher-order
mode shifts towards the lower frequencies of 5.6 and 5.0 GHz
with R2 = 19.2 and 21.6 mm. The current distributions of
Mode-1 and Mode-2 with R2 = 21.6 mm are consistent with
the fundamental TM10 and high-order TM02 modes shown in
Fig. 4.

Based on the above-mentioned study, the self-isolation
scheme is to produce the fundamental TM10 mode on the
excited patch, while the other operates in the higher TM02
mode. When these modes have similar operating frequencies,
high isolation can be obtained. According to the CMA, this
requirement can be achieved by tuning the major axis of the
ellipse-shaped patch while fixing the minor axis. However,
increasing the major axis leads to a large antenna geometry.
Thus, the meander-line structure is embedded into the patch,
as shown in Fig. 1. The meander-line structure helps to
increase the electrical length of the TM02 mode without
causing any significant effect on the TM10mode. Fig. 6 shows
the current distribution at 4.8 GHz of the MIMO antenna
with the meander-line structure. The distribution behavior is
almost similar to that of the TM02 mode depicted in Fig. 4,
which demonstrates the design concept.

FIGURE 6. Current distribution on the ellipse-shaped patch with
meander-line structure.

FIGURE 7. Simulated S-parameter for different values of R1.

FIGURE 8. Simulated S-parameter for different values of lf .

C. ANTENNA OPTIMIZATION PROCESS
The optimization process of the proposed antenna can be
achieved after implementing several key parameter studies.
Firstly, Fig. 7 shows the simulated reflection coefficient and
transmission coefficient for different values of R1. It can be
seen that tuning this parameter has a strong effect on the
|S11| resonance, which shifts downwards with increasing R1.
Meanwhile, the effect on the isolation feature is minor. The
dip in the |S21| profile is quite stable.
Secondly, the antenna performance for different feeding

positions is studied. The simulated S-parameter against the
variation of lf is depicted in Fig. 8. As observed, the
resonant frequencies in the |S11| and |S21| profiles are
stable. Meanwhile, the matching is considerably affected
by different values of lf . With lf = 8.4 mm, the optimized
reflection coefficient value at 4.8 GHz is achieved.

Finally, the isolation is significantly affected by the length
(lc) and width (wc) of the slot. In general, the movement
of the dip in the |S21| profile is more significant than that
in the |S11| profile when tuning these parameters. As seen
in Fig. 9, increasing lc leads to lower dips in both |S11|
and |S21| profiles. Regarding wc, when the slot becomes
narrower, its effect on the total length along the major axis
is minor. Thus, the isolation with wc = 1.6 mm shows a
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FIGURE 9. Simulated S-parameter for different values of lc .

FIGURE 10. Simulated S-parameter for different values of wc .

FIGURE 11. Geometry of the proposed 4-element MIMO array.

FIGURE 12. Simulated S-parameter of the 4-element MIMO array.

small improvement in comparison with the coupled MIMO
(presented in Fig. 2). According to this study, it can be
concluded that the dimensions of the slot play an important
role in determining the isolation performance at the desired
operating frequency.

III. FOUR-ELEMENT MIMO ANTENNA
A. ANTENNA DESIGN
The proposed self-isolation scheme is also extendable to
multi-element MIMO arrays. For demonstration, Fig. 11
shows the geometry of a four-element patch array. It is worth
noting that in this design, the element spacing and the dimen-
sions of the patches are kept the same as the above-mentioned
1 × 2 MIMO array. This demonstrates the scalability of the
proposed self-decoupling technique. The overall dimensions
of the antenna are 160 mm × 40 mm.

FIGURE 13. Simulated gain radiation patterns at 4.75 GHz with different
port excitations.

FIGURE 14. Calculated ECC and DG of the proposed 4-element MIMO
array.

FIGURE 15. Current distribution on the proposed MIMO array.

B. ANTENNA CHARACTERISTIC
Fig. 12 shows the S-parameters of the proposed self-
decoupled 4-element MIMO antenna array. As seen, the
self-decoupled MIMO performs a high inter-port isolation
value of better than 30 dB. The radiation patterns at the center
operating frequency with Port-1 and Port-2 excitations are
plotted in Fig. 13. Obviously, the patterns are almost similar
for both excited ports. The antenna exhibits a good radiation
pattern, which is quite symmetric around the broadside
direction. The broadside gain is about 6.0 dBi. The difference
between the co- and cross-polarization in the broadside
direction is very high, which is better than 25 dB. Besides,
the front-to-back ratio is higher than 15 dB.

The MIMO diversity performances in terms of envelop
correlation coefficient (ECC) and diversity gain (DG) are
presented in Fig. 14. They are calculated based on the
S-parameter, which has been thoroughly discussed in [32].
The acceptable value of ECC is lower than 0.5, and the DG is
approximately 10 dB. As seen, the calculated ECC values are
much smaller than 0.5. Meanwhile, the DG values are close
to the maximum value of 10 dB.

Finally, the current distribution at 4.8 GHz of the proposed
4-element MIMO array is shown in Fig. 15. It is seen that the
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FIGURE 16. Photographs of the fabricated 1 × 4 MIMO antenna array.

FIGURE 17. Measured S-parameter of the fabricated 1 × 4 MIMO antenna
array in normal mode.

FIGURE 18. Measured radiation patterns of the proposed 1 × 4 MIMO
antenna array.

mode on the excited patch is the fundamental mode, while the
others are in orthogonal higher-order mode. This is consistent
with the operation of the 2-element MIMO antenna discussed
in Section II.

IV. DESIGN PROCEDURE
Based on the parameter studies in Section II and the design
of the four-element MIMO antenna, the optimization process
for a 1 × N MIMO array can be summarized as follows:

• Step 0: Design the ellipse-shaped patch with the feeding
position on the minor axis.
– The length of the minor axis is about a half-

effective-wavelength at the desired frequency band,
resulting in the fundamental TM10 mode.

– Along the major axis, the meander-line structure is
added. The whole length in the major axis is about
one effective wavelength at the desired frequency
to make sure that the TM02 mode is similar to the
TM10 mode.

TABLE 1. Performance comparison among MIMO antennas using
microstrip structure.

FIGURE 19. Measurement setup in flexible mode.

FIGURE 20. Measured S-parameter of the fabricated 1 × 4 MIMO antenna
array in flexible mode.

• Step 1: Tune the meander line structure including (lc,
wc, d) so that the 2-element MIMO antenna has the best
isolation at the desired frequency.

• Step 2: Tune the minor axis (R1) so that the dip in the
|S11| profile of the 2-element MIMO antenna is similar
to the dip in the |S21| profile.

• Step 3: Optimize the feeding position (lf ) for the best
matching performance.

• Step 4: Final-tune all design parameters.
• Step 5: Design the 1 × NMIMO array by increasing the
number of ellipse-shaped patches in the H-plane.

V. MEASUREMENT
Fig. 16 presents the photographs of the top side and
bottom side of the fabricated four-element MIMO array. The
prototype is measured using a vector network analyzer for
S-parameter check and an anechoic chamber for far-field
radiation features. When comparing the simulations and
measurements, there is a minor difference attributed to the
tolerances in manufacturing and measurement.
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A. NORMAL MODE
The measured S-parameter results of the fabricated prototype
are illustrated in Fig. 17. As seen, the measured −10 dB
impedance is from 4.78 to 4.82 GHz. Across this band, the
measured inter-ports isolation is always better than 26 dB.
The maximum isolation is observed at 4.8 GHz, which is
better than 32 dB.

The far-field radiation patterns at 4.8 GHz with Port-1
excitation are plotted in Fig. 18. Note that due to the
symmetric configuration and the high self-isolation feature,
the results for the other port excitations are similar to Port-1
excitation. It can be seen that in both principal planes of
E- and H-plane, the antenna exhibits well-measured radiation
patterns. The measured broadside gain is about 5.4 dBi.
The polarization discrimination in the broadside direction is
18 dB. Meanwhile, the front-to-back ratio is about 15 dB.
These measured values are close to the simulated values
presented in Section III.

B. FLEXIBLE MODE
As demonstrated in Section IV, the proposed MIMO antenna
is also expected to work effectively in flexible scenarios.
Here, due to the flexibility of the utilized ROGER-5880
substrate, the antenna can bend to the radius of 50 mm while
having a good S-parameter around 4.8 GHz. Figs. 19 and 20
present the measured S-parameter of the antenna with
Rbend = 50 mm. The measured data demonstrate that
the antenna exhibits good operation characteristics. The
matching performance and the isolation are fairly maintained
around 4.8 GHz. Note that with higher values of Rbend , the
results become more similar to those of the unbent case.
Accordingly, the proposed MIMO array works effectively in
flexible mode.

VI. COMPARISON WITH RELATED WORKS
The comprehensive comparison among microstrip patch
MIMO antenna arrays is summarized and given in Table 1.
Although the designs [8], [15], [21], [23], [27], and [28] can
achieve wideband operation, they suffer from large edge-
to-edge spacings of greater than 0.04 λ and low inter-port
isolation, which is better than 20 dB across the operating
BW. In comparison with the self-decoupled MIMO antennas
in [21] and [23], the proposed self-decoupling method
achieves much smaller spacing while having higher isolation.
Additionally, it can work in flexible mode. Compared with
the flexible MIMO arrays [27] and [28] the proposed array
has smaller element spacing and the capability to extend to a
larger scale 1-dimensional MIMO array.

VII. CONCLUSION
This paper has presented and investigated the multi-element
MIMO array with flexible characteristics. The self-
decoupling method is used to decouple multiple H-plane
coupled ellipse-shaped patches. By exciting the fundamental
mode TM10 and higher-order mode TM02 on the excited

and non-excited elements, respectively at the same time,
high isolation can be achieved without using any additional
external circuit. The measurements have been carried out
to demonstrate the feasibility of the proposed concept. The
antenna shows good matching, isolation, as well as MIMO
diversity performances. It is also worth noting that the
proposed self-decoupling method can work effectively in
flexible mode.
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