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Abstract—In this letter, a self-decoupling method is proposed
for multi antenna systems based on the identification and sup-
pression of coupling modes. Coupling modes are first identified
by characteristic mode analysis, with the coupled power due to
each mode quantitatively monitored for the first time. Together
with the modal weighting coefficients, the coupling modes to be
suppressed are determined. Antennas are then adjusted to break
the high-coupling modes without affecting the radiating modes,
leading to enhanced isolations. An example involving two identi-
cal side-by-side metasurface-based patch antennas with extremely
close proximity (0.014λ0) is given. By etching slits at the proper
locations of the antennas, the coupling modes have been effec-
tively suppressed without compromising the primary radiation.
As a result, the isolations between the antennas are significantly
improved by more than 15 dB without additional decoupling struc-
tures. The patterns are restored as well. Measurements have been
conducted on the antenna systems, showing the feasibility of the
self-decoupling method.

Index Terms—Characteristic mode (CM) analysis, multiantenna
system, mutual coupling, self-decoupling.

I. INTRODUCTION

THE proliferation of antennas has witnessed a substantial
surge in both terminal devices and base stations in recent

years [1], [2]. As a result, mutual coupling greatly deterio-
rates wireless system performance. Significant efforts have been
dedicated to mitigating the mutual coupling between antennas.
In general, antenna decoupling techniques can be classified as
coupling blocking, coupling cancellation, and self-decoupling
methods.

The coupling blocking technique entails the introduction of
isolation structures or materials between antennas to obstruct
the mutual coupling path. Various structures, such as split-ring
resonators (SRRs) [3] and electromagnetic bandgap (EBG)
structures [4] can be inserted between antennas to directly block
the coupling paths. In [5], a thin magnetic metamaterial is
embedded in the dielectric substrate to cut off the propagation of
electromagnetic waves in the dielectric layer. Alternatively, the
coupling paths can be blocked by transferring the power to the
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nearby elements [6], [7], [8]. However, the coupling blocking
method typically necessitates additional structures.

The coupling cancelation technique achieves decoupling by
establishing additional coupling paths that have opposite phases
but similar amplitude to the original coupling path. Prevalent
approaches include the neutralization lines (NL) [9] and the
parasitic elements [10], [11], [12]. However, adding more decou-
pling structures complicates multiantenna systems and reduces
reliability.

Recently, self-decoupling technique that leverages the inher-
ent characteristics of the antennas to enhance isolations has
attracted increasing attention. In [13], [14], and [15], the adjacent
antenna is strategically arranged in the weak-field region of
the excited antenna, leading to higher isolations. However, the
placement of antennas is constrained by the zero-field regions.
A decoupling method based on common mode and differential
mode is proposed in [16]. In addition to the approaches above,
characteristic mode (CM) theory has also been employed. The
work in [17] employs higher-order characteristic modes by
incorporating ring structures to disperse coupled power and
enhance port isolation.

This letter takes a distinct approach, where the inherent cou-
pling ability of each mode is quantitatively investigated, mak-
ing the coupling mechanism clear. High-coupling modes and
low-coupling modes are identified first by using characteristic
far-field patterns as the excitations. Afterward, by comparing the
total current distributions of the antenna and the characteristic
currents of the high-coupling modes, antenna structures are
slightly modified to suppress the high-coupling modes while
maintaining the original radiation, leading to higher isolations.
The contributions of the letter lie in the following:

1) the coupling ability of each characteristic mode is quanti-
fied for the first time, providing insight into the mechanism
of mutual coupling;

2) the proposed method is not only applied to a specific
structure, but can generally be applied to antennas with
multiple modes; and

3) extremely small mutual distance between the antennas can
be achieved without additional decoupling structures or
specific antenna arrangement.

II. SELF-DECOUPLING WITH HIGHLY COUPLED CMS

A. Theory

To investigate the coupling quantitively from the perspective
of CM theory, some basic metrics of CM are reviewed first.
The CM of perfect electric conductor (PEC) can be obtained by
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solving the generalized eigenvalue equation

XJn = λnRJn (1)

where λn represents the eigenvalues associated with the charac-
teristic current Jn, R and X denote the real and imaginary parts
of the impedance matrix [18]. As an alternative way to represent
the eigenvalues, modal significance (MS) is defined as

MSn =

∣∣∣∣
1

1 + jλn

∣∣∣∣ (2)

which maps the eigenvalues to (0, 1]. When MS approaches 1,
the mode is easily excited. In contrast, when MS is close to 0, it
is difficult to excite the mode.

According to CM theory, the total currents on the antenna
surface can be regarded as a linear combination of a series of
characteristic currents

J =
N∑

n=1

αnJn (3)

where αn represents the modal weighting coefficient (MWC) of
the nth characteristic mode, indicating the contribution of the
mode in generating the target current.

For a dual-antenna system, one antenna is designated as the
transmitting (Tx) antenna, while the other serves as the receiving
(Rx) antenna. According to the equivalent circuit of the Rx
antenna, the power flowing into the load of the RX antenna can
be expressed as [19]

P =
1

2

gL

|Ya + YL|2
|Ir|2 (4)

where Ya is the admittance of the antenna, YLand gL are the
admittance and conductance of the load, respectively. Ir is the
current at the port. Normally, gL = YL = 1

50S.
Antenna decoupling aims at reducing the power flown to the

Rx antenna. Therefore, the coupled current at the port should
be minimized. Each normalized characteristic current of the Tx
antenna Jn,t induces certain currents In,r at the port of the Rx
antenna. Hence, the total current at the Rx antenna is expressed
as

Ir =

N∑

n=1

〈
Jn,E

i
〉

1 + jλn
In,r =

N∑

n=1

αnIn,r. (5)

In (5), αnis the MWC of the nth mode of the Tx antenna.
The total coupled current is influenced by two key factors. On
one hand, it depends on the coupling capability of the modal
currents, as different modal currents of the Tx antenna result in
distinct coupled currents. On the other hand, it hinges on the
excitation level of the nth mode of the Tx antenna, i.e., αn.
By changing the feeding structure, the incident electric field Ei

becomes different. In this letter, the feeding structure is fixed for
fair comparisons between antennas before and after decoupling.
This way, the incident electric field Ei and the mutual distance
between the feedings are unchanged. The decoupling is only
owing to the mode suppression.

The primary objective of this letter is to pinpoint high-
coupling modes that lead to large In,r. Through minor adjust-
ments to the antenna structure, the excitation of these modes can
be effectively suppressed, leading to reduced coupled power and
enhanced port isolation.

B. Design Procedures

The workflow of the self-decoupling method is presented in
Fig. 1. The design procedures are outlined as follows.

1) Characteristic mode analysis is conducted on antenna 1
within the target frequency band to obtain the MWC
for each mode. The modes with high MWCs are highly
excited modes.

2) The characteristic far-field of each mode is normalized
and imported into FEKO, which replaces antenna 1 as the
source to excite antenna 2. The coupled current generated
at port 2 is monitored for each mode. The coupled power
is then calculated according to (4), which indicates the
coupling capability of the mode.

3) The modes with high MWC and high coupled power are
determined as the high-coupling characteristic modes.

4) The total currents of antenna 1 are compared with the
characteristic currents of each high-coupling mode. If
the currents are similar even in local areas, the mode
is maintained as the radiating mode. If the currents are
different in some local areas, modifications can be made
at those local areas of antenna 1 to suppress the coupling
mode without affecting the total radiation. Consequently,
the isolations between antennas can be improved.

5) If the two antennas are identical, the same modifications
are made on antenna 2. Otherwise, the same procedures
from (1)–(4) are carried out again for antenna 2.

Since the proposed method is based on mode suppression, it
is suitable for antennas with multiple modes, including some
simple decoupling cases, i.e., two side-by-side patch antennas.

III. SELF-DECOUPLED METASURFACE ANTENNA ARRAY

In this section, a practical MIMO antenna system based on
metasurface (MTS) is presented to validate the effectiveness
of the proposed self-decoupling method. MTS antennas are
employed since they provide multiple modes, clear current
distributions and high gain. The dimensions of the MTS antenna
are similar to other MTS antennas in the literature [20], [21].

A. Antenna Configuration

The original configurations of the MTS antennas for the 5G
Wi-Fi frequency band are illustrated in Fig. 2. Each antenna
consists of three metallic layers: the MTS layer, the ground plane
and the feeding layer with the microstrip line. Each MTS antenna
is composed of 3 × 3 square patch units. The two MTS-based
patch antennas are placed side by side, with a very close distance
of 0.8 mm (0.014λ0), which is the same as that between the MTS
units. The MTS antennas are coupled and fed by the slots on
the ground plane. Dielectric of F4BM350 is employed, with a
relative permittivity of 3.5 and a loss tangent of 0.001.

The exceptionally small distance between the antennas results
in high mutual coupling, which alters the original performance
of the MTS patch antennas, including both the reflection prop-
erties and the radiation pattern. The reflection coefficients of
the isolated MTS antenna are compared with those of the MTS
antenna in the MIMO system in Fig. 3(a). The mutual couplings
of around−10 dB are observed. Besides, an additional resonance
is induced at 5.1 GHz due to mutual coupling.

For comparison, the radiation patterns of the isolated MTS
antenna and the MTS antenna in the MIMO system are displayed
in Fig. 3(b). Since the two antennas are symmetrically located,
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Fig. 1. Flowchart of the proposed self-decoupling method. Two main steps include the high-coupling modes identification and the high-coupling modes
suppression.

Fig. 2. Configurations of the MTS antenna array. (Lg = 92.6, Lf = 25, Lm =
28.9, Wg = 56.3, Wf = 1.5, Wm = 1.1, Wp = 11.3, Ws = 0.8, h1 = 3, h2 =
0.5, g = 0.5, rf = 5.4. Unit: mm.)

Fig. 3. (a) S-parameters of the isolated MTS antenna and the MTS antenna in
the MIMO array. (b) Far-field patterns at 5.3 GHz for the isolated MTS antenna,
the original MTS antenna in the MIMO array, and the proposed MTS antenna
in the MIMO array.

only the radiation pattern of antenna 1 is given at its resonance.
It reveals that the radiation pattern of the MTS antenna within
the array experiences significant distortion compared with that
of the isolated antenna.

B. Self-Decoupled MTS Antennas

In order to reduce the mutual coupling and restore the radia-
tion pattern of the isolated antenna, the self-decoupling method
in Section II is applied.

CM analysis is performed on the MTS antenna at the fre-
quency range of 5.2 GHz to 5.4 GHz using the commercial
simulation software FEKO. The characteristic far-field patterns
and characteristic currents of the first eight significant modes of
the MTS antenna are shown in Fig. 4(a). The design process is
given as follows.

Fig. 4. (a) Modal currents and modal fields of the MTS antenna. (b) MWCs
of the first eight modes of the MTS antenna. (c) Coupled power of each mode
to the Rx MTS antenna.

1) First, the MWCs are calculated for the eight modes, as
shown in Fig. 4(b). It can be observed that modes 3 and 7
are significantly excited.

2) The normalized characteristic pattern of each mode is
employed in FEKO to replace antenna 1 and utilized as
the excitation for antenna 2, as indicated in the inset of
Fig. 4(c). The coupled current is then monitored at the port
of antenna 2, with which the coupled power is calculated,
as presented in Fig. 4(c). Modes 1, 3, 5, and 7 exhibit high
coupling to antenna 2, whereas the remaining modes show
coupled power of approximately 30 dB lower.

3) Together with the MWC curves, it is derived that modes
3 and 7 are high-coupling modes.

4) The total current distributions of the antenna at 5.3 GHz
are depicted in the inset of Fig. 4(b). It is observed that the
current distributions associated with mode 3 align with the
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Fig. 5. Current distributions of the MTS antennas at 5.3 GHz: (a) initial
antennas and (b) self-decoupled antennas.

antenna’s total currents. Thus, mode 3 should be preserved
as the radiating mode. In contrast, the currents of mode
7 are different from the total currents, especially at the
four corner patches. Hence, mode 7 is identified as the
high-coupling mode to be suppressed.

5) Slots with a width of 0.5 mm along the diagonals of the
patches at the four corners are introduced to disrupt the
current distributions of mode 7. Since the two antennas are
identical, the same modifications are applied to antenna 2.

The S-parameters of the proposed antennas are compared with
the original ones in Fig. 3(a), with the configuration given in
the inset. The operating frequency band covers 5.07 GHz to
5.55 GHz, which remains consistent with that of the isolated
MTS antenna. The additional resonance caused by mutual cou-
pling has been removed. The isolations between the antennas
are above 20 dB throughout the entire operating band, with the
best isolation reaching 45 dB close to the resonance.

Fig. 5 compares the currents on the antennas before and after
decoupling when antenna 1 is excited. Before decoupling, the
currents of the excited antenna concentrate on the middle and
right columns of patches, and diagonal currents are observed on
the patches on the left column due to the existence of mode
7. Besides, strong currents are observed along the edges of
the unexcited antenna. With the modified structure, vertical
currents are evenly distributed on the excited antenna, attributed
to the suppression of mode 7. At the same time, the currents
generated on the unexcited antenna are significantly reduced.
The radiation patterns of the MTS antennas after decoupling are
given in Fig. 3(b). After decoupling, the radiation pattern has
been restored to match that of the isolated antenna at 5.3 GHz.
In other words, pattern distortion has been eliminated despite
their close proximity.

C. Experiment of the MTS-Based MIMO Antennas

To validate the simulation results, a prototype of the self-
decoupled MTS-based MIMO antenna system was fabricated,
with the prototype given in Fig. 6(a). Considering practical
feeding issues, two rectangular patches, which were connected
to the ground plane through vias, were printed on the feeding
layer. SMA connectors were used to feed the antenna through
the microstrip line and the rectangular patches.

The reflection coefficients of the proposed self-decoupled
antennas were measured using Agilent E5071C vector network
analyzer, with the results shown and compared with the simu-
lated ones in Fig. 6(b). The measured results agreed well with
the simulated ones, with small discrepancies attributed to the
cable and the soldering influence. The measured port isolations
were above 20 dB over the entire operating band.

Due to the symmetric configuration, the radiation patterns of
only antenna 1 were measured in the anechoic chamber, with

Fig. 6. (a) Photographs of the fabricated prototype and the measurement setup.
(b) Simulated and measured S-parameters of the self-decoupled MTS antenna
array. (c) Simulated and measured radiation patterns at 5.3 GHz.

TABLE I
COMPARISON WITH OTHER DECOUPLING METHODS

the measurement setup given in Fig. 6(a). The simulated and
measured radiation patterns were compared in Fig. 6(c), which
agreed well with each other as well.

D. Performance Comparison

Table I compares the state-of-the-art decoupling structures in
terms of antenna spacing and isolation levels. The isolations
between antennas are normally improved by around 10 dB
using the decoupling techniques. Among those antennas, the
mutual distance between the proposed antennas is extremely
small, especially compared with other self-decoupling methods.
Besides, the bandwidth of the antennas is relatively large after
decoupling. The proposed method provides a step-by-step ap-
proach to decoupling the antenna without additional structures.

IV. CONCLUSION

In this letter, a self-decoupling technique that quantitatively
describes the coupling ability of each mode has been proposed.
By analyzing the MWC and the coupled power at the Rx antenna,
high-coupling modes are first identified. To disturb the high-
coupling modes while preserving the original radiation, antenna
structures are adjusted. Substantial isolation enhancement has
been achieved, as demonstrated by the side-by-side MTS array.
The proposed method has also been successfully applied to
antenna systems with different antennas, and it is generally
suitable for antennas with multiple modes.
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