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Abstract—A dual-band and wideband self-decoupled MIMO
antenna design method using four hybrid modes is presented for
mobile terminals. The perfect magnetic conductor (PMC) and
perfect electric conductor (PEC) boundary conditions are utilized
to analyze the four hybrid modes. It is found that by delicately
optimizing the antenna geometry to make these four modes cancel
out at two frequencies, self-decoupling can be achieved in the two
bands simultaneously. Moreover, these four hybrid modes can be
manipulated to be compatible with each other, so these two bands
can be approached to achieve a wideband self-decoupling. Two
demonstrational examples are designed to justify the proposed
scheme. The results show that both the dual-band and wideband
designs can achieve -10 dB impedance matching and 20 dB
isolation across the desired bands, with the measured total
efficiency higher than 71 %.

Index Terms—Antenna decoupling, dual-band, hybrid modes,
MIMO, mobile terminals, mutual coupling, wideband.

. INTRODUCTION

S A key technology of 5G/B5G communications, the

multiple-input and multiple-output (MIMO) technique has
been widely utilized in mobile terminals to improve channel
capacity. And to provide more frequency resources, the 3.5
GHz (N78) and the 4.9 GHz (N79) bands, had been studied to
be allocated as new 5G bands since 2015 [1], arousing the
strong requirement for dual-band and wideband MIMO antenna
system. However, severe electromagnetic coupling and
interference between the antennas greatly deteriorate the
system’s performance [2].

To diminish the mutual coupling, various decoupling
techniques have been proposed, such as using neutralization
lines [3], [4], parasitic decoupling elements [5], lumped
decoupling elements [6], special ground structures [7], [8]
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decoupling networks [9], [10], metasurface-based decoupling
structures [11], and so on, where some of them can be well
applied to the wideband [4], [7], and to the dual-band scenarios
[8] — [11]. However, these decoupling structures all require to
occupy extra precious space, which conflicts with the
miniaturization requirement in mobile terminals.

To further minimize antennas’ footprint, self-decoupling
techniques not requiring extra decoupling circuits or structures
have drawn great attention very recently, especially for mobile
terminals. Firstly, two closely spaced antennas can be
self-decoupled by arranging their geometries delicately [12],
[13]. Besides, two antennas can be self-decoupled using
orthogonal features, such as orthogonal modes [14], [15],
orthogonal polarizations [16], and orthogonal patterns [17].
Another category of self-decoupling technique is based on the
cancellation concept, such as coupling cancellation [18], [19],
and mode cancellation [20], [21], which only deal with
single-band  decoupling. Moreover, in the existing
cancellation-based works, only the S-parameters or input
impedance of the antennas are studied, but the parameters of a
more physical sense, such as the current mode, are not involved
in exploring the physical mechanism.

In this letter, a self-decoupled scheme is proposed for
dual-band and wideband MIMO antennas using four hybrid
modes. Based on the mode cancellation scheme, the antenna is
delicately designed to make the two corresponding modes at the
low band cancel out with each other, and at the same time, the
other two modes at the high band can also be mitigated
simultaneously. Compared with the existing works, there are
mainly two unique contributions of the proposed scheme:

1) it is the first time the same antenna topology can support
both dual-band and wideband self-decoupling based on mode
cancellation concept with corresponding dimension tuning;

2) the current mode for each excitation condition of even and
odd modes is analyzed to reveal the physical mechanism behind
the decoupling.

Il. WORKING MECHANISM

Fig. 1 illustrates the schematic diagram of the proposed
self-decoupling method. In the low band, as shown in Fig. 1(a),
the monopole and IFA modes are adopted, while the dipole and
open slot modes are exploited in the high band, as depicted in
Fig. 1(b). According to the even-odd mode theory [22], for the
two-port symmetrical antenna structure shown in the left part of
Figs. 1(a) and 1(b), the symmetrical plane is equivalent to an
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Fig. 1. Sketch diagram of the proposed self-decoupled scheme with four
hybrid modes. (a) Modes description at the low band. (b) Modes description at
the high band.

open-circuit condition (perfect magnetic conductor, PMC) for
even mode excitations while it presents a short-circuit
condition (perfect electric conductor, PEC) for odd mode
excitations. The corresponding two-port S-parameters can be
decomposed into two one-port antenna S-parameters under
respective even mode and odd mode excitations as follows,

Sllfeven(f)_'_sllfodd(f)
2
(f);slliodd(f), f = f1’

S.(f)= (1a)

, F=1,1,

f (1b)

821( f ) — Sllfeven -
where S11 (f) and Sz () are the S-parameters of the two-port
antennas on the left part of Fig. 1, S11 even (f) and S11 oda () are
the S-parameters of the two one-port antenna systems on the
right part of Fig. 1, and f; and f, are the center frequencies of the
two desired bands. It is concluded from formula (1) that to
make the Si; and Sy of the two-port antennas close to 0 to
achieve perfect matching and decoupling, the two S-parameters
of the one-port system in the right part of Fig. 1 both require to
be close to 0, as illustrates in the following formula (2),

Si een(F)=0, =1, 1, (2a)

S o (F)=0, T =1, 1, (2b)
It should be noted that formula (2) requires to be satisfied at f;
and f, simultaneously to achieve dual-band or wideband
self-decoupling. It is seen that the key point for mode
cancellation is to make the two input impedances of these two
pairs of modes close to each other at each band. Therefore, for
the low band, the two modes are the A/4 monopole mode and
the IFA mode, which present similar current distributions and
physical lengths, so it is of high potential that these two modes
have similar input impedances. Similarly, for the same antenna
geometry in the high band, the corresponding dipole mode and
open slot mode are also probable to be canceled out with each
other to achieve the eventual self-decoupling.

To prove these speculations, a mechanism-study example
working in the N78 band (3.4 — 3.6 GHz) and N79 band (4.8 -5
GHz) is shown in Fig. 2, where a two-port antenna system is
symmetrically placed on a vertically-placed FR4 substrate
whose permittivity is 4.4 and loss tangent is 0.02 with a
dimension of 180 <8 <0.8 mm?®,

As is depicted in Fig. 3(a), in the EM simulation, the

Ground

. Antenna

Substrate

Fig. 2. Geometry of the mechanism-study two-port MIMO antennas. The unit
used here is mm.

boundary condition of the symmetrical plane is set as the PEC
for odd mode excitation with the other five boundary planes as
the radiation condition, while PMC is set for the symmetrical
plane under the even mode excitation. In this way, the two-port
antenna pair turns into two one-port antenna systems, with the
corresponding input impedance illustrated in the Smith chart in
Fig. 3(b) for the PMC and PEC conditions, respectively.

For the 3.5 GHz, it is observed that the two input impedances,
ms and ms, are both very close to the original point of the Smith
chart, meaning that the Si1_even (3.5) and Si1_odd (3.5) are both
almost equal to 0 so that the matching and the decoupling have
been simultaneously achieved at 3.5 GHz for the two-port
antennas based on the formulas (1) and (2). At the same time,
for the same antenna geometry, a similar phenomenon is
observed for 4.9 GHz, as the marks m; and my illustrate in Fig.
3(b). Therefore, benefiting from the comprehensive
coordination of these four hybrid modes, the self-decoupling is
achieved in the two bands simultaneously. To have a clearer
justification, the S-parameters of the two-port antenna pair are
presented in Fig. 4, which shows that the Si; and S at the two
desired frequencies are all better than -25 dB, proving the
obtained decoupling and matching of formula (1).

To study the physical mechanism, the current distributions
of the one-port antenna under PEC and PMC conditions are
shown in Fig. 5. As is shown in Figs. 5(a) and 5(b), in the low
band, the current distribution of the even mode excitation is a
typical monopole mode while it is of IFA mode for the odd
mode excitation, coinciding well with those in Fig. 1(a).
Similarly, in the high band, for the same antenna geometry, it is
seen from Fig. 5(c) and Fig. 5(d) that it is of dipole mode under
the even mode excitation and open-slot mode under the odd
mode excitation, as expected in Fig. 1(b), and these two modes
also share the similar input impedance.

I1l. DEMONSTRATION EXAMPLES

A. Dual-Band Self-Decoupled Antennas

To verify the generality of the proposed method, the
above-studied dual-band MIMO antennas are placed 6.5-mm
offset from the center line, as the geometry shown in Fig. 6.

To have a clearer insight, the evolution of the antenna is
presented in Fig. 7. The antenna in Case 1 can achieve
wideband decoupling higher than 10.5 dB, but it cannot support
multi-band decoupling [20]. In Case 2, by adding two branches,
dual-band decoupling is initially achieved. However, the area
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Radiation boundary
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(b)
Fig. 3. Simulation model and the corresponding input impedances in Smith
chart of the even mode and odd mode excitations. (a) Simulation model. (b)
Input impedance.
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Fig. 4. Simulated S-parameters of the proposed two-port MIMO antennas.
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between the two branches is not well utilized, so the antenna is
not very compact. Case 3 merges the two branches into a
symmetrically distributed one, achieving dual-band decoupling
with a more compact and efficient design. Due to the different
working modes for different bands, the dual-band decoupling
can be independently tuned by adjusting the lengths of the
upper branch and the slot.

The proposed antennas are then fabricated and measured. As
shown in Fig. 8, the measured S-parameters agree well with the
simulated ones. It is seen that the impedance matching is better
than -10 dB in both the two bands. What’s more, the isolations
between the two ports are both better than 20 dB. This antenna
can be used as a unit to form an eight-port antenna system by
meandering the upper branch to lower the coupling between the
two adjacent units, and the result is omitted here for brevity.

The total efficiency of the dual-band antennas is measured in
an accredited near-field anechoic chamber. It can be found
from Fig. 9 that the total efficiency in the low band varies from
81 % to 87 %, while that in the high band varies from 73 % to
89 %. After taking into hand’s effect, the total efficiency will
decrease to about 61 % and 54 % in the two bands, which is
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Fig. 5. Simulated current distributions of the one-port antennas. (a) Even mode
at 3.5GHz. (b) Odd mode at 3.5GHz. (c) Even mode at 4.9 GHz. (d) Odd mode
at 4.9 GHz.
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Fig. 6. Geometry of the proposed dual-band self-decoupled MIMO antennas.
The unit used here is mm.
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Fig. 7. The evolution of the proposed antenna. (a) Geometry. (b) S-parameters.

quite good for terminal antennas. Nowadays, maintaining a low
specific absorption rate (SAR) has great significance for
people’s health. It can be seen in both the two bands, a low SAR
is achieved, satisfying the requirement of lower than 2.0 W/kg.

To evaluate the diversity performance of the proposed
MIMO antennas, the envelope correlation coefficient (ECC) is
calculated, which is lower than 0.005 in both bands, showing a
good MIMO spatial performance.
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Fig. 10. Geometries of the proposed wideband self-decoupled MIMO antennas.
The unit used here is mm.
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Fig. 11. Simulated and measured S-parameters of the proposed wideband
self-decoupled MIMO antenna.

B. Wideband Self-Decoupled Antennas

To validate the generality of the decoupling scheme, the
wideband antenna is constructed into a co-planar model with a

detailed structure illustrated in Fig. 10.

As is observed for the S-parameter in Fig. 11, the matching
condition is better than -10 dB in the wide N78 band from 3.3 to
3.8 GHz. Also, the isolation is better than -19 dB, showing
good decoupling performance for the wideband scenario. A
picture of the prototype is also inserted in Fig. 11. The radiation
performance of the wideband antennas is also measured. It is
found that across the wide N78 band, the measured total
efficiency varies from 71 to 90 % with an average of about
82 %, and the ECC is lower than 0.042.

In summary, the results show that the four hybrid modes can
coexist together as the two bands approach so that a wideband
decoupling is successfully achieved.

C. Discussions

In this part, the proposed antennas are compared with some
self-decoupled antennas recently reported from several aspects,
as summarized in Table I. It is seen that the methods in [13] and
[15] can support dual-band scenarios while that in [20] supports
the wideband scenarios. On the contrary, the proposed scheme
can be applied to both the dual-band and wideband scenarios,
which benefits from the compatibility of the four hybrid modes.
Although the cancellation of two modes is also used in [20], it
only applies to the single-band scenario with -6 dB matching
and -10 dB decoupling. Differently, a dual-band or wideband
performance with -10 dB matching and -20 dB decoupling is
obtained using the proposed self-decoupling scheme with four
hybrid modes. Besides, the proposed designs prove higher
efficiencies compared with the existing works for both the
dual-band and wideband scenarios.

IV. CONCLUSION

In this letter, a dual-band and wideband self-decoupling
scheme using four hybrid modes is proposed. Specifically, the
proposed antennas present four different modes in the low band
and high band for even and odd mode excitations. By designing
the corresponding even and odd modes sharing a similar current
distribution for the two bands simultaneously, a natural
dual-band self-decoupling can be achieved. Moreover, these
two bands can be approached to obtain a wideband decoupling.
Taking into consideration the new principle and good
performance, the proposed scheme provides a promising
alternative for MIMO antenna designs in mobile terminals.
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