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Abstract— We propose a series of closely spaced self-multipath
decoupled antenna pairs that are capable of realizing
self-decoupling performance from a single band to four bands
for SG mobile terminals. First, we propose a self-multipath
counteraction method by building multiple coupling paths on
the radiating branch of one of the antennas, where the coupling
energy passing through the multiple coupling paths could be
counteracted at the feeding ports. Based on this principle, two
types of single-band self-multipath decoupled antenna pairs are
constructed with the shorted end and the open end without
using any additional decoupling structures. Then, a dual-band
and wideband self-multipath decoupled antenna pair is designed
by combining the multipath of such two types of single-band
self-multipath decoupled antenna pairs. Finally, a four-band and
wideband self-multipath decoupled antenna pair is constructed
to further widen the decoupling bandwidth based on the dual-
band self-multipath decoupled antenna pair. Both simulated and
measured results show that the four-band antenna pair can
be self-decoupled at four bands with the isolation more than
20 dB over entire N77, N78, and N79 bands, demonstrating
excellent multiband and wideband self-decoupling performance.
The proposed self-multipath counteraction method, with the
merits of simple antenna structure and wideband self-decoupling
performance, should provide significant application values for
the very compact and wideband multiple-input multiple-output
(MIMO) systems.

Index Terms— Antenna decoupling, multiband and wideband,
self-decoupled, self-multipath counteraction.

I. INTRODUCTION

HE multiple-input multiple-output (MIMO) technique

has been commercialized in 5G mobile terminals in
recent years, since it has been proven to be able to multiply
the throughput rate of the transmitting data [1]. However,
as more and more antennas are required in a 5G mobile
terminal, multiple antennas have to be placed closely in the
limited available space, which may degrade the isolation or
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correlation performance, thus leading to the deterioration of
the throughput rate. Especially, in order to minimize the
number of antennas, multiband and wideband antennas are
designed to support more 5G new radio (NR) bands, such
as integrating entire N77 (3.3-4.2 GHz), N78 (3.3-3.8 GHz),
and N79 (4.4-5.0 GHz) bands into a single antenna, which
would further increase the difficulty in the design of compactly
spaced antennas. Therefore, it would be of great significance
to design multiband and wideband MIMO antennas with
the extremely compact distance while having better isolation
performance for 5G and future 6G mobile terminals.

To solve the coupling problems, plentiful decoupling tech-
niques have been proposed by adding extra decoupling struc-
tures or components in previous studies [2], [3], [4], [5],
(61, [71, [81, [91, [10], [111, [12], [13], [14], [15], [16], [17],
[18], [19], such as defected ground structures [2], [3], [4],
decoupling networks [5], [6], [7], [8], parasitic scatterers [9],
[10], neutralization lines [11], [12], [13], and lumped ele-
ments [14], [15], [16], [17], [18], [19]. Among these studies,
some multiband decoupling structures have been demonstrated
to improve the decoupling bandwidth [10], [13], [18], [19].
In [10], four parasitic scatterers are added between two anten-
nas to block the coupling energies at four-frequency bands.
In [13], three neutralization lines are connected between two
antennas to reduce the mutual coupling at three-frequency
bands. In [18] and [19], by inserting lumped elements or
connecting lines, closely spaced open-slot antenna pairs with
face-to-face or back-to-back configuration could be decoupled
at two-frequency bands. These studies have demonstrated
excellent decoupling performance for the design of multiband
antenna pairs. However, extra decoupling structures or com-
ponents may occupy the limited available space, and it is
difficult to obtain a high isolation, e.g., 20 dB, for closely
spaced antenna pairs over a wideband range.

To further squeeze the available space for MIMO antennas,
self-decoupled antenna pairs have been shown to be capable of
effectively achieving better isolation with a compact distance
without adding extra decoupling structures [20], [21], [22],
[23], [24], [25], [26], [27], [28], [29], [30], [31], [32]. For
example, by placing symmetrical antenna pairs together using
orthogonal modes, such as common mode (CM) and differen-
tial mode (DM), the inherent characteristics of the orthogonal
modes could easily generate the high isolation of the antenna
pairs [20], [21], [22], [23], [24], [25]. However, by tuning CM
and DM impedances to be similar states based on the mode
cancellation method, both CM and DM can be excited and
canceled out, leading to the self-decoupling performance of
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Fig. 1. Configuration of the proposed self-multipath decoupled antenna pair. (a) Structure of the self-multipath decoupled antenna pair. (b) Evolution of the

self-multipath decoupled antenna pair from the single-band to the four-band self-decoupling performance. (c) Demonstration of the coupling coefficients from

single-band to four-band self-decoupling performance.

the symmetrical antenna pairs [26], [27], [28]. Among these
studies, some dual-band self-decoupled antenna pairs also
have been demonstrated [23], [30]. In [23], lumped filters are
inserted in a compactly spaced antenna pair with orthogonal
modes to have different effective electrical sizes for high-band
and low-band, respectively, leading to the dual-band operation
and decoupling performance. In [30], by setting high-band
and low-band radiating branches separately, dual-band self-
decoupled antenna pair can be obtained with the shared feed-
ing and grounding branches. However, symmetrical structures
are strictly required of these self-decoupled antenna pairs to
have a better decoupling performance, and it may be difficult
to further obtain multiband self-decoupling performance for
more than two bands.

In this article, we propose a self-multipath counterac-
tion method that is different from previous studies for self-
decoupled antennas. Based on this method, we design a
series of self-multipath decoupled antenna pairs from a single
band to four bands, thus realizing wideband self-decoupling
performance. Especially, we show that the four-band antenna
pair with very close distance can be self-decoupled at four
bands with the isolation more than 20 dB in the —6 dB
impedance bandwidth from 3.1 to 5.1 GHz, covering entire
N77, N78, and N79 bands. Compared with the previous
studies, the proposed design has the advantages and features
of that: 1) it is self-decoupled without using any additional
decoupling structures; 2) it does not require symmetrical
antenna structures; 3) multiband (more than dual bands) and
wideband decoupling performance can be realized; and 4)
excellent decoupling performance more than 20 dB of isolation
can be obtained for closely spaced antennas.

This article is organized as follows. In Section II,
the self-multipath counteraction method is proposed.

In Section III, two types of single-band self-multipath
decoupled antenna pairs are designed. In Section IV, the
dual-band self-multipath decoupled antenna pair is presented.
In Sections V and VI, the four-band self-multipath decoupled
antenna pair is demonstrated and the experiment is carried
out, respectively. Finally, conclusion is drawn in Section VII.

II. DESIGN PRINCIPLE

Fig. 1(a) shows the structure of our proposed self-multipath
decoupled antenna pair. The antenna pair is attached to an
FR4 dielectric board (¢, = 4.4 and loss tangent 0.02)
and mounted on a metallic ground plane to mimic a mobile
terminal. Fig. 1(b) demonstrates the evolution of our proposed
self-multipath decoupled antenna pair, where the dual antennas
in all cases are placed with extremely close distance without
using any additional decoupling structures. Through such a
design procedure, as shown in Fig. 1(c), the self-decoupling
performance from the single-band to the four-band can be
easily achieved, thus realizing a very wideband self-decoupling
performance of our proposed self-multipath decoupled antenna
pair.

To interpret the working mechanism of the multiband self-
decoupling performance, we start with the design of the
single-band self-multipath decoupled antenna pairs through
our proposed self-multipath counteraction method.

As shown in Fig. 2(a) and (b), we propose two types of
single-band self-multipath decoupled antenna pairs with the
shorted end and the open end. For the first single-band self-
multipath decoupled antenna pair with the shorted end in
Fig. 2(a), the feeding port of Ant2 is placed close to Antl, and
the right end of Ant2 is shorted. When Antl is excited, there
are mainly two self-decoupling paths on Ant2 being created
to couple the energy from Antl to Port2. Pathl is the direct
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Fig. 2. Self-decoupling principle of two types of single-band self-mul-
tipath decoupled antenna pairs. (a) and (b) Schematic diagrams of the
self-decoupling paths for single-band1 and single-band2 self-multipath decou-
pled antenna pairs. (c) and (d) Equivalent circuits of the single-band1 and
single-band2 self-multipath decoupled antenna pairs.

coupling path from the end of Antl to Port2. Path2 is the
transmission path from the end of Antl to the shorted end
of Ant2 with the superposition of the reflection path back to
Port2, where a reflection phase of m would be introduced at
the shorted end of Ant2. Therefore, the coupling powers from
such two self-decoupling paths have the phase difference of

Phase(path2) — Phase(pathl) = 2% 8L, + 7 (D)

where L, is the length of Ant2, 8 = 2m/\ is the phase
constant, and )\ is the wavelength in the substrate. When

Ly=nMA?2, n=1,2,3 2)

we have
Phase(path2) — Phase(pathl) = (2n + 1)7. 3)

Therefore, when (2) is satisfied, the coupling powers from
pathl and path2 could be counteracted at Port2, and the
self-multipath decoupled antenna pair in Fig. 2(a) could be
self-decoupled.

However, the amplitudes of the two paths may be different
due to that a part of the power of path2 would be radiated
out through Ant2, which would result in the variation of the
decoupling level but not decoupling frequency.

It should be noted that the other areas where the two paths
pass through, such as the ground and Antl, are not drawn in
Fig. 2(a). And this is because they are in the common area of
both pathl and path2, leading to that the phase difference in
(3) would not be affected.

Similarly, as shown in Fig. 2(b), when the end of Ant3
is open for the second single-band self-multipath decoupled
antenna pair, the reflection phase would be zero at the open
end, and we have

Phase(path2’) — Phase(pathl’) = 2 % BLs. 4)
When
Ly=Qm+DN4, m=0,1,2 (5)

we have

Phase(path2’) — Phase(pathl’) = (2m + 1)7. (6)
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In such a situation, we can also obtain the self-decoupling per-
formance of the second single-band self-multipath decoupled
antenna pair in Fig. 2(b).

In order to further illustrate the self-decoupling mechanism
of the self-multipath counteraction method, Fig. 2(c) and
(d) demonstrates the equivalent circuits of the self-multipath
decoupled antenna pairs.

In Fig. 2(c), R; and R, represent the radiation loss of
Antl and Ant2, respectively, C, represents the coupling effect
between Antl and Ant2, and the transmission lines of BL;
and BL, represent the antenna radiating branches of Antl
and Ant2, respectively. For a shorted transmission line of
BL,, the input impedance is Z = jZptan(SL,), where
Zy is the characteristic impedance of the transmission line.
The transmission matrix from Portl to Port2 can be expressed
as [33]

A B a; b 1 0 1 0

C D - C1 d] i 1 —1
Ry JZotan(BLy)

(7N
where [a; b; ¢y d;] refers to the total transmission matrix
consisting of BL;, R, and C,. From (7), we have

A=a;+bi/Ry— jbicot(BL2)/Z

B=»b
‘ ®)
C=c+di/R— jdicot(BL2)/Zy
D =d,.
The coupling coefficient of S,; can be expressed as
2
So = . 9
A+B/Zy+CZy+ D
Therefore, we can obtain
2
[S21] = (10)
VE? + F2cot2(BL,)
where
E=a1+bi/Ry+Db1/Zo+c1Zo+ di1Zo/ Ry + di
F=b/Zy+d.
(11)
When
Ly=n)\/2, n=1,2,3 (12)
we have |S5;] = 0 and the self-decoupling performance can

be obtained in Fig. 2(c).

For an open ended transmission line of L3 in Fig. 2(d), the
input impedance is Z' = — jZycot(8L3). Similarly, we can
obtain

2

VEX+ Frtan’(BL3)

1Sy, = (13)

When

Liy=Qm+DN4, m=0,1,2 (14)
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Fig. 3. Single-bandl self-multipath decoupled antenna pair. (a) Antenna

structure. (b) S-parameters. (c) Surface current distributions at 3.5 GHz.

we have |S§1| = 0 and the self-decoupling performance can
be obtained in Fig. 2(d).

From (12) and (14) in the equivalent circuits, we can obtain
the same self-decoupling conditions as (2) and (5).

However, we can also observe from (7) that the
self-multipath counteraction effect of the proposed antenna
pairs would not be affected by a;, by, ¢, and d;. Therefore,
Antl can be changed to other type antennas.

III. SINGLE-BAND SELF-MULTIPATH DECOUPLED
ANTENNA PAIRS

To verify the effectiveness of our proposed self-multipath
counteraction method, we first construct the first single-band
self-multipath decoupled antenna pair with the shorted end
without using any additional decoupling structures, as shown
in Fig. 3(a), where the right end of Ant2 is grounded. In such a
design, the length of Antl can be designed in different values,
and n = 1 is chosen in (2) and (12) to make Ant2 work
at half-wavelength mode. We can observe in Fig. 3(b) that
the single-band1 self-multipath decoupled antenna pair would
be self-decoupled at 3.5 GHz as we expected, demonstrating
the effectiveness of our proposed method. However, it can be
observed in Fig. 3(c) that the A\/2 mode current distribution
of Ant2 would be excited and that very little energy would be
coupled to the other port from the feeding port.

Fig. 4 demonstrates the tuning method of the self-
decoupling frequency. We can observe that the self-decoupling
frequency would not be affected by the length L; of Antl and
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(a) Antenna structure. (b) S-parameters. (c) Surface current distributions at
3.5 GHz.

can be tuned by the length L, of Ant2. However, a lumped
element of a capacitor or an inductor can be inserted at the
grounding point to generate the tunable reflection phase of
¢ to replace a fixed value of m, where the self-decoupling
frequency can be tuned up and down by a capacitive element
and an inductive element, respectively.

It should be noticed that the feeding port and the grounding
point of Ant2 cannot be interchanged even if the \/2 mode
current distribution of Ant2 is symmetrical. For example,
Fig. 5(a) demonstrates the reference antenna pair when Port2
and the grounding point of Ant2 are interchanged. We can
observe in Fig. 5(b) that there is no self-decoupling perfor-
mance of the reference antenna pair. However, we can also
observe in Fig. 5(c) that strong current would be excited on
Antl when Port2 is fed, even though Ant2 has similar current
distribution as in Fig. 3(c). And this is because pathl cannot
be created when Port2 is far away from Antl, resulting in the
disappearance of the self-multipath counteraction effect.
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structure. (b) S-parameters. (c) Surface current distributions at 3.5 GHz.

Similar to the first single-band self-multipath decoupled
antenna pair in Fig. 3, we then construct the second single-
band self-multipath decoupled antenna pair with the open
end of Ant2, as shown in Fig. 6(a). In such a design, the
length of Antl can also be designed in different values, and
1 is chosen in (5) and (14) to make Ant2 work at
three-quarter wavelength mode. We can observe in Fig. 6(b)
and (c) that the single-band2 self-multipath decoupled antenna
pair would be self-decoupled at 3.5 GHz while Ant2 works at
the 3)\/4 mode, which further verifies the effectiveness of our
proposed method.

The isolation level in Figs. 3 and 6 is different at 3.5 GHz,
which is because the amplitudes of the two decoupling paths
are different due to the radiation of Ant2. However, both
the impedance bandwidth and the decoupling bandwidth are
relatively narrow, which requires to be further widened.

m =

IV. DUAL-BAND SELF-MULTIPATH DECOUPLED
ANTENNA PAIR

By combining the multipath of both single-bandl and
single-band2 antenna pairs, we can further construct the dual-
band self-multipath decoupled antenna pair through our pro-
posed self-multipath counteraction method, as shown in Fig. 7.
For the design of Ant2, both the grounding point and the
open end are included in the antenna structure, and a lumped
element can be inserted at the grounding point to generate
the tunable reflection phase of ¢. Through such a design,
dual modes can be excited to widen the impedance bandwidth
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of Ant2, and three self-decoupling paths on Ant2 are created
to realize dual-band self-decoupling performance. Pathl and
path2 are counteracted at the first decoupling frequency that
can be tuned by the total length of Ant2, and pathl and path3
are counteracted at the second decoupling frequency that can
be tuned by either the reflection phase of ¢ at the grounding
point or the length of Ant2 from Port2 to the grounding point.

However, to further widen the impedance bandwidth,
we shape Ant2 from a straight structure into a folded structure,
as shown in Fig. 8(a) and (b). In the application of mobile
terminals, S;; < —6 dB [voltage standing wave ratio (VSWR)
< 3] is generally considered as a good impedance matching.
On the one hand, we can observe in Fig. 8(c) that the
—6 dB impedance bandwidth of the straight antenna element
is improved by combining dual modes compared with Figs. 3
and 6. On the other hand, we can also observe that the —6 dB
impedance bandwidth is from 3.1 to 3.8 GHz for the straight
antenna structure and from 2.6 to 4.4 GHz for the folded
antenna structure. Clearly, the impedance bandwidth of the
antenna element is greatly improved from 700 to 1800 MHz
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when the structure is folded. As shown in Fig. 8(d), there are
two resonant modes that can be excited for both the straight
and the folded antenna elements. The first mode is 3\/4
mode from the feeding port to the open end, and the second
mode is A/2 mode from the feeding port to the grounding
point. The change from the straight to the folded structures
is that the opposite vector directions would become the same
vector directions of the current distribution for both modes.
Such same vector directions of the current distribution would
enhance the radiation ability of the antenna element instead
of canceling the radiation for the opposite vector directions,
which is the reason for the bandwidth expansion of the folded
antenna element. Therefore, we can obtain a wider impedance
bandwidth by combining dual modes and folding the antenna
structure together.

Fig. 9(a) demonstrates the dual-band self-multipath decou-
pled antenna pair according to the analysis of Fig. 7, where
the folded structure of Ant2 in Fig. 8(b) is employed to widen
the impedance bandwidth. We can observe in Fig. 9(b) that the
antenna pair can be self-decoupled at both 3.5 and 4.3 GHz,
demonstrating a wideband self-decoupling performance as we
designed. However, we can also observe that Ant2 works at a
wideband impedance bandwidth from 2.6 to 4.3 GHz, which
is because the folded antenna structure of Ant2 is employed.
Although an additional coupling path is generated to couple
the power from Antl to the open end of Ant2, this coupling
power is much smaller than the direct coupling power from
Antl to Port2, which has little influence on the decoupling
performance. As shown in Fig. 9(c), the current at the first
decoupling frequency is distributed on path2 and exhibits the
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3\ /4 mode from the feeding port to the open end when Port2
is excited, and the current at the second decoupling frequency
is distributed on path3 and exhibits the A\,/2 mode from the
feeding port to the grounding point when Port2 is excited.

Similar to the single-bandl self-multipath decoupled
antenna pair in Fig. 4, we can tune the first self-decoupling
frequency by the total length of Ant2 and the second
self-decoupling frequency by both the reflection phase ¢
of the grounding point and the location of the grounding
point of Ant2. For instance, Fig. 10 demonstrates the decou-
pling performance with different antenna parameters of the
dual-band self-multipath decoupled antenna pair. First, both
self-decoupled frequencies would not be affected by the length
L; of Antl in Fig. 10(b). Second, both frequencies can be
tuned by the length L4 of Ant2 in Fig. 10(c), which is because
both path2 and path3 include this branch section of Ant2.
Finally, the second decoupling frequency can be tuned by
either the capacitance at the grounding point in Fig. 10(d)
or the location of the grounding point of Ant2 in Fig. 10(e),
which is because path3 can pass through the grounding point
and be reflected with the phase ¢.

V. FOUR-BAND SELF-MULTIPATH DECOUPLED ANTENNA
PAIR

Since the self-decoupled frequencies would not be affected
by Antl in the single-band and dual-band antenna pairs
mentioned earlier, we can design the type of Antl of the
dual-band self-multipath decoupled antenna pair in Fig. 9 to
be a similar type to Ant2 to further widen the decoupling
bandwidth. Through such a design, as shown in Fig. 11, six
self-decoupling paths are created with three on Antl and
three on Ant2. And four-band self-decoupling performance
can be realized through self-multipath counteraction happened

Authorized licensed use limited to: Tsinghua University. Downloaded on December 18,2023 at 07:50:05 UTC from IEEE Xplore. Restrictions apply.



ZHANG et al.: MULTIBAND AND WIDEBAND SELF-MULTIPATH DECOUPLED ANTENNA PAIRS

(a POI’t'] =
Path2

(b) Port1 =
E Path3

Path5 PathG;
Port2 Port2

Fig. 11.  Schematic of the four-band self-decoupling paths. (a) Decou-
pling frequencyl. (b) Decoupling frequency2. (c) Decoupling frequency3.
(d) Decoupling frequency4.
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Fig. 12. Four-band self-multipath decoupled antenna pair. (a) Antenna
structure. (b) S-parameters.

on both Antl and Ant2, where two of the self-decoupling
frequencies are mainly determined by Ant2 and the other two
self-decoupling frequencies are mainly determined by Antl.

Fig. 12(a) demonstrates our proposed four-band self-
multipath decoupled antenna pair according to the analysis
of Fig. 11, where Antl is designed to be of a similar type to
Ant2 but with different antenna parameters. We can observe
in Fig. 12(b) that both Antl and Ant2 have the —6 dB
impedance bandwidth from 3.1 to 5.1 GHz, which covers
entire 5G N77, N78, and N79 bands. However, such antenna
pair can be self-decoupled at 2.7, 3.3, 4.0, and 4.9 GHz
with the isolation of more than 20 dB from 2.5 to 5.2 GHz,
demonstrating excellent four-band and very wideband self-
decoupling performance.

Fig. 13 demonstrates the surface current distributions of
the four-band self-multipath decoupled antenna pair at the
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Fig. 13. Surface current distributions of the four-band self-multipath
decoupled antenna pair.
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Fig. 14. (a) Antenna efficiencies. (b) ECC of the four-band self-multipath
decoupled antenna pair.
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Fig. 15. Influence of the matching networks, where matchl refers to the

matching networks in Fig. 12.

decoupling frequencies. We can observe that the first decou-
pling frequency is mainly determined by the \;/2 mode from
Port2 to the grounding point of Ant2, the second decoupling
frequency is mainly determined by the 3\, /4 mode from Portl
to the open end of Antl, the third decoupling frequency is
mainly determined by the 3A3/4 mode from Port2 to the open
end of Ant2, and the fourth decoupling frequency is mainly
determined by the \s/2 mode from Portl to the grounding
point of Antl.

Fig. 14 continues to demonstrate the antenna efficiencies
and envelope correlation coefficient (ECC) of the four-band
self-multipath decoupled antenna pair. We can observe that
the total efficiencies of both Antl and Ant2 are better than
—1.6 dB and ECC is much less than 0.01 from 3.1 to 5.1 GHz,
demonstrating excellent radiation and diversity performances.
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TABLE I
COMPARISON BETWEEN MULTIBAND DECOUPLED ANTENNAS
Antenna Antenna Symmetrical
Ref. Decoupling Method Isolation | Multi-Band Bandwidth
Distance | Total Length | Requirement
[10] Four Parasitic Scatterers >20 dB Four 8% (2.4-2.6 GHz) 0.32X0 0.55\0 No
[13] Three Neutralization Lines >15 dB Three 52% (1.66-2.84 GHz) 0.08 Ao 0.51)X¢ Yes
[18] Lumped Element+Connecting Line >10 dB Dual 41% (3.3-5.0 GHz) 0.03)\o 0.33 )¢ Yes
) 5.7% (3.4-3.6 GHz)
[23] Orthogonal Modes+Lumped Filters >10 dB Dual 0.05X0 0.17X0 Yes
+2.1% (4.8-4.9 GHz)
5.7% (3.4-3.6 GHz)
[30] Self-Decoupled >17.5 dB Dual 0.014 )\ 0.25X0 Yes
+4.1% (4.8-5.0 GHz)
This work Self-Multipath Decoupled >20 dB Four 49% (3.1-5.1 GHz) 0.02X0 0.40X0 No
0 —_—
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Fig. 16. Influence of the antenna location and the ground size. (a) Schematic
diagram of antenna location. (b) Sp; with different ground sizes or different
positions.
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Fig. 17.  Further increase in bandwidth of the four-band self-multipath

decoupled antenna pair. (a) Antenna structure with the width of 8 mm.
(b) S-parameters.

The tuning method of the self-decoupling frequencies for
the four-band self-multipath decoupled antenna pair is similar
to the dual-band self-multipath decoupled antenna pair and can
be obtained from Fig. 10. However, as shown in Fig. 15, the
matching networks have very little influence on the decoupling
performance when we have very small reflection coefficients
at different frequencies. This is because the matching networks
are in the common area of the self-decoupling paths, and the
phase difference would not be changed in (3) and (6).

Fig. 16 demonstrates the influence of the antenna location
and the ground size, where the antenna pair is placed at
different locations on the ground or the ground is adjusted with
the size of G; x G,. Although the isolation level is changed a
little due to the radiation of the ground, excellent decoupling
performance can always be obtained when the antenna pair
moves and the ground size changes.

Clearly, the working bandwidth of the four-band self-
multipath decoupled antenna is no longer dependent on the

Fig. 18. Photographs of (a) measurement setup and (b) fabricated four-band
self-multipath decoupled antenna pair.

decoupling bandwidth but only limited by the impedance
bandwidth under such a wide self-decoupling bandwidth.
There are many methods to further obtain a better impedance
matching and improve the impedance bandwidth. For example,
Fig. 17 shows the antenna performance when the width of the
antenna is increased from 4 to 8 mm. We can observe that
Antl and Ant2 have the —6 dB impedance bandwidth from
3.3 to 7.0 GHz with the isolation more than 15 dB and from
3.6 to 5.9 GHz with the isolation more than 20 dB, demon-
strating both very wide impedance bandwidth and decoupling
bandwidth performances.
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Fig. 19. Simulated and measured S-parameters of the four-band self-multi-
path decoupled antenna pair.
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Fig. 20. Simulated and measured radiation patterns of the four-band
self-multipath decoupled antenna pair. (a) 3.5 GHz. (b) 4.0 GHz. (c) 4.5 GHz.
(d) 5.0 GHz.

Table I demonstrates the detailed comparison in antenna
decoupling performance between multiband decoupled anten-
nas that have been proposed. We can observe that our proposed
method has many advantages than the previous studies. First,
our proposed antenna pair can be self-decoupled without
using any additional decoupling structures. Second, there is
no antenna symmetrical requirement of our proposed method.
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Then, a much wider decoupling bandwidth than most of the
existing studies can be achieved. Finally, excellent decou-
pling performance more than 20 dB of the isolation can be
easily obtained over a wideband range for closely spaced
antennas.

VI. EXPERIMENTAL RESULTS

Finally, we fabricate a prototype of the proposed four-
band self-multipath decoupled antenna pair which is formed
by combining two FR4 circuit boards (¢, = 4.4 and loss
tangent = 0.02), and the radiation performance is measured
in a multiprobe anechoic chamber, as shown in Fig. 18.
In the prototype, two 0.7 pF capacitors are in series to
be equivalent to a 0.35 pF capacitor at the grounding
point. However, due to the influence of the increased foot-
print of the matching network, the element value of the
matching network has a little adjustment to have a better
impedance matching compared with the simulated model
in Fig. 12.

Fig. 19 shows the simulated and measured S-parameters of
the four-band self-multipath decoupled antenna pair. We can
observe that the fabricated antenna pair can work from 3.1 to
5.2 GHz with the —6 dB impedance bandwidth and can
be self-decoupled at 2.7, 3.3, 4.2, and 5.0 GHz with the
isolation more than 20 dB from 2.6 to 5.4 GHz, which
is in good agreement with the simulated results and also
demonstrates excellent four-band and very wideband self-
decoupling performance. However, the far-field radiation pat-
terns in Fig. 20 show that both Antl and Ant2 possess the
omnidirectional radiation characteristics in a wideband range,
which provides excellent radiation performance for mobile
terminals.

VII. CONCLUSION

In conclusion, we have proposed several self-multipath
decoupled antenna pairs from a single decoupling band to
four decoupling bands based on self-multipath counteraction
method. First, we demonstrated the decoupling principle of the
self-multipath counteraction method by building multiple paths
on the radiating branch of one of the antennas, which was also
verified by the equivalent circuit results. Then, we constructed
a series of self-multipath decoupled antennas pairs that is
capable of realizing self-decoupling performance from a single
band to four bands. Especially, the four-band self-multipath
decoupled antenna pair can be self-decoupled at a very wide-
band range with the isolation more than 20 dB in the —6 dB
impedance bandwidth from 3.1 to 5.1 GHz, covering entire
N77, N78, and N79 bands. Finally, the experiment of the four-
band self-multipath decoupled antenna pair was carried out,
and the measured results agreed very well with the simulated
results. Our proposed decoupling method, with the merits
of simple antenna structure and wideband self-decoupling
performance, should provide significant application values for
the very compact and wideband 5G and future 6G mobile
terminals.
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