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ABSTRACT: In the present work, a dual-band four-port multiple-input multiple-output (MIMO) antenna based on an FR4 substrate is
designed, which can work in the frequency bands of 5G n256/n77/n78/n79 and 6G system. The MIMO antenna is composed of four
orthogonally placed monopole antennas. Multiple sets of L-shaped branches and cross-shaped branches are added to improve the isolation
among the antenna elements. The measured isolation is below —20 dB, and most of them can reach —30 dB within the operational
frequency spectrum. The actual measurement results reveal that the two impedance bandwidths of the antenna are 420 MHz (1.95—
2.37 GHz) and 4050 MHz (3.2-7.25 GHz), respectively, which can encompass the n256 band for 5G—6G satellite technologies (1.98—
2.01 and 2.17-2.2 GHz), 5G n77/n78/n79 (3.3—4.2/3.3-3.8/4.4-5.0 GHz) and 6G band (6.425-7.125 GHz). At the same time, the antenna
features a peak gain of 7.4 dB. The ECC value is below 0.0015, while the DG value exceeds 9.9999, showing good diversity performance.
The data reveal that the designed dual-band quaternary MIMO antenna has good applications in the fields of 5G satellite communication

and 6G systems.

1. INTRODUCTION

s wireless communication technology evolves at a fast
Apace, the fifth-generation (5G) mobile communication
technology has been deployed on a large scale worldwide,
bringing significant technological progress and application
innovation. 5G technology not only significantly improves
data transmission rate and network capacity, but also advances
the widespread integration of emerging applications like
internet of things (IoT), augmented reality (AR), and virtual
reality (VR). Currently, the direct-to-cellular 5G satellite
non-terrestrial networks (NTNs) and 6G become a hot point.
6G is expected to achieve higher transmission rate, lower
delay, wider coverage, and higher connection density, and is
expected to be commercially available around 2030 [1, 2].

As mobile communication technologies like 5G and 6G con-
tinue to develop, the utilization of spectrum in communication
systems has become more diversified and complicated, result-
ing in a wide demand for multi-frequency MIMO antenna tech-
nology. The fusion of multi-frequency approaches and MIMO
systems can greatly improve the efficiency of spectrum uti-
lization, enhance the reliability of communication links, and
achieve wider and deeper network coverage [3]. However, with
space being limited, the distance between MIMO antenna ele-
ments is minimized, resulting in significant coupling among the
units, which affects the signal propagation. Therefore, the chal-
lenge of minimizing coupling among multi-frequency MIMO
antenna units while enhancing isolation has garnered signifi-
cant attention.

At present, techniques frequently employed to decrease
coupling in MIMO antenna units involve decoupling net-
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works [4-7], diversity technique method [8—15], neutralization
line method [16—18], defected ground structure method [19-
25], and parasitic resonance structure method [26-35]. In
[12], a four-element MIMO antenna has been proposed for
the application in WLAN and Wi-Max frequency bands. The
diversity technique method was used to achieve an impedance
bandwidths of 3.0-4.4 and 5-6.6 GHz, and the isolation was
greater than 18 dB. The antenna in [14] is suitable for 5G
n77/n78 and X-band satellite communications, with isolation
greater than 18 dB in the frequency range of 2.8-4.2 and 6.1—
9 GHz. In [20], a four-element antenna is placed perpendicular
to each other in the frequency ranges of 1.68-3.1 and 3.35—
4.5 GHz, which can be applied to sub-6 GHz. The antenna of
[26] adds an isolation structure to achieve a frequency range of
3.28-4.15 and 4.69-6.01 and an isolation greater than 19 dB.
However, the above antennas are not connected to the ground.
The antennas in [22, 23] have a connected ground; in [22] the
antenna is compatible with 5G n79 and WiFi-6E bands; in
[23] the antenna can be used for 5G-sub 6 GHz/n38/n41/n90
and WLAN bands. However, the isolation level between the
two antennas is merely above 15dB. In [27], the frequency
bandwidths of the antenna are 1.85-3.63 and 5.07-7.96 GHz,
including DCS, LTE2300/2500, Bluetooth, ISM, and WLAN
bands. Ref. [28] proposed a dual-band antenna that can be
applied to 5G n77/n78/n79, IEEE 802.11ac/ax, X-band/C-band
wireless and satellite applications, and its isolation is greater
than 20 dB. The antenna in [29] is made of denim and can be
used in Bluetooth, IEEE 802.11 (a and b/g/n), WLAN, and
WiMAX bands, but the isolation is only greater than 10 dB.
Although the above three antennas have many application
frequency bands, they are only two-element MIMO antennas.
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FIGURE 1. Design process of single element antenna.

With the rapid growth of direct-to-cellular 5G satellite non-
terrestrial networks (NTN) and 6G systems, it is innovative
to design a four-element MIMO antenna applicable to 5G
n256/n77/n78/n79 and 6G systems.

The article presents a dual-band four-port MIMO antenna
designed for 5G n256/n77/n78/n79 and 6G applications. The
coupling among antenna elements is minimized through intro-
ducing isolation structures such as multiple sets of L-shaped
branches and cross-shaped branches connected to the ground.
Actual measurement results demonstrate that the antenna has a
working bandwidth of 1.95-2.37 and 3.2-7.25 GHz; the iso-
lation is below —20dB; the envelope correlation coefficient
(ECC) value is below 0.0015; the diversity gain (DG) value
exceeds 9.9999. They meet the frequency band requirements
0f n256 5G satellite communication band (1.98-2.01 and 2.17—
2.2 GHz), 5Gn77/n78/n79 (3.3-4.2/3.3-3.8/4.4-5.0 GHz), and
6G (6.425-7.125 GHz).

The innovations of the antenna include: (1) The antenna
covers the new n256 band for 5G-6G satellite technologies
(1.98-2.01 and 2.17-2.2 GHz), 5G n77/n78/n79 (3.3-4.2/3.3—
3.8/4.4-5.0GHz), and 6G band (6.425-7.125GHz) for 5G
satellite communications and 6G applications. (2) The antenna
is a four-element MIMO antenna with connected ground. This
technology improves the capacity and spectrum utilization of
the communication system, and improves the signal quality and
anti-interference ability. (3) The antenna has high isolation bet-
ter than 20 dB, and the ECC is less than 0.0015, while the DG
is more than 9.9999, which has good diversity performance.

2. ANTENNA DESIGN

2.1. Single Element Antenna

As depicted in Fig. 1, the design evolution of the unit antenna
takes place as follows. The proposed antenna is composed of a
fan-shaped monopole with symmetrical L-shaped slots etched
on the ground. The dielectric material for the antenna substrate
is FR4, with a dielectric constant of 4.4, a loss tangent of 0.02,
and a substrate thickness of 1.6 mm. The initial length of the
symmetric L-shaped slots can be determined by the formula be-

Ant-2< Ant-3<
low:
L = I (1)
4fc X \/Eeff
er+1
5eﬁ’ ~ TT (2)
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FIGURE 2. Structure of single element antenna.

In Fig. 2, a single element antenna structure is shown. The
antenna’s final design dimensions, obtained through the scan-
ning and optimization of its parameters, are presented in Ta-
ble 1.

TABLE 1. Parameters of the single antenna (in mm)

w 35 L 50 Ly | 19.6
Ly | 21.7 | Wy 3 L, 6.4
Wy | 0.7 | Ls 0.2 Wi | 10.5
Ly | 157 | R | 3174 | Ry 1.5
R, 1
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Figure 3 is the S;; diagram of the single antenna at differ-
ent stages. Ant-1 is a fundamental monopole antenna equipped
with a fan-shaped patch, and its working bandwidth is 1.9—
2.5 GHz, including the n256 satellite communication band. By
etching a symmetric L-shaped groove on the ground, Ant-
2 is obtained, functioning at two frequency ranges of 1.86—
2.33 GHz and 3.32-3.73 GHz. Finally, in Ant-3, three stepped
sides are added to the fan-shaped patch, and a dual-band an-
tenna working at 1.84-2.33/3.16-7.45 GHz is obtained. It
meets the requirements of 5G n256 n/77/n78/n79 and 6G ap-
plications.

0
,10 - —- - = - —_— —_——f e e e ARG — — — — — — R
m
T 20+
=
=30 —a— Ant-1]
—e— Ant-2
—a— Ant-3
_40 " 1 " 1 n 1 " 1 " 1 " 1 "
1 2 3 4 5 6 7 8

Frequency(GHz)

FIGURE 3. Comparison of Si; in different design stages.

2.2. Four-Element MIMO Antenna

Based on the monopole antenna, a dual-band four-element
MIMO antenna has been conceived. The structural details and
fabrication process are presented in Fig. 4. The suggested
antenna is printed onto a FR4 dielectric substrate, sized at
100 mmx 100 mmx 1.6 mm. The design features four orthogo-
nally oriented monopole antenna elements, with added isolation
structures such as L-shaped branches and cross-shaped cross
branches linked to the ground to lower the coupling among the
antenna components. The antenna’s geometry parameters, re-
fined through simulation and optimization, are: W5 = 100 mm,
Ls = 100mm, Wy = 15 mm, Lg = 66.9mm, W7 = 13.5 mm.

2.3. Effects of Parameters

Figure 5 demonstrates how parameter W, affects the parame-
ters of the antenna. As observed in Fig. 5, when W, gradually
increases, the antenna has wider low-frequency bandwidth, and
the change of isolation is small. Based on the above analy-
sis, the final size of W, is 0.7 mm. Fig. 6 shows the effects of
parameters W3 on S-parameters of the antenna. In Fig. 6, as
W3 increases, the antenna has narrower low-frequency band-
width, and the change of isolation is also small. Finally, W3 =
10.5 mm was determined.
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2.4. Decoupling Structure Analysis of the Antenna

Figure 7 shows the design workflow for the antenna decou-
pling structure, and Fig. 8 is the S-parameter simulation of
the antenna with and without isolation structure. In Ant-I,
four antenna elements are placed orthogonally without isolator
and connected ground. The antenna’s impedance bandwidths
are 1.78-2.33 GHz and 3.21-7.22 GHz, and S is less than
—20dB, but S3; is only less than —15.5dB. In Ant-II, a cross
branch is added to reduce the coupling and connect the ground
of four elements. The bandwidth of low frequency is wider;
the 55 is less than —15.1 dB; the improvement of S5, is larger;
the S3; is less than —18.4 dB. Finally, Ant-III is designed by
adding four L-shaped branches on the Ant-II. The isolation can
be further improved at high frequencies, and S3; are less than
—21 dB at most of the frequency bands.

As shown in Fig. 9, the antenna’s current distribution is
presented for center frequencies of 2.1 GHz, 4.6 GHz, and
6 GHz. Excitation is applied to Port 1, and the remaining
ports are linked to a 50€2 load. At various frequencies, sig-
nificant currents were detected in the excited antenna and iso-
lation branches, highlighting the effectiveness of the isolation
branches in minimizing coupling among antenna components.

From the above current diagram, it can be seen that the cur-
rent is mainly concentrated on the cross-shaped branch, so the
length of the branch L is analyzed. As shown in Fig. 10 with
the increase of Lg, the low frequency bandwidth increases; the
high frequency range gradually moves to the high frequency
direction; the impedance bandwidth decreases. When Lg =
66.9 mm, the isolation is lower than —18 dB in the working
bands. Therefore, the final size of Lg is 66.9 mm.

3. EXPERIMENTAL VERIFICATION

3.1. S-Parameter

The comparison of the antenna’s simulated S-parameters and
measured results is presented in Fig. 11. The experimental
data show that the trends in return loss fluctuations for both the
measured and simulated results are largely in agreement. The
measured impedance bandwidths of the antenna are 420 MHz
(1.95-2.37 GHz) and 4050 MHz (3.2-7.25 GHz), respectively,
which can cover the n256 satellite band (1.98-2.01 and 2.17—
2.2GHz), 5G n77/n78m79 (3.3-4.2/3.3-3.8/4.4-5.0 GHz),
and 6G (6.425-7.125GHz). The measured S,; is less than
—20.8 dB, and the measured S3; is less than —22.7 dB.

The analysis clearly indicates that although there are some
variations in the S;; values between the measured antenna and
simulated one, the trends are still observable, and the measured
isolation is better than 20 dB. Through further error analysis, in
the microwave frequency band, antenna processing accuracy
and SMA head welding are the main reasons affecting the an-
tenna performance.

3.2. Radiation Patterns

Figure 12 displays the MIMO antenna’s measurement setup.
Fig. 13 is the normalized radiation pattern of MIMO antenna.
The E and H plane normalized patterns were respectively ac-
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FIGURE 4. The structure and physical diagram of the proposed antenna. (a) Structure of the MIMO antenna. (b) Top view of the processed antenna.

(c) Bottom view of the processed antenna.
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FIGURE 5. Effect of W5 on S-parameter. (a) S11. (b) Sai1.

quired at 2.1 GHz, 4.6 GHz, and 6 GHz. As seen, the antenna’s
E-plane radiation pattern takes an ‘8’ shape, indicating a well-
defined two-way radiation mode; the H -plane radiation pattern
basically satisfies the omnidirectional radiation characteristics
and can transmit and receive signals in all directions. Although
the pattern is slightly distorted at high frequencies, the overall
trend remains unchanged. Overall, the antenna radiation per-
formance is good.

3.3. Gain and Radiation Efficiency

Figure 14 shows the antenna’s peak gain plot. The measured
results reveal that at 2.1 GHz, 4.6 GHz, and 6 GHz, the gains are
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4.2dB, 6dB, and 5.9 dB, respectively, achieving a maximum
gain of 6.4 dB.

Figure 15 shows the comparison of radiation efficiency be-
tween simulation and test. The simulated radiation efficiency of
the MIMO antenna is above 80% for both the operating bands.

3.4. ECC and DG

To facilitate a more intuitive discussion of antenna relationships
within the study, envelope correlation coefficient (ECC) and
diversity gain (DG) are generally used to measure the correla-
tion between MIMO antennas in engineering. ECC can mea-
sure whether the coupling performance of the antenna is ex-
cellent. Better antenna performance is associated with a lower
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FIGURE 6. Effects of W3 on S-parameter. (a) S11. (b) Sa1.
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FIGURE 7. The design process of isolation structure.
TABLE 2. Comparison of antenna performance.
No. of Antenna size Substrate Feeding Ground Bandwidth Isolation
Ref. ECC DG
¢ ports (mm?) material method connection (GHz) (dB)
44
[12] 4 64x64x1.6 FR4 Microstrip No 2 6.6 >18 <0.03 >9.9
. . 2942
[14] 4 62x62x0.6 FR4 Microstrip No 60-8.8 >18 <0.014 | >9.9993
[20] 4 100x60x 1.6 FR4 Microstri No 1.68-3.1 >22.5 <0.016 >9.9
' P 3.35-4.5 ' ‘ '
. . 4.45-5.2
[22] 4 48x48x1.6 FR4 Microstrip Yes 595715 >15 <0.005 >9.999
2.47-3.38
2 4 . FR4 Mi i Y 1 . .
[23] 50%50x0.8 icrostrip es 4.94-7 24 >15 <0.06 >9.95
. . .28-4.15
[26] 4 68x68x0.8 FR4 Microstrip No 3 >19 <0.0025 | >9.999
4.69-6.01
. . 1.85-3.63
[27] 2 40x30x1.6 FR4 Microstrip Yes >17 <0.003 >9.999
5.07-7.96
[28] 2 32x20x0.8 FR4 CPW Yes 3378 >20 <0.05 >9.9
' 8.0-12.0 ' '
. . 1.34-3.92
[29] 2 100x60x 1 Jeans Microstrip Yes 4.34-6.34 >10 <0.04 >9
. . 1.95-2.37
Prop. 4 100x100x1.6 FR4 Microstrip Yes 39705 >21 <0.0015 | >9.9999
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FIGURE 8. Antenna S-parameter of different isolation structures. (a) S11. (b) S21. (¢) S31.
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FIGURE 9. Antenna current distribution diagram. (a) 2.1 GHz. (b) 4.6 GHz. (c) 6 GHz
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FIGURE 10. Effect of Lg on S-parameter. (a) S11. (b) S21.
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FIGURE 11. Comparison of S-parameters. (a) S11. (b) S21. (¢) S31.

ECC. The formulas for calculating ECC and DG are provided
below [33]:

[l B (0.) - F 0, 02|
F .0 - [,

1— (ECC)?

pe(i ) (€)

R 2
Fy (0,0)| do

N

10

DG 4)
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The F in formula (3) represents the radiation pattern func-
tion. The comparisons of the simulated and measured ECCs
and DGs for the antenna are presented in Fig. 16 and Fig. 17.
From the diagram, there are slight fluctuations in the measured
curve of the antenna compared to the simulated data, which can
still meet ECC < 0.0015 and DG > 9.9999 in the required fre-
quency band, which satisfies the ECC and DG criteria neces-
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FIGURE 12. MIMO antenna measurement setup.
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FIGURE 13. MIMO antenna radiation patterns. (a) 2.1 GHz. (b) 4.6 GHz. (c) 6 GHz.
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FIGURE 14. Antenna peak gain diagram.
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FIGURE 16. ECC of the proposed antenna.
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FIGURE 18. Simulated TARC of the antenna.

sary for the design of MIMO antennas. This suggests that the
antenna has robust signal transmission and reception capabili-
ties, with a high degree of channel independence in the MIMO
antenna.
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FIGURE 15. Antenna radiation efficiency.
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FIGURE 17. DG of the proposed antenna.
3.5. TARC

The total active reflection coefficient (TARC) can represent the
coupling degree of the signal, which can be regarded as a mea-
sure of the radiation efficiency of multi-port antenna MIMO
array. It is capable of accurately defining the antenna’s radia-
tion efficiency and impedance bandwidth, and can be computed
using the following equation:

— N-05 N N 0o |
TARC = N \/ZH ‘zkzl Spei% )

Variable 6 denotes the excitation phase angle, which can take
the values of 0°, 60°, 120°, and 180°. From Fig. 18, it can be
seen that the curves of 0° and 120° are less than —5.9 dB at low
frequency, and the remaining values are mostly below —10 dB,
which signifies that the antenna offers good diversity capability.

4. PERFORMANCE COMPARISON

In Table 2, the characteristics of the designed antenna were
evaluated against those of multiband MIMO antennas presented

WWwWw.jpier.org



PIER C

Zhang, Du, and Wu

inrecent research articles. The antenna substrate material, feed-
ing mode, working frequency band, isolation, and other param-
eters are compared. Although the antennas of [12, 14, 20, 26]
have good isolation, they are not connected to the ground. In
[22,23], the antenna isolation is only better than 15dB. In
[27,28,29], the dual-band antennas only have two ports. On
the whole, the four-element antenna designed in this paper
has higher isolation, lower ECC (< 0.0015) , and higher DG
(> 9.9999), which can be well applied to 5G satellite commu-
nication and 6G fields.

5. CONCLUSION

In this paper, a dual-band four-element MIMO antenna with
a size of 100mm x 100mm x 1.6mm is designed for 5G
n256/n77/n78/n79 and 6G band. The dual-frequency charac-
teristic is achieved by fan-shaped monopoles and symmetri-
cal L-shaped grooves on the ground. The experimental re-
sults demonstrate that the antenna operates between 1.95-
2.37GHz and 3.2-7.25 GHz, with isolation levels remaining
below —20 dB within the specified frequency ranges. The ECC
value is below 0.0015, while the DG value exceeds 9.9999. It
can be concluded that the antenna exhibits strong diversity ca-
pabilities. In addition, this antenna demonstrates good radiation
properties, achieving a measured gain of 6.4 dB. The empirical
results confirm that the designed MIMO antenna is suitable for
the field of 5G satellite communication and 6G systems.
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