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In this work, a triple-band, four-element antenna is designed for fifth-generation (5G) terminals operating in LTE band 42
(3.4-3.6 GHz), LTE band 43 (3.6-3.8 GHz), and the new 5 G radio band (4.8-5.0 GHz). The proposed antenna array consists of
two different types of antenna elements: a T-shaped element, which is connected to the feed line, and a C-shaped element, which is
used to divide the bandwidth. The overall size of the proposed antenna element is only 10.5 mm x 5 mm. The multiantenna system
has four antennas and is built on a 0.5-mm-thick Rogers 4003C substrate. The results for this antenna show a 10 dB measured
bandwidth of 650 MHz at the center frequency of 3.6 GHz and 230 MHz at 4.9 GHz, a gain of more than 4 dBj, an isolation of more
than 14dB, and an overall radiation efficiency of more than 82%.

1. Introduction

Fifth-generation (5 G) mobile communications is the latest
wireless technology standard that promises to significantly
improve network speed, connectivity, and efficiency over the
previous 4G LTE technology [1, 2]. 5G technology is ex-
pected to enable a wide range of applications, including
high-speed Internet access, virtual reality, self-driving cars,
and many others classified as Industry 4.0.

Speed is one of the key benefits of 5G technology. It is
designed to deliver data transfer speeds up to 20 times faster
than 4 G LTE technology, enabling large file downloads and
high-quality video streaming. In addition, 5G technology
offers low latency, which means that data can be transmitted
with very little delay, enabling real-time communications
and faster response times for applications that require it.

5G networks use high-frequency radio waves with
shorter wavelengths than previous generations of wireless
communication technologies to enable high data rates and
minimal latency. To enable the use of these high-frequency
radio waves, 5G antennas must be designed to operate at

these frequencies and handle the high data rates expected
from 5 G technology. They also need to be tiny and compact
to easily fit into the design of 5G terminals such as
smartphones, tablets, and other mobile devices.

5G antennas will increase signal strength and overall
network performance by using advanced technologies such
as beamforming [3] and multiple-input, multiple-output
(MIMO). Beamforming allows the antenna to focus the
signal in a specific direction, improving signal power and
quality, while MIMO allows the use of four or more antenna
systems instead of a single antenna for signal transmission
and reception, further improving signal quality and overall
network performance. However, the compactness of the
mobile terminal presents some challenges, such as antenna
miniaturization, improved antenna isolation, and lower
envelope correlation coefficient (ECC).

In an attempt to minimize the dimensions of the antenna,
Liu et al. [4, 5] have chosen to extend the current path of the
resonator by slitting, while Sun et al. [6, 7] have chosen to bend
the current path. Unfortunately, this approach leads to current
cancellation and a consequent reduction in gain. Liu et al.
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propose an alternative method, advocating the incorporation of
energy storage components such as inductors [8] and capac-
itors [9]. This not only helps minimize the size of the antenna
but also allows for easy tuning of the resonant frequency.
Another approach, described in references [10, 11], involves
Xing et al. using a different substrate material (ceramic) with
a higher dielectric constant. It is worth noting, however, that
this choice is made at the expense of the antenna’s bandwidth.

In an effort to improve antenna isolation, Ren and Zhao in
[12] adopt a self-decoupled structure, while Guo et al. in [13] use
a neutralization line, and Chang et al. in [14] pursue orthogonal
polarization to reduce coupling between adjacent antenna ele-
ments and achieve improved antenna isolation. In addition,
high-impedance surfaces (HIS) in [15] and metamaterial
structures in [16] are used to attenuate surface waves and de-
couple antenna elements. Despite the effectiveness of these
decoupling techniques, the transition from a basic MIMO
system to a massive MIMO system requires additional measures.

In this research, we introduce a new triple-band sub-
6 GHz 5 G four-element MIMO antenna system for mobile
terminals with a specific frequency range. The four-antenna
array consists of two dual-antenna arrays printed perpen-
dicularly on both side frames of the main substrate, where
the feed line and ground plane are printed. The proposed
MIMO antenna system can cover the entire trio of bands:
3.5GHz (3.4-3.6 GHz), 3.7 GHz (3.6-3.8 GHz), and 4.9 GHz
(4.8-5.0 GHz), which are licensed by the U.S., Japan, and
China, respectively, for 5G applications [17, 18].

2. Proposed Antenna Array

2.1. Antenna Design. Figure 1 and Table 1 depict the geometry
of the proposed 4-antenna MIMO system for use in a mobile
terminal. The dimensions of the system substrate are
150 mm x 74 mm x 0.5 mm (the size of a typical smartphone),
and the ground plane has the same dimensions with a G
clearance along the two side edges of the system substrate. Two
tiny antenna pairs are individually mounted on two antenna
frames on the left and right sides of the phone (similar to the
antenna configurations proposed in [13, 19]). The
150 mm x 5mm X 0.5 mm antenna frames are perpendicularly
attached to the system substrate at a height of N=1mm. The
system substrate and antenna frames are made of Rogers 4003C
with a relative permittivity of 3.55 and a dissipation factor of
0.0021. Each antenna element is located 58 mm from the center
of the antenna frame. A single antenna element occupies a total
area of 10.5mm x 5mm, and each array element consists of
a T-shaped radiating branch connected to a 50 Q) feed strip,
a C-shaped structure on the front of the frame acting as
a frequency divider, and all antennas are fed by 50 ) SMA
connectors through a hole on the back of the system substrate.
The exact dimensions of the antenna are shown as follows.

Initially, the feed branch, which is connected to an SMA
connector, has LF = 10 mm and WF = 0.8 mm, indicating its
length and width; the end of the feed branch is directly
connected to a T-shaped radiating branch printed on the
back of the frame; a C-shaped element is printed on the
opposite side of the frame; and it has no connection to any
other part of the antenna.
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2.2. Antenna Analysis

2.2.1. Evolution Process. The design evolution and param-
eter analysis of the antenna element have all been in-
vestigated to better comprehend the mechanism of the
proposed MIMO antenna system.

In Case 1 of Figures 2 and 3, a simple inner-branch
monopole is connected to the feed line. In Case 2,
a horizontal inner strip is added to the top of the
monopole to form a T-shaped strip. The antenna in Case 2,
which only consists of a T-shaped radiation pattern, has
the characteristics of a wide single band (with more than
1.1 GHz bandwidth) with 4 GHz as the center frequency.
The construction of the antenna in Case 3 involves adding
a C-shaped structure on the outside of the frame to the
components of the antenna in Case 2. Now, because of the
added structure, the antenna has two different frequency
resonances at 3.6 and 4.6 GHz, but that is not what we are
looking for; the antenna requires a slight adjustment in
parameters to achieve the desired bands. By adjusting the
size of its lower leg, the second resonance point changes.
The proposed antenna, capable of providing full coverage
of the 3.4 to 3.8 GHz and 4.8 to 5 GHz frequency bands, is
the result of reducing the length of the lower leg.

2.2.2. The Impact of the Novel Split Bandwidth. The in-
troduction of a C-shaped structure, which is independent of
both the feed line and the radiating element (as opposed to
the concept in [20, 21], which uses a via connection between
different layers), reveals a remarkable split-bandwidth ca-
pability. This innovative design represents a significant leap
forward in antenna technology. With this unique configu-
ration, antennas can operate at multiple frequencies si-
multaneously, greatly enhancing their adaptability and
performance. This breakthrough has far-reaching implica-
tions, especially for industries that rely on wireless com-
munications. It promises higher data rates, reduced
interference, and improved network reliability. The C-
shaped independent structure is a testament to the prog-
ress being made in advancing antenna technology and
heralds a future of even more efficient and reliable wireless
connectivity. Figure 4 illustrates how adjusting the new
parameters affects the antenna design.

The antenna current distributions and radiation patterns
can be used to better understand the behavior of the pro-
posed antenna element as illustrated in Figures 5 and 6.
When the proposed antenna is activated, the two low-band
current distributions (3.5GHz and 3.7 GHz) are concen-
trated on one side of the T-shaped branch of the antenna,
while the high-band current distribution (4.9 GHz) is mostly
concentrated on the C-shaped branch of the antenna. This
shows that in the low bands (3.5 GHz and 3.7 GHz), the
currents remain on the branch connected to the feed line,
but in the high bands (4.9 GHz), the currents practically
penetrate the frame and move from the T-shaped branch to
the C-shaped branch. This feature ensures the multiband
function of the antenna and the importance of the C-shaped
structure.
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FIGURE 1: Geometry of the triple-band 4-antenna MIMO system. (a) Global structure. (b) One element. (c) Left view. (d) Front view.
(e) Back view. (f) Top view.

TaBLE 1: Antenna dimension.

Parameter Value (mm)
L1 1

W1 9

L2 1

w2 6.6

Lf 10

WiE 0.8

WT 2

G 7
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FIGURE 2: Design evolution of a single antenna.
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3. Four Element (MIMO) Antenna Design
and Results

The proposed antenna is used to construct a MIMO antenna
array to achieve the performance and data throughput re-
quirements of fifth-generation technology. Four antennas
are positioned along two side frames to represent the 4-
element antenna array, as shown in Figure 7. Antennas on
the same side are spaced 116 mm apart, leaving enough space
for additional designs. To reduce mutual interference be-
tween antennas on different sides, two 50 x 0.4 mm gaps are
made in the ground plan to isolate the coupling current from
one antenna to the other.

In order to smoothly integrate the proposed MIMO
structure into mobile phones, a parametric study of its
overall dimensions is crucial. The primary goal is to
downsize the structure while maintaining or improving its
performance metrics. This downsizing initiative is aimed at
optimizing the compatibility of the MIMO structure with

the compact form factor of handheld devices. Figure 8 il-
lustrates the comparison of systematically adjusting various
parameters such as element spacing, ground plan di-
mensions, and overall antenna array dimensions by —4% and
—8%. By carefully analyzing the effects of these parameter
variations through simulation, we can ensure that the
downsized MIMO structure meets the stringent size con-
straints of handheld phones while providing reliable and
efficient wireless communication capabilities.

3.1. Performance of the MIMO Antenna System. In Figure 9,
we built a prototype of the proposed 4-antenna MIMO
system. We performed S11 measurements using the Agilent
N3383A vector network analyzer (VNA), which was calibrated
in the frequency range of 300 kHz to 9 GHz using the Agilent
85033E 3.5mm calibration kit. Then, we evaluated its perfor-
mance by comparing the experimental results with simulations
obtained from two different programs: CST and Ansys HESS.
Remarkably, the comparison yielded almost identical results.
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FIGURE 4: Analyzing the parameters of the innovative split bandwidth structure.
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FIGURE 5: Simulated current distributions at (a) 3.5 GHz. (b) 3.7 GHz. (c) 4.9 GHz.

(c)



dBi
6.23
2.6
-1.04
-4.67
-8.31
-11.9
-15.6
-19.2
-22.9
-26.5
-30.1
-33.8

(a)

f=4.9 GHz

International Journal of Antennas and Propagation

dBi
6.23
2.6
-1.04
-4.67
831
L1119
-15.6
19.2
22,9

" 265
-30.1
338

f=3.7 GHz

(c)

dBi
6.23

-1.04
-4.67
-8.31
-11.9
-15.6
-19.2
-22.9
-26.5
-30.1
-33.8

FIGURE 6: 3D radiation patterns of the proposed antenna element at (a) 3.5 GHz. (b) 3.7 GHz. (c) 4.9 GHz.
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FIGURE 7: (a) The exact location of the four antennas. (b) Size of the two slots in the ground plan.

The impedance bandwidth represented by S11 in Fig-
ure 10 shows that the proposed MIMO antenna system can
fully cover LTE bands 42 (3.4-3.6GHz) and 43
(3.6-3.8 GHz), in addition to the 5G New Radio band of
4.8-5.0GHz. One of the key issues that can significantly
affect the performance of MIMO wireless systems is the
mutual coupling between MIMO antenna elements.
Therefore, it is usually necessary to use an efficient decou-
pling technique for the closely spaced MIMO antennas. The
effect of coupling on the proposed triple-band MIMO an-
tenna has been investigated in Figures 11 and 12. There is no
problem with the isolation between ports 1, 2, and 4, rep-
resented by SI, 2 and S1, 4, respectively. However, due to
their close proximity, which is exactly 52.8 mm, and the
sheared ground plan, ports 1 and 3 have a mutual coupling

of about 10dB. This is where the two slots in the ground
plane come into play, as shown in Figure 7. The mutual
coupling improved with these slots, especially in the mid-
band (3.6-3.8 GHz), where it went from 10dB to 14 dB,
which is a big improvement.

Furthermore, in Figures 13 and 14, the antenna realized
gains are 4.9 dBiat 3.5 GHz, 4.8 dBiat 3.7 GHz, and 5.8 dBi at
4.9 GHz, with the total efficiency ranging from 82% to 89%
in all bands. The gain and efficiency of the antenna system
show its strength.

Figure 15 displays the Envelope Correlation Coeflicients
(ECC) of the proposed MIMO antenna system. The ECC
values are estimated based on the complex radiation farfields
for each pair of antennas (i) and (j) using the following
equation [20]:
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FIGURE 9: Prototype of the proposed 4-antenna MIMO system.
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| ¢pA,; (6, ¢)sin 640 ¢I (1) A;j(6,¢) is tbe antenna pattern between antennas i and J:
ECC(, j) = 4 - , (i) A;(6,¢) is the antenna pattern of antenna i.
cﬂ)Aii (6, ¢)sin 66 d¢'¢ﬁA1‘j (6, ¢)sin 6d6 d¢ (iii) A}; (6, ¢) is the antenna pattern of antenna j. (iv) The
integrals are over the solid angle, with 0 representing the
where elevation angle and ¢ representing the azimuth angle.
* * These values reflect the degree of isolation between the
A;;(0,9) = Eg,; (6,¢).E5;(6,9) + Ey; (6,9).E5 (6, 9). &

antennas. The ECC values in band 42 and the high band are
(2) less than 0.02 and ECC (1, 4) is the higher one, while in the
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middle band, they are less than 0.01 and ECC (1, 2) is the
higher one; these results indicate better spatial separation
between the antennas, allowing them to capture more in-
dependent information from the environment. This spatial
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separation is crucial for achieving spatial multiplexing gains
in MIMO systems, where multiple data streams are trans-
mitted simultaneously on different antennas.

Table 2 highlights and compares the performance of
the proposed design with the results of various existing
designs. The proposed design clearly outperforms in terms
of both efficiency and envelope correlation coefficient
(ECC), thanks to the optimization of the shape, size, and
configuration of the radiating element, along with higher-
than-average isolation. In addition, the proposed design
deviates from conventional approaches by covering
three bands.
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TaBLE 2: Performance comparison of antennas for 5G applications.

Operating band Element size

Reference Isolation (dB) ECC Efficiency (%)

(GHz) (mm?)
[22] [3.3-4.2][4.8-5] >10 <0.1 53.8-79.1 18.6 %7
(23] (3.3-6] >12.8 <0.06 >50 11.4x8.4
[24] [3.3-3.6][4.8-5] >12 <0.15 >45 10.6 x 5.3
[25] [3.3-6] >11.4 <0.26 >46 145% 1.5
[26] [3.4-3.8] >14.8 <0.05 >74 18.2x7.5
[27] [3.3-3.6][5.1-5.9] >11.2 <0.08 51-59 10x10
28] [3.3-3.8] >10 <0.2 >58 145% 1.5
[29] [3.4-3.6] >10 <0.3 45-60 14x8
(30] [4.5-5] >15 <0.02 N/A 6x12
(31] (3.3-6] >10 <0.1 40-70 13.9%7
(32] [3.4-3.6] >12 <0.2 42-65 12.5x18.5
33] [3.3-3.6] [4.8-5] >10 <0.38 >36 15%3
Proposed one [3.4-3.6][3.6-3.8][4.8-5] >14 <0.02 82-89 10.5%x5
4. Conclusion Acknowledgments

In this article, a 4-element (MIMO) antenna array is
designed specifically for 5G terminals. The proposed
antenna can fully cover all three different 5G frequency
bands: [3.4GHz-3.6 GHz], [3.6 GHz-3.8 GHz], and
[4.8 GHz-5 GHz]. The antenna array is designed to pro-
vide several desirable features, including high gain over
4 dBi, which allows the signal to be transmitted over long
distances with little loss of signal strength. In addition, it
offers high isolation above 14 dB, meaning that the signals
sent by one antenna element will not interfere with those
sent by other components in the array. This feature is
particularly important for 5G systems, where multiple
antennas will be used simultaneously. The proposed an-
tenna array also exhibits high efficiency, exceeding 82%.
Finally, the ECC is less than 0.02.

Due to its robust MIMO performance, the proposed an-
tenna is expected to be used in various 5G mobile commu-
nication applications, especially those that require high-speed
data transfer, low latency, and reliable transmission.
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