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ABSTRACT: This paper presents a compact, highly isolated tri-band MIMO antenna for 5G and X-band communication applications. The
overall dimensions of the antenna are 43 mm x 30 mm x 1.6 mm. It consists of two monopole radiating units and a metal base with
branches and slit slots. The antenna achieves tri-band characteristics by improving the shape of the radiating patch. The isolation of the
antenna is enhanced by slotting the floor and loading I- and T-shaped branches to absorb coupling currents. Si» > 15dB is achieved in
the frequency ranges of 3.3 GHz—4.06 GHz, 4.62 GHz-5.28 GHz, and 8.14 GHz—9.28 GHz. Measurement results show that the measured
S-parameters do not change significantly compared with the simulation. It also has a low envelope correlation coefficient and good

radiation performance.

1. INTRODUCTION

5 G technology has advantages of large broadband, high reli-
ability, and low latency technology, and its application can
significantly promote information consumption and the devel-
opment of artificial intelligence, cloud computing, and other
technologies. Satellite communication technology is now also
widely used in live television broadcasting, environmental data
acquisition, emergency rescue, and other civilian fields. In ad-
dition, with the emergence of 5G communication technology
and the development of satellite communication technology,
there is a growing demand for antennas that can cater to high-
capacity data transmission [1]. To accommodate this need,
wireless communication systems extensively utilize multiple-
input and multiple-output (MIMO) antennas [2]. Because
MIMO technology has the characteristics of no increase in
spectrum resources and strong resistance to multipath fading,
the antenna can make full use of space resources and improve
the quality of communication [3]. Recently, researchers have
proposed a range of MIMO antennas [4-8]. For example, a
novel four-element antenna system has been proposed in [4].
The four elements of this antenna have been placed in opposite
positions on either side of the dielectric material for minimal
dimensions. The antenna supports the WLAN band ranging
from 2.4 GHz to 2.485 GHz and WiMAX band from 3.4 GHz
to 3.6 GHz. In [6], a Complementary Split Ring Resonator
(CSRR) is designed on the antenna floor, and rectangular patch
radiating units are designed on the upper layer to achieve minia-
turization of the antenna with improved bandwidth. The an-
tenna generates resonance at 2.4 GHz, 2.9 GHz, and 5.8 GHz,
respectively, and can be applied to WLAN communication.
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In addition, a dual-port MIMO antenna operating in five fre-
quency bands 2.16 GHz to 2.71 GHz 3.36 GHz to 4.02 GHz,
5.18 GHz to 5.69 GHz, 7.29 GHz to 8.55 GHz, and 26.02 GHz
to 30.39 GHz is proposed in [8].

However, in miniaturized MIMO antenna design, it is nec-
essary to consider how to arrange several antenna units in a
limited space and reduce the impact of coupling on antenna
performance due to ground current flow and near-field radia-
tion. Many approaches have been proposed for miniaturiza-
tion techniques. For example, common methods such as load-
ing parasitic patches, bending, slotting, in addition to the use
of metamaterials as well as dielectric substrates with high di-
electric constants can be used to reduce the antenna size [9—
11]. In[12], Shao and Zhang reported a method to achieve size
reduction of a conventional rectangular patch antenna by ad-
justing the separation of coupled microstrip patches. In [13],
the overall size of the antenna was reduced by placing mod-
ified radiating patches close to each other to reduce unneces-
sary interaction of the antenna units. In addition, a miniaturized
thin hypersurface antenna is proposed in [ 14]. By introducing a
large equivalent parallel plate capacitance through the wall on
either side of the square patch, the size of the patch can be re-
duced by 50%, thereby reducing the overall size of the antenna.
The above methods make the antenna more compact but do not
solve the problem of MIMO antenna isolation. Many meth-
ods have been proposed to enhance isolation, including mak-
ing the antenna units orthogonal to each other, adding parasitic
structures, decoupling network techniques, defective ground
structures (DGSs), electromagnetic bandgap (EBG), and other
techniques. Qin et al. reported an embedded decoupling struc-
ture consisting of two inverted U-shaped branches and two par-
allel inverted C-shaped branches that can generate additional
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FIGURE 1. Model structure of the antenna.
coupling paths to balance the mutual coupling between anten- 2. ANTENNA DESIGN
nas [15]. In [16], an L-shaped MIMO antenna was designed to
increase the isolation up to 20 dB by combining three methods: 2.1. Antenna Geometry
T-branch, neutralization line, and defected ground. In [17], The antenna geometry can be seen in Figure 1. The pro-

the antenna grounding layer was initially inserted with multi-
ple slots based on a defective grounding structure, resulting in
an antenna isolation of 23.5 dB. The dual-port MIMO antenna
is then placed on the hypersurface’s upper layer, producing a
higher isolation of 51 dB.

In summary, this paper presents a novel dual-port tri-band
MIMO antenna structure that contains two symmetric sickle-
shaped radiating units, an improved defective ground structure,
and a T-neutralization line to improve isolation by efficiently
absorbing currents and reducing the coupling between the radi-
ating units. Multiple frequencies are generated using multiple
circular branching structures of the radiating unit and an im-
proved grounding structure to broaden the operating bandwidth
by improving the impedance matching at each frequency. The
antenna’s three operating bandwidths of 3.3 GHz—4.06 GHz,
4.62 GHz-5.28 GHz, and 8.14 GHz-9.28 GHz cover China’s
5G communication bands of 3.3 GHz-3.6 GHz and 4.8 GHz-
5.0 GHz, respectively, as well as the X-band used for satellite
communications. In addition, antenna isolation is greater than
15 dB in all three bands. Also, this sickle-type MIMO antenna
has good diversity and radiation performance. The remaining
paper is organized as follows. Section 2 discusses the design
process of the antenna, parametric simulation studies, and the
analysis of surface currents. Section 3 discusses the experimen-
tal results obtained from the fabricated prototype. Finally, Sec-
tion 4 concludes this paper.
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posed antenna structure consists of two identical and symmet-
rical sickle-shaped radiating units fed through a microstrip line.
Each unit consists of a circular branch with 90 degrees of arc,
a circular branch with 70 degrees of arc, an inverted U-shaped
branch, and a trapezoidal patch. In addition, the back portion
of the antenna is metal ground, where a T-shaped branch is di-
rectly connected to the ground; two I-shaped branches flank
the T-shaped branch; and four rectangular slots are added to the
ground. The antenna is printed on a 43 mm x 30 mm x 1.6 mm
FR4 dielectric substrate with a 4.4 relative permittivity and 0.02
loss tangent. Table 1 shows the specific dimensional details of
the sickle-shaped MIMO antenna.

The longer arc branch generates the antenna’s 3.8 GHz fre-
quency resonant mode. In addition, the 4.8 GHz frequency res-
onant modes are activated by loading shorter curved branches
and inverted U-shaped branches. These two resonance points
can be controlled separately to some extent, allowing for greater
design flexibility. In addition, the antenna’s high-frequency
resonant mode is generated by the combined action of the end
of the inverted U-shaped branch, the loaded rectangular patch
radiating unit, and the floor.

2.2. Design Analysis of Antenna Structures

2.2.1. Evolution of The Antenna Structure

Figure 2 shows the evolution of the antenna structure. The evo-
lution of the antenna structure is shown in Figure 2. Referring
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TABLE 1. Optimized dimensional parameters of the antenna.

Parameters L w  WwWd Ws W1 W2 W3 L1
dimensions (mm) 43 30 39 3 5 6 1.5 19
Parameters L2 L3 L4 L5 L6 rl 72 r3
dimensions (mm)  12.7 5 10 2.5 11 10 8.9 6
Parameters r4 d S P
dimensions (mm) 5.5 1.75 2.7 1
@ Antl ®) Ant2

(d)

FIGURE 2. Evolution of antenna structure: (a) Antl, (b) Ant2, (c) Ant3, and (d) Ant4.

to Figure 2(a), an arc branch with an arc of 90 degrees and an
arc branch with an arc of 100 degrees are designed to realize the
5G dual bands. The lengths and resonant frequencies of the two
arc branches are calculated through the following equations, re-
spectively [18]:

1
L51:§X7’1X7T (1)
)
Lsz = g x13xm @)
c
fs = 77— 3)
° 4LS\/Erejf

where €, is half of the FR4 dielectric constant; Lg; is the ef-
fective length of the arc branch with an arc of 90 degrees; Lgs is
the effective length of the arc branch with an arc of 100 degrees;
fs 1s the resonance frequency; c is the propagation speed of the

electromagnetic wave; and Ls denotes Lgy or Lgs. The de-
signed resonance frequencies are calculated to be 3.4 GHz and
4.9 GHz. both are at the center frequency position of the 5G
dual bands. However, Figure 3(a) shows that both resonances
at the lower frequencies are shifted to the right compared to the-
oretical design. In addition, due to the interaction between the
floor and radiating unit, a resonance point in the X-band is cre-
ated. In addition, the isolation of the antenna is relatively poor,
approaching —10 dB for all three bands.

As shown in Figure 2(b), a slit-slot structure is designed on
the floor to improve the isolation of the antenna. The flow di-
rection of the floor current is changed to weaken the coupling
between the antennas. Figures 3(a) and (b) show that the an-
tenna’s resonance point remains unchanged, but the isolation
of the high-frequency portion of the antenna drops to —15 dB.

As shown in Figure 2(c), to further enhance the antenna iso-
lation, additional T-branches and I-branches are added to cre-
ate extra coupling paths on the back floor. The antenna unit on
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FIGURE 3. S-parameter simulation of 4 antenna structures: (a) Si; and (b) Si».

port 1 is coupled to the antenna units on the T-branch, I-branch,
and port 2. It is through this interaction that improved antenna
isolation is achieved. As a result, Sj, drops below —20dB at
around 4.9 GHz, and the isolation is close to —20dB in the
high-frequency part. In addition, as seen in Figure 3(a), the
increase of the T-branches as well as the I-branches shifts the
high-frequency resonance point to the left.

This is the final structure of the antenna as shown in Figure
2(d). To make the antenna work closer to the 5G dual bands as
well as the X-band, a rectangular metal ground was cut away
from each side of the floor; the thinner curved branches of the
radiating unit were shortened; and an inverted U-shaped branch
and a trapezoidal patch were attached to it. Referring to Fig-
ures 3(a) and (b), the two low-frequency resonances of the an-
tenna are shifted to 3.8 GHz and 4.8 GHz; the high-frequency
resonance is shifted to the left; and the return loss of all bands
reaches 40 dB due to the changes in the shape of the floors
and radiating units, resulting in a better impedance matching.
The antenna’s final three band ranges are 3.3 GHz to 4.06 GHz,
4.62 GHz to 5.28 GHz, and 8.14 GHz to 9.28 GHz, providing
full coverage of the 5G dual bands as well as some of the X-
band. In addition, the antenna’s high-frequency operating band
isolation is reduced to below —20dB, and the isolation of the
5G band is below —15 dB.

2.2.2. Antenna Parameter Optimization

In order to optimize the capability of the designed dual-port
tri-band antenna, some key dimensions of the antenna are opti-
mized using HFSS simulation software. The optimization pro-
cess follows the principle of optimizing one dimension while
keeping the other dimensions unchanged, and the optimization
results are shown in Figure 4. From Figures 4(a), (b), (c), it
can be seen that the parameters 72, 4, and Wd mainly affect
the resonant frequency of the antenna as well as the impedance
matching of the antenna. As shown in Figure 4(a), there is no
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significant change in the individual resonant frequencies of the
antenna as r2 is increased up to 8.9 mm, whereas when 72 is
equal to 9.1 mm, there is an impedance mismatch in the middle
band of the antenna, and the low-frequency resonance point is
shifted to the left. In addition, when 2 is equal to 8.9 mm, the
antenna shows good return loss at each resonant frequency. As
shown in Figure 4(b), the resonant frequencies of the middle
and high frequencies are shifted to the left as r4 increases, and
the operating bandwidth still covers the 5G and X bands. When
r41is 5.5 mm, the antenna has the best return loss performance at
the three resonant frequencies. As shown in Figure 4(c), there
is no significant change in the three frequency points of the an-
tenna as Wd is reduced to 39 mm. When Wd is 38 mm, the
low-frequency resonance point is shifted to the left. In addition,
when Wd is 39 mm, the return loss at the resonant frequency
shows the best performance. In summary, the optimum results
are 8.9 mm for 72, 5.5 mm for 4, and 39 mm for Wd, which
can get the optimum impedance matching and frequency cov-
erage from 3.3 GHz to 4.06 GHz, 4.62 GHz to 5.28 GHz, and
8.14 GHz to 9.28 GHz.

2.2.3. Discussion of Antenna Surface Current

Figure 5 shows the current distribution in the high-frequency
part of Antl and Ant2 and further analyzes the effect of varia-
tion in the metallic ground on the antenna coupling. Referring
to Figure 5(a), a part of the current is coupled to the right an-
tenna under the excitation of the left port 1. In Figure 5(b),
the introduction of the defective ground structure reduces this
coupling effect.

Figure 6 shows the low-frequency current distributions for
Ant2, Ant3, and Ant4, and further analyzes the effect of the
variation of the backplane cross-section on the antenna isola-
tion as well as the effect of the improved radiating unit on the
antenna radiation performance. From Figure 6(a), the right an-
tenna has a high current coupling under the excitation of port
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FIGURE 4. Effect of different size variations on antenna Si;: (a) r2, (b) 74, and (¢) Wd.
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FIGURE 5. Antl and Ant2 surface current distribution.
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FIGURE 6. Ant2, Ant3 and Ant4 surface current distribution.

1. Moreover, in Figure 6(b), trace currents are observed in the
right antenna due to the introduction of I-branches as well as T-
branches, which reduces this coupling effect. Finally referring
to Figure 6(c), the change in the floor length as well as the im-
provement in the radiating cell results in higher current strength
of the metal patch, better impedance matching of the antenna,
and improved radiating performance.

S,, (dB)

Polyimide
——FR4

-50 1 1 1 1 1 1 1 1

Frequency(GHz)

FIGURE 7. Comparison of S-parameters using different substrates.
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2.3. Comparison with Flexible Antennas

For a reasonable comparison, we here replace the FR4 substrate
with a polyimide flexible material based on the Antl structure
in Figure 2(a). In addition, the length of the curved branch is
lengthened according to Equations (1) and (3) because of the
change in the substrate dielectric constant.

As shown in Figure 7, the number of resonance points of
the antenna does not change, and the resonance frequencies are
all shifted to the right to varying degrees. In addition, better
impedance matching is obtained for the high-frequency reso-
nance points. The structure of the antenna is relatively stable
and has not changed dramatically due to the replacement of the
substrate material. Moreover, it also shows that the antenna can
be optimized with an appropriate structure, which makes it pos-
sible to produce the desired 5G band and X-band even with a
flexible substrate.

3. RESULTS AND DISCUSSION

3.1. S-Parameters

An Agilent N5235A vector network analyzer is used to measure
the S-parameters of the antenna. Figure 8 shows the measure-
ment environment of the antenna microwave darkroom and the
prototype that was produced. From Figure 9(a), S;; measure-
ments of the antenna closely match the simulation results. In the
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FIGURE 8. The proposed antenna. (a) Antenna microwave darkroom measurement environment and (b) Antenna object.
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FIGURE 9. MIMO antenna simulated and measured S-parameters: (a) S1; and (b) Si».

measured frequencies, the low frequencies are slightly shifted
to the left, and the middle and high frequencies are slightly
shifted to the right. The measured S}, band includes 3 GHz to
4.04 GHz, 4.76 GHz to 5.32 GHz, and 8.04 GHz to 9.36 GHz,
and the measured S», band consists of 3.26 GHz to 4.01 GHz,
4.68 GHz to 5.5 GHz, and 7.8 GHz to 8.9 GHz. Furthermore,
SMA connector and line losses, as well as test conditions, can
lead to faults. Referring to the S|, parameter curve shown in
Figure 9(b), the antenna isolation is greater than 15dB, thus
achieving higher isolation between the two ports in the MIMO
antenna.

3.2. Radiation Capacity

Figure 10 depicts the F-plane and H-plane gain radiation pat-
terns of the antenna at 3.8 GHz, 4.8 GHz, and 8.4 GHz. The
E-side at both 3.8 GHz and 4.8 GHz exhibits a dumbbell-like
shape, and the H-side exhibits a love heart shape rotated 90 de-
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grees counterclockwise. The maximum radiation direction of
the E-plane ranges from 300 degrees to 30 degrees and from
150 degrees to 210 degrees, while the maximum radiation di-
rection of the H-plane ranges from 150 degrees to 30 degrees.
At 8.4 GHz, the F-plane and H-plane are distorted and show a
petal shape. Among them, the E-plane radiates more strongly
between 330 degrees and O degrees, and the H-plane shows
better directional radiation with more prominent radiation gain
at 270 degrees. Generally, the antenna shows good radiation
capability and good gain at all three frequency points. The de-
signed antenna has good performance in receiving signals from
different directions, thus achieving excellent radiation capabil-
ity.

Figure 11 shows the antenna’s gain variation and radiation
efficiency results in each frequency band. The antenna’s gain
varies from around 2.4 dBito 7.5 dBi. Furthermore, the antenna
features a high radiation efficiency of over 77% across the fre-
quency range.
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FIGURE 10. The radiation patterns were simulated and measured at three different frequencies: (a) 3.8 GHz, (b) 4.8 GHz, and (c) 8.4 GHz.

3.3. Diversity Performance of MIMO Antenna

3.3.1. ECC

To characterize the correlation between the received signal am-
plitudes between different antenna units, we use envelope cor-
relation coefficient (ECC) to measure the antenna diversity per-
formance and coupling performance. After many tests, it was
found that the antenna can work better when the ECC is lower
than 0.5. For the antenna designed in this paper, the following
formula can calculate the ECC:

o | ], E5 (0,0) - F5™ (6,0) d|?
P97 e 1F(0, 022 [, [F5(0, 0) 22

4)

Moreover, Figure 12 shows the ECC value of the antenna to
be below 0.01 in the frequency band, meeting the standard.
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3.3.2. TARC

To ensure that the designed MIMO antenna system has low re-
flection loss and good phase stability, we introduce the mea-
sure of Total Effective Reflection Coefficient (TARC). Typi-
cally, TARC should be less than —10 dB to ensure reliable sig-
nal transmission. The following equation calculates the TARC
of the antenna:

Si1 + S12)% + (Sa1 + Sany’
TARC—\/( 11 + Si2) ;( 21 + O22)

©)

As illustrated in Figure 13, the TARC value of the antenna is
below 20 dB within the studied range, indicating a low coupling
effect. The lower TARC ensures the independence of the vari-
ous channels on the transmitter and receiver sides of the MIMO
system. The multipath effect can be effectively exploited to im-
prove the system’s capacity.
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3.3.3. CCL (Channel Capacity Loss)

In MIMO antennas, CCL is also an important metric for deter-
mining the diversity performance of the antenna. The CCL ina
MIMO system must be less than 0.4 bits/s/Hz to be considered
acceptable. As shown in Figure 14, the CCL is significantly
lower than 0.4 bits/s/Hz in the operating band achieved by the
antenna, which is within the acceptable range.

3.4. Comparative Study

A comprehensive comparison of the proposed antenna with
several MIMO antennas reported in Table 2 in terms of isola-
tion, antenna radiation efficiency, etc. is presented below. The
proposed antenna has higher isolation, smaller size, and bet-
ter radiation performance than [2], better radiation performance
along with diversity performance than [16], more available fre-
quency bands than [19-26], a smaller size than [20,23,24],
and higher isolation and radiation performance than [22,26].
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TABLE 2. Proposed MIMO antenna performance comparison with others.

Ref Size Operating frequency Isolation Radiation Efficiency ECC
(mm X mm X mm) (GHz) (%)
3.37-3.6,4.76-5.15,
[2] 56.4 X 36.6 x 1.524 > 13 > 50 < 0.2
6.22-7.27
4.4-49,5.4-6.1,
[16] 50 x 25 x 0.8 > 20 > 70 < 0.04
7.0-7.4
[19] 32 x 32 x 1.59 2.36-2.59, 3.17-3.77 > 15 > 76 < 0.02
[20] 64 x 64 x 1.6 3.0-4.4,5.0-6.6 > 18 > 92 < 0.03
[21] 34 x25x1.6 3.3-6.3 > 20 \ < 0.02
[22] 13.3x4x1 3.35-3.67 > 10 > 43 \
[23] 50 x 50 x 1.59 2.25-3.15,4.80-5.95 > 15 > 77 < 0.01
[24] 48 x 48 x 1.6 2.25-2.41,4.7-6.25 > 18 \ < 0.2
[25] 22 x 13 x 0.254 24.6-42.1 50.1-52.5 > 66 > 98.7 0.002, 0.001
[26] 50 x 50 x 1.6 5.47-7.08 7.28-8.54 > 13 \ <0.1
3.3-4.06, 4.62-5.28,
This work 43 x 30 x 1.6 > 15 > 77 < 0.01
8.14-9.28

In conclusion, the proposed antenna has better overall perfor-
mance and can be applied to different mobile communication
devices. The performance comparison of the proposed MIMO
antenna with other works is shown in Table 2.

4. CONCLUSION

This paper describes the design of a simple and compact tri-
band MIMO antenna with high isolation. The antenna is suit-
able for 5G and X-band applications. The antenna consists of
two symmetric sickle-shaped monopole radiating units. Each
unit consists of a circular branch with 90 degrees of arc, a circu-
lar branch with 70 degrees of arc, an inverted U-shaped branch,
and a trapezoidal patch. The isolation of >15dB in the fre-
quency ranges of 3.3 GHz—4.06 GHz, 4.62 GHz-5.28 GHz, and
8.14 GHz-9.28 GHz is achieved by loading the branches and
floor gap. Finally, this dual-port MIMO antenna has a simple
design, easy fabrication, low cost, high radiation efficiency as
well as low ECC for 5G and X-band communications.
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