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ABSTRACT: In this paper, a frog-shaped ultra-wideband (UWB) multiple-input multiple-output (MIMO) antenna is proposed for 5G
applications in the n77, n78, n79, and 6 GHz bands with a compact antenna structure of 31 x 55 x 1.5mm?®. The designed antenna
consists of two frog-shaped monopole antennas and a floor from which a part has been removed, and the operating bandwidths range
from 3.05 to 13.38 GHz, which meets the design criteria for UWB. The T-shaped floor with two T-shaped slots impedes the flow of
coupling currents and improves the isolation of the antenna. This results in an isolation of less than —17 dB over the entire operating
bandwidth and less than —20 dB in the 5G band. In addition, the envelope correlation coefficient (ECC) is less than 0.007, the diversity
gain (DG) more than 9.96, the total active reflection coefficient (TARC) less than —30dB, and the channel capacity loss (CCL) less
than 0.34 bit/s/Hz. The measured and simulated results agree with each other, demonstrating the antenna’s potential application in 5G

communication systems.

1. INTRODUCTION

SG communication is a widely used communication method
nowadays, and antenna is an important part of contempo-
rary communication networks. Therefore, the design of 5G
antennas has attracted extensive research, and due to the lim-
itations of millimeter waves and the expensive cost of mil-
limeter wave devices, researchers have focused on 5G mid-
wave band antennas. Most 5G systems operate in the fre-
quency bands n77 (3.3—4.2 GHz), n78 (3.3-3.8 GHz), n79 (4.4—
5GHz), and 6 GHz band (6.4-7.1 GHz) was classified for 5G
by the Ministry of Industry and Information Technology (MIIT)
in 2023 [1], which is a brand-new frequency band used for 5G
communications. The continuous development of communi-
cation technology promotes the continuous expansion of radio
spectrum, UWB technology impedance bandwidth, high trans-
mission data rate, and multipath cancellation, which promotes
the UWB antenna technology to be used in 5G cellular commu-
nication. The band range of UWB antennas has been designated
as 3.1-10.6 GHz by the Federal Communications Commission
(FCC) [2]. MIMO antenna systems associated with UWB tech-
nology provide a linear increase in capacity with respect to the
number of antennas, allowing for a significant increase in an-
tenna transmission efficiency without the need to add additional
spectrum or increase power resources. However, antenna de-
sign is affected by mutual coupling and spatial correlation be-
tween antenna elements [3, 4].

In recent years, planar antennas for 5G wireless communica-
tions and UWB MIMO have been extensively studied. In [5—
10], antennas were desinged by special shaped patches. Ref. [5]
used a circular patch to determine the 3.5 GHz resonance point
and an inverted L-shaped slot floor for decoupling and isola-
tion. However, the antenna has a large size of 44 mm x 46 mm.
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In Addepalli and Anitha’s work in 2021, a compact MIMO an-
tenna is described that uses parasitic reflectors and a protrud-
ing ground structure to isolate the antenna below —20dB [6].
In [7], a metamaterial structure is used for isolation, and an an-
tenna bandwidth of 2—18 GHz is obtained, but the isolation is
just below —15 dB. Ref. [8] describes a high bandwidth circu-
lar MIMO antenna. The antenna uses rectangular parasitic cells
and inverted L-shaped rectangular patches to provide isolation
below —20 dB over the entire operating bandwidth (3—20 GHz).
As presented by Siyara et al., a two-port MIMO antenna based
on a metamaterial array is described using a low-profile sub-
strate with a compact ring-split ring resonator cell metamate-
rial structure, allowing the antenna to have a frequency range
of 1-15 GHz with an isolation of —20 dB or less. However, the
antenna has a relatively large size of 26.5mm x 112mm [9].
In [10], a novel chair-shaped compact MIMO antenna is pre-
sented, which exhibits an operational bandwidth of 3—6 GHz.

In [10-14], the trenching technique is employed to enhance
the isolation of MIMO antennas. The antenna in [10] employs
triangular slots and parasitic cells to enhance the isolation be-
tween the two ports. Nevertheless, the isolation of the antenna
is less than —13 dB. In Kumar et al.’s work in 2023, two pairs of
inverted L-shaped open patches are employed for the purpose
of port isolation, resulting in an antenna isolation of as low as
—52dB[11]. As presented by Chakraborty et al., a 4-port ellip-
tical internal MIMO antenna with rectangular slots is presented
as a means of enhancing the isolation between its constituent el-
ements. However, the isolation of the antenna is below —14 dB
and has a large size of 80.5mm x 127 mm [12]. In [13], isola-
tion is reduced by a stepped EBG structure and T-shaped floor
with an inverted H-shaped slot, which are driven inversely to
each other, thus reducing the isolation, and demonstrates the
feasibility of the method by eigenmode analysis. As detailed
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FIGURE 1. Single-element antenna structure: (a) top view, (b) bottom view, (c) side view.

in [14], a wideband dual-element millimeter-wave MIMO an-
tenna has been developed which employs a modified T-shaped
decoupling structure to achieve a reduction in isolation to below
—20dB.

In [15-18], the isolation of the MIMO antenna is enhanced
by modifying the positional relationship between the antenna
units. The single-element antenna introduced in [15] consists
of a large torus internally tangent to six intersecting smaller
cirques, and the MIMO antenna is in the form of a + shape, with
the single-element antenna orthogonal to the quad ends. How-
ever, this antenna has a relatively large size of 90 mm x 90 mm.
As presented by Abdelghany et al., a 4-port neighboring octag-
onal MIMO antenna is described. The antenna employs four
orthogonally positioned individual elements to enhance the iso-
lation between ports, resulting in a minimum isolation of less
than —20 dB between ports. However, the antenna has a rela-
tively large size of 60.5 mm x 62.5 mm [16]. In[17], a two-port
MIMO antenna is presented, comprising two single-element
antennas positioned orthogonally and a T-shaped floor inclined
at 45° serving as an isolation structure, thereby achieving an
isolation level below —21.5dB. Kansal et al.’s work in 2024
provides a detailed description of a self-isolating 5G antenna
with the high isolation of —22 dB or less. However, the band-
width of the antenna is only 2.5-4.5 GHz [18]. Nevertheless,
the above literature has some limitations, such as the antenna
has a large size; the bandwidth is not wide enough; the reso-
nance point is not in a specific frequency band; and the isolation
and decoupling performance is not optimal.

In accordance with the aforementioned scheme, this paper
presents a novel antenna structure and design methodology
for 5G applications in the n77, n78, n79, and 6 GHz bands.
The proposed compact frog-shaped UWB MIMO antenna fea-
tures an enhanced isolation between ports, achieved through the
utilization of a T-shaped ground structure with T-slots. The
designed antenna operates in the frequency range of 3.05—
13.38 GHz, and the resonance points are within the n77, n78,
n79, and 6 GHz bands. The antenna exhibits favorable gain,
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directivity, ECC, and CCL characteristics in specialized broad-
band applications, including those pertaining to 5G technology.

2. SINGLE-ELEMENT ANTENNA DESIGN

2.1. Antenna Structure

In this paper, a compact frog-shaped UWB monopole antenna
for 5G applications in n77, n78, n79, and 6 GHz bands is pro-
posed. The antenna is fabricated on a substrate with dimensions
of 25 mm x 31 mm and thickness of 1.5 mm, which consists of
standard FR4 material with dielectric constant (¢,-) of 4.4 and
loss tangent (tan §) of 0.02. The substrate of this material is
lossy, which is related to the thickness of the substrate. The
antenna proposed in this paper has a thickness of 1.5 mm with
low profile which reduces the losses to some extent. Figure 1
depicts the configuration of the designed frog shaped UWB an-
tenna. The structural dimensions of the designed antenna are
shown in Table 1.

2.2. Stages of Antenna Design Evolution

As shown in Figure 2, the design evolution of the antenna is di-
vided into four steps. In the first step, a rectangular microstrip
antenna as shown in Figure 2(a) is derived from Equations (1)—
(4). cis the speed of light in air, f the frequency, L the resonant
length of the patch, w its width, h the thickness of the substrate,
and ¢, the effective dielectric constant of its dielectric. As can
be seen in Figure 3, a narrower frequency band is provided by
the antenna. In the second step, the rectangle on the front side
of the antenna is cropped, and the floor is narrowed to obtain
the antenna as in Figure 2(b), which widens the bandwidth of
the antenna considerably. In the third step, two rectangles are
dug in the center of the floor to obtain the antenna as in Fig-
ure 2(c), so that the antenna gets two resonance points. In the
fourth step, two circular patches are obtained from Equations
(5) and (6) as the eyes of the frog, and an isosceles triangle is
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FIGURE 2. Design flow of single-element antenna: (a) Antl, (b) Ant 2, (¢) Ant 3, (d) Ant 4.

TABLE 1. Dimensions of single-element antenna structures.

Parameters sx sy gx gy gs ew fx fy px py Kkl
Value(mm) 25 31 24 95 6.6 1 32 109 17 154 3.1
Parameters k2 k3 t1 t2 t3 t4 al a2 b1 b2 rl
Value (mm) 34 41 69 4 128 055 4 48 32 09 49
TABLE 2. Dimensions of the MIMO antenna structure. _'_:m' I —e—Ant.2
—+—Ant. 3 ——Ant. 4
Parameters W L W1 W2 W3 W4 W5 W6
Value (mm) 55 31 26 6 1 625 265 15
Parameters W7 L1 L2 L3 L4 LS5 L6 R2
Value (mm) 3 1 2 149 05 06 39 25 =
ch
added on each side as the face of the frog to obtain the antenna g
as shown in Figure 2(d). F.. is the circular undercut of the res- g
onant frequency in GHz. Finally, two right-angle triangles are S
dug out on both sides of the floor to complete the design of the @
frog-shaped UWB antenna.
L=—""_2AL 1
- 2‘f \/geff ( ) L 1 L 1 L 1 L 1 L 1 L 1
2 4 6 8 10 12 14
AL — o412, Eart03) (% 40.262) ) Freq[GHz]
(Eeﬁ‘ —0.258) (% + 0-813) FIGURE 3. Simulation results of four antennas.
ert+1 e —1 12h -3 2.3. Antenna Parameter Analysis
Eeff = + (1 + —) 3) . . .
2 2 w The width gs of the cut triangle and the height gy of the floor
have a significant impact on the performance of the antenna.
Xo /en\—% To optimize these parameters, HFSS software is employed to
w = ) (5) “4) achieve the optimal performance of the antenna. As illustrated
in Figure 4, the bandwidth of the antenna initially increases and
1 then declines with rising gs, reaching its peak at a value of gs
R=T {1 + 2h <ln <£> + 1.7726)] ’ (5) equal to 6.6 mm. Similarly, Figure 5 depicts that the bandwidth
mley 2h of the antenna initially rises and then declines with increasing
gy, reaching its maximum at a value of gy equal to 9.5 mm.
9
T _ 8.719 x 10 ©)
Ve Fre 3. MIMO ANTENNA DESIGN
From Figure 3, the operating bandwidth of the frog-shaped 3.1. Antenna Structure
UWRB antenna is 2.93-12.94 GHz, and the resonance points are Figure 6 shows the geometry of the two-ended frog-shaped
3.4 GHz, 6 GHz, 8.7 GHz, and 11.5 GHz, respectively. UWB MIMO antenna. The antenna is fabricated on a substrate
103 Www.jpier.org
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FIGURE 6. UWB MIMO antenna structure: (a) top view, (b) bottom view, (c) side view.

with dimensions of 55 mm x 31 mm and a thickness of 1.5 mm,
which consists of standard FR-4 material. The antenna con-
sists of two symmetrically positioned radiating patches on the
substrate, whose feeding mechanism is realized through a mi-
crostrip line configuration. To have a high degree of isolation
between the antenna ports, the intersection of the T-shaped stub
was made circular, and then the T-shaped stub was attached to
the floor. A T-slot and an inverted T-slot were dug at the top and
the bottom of the T-shaped stub, respectively, and a rectangular
patch was added in the middle of the two T-slots. The structural
dimensions of the designed antenna are shown in Table 2.

3.2. Stages of Antenna Design Evolution

The shape of the floor is continuously improved to enable the
design of the UWB MIMO antenna with good bandwidth and
decoupling. The design evolution of the antenna is shown in
Figure 7 in four steps. In the first step, a single-element antenna
is placed symmetrically on both sides of the substrate, and the
floors of both are connected by a rectangular strip. Since de-
coupling structure is not used, the S7; parameters are not much
different from the single element at this point, but the isolation
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reaches up to —10.6 dB, so it still needs to be further reduced. In
the second step, the use of a T-shaped plate promotes improved
decoupling between neighboring antennas. At this point, the
isolation will be below —18 dB, but the operating bandwidth of
the antenna changes to 5.1-15.4 GHz, which is not in the ideal
operating bandwidth. In the third step, the intersection of the
T-floor is rounded, and a rectangular patch is added underneath
it to add a new resonance point at 6.6 GHz. In the fourth step, a
T-slot and an inverted T-slot are dug at the top and bottom of the
T-shaped floor, respectively. So the bandwidth of the antenna
is enlarged, and the isolation is less than —17 dB overall.

The final antenna operating bandwidth is 3.05-13.38 GHz as
shown in Figure 8(a), and the resonance points are 3.5 GHz,
4.7 GHz, 5.9 GHz, 6.6 GHz, 9.1 GHz, 10.6 GHz, and 11.9 GHz.
As shown in Figure 8(b), the isolation of the operating bands is
less than —20 dB except for 8.7-10.2 GHz.

3.3. Antenna Parameter Analysis

The size of the T-slot dug in the floor and the rectangular patch
added have a significant effect on the performance of the an-
tenna, and parameters L3 and W7 were optimized using HFSS

WWwWw.jpier.org
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FIGURE 8. Simulation results of four antennas: (a) S11, (b) Si2.

software to achieve the best performance of the antenna. The 3.4. Antenna Current Analysis

antenna bandwidth increases with the increase of L3 as shown Figure 11 shows the surface current distribution of the four an-
in Figure 9(a). The value of L3 also affects the isolation be- tennas, aiming to enhance the decoupling effect of MIMO an-
tween the ports as shown in Figure 9(b). When the value of L3 tennas by analyzing the surface currents of the MIMO antennas.
is 15.4 mm, the antenna has a better operating bandwidth and As shown in Figure 11(a), a new defective floor is formed by a
isolation decoupling effect with an ideal resonance point. As rectangular patch that connects the floors of two single-element
shown in Figure 10(a) for 5-6 GHz, 51, rises with the increase antennas and is excited at port 1. Simulations using HFSS soft-
of W7 and is greater than —10 dB at a value of W7 of 5 mm. As ware show that a large amount of current is coupled to port 2. In
shown in Figure 10(b), W7 has a significant effect on the isola- Figure 11(b), a T-shaped floor is used, and only a small amount
tion between ports. The antenna has good operating bandwidth of current is coupled to port 2. In Figure 11(c), the intersec-
and isolation when the value of W7 is 3 mm. tion of the T-shaped floor is rounded, and a rectangular patch is
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FIGURE 9. Effect of L3 parameter on antennas S11 and Si2: (a) Si1, (b) S12.
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FIGURE 10. Effect of W7 parameter on antennas S11 and S12: (a) Si1, (b) Si2.

added below it, with a large amount of current on the isolation formance of the antenna, the antenna model is physically pro-
structure, but a small amount of coupling current at port 2. In cessed, and the resulting prototype is shown in Figure 12. An-
Figure 11(d), T-slots and inverted T-slots are used, the current tenna testing was conducted employing an Agilent N52235A
at port 2 is minimized, and the isolation decoupling effect is vector network analyzer, with the test setup illustrated in Fig-
optimized. Therefore, the antenna finally adopts the isolation ure 13. The frequency range covered by the antenna, as shown
decoupling structure of Figure 11(d), which blocks the current in Figure 14, is 3.05-13.38 GHz, covering the n77, n78, n79,
coupling between the ports and achieves the best isolation ef- and 6 GHz bands for 5G as well as the UWB band from 3.1 to
fect. 10.6 GHz. In addition, the S;5 parameter of the antenna stays

below —17dB in the operating bandwidth and below —20 dB
4. RESULTS AND DISCUSSION in the n77, n78, n79, and 6 GHz bands, providing good isola-

tion. Although there are some errors between the simulations
and measurements of S1; and S1o shown in Figure 14, which

4.1. S-Parameters may be caused by the fabrication process and test environment,
The frog-shaped UWB MIMO antenna proposed in this paper they show a gener'fll 'similarit.y, with the overall performance of
is simulated using HFSS software. To verify the actual per- the antennas remaining consistent.

106 WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 151, 101-112, 2025

rPIER C

(@

Jsurf [A/m]
Max: 108.251

110
l -
88

BREeagd

o

Min: 0.187

©

0.0
Min: 0.035

(b)

(@

Jsurf
[Alm]
Max: 86.310

Min: 0.028

Jsurf [Alm]
Max: 126,329

l 130

FIGURE 12. MIMO antenna fabrication prototype: (a) front of the antenna, (b) back of the antenna.

4.2. Radiation Properties

The radiation direction maps of the frog-shaped UWB MIMO
antenna in the XOZ and YOZ directions were measured in a
microwave anechoic chamber. Seven resonance points of the
antenna were selected for the measurements. The results are
shown in Figure 15. The observation can be made from Fig-
ure 15(a) that the antenna achieves omnidirectional radiation in
the XOZ direction and maximum radiation gain directions of
0° and 180° in the YO Z direction at a frequency of 3.5 GHz.
It can be seen from Figure 15(b) that the antenna achieves al-
most omnidirectional radiation in the XOZ and YOZ direc-
tions at a frequency of 4.7 GHz. It can be observed from Fig-
ure 15(c) that the antenna achieves omnidirectional radiation in
the XOZ direction and maximum radiation gain in the YOZ
direction in the directions of 30° and 150° at a frequency of
5.9GHz. As can be seen from Figure 15(d), the maximum
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radiation direction of this antenna at 6.6 GHz is mainly dis-
tributed at 210°-330° for XOZ and 0°-60° and 120°-180°
for YOZ. As can be seen in Figure 15(e), the maximum radia-
tion directions of X OZ are mainly distributed in 0°-330° and
180°-230°, and the maximum radiation directions of YO Z are
mainly distributed in 0°-30° and 140°—180° for this antenna at
the frequency of 9.1 GHz. As can be seen from Figure 15(f), the
maximum radiation directions of the antenna at 10.6 GHz are
mainly distributed in 0°-340°, 240°-300° and 180°-220° for
X0OZ and 30°-320° and 220°-240° for YOZ. As can be seen
in Figure 15(g), the antenna radiates nearly omnidirectionally
in the XOZ plane at a frequency of 11.9 GHz, and the maxi-
mum radiation direction of the YOZ is mainly distributed in
180°-230°.

Figure 16 shows the maximum gain and radiation efficiency
of the MIMO antenna. From Figure 16, the maximum value
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FIGURE 13. Antenna test environment.
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FIGURE 14. Simulated and measured S-parameters.

of the peak gain of the antenna (maximum gain of the radi-
ating sphere) is 5.8 dBi. The radiation efficiency of the an-
tenna ranges from 89% to 97%, and the antenna has excel-
lent radiation performance as the radiation efficiency is consis-
tently greater than 90% in the 3.05-13.38 GHz operating band.
In consideration of the experimental conditions, the measured
parameters for gain, radiation efficiency, co-polarization, and
cross-polarization are not currently available.

4.3. MIMO Antenna Performance

4.3.1. ECC and DG

The correlation envelope coefficient (ECC) is the correlation of
the received signal amplitude between different antenna units,
which is used as a parameter index to evaluate the diversity
performance and coupling performance of the MIMO multi-
antenna system. The smaller the value of the ECC is, the
smaller the inter-antenna unit influence is, and the better the

MIMO antenna performance is. In general, for the antenna to
work properly, the ECC value must be less than 0.5. ECC can
be obtained from Equation (7) [19].

[l [Fi 0.0+ 7 (0.09)] a2]
[ |Fs 0.0 a2 1, | B 0,00

As shown in Figure 17, the maximum value of ECC of this
antenna is about 0.007 in the operating band and less than 0.005
in most of the frequencies.

Diversity gain (DG) is another performance metric of the
MIMO antenna that can be calculated from the ECC, and the
closer its value is to 10 dB, the better the antenna works. Equa-
tion (8) is calculated as follows:

DG = 10 x v/1 — ECC )

As shown in Figure 18, the antenna has a minimum value
of DG in the operating band of 9.96 dB. Therefore, the antenna
has good diversity performance.

ECC =

™)
dQ

4.3.2. TARC and CCL

Total active reflection coefficient (TARC) is an important per-
formance metric for MIMO antennas. It indicates the effective
bandwidth of a MIMO antenna when multiple ports are excited
simultaneously and can be calculated using the S-parameter. In
general, a TARC value less than —10 dB in the frequency band
is considered to design an antenna with low reflection loss and
good phase stability. Equation (9) for calculating the TARC of
a two-port MIMO antenna is given below:

TARC — \/(511 + S12)% + (So1 + S22)°

. ©)

Figure 19 shows the TARC of the antenna, which is below
—30dB in the operating band, indicating good antenna decou-
pling.

Channel capacity loss (CCL) is also an important parame-
ter in MIMO antennas to measure the channel capacity loss be-
tween the antenna transceivers. Generally, the channel capacity
loss of the antenna is considered acceptable if the CCL is less
than 0.4 bit/s/Hz. CCL can be calculated by Equations (10),
(11), (12), and (13).

CCL = —log, det (a®) (10)
off = [ a1r 2 ] (11)
Qo1 Q2
2
Qi = 1= |> Sin xS (12)
n=1
2
Qi = — ZS“"*S”] (13)
n=1

Figure 20 illustrates the CCL of the antenna, which is less
than 0.34 bit/s/Hz across the operating band, indicating the high
reliability of the antenna.
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TABLE 3. Comparison of the proposed antenna with several existing antennas.

) ) ) Radiation
Size Bandwidth Isolation )
Ref 5 ECC Efficiency
(Xo) (GHz) (dB)
(%)
[7] 0.23 x 0.32 2-18 < —15 < 0.07 70-90
3.55-3.8
[12] 0.95 x 1.50 < —-14 < 0.04 90-97
4.6-4.8
[15] 0.83 x 0.83 2.77-12 < —15 <0.1 75-82
[16] 0.71 x 0.73 3.5-11 < —20 < 0.01 70-90
[20] 0.26 x 0.51 2.4-10.2 < —17 < 0.15 60-85
[21] 0.20 x 0.40 2.3-11.5 < —16 < 0.012 82-96
[22] 0.31 x 0.43 2.56-12 < —20 < 0.01 -
This Work 0.32 X 0.56 3.05-13.38 < =17 < 0.007 89-97
5. COMPARE WITH EXISTING ANTENNAS REFERENCES

Table 3 shows the comparison of the antenna proposed in this
paper with several existing antennas in terms of size, band-
width, isolation, ECC, and radiation efficiency. The proposed
antenna has smaller dimensions than [12, 15, 16]. The band-
width of the antenna is wider than [12, 15, 16,20-22]. The an-
tenna provides better isolation than [7,12,15,21] and lower
ECC than [7,12,15,16,20-22]. The radiation efficiency is
higher than those of [7,15,16,20,21], which are basically
above 90%. Therefore, the antenna proposed in this paper has
better performance.

6. CONCLUSION

In this paper, a compact frog-shaped UWB MIMO antenna
is designed for 5G applications in n77, n78, n79, and 6 GHz
bands. The antenna consists of two frog-shaped metal patches
with an improved T-shaped defective floor structure with
T-slots on the T-shaped floor to realize decoupling between
the antenna ports. The isolation effect of the antenna is
always below —17dB. The antenna operates in the range
of 3.05-13.38 GHz, covering UWB (3.1-10.6 GHz). The
antenna has seven resonances: 3.5 GHz, 4.7 GHz, 5.9 GHz,
6.6 GHz, 9.1 GHz, 10.6 GHz, and 11.9 GHz. Three of these
resonances, 3.5 GHz, 4.7 GHz, and 6.6 GHz, are in the range of
n77 (3.3-4.2 GHz), n78 (3.3-3.8 GHz), n79 (4.4-5 GHz), and
6 GHz band (6.4-7.1 GHz). In the MIMO antenna diversity
performance metrics, the ECC is less than 0.007, the DG more
than 9.96, the TARC less than —30dB, and the CCL less
than 0.34bit/s/Hz. As a result, the proposed UWB MIMO
antenna is suitable for low and medium frequency 5G wireless
applications.
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