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ABSTRACT This paper presents a 2 x 2 sub-array design with elements having parasitic patches (PPs)
for massive MIMO applications. The frequency chosen for the design is 3.5 GHz, one of the 5G frequency
allocations. A coaxial feeding probe is employed. For each sub-array element, multiple PPs are placed on
the top layer to enhance the bandwidth. We show that with a greater number of PPs, the bandwidth of an
element can be increased considerably with respect to previous designs. Two types of single element antenna
with 5 and 10 PPs exhibit a bandwidth of more than 600 MHz and 700 MHz or a fractional bandwidth of
about 17% and 20%, respectively. The increase in element dimension and, consequently, element spacings
reduces the mutual coupling in the sub-array. Simulation results and measurements of the 2 x 2 sub-arrays
with the 5-PP and the 10-PP elements show that the sub-arrays meet the desired performance with return
loss less than —10 dB and bandwidth of 567 MHz and 730 MHz, respectively. Mutual coupling effects can

be suppressed to less than —20 dB in the frequency range of 3.202 GHz — 3.934 GHz.

INDEX TERMS Antenna, sub-array, massive MIMO, bandwidth, mutual coupling, parasitic patch.

I. INTRODUCTION

Massive Multiple-Input Multiple-Output (M-MIMO) scheme
is one of the key enabling technologies of 5G communica-
tions. M-MIMO uses a large number of antenna elements
grouped into sub-arrays that work at the same time and
frequency [1], [2]. Wide bandwidth is one of the key require-
ments in antenna design for 5G applications. Several tech-
niques have been proposed to achieve it [3]. On the other
hand, the requirement of having many antennas in M-MIMO
demands a compact design to save on fabrication and instal-
lation. The challenge of designing a compact antenna is to
make the spacing between elements smaller, which makes it
practically impossible to avoid the mutual coupling effects
[4], [5]. Such effects, among others, include the blindness to
some directions of arrival [6], increasing error rate [7], and
reduced capacity [8] of the M-MIMO communication system.
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However, it appears that simultaneously achieving wide
bandwidth, compactness and low mutual coupling remains
challenging.

Several studies to reduce mutual coupling have been con-
ducted, but many of the proposed designs have resulted in
the loss of compactness of the antenna dimensions, espe-
cially in microstrip array antennas, due to addition of rel-
atively bulky structures integrated into the design that also
causes difficulties and more expensive fabrication. Some of
these methods include electromagnetic bandgap (EBG) isola-
tor [9], [10], metasurface [11], coplanar wall [12], and stacked
patches [13].

However, there are several methods that are effective
in reducing mutual coupling without having to eliminate
the compactness of the microstrip antenna with a few
tolerable drawbacks, namely the defected ground struc-
ture (DGS) method [14], resonator [15], [16], a combina-
tion of DGS and line resonator [17] and parasitic patch
technique [18].
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While the techniques in [14]-[17] do not provide wide
bandwidth, the parasitic patch technique is potential to
achieve wideband characteristic. In this paper, we focus on
the parasitic patch technique.

Reference [18] presents an antenna design consisting of
layers of a substrate with 4 parasitic patches (PPs) placed on
the top layer of the antenna, while the array application uses
a combination of two decoupling techniques by arranging
a 2 x 2 antenna. The combination of the two techniques
used is decoupling walls and neutralized networks. The metal
wall not only makes the above two parasitic patches short-
circuited easily, but it also acts as a decoupling wall to
reduce the adverse mutual coupling between the antenna
elements. Furthermore, simple decoupling of short-circuit
stepped impedance structures (SSISs) as a neutralizing net-
work is added to reduce mutual coupling even further. The
antenna is made up of two layers of substrate being 1.5 and
2 mm thick, respectively. All antenna structures are in a
rectangular cavity formed by metal via as sidewalls. Here,
two substrate layers are used to easily embed SSIS decoupling
in array applications. This causes the antenna to be more
costly for fabrication and less compact. The design achieves a
frequency range of 3.35 to 3.95 GHz or a fractional bandwidth
of 16%, a gain of 13.6 dB and mutual coupling below —38 dB.

In [19], the authors designed a sub-array of two rectangular
antenna elements at a frequency of 2.8 GHz. Simulation
results show that in the E field for all element spacings, the
mutual coupling is less than —20 dB. However, the mutual
coupling in the H plane for all element spacings is more than
—20 dB. The bandwidth is 77.3 — 88.5 MHz with varying
element spacing, which is still below 100 MHz and much
below the required bandwidth for 5G applications. Subse-
quently, the authors of [20] report on the design of a two-
element sub-array using 5 PPs placed on the top layer of the
antenna and one substrate layer. The design is simulated and
arranged in the H-plane for 0.75X spacing resulting in mutual
coupling of —29.76 dB and the E-plane of —33.56 dB. On the
other hand, mutual coupling in the E-plane for 0.5A spacing
does not meet the maximum mutual coupling criterion. The
fractional bandwidth is 17%, and the resulting bandwidth is
609.9 — 616.4 MHz for all variations of element spacing
suitable for 5G applications.

This paper presents a simple yet effective strategy in deal-
ing with the requirements of both the wide bandwidth and
low mutual coupling. We present a 2 x 2 sub-array design
with a parasitic patch technique for use in M-MIMO 5G
applications. The frequency chosen by the author is 3.5 GHz,
which is one of the sub-6 GHz carriers used for 5G appli-
cations. We show that the use of more PPs can lead to a
sub-array with greater bandwidth. We extend the technique
of adding parasitic patches on the same layer or on the top
layer to produce multiple resonant frequencies that results in
a wider bandwidth [3], [21], [22] by applying ten parasitic
patches. In particular, we show that by applying the 10 PPs per
element, the 2 x 2 sub-array attains a bandwidth of 730 MHz,
163 MHz wider than that of the two-element sub-array with
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five parasitic patch elements reported before [20], or a frac-
tional bandwidth enhancement of 29%. With the 10 PPs, the
element dimension becomes larger, increasing the length by
3%, the width by 41% and the overall size of the dimension
area by 45% compared to [19]. This enforces the use of
larger element spacing, in this case 0.75X, thereby reducing
the mutual coupling down to below —20 dB. However, this
yields an insignificant grating lobe effect since the main beam
is directed to the front. As a result, the proposed sub-array
antenna is suitable for use in M-MIMO 5G applications. Our
contribution here is in the use of a much larger number of
parasitic patches, i.e., ten of those, for each element, whereas
in the literature only a maximum of 4 or 5 PPs per element
have been tried. The slight increase in the element dimension
is paid off by the increase in bandwidth from around 600 MHz
to over 700 MHz.

The 2 x 2 sub-array antenna design for the M-MIMO
antenna system is optimized for minimum mutual coupling.
The design method is first carried out by the use of a rectangu-
lar patch antenna (RMPA) design of a single element without
parasitic patches. Second, the single element with 5 PPs is
realized [20]. Third, another single element with the addition
of 10 PPs is designed and realized in this paper. Finally, 2 x 2
sub-arrays of elements with 5 PPs each and 10 PPs with
spacing of 0.75A are realized and analyzed for bandwidth and
mutual coupling.

This paper is structured as follows. Section II describes
the antenna design, Section III reports the evaluation of the
mutual coupling effect of the 2 x 2 sub-array antennas, and
Section IV gives the conclusions.

Il. ANTENNA DESIGN

The microstrip antenna design starts with identifying the
appropriate specifications based on the needs of 5G appli-
cations. 5G bandwidth requirement at 3.5 GHz is 500 MHz,
according to ETSI [23]. The antenna is rectangular in shape
with PPs to increase the bandwidth. The designs include
elements of 5-PP type, i.e., a rectangular patch with five
parasitic patches, and those of 10-PP type, which involve
ten parasitic patches. The structure consists of a patch, a
dielectric substrate and a ground layer. The media used herein
are of FR-4 (epoxy) type with a dielectric constant (g,) of
4.3 and a substrate thickness (#) of 1.6 mm. The main patch
is fed with a coaxial probe. Expected specification parameters
are a bandwidth of more than 500 MHz, a return loss (RL) of
less than —10 dB, a mutual coupling of less than —20 dB, and
a frequency of 3.5 GHz.

The rectangular antenna design process involves mathe-
matical calculation for the width and length of the patch,
substrate, and ground and determining the coordinates of
the coaxial probe [24], [25]. The dimensional design of the
parasitic patch also uses the same mathematical equations as
the rectangular patch. The parasitic patch technique is applied
by adding a parasitic patch in the E-plane and H-plane [3].
The dimensions of a single element without and with PPs
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FIGURE 2. The 5-PP element.

are displayed using CST software. Figs. 1, 2 and 3 show the
resulting dimensions.

A. SINGLE ELEMENT ANTENNA

Herein we use a single rectangular element (SE) to refer to
one that does not include any parasitic patch. The dimensions
of the SE can be seen in Fig. 1, the design of which follows
the method in [24]. The element size is Wy =35.93 mm, L; =
30.86 mm, W), = 23.75 mm, L, = 19.19 mm, Yy = 4.87 mm.
Hence, the size is 35.93 mm x 30.86 mm (0.421 x 0.361).

B. 5-PP ELEMENT
The dimensions of the single element with 5 PPs can be seen

in Fig. 2 and has been described in [20]. The element size
of 5 PPs is 66.71 mm x 48.58 mm (0.78A1 x 0.361).

C. 10-PP ELEMENT

The dimensions of a single element with 10 PPs can be seen in
Fig. 3. The element size of 10 PPs is 68.71 mm x 68.48 mm
(0.80A x 0.791). The element with 10 PPs is developed from
the element with 5 PPs by adding five parasitic patches.
In the new element, several changes are made to the parasitic
patches, especially in the dimensions Wp and Lp, Wpl and
Lpl, Wp2 and Lp2, Wp3 and Lp3, as well as the addition
of parasitic patches with dimensions Wp4 and Lp4, Wp5 and
Lp5, Wpb6 and Lp6. The length and width of the parasitic patch
as well as the placement of the parasitic patch horizontally
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FIGURE 3. The 10-PP element.

(right and left) and vertically (up and down) determine the
new resonant frequency, which increases the bandwidth [3].
The positions of parasitic patches with dimensions Wp4 and
Lp4, Wp5 and Lp5, Wp6 and Lp6 are as shown in Figure 3.
The parasitic patches obtain electric current due to induction
from those with dimensions Wp and Lp. When the patch
of dimensions Wp and Lp is supplied with electric current,
it causes induction on the radiating side of the parasitic patch.
Due to the proximity of the parasitic patches to each other, the
parasitic patch on the non-radiating side generates an electric
current induced from the parasitic patch on the radiating side.

D. 2 x 2 SUB-ARRAY

This paper reports on two sub-array antenna designs, each
consisting of 5-PP and 10-PP elements. The 2 x 2 sub-
arrays are simulated to evaluate the effect of mutual coupling
with element spacings, defined herein as spacings between
adjacent points of element feeding, of 0.75A or 64.28 mm.
The dimension of the 2 x 2 sub-array composed of 5-PP
elements is 130.99 mm x 112.86 mm (1.531 x 1.32A), while
the one for the sub-array consisting of 10-PP elements is
132.99 mm x 132.77 mm (1.551 x 1.541). The design of
the 2 x 2 sub-arrays can be seen in Fig. 4.

IIl. EVALUATION OF MUTUAL COUPLING EFFECT

A. SURFACE CURRENT PERFORMANCE

Figs. 5(a) and (b) demonstrate the distribution of surface
currents over the 2 x 2 sub-arrays with 5-PP and 10-PP
elements. A significant spacing of 0.75A between adjacent
antenna elements reduces the surface current crossing over
the elements the 2 x 2 subarray. It should be noted that for
this application the grating lobe is not a problem because the
main lobe points forward so that the grating lobe points to
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the back and is of small value because the spacing between
elements is 0.75 A(less than 1).

Meanwhile, the presence of parasitic patches in the 5-PP
and 10-PP elements suppresses even further the surface cur-
rents across the 2 x 2 subarray.

B. SCATTERING PARAMETER PERFORMANCE
Fig. 6 shows the modeling results as well as measurements
of RL, measured in S11, and bandwidth of single elements
of 5 PPs and 10 PPs. The simulation results of a single
element without PPs show that the bandwidth is 139 MHz,
the fractional bandwidth is 3.97% and the RL at 3.5 GHz
is —34.86 dB, whereas for the single element with 5 PPs
the bandwidth is found to be 618 MHz, the fractional
bandwidth 17.04% and the RL —11.45 dB at 3.5 GHz.
For the single-element antenna with 10 PPS the bandwidth
is 732 MHz or 20.5%, while the RL at 3.5 GHz is —14.03 dB.
Measurement results for a single element without parasitic
patches show a bandwidth of 115 MHz, a fractional band-
width of 3.22% and RL at 3.5 GHz of —19.74 dB. For a
single element having 5 PPs, the bandwidth is 550 MHz or
14.8%, and the RL at 3.5 GHz is —20.21 dB, whereas for an
element with 10 PPs the bandwidth becomes 722 MHz, the
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elements composed of (a) 5 PPs dan (b) 10 PPs.

TABLE 1. Comparison of simulation and measurement results for
elements of type SE, 5-PP and 10-PP.

SE 5 PPs 10 PPs
Parameter
Sim. Meas. Sim. Meas. Sim. Meas.
B (MHz) 139 115 618 550 732 722
FB (%) 3.97 322 17.04 14,8 20.5 19.83
RL (S11) —34.86 —19.74 —1145 —-20.21 —14.03 —1842

fractional bandwidth becomes 19.83% and the RL at 3.5 GHz
is —18.42 dB.

Fig. 6 shows that the RL measurements for elements
with 5 PPs and 10 PPs are better than the simulation results.
However, the RL from the SE simulation has a better result
than the measurement. Meanwhile, the measured bandwidth
is narrower than the simulation result. The difference between
the measurement and simulation results is caused by imper-
fections in fabrication and measurement of the antennas.
Simulation and measurement results have differences in mag-
nitude but behave similarly and show a wider bandwidth than
the original type, which is a single element without parasitic.

Comparison of simulation and measurement results of SE,
5-PP and 10-PP elements at 3.5 GHz in terms of perfor-
mance parameters of a single element design are shown in
Table 1. For the 5-PP elements, the simulation results are

VOLUME 10, 2022
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FIGURE 6. Return loss and bandwidth simulation results for elements of
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taken from [20], while the measurement is made by these
authors. The parameters include bandwidth (B), fractional
bandwidth (FB) and RL. The simulation results of SE show
a bandwidth of 139 MHz, whereas the 5-PP exhibits a band-
width of 618 MHz, an increase of 479 MHz from SE. Fur-
thermore, the 10-PP with even more parasitic patches shows
a bandwidth of 732 MHz, increasing by 114 MHz from
the 5-PP and by 593 MHz from SE, so that the fractional
bandwidth becomes 20.5%. Similarly, from the measurement
results, SE only exhibits a bandwidth of 115 MHz, while
the 5-PP element has a wider bandwidth of 550 MHz, also
an increase of 435 MHz over SE. The 10-PP has an even
broader bandwidth of 722 MHz, 172 MHz more than the
5-PP and 607 MHz more than the SE, with a fractional
bandwidth of 19.83%. Hence, the 10-PP at 3.5 GHz produces
the widest bandwidth to accommodate the requirements of
5G applications.
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As afollow-up, simulations and measurements of the 2 x 2
sub-arrays with 5-PP and 10-PP elements are made to evalu-
ate the effect of mutual coupling, because these two element
types fulfill the desired 5G requirements in terms of wide
bandwidth. The results for 2 x 2 sub-array of the 10-PP ele-
ments are shown in Fig. 7 and recapitulated in Table 2. They
show that the sub-array meets the desired RL performance,
which is less than —10 dB. There is a shift in the working
frequency range of the measured sub-array with respect to
the simulated design, but the range still includes the desired
3.5 GHz band required for 5G applications.

Simulation and measurement results of mutual coupling
effects in the 2 x 2 sub-array of 10 PPs elements are in
accordance with the desired mutual coupling performance,
which is less than —20 dB. The mutual coupling at 3.5 GHz,
indicated by S21, S23, S24, S31, S41, and S43, are shown
in Table 2. It is clear that mutual coupling for all 2 x 2 sub-
array designs observed from simulations and measurements
at 3.5 GHz already meets the desired performance parame-
ters.

Fig. 8 compares measurements of the s-parameters of the
2 x 2 subarray antenna of 5-PP and 10-PP elements. The
results of measurements of RL for all elements, i.e., S11, S22,
S33, and S44 at 3.5 GHz, show that the sub-array achieves
the desired RL performance of less than —10 dB, which is
given in Table 2. The results for mutual coupling also meet
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TABLE 2. Comparison of simulation results and measurements of
2 x 2 sub-array.

5 PPs 10 PPs

Parameter

Sim. Meas. Sim. Meas.
B (MHz) 607.8 567 745.9 730
FB (%) 16.75 15.27 20.85 19.83
S11 -18.60 —11.39 —14.03 —14.77
S22 —17.40 —-11.39 -14.07 —15.45
S33 -18.72 -1191 -13.84 —13.67
S44 —17.65 -1191 -13.93 —15.79
S21 —-29.06 —26.79 —29.89 —33.01
S23 —38.42 —-32.66 —46.25 -31.11
S31 —-37.73 —-2820 -—30.34 —-24.71
S24 —-37.73 -30.88 —32.31 —29.63
S41 —-3842 —-30.16 —32.62 —31.62
S43 —32.22 —-27.84 -28.39 -35.11

the desired performance, which is less than —20 dB. The
measured mutual coupling at 3.5 GHz, namely S21, S23, S24,
S31, S41, and S43 are also shown in Table 2.

The mutual coupling effect depends also on the relative
positions of the elements in the antenna array. Suppose the
antenna array elements are spaced too close together, then
significant mutual coupling can cause a decrease in efficiency
and change the radiation pattern. On the other hand, if the
elements are too far apart, the substrate dimensions increase
and the efficiency decreases. The effective or minimum spac-
ing between elements that are safe from the effect of mutual
coupling is 0.5A [24]. In this sub-array design, the element
spacing is 0.75A and, therefore, the mutual coupling is sup-
pressed.

The return losses from measurement indicated by Sl11,
S22, S33 and S44 for the 2 x 2 sub-array of 5-PP elements
are consistently smaller than the corresponding losses for
the 2 x 2 sub-array of 10-PP elements, with the average
difference being 3.27 dB. This result suggests that sub-arrays
constructed from elements with fewer parasitic patches have
a smaller return loss. Also from the measurement, the mutual
coupling indicated by S23, S31, S24 and S41 shows a lower
value with an average difference of —2.09 dB for sub-arrays
of 5-PP elements relative to those of 10-PP elements. Mean-
while, the S21 and S43 measured for sub-arrays of 10-PP
elements are lower than the corresponding values for those of
the 5-PP elements, with an average difference of —4.98 dB.
However, in general it can be concluded that the 2 x 2 sub-
arrays of 10-PP elements, each having ten parasitic patches,
demonstrate a good isolation between elements, leading to
low mutual coupling. These results validate [18], [20] that the
implementation of additional parasitic patches can maintain
low mutual coupling. In addition, Table 2 also shows that the
sub-arrays with elements having 10 PPs consistently exhibit
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FIGURE 9. Comparison of simulation results and measurement of the
radiation pattern of single antenna elements: (a) SE (b) 5 PPs-type, and
(c) 10 PPs-type.

greater bandwidth than those with elements having 5 PPs.
Based on the return loss for each element in Table 2, it can be
safely concluded that the return loss for the overall subarray
is less than —10 dB.

C. RADIATION PATTERN PERFORMANCE
Fig. 9 compares the results of simulations and measurements
of radiation patterns and gains of single antennas of types
(a) SE (b) 5-PP type and (c) 10-PP type. The gain shown is the
maximum gain. The radiation patterns displayed are those of
the H-plane (horizontal plane/azimuth) and E-plane (vertical
plane/elevation). Single element gains from simulation and
measurement can be seen in Table 3. The fabricated single
elements of all types are each found to have gain above 2 dB.
Fig. 10 compares the simulation results and measurements
of the radiation pattern and gain of the individual elements
in two 2 x 2 sub-arrays having elements of type 5-PP and
10-PP, respectively. The gains for both can be seen in Table 4,
in which the measured gain for both types of elements in
their respective sub-arrays shows a good value. The radiation

VOLUME 10, 2022
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(a) 2 x 2 sub-array of 5 PPs elements, and (b) 2 x 2 sub-array of 10 PPs
elements.

TABLE 3. Comparison of simulation and measurement results single
element gain.

Gain (dB)
Single Element
Sim. Meas.
SE 3.64 2.46
5 PPs-type 4.819 5.58
10 PPs-type 4.361 5.34

TABLE 4. Comparison of simulation and measurement results of element
gain in 2 x 2 sub-array.

2x2 Sub-array Gain (dB) 2x2 Sub-array Gain (dB)
of 5-PP of 10-PP

elements Sim.  Meas. clements Sim.  Meas.
Element 1 5.098 5.83 Element 1 4.722 5.95
Element 2 5.089 5.48  Element 2 5.454 6.08
Element 3 5.334 5.57 Element 3 5.138 4.65
Element 4 5.334 5.23 Element 4 5.016 4.84

pattern is represented herein by that of element 1 only, while
elements 2, 3 and 4 have similar patterns. The gain shown is
the maximum gain.

The proposed antenna design is compared with others from
the existing literature in terms of size, operating frequency,
and bandwidth in Table 5. The comparison shows that the
proposed antenna, a single element with 10 PPs, while being
larger in size than the others, is capable to create a broader
bandwidth. In the last row of Table 5 we show the size
and bandwidth of the proposed 2 x 2 sub-array of elements
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TABLE 5. Comparison of the performance between the proposed antenna
and reference antenna.

Operating
Frequency
(GHz)

Bandwidth
(MHz)

Antenna Antenna Size

Ref. purpose (mm?)

SE  without
[19] parasitic
patch
SE with four
[18] parasitic 62 x 62
patches
2x2 array
with four
parasitic
patches
SE with five
[20] parasitic
patches

10-PP type 68.71 x 68.48 732
element 3.5

32.60 x 24.05 2.8 88.2

3.3-3.91 610

[18] 160 x 160 3.38-3.95 570

66.71 x 48.58 35 618

Proposed
antenna

2x2 sub-array
of 10-PP type
elements

Proposed

132.99 x 132.77 35 730
antenna

with 10 PPs each, which is smaller and provides a wider
bandwidth than the array in [18].

IV. CONCLUSION
The single element with 10 PPs shows a broader bandwidth
of 722 MHz, which is equivalent to a fractional bandwidth
of around 20%, an increase of 172 MHz from that of the
five-parasitic patch element and a larger increase of 607 MHz
from that of single element without parasitic patches. It can be
concluded that the addition of parasitic patches can enhance
the bandwidth. It turns out that the bandwidth improvement
is also observed for the 2 x 2 sub-arrays employing elements
with ten PPs relative to the sub-arrays of elements with five
parasitic patches, i.e. increasing the bandwidth by as much
as 163 MHz or 29%.

The results of simulation and measurement for the
2 x 2 sub-arrays of elements with 5 and 10 PPs at 3.5 GHz
show that both sub-arrays meet the desired performance
because the return loss is less than —10 dB for both. Com-
parison of simulation results and measurement of mutual
coupling of the two 2 x 2 sub-arrays are also in agreement
with the desired performance, i.e., less than —20 dB. There-
fore, generally the increase in the number of parasitic patches
added to each element yields the same order of mutual cou-
pling in the sub-array, while successfully improving the band-
width. In overall, the antenna meets the desired specifications
and is applicable as a 5G communication antenna.
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