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In this paper, a low profle and high-efciency decoupling antenna pair for multiunit smartphones is proposed using a similar π-shaped
feed structure that can excite the dipole radiation mode of microstrip antenna. Ordinarily, symmetrical single-port T-shaped microstrip
antennas can only excite monopole modes of bilateral radiation. Tis paper changes the vertical feeding microstrip structure into two
oblique, similar π-shaped feeding structures. Tis oblique feeding structure can excite the dipole mode of unilateral radiation of the
microstrip antenna. Using thismethod, the antenna design can be simplifed, and the low-coupling independent radiation on both sides of
the microstrip antenna can be freely controlled without the need for additional structures. Considering the ultra-thin characteristics of 5G
smartphone devices, the parameters of the antenna are further optimized: the optimized antenna profle is only 3.7mm. Te measured
results show that the 2× 2microstrip antenna pairs can efectively cover the 3.5GHz band (3.4–3.6GHz), with a coupling that varies from
−16.14dB to −11.01dB and an efciency that varies from 80% to 94.1%. Te 8× 8 MIMO smartphone antenna results show that the
coupling varies from −20.1dB to −12.17dB, the efciency varies from 79.72% to 93.7%, and the envelope correlation coefcient (ECC) is
lower than 0.05.Temicrostrip antenna decoupling pair with a similar π-shaped feed structure proposed in this paper has high efciency
and low-profle characteristics have important application value in the decoupling design of 3.5GHz 5G ultra-thin smartphone antennas.

1. Introduction

With constant advancements in mobile communication
technology, the requirements for antennas in handheld
mobile devices are constantly increasing. Te ffth-genera-
tion mobile communication system (5G) has been com-
mercially available since 2020; the frequency band of 5G
smartphone antennas mainly operates in the sub-6GHz and
millimeter-wave (mm W) bands [1, 2]. To realize super-
large-capacity data transmission, multiple-input multiple-
output (MIMO) systems are usually required [3, 4]. Te
mainstream trend for 5G smartphone antennas in the sub-
6GHz band involves adopting 8× 8 MIMO antenna
structures. For each antenna unit to send and receive signals
normally, very low envelope correlation coefcients and very
low port-to-port coupling are required [5, 6]. Terefore, in
smartphones—especially ultra-thin smartphones—designing

miniaturized MIMO antennas in a very limited space is
crucial, along with making each antenna unit have good
isolation and excellent performance.

At present, the coupling between antenna units in
MIMO smartphone antennas is a key issue. Tere have been
many studies on decoupling methods between multiunit
antennas, such as defective ground or neutral line structures
[7, 8], external lumped components [9, 10], pattern diversity
[11, 12], etc. Recently, researchers found that simultaneously
feeding a shared radiator with two ports can make full use of
antenna resources and reduce the complexity of the antenna
structure [13, 14]. More importantly, the shared radiator
antenna has signifcant advantages in terms of reducing
coupling [15–17]. Sun et al. proposed a broadband shared
radiator structure for a rectangular patch smartphone an-
tenna, which realizes decoupling at broadband 3.3–4.2GHz
by adjusting the position of the feed point [18]. However, the
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profle of the rectangular patch is 7.5mm, which is not
suitable for phone devices with ultra-thin screens. When the
profle height of the antenna is relatively low, using the
general decoupling method may lead to the deterioration of
the bandwidth and efciency of the original antenna. For
example, Deng et al. [9] designed a low-profle antenna unit
and used lumped elements to reduce the coupling between
the units. Te bandwidth of the antenna unit before
decoupling is 3.25–3.63GHz, and the coupling is less
than −4 dB. After decoupling, the bandwidth becomes
3.42–3.58GHz, the coupling is less than −12.4 dB, and the
efciency varies from 37.6% to 50.7%. Te use of lumped-
component decoupling leads to a signifcant decline in the
bandwidth and efciency of the antenna. According to Deng
et al. [11], using the decoupling method of connecting feed
points can obtain good isolation and efciency, but the
overall size of the antenna will increase by about
7mm× 25mm, which is not suitable for integrated phone
devices. Terefore, the decoupling design of a low-profle
antenna with excellent comprehensive performance still has
important application prospects in future 5G ultra-thin
smartphone devices.

Aimed at the problems of large unit size, high profle,
and low efciency of existing 5G smartphone antennas, a
microstrip antenna decoupling pair using a similar
π-shaped feed structure is proposed in this paper. First, a
single-port T-shaped microstrip antenna is designed on the
long edge of a 150mm× 75mm metal ground. Next, the
vertical feed microstrip is bent to the left and right, such
that it subtends a certain angle with the ground plane. Tis
new feeding structure provides an asymmetrical fow path
for the current on the antenna surface and excites a dipole
resonance mode that is absent in the T-shaped structure,
while the other side does not have this resonance mode. In
the new resonant mode, the independent radiation of the
T-shaped antenna arms is controlled according to the
bending direction of the feeding microstrip. Te length of
the optimized 2× 2 microstrip antenna pair is 32.4mm, and
the folded profle is only 3.7mm. Te experimental mea-
surement results show that the port coupling is lower
than −11 dB on the 3.5 GHz band (3.4–3.6 GHz). Ten, an
eight-unit 5G MIMO smartphone antenna is proposed
based on a dual-port microstrip antenna pair. Te mea-
sured results show that the port coupling is lower than
−12.17 dB and the efciency varies from 79.72% to 93.7%.
Te proposed antenna pair model fed by a similar π-shaped
feed structure has a good application prospect, and the fnal
eight-unit 5G MIMO smartphone antenna has an excellent
performance in terms of low coupling, small size, low
profle, and high efciency.

2. Decoupling Principle of the Microstrip
Antenna Pair Fed by a Similar Pi-Shaped
Feed Structure

Te use of T-shaped antennas has natural advantages over
using two separate 1/4-times-wavelength monopole anten-
nas. Te dual monopoles of the T-shaped antenna are fed

together by a single port, which reduces the ground clear-
ance and helps realize miniaturization. However, each arm
of the asymmetrical T-shaped antennas is a monopole an-
tenna, and the entire structure can be spatially viewed as a
dual-unit radiation structure with only one feed port;
therefore, this dual-unit cannot radiate independently.
Currently, in the design of most 5G smartphone antennas,
multiple units’ radiations are required to be controlled by
multiple ports, and the coupling between radiation units
needs to be reduced to −10 dB. Terefore, it is crucial to
realize a dual-port MIMO antenna where the bilaterals of the
T-shaped antenna can independently excite their radiation.

Te surface current distribution obtained through the
simulation and the equivalent resonant circuit of a single-
port T-shaped antenna are shown in Figure 1(a). When the
port is excited, the current fow directions in the arms of
the symmetrical T-shaped antenna are opposite, as is that of
the ground plate edge below. Because the current direction
on the feed microstrip connected to the port is downward,
both the left and right sides of the antenna form a current-
resonant circuit. Terefore, radiation is generated on both
sides, and the distribution is symmetrical (see the two red
circles in Figure 1(a)). Tis radiation can be determined to be
monopole radiation from the current distribution. Te ver-
tical feed microstrip, which acts as a connecting hub, plays a
key role in the radiation of the antenna arms. Terefore, it is
entirely possible to achieve independent bilateral radiation by
changing the feed structure.

Te new structure of the improved T-shaped antenna is
shown in Figure 1(b), obtained by bending the feed
microstrip to the left. As can be seen, the current direction in
both arms still opposes that on the edge of the foor;
however, both arms have the same current direction in this
event. Te current in the improved feed microstrip structure
fows to the foor, so a current-resonant circuit is formed on
the left side of the antenna; on the right side of the antenna,
because the current direction in the feed microstrip opposes
the current direction in the loop, no resonance is generated.
From the current distribution, it can be seen that the ra-
diation from the left side of the antenna is dipole radiation.
Terefore, it can be concluded that when the feed microstrip
in Figure 1(b) is bent to the left, the T-shaped antenna can
control the left arm’s radiation by exciting the dipole res-
onance mode. Similarly, if the feed microstrip is bent to the
right, the radiation of the right arm of the T-shaped antenna
can also be controlled. According to these radiation char-
acteristics, a microstrip antenna decoupling pair prototype
using a similar π-shaped feed structure can be proposed, as
shown in Figure 1(c). Tere are two bent feed microstrips,
which are symmetrically placed. When port 1 is excited, the
left arm excites the dipole resonance mode while the right
arm does not. Similarly, when port 2 is excited, the right arm
excites the dipole resonance mode, while the left arm does
not. It is clear that exciting an independent dipole resonance
mode on a single arm of the microstrip antenna pair is of
great value to the current design of MIMO smartphone
antennas for the 5G band, which can achieve the design of
low-profle MIMO antennas based on similar π-shaped feed
decoupling structures.
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Te electrical dimensions of the microstrip antenna pair
in Figure 1(c) are adjusted to operate on the 3.5GHz band
(3.4–3.6GHz) and to optimize its structure. Te main ad-
justed parameters are d, s, and h, which are related to the
shape of the feed structure, and the parameter w is related to
the width of the microstrip (see Figure 2(a)). Te antenna is
mainly used in ultra-thin smartphones, so it is designed on
FR-4 (εr � 4.4 and tan δ � 0.02), with a size of
150mm× 75mm× 0.8mm. Te antenna is folded 90° along
the edge of the substrate to achieve 0 clearances. To facilitate
feeding, 4mm× 2mm longmicrostrip transmission lines are
used to connect the ports of the antenna to the feeders. Te
optimum simulation model of the antenna is shown in
Figure 2(a). In addition, to demonstrate the advantages of
the proposed similar π-shaped feeding structure in the

miniaturization of low-profle microstrip antenna pairs, a
microstrip antenna pair directly fed by the feed structure
with the connecting line is selected as a comparison model,
as shown in Figure 2(b). Te connecting line of the vertical
feeding structure in Figure 2(b) increases the electrical di-
mension length of the dipole radiation mode of the
microstrip antenna. Terefore, when covering the same
operating bandwidth (the 3.5GHz band (3.4–3.6GHz)), the
comparison model shown in Figure 2(b) requires a
microstrip length of 37.4mm, whereas the model proposed
in Figure 2(a) only needs a microstrip length of 32.4mm.
Tis is because the length of the electrical dimension of the
microstrip antenna is related to the length of the current
path on the microstrip. When the proposed microstrip
antenna model excites a dipole radiation mode, the current
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path length on the antenna is the equivalent distance from
the horizontal microstrip endpoint to the feeding endpoint.
Since the two antenna pairs in Figures 2(a) and 2(b) have the
same profle height, when the antenna feed port distance is
kept constant, using the vertical strip structure on the
headroom (Figure 2(b)) reduces the equivalent distance from
the horizontal microstrip endpoint to the feed endpoint
compared to the similar π-shaped feed structure (Figure 2(a)).
Terefore, if the antenna operating frequencies of the
structures shown in Figures 2(a) and 2(b) are kept the same,
the use of the vertical strip structure (Figure 2(b)) must in-
crease the length of the horizontal microstrip and, conse-
quently, increase the electrical size of the microstrip antenna.

Next, the S parameters of the antenna are simulated. In
the simulation, port 1 is set to “excitation,” and port 2 is set
to a “50Ω match-terminator.” Te optimization results of
each parameter are shown in Figure 3(a). It can be seen that
the larger the width w of the microstrip, the better the
coupling of the antenna; however, the resonance depth si-
multaneously decreases. Te lower the height h between the
two feed microstrips, the better is the efective coupling
bandwidth (see Figure 3(b)).Te parameters d and s have the
greatest infuence on S11. Te larger the parameter value,
the higher the resonance depth of the antenna, and the worse
the coupling depth and bandwidth. Based on the results
shown in Figure 3, the parameters w � 1mm, h� 12mm,
d� 1.8mm, and s� 1.5mm are determined, and the overall
size of the antenna is found to be 32.4mm× 3.7mm. Te
simulation results of the S-parameter when using the
microstrip antenna pair of the similar π-shaped feed
structure shown in Figure 2(a) and the feed structure with
the connecting line shown in Figure 2(b), are compared as
shown in the left coordinate of Figure 4. It can be seen that,
in the near feld, the decoupling results of S11 and S21 using
the vertical feed structure are very poor. Terefore, using the
vertical feed structure will not only occupy a larger antenna
design space but also reduce the antenna’s impedance
matching and decoupling efect. Te far-feld decoupling
results (i.e., ECC) of the microstrip antenna with the two feed
structures are shown on the right coordinate in Figure 4. It
can be seen that, in the far feld, the ECCS of the antenna pairs
decoupled using the vertical feed structure are high, and the
decoupling efect is poor. In contrast, the ECCS of the antenna
pairs decoupled using the proposed similar π-shaped feed
structure are lower. In conclusion, using the proposed similar
π-shaped feed structure has signifcant advantages in terms of
both near-feld and far-feld performance.

3. Simulation and Measurement Results of
Microstrip Antenna Pairs Fed by Similar Pi-
Shaped Feed Structures

Based on the decoupling principle of the microstrip antenna
pairs fed by a similar π-shaped feed decoupling structure
proposed in Section 2, the antenna operates on the 3.5GHz
band (3.4–3.6GHz), and the antenna structure with the
substrate is obtained, as shown in Figure 5(a). Te far-feld
radiation pattern and surface current distribution of the

antenna at 3.5GHz are simulated using the high-frequency
electromagnetic feld simulation software ANSOFTHFSS, as
shown in Figures 5(b)–5(e). Figures 5(b) and 5(c) show that
that when port1 is excited, the antenna emits a radiating
hemisphere on the left and almost no radiation on the right.
As described in Figure 1(c) in Section 2, the reason for this
radiation is that there is a strong loop current distribution on
the left side of the microstrip antenna pair, while the right
half will not produce a strong loop current because of the
current cancellation principle. Similarly, when port 2 is fed,
the antenna has a right radiation hemisphere, and almost no
radiation is generated on the left.

Te antenna in Figure 3 is fabricated and experimentally
measured; its ports are individually fed by a semifexible
coaxial line operating at a frequency of 0–6GHz. Te S-
parameters are obtained using an Agilent N5230C vector
network analyzer. Te results are shown in Figure 6(a).
Te −6 dB operating frequency band of the simulated S11 is
lower than 3.63GHz, while the experimentally measured S11
operating frequency band is less than 3.87GHz; therefore,
the measured results are better than the simulated results.
Te minimum value of the simulated S21 is −12.71 dB, and
the −10 dB bandwidth is 3.37–3.61GHz. Te minimum
value of S21 measured experimentally is −16.14 dB, and the
−10 dB bandwidth is 3.37–3.67GHz. In general, the ex-
perimental results for S11 and S21 are consistent with the
simulation results and meet the design requirements. Te
total far-feld radiation efciency of the antenna is measured
in a microwave anechoic chamber, and the results are shown
in Figure 6(b). Te antenna does not have any additional
lossy components and, therefore, exhibits good performance
in the far feld. It can be seen from the fgure that the ef-
fciency is more than 80%, with a maximum efciency of
94%, and the gain is more than 4.7 dB at 3.4–3.6 GHz.

4. Eight-Unit Antenna Design

According to the design and analysis of the dual-port
microstrip antenna pair above, an 8× 8 MIMO antenna
structure for a 5G smartphone is proposed; a geometric
diagram is shown in Figure 7(a). Four identical pairs of
antennas are arranged with a size of 150mm× 75mm on
both long sides of the substrate. On each long side, the
shortest distance between the microstrip antenna pair edge
and the structural edge is 37mm, the bottom dielectric
material is a 0.8mm thick FR4 substrate, and the overall
structure is centrally symmetrical. Figures 7(b) and 7(c)
show the actual production model of the eight-element
antenna structure. Te antenna has a total of eight ports,
each of which is fed by a semifexible coaxial line operating at
a frequency of 0–6GHz.

Te S parameters of the eight-unit antenna are simulated
and measured experimentally; the results are shown in
Figure 8(a). During the experimental measurement, the ports
of the vector network analyzer are connected to the ports of the
microstrip antenna pairs, and the remaining six ports are
connected to a 50Ωmatch-terminator. As can be seen from the
fgure, the −6dB bandwidth of the simulated S11 is a wideband
of less than 3.64GHz, while the measured bandwidth is a
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wideband of less than 3.86GHz. Te −6dB bandwidth of the
simulated S22 is a wideband of less than 3.64GHz, while the
measured bandwidth is a wideband of less than 3.79GHz.
Te −10dB bandwidth of the simulated S21 is 3.36–3.64GHz,
and the maximum depth can reach −14.23dB. Te measured
S21 bandwidth is 3.35–3.68GHz, and the maximum depth
is −20.1 dB. On the operating frequency band of 3.4–3.6GHz,
the simulated S21 is lower than −11.6 dB, and the measured
result is lower than −12.2 dB. Te measured coupling results

between other units of the antenna are shown in Figure 7(b).
Since the distance between Ant.2 and Ant.3 is only 37mm, the
coupling between them is slightly higher, and the measured
results at 3.4–3.6GHz are less than −14.1 dB. Te coupling
between the remaining units is maintained at a very low level,
which does not greatly impact the units’ radiation.

Since the antenna structure is highly symmetrical, only the
far-feld performances of Ant.1 and Ant.2 are tested. Te total
gain and efciency measured in the microwave anechoic
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chamber are shown in Figures 8(c) and 8(d). During mea-
surement, the measured antenna element is connected to the
test port, and the other seven ports are connected to the 50Ω
match-terminators. At 3.4–3.6GHz, the efciency of Ant.1
varies from 79.72% to 93.7%, and the efciency of Ant.2 varies
from 83.24% to 91.68%. Te right coordinate of Figure 8(c) is

the simulated ECC results. It can be seen that the gains of both
units are greater than 4dB and the ECCS of both Ant.1 and
Ant.2 are less than 0.02; the fnal radiation performance is
maintained at a high level.Te far-feld radiation performance
of Ant.2 is slightly lower than that of Ant.1.Tis makes it clear
that, in comparison to the dual-port antenna pair Ant.2 and
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Ant.3, Ant.6 and Ant.7 are near the middle of the eight-unit
antennas, whose efciency and gain will decrease slightly due
to their close distance and no decoupling method; however,
their fnal radiation performance will remain at a very high

level. Te far-feld correlation between Ant.1 and Ant.2 can be
calculated from the far-feld directivity coefcients measured
in the darkroom. Here, the wireless channel is assumed to be
isotropic. Tis can be formalized as follows [11]:
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where ρ12 is the envelope correlation coefcient (ECC),
Ei

→
(θ, φ) is the complex far-feld radiation pattern when port

i is excited, and Ω is the solid angle.
As shown in Figure 8(d), the calculated ECC is less than

0.05 at 3.4–3.6GHz, indicating that the electromagnetic waves
radiated by the two units have a very low spatial correlation.

Figure 9 presents the measured 2-D far-feld patterns of
Ant.1 and Ant.2 at 3.4, 3.5, and 3.6GHz in the x-z (φ� 90°)
and x-y (θ� 0°) planes. From the curve shape of the coor-
dinate planes in the fgure, it can be seen that the radiation of
Ant.1 is mainly in the negative direction of the x-axis, while
that of Ant.2 is mainly in the positive direction of the x-axis.
When two ports on the shared radiator are excited at the

same time, the radiation of the two symmetrical hemispheres
in the far feld will not interfere with each other, which can
ensure the omni-directivity of the radiation signal.

A comparison between the microstrip antenna with a
similar π-shaped feed structure proposed in this paper and
existing 5G antennas operating in the same bandwidth using
the decoupled method is shown in Table 1. Te proposed
antenna area is only 32.4mm× 3.7mm, which is better than
that of all compared antennas. Furthermore, the antenna has
a 3.7mm profle, which has obvious advantages as a low-
profle antenna and is more suitable for ultra-thin smart-
phone devices. In addition, the efciency of the antenna is
higher than that of all comparative references. However, this
antenna pair has no obvious advantage in terms of isolation.
Tis is mainly because the decoupling method proposed in
this paper is primarily suitable for low-profle mobile phone
antennas. In comparison to the isolation in Deng et al. [11]
(13.5 dB), which also describes a low-profle decoupling
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Figure 8: (a), (b) Simulated and measured S-parameters of the proposed 8× 8 MIMO antenna; (c), (d) measured total gain, simulated ECC
between diferent units, efciency, and the calculated ECC of Ant.1 and Ant.2 in the proposed 8× 8 MIMO antenna.
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design, the design in this paper is 12.2 dB. However, the
efciency of Deng et al. [11] is just greater than 37.6%, and the
proposed antenna has signifcant advantages in terms of ef-
fciency. Although the isolation efect is better in Piao et al. [8],
Deng et al. [9], and Ren et al. [19], the profles of these
antennas are relatively high, and their decoupling methods
may not be suitable for low-profle antennas. Due to the
limited design space of the low-profle antenna, it is very
difcult to adjust the mutual impedance between the antenna
units. Terefore, in comparison to the higher-profle antenna
units, the decoupling efect of the low-profle antenna is more
difcult to improve. In conclusion, in comparison to the
existing antennas of the same kind, the antenna proposed in
this paper is very competitive for use in smartphone devices
and more in line with the trends of antenna miniaturization,
low-profle characteristics, and multiunit application.

5. Conclusion

In this paper, a low-profle and high-efciency decoupled
microstrip antenna pair model for future MIMO smart-
phone antennas is proposed by changing the feed structure
of the microstrip antenna. Te oblique type of feed structure
used in the antenna pair provides a new path for the current
on the metal microstrip, excites the dipole mode of the
antenna, and enables the two ports of the antenna to control
the bilateral radiation independently. Te optimized an-
tenna pair size is 32.4mm× 3.7mm× 0.8mm, and the
profle height is only 3.7mm.Temeasurement results show
that in the 3.35–3.67GHz band, the coupling between the
ports of the eight-unit MIMO antenna is less than −12.17 dB,
the ECC is less than 0.05, and the average efciency of the
ports is about 87%. In comparison to the existing 5G an-
tennas using the decoupling method operating in the same
bandwidth, the proposed similar π-shaped feed structure
microstrip antenna has the advantages of a small size, low
profle, high efciency, simple structure, no additional
decoupling branches, no additional materials, and excellent
overall performance.

Data Availability

Te data used support the fndings of this study are available
from the corresponding author upon reasonable request.

Table 1: Comparison with existing works.

Reference Size (mm3) Bandwidth Isolation
(dB) Efciency

[8] 15× 7×1 3.34–3.65GHz 15.0 >64%
[9] 25×10.5× 0.8 3.33–3.67GHz 14.0 >52%
[11] 38.2× 3.2× 0.8 3.42–3.59GHz 13.5 >37.6%
[19] 20× 6.2× 0.8 3.38–3.63GHz 17.0 >58%
[20] 12× 6.5× 0.8 3.4–3.6GHz 10.0 >63%
Tis work 32.4× 3.7× 0.8 3.35–3.67GHz 12.2 >79%
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Figure 9: Measured radiation patterns of Ant.1 and Ant.2 in (a), (c) x-z planes, (b), (d) x-y planes.
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