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A miniaturized enhanced isolation 8-unit MIMO antenna for smartphones is proposed in this paper. Te units are planar
inverted-F antennas with the same structure, and we use the slotting method and shorted probe to miniaturize them. Te size of
every unit is 14× 6mm2 (0.149× 0.064λ2). We insert an L-shaped decoupling element into the middle of adjacent radiating
elements and connect the decoupling element to the GND. Note that the decoupling elements are on the outer side of the
substrate, and the radiating elements are on the inner side of the substrate. Finally, a prototype is fabricated and measured. Te
measured results show that the bandwidth of the MIMO antenna is from 3.0GHz to 5.3GHz (55.4%), which fully supports the
n77, n78, and n79 in the 5G nR frequency band and the 4G LTE 42 frequency band (S11 less than −6 dB).Temeasured isolation of
the MIMO antenna is greater than 25 dB by using the decoupling method in this paper.Te envelope correlation coefcient of the
proposedMIMO antenna is less than 0.08, its radiation efciency is greater than 50%, and its gain is between 4.2 and 5.3 dBi in the
whole operating frequency band.

1. Introduction

Due to the use of higher communication frequency bands in
the ffth-generation mobile communication (5G), it can
provide higher capacity and efciency than its predecessor
[1–4]. In particular, 5G New Radio (5G nR) is an ofshoot of
the 5G standard that employs advanced technologies such as
massive multiple-input multiple-output (MIMO) antennas
to achieve high data rates and spectral efciency. However,
MIMO antennas also face many challenges in practical
applications, such as poor isolation between antenna units
[4–6]. Since the available space in mobile devices is limited,
how to improve the isolation between MIMO antenna units
is currently a research hotspot.

To address these challenges, researchers have proposed
various decoupling methods to improve the isolation be-
tween antenna elements [7–22]. Tese methods include
defect grounding structures [7–10], decoupling networks
[11–17], and orthogonal polarization [18, 19]. Te simplest
and most direct method is to change the distance between

the antennas to reduce the mutual infuence between them.
However, due to the limited space of the equipment, in-
creasing the distance between the antennas will sacrifce the
number of antenna elements, resulting in channel attenu-
ation. In addition, for example, the defect grounding
structure mainly changes the electric feld distribution on the
ground surface by slotting in the GND, to reduce the
coupling efect. In [10], a planar inverted-F antenna (PIFA)
antenna array is loaded with a short-circuit unit, an L-
shaped structure, and a C-shaped branch, which can
cover the 3.3–6.0GHz frequency band.

Recently, a self-isolation method was proposed in [17],
and the radiation unit is also used as a decoupling unit. Tis
method can greatly improve the isolation between antenna
units, but the antenna only covers the 3.4–3.6 frequency
band, which cannot meet the requirements of 5G
current needs.

In [18], the authors propose an 8-cell slit antenna op-
erating in the 5G nR band, covering 3.3–5.0GHz; the iso-
lation is about 12 dB.
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Tere is also an orthogonal polarization method. By
changing the polarization direction of the antenna, the
adjacent polarization directions are vertically combined, and
no additional space is required. In [19], the orthogonal
polarization method is used to improve the isolation, but it
cannot cover a wide frequency band and can only be applied
to a single frequency band.

In conclusion, these methods have their advantages and
limitations, which limit their use in 5G nR applications.

In this paper, a wideband miniaturized enhanced iso-
lation 8-unit MIMO antenna is proposed. Te slotting
method and shorting post are used to gain the miniaturi-
zation of the antenna unit. Te geometry of the unit is
a slotted planar inverted-F antenna (SPIFA), and the size of
every unit is 14× 6mm2. To enhance the isolation, we insert
an L-shaped decoupling element into the middle of adjacent
radiating elements and connect the decoupling element to
the GND. Note that the decoupling elements are on the outer
side of the substrate, and the radiating elements are on the
inner side of the substrate. Te isolation is greatly improved
by using this method, and the measured isolation is greater
than 25 dB in the whole operating frequency band. Te
measured bandwidth of the MIMO antenna is from 3.0GHz
to 5.3GHz, and the fractional bandwidth (S11<−6 dB)
reaches 55.4%, which fully covers the requirements of the 5G
nR network (n77/n78/n79 and LTE 42). Te envelope
correlation coefcient (ECC) is less than 0.08 in the 5G nR
frequency band. Te diversity performance of the proposed
MIMO antenna is excellent, the radiation efciency is
greater than 50%, and its gain is between 4.2 and 5.3 dBi in
the whole operating frequency band.

2. Topology and Design Strategy

Te geometry of the designedMIMO antenna and its units is
shown in Figure 1. Te overall size of the MIMO antenna is
150.0× 70.0× 7.0mm3. Te MIMO antenna is composed of
a horizontal substrate, two vertical substrates, eight SPIAs,
eight shorted probes, eight 50Ω impedance matching
microstrip feedlines, six L-shaped decoupling units, and
eight SMAs. Te three substrates are made of printed circuit
boards (FR4) which have a relative dielectric constant of 4.4
and a loss angle tangent of 0.02. Te horizontal substrate
thickness is 1.0mm, and the vertical substrate thickness is
0.8mm. Te antenna units are placed on the inner surfaces
of the two vertical substrates, and the L-shaped decoupling
units are placed on the outer surface of the two vertical
dielectric substrates.

2.1. Te Geometry of the Antenna. Te SPIFA design is
a popular choice for wideband communication systems due
to its low profle and ease of integration with other com-
ponents. In this case, the antenna is designed to meet the
coverage requirements of 5G nR broadband, which is
characterized by a high data rate and a low latency. Te
miniaturization is gained by using the slotting method in the
radiation patch. Te initial shape of the radiation patch is
rectangular, with a size of 14.0× 6.0mm2 (0.149× 0.064λ2),

where λ corresponds to the wavelength of the minimum
working frequency in free space (3.1 GHz). Te antenna unit
consists of four parts: a radiation patch, a short-circuit
branch, a 50Ω impedance matching microstrip line, and
a feed port. And the radiation unit is mainly composed of
three parts, namely, L1, L2, and L3, respectively, as shown in
Figure 1. Te frst (L1) part and the second part (L2) of the
radiation patch are L-shaped structures, and the third part
(L3) is an inverted U-shaped structure. Te short arm of L1
is connected to the short-circuit branch and then connected
to the GND by the shorted probe. Te short rectangular tail
of L3 links has a 50Ω impedance matching microstrip line.

Te coupling unit, which is an L-shaped structure with
dimensions of 12× 7mm2 as shown in Figure 1, is added to
the design to improve the isolation. Isolation refers to the
ability of the antenna to prevent signals from interfering
with each other. Te addition of the coupling unit increases
the isolation by 8 dB under simulation and 15 dB in actual
measurement, which is a signifcant improvement. Overall,
this broadband SPIFA design is a promising solution for
meeting the coverage requirements of 5G nR broadband,
and the addition of the decoupling unit further improves its
performance.

2.2.Evolutionof theDesign. Tedesign of the proposed array
unit involves three steps, as shown in Figure 2.

Step 1: only a rectangular radiation patch without slots,
as shown in Figure 2(a)
Step 2: the radiation patch is divided into three parts, as
shown in Figure 2(b)
Step 3: the proposed geometry, as shown in Figure 2(c)

Te S11 of each step in the simulation is depicted in
Figure 3. In step 1, the center frequency is 3.4GHz. In step 2,
end-opening slots are added to the radiation patch, and the
patch is divided into three parts; therefore, the efective
radiation patch area is reduced, and the center frequency of
the antenna unit is 4.78GHz. In step 3, we cut a U-shaped
slot on the right bottom corner of the patch. By performing
slot processing and changing the current fow direction, the
fnal design is obtained.Te antenna bandwidth ranges from
3.1GHz to 5.5GHz with two operating frequency points of
3.2GHz and 4.8GHz, covering 5G nR (n77/n78/n79) and 4G
LTE 42 bands. To further understand the radiation char-
acteristics of the antenna, the analog distribution of the
current of the antenna unit at various operating frequencies
is shown in Figure 4. At 3.2GHz, the electric currents are
mostly distributed in two L-shaped regions with long cur-
rent paths, resulting in a correspondingly lower operating
frequency. At 4.8GHz, the electric currents are dominated in
the U-shaped region with shorter current paths, resulting in
a correspondingly higher working frequency.

2.3. Key Parameters Simulation Analysis. During the an-
tenna design process, some key parameter changes have
a remarkable efect on the antenna’s radiation characteris-
tics. In the following text, we have selected two of them for
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detailed discussion. S1 is the length of the bigger L-shaped
radiation patch, as shown in Figure 5. Te simulation S11 at
diferent sizes is illustrated in Figure 5, too. Te two working
frequency points change a little, but the impedancematching
changes greatly when S1 changes. So, we can adjust the
impedance matching by changing this parameter.

Te simulated S11 when the depth (S2) of the U-shaped
slot changes is shown in Figure 6. Te changes in S2 have
little impact on low-frequency operating frequency points
but have a signifcant impact on the bandwidth and the high-
frequency operating frequency points. Terefore, we can
adjust the high-frequency operating frequency points and
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Figure 2: Te evolution of radiation patch structures. (a) Step 1, (b) step 2, and (c) step 3.
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the bandwidth by changing this parameter. Many other
parameters can afect the radiation characteristics of the
MIMO antenna, but we do not show them for brevity.

2.4. Decoupling Unit Simulation Analysis. Te very close
proximity of the MIMO antenna units due to the mobile
phone’s limited space inevitably has a detrimental efect on
the isolation between adjacent antenna units. To solve the
above problem, an L-shaped decoupling unit is introduced
between the neighboring antenna units, depicted in Figure 1.
Te decoupling units are placed on the outer surface of the
two perpendicular dielectric substrates, and the antenna
units are on the inner surface of the two perpendicular
dielectric substrates. Furthermore, L-shaped decoupling
units are connected to the GND. Te simulated electric feld
distribution with and without L-shaped decoupling units at
diferent phases is depicted in Figure 7. Terefore, it is clear
that the coupling electric feld between adjacent antenna
units is signifcantly reduced after the decoupling structure is
added, which helps to increase the isolation between the
radial units.

To visualize the antenna isolation before and after the
decoupling structure is added, the simulated return loss
characteristics are displayed in Figure 8. From Figure 8, the
isolation between adjacent antenna units increases by 8.9 dB
with a minimum isolation of more than 20 dB after the
addition of the decoupling structure.
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Figure 4: Current distribution on the antenna radiation patch unit. (a) 3.2GHz. (b) 4.8GHz.
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Simulations S11–S44 with and without decoupling units
are presented in Figure 9. Te results show that without the
L-shaped coupling unit, the operating band almost covers
3.0–5.3GHz, with a refection factor of slightly less than
10 dB at 3.1 GHz. Although the introduction of the L-shaped
coupling unit improves the isolation between antennas by
about 8.9 dB, it hurts the antenna performance. However,
the degree of deterioration is tolerable, and the antenna’s
working frequency band can still cover 3.0–5.3GHz, thereby
ensuring the normal operation of the antenna in the 5G nR
and LTE 42 frequency bands.

3. Measurement and Analysis

We have made physical objects and carried out measure-
ments, the physical photographs of which are shown in
Figure 10. Te S-parameters were tested using a PNA-X
vector network analyzer, and the far-feld radiation char-
acteristics were measured in an anechoic chamber. A
screenshot of the experimental scenario is depicted in
Figure 11. After the analysis and discussion of the test re-
sults, the simulations are carried out.
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Figure 7: Electric feld distributions between adjacent units at 3.3GHz: (a) antenna without an L-shaped decoupling unit and (b) antenna
with an L-shaped decoupling unit.
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3.1.TeAnalysis of theMeasurement Results. Figure 1 shows
the layout of the 8-unit MIMO antenna (Ant. 1-Ant. 8) and
the parametric structure of the decoupling structure in
detail. Ant. 1–Ant. 4 and Ant. 5–Ant. 8 are placed in the
device frame. Ant. 1–Ant. 4 and Ant. 5–Ant. 8 are in
a mirror-image relationship. To discuss the results, only one
of them is selected for presentation. Te total length of Ant.
1–1Ant. 4 is 119.0mm, the length of the unit is 14.0mm, the

gap between adjacent units is 21.0mm, and the decoupling
unit is placed in the middle of the gap (its length is 12.0mm).

Te measured return loss and isolation of the MIMO
antenna are depicted in Figures 12 and 13, respectively.
When comparing the simulation with the actual measure-
ment results, we frst compared the refection coefcients
shown in Figures 9(b) and 12 (S11, S22, S33, and S44) and then
the isolation parameters (S21, S32, and S43) shown in
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Figure 9: Te simulated S-parameters when the MIMO antenna is (a) without L-shaped decoupling units and (b) with L-shaped
decoupling units.

(a) (b) (c)

Figure 10: Photos of the manufactured MIMO antenna: (a) front view, (b) back view, and (c) 3D view.

Figure 11: Pictures of the antenna when it is measured.
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Figures 8 and 13. From the comparison results, the simu-
lated and measured results have some errors, but the actual
measurement results are better to a certain extent, especially
in terms of isolation, where the simulation results showed
isolation up to 19.0 dB while the measured result reached
25.0 dB, which is better than expected.

In terms of impedance bandwidth and coupling, the
simulation results show an impedance bandwidth of 55.4%
(3.0–5.3GHz) and 19.0 dB isolation between antenna ele-
ments, as displayed in Figures 8 and 9(b). Te test results
illustrate a good impedance bandwidth of 56.1%
(3.09–5.5GHz) and an excellent isolation of 25 dB, partic-
ularly in terms of coupling. In summary, the designed 8-unit
MIMO antenna has a good bandwidth, covering the entire
5G nR band (n77/n78/n79) and the LTE 42 band with ex-
cellent isolation.

3.2. Performance and Radiation Direction. Te ECC in-
dicates the signal correlation between two adjacent an-
tennas, and the ECC directly afects the MIMO antenna
channel capacity. Te ECC is shown in Figure 14. It can
be seen that the ECC factor is less than 0.08 in the 5G nR
and LTE 42 bands, and the channel capacity is between
X-X1 bps/Hz, which is slightly less than the upper limit of
46 bps/Hz for an 8-unit MIMO antenna. Te mean ef-
fective gain (MEG) ratio is a signifcant characteristic to
elevate the MIMO antenna performance, which is cal-
culated by using the ratio of the mean receive power and
the mean incident power. And the calculated MEGs of
Ant. 1–4 are shown in Figure 15. Te ratios of the MEG
should satisfy the following criteria to guarantee good
channel characteristics[23]:

MEGi




MEGj




� 1, (1)

where i and j are integers belonging to 1 to 4, and i is not
equal to j.

Te MEGs of the four antenna elements of the MIMO
antenna belonging to one side are nearly identical over the
whole operating frequency band, which suggests a good
channel performance.

Te measured radiation efciencies are shown in Fig-
ure 16. Te overall efciency of the antenna fuctuates be-
tween 29% and 98%, with an overall efciency greater than
50% in the 5G nR band, indicating good performance. To
consider the impact of electromagnetic radiation on the
human body in practical applications, a human model was
added as a reference object, and the male head was used as
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the observation object for simulation tests in HFSS, as shown
in Figure 17. Te test result’s SAR maximum value was only
0.054W/kg, which fully meets the standard of 1.6W/kg of
the IEEE International Conference, ensuring safety in
practical applications.

Figure 18 shows the measured and simulated radia-
tion patterns of Ant. 1–Ant. 4 at diferent frequencies. It
can be seen that the error between the simulated and
measured results is small. At 3.3 GHz, the radiation
direction of Ant. 1 and Ant. 4 is mainly in −Y. Under the

infuence of the coupling units on both sides, the radi-
ation direction of Ant. 2 and Ant. 3 changes, the radi-
ation in the Y direction is weakened, and the radiation in
the X direction is enhanced; therefore, the infuence
between the antennas is weakened, leading to a reduction
in coupling.

As a result, the infuence between the antennas is
weakened, and the coupling is reduced. At 4.8GHz, it can be
seen that the direction of radiation in the E- and H-planes is
essentially the same as that at 3.3GHz. On the device, the
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main direction of expression is the back and outside of the
phone, which can greatly reduce interference during device
use and is highly practical.

4. Component Comparison and Discussion

To verify the advantages and performance of the presented
MIMO antenna, Table 1 compares the presented MIMO
antenna with the most advanced technology in this feld.

Te presented eight-element array antenna can be shown to
have a relatively wide operating bandwidth (less than
−6 dB), which provides excellent coverage of the 5G nR
bands (n77/n78/n79) and the LTE 42 band with good
isolation. Te dimensions of the proposed antenna are also
relatively small, and the efciency and ECC of the antenna
are comparable to those in the references. Terefore, the
proposed 8-element array antenna has a relatively strong
advantage.
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Figure 18: Te measured and simulated radiation patterns of ant. 1 to ant. 4. (a) 3.3 GHz. (b) 4.8 GHz.

Table 1: Comparison with previous published literature.

Ref AAE size
(L×H) BW (GHz) Isolation (dB) ECC TE

[8] 16.0× 6.0 3.42–3.69 24.0 0.01 49.0%

[15] 18.6× 7.0 3.3–4.2
4.8–5.0 12.5 0.12 53.0%

[20] 40.0× 3.0 3.3–5.0 12.0 0.11 31.0%
[22] 30.0× 7.0 3.3–7.5 10.0 0.05 40.0%

[24] 15.0× 7.0 3.4–3.6
4.8–5.0 10.0 0.08 40.0%

[25] 18.7× 5.5 3.3–4.2 11 0.02 N/A
Pro 14.0× 6.0 3.09–5.5 25.0 0.08 56.1%
※AAE� antenna array element. BW� bandwidth. ECC� envelope correlation coefcient. TE� total efciency.
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5. Conclusion

For the application of 5Gmobile devices, this paper proposes
an isolation enhanced 8-unit MIMO antenna. Te band-
width of the antenna at −6 dB is 3.0–5.3GHz, which covers
the 5G nR bands (n76/n77/n78) and LTE42 bands. Te
measured bandwidth is 56.1%. Te addition of the decou-
pling unit improves the isolation by 9 dB under simulated
conditions and by 15 dB under actual measurements,
reaching 25 dB. Additionally, the antenna also exhibits ex-
cellent ECC and radiation efciency in the 5G nR frequency
band. Compared with other 5G nR antennas, the antenna is
also smaller in size. Terefore, the proposed 8-element
MIMO antenna will be one of the favorable prospects for
5G terminal applications.
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