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Abstract — In this letter, an 8 x 8 multiple-input-multiple-
output (MIMO) antenna that operates in the sub-6 GHz
(4.7-5.1 GHz) spectrum for 5G MIMO smartphone ap-
plications is presented. The design consists of a fully
grounded plane with closely orthogonal antenna pairs
placed symmetrically on the corners of the smart-
phone and each antenna element consists of an F-type
monopole with dimensions of 18 x 7.5 mm?. Firstly, the
diversity characteristics of orthogonally placed antennas
are used to reduce the coupling between antennas. On the
other hand, diagonal antennas are connected by a neutral
line (NL) to further improve isolation and etched slots
on the ground to reduce the coupling between antenna
pairs. A good frequency bandwidth (S;; < —10 dB) of
4.7-5.1 GHz has been obtained for the MIMO antenna,
and the isolation is lower than 16 dB. In addition, total
efficiency (TE) is greater than 77.5%, and the envelope
correlation coefficient (ECC) is lower than 0.025. The
fabricated antenna prototype is tested and offers good
performance.

Index Terms — high efficiency, high isolation, MIMO,
smartphone antenna.

L. INTRODUCTION

With the rapid development of communication tech-
nology, people’s demand for the throughput of mobile
communication system is increasing, which has become
the main factor for the fifth generation (5G) mobile com-
munication. In the 5G era, it is compatible with 2G /
3G / 4G, WiFi, Bluetooth, satellite navigation and other
systems and standards. The number of antennas in the
system increases sharply, and the MIMO antenna is re-
garded as an appropriate choice for 5G mobile applica-
tions. One of the main challenges in MIMO antenna de-
sign is the isolation enhancement and low ECC within a
compact size. Several techniques exist that can improve
the isolation between antenna elements for mobile com-
munication when they are closely spaced together.

Distance optimization and selection of different el-
ements are easy methods without employing any other
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structure to suppress coupling between antennas [1, 4].
An ultra-wideband (3.3-6 GHz) eight-antenna MIMO
array was better than 11 dB by selecting an appropri-
ate distance between neighboring elements [4]. Since
space is limited, the improvement of isolation is lim-
ited by adjusting only the distance between elements.
However, adjusting the distance between elements to ob-
tain acceptable isolation may result in a large size of the
MIMO system, which cannot meet the requirements of
small space.

Adding external decoupling structure is an efficient
method to further improve the isolation, such as the (NL)
technique, defected ground structure (DGS) technique,
and grounded branch. The NL technique is firstly pre-
sented by Diallo in 2006 [5]. The principle of this tech-
nology is that the NL connects the antenna radiation ele-
ment, and the current generated in the NL is the same
amplitude and opposite phase as the excited antenna,
which cancels out the coupling current, thereby reduc-
ing the coupling between the antenna elements; this tech-
nique has been demonstrated successfully in [6, 8]. How-
ever, when the NL structure is connected to the antenna
elements, the improper selection of the connection posi-
tion will make it resonate with the radiator. The DGS is
a slot structure etched on the ground. The slot structure
can be equivalent to a filter, which limits the ground cur-
rent from ant 1 to ant 2 to suppress the coupling caused
by the current on the ground surface. High isolation can
be realized by loading the DGS to block coupling cur-
rent [9, 11]. In general, when using the DGS to improve
the isolation of the MIMO antenna, the etched structure
needs to satisfy that its length is greater than a quarter
wavelength. The disadvantage of the DGS is that when
the antenna works at a high frequency, the overall size of
the antenna cannot be guaranteed to meet the long wave-
length due to the limitation of antenna miniaturization.
The principle of enhancing the isolation of the MIMO
antenna by loading the grounded branch is that by in-
creasing the coupling path, the current generated by the
excited antenna element is more coupled to the grounded
branch, and only a small amount of current is coupled

https://doi.org/10.13052/2022.ACES.J.370805

1054-4887 © ACES


https://doi.org/10.13052/2022.ACES.J.370805

to another antenna element [12, 13]. Ref [12] presented
a compact dual-band MIMO antenna operating at 3.3 -
3.6 GHz, and the isolation between inner antenna ele-
ments was improved from 10 dB to 15.1 dB by introduc-
ing a grounded branch. The disadvantage of the method
is that the coupling of the grounded branch would affect
the impedance matching of the antenna and reduce the
radiation efficiency of the antenna.

In addition to the above-mentioned partial decou-
pling techniques, there are other decoupling techniques.
In [14], a very compact building block composed of
two asymmetrically mirrored loop antennas was pro-
posed to implement a multi-antenna MIMO array (op-
erating at 3.4-3.6 GHz). Acceptable isolation was at-
tained by asymmetrically arranging the two mirrored
loop antennas. To reduce coupling, self-isolated anten-
nas have been investigated [15—17]. In [17], the compact
design structure was composed of inverted U-shaped and
two circular-ring structures embedded across two verti-
cal stubs, and the antenna achieved good isolation be-
tween the four-antenna elements without using any ad-
ditional decoupling techniques at 3.5 GHz. In [18] and
[19], a mode cancellation method is also proposed to de-
sign shared-radiator antenna pairs across a wide band-
width operating at sub-6 GHz. In [20, 21], high isola-
tion without additional decoupling structures is achieved
under the shared radiation patch by equivalent transmis-
sion theory or mode orthogonality. In [22], a wideband
planar inverted-F antenna (PIFA) covering n77/n78/n79
and LTE band 46 was designed by using multimode
technology. By combining two PIFAs, the design of
high isolation and advanced MIMO antenna is real-
ized. In [23], two orthogonally polarized antennas (3.4-
3.6 GHz) were excited by the odd-even mode of coplanar
waveguide feed, and the isolation performance is better
than 20 dB.

For the proposed eight-port diagonal MIMO smart-
phone antenna proposed in this paper, the layout between
the antenna elements is orthogonal, and the low mu-
tual coupling is realized by spatial diversity technology.
The antenna structure is simple, and high isolation can
be achieved without additional decoupling structure and
complex operation. Then, the proposed antenna achieved
a compact, high isolation, and high efficiency assisted by
other techniques. Finally, the overall ground space occu-
pied by the antenna is very small, leaving a lot of space
for other types of antennas.

II. ANTENNA PAIR
A. Structure of the antenna pair
For the proposed eight-port MIMO antenna, the
study designed an antenna pair firstly as shown in Fig. 1.
The proposed antenna pair was simulated using the full-
wave simulation software HFSS version 2020, and it was
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Fig. 1. Geometry of the realized antenna pair.

Table 1: Parameters dimension of the design

Parameters Value, Parameters Value,
mm mm

L1 16 L7 8

L2 4.4 L8 2

L3 13 T1 1

L4 5.7 T2 0.8

L5 1.7 T3 2

L6 7 T4 1

simulated based on the high precision solution of auto-
matic mesh generation technology.The optimal dimen-
sions for each single antenna element are summarized
in Table 1. The size of the system ground plane was
0.8 x 75 x 150 mm?>, typical for the dimension of a 5.3-
inch handset, and four dielectric substrates (dielectric
constant is 4.4, loss tangent is 0.02) are placed verti-
cally around the system ground as borders, and the thick-
ness of all dielectric substrates was 0.8 mm. As shown in
Fig. 1, a pair of F-type monopole structures (red) was
etched outside the dielectric substrate, and the feeder
(orange) was etched inside. The antenna pair was placed
orthogonally on the corner of the border, and the length
of the longer side above was 16 mm, and the length of
the shorter side below was 13 mm. The F-type monopole
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was fed by the microstrip feed line (while connecting to
50 Q SMA connectors when measuring.) to make the an-
tenna work at 4.9 GHz.

Configurations and S-parameter (S11 and S»;) results
of the F-type antenna pair without the NL and the final
design are illustrated and compared in Figs. 2 (a)-(b),
respectively. We can see that the resonant frequency of
the antenna pair at 4.9 GHz (S1; < —10dB) from the re-
sults obtained shown in Fig. 2 (a), and the isolation is
14 dB. From what we know, the above performance can
meet the general requirement of smartphone MIMO an-
tennas. Based on the above structure, we made a further
attempt, that is, a NL was introduced between the two
antenna elements as shown in Fig. 2 (b). We can observe
that the resonant frequency and bandwidth of the antenna
pair did not change, but the isolation of the antenna is
17 dB, which is a reduction of 3 dBi. Therefore, we fi-
nally adopted the second structure.
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Fig. 2. Different configurations and S-parameter for the
antenna design with (a) without the NL, (b) the proposed.

B. Parameter analysis

In the process of antenna design, the parameter scan
is usually performed to select the most suitable param-
eter. Here, two scanned parameters were set up to de-
termine the most suitable parameter by analyzing the S-
parameter in Figs. 3 (a)-(b).

Figure 3 (a) investigates the effects of the long side
(Lp) of F-type monopoles on the operation band. We
can see from Fig. 3 (a), when its size changes from
13 to 19 mm. The resonant frequency of the design
varies from 5.5 to 4.5 GHz. When L{=16 mm, the res-
onant frequency is 4.9 GHz. It can be also affected by
changing the short side ( L3) of the F-type monopole.
As shown Fig. 3 (b), the resonant frequency tunes to
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lower or upper frequencies with the change of L3. When

L3=13 mm, the resonant frequency is at 4.9 GHz. There-
fore, Li=16 mm and L3=13 mm are selected to the final
design.
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Fig. 3. Simulated results of the proposed antenna for
different values. (a) S-parameter for different L; (b) S-
parameter for different Ls.

C. Performance of the antenna pair

The simulated results of the final proposed F-type
antenna pair are presented in Fig. 4 (a)-(c), respectively.
The S-parameter is shown in Fig. 4 (a). The reflection co-
efficients of both antennas are better than —10 dB across
the desired sub-6 GHz band (4.8-5 GHz). Owing to the
layout of the antenna elements being orthogonal to each
other, the antenna elements are orthogonally polarized
and can only sense the weak signal sent by each other.
Therefore, an excellent isolation level is achieved: better
than 17 dB across the operation band.
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Fig. 4. Simulated performance of the dual antenna pair.
(a) S-parameters. (b) Total efficiency. (c) ECC. Inserts:
realized gain patterns at 4.9 GHz.

Figure 4 (b) shows the TE of the antenna pair.
Across the operation band, the efficiency ranges of Ant 1
and Ant 2 are both better than 88%, which achieved
greatly high.



Figure 4 (c) shows the simulated ECC, which is the
dot product of the two antennas’ complex radiation pat-
terns. ECC is also a measurement of how tightly coupled
antenna elements are, and it is calculated by ANSYS
HFSS simulation software. The acceptable ECC criterion
for MIMO antenna is less than 0.5. The simulated ECC is
less than 0.01 across the operation band, indicating that
the proposed antenna pair is with excellent diversity per-
formance. Realized radiation patterns at 4.9 GHz of the
two antennas are shown in the insets. Benefiting from
orthogonal polarization, the main lobes of the two pat-
terns are nearly orthogonal: Ant 1°s main lobe points to
+x, —y-direction; while Ant 2’s main beam points to —x-
direction. Therefore, an extremely low ECC is achieved.

The resonance mechanism is derived from the one-
half wavelength working mode realized by the folding of
the monopole arm. Figure 5 (a) shows the current distri-
bution when port 1 is excited and port 2 terminal is ter-
minated to 50 Q. The upper and lower arms of the F-type
monopole are used to generate resonance at 4.9 GHz, and
the electric length can be observed to be about one-half
wavelength. Other parts are used to complete impedance
matching. Figure 5 (b) shows the electric field distribu-
tion of the antenna pair. When port 1 is excited, little
current is registered on port 2, which is also the reason
for the high isolation between antennas.

Fig. 5. Field distributions at 4.9 GHz. (a) Vector current
distribution, (b) Mag E-field distribution.

1. EIGHT-PORT ANTENNA
A. Eight-port antenna performance
The last part effectively verifies the feasibility of the
antenna pair. On the above basis, the 8 x 8§ MIMO an-
tenna system is constructed by placing four reciprocally
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symmetric F-type monopole antenna pairs at four diago-
nal of the smartphone, and grounded slots on short sides
to improve isolation, as shown in Fig. 6 (a). An FR-4
substrate is employed as the main board of the smart-
phone. A metal ground plane is printed at the back side
of the FR-4 substrate. Four FR-4 substrates are vertically
placed around the ground plane to imitate the rim of the
smartphone. A prototype was fabricated to demonstrate
the feasibility of the proposed 8 x 8, MIMO antenna in
the experiment, and its side, front and back photographs
are depicted in Fig. 6 (b). Each antenna element is fed by
a 50€Q2 microstrip feed line that is directly connected to a
50Q Sub-Miniature-A (SMA) connector via the system
ground.

(b)

Fig. 6. (a) Simulated, (b) Prototyped photographs of 8 x 8
MIMO antenna.

Before forming the eight-port antenna, we made
some improvements when forming the four-port antenna.
As shown in Fig. 7, when there is no slot on the ground,
the isolation between the two antenna pairs on the short
side is low as shown in Fig. 7 (a). When we etched the
appropriate grounded slot on the short side of the ground,
the isolation dropped to 16 dB and showed better perfor-
mance.

In the eight-port MIMO antenna, as shown in Fig. §,
it can also be seen from the three-dimensional (3-D) pat-
terns that there is a pattern diversity phenomenon when
port 1, port 2, port 3, and port 4 are excited respectively
(the radiation patterns of the remaining four antennas are
symmetrical with above ports due to symmetry). When
port 1 or port 3 is excited, the radiation direction is the —
x direction, and when port 2 or port 4 is excited, the radi-
ation direction is the +x and +z direction. The maximum
radiation direction of each antenna unit does not over-
lap. The radiation direction is different when the antenna
is excited separately, and this further illustrates the high
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Fig. 7. Isolation performance of the four-port antenna
structure (a) Without grounded slot, (b) With grounded
slot.

isolation performance. In addition, the two-dimensional
(2-D) radiation patterns of the four ports at 4.9 GHz are
also shown in Fig. 8, the maximum gains of the four ports
point in different directions, which also can explain the
good isolation and low ECC.

In this section, the performance of the proposed
eight-port MIMO antenna is also analyzed and the
measured results are compared to the simulated ones.
Figure 9 is the test procedure for the antenna prototype
using the Agilent ES071C vector network measurement
analyzer. Figure 10 shows the simulated and measured
results respectively.

As the structure is symmetrical in terms of place-
ment of the orthogonal pairs, only port 1, port 2, port 3,
and port 4 are discussed in this section. The results for
the S-parameter in relation to port S—port 8 are omitted.
Figure 10 (a) shows the simulated and measured |S;;| for
port 1, port 2, port 3, and port 4. A resonant response
is achieved at 4.9 GHz. Although some slight discrepan-
cies can be observed due to minor production and weld-
ing errors, the measured results agree with the simulated
ones covering well the bands of interest. In Fig. 10 (b),
the measured |S;;| is compared to the simulated one.
The worst |S,-j| is less than 16 dB by connecting the
orthogonal antennas with an NL and etching grounded
slots between antenna pairs. Since the matching degree
of test data in Fig. 10 (a) is worse than simulation data,
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Fig. 8. 3-D and 2-D radiation patterns at 4.9 GHz from
(a) Port 1, 2-D pattern in xoz plane, (b) Port 2, 2-D pat-
tern in yoz plane, (c) Port 3, 2-D pattern in xoz plane, (d)
Port 4, 2-D pattern in yoz plane.

the test data is better than the simulation data for iso-
lation performance, which is at the expense of resonant
characteristics.



Fig. 9. Photos of the test procedure. (a) Single-port. (b)
Dual-port.
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Fig. 10. Simulated and measured results of the eight-
antenna MIMO array (a) reflection coefficient, (b) iso-
lation.

B. MIMO performance

This part gives the MIMO performance index of this
design from the TE and ECC.

The TE of port 1, port 2, port 3 and port 4 in eight-
port MIMO antenna are shown in Fig. 11 (a). The total
efficiency of antenna 2 and antenna 4 is the same: 80%
~ 83%, and the total efficiency of antenna 1 and antenna
3 is the same: 77.5% ~ 79%. Overall, the total efficiency
achieved by port 1, port 2, port 3, and port 4 is high and
desirable.

Figure 11 (b) shows ECC curves between two pairs
of antenna pairs. It can be seen from the figure that ECC
between any two elements is less than 0.025, the smart-
phone antenna requires ECC of less than 0.5, so the pro-
posed antenna in this paper meets the requirement.

Table 2 exhibits the comparison of the proposed an-
tenna with the references. Compared to the references,
it can draw a conclusion that the designed antenna per-
forms better isolation (better than 16 dB), excellent ECC
(low than 0.025), and good total efficiency (high than
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Table 2: Contrast of the referenced and proposed

Decoupling Working |Isolation
Ref Method Band (dB) TE ECC |Complexity
(GHz) (%)
[1] Distance 34-38 [<-10 >42 |<0.1 |Simple
optimization (—6dB)
[2] LC tank 0.6 —|<-10 >42 |<0.4 |Complex
0.96 1.7 —
2.69 33—
4.2 (-
6dB)
[4] Distance 33 — 6|<—11 |>40 |<0.12|Simple
optimization | (—6dB)
[6] Orthogonal 34 — 3.6|<—17 |>49 |<0.06 Medium
polarization (—6dB)
[7] Orthogonal 3.1 — 38|<—-10 |>60 |<0.06|Simple
Polarization &|[4.8-6
NL (—10dB)
[8] DGS & NL 33 — 3.6\j-15 >45 |<0.15 |Simple
(—6dB)
9] DGS 33 — 6|<—18 |>40 |<0.05|Simple
(—6dB)
[14] Asymmetrically 3.4 — 3.6|<—12 |>40 |<0.1 |Medium
Mirrored (—6dB)
[18] Self-decoupled (3.3 — 4.2|< —10.5{>63.1|<0.2 |Medium
(—6dB)
[20] Self-decoupled (3.4 — 3.6/<-16 > < Complex
(—6dB) 38.75 |0.042
[22] Shorting Stub 3.3 — 7.5|<-16 >50 |<0.05|Medium
(—6dB)
Proposed| Orthogonal 47 — 5.1|<—-16 |>775|< Simple
Polarization (—10dB) 0.025
b B
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Fig. 11. (a) Total efficiency, (b) ECC.

77.5%). In addition, due to print on the corner of the
smartphone border, the designed antenna leaves much
space for other types of antennas and is an eligible can-
didate for a 5G full-screen smartphone.

IV. CONCLUSION
In this letter, a new design of an eight-port diagonal
MIMO antenna with a compact size and simple structure
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is designed to operate in 4.8-5 GHz for 5G smartphone
applications. Isolation between the orthogonal antenna
elements better than —16 dB and it is improved due to
the addition of an NL and grounded slot. A good ECC of
less than 0.025 is obtained and total efficiency is better
than 77.5%.
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