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ABSTRACT In this paper, an effective method for developing a multi-feed multiple-input multiple-output
(MIMO) antenna system using the metal rims of a mobile phone without any structural interruption on
the long edge frames is proposed. Instead of traditionally designing MIMO antennas with multiple similar
antenna structures on the mobile phone frame or its ground plane, the MIMO antennas in this work are
realized by reasonably constructing feeding points and grounding points on the entire edge frame. The MIMO
antenna system established by such multi-feed technique is capable to achieve much simpler structural
configuration, excellent isolation and matching performance while multiple antennas are connected. A planar
eight-port MIMO antenna system operating in the 5G frequency band of 3.4~3.6 GHz is investigated
initially, and subsequently applied to the curved metal-rims which comply with the industry design of a
modern flagship mobile phone. The prototypes are fabricated and measured, evaluation results show that
isolations among all ports are better than 15 dB with reflection coefficients below —10 dB within the band
of 3.4~3.7 GHz and —6 dB within the band of 3.3~3.8 GHz. In addition, more than 57% total efficiency and
envelope correlation coefficient (ECC) of less than 0.3 are obtained. The satisfactory performance reveals the
proposed design of multi-feed MIMO antennas can be a promising candidate for 5G metal-rimmed mobile
phone applications.

INDEX TERMS 5G mobile communication, antenna decoupling, mobile phone antenna, multiple-input

multiple-output (MIMO), multi-feed technology, mutual coupling.

I. INTRODUCTION

As the public demand on higher data rate and throughput
increases rapidly in recent years, the development of commu-
nication theories and technologies has to be greatly advanced.
Though the current fourth-generation (4G) long term evolu-
tion (LTE) mobile communication system has been widely
deployed, it is quite difficult to further provide consumers
with experience of much higher data rate and lower latency
within the current protocols. Therefore, it is imperative to
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increase the operating bandwidth or utilize the spatial diver-
sity so as to greatly enhance the system’s channel capacity
and spectrum efficiency. Since the low-frequency spectrum
resources are very limited and expensive, it is unrealistic
to directly expand the antenna’s operating bandwidth for
larger channel capacity. Although it is possible to reform
4G spectrum while deploying 5G communication systems,
it is still under discussion and development [1]. Another way
is to enhance the application and performance of multiple-
input multiple-output (MIMO) antenna systems, which are
able to introduce more communication paths to boost the
data rate. Hence, MIMO antenna architecture is believed to
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be wildly applied in mobile terminals for the 5G wireless
communication system without extra frequency resources.

Furthermore, it is well-known that the clearance area for
mobile phone antennas is getting very stringent, which in
turn squeezes the space for MIMO antenna system deploy-
ment. When multiple antennas of the MIMO system are
placed closely to each other in smartphones, the co-existence
or the mutual coupling problem of the MIMO antennas
would become very serious [2], [3]. There are many decou-
pling approaches reported in literatures and the majority of
them introduce additional structures like artificial structures
and neutralization-lines to achieve isolation improvement
[4]-[8]. Using decoupling networks made of lumped
elements or coupled resonators are also reported in
[4], [9]-[13]. A recent progress on MIMO antenna decou-
pling by using characteristic mode without adding any extra
structures or circuits have been reported [14], [15]. Good
isolation is achieved by fixing an antenna while placing
other antennas at the stable null-points of the electric-fields
excited by the fixed antenna [15]. From another perspective,
applying diversity techniques on antenna polarization and
pattern can also achieve high isolation and low envelope
correlation coefficient (ECC) among multi-element anten-
nas, but it has to occupy a sufficient space in the mobile
terminals to realize such techniques [16], [17], [19], which
is infeasible for future 5G phones integrated with more
and more functional electronic components to realize more
fantabulous performances. Recently, spatial reuse method has
been widely used in designing at least 8§ MIMO antennas in
a mobile terminal. Orthogonal radiation modes is obtained
by properly designing the antennas within an antenna unit
made of two antennas, and has achieved very good results
[26]-[31]. However, there are no further measures taken to
improve the isolation between the antenna units, in most
cases, they are naturally placed and separated. Therefore,
regarding practical applications, the above-mentioned decou-
pling approaches and the MIMO antennas placement strate-
gies are difficult to implement to full-screen mobile terminals
surrounded by metal frames/rims as signals would be blocked
by the rims. A traditional solution to alleviate such problem
is to destroy the structural integrity and cut slots on the metal
rims of the phones so as to achieve good electromagnetic
(EM) wave radiation and proper antenna operation frequency.
Thus, it forms the motivation of this paper to explore an
efficient design methodology to realize the MIMO antenna
system by directly exciting the metal rims of the mobile phone
without adding additional structures, components or breaking
the integrity of the metal rims on both long edge of a mobile
terminal.

This work proposes an 8-element MIMO antenna sys-
tem with good isolation and radiation for 5G smartphone
applications. Compared with existing decoupling methods,
it possesses the following unique features:

1) The structural configuration of the proposed MIMO
antenna is simple and easy for practical mobile phone imple-
mentation. The 8-element MIMO antenna system is formed
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by directly exciting the side metal rims based on the multi-
feed technology [20]. No additional antenna structures or
circuits are required.

2) The radiation patterns of the proposed MIMO antenna
element have a wide coverage range. Since there are two
groups of orthogonal radiation patterns within the 8-element
antennas which are complementary to each other, the pro-
posed antenna system is robust with respect to different usage
scenarios and holding positions of the mobile phone.

3) The proposed antenna system is only designed on the
two sides of the mobile metal rims without destroying their
integrity. It not only well maintains the robustness of the
mobile phone, but also is space-saving.

The remaining part of this paper is organized as follows.
Section II introduces the antenna evolution process and the-
oretical analysis of the proposed multi-feed MIMO antenna
system realized in a planar style. An 8-port MIMO antenna
system designed in practical curved metal-rims of mobile
phone associated with experimental results is illustrated in
detail in Section III. Section IV draws the conclusions of the
whole paper.

Il. DESIGN EVOLUTION OF MIMO ANTENNAS

IN PLANAR STRUCTURE

In this section, the design evolution process of the pro-
posed planar MIMO antennas from a dual-feed element
(Antenna A) to an eight-feed antenna system (Antenna D)
is illustrated in Fig. 1. Antenna A is the basic dual-feed
antenna module which acts as the building block for the
final multi-feed antenna system. Antenna B is a quad-feed
antenna subsystem without any breaking points, formed
by two dual-feed antenna modules. An eight-feed MIMO
antenna system (Antenna C) can be considered as formed by
two Antenna Bs arranged at two sides of the mobile phone.
Additionally, four grooves are etched on the ground plane
of the final planar MIMO antenna system in order to further
reduce the mutual coupling between the metallic radiators on
both sides, as shown in the configuration of Antenna D in
Fig.1. The design details and antenna performances will be
discussed as follows.

A. DESIGN OF THE DUAL-FEED ANTENNA MODULE

A detail view of the dual-feed antenna module (Antenna A)
is shown in Fig. 2, which can be considered as an evolution
from the combination of two types of radiators: a planar
inverted-F antenna (PIFA) and a loop antenna [21], [22].
The antenna module is designed on a 90 mm x 50 mm
printed circuit board (PCB) with low-cost FR-4 substrate,
the substrate thickness, copper layer thickness, dielectric
constant and loss tangent of which are 0.8 mm, 0.035 mm,
4.4 and 0.02, respectively. The printed copper line marked
with orange color is the main radiator with four branches from
the top view, two of which are shorted branches with length
and width of 7mm and 1.5 mm respectively, and the other two
are feeding branches with 8.5 mm long and 1.5 mm width.
The two antennas share the shorted branch between Port 1 and
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Antenna A

Antenna B
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Antenna D

FIGURE 1. Evolution process of the proposed planar multi-feed MIMO
antenna system: Antenna A, Antenna B and Antenna C are the dual-feed,
quad-feed and eight-feed MIMO antennas; Antenna D is the eight-feed
MIMO antenna with decoupling design.
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FIGURE 2. Structural diagram of the dual-feed MIMO antenna module.

Port 2. In addition, the common ground plane of the PIFA
radiator and the loop radiator is printed on the bottom-side
of the substrate, as the grey color portion marked in Fig. 2.
The detail dimensions of the dual-feed antenna module are
already given in Table 1.

In order to achieve good decoupling performance, the spac-
ing between the two feeding ports and the shorted branch in
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TABLE 1. Detail dimensions of the dual-feed MIMO antenna shown in
Fig. 2 (unit: mm).

Parameters Values Parameters Values
W, 39 d, 6.5
L, 90 ds 28
I/Vsub 50 Ls 7
w 2.5 L, 8.5
/4} 1.5 L 57
d 3.5 h 0.8

the middle should satisfy equation (1) as it is known that the
current distribution on the radiator would reach its minimum
after travelling a quarter wavelength

Li+d; +Lg ~ 0.252 1

In equation (1), the lengths of L¢, d; and Lg are around
0.1 A, 0.08 A and 0.08 A, respectively (X is the wavelength
of the center operating frequency 3.5 GHz in free-space).
In order to further understand the working and decoupling
mechanism, the dual-feed antenna module is separated into
two independent antennas along the shorted branch between
the two feeding ports for better illustration, as shown in
Fig. 3. The separated model can be considered as counterpart
antennas to the proposed antenna module shown in Fig. 2, the
corresponding dimensions of which are exactly the same as
the proposed dual-feed antenna. From the numerical results
in Fig. 4, the simulated reflection coefficient of the proposed
antenna and the counterpart antennas are close to each other,
which proves that the proposed dual-feed antenna is basically
made up of the two independently-working antennas but
merged into one antenna by sharing the common shorted
branch and almost no effect is introduced into their resonance
thanks to the spacing relationship shown in equation (1).
Fig. 5 shows the simulated S-parameter of the proposed dual-
feed MIMO antenna module.

(b)

FIGURE 3. Geometry of the counterpart antennas. (a) PIFA antenna.
(b) Loop antenna.
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FIGURE 4. Simulated reflection coefficients of the proposed antenna and
the counterpart antennas: S11 and S22 of the proposed antenna
represent the reflection coefficients of the Port 1 and Port 2 of the
dual-feed antenna respectively; S11 and S22 of the counterpart antennas
represent the reflection coefficients of the PIFA antenna (excited at Port 1
in Fig. 3) and the loop antenna (excited at Port 2 in Fig. 3) respectively.
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FIGURE 5. Simulated S-parameter of the dual-feed MIMO antenna
module.

The operating frequency band of the PIFA antenna (Port 1
excited) is 3.25~3.8 GHz (15.6% relative bandwidth) and the
loop antenna (Port 2 excited) is 3.38~3.64 GHz (7.4% rela-
tive bandwidth) with reflection coefficient less than —10 dB.
Both of the bandwidths with reflection coefficient less than
—6 dB are able to cover the frequency band of interest
(3.4~3.6 GHz, 5G NR band N78) for 5G mobile applications.
In addition, the isolation between the two antennas is better
than 25 dB in the desired frequency band.

To further intuitively demonstrate the electrical perfor-
mance of the proposed dual-feed antenna module, its current
distribution and illustrative far-field radiation patterns are
shown in Fig. 6 and Fig. 7 respectively. It can be seen from
Fig. 6 that when Port 1 is excited, the antenna is working
in PIFA mode as the majority of currents are concentrating
in its radiating arm, while Port 2 is activated, it works as a
full-wavelength loop antenna mode as there are two stable
current nulls existing at the center of the main loop radiator.
One also can observe in Fig. 6 that no matter which feed
port is under operation, there is almost no current coupled
to the other port, which shows the proposed design has great
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FIGURE 6. Current distribution of the dual-feed antenna module at
3.5 GHz.

Main radiation pattern
of loop antenna

Main radiation pattern

/ of PIFA antenna

Main radiation pattern
of loop antenna

FIGURE 7. Concept map of the orthogonal radiation patterns for the
dual-feed antenna module.

advantage in guaranteeing an excellent isolation between two
connected antennas without any additional decoupling struc-
tures. Moreover, as depicted in Fig. 7, the far-field perfor-
mance under the two ports fed separately show the radiation
pattern of the loop antenna is perpendicular to the substrate
while that of the PIFA antenna mainly radiates outward par-
alleled to the PCB. Therefore, the two types of radiation
patterns are approximately orthogonal with each other, which
can effectively reduce the coupling between the antennas and
further verify the great isolation characteristic of the dual-
feed antenna module.

B. CONSTRUCTION OF UNILATERAL QUAD-FEED MIMO
ANTENNA SUBSYSTEM

A unilateral quad-feed MIMO antenna subsystem comprised
of two dual-feed antenna modules with mirror-symmetrical
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TABLE 2. Detail dimensions of the quad-feed MIMO antenna (unit: mm).

Parameters Values Parameters Values
W, 39 d 5.5
Lo 130 dy 28
W 50 ds 1.85
w 2.5 L 8.5
s 1.5 Ly 7
L 56 Ly 120.5
h 0.8 - -
Lsub o
Wsub
Wy

+
hl I 11 Il 11
F - 4

Ground

FIGURE 8. Structural diagram of the quad-feed MIMO antenna subsystem.

placement along the y-axis is presented in Fig. 8. From the
side-view of the quad-feed antenna, its main radiator can be
considered as a metal rim with the length of L, the dimension
of which is close to that of a commercial 6-inch flagship
mobile phone. In order to maintain the integrity of the phone
rim without any breaks, a section of metal line with its both
end shorted is added between the two dual-feed antenna
modules and such short-circuit connection would not affect
the overall MIMO antenna’s performance. Note that some
parameters of the quad-feed MIMO antenna subsystem are
slightly different from those of the dual-feed MIMO antenna
module for the purpose of obtaining a better impedance
matching performance. The detail dimensions of the quad-
feed antenna subsystem are listed in Table 2.

Fig. 9 shows the simulated S-parameters of the quad-feed
subsystem, from which it can be seen that the isolation level
among the four antennas achieves more than 17 dB within
the band of 3.4~3.6 GHz with reflection coefficient less
than —10 dB. The good isolation phenomenon can also be
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FIGURE 9. Simulated S-parameter of the quad-feed MIMO antenna
subsystem.
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viewed in the current distribution when one of the antenna
ports is excited, as plotted in Fig. 10, where limited current
distribution is found at its adjacent ports. Though compared
with the dual-feed antenna module, the decoupling perfor-
mance would be affected after integrating more antennas on
a single metal rim, the isolation of the quad-feed antenna
subsystem is still acceptable for MIMO communication of
mobile terminals with such multiple antenna system.

Jsurf
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56.0001 f
Im.m Port 1" excited
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36.0008
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28.0011

240012 HY I
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FIGURE 10. Current distribution of the quad-feed antenna subsystem at
3.5 GHz.

C. DECOUPLING OF PLANAR EIGHT-FEED

MIMO ANTENNA SYSTEM

Based on the multi-feed antenna architecture proposed in
the previous sections, the final geometry of the planar
eight-feed MIMO antenna system is obtained and shown in
Fig. 11 [23], the dimension of which is 130 mm x 70 mm.

Wsub h
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T

‘*%

Lsub Lframe
Ground
Lo ||
-] v
3 = /‘ L'
Wg Z

FIGURE 11. Structural diagram of the planar eight-feed MIMO antenna
system.
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TABLE 3. Detail dimensions of the eight-feed MIMO antenna (unit: mm).

Parameters ~ Values | Parameters Values | Parameters  Values
Wy 48 o 1.15 L 18
Lo 130 A 1.5 /4 0.2
Wius 70 03 0.65 W, 0.4
Liame 120 04 0.3 d 113
/4 2.5 Ly 8.5 > 6
s 1.5 Ly 7.4 d; 27.5
t 0.9 L 14.8 Ly 55.8
h 0.8 L, 31.2 - -

The detail dimensions are given in Table 3. As the eight-
feed MIMO antenna system is comprised of two quad-feed
MIMO antenna subsystems located on both long edge of the
mobile terminal, the isolation between unilateral ports can be
enhanced by fine tuning several key parameters such as d2, Lg
and L¢. However, strong coupling still exists among the feed
ports opposite to each other along the two metal rims on both
long edge of the terminal, i.e., Port 1 and Port 5, Port 2 and
Port 7. In order to reduce such mutual couplings, four choking
grooves are etched along the center line of the ground plane
with different lengths and widths, which can be separated into
two groups, i.e., groove 1 (Lj, W) and groove 2 (L, W»).
Fig. 12 shows the parametric study of the two groups, from
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FIGURE 12. Parametric study of the chocking grooves on the effect of the
multi-feed antenna isolation. (a) Simulated |S15| (isolation between

Port 1 and Port 5) with different L1. (b) Simulated |S27| (isolation
between Port 2 and Port 7) with different L2.
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which it can be observed that the grooves’ lengths of L1 and
L2 have varying degrees of impact on the isolation of the
opposite feed-ports. Considering isolation level of more than
15 dB as a benchmark, as well as taking their influence on
the resonance frequency into account, L; = 14.8 mm and
L, = 31 mm are finally selected for the proposed design after
optimization using EM simulators.

In order to further demonstrate the decoupling capability
of the four chocking grooves, the vector current diagram
of the eight-feed MIMO antenna system when Port 1 and
Port 2 are excited respectively with and without the grooves
is depicted in Fig. 13. It can be seen from the current distri-
butions that after adding the choking grooves, the coupling
currents concentrate on the grooves instead of flowing to
the opposite antennas so that the mutual coupling is greatly
reduced. Additionally, as comparison, two counterpart eight
element MIMO antenna arrays constructed in a traditional
way without any additional decoupling structures are also
investigated in this work. Each of the counterpart MIMO
antenna array consists of eight identical PIFA antennas with
different intervals of array arrangement on the PCB, as shown
in Fig. 14 (a) and Fig. 14 (b). The simulated and measured
S-parameters of the two counterpart MIMO antenna arrays
are shown in Fig. 15, from which one could observe that,
though the operating bandwidth of the two eight-feed antenna
arrays can cover the band of interest in this work, their mutual
coupling among the typical adjacent or opposite ports is quite
serious, which is only better than 10 dB for the antenna array
shown in Fig. 14(a) and 7.5 dB for the one shown in Fig. 14(b)
(both of them are taken the worst case into consideration).

(a) Portl excited without grooves (b) Portl excited with grooves

Isurf [A/m]

s.co00E-000
. 7. 2002E+000
. 40auE-000

5. 6OR6E+A0R

Port 2 excited Port 2 excited
4. BOBBE-a08 .
400188000
5. 20126+000

2. 4014E-000

Chokingigroove 2

1.5818E-000

8.0180E-001

2.POGRE-203

(c) Port2 excited without grooves (d) Port2 excited with grooves

FIGURE 13. Current distributions of the planar eight-feed MIMO antenna
system with and without choking grooves while Port 1 and Port 2 are
excited respectively.

The final model of the proposed planar eight-feed MIMO
antenna system has been fabricated and measured for perfor-
mance verification, as shown in Fig. 16. The experimental
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1.5 mm

@ (b)

FIGURE 14. Eight-feed counterpart antenna arrays. (a) Eight
compact-arranged PIFA antenna array. (b) Eight sparely-arranged PIFA
antenna array.
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FIGURE 15. Simulated and measured S-parameter of the eight-feed MIMO
counterpart antenna arrays. (a) and (b) are the simulated and measured
reflection coefficients of the arrays shown in Fig. 14(a) and Fig. 14(b)
respectively. (c) and (d) are the simulated and measured isolation of the
array shown in Fig. 14(a) respectively. (e) and (f) are the simulated and
measured isolation of the array shown in Fig. 14(b) respectively.

S-parameters of the antenna system are presented in
Fig. 17 associated with simulated data for comparison. Due to
the symmetrical characteristic of the whole antenna system,
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FIGURE 16. Prototype photograph of the planar eight-feed MIMO
antenna system.
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FIGURE 17. Simulated and measured S-parameter of proposed planar
eight-feed MIMO antenna system. (a) and (b) are the simulated and
measured reflection coefficients respectively. (c) and (d) are the
simulated isolation between the selected feed-ports. (e) and (f) are the
measured isolation between the selected feed-ports.

only the results of selected feed-ports are included in the
figure. Though certain discrepancies are observed due to
minor fabrication tolerance, both the simulated and exper-
imental results agree with each other well. The measured
operating bandwidths of the PIFA antenna excited at Port
1 and the loop antenna excited at Port 2 are 3.38~3.75 GHz
(10.4% fractional bandwidth) and 3.38~3.63 GHz (7.1%
fractional bandwidth) with reflection coefficient less than
—10 dB, respectively. The isolation levels within the band
of 3.4~3.6 GHz are better than 15 dB among the different
feed-ports, which verifies that the decoupling performance of
the proposed design is much better than that of the traditional
ones as shown in Fig. 14. Furthermore, the radiation pattern
and efficiency of the proposed antenna are conducted in a
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FIGURE 18. Radiation pattern measurement setup for the planar
eight-feed MIMO antenna system.

= = = Ant1 Sim.
Ani2 Mea. - - - Ant2 Sim

() (b)

FIGURE 19. Simulated and measured 2-D radiation patterns of the planar
eight-feed MIMO antenna system under Port1 and Port2 excited.
(a) Radiation patterns in yoz-plane. (b) Radiation patterns in xoz-plane.

Port 1 excited Port 2 excited

FIGURE 20. 3-D radiation pattern of the planar eight-feed MIMO antenna
system under Port1 and Port2 excited in simulation at 3.5 GHz.

near-field anechoic chamber, as shown in Fig. 18. Both of
the simulated and measured two-dimensional (2-D) radiation
patterns are plotted in Fig. 19 and a three-dimensional (3-D)
radiation pattern exported from simulation is given in Fig. 20.
It can be concluded from these results that:

1) The radiation patterns of the whole eight-feed antenna
system can be separated into four identical groups.

2) Within each group, there are two almost orthogonal
radiation patterns generated while one of the two ports
are excited, respectively.

3) Within each group, the radiation patterns are
also complementary to each other, enabling quasi-
omnidirectional beam coverage capability in a real
complex multipath environment.
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FIGURE 21. Measured efficiency of the planar eight-feed MIMO antenna
system.

Besides, the experimental results of the total efficiencies
against frequencies are presented in Fig. 21. The total effi-
ciencies of the PIFA antenna excited at Port 1 and the loop
antenna excited at Port 2 achieve 65% and 55% at 3.5 GHz,
respectively.

D. IMPACT OF USER’S BODY

In this section, to analyze the impacts of the human body on
the antenna array, the simulated 8 x 8§ MIMO antenna array
with one hand and two hands modes are analyzed in HFSS.

For the one hand mode, as shown in Fig. 22(a) and (c),
due to the appearance of the thumb, it covered a huge area
of a Loop antenna’s radiation space, which caused the offset
of the impedance matching of Ant2 which is acceptable
in general. However, the rest of the impedance matching
almost unchanged and all of the isolation of ports had
different degrees of improved for 1-2dB as illustrated in
Fig. 22(e) and (g). Yet, gain and total efficiency had a reason-
able loss due to the high absorption loss of the user’s hand as
seen in Fig. 22(i).

For the two hands held mode, the antenna array is clipped
into the palm of the two hands which kept the ten fingers
away from radiation area, as shown in Fig. 22(b) and (d),
so that it causes an extremely subtle impacts on the
impedance matching and isolation of all ports as illustrated in
Fig. 22(f) and (h). Yet, gain and total efficiency had a subtle
loss because of the two hands’ slight absorption in the near
field as seen in Fig. 22(j).

To analyze the user’s hand and head impacts on the pro-
posed MIMO antenna arrays, we simulated this mode that
combine with the one hand mode and a human head as seen in
Fig. 23(a). As shown in Fig. 23(b)-(d), apparently, the hand
had a major influence on the radiation of antenna array in
this mode because of its coverage and therefore have similar
performance with a hand mode above. Yet, gain and total
efficiency had a great loss as illustrated in Fig. 23(e) because
the head and hand compare with one hand and two hands
modes.

To calculate the SAR of the antenna, we simulated 8 x 8
MIMO antenna array with one hand held near the head which
selected from component libraries in CST microwave studio
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FIGURE 22. Simulated the impacts of the user's hands on antenna
performance. (a) a hand mode, (c) the reflection coefficient, (e) and
(g) transmission coefficient, (i) total efficiency and gain in one hand
mode. (b) two hands mode, (d) the reflection coefficient, (f) and
(h) transmission coefficient, (j) total efficiency and gain in two hands
mode.

as shown in Fig. 24(a)-(b). We calculated SAR of the antenna
in two different standards which is 10gm and 1gm of tissue.

Ill. EIGHT-FEED MIMO ANTENNA SYSTEM DESIGNED
WITH PRACTICAL CURVED METAL-RIMS

In order to reduce the space occupation of the planar eight-
feed MIMO antenna system to the mobile phone and make the
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FIGURE 23. Simulated the impacts of the user’s body on antenna
performance. (a)-(e) the reflection coefficient, transmission coefficient,
total efficiency and gain in head and hand mode.
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FIGURE 24. SAR of the antenna is calculated in (a) 10gm and (b) 1gm.

proposed antenna further adapted to practical phone industry
design (ID), the 2-D eight-feed antenna scheme is trans-
formed to 3-D MIMO antenna structure and an eight-feed
MIMO antenna system designed on practical curved metal-
rims is proposed in this section. The top-view and front-view
of the antenna configuration are sketched in Fig. 25 and
Fig. 26, the size of which is similar to the commercial phone
model iPhone Xs Max. The curved metal-rims are manufac-
tured with the advantage of 3-D printing technology [24].
Fillets with radius, R, are employed at the four corners of the
FR-4 substrate according to the actual phone’ appearance.
After applying the multi-feed technology and the proposed
design methodology to realize the eight-feed MIMO antenna
system on the practical phone rims, it can leave enough
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FIGURE 25. The top-view of the eight-feed MIMO antenna system with
curved metal-rims.
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FIGURE 26. The front-view of the eight-feed MIMO antenna system with
curved metal-rims.

space to the top and bottom portion of the mobile phone to
accommodate other functional antennas like 3G/4G antennas
and WBG (Wi-Fi Bluetooth and GPS) antennas, which makes
the proposed 5G MIMO antenna system very compatible with
the existing antennas.

Similar to the planar eight-feed MIMO antenna system in
Fig. 11, four choking grooves are also etched on the ground
plane to improve the port isolation. It is acceptable since even
commercial flagship phones have almost periodic grooves
on the main board for heat dissipation and weight reduction.
There are four assembly holes designed on the metal-rims to
ease the fixation between the rims and the substrate. Further-
more, different from the planar model, the short metal line
is replaced by an open-circuit branch with size of (1, p) for
the integrity of the whole metal rim. Meanwhile, rectangular
metal-rings with size of (I, t, w) are added in the metal-
rims in order to reduce the actual electrical length of the
loop antennas. The detail dimensions of the eight-feed MIMO
antenna system with curved metal-rims are given in Table 4.
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TABLE 4. Detail dimensions of the curved metal-rimmed eight-feed
MIMO antenna (unit: mm).

Parameters  Values | Parameters Values | Parameters Values
W, 80 L, 10 d, 6.3
Lpame 140 L 7 d 283
W 89 Ly 11 ds 9.7
w 1.5 Ly 6.5 H 6.5
s 1.5 L 14 LinkH 1
t 7.5 L, 31 V 0.6
h 0.8 L 30 Xy 2.8
R 14 wy 1 Wy 1.3
P 1 dy 11.3 - -
Radiator

Place for Capacitance
and Inductance

Ground

FIGURE 27. n-shaped matching network implementation.

In order to further improve the impedance matching of the
complete MIMO antenna system, a 7 -shaped LC matching
network can be inserted to the feed-ports. LC matching net-
work is an efficient impedance tuning technique commonly
used by and widely known to professional antenna engineers,
which is demonstrated in Fig. 27. Therefore, according to the
on-site measured results of antenna reflection coefficient, dif-
ferent values of inductor or capacitor can be easily introduced
to improve the ports’ impedance matching with the help of
VNA and smith chart.

A. EXPERIMENTAL RESULTS

The final prototype of the proposed eight-feed MIMO
antenna system realized in the curved metal-rims is shown
in Fig. 28. The comparison between the simulated and mea-
sured S-parameters is given in Fig. 29, from which it can be
observed that a good agreement is achieved and the operating
bandwidth can well cover the desired frequency band of
3.4~3.6 GHz with reflection coefficient less than —10 dB
or 3.3~3.8 GHz with reflection coefficient less than —6 dB
when all port isolations are better than 15 dB.

In order to analyze the influence of the added rectangu-
lar metal-rings shown in Fig. 25 on the antenna impedance
matching, parametric study on the key parameter, 7, is con-
ducted, which is directly relevant to the perimeter of the ring.
As seen from the results shown in Fig. 30(a), the resonant
frequencies of the loop antenna (Port 2 excited) shift to lower
band when ¢ increases, which verifies that the additional
metal-rings can effectively adjust the electrical length of the
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i

FIGURE 28. Prototype photograph of the eight-feed MIMO antenna
system with curved metal-rims.
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FIGURE 29. Simulated and measured S-parameter of proposed eight-feed
MIMO antenna system with curved metal-rims. (a) and (b) are the
simulated and measured reflection coefficients respectively. (c) and

(d) are the simulated isolation between the selected feed-ports. (e) and
(f) are the measured isolation between the selected feed-ports.

w
[

loop antenna. Meanwhile, Fig. 30(b) demonstrates the effect
of the length of the open-circuit branch () on the antenna
decoupling, where the isolation between Port 2 and Port 3
(IS23] in dB) is chosen for the analysis. As [, increases, the
coupling effect can be effectively reduced, especially when [,
is around A/8, an optimum decoupling effect can be obtained.
A further study on the decoupling effect of the open-circuit
branch can be viewed in the antenna current distributions
with and without the branch, as shown in Fig. 31, where the
coupling energy is significantly reduced after including the
open-circuit branch.
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FIGURE 30. Parametric study of the rectangular metal-ring on the effect
of the multi-feed antenna. (a) Simulated |S22| (Port 2 excited only) with
different t. (b) Simulated |S23| with different Ip (isolation between Port 2
and Port 3).
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FIGURE 31. Current distributions of the curved metal-rimmed eight-feed
MIMO antenna system with and without the open-circuit branch at
3.5 GHz.

FIGURE 32. Radiation pattern measurement setup for the curved
metal-rimmed eight-feed MIMO antenna system.

Radiation patterns of the eight-feed MIMO antenna system
are also tested in the anechoic chamber for complete perfor-
mance verification, as shown in Fig. 34. Similar to the planar
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(c) Port 1 Phi=90° (d) Port 2 Phi=90°
FIGURE 33. Simulated and measured 2-D radiation patterns of the curved

metal-rimmed eight-feed MIMO antenna system while Ports 1 and 2 are
excited respectively.

Port 2 excited

Port 1 excited

FIGURE 34. 3-D radiation patterns of the curved metal-rimmed eight-feed
MIMO antenna system under Port1 and Port2 excited in simulation at
3.5 GHz.

eight-feed MIMO antenna mentioned in the last section, the
proposed metal-rimmed MIMO antenna system also pos-
sesses approximately orthogonal radiation patterns between
the PIFA modes and the loop modes, which can be viewed
in the 2-D radiation patterns plotted in Fig. 33 and the 3-D
simulated radiation patterns plotted in Fig. 34. Such radiation
patterns diversity is beneficial to the isolation enhancement
and good for mobile wireless communication with reduced
cross-talk.

100%

—e—ant | sim.

80% —e—ant 2 sim.
>
3 —o—ant | mea.
2
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’: -0
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FIGURE 35. Measured radiation efficiencies of the curved metal-rimmed
eight-feed MIMO antenna system under Port1 and Port2 excited.

The measured efficiencies of the eight-feed MIMO antenna
system with curved metal-rims are given in Fig. 35.
High total efficiencies of 66% and 57% at 3.5 GHz
can be achieved when Port 1 and Port 2 are functioned
respectively.

Moreover, ECC is another key indicator to evaluate the
data transmission rate for 5G application. After obtaining
the field data from the measured radiation patterns, the ECC
can be calculated through (2), as shown at the bottom of the
page, where XPD is the cross-polarization discrimination;
Do (2) and py (2) are angular distribution of the 6 and ¢
component.

In the context of mobile terminals, uniform angular dis-
tribution and equal polarization (XPD = 1) is always
assumed, therefore, equation (2) can be further simplified
to be:

Jle [E1 0. 0) - E2 0.0 ] a2

~ 2 = 5 3)
Lax |1 @, 0)| 49 ff, [E2 0, 00| a2

Pe =

where

E1(6,9)-E2 6, 9)
= Ep1 (0.9)-E} (0. 9) +Ep1 (0,9) -E}50,9) (@

Among the eight antennas shown in Fig. 36, the results
of the calculated ECC from measure radiated fields shown
in Fig. 37 reveal that the overall ECCs are lower than
0.3 in the band of interest, which satisfies the required
ECCs < 0.5 for the MIMO system and validates the corre-
lation level of the proposed MIMO antenna system is very
low [25].

2
Ml (xPD - Eo1 (R0 Ejy (2o () + Eg1 () Egy (- py () 4

@

Pe =

Jix (XPD - Go1 () - po (R2) + Gy1 () - pg (2)) d2

Nfar (XPD - Gg2 (Q) - pg () + G2 (Q) - pg (R)) d2
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TABLE 5. Comparison between the proposed antenna and the reported antennas.

Ref. [27] [28] [29] [30] Proposed
Metal fim Metal Metal & Dielectric Metal & Dielectric Metal Metal
board board
Frame slot/breaks for
MIMO 4 4 0 8 0
LC matching yes yes yes Yes* yes
BW (-6 dB) 3.4-3.6 GHz 3.4-3.6 GHz 3.4-3.6 GHz 3.3-5 GHz 3.3-3.8 GHz
3.5-4.85 GHz
Narrower than (monopole)
BW (-10 dB) 3.475-3.6 GHz 3.44-3.59 GHz 3.4-3.6 GHz 4.5-5 GHz 3.4-3.7 GHz
(dipole)
Orthogonal antenna
unit [S,] (dB) >19 >20.1 >24.2 >21 >25
Array worst [S;| (dB) >16 >12.7 >15.7 >12 >15
ECC <0.05 <0.13 N/A <0.11 <0.3
Eff. (%) 59-73 35.2-64.7 >38 31.6-74.7 50-68
MIMO 8x8 8x8 8x8 8x8 8x8

Ref.: reference; BW: bandwidth; Eff.: efficiency; *: besides LC matching, balun chips are needed; N/A: not available in original paper.

FR4 substrate
(in gray)

Ground
(in orange)

FIGURE 36. Schematic diagram of the curved metal-rimmed eight-feed
MIMO antenna system marked with four PIFA antennas (Ant 1, Ant 4,
Ant 5, and Ant 8) and four dual-loop antennas (Ant 2, Ant 3, Ant 6, and
Ant 7).
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FIGURE 37. ECC results of the curved metal-rimmed eight-feed MIMO
antenna system.

B. PERFORMANCE COMPARISON WITH

REPORTED DESIGNS

In order to highlight the advantages of the proposed multi-
feed MIMO antenna with curved metal-rims, Table 5
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summarizes the performance comparison between this work
and the reported designs in literatures [27]-[30]. One can
observe from the table that the proposed antenna system has
simpler structure of realizing an eight-feed MIMO antenna
system by directly exciting the metal frame, which does
not occupy extra space of the smartphone and possesses an
excellent compatibility with existing antennas. Therefore,
the proposed design is a promising antenna candidate for
the application to various terminal devices with enhancing the
metal rims’ integrity and robustness.

IV. CONCLUSION

In this paper, an eight-port metal-rimmed MIMO antenna sys-
tem using multi-feed technology is proposed for 5SG mobile
phone applications. The MIMO antenna system is simply
constructed on the side metal-rims without breaks, but mean-
while realizes satisfactory isolation levels among the anten-
nas without introducing additional decoupling structures. The
proposed work starts with the investigation of a dual-feed
antenna module, the operating principle of which has been
analyzed in detail based on the multi-feed technology. Sub-
sequently, a quad-feed and eight-feed MIMO antennas with
planar structure are designed and their performance has been
confirmed with experimental results. In order to adapt the
proposed design to a more practical mobile phone, an eight-
feed MIMO antenna system realized in curved metal-rims
is finally constructed and investigated. Experimental results
show that the isolation levels among the eight feed-ports are
more than 15 dB from 3.4GHz to 3.6 GHz with reflection
coefficient less than —10 dB and the isolation levels among
the eight feed-ports are more than 15 dB from 3.3GHz to
3.8 GHz with reflection coefficient less than —6 dB. The
radiation efficiency and ECC reach to at least 57% and less
than 0.3 at the center frequency respectively. Such satisfac-
tory performance validates the proposed multi-feed MIMO
antenna design is particularly suitable for mobile terminal
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devices which require the metal-rims to function as MIMO
antennas but maintain the structural integrity and robustness.
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