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Wideband Back-Cover Antenna Design Using
Dual Characteristic Modes With High Isolation
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Abstract—A novel method of designing a wideband high-
isolated dual-antenna pair using dual characteristic modes (CMs)
is presented for fifth-generation (5G) multiple-input multiple-
output (MIMO) smartphone applications. A set of orthogonal
CMs resonating from the square-loop slot is first introduced and
works for the lower band. Then, another set of orthogonal CMs
resonating from the edge branches is introduced with a shared
compact radiator and works for the higher band. In combination
with two sets of degenerated CMs and a capacitive coupling
feeding structure, the proposed dual-antenna pair achieves a
broad impedance bandwidth and high isolation without the need
for any external decoupling structures. Based on this
dual-antenna pair, an 8x8 MIMO array is developed and
integrated into the back cover of a smartphone, which realizes
zero ground clearance on the system circuit board. To verify the
design concept, prototypes of the antenna pair and MIMO array
were fabricated and measured. It shows that experimental results
agree well with the simulation results. More importantly, the
presented 8x8 MIMO array has high isolation of more than 20 dB
is achieved across the operating band of 3.3-3.8 GHz.

Index Terms—Back-cover antenna, characteristic mode (CM),
dual-antenna pair, fifth-generation (5G), MIMO smartphone
antenna.

. INTRODUCTION

M ultiple-input multiple-output (MIMO) is a very effective
technique for increasing the channel capacity, and it has
been considered as one of the pivotal techniques for
fifth-generation (5G) mobile communication systems [1]. The
mutual coupling between MIMO antennas affects the
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orthogonality between different data streams and deteriorates
the channel capacity in the communication systems [2], [3].
Therefore, how to ensure the high performance of MIMO
antennas is a significant challenge, especially for the design of
current 5G MIMO smartphone antennas.

In order to coexist with the original 2G/3G/4G antennas [4],
[5], arranging 5G antennas on the long side or metal frame of
the mobile phone is considered as a promising design scheme.
Several decoupling methods have been proposed to reduce
mutual coupling, such as space diversity [6], [7], neutralization
line [8], [9], parasitic resonance decoupling [10], [11],
self-isolation [12], polarization diversity [13], [14], and
high-order mode decoupling [15]. Although high isolation is
achieved in these MIMO antennas [6]-[15], a large space is
occupied. To save the device space, terminal antennas using a
shared radiator have attracted many research interests
[16]-[24]. Some designs with multi-port antenna pairs have
been proposed and studied utilizing the methods of polarization
orthogonality [16]-[19], common mode and differential mode
decoupling [20], [21], self-decoupling [22], and lumped
components [23]. However, designing a MIMO antenna with
simultaneous broadband, high isolation and compact size is still
a challenge. Even in some special smartphone scenarios, zero
ground clearance is required. To make full use of the limited
space in the terminal device, MIMO antennas are integrated
into the smartphone back cover [24]. However, due to the small
distance between the radiator and the ground, the impedance
bandwidth of the antenna is affected dramatically.

The theory of characteristic mode (TCM) is a promising
antenna design theory [25], [26]. It provides another new view
for antenna design. In [27], both antennas have wide impedance
bandwidths of 130% based on TCM. In [28], a MIMO antenna
for multi-mode 5G smartphone applications is designed based
on TCM with dual broad bandwidth. A multi-band MIMO
antenna for 5G and 10T devices is proposed, which is developed
using the TCM to systematically design a MIMO antenna [29].
An ultra-wideband circularly polarized antenna using multiple
characteristic modes (CMs) is presented, the operating
bandwidth is 92.3% (|S11| < -10dB, AR < 3dB), and the 3-dB
gain bandwidth is 72.3% [30]. In addition, TCM also provides a
set of basis currents to guarantee the orthogonality of the field
patterns. Therefore, it has been utilized to realize various
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antennas for MIMO applications [31]-[36]. In [33], a
miniaturized MIMO antenna using TCM is developed for
smartphones with isolation better than 28 dB. In [34], a pair of
degenerated CMs is employed to achieve high port-to-port
isolation. A wideband two-element MIMO antenna using
metamaterial unit cells is presented with 25-dB isolation [35].
In [36], characteristic electric field distributions from CMA are
used to find the feed position in a tri-modal patch antenna.
However, few of them have the characteristics of broadband,
high isolation, low profile, and low ground clearance
simultaneously. In the design of a multiport MIMO antenna,
individual excitation of each CM becomes difficult as more
CMs will be involved and intertwined with each other.

In this paper, a wideband and high-isolated back-cover
antenna pair for smartphones is proposed. To the authors’
knowledge, to date there is no reported design using two sets of
CMs to design the back-cover MIMO antenna pairs with
broadband, high isolation, low profile, and zero ground
clearance simultaneously. The first set of CMs is designed and
generated in the inner slot of the ring at 3.4 GHz, and the
second set of CMs is designed and generated on the edge
branch at 3.8 GHz. By combining two sets of CMs and
introducing a pair of feeding branches, a wide impedance
bandwidth covering 3.3-3.8 GHz and high isolation of 20 dB
can be obtained without using any decoupling structures. In
addition, a low profile with the thickness of only 1.6 mm is
achieved. To validate the design concept, four dual-antenna
pairs are placed at the corners of the smartphone back cover
with high isolation. Then, these antenna pairs are integrated
into the back cover of the smartphone to achieve zero ground
clearance on the system circuit board, which reserves a
complete system circuit board for other components in the
smartphone. The proposed antenna pair and antenna array were
also fabricated and measured. Experimental results agree well
with the simulations. It shows that high isolation of more than
20 dB is achieved across the operating band of 3.3-3.8 GHz for
the fabricated 8x8 MIMO array.

Il. PATCH DESIGN OF CHARACTERISTIC MODE

In this section, CMA is first used to research on a low-profile
patch antenna to form two sets of orthogonal CMs. Then, these
two sets of CMs are elaborately combined, which builds an
important foundation to the proposed wideband high-isolation
MIMO antenna.

A. The theory of characteristic mode

According to TCM, the characteristic mode fields form a
weighted orthogonal set over a conductor surface and the
sphere at infinity [27] [33]. The total surface field distribution
of an antenna can be obtained by the superposition of each
mode field. In TCM, oan is a weighting factor defined as modal
weighting coefficient (MWC). The MWC reflects the mode
contribution of the total field density, and its expression is:

v Jn, E'
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where V, reflects the coupling of external excitation and
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Fig. 1. Geometry of preliminary designs in CMA (L,=20.6 and Wy=1.9, all
dimensions in mm).

characteristic current, which is defined as the mode excitation
coefficient (MEC).
Each CM corresponds to a characteristic value A, , which

represents the ratio of reactive power to radiated power. Modal
significance (MS) is closely related to A, , which is denoted as:

1
MS, =——
" A &
MS, is independent of the excitation source, and only related to
the shape of the conductor. It indicates the potential ability of a
CM working in certain bands. TCM defines a series of
characteristic currents on the antenna. Each characteristic
current has a corresponding characteristic E-field. The phase
difference between the characteristic E-field and characteristic
current is defined as the characteristic angle (CA) g,,. When

S,=180°, the relevant CMs will be in resonance state.
B, =180°—arctan 4, 3)

B. Design of Initial Two CMs Sets

In this section, two sets of new CMs are proposed. Fig. 1
shows the geometries of the two original design models
(Design 1 and Design 2) for characteristic mode analysis
(CMA). Design 1 and Design 2 occupy different areas of the
same radiating patch. The metal structure is printed on the top
of an FR4 substrate with the size of 27 mmx27 mmx1.6 mm,
and another complete metal ground is printed on the bottom of
the substrate. In Design 1, the upper metal surface and the lower
metal surface are not connected to each other, Lo is the side
length of the inner square-loop slot. In Design 2, four metalized
via holes connect the top layer to the bottom layer of the
substrate at the corners, Wy is the slot length between the edge
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Fig. 2. Effects of Lo and W, on the first two CMs’ CAs of Design 1 and
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Fig. 3. Effects of Lo and W, on the first two CMs’ MSs of Design 1 and
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CA and MS are two important parameters for CMA, which
are obtained by the commercial software FEKO. For Design 1
and Design 2, the simulated CAs and MSs of two most relevant
CMs in CMA are presented in Fig. 2 and Fig. 3. In these figures,
CMnm, is the m" characteristic mode of Design n. It can be
observed that in Design 1, two CMs resonate around 3.4 GHz.
While in Design 2, two CMs resonate near 3.8 GHz. Due to the
symmetry of the structure, two CMs of Design 1 or Design 2
are equal. Therefore, the following relations can be obtained:

CA110=CAz12 4)

MSi12) = MS2,1¢) (5)

where CAnn and MSp,, represents the characteristic angle and
modal significance of CMnn, respectively.

According to TCM, different CMs are orthogonal to each
other. To investigate the operation mechanism of Designs 1 and
2, the characteristic E-fields at 3.4 GHz and 3.8 GHz are
presented in Fig. 4. As shown in Fig. 4(a), strong characteristic
E-field distribution of CMy 1 is observed in the center of the
square-ring slot along the x-axis (Region A;) at 3.4 GHz. Fig.
4(b) shows that the E-field of CM,,; is concentrated around the
center of square-ring slot along the y-axis (Region Bs1). These
two figures denote that the orthogonal set of resonances at 3.4
GHz comes from the square-ring slot. At the frequency of 3.8
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Fig. 4. Simulated characteristic E-field distribution of proposed antenna
designs. (a) CMy; at 3.4 GHz. (b) CM; at 3.4 GHz. (c) CM;, at 3.8 GHz. (d)
CMZz at 3.8 GHz.

GHz, the E-field of CM3, distributes on the edge branches
along the x-axis (Region Ay) as shown in Fig. 4(c). In Fig. 4(d),
E-field maxima of CM,, are observed around the edge
branches along the y-axis (Region B,). These two figures
denote that the orthogonal set of resonances at 3.8 GHz
originates from the edge branch.

Based on these characteristic E-field distributions, the
influences of the related geometrical dimensions on the CAs
and MSs are further investigated. Simulations have been
performed to evaluate the variations of CAs and MSs with
different Lo and W, and the results are given in Fig. 2 and 3. In
these figures, Lo is the side length of the inner slot of the square
loop in Design 1, and W, is the slot length between the edge
branches in Design 2. It can be seen when Lo increases from
20.1 to 21.1 mm, the frequencies of CMy)1 decrease to 3.3
GHz. When W increases, CMy(),» shifts to lower frequencies.
Therefore, the resonances of Design 1 and Design 2 can be
effectively controlled by adjusting Lo and Wo. As can be seen,
the simulated results are also consistent with the observed
characteristic E-field distributions in Design 1 and Design 2.

C. Combination CM Design Sets

The structure of Design 1 produces radiation through the
internal slot of the patch, and the strong magnitude of the
characteristic E-field (Region A; and B;) at 3.4 GHz can be
found at the midpoint of the adjacent side. The structure of
Design 2 produces radiation through the edge branches of the
patch, and the strong magnitude of the characteristic E-field
(Region A; and By) at 3.8 GHz is located at the midpoint of the
adjacent side. In this section, two structures are integrated into
one antenna unit for space saving and efficient excitation.

The evolution process of Design 3 is shown in Fig. 5, where
Design 1 and Design 2 are elaborately combined into Design 3.
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Fig. 5. The evolution process of combined Design 3.
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Fig. 6. Simulated MSs and CAs on the first four CMs of proposed Design 3.
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The simulated CAs and MSs of the four most relevant CMs of
the proposed Design 3 are presented in Fig. 6. As shown in the
figure, the simulated results of Design 3 agree well with the
CAs and MSs of Design 1 and Design 2 shown in Fig. 2 and 3.
Therefore, CMy 3 corresponds to CMyp)1, and CMau)s is
approximately equal to CMap2, Wwhich verifies the
effectiveness of our combination design. It is very promising to
obtain a broadband and high-isolated MIMO dual-antenna pair
by exciting the four orthogonal CMs in Design 3.

I1l. Low PROFILE 2x2 MIMO ANTENNA PROTOTYPE

Based on the above analysis of the dual-set orthogonal CMs
and the detailed feeder optimization, a low-profile wideband
high-isolated dual-antenna pair is proposed in this section for
5G MIMO applications in N78 band. Then, the proposed
antenna pairs are experimentally verified, and the measured
results are in good agreement with the simulation.

A. Proposed Dual-Antenna Pair Structure

The detailed configuration of the proposed antenna pair is
shown in Fig. 7. The antenna pair is printed on the top of an
FR4 substrate (relative permittivity 4.4, loss tangent 0.02, and
thickness 1.6 mm) with a compact size of 27 mm x 27 mm.
Note that the bottom ground has the same size as the top one.
The simulated S-parameters of the proposed antenna pair are
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Fig. 7. Geometry of the low-profile high-isolated MIMO antenna pair (all
dimensions in mm). (a) Top view. (b) Cross-sectional view.
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Fig. 8. Simulated S-parameters of the proposed antenna pair.

shown in Fig. 8. The simulated results are obtained by using the
high-frequency structure simulator (HFSS). Due to the
symmetry of the antenna pair, only |S11| and |Sz| are given for
brevity. It can be seen that the dual-antenna pair can cover
3.3-3.8 GHz. Meanwhile, because the two CMs excited by port
1 are orthogonal with the two CMs excited by port 2, high
isolation of more than 24 dB can be achieved within the
operation bandwidth. The expected CMs are well excited,
which can ensure the required bandwidth and high isolation.
The E-field distributions of the dual-antenna pair are shown
in Fig. 9, it can be clearly seen that the orthogonality of the
excited working modes and the surface E-field distribution
agree well with the previous dual sets of CMs. When port 1 is
activated, the working E-field distribution of the antenna pair at
3.4 GHz and 3.8 GHz are almost the same as the characteristic
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Fig. 9. Simulated E-field distribution of the proposed antenna pair. (a)
Excitation by port 1 at 3.4 GHz. (b) Excitation by port 2 at 3.4 GHz. (c)
Excitation by port 1 at 3.8 GHz. (d) Excitation by port2 at 3.8 GHz.

E-field distribution of CMy,; and CMy,. Similarly, the working
E-field distribution by port 2 of the antenna pair at 3.4 GHz and
3.8 GHz are also similar to the characteristic E-field
distribution of CM,1 and CM2,. The design goals of wide
impedance bandwidth and high isolation can be expected based
on two sets of CMs in the presented antenna pair.

B. Evolution of Feed Mechanism

In TCM, how to excite the antenna to get the expected CMs
is very critical. There are two design options for exciting CMs:
one employs inductive coupling elements (ICE), and the other
uses capacitive coupling elements (CCE) [37]. Since the strong
characteristic E-fields are located at the midpoint of the
adjacent sides (Regions A and B) in Design 3, whereas ICE is
difficult to stimulate the radiation mode of slot, so two CCEs
are chosen placed at the E-field intensity maximum: CCE1 and
CCE2. The incident E-fields produced by CCE are denoted as
Ecce1 and Eccez, Which can be obtained by

<J11 EiCCE1> E

Eccer~ (6)
E1 T
J2,E!
Ecce2 ~ M =) (N
1+ jA2

where the E; and E; refer to the characteristic E-field. Since
each set of CMs proposed in this paper is orthogonal, E; is
perpendicular to E,. The overall working modes of the antenna
are also orthogonal to each other:

<ECCE1, ECCE2> =0 (8)
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Fig. 10. The final antenna pair evolution process.
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Fig. 11. Comparison of reflection coefficient of the dual-antenna pair

proposed in design 4-design 6.

Therefore, a set of CMs can achieve high isolation of MIMO
antenna. The use of two sets of CMs can achieve high isolation
within a wide bandwidth.

The final antenna pair evolution process is shown in Fig. 10.
Fig. 11 shows the reflection coefficients of Design 4 to Design
6. By arranging two ports with an orthogonal configuration,
CMy3)3 and CMqw s can be excited respectively, and a
broadband antenna pair with high isolation can be realized.
Based on the above design concept, Design 4 is proposed with
an open-circuited feeding strip in the center of the adjacent side
(Regions A and B in Design 3), which successfully excites the
modes proposed in CMA. However, additional modes are
observed in Design 4 with low isolation.

To avoid the additional modes, a pair of via holes is
employed to connect the branch to the ground in Design 5. To
reduce the influences of asymmetry, the ground via holes on
each side are introduced. Finally, a fan-shaped structure at the
end of the feeding strip is introduced to improve the impedance
matching compared to Design 5 [38] [39]. The inductance
introduced by the fan-shaped structure offsets the capacitance
introduced by the CCE. The final antenna pair in Design 6 can
cover 3.3-3.8 GHz for |Si1| < -6 dB. In addition, after
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Fig. 12. Photographs of the fabricated antenna pair. (a) Top view. (b) Bottom
view.
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Fig. 13. Simulated and measured S-parameters of the fabricated antenna pair.

suppressing the additional modes, the isolation is nearly not
affected because of the orthogonality of two sets of CMs.

C. Experimental Verification of Antenna Pair

To verify the antenna design based on CMA, the
dual-antenna pair were fabricated and tested. The photographs
of the fabricated antenna pair are shown in Fig. 12. The
measured S-parameters of the fabricated prototype are shown
in Fig. 13. It can be seen that the measured results agree well
with the simulated results. This may be caused by the unstable
permittivity of the low-cost FR4 substrate. The resonance at the
higher frequency shifts to the lower frequency, and the |Sy]
curve slightly moves to the lower frequency. Despite that, the
antenna pair can still cover 3.3-3.8 GHz with the |S1| lower
than -6 dB. The isolation between the two ports is higher than
20 dB.

The envelope correlation coefficient (ECC) is an important
parameter to evaluate the diversity performance between two
MIMO antenna far-field patterns [40]. Fig. 14 shows that the
simulated and calculated ECCs of the antenna pair, which are
less than 0.01 in the operating bandwidth. Due to the
orthogonality, extremely low ECC is achieved even though two
ports are closely placed. The simulated and measured radiation
efficiencies of the antenna pair are also shown in Fig. 14. The
antenna efficiencies excited by port 1 and port 2 are both better
than 45%. The obtained results are promising for practical
terminal applications.
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Fig. 14. Simulated and measured antenna efficiencies and ECCs of the
fabricated Antenna pair.
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Fig. 15. Simulated and measured radiation patterns in the xy-plane of the
fabricated antenna pair. (a) Port 1 at 3.4 GHz. (b) Port 1 at 3.8 GHz. (c) Port 2
at 3.4 GHz. (d) Port 2 at 3.8 GHz.

Fig. 15 shows the simulated and measured radiation patterns
at 3.4 and 3.8 GHz, respectively. The measured radiation
patterns agree well with the simulated results, and the radiation
pattern is quasi-omnidirectional, which is very suitable for
terminal device applications. Due to the symmetry of the
structure, it can be seen that the patterns of port 1 and port 2
show a good orthogonality to each other when working at the
same frequency.

IV. 8x8 MIMO BACK COVER ANTENNA DESIGN AND
IMPLEMENTATION

In this section, four dual-antenna pairs are integrated at four
corners of the smartphone back cover to obtain high isolation.
Then, user hand grip effects are researched. Finally, the
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Fig. 16. Geometry of four antenna pairs backed by a dielectric cover with the
system circuit board of 5G smartphone. (a) 3D view. (b) Cross-sectional view.
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Fig. 17. Simulated S-parameters for 8x8 MIMO antennas backed by a
dielectric cover with the system circuit board.

performance of the proposed antenna is compared with the
current state of the art.

A. 8x8 MIMO Back Cover Antenna Design

The 3D view and cross-sectional view of the integration
design are shown in Fig. 16. Another FR4 is inserted as the
back cover for the smartphone with a size of 150 mmx75
mmx1.6 mm. Considering the machining error, four corners of
28 mmx28 mm are removed out of the dielectric cover back.
Four antenna pairs are arranged at the four corners of the
dielectric back cover. In order to simulate the real environment
inside the smartphone, the system circuit board and a layer of 1
mm-thick FR4 substrate are included in the simulation. In
addition, 5 mm clearance for 2G/3G/4G antennas at both ends
of the system circuit board is reserved. Finally, the back-cover
antenna is placed on the top of the system circuit board, and the
entire thickness of 6 mm.

100

—=—Effi Port |
—A—Effi Port2
80 F

——ECC(2,1)
—0=—ECC(3,1)
——=ECC(4,1)
—mm ECC(3,2)

04

7

60

40 F

20

Antenna efficiency (%)
)
i <
(3]
Envelope correlation coefficients

3.0 32

Frequency (GHz)

Fig. 18. Simulated antenna efficiencies and ECCs for 8x8 MIMO antennas
backed by a dielectric cover with the system circuit board.
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Fig. 19. Simulated MEGs of the proposed 8x8 MIMO antennas system
backed by a dielectric cover with the system circuit board.
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Fig. 20. Simulated DGs of the proposed 8x8 MIMO antennas system backed
by a dielectric cover with the system circuit board.

The simulated S-parameters for the 8x8 MIMO antennas
backed by a dielectric cover with the system circuit board are
shown in Fig. 17. Due to the symmetry of the antenna structure,
only |S11| and |Sz,| of reflection coefficient are given for clarity.
As can be seen, the 8x8 MIMO antennas can cover the
operating band of 3.3-3.8 GHz. The simulated transmission
coefficients are higher than 18 dB. The simulated antenna
efficiency and ECCs for the 8x8 MIMO antenna backed by a
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Fig. 21. Photographs of the geometry of 8x8 MIMO antennas backed by a
dielectric cover with the system circuit board of the 5G smartphone.
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Fig. 22. Measured S-parameters of fabricated 8x8 MIMO antennas.
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Fig. 23. Measured antenna efficiencies and ECCs for the fabricated 8x8
MIMO antennas.

dielectric cover with the system circuit board are shown in Fig.
18. The antenna efficiency is greater than 40%, and the ECCs of
the antenna array are lower than 0.13.

The mean effective gain (MEG) ratio is another important
parameter to evaluate the diversity performance, which is
defined as the ratio of the mean receive power to the mean
incident power [41]. The ratios of the mean effective gain
should satisfy the following criteria in order to guarantee a
good channel characteristic:

MEG,

~1
MEG; (10)

8
10.00
9.95 |-
)
Z
S
& L
= 9.90
(<]
2 —8—DG(2,1)
a —8—DG(3.1)
9.85 —&—DG(4,1)
——DG(4.2)
980 1 1 1 1
3.0 32 34 3.6 38 4.0
Frequency (GHz)
Fig. 24. Calculated DGs for the fabricated 8x8 MIMO antennas.
s0l- 46 b/s/Hz, upper limit for 8<8 MIMO
P
=z
< 40F
=)
< r‘i‘-.—?—‘.\
g Proposed 8x8 MIMO antenna array
g 30
)
=1
s
e ey e S S
=
U 2F
23 b/s/Hz, upper limit for 4x4 MIMO
]0 1 1 1 1
3.0 32 34 3.6 3.8 4.0

Frequency (GHz)

Fig. 25. Calculated ergodic channel capacities for the fabricated 8x8 MIMO
antennas.

The simulated MEGs of the proposed MIMO antenna system is
shown in Fig. 19. The MEGs of the antenna elements are nearly
identical over the whole operating band, which suggests a good
channel performance.

To have good quality and reliability in wireless systems, the
diversity gain (DG) of the MIMO design should be close to 10
dB in the operating bandwidth. The DGs of the proposed
MIMO antennas are simulated in Fig. 20. It can be observed
that the DGs of the antennas is very stable with a range of 9.86
dB-10 dB in the entire operating range.

B. Experimental Verification of 8x8 MIMO Antenna

The proposed 8 X8 MIMO antenna array was fabricated and
measured. The photos of the fabricated antenna array are shown
in Fig. 21. Fig. 22 shows the measured S-parameters of the
fabricated prototype. It shows that the impedance bandwidth of
the MIMO antenna array can cover 3.3-3.8 GHz. The measured
transmission coefficients of |Ssi, [Sa1| and |Ssz| are lower than
-24 dB. The isolation of the array is mainly limited by the
isolation between the adjacent port 1 and port 2, which is still
better than 20 dB. The measured radiation efficiency and ECC
for the fabricated 8x8 MIMO antenna array are shown in Fig.
23. The measured results agree well with the simulated results.
The antenna efficiency of the fabricated 8 X8 MIMO antenna
array is higher than 40% and the ECCs at different ports are
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Fig. 26. Simulated and measured radiation patterns in the xy-plane of the
fabricated antenna array. (a) Port 1 at 3.4GHz. (b) Port 1 at 3.8GHz. (c) Port 2
at 3.4GHz. (d) Port 2 at 3.8GHz.

lower than 0.13. Fig. 24 shows calculated DGs for the
fabricated 8x8 MIMO antennas, which has an excellent
diversity gain close to 10 dB. Besides, the calculated ergodic
channel capacities of the fabricated eight-element array are
shown in Fig. 25. The channel capacities with a 20-dB SNR
vary from 35 to 40 b/s/Hz in the operating bands, which are 1.5
times larger than the upper limit of a 4x4 MIMO system.
Compared with the upper limit of 46 b/s/Hz for an 8x8 MIMO
antennas, the proposed array exhibits desirable channel
capacities that are only 11 b/s/Hz less than the ideal case.
Therefore, the proposed wideband 8x8 MIMO array is capable
of providing good MIMO performances for 5G terminal
applications.

The simulated and measured radiation patterns at 3.4 GHz
and 3.8 GHz are shown in Fig. 26. Due to the symmetrical array
configuration, only radiation patterns excited by port 1 and port
2 are given for brevity. As can be observed, the measured
radiation patterns agree well with the simulated results. The
radiation patterns of the MIMO antenna array are
approximately omnidirectional, which is highly desirable for
terminal equipment. The radiation performance measurement
was carried out in a near-field antenna measurement system at
Xidian University.

C. User’s Hand Effects

To investigate the operating performances of the MIMO
antenna array in real practical scenarios, the effects of the user’s
hand are studied in the subsection. As shown in Fig. 27(a) and
Fig. 27(b), two typical 5G usage scenarios are investigated,
including single-hand operation (SHO) and dual-hand
operation (DHO).
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Fig. 27. Two typical usage scenarios under user’s operation and simulated
antenna efficiencies of the proposed 8x8 MIMO antennas. (a) SHO mode. (b)
DHO mode. (c) Antenna efficiencies in SHO mode. (d) Antenna efficiencies
in DHO mode.

Normally, S-parameters are less affected by the user’s hand
[10]. However, the antenna efficiency of the proposed array
will be affected significantly owing to the absorption effect of
the user’s hand. For SHO mode shown in Fig. 27(c), the
antenna efficiencies of port 7 and port 8 are declined to 15%
when the antenna is close to the hand. In addition, the antenna
efficiencies of port 5 and port 6 are reduced slightly. For DHO
mode, a similar phenomenon can be observed in Fig. 27(d). The
antenna efficiencies of only 18% are obtained. Therefore, the
closer the antenna elements are to the user’s hand, the greater
effects on the radiation efficiency of the antenna will be
expected.

D. Comparison

Table I gives the comparison between the proposed MIMO
antennas and the conventional antenna designs in [19] [24].
Although the MIMO antenna pairs with a shared radiator in
[19] can realize broad bandwidth, the isolation is around 12 dB.
The MIMO performance of the antennas will be affected by
their low isolation. In addition, the 7.5-mm thickness and
3.2-mm floor headroom are difficult to use in actual
applications where smartphone devices are tightly packed. The
shared-radiator MIMO antenna pairs have a wide impedance
band, however, 10-dB isolation makes it difficult to reduce
crosstalk of signals between ports [24].

The broadband MIMO antennas design is achieved based on
multiple CMs, but the isolation is only 12.5 dB [28]. Although
wideband MIMO antennas with tri-band operation are achieved
based on multiple CMs [29], CMSRRs are used to improve the
isolation between MIMO antennas, which occupy a large space
inside the smartphone with a thickness of 3.2 mm and a ground
clearance of 4 mm. The dual-band high-isolation MIMO
antennas are proposed based on orthogonal two sets of CMs
[33], but it has a narrow bandwidth and does not have the
shared radiator to improve space utilization. A high-isolation
MIMO antenna pair based on a pair of orthogonal CMs has a
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TABLE |
COMPARISON OF THE DECOUPLED MIMO ANTENNAS FOR 5G TERMINAL APPLICATIONS
Shared Impedance Bandwidth . Isolation . . Ground
Ref. Radiator (<-6 dB) Isolation Technique Efficiency Thickness Clearance
7.5 mm 3.2 mm
— 0, ()
[19] v 3.3—5.0 GHz (40.9%) >12 dB Orthogonal modes >31.6% (0.08240) (0.03570)
[24] N 3.3—4.2 GHz (24.0%) >10 dB Ground vias >40% (01 olﬁj ) 0 mm
. 0
3.31—3.70 GHz (11.1%) >42.5% 0.8 mm 3 mm
28] ) 4.46—5.40 GHz (19.1%) ~12.5dB / >81.1% (0.0097) (0.03320)
3.5 GHz (10.2%) 32 mm 4 mm
[29] x 12.5 GHz (8.0%) >18 dB CMSRR / ' ;
17.0 GHz (21.8%) (0.0402) (0.0504)
27.6—28.3 GHz (2.5%) Orthogonal two sets of CMs o
[33] x 37.2-39.0 GHz (4.7%) >28 dB with dual band ~88.8% / /
Orthogonal a pair of CMs with 7 mm 3 mm
R 0, 0,
[34] N 2.4—2.49 GHz (3.7%) >20 dB narrom band >75% 0.056%0) (0.02470)
. . 1.6 mm 13.25 mm
N 0, 0,
[35] x 4.2—28.0 GHz (65.5%) >25 dB Metamaterial unit cells >70% (0.02244) (0.18670)
Two sets of three modes with 9 mm
— 0, 0,
[36] v 3.25—3.92 GHz (19.7%) >14.3 dB different weightings >73% (0.11/0) /
This o Orthogonal two sets of CMs o 1.6 mm
work v 3.3—3.8 GHz (14.1%) >20 dB with wide band >40% (0.01740) 0 mm

* CM: Characteristic mode.
* CMSRR: Complimentary modified split ring resonator.
* Jo: The wavelength at the lowest operating frequency in free space.

narrow band in [34], but it occupies a large profile of 7-mm
thickness and 3-mm ground clearance. Ref. [35] presents a
wideband high-isolation two-element MIMO antenna using
metamaterial unit cells. But it has a large ground clearance, and
is difficult to be integrated into smartphones. A broadside
tri-modal MIMO patch antenna based on bandwidth
enhancement technology is developed in [36]. However, its
9-mm antenna profile is thicker than the thickness of typical
smartphones. These two CMA-based MIMO antennas do not
have a good trade-off between high performance and
miniaturization for terminal applications. The proposed
back-cover dual-antennas pair based on two sets of orthogonal
CMs has an overall high performance with compactness
(shared radiator), broadband (two sets), high isolation
(orthogonal CMs), low profile (1.6 mm) and zero ground
clearance, which fully meets the practical needs for terminal
applications.

V. CONCLUSION

In this paper, a novel method to realize a designing a
wideband high-isolation MIMO antenna pair with a shared
radiator based on dual sets of CMs is presented. Due to the
orthogonality of the two sets of CMs, the isolation of the
MIMO dual-antenna pair can be enhanced to 20 dB without
using any additional decoupling structures. In addition, a wide
impedance bandwidth covering 3.3-3.8 GHz is obtained. The
antenna pairs are integrated with a dielectric back cover and a
system circuit board to form an 8x8 MIMO antenna array.
Detailed analyses and results show that 20-dB isolation,
radiation efficiencies greater than 40%, and the ECCs less than
0.13 are achieved for the designed MIMO antenna array, which
meets the practical needs of 5G terminal antennas. Good
agreement was obtained between the simulated and the

measured results. Compared to other published MIMO
antennas, the presented antenna has a compact size and leaves
more design space for other antennas and components. The
proposed antenna is a promising candidate for terminal
applications in 5G and future mobile devices.
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