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ABSTRACT In this paper, we presented an ultra-wideband multiple-input multiple-output (MIMO) antenna
system with high element-isolation for the application in 5G metal-frame smartphones. We proposed
T-shaped and C-shaped slots on the metal frame generating four resonances to enhance the bandwidth.
What’s more, we introduce modified H-shaped slots between each antenna-element to improve the element-
isolation of MIMO antenna system. As a result, the MIMO antenna system has a wide bandwidth of 58%
ranging from 3.3 to 6 GHz and the element-isolation is over 18 dB crossing the effective frequency band.
Thanks to the decent element-isolation, the envelope correlation coefficient (ECC) between each antenna-
element is below 0.05 providing a reliable anti-interference for the MIMO antenna system. In addition,
the measured radiation efficiencies of the MIMO antenna system are higher than 40%. At last, we analyze
the effects caused by user’s hands and head to guarantee the robustness of the MIMO antenna system in
practical applications.

INDEX TERMS 5G communication, sub-6 GHz, ultra-wideband, high isolation, metal frame.

I. INTRODUCTION
With the commercialization of the fifth generation (5G)
mobile communication, high data rate communication and
intelligent wireless services is approaching [1], [2]. However,
the 5G technology brings challenges such as the requirement
of the high throughput of the wireless system. To solve this
problem, wide bandwidth and MIMO technologies are indis-
pensable to enhance the channel capacity and spectrum effi-
ciency by exploiting multipath property without increasing
the input power [3]. Compared to the conventional 3G/4G
mobile phone antenna system, 5G mobile phone prefers
MIMO antenna system such as 8× 8 or even 10 × 10 MIMO
antenna systems [4], [5]. Furthermore, the MIMO sys-
tem should possess the characteristics of broadband and
high element-isolation to contribute promising performance.
According to the World Radio Communication Conference
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in 2015, different countries and operators have adopted var-
ious frequency bands for 5G communication. For exam-
ple, LTE band 42 (3400–3600 MHz) and LTE band 43
(3600–3800 MHz) have been approved by European Union.
Japan andChina have authorized 3600-4200/4400-4900MHz
and 3300-3600/4800-5000 MHz, respectively. Additionally,
LTE band 46 (5150–5925 MHz) would join the family of 5G
frequency band soon. To cover these frequency bands, broad-
band is a key feature for the MIMO antenna system in 5G
application. To our best of knowledge, the mutual coupling
between each antenna-element would deteriorate the through-
put of the MIMO antenna system. Consequently, how to
improve the element-isolation is a challenge to design a reli-
able MIMO antenna system. What’s more, how to integrate
such a MIMO antenna system into a space-limited smart-
phone with metal frame is quite difficult.

Several MIMO antenna systems for smartphones have
been reported in recent years [6]–[31], demonstrating its
superiority in transmission rate and channel capacity. A few
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reported MIMO antenna designs could cover single band in
sub-6GHz spectrum [6]–[20]. To improve the throughput,
someMIMO antenna designs have enhanced their impedance
bandwidth to involve more frequency bands in sub-6GHz
spectrum [21]–[31]. In these designs,MIMO antenna systems
in smartphone with metal frame have been presented [19],
[20], [30], [31]. However, the designs in [19], [20], [30]
had to endure the narrow bandwidth limitation due to the
cruel electromagnetic environment. Only the MIMO antenna
system in [31] has overcome this dilemma and covered an
ultra-wide frequency band in sub-6GHz spectrum. In addition
to the bandwidth, we need to consider the effect of element-
isolation on the throughput of the MIMO antenna system.

To our best of knowledge, decoupling technique is an
effective method to raise the isolation between each antenna-
element. Many decoupling techniques have been adopted
to address the isolation problem. For example, the spa-
tial diversity and polarization diversity have been utilized
to increase the isolation in the device with large space
between each antenna [32]–[35], [42]. [43]. Electromag-
netic band gap (EBG) structure [36], frequency selective sur-
face [37], [38] and resonators or hybrid resonators [39]–[41]
have been employed to mitigate the mutual coupling in
the 2 × 2 MIMO system. In addition, neutralization line [8],
[9], [24] is effective in isolation enhancement within narrow
frequency band. In reference [8], an inverted-I ground slot
has been introduced between the antenna-elements with an
excellent element-isolation better than 15 dB. Inspired by the
decoupling structure in [8], we initiated a modified H-shaped
slot between the antenna-elements and increased the element-
isolation to 18 dB.

In this paper, we presented an ultra-wideband MIMO
antenna system with high element-isolation for the applica-
tion in 5G metal-frame smartphones. Unlike other designs
suffered from the restricted radiation environment caused
by the metal-frame, we etched slots on the metal-frame to
explore novel radiation method in the space-limited smart-
phone MIMO antenna design. What’s more, we proposed a
modified H-shaped slot to improve the element isolation of
the MIMO antenna system. As a result, the MIMO antenna
system has an ultra-wide bandwidth of 58% and the in-band
element-isolation is over 18 dB, which can cover most of
the frequency bands in sub-6GHz spectrum. Compared to the
state-of-the-art in this area as in table 1, the proposed MIMO
antenna system has a superior performance.

II. MIMO ANTENNA SYSTEM
The geometry of the proposed MIMO antenna system for the
5G smartphone application is shown in Fig. 1. The size of the
ground is 150 × 75 mm2 and the thickness of the smartphone
is 7 mm. In the design, we employed the FR4 substrate with a
thickness of 0.8 mm (relative permittivity 4.4 and loss tangent
0.02) to build the body of the smartphone. For radiation
element, we used copper (conductivity 5.8 × 107S/m). The
conductivity of copper is very stable and it has little effect on
impedance matching.

FIGURE 1. Geometry and detailed dimensions of the proposed MIMO
antenna system. (a) Overall view, (b) inverted L-shaped micro-strip line
and decoupling element, (c) antenna-element.

FIGURE 2. Surface current distributions of four resonances.

A. ANTENNA-ELEMENT
An ultra-wideband antenna-element with a size of
17 × 5.7 mm2 is shown in Fig. 1(c). We carved T- and
C-shaped slots on the metal frame and used an inverted
L-shaped micro-strip line to couple energy to the slots,
thus exciting four resonances to merge into an ultra-wide
impedance bandwidth. The surface current distributions of
four resonances are shown in Fig. 2. Clearly, the surface
current of the first resonance mainly distributes along the
C-shaped slot. The surface currents of the second and fourth
resonances mainly concentrate in T-shaped slot. However,
the second resonance works in its loop mode while the fourth
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TABLE 1. Performance comparison with previous published literatures.

FIGURE 3. Simulated input impedance of antenna-element with effects of
the length of T-shaped slot.

resonance operates as a slot mode. The surface current of the
third resonance can be found in both C- and T-shaped slot.
Consequently, we can say the third resonance is from the
coupling between C- and T-shaped slots. To further verify
this conclusion, we try to analyze the resonant mechanism
by adjusting the electrical length of the T- and C-shaped
slots. In Fig. 3, we decrease the length of T-shaped slot and
retain the length of C-shaped slot unchanged. We find that
the second, third and fourth resonances shift toward higher
frequency while the first resonance stays constant. On the
contrary, we increase the length of C-shaped slot and main-
tain the length of T-shaped slot unaltered in Fig. 4. Clearly,
the first and third resonances move to lower frequency while
the second and the fourth resonances remain unchanged.

FIGURE 4. Simulated input impedance of antenna-element with effects of
the length of C-shaped slot.

We can conclude that, the second and forth resonances come
from the T-shaped slot, the first resonance is driven by
the C-shaped slot and the third resonance is born from the
coupling between the T- and C-shaped slots. This conclusion
is consistent with the conclusion drawn from surface current
distribution. Our goal is to obtain an ultra-wide impedance
bandwidth with these four resonances, therefore, we opti-
mize the dimensions of the T- and C-shaped slots and the
L-shaped feeding line. The optimal dimensions are shown
in Fig. 1(b) and (c). At last, the proposed antenna-element
can support an ultra-wideband ranging from 3.3 to 6.0 GHz
with reflection coefficient lower than −6 dB (3:1 voltage
standing-wave ratio) in Fig. 5.
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FIGURE 5. Simulate reflection coefficient of antenna-element.

FIGURE 6. The decoupling structure proposed in this paper.

In order to support the high transmission rate in 5G mobile
communication, an 8× 8MIMO system is arranged based on
the antenna-element. The arrangement of the MIMO system
is symmetrical and normal shown in Fig. 1(a). The distance
between Ant 1 and 2, Ant 2 and 3 is 19 mm and 25 mm,
respectively. The space from Ant1 to the edge of the phone is
8.5 mm. As a result, the isolation between antenna-elements
is not good. To improve the element-isolation of the MIMO
system, we introduced a new decoupling structure.

B. DECOUPLING ELEMENT
To enhance isolation between each two antenna elements,
we have tried a lot of decoupling methods. We find that
few methods are effective in our design because they cannot
constrain the surface current on metal frame. In our design,
the coupling between two antenna elements is mainly caused
by the surface current on the metal frame. Then, we sep-
arated the two antenna elements with a slot etched on the
metal frame and employed an H-shaped resonator to con-
strain the surface current as in Fig. 6. Although this struc-
ture increases the antenna clearance area, it can improve the
element-isolation in a wideband effectively. For the antenna
system with high-isolation requirement but less clearance-
limitation this method is recommended. For the antenna sys-
tem with limited clearance but less isolation requirement,
our design without decoupling element can also satisfy the
demand.

To verify the mechanism of decoupling element, the sur-
face current distributions without and with decoupling struc-
ture are shown in Fig. 7. Compared the surface current
distribution between Figs. 7 (a) and (b), we can say that the
proposed decoupling element effectively prevents the surface
current flowing from Ant1 to Ant2 when Ant1 is excited and
Ant2 is terminated with a 50�-load. Then we compared the

FIGURE 7. Surface current distributions (a) without decoupling structure
and (b) with decoupling structure of Ant 1 and 2.

FIGURE 8. Transmission coefficients between any couple of Ant1, 2 and
3 with/without decoupling structure.

FIGURE 9. Photographs of the fabricated MIMO antenna system. (a) Front
view. (b) Back view. (c) Side view.

transmission coefficients between any couple of Ant 1, 2 and
3 in the situation of with and without decoupling element as
in Figs. 8. Clearly, the level of element-isolation is improved
to more than 18 dB with the decoupling structure, which is
quite competitive to the state-of-the-art in this area.
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FIGURE 10. Simulated and measured (a) reflection coefficients and
(b) transmission coefficients of MIMO antenna system.

FIGURE 11. Simulated and measured (a) antenna efficiencies and
(b) ECCs between some adjacent antenna-element.

III. RESULTS AND DISCUSSION
A. S-PARAMETERS AND EFFICIENCY
We fabricated the proposed MIMO antenna system with the
optimal dimensions and measured it in our lab. The pho-
tograph of the proposed MIMO antenna system in a metal
frame smartphone is shown in Fig. 9. There are eight SMA
connectors underground to feed each antenna element for
the MIMO antenna system. Owning to the centrosymmetric
structure of the MIMO antenna system, we analyze the sim-
ulated and measured results for a part of antenna-elements
for brevity.

In Fig. 10(a), the simulated and measured reflection coef-
ficients show a good agreement. The −6 dB bandwidth can
cover 3.3-6.0 GHz, containing most frequency bands in sub-
6GHz spectrum. In Fig. 10(b), we present the transmission
coefficients between port 1&2, 2&3, 1&5 and 2&6 because
they are adjacent to each other and the couplings between
them are stronger than other pairs. The simulation and mea-
surement agree well and the level of element-isolation is more
than 18 dB across the target frequency band. In Fig. 11(a),
the measured radiation efficiencies are lower than that in
the simulation at low and high frequency bands while the
situation is opposite at the middle frequency band. It is
caused by the reason that the loss tangent of the FR4 sub-
strate is inhomogeneous in measurement across the wide
frequency band. The efficiency dip at 3.75 GHz is caused
by the insufficient radiation of the current at this frequency.
In Fig. 12, we compared the current distribution around
the decoupling-slot at different frequencies. Obviously, the
magnitude of the current distribution around the decoupling-
slot at 3.75 GHz is stronger than that at 4 GHz, which
means less energy is radiated through the antenna element at
3.75 GHz. As a result, there are efficiency dips at 3.75 GHz

FIGURE 12. Surface current distributions around the slots in the ground.

FIGURE 13. Simulated and measured 3-D radiation patterns of Ant 1 of
the proposed MIMO antenna system.

in both Ant1 and Ant2 in Fig. 11(a). Then, we compared
the current distribution around the decoupling-slot when
Ant1 and Ant2 are excited separately at 3.75 GHz. We find
that, when Ant1 is excited, the current only condenses in
the decoupling-slot between Ant1 and Ant2. However, when
Ant2 is excited there are strong current distribution around the
two decoupling-slots adjacent to Ant2. As a result, the effi-
ciency dip at 3.75 GHz of Ant2 is more than that of Ant1 in
Fig. 11(a). Overall, the level of measured efficiency is higher
than 40% across the target frequency bands.

B. MIMO PERFORMANCES
In this subsection, we investigated the envelope correlation
coefficient (ECC) of proposed MIMO antenna system. ECC
is a key factor to evaluate the diversity and multiplexing of a
MIMO antenna system. Fig. 11(b) shows the simulated and
calculated ECCs of antenna-pairs 1&2, 2&3, 1&5 and 2&6,
respectively. We chose these antenna-pairs because they are
close to each other and the radiation interference between
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FIGURE 14. Simulated and measured 3-D radiation patterns of Ant2 of
the proposed MIMO antenna system.

FIGURE 15. Simulated (b) reflection coefficients, (c) transmission
coefficients and (d) antenna efficiencies of the MIMO antenna system
with a single-hand model.

them are stronger than other pairs. What’s more, the ECCs
of the symmetrical antenna-pairs are not included here for
brevity.

We calculated the ECC with the simulated and measured
radiation far-field data from CST software and microwave
anechoic chamber, respectively. In Fig. 11(b), the level of
ECC is lower than 0.05 across the target frequency band,
providing a promising MIMO diversity performance.

FIGURE 16. Simulated (b) reflection coefficients, (c) transmission
coefficients and (d) antenna efficiencies of the MIMO antenna system
with a double-hand model.

FIGURE 17. Simulated (b) reflection coefficients, (c) transmission
coefficients and (d) antenna efficiencies of the MIMO antenna system
with a head-hand model.

C. RADIATION PERFORMANCES
We analyzed the radiation patterns of Ant 1 and 2 in this
subsection. Due to the symmetrical arrangement in MIMO
antenna system, the radiation patterns of other antenna-
elements are not included here for brevity.

The simulated and measured 3-D radiation patterns of
Ant 1 and 2 at 3.5, 4.5 and 5.5 GHz are depicted in Fig. 13
and Fig. 14, respectively. The simulated and measured results
match properly with each other. As in Fig. 13, the maximum
radiation direction of Ant1 is tilted and pointed to the third
quadrant at 3.5 GHz. At 4.5 and 5.5 GHz, the radiation
patterns of Ant1 are also asymmetrical. The reason is that,
the ground is asymmetrical for Ant1. In Fig. 14, the radiation
patterns of Ant2 look more symmetrical than that of Ant1
across the frequency band. This is because that, the ground is
relatively symmetrical for Ant2 compared with that for Ant1.
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As a result, the maximum radiation directions of Ant1 and
Ant2 are not pointing to each other across the frequency
band, thus results in a decent ECC lower than 0.05. Addi-
tionally, the radiation performance is stable across the target
frequency band.

D. USER’S HAND AND HEAD EFFECTS
Finally, we studied the effect of user’s single-hand, double-
hand and head-hand in this subsection. We analyzed the
variation of reflection coefficients, transmission coeffi-
cients and radiation efficiencies in different situations,
respectively.

In Fig. 15, the MIMO antenna system is simulated with
a single-hand model. Although there is a slight deterio-
ration of the impedance matching at the lower frequency
band of Ant 2 and 3, the other antennas are still able to
cover 3.3-6.0 GHz. The element-isolations remain higher
than 18 dB. Due to the direct finger-touch of Ant 1-3, their
radiation efficiencies decreased significantly, while the effi-
ciencies of Ant 4-8 stay higher than 40% across the target
frequency band.

In Fig. 16, the MIMO antenna system is simulated with
a double-hand model. The Ant 5 and 8 are touched by the
thumbs, thus results in degenerate impedance matching and
radiation efficiency. Nonetheless, there are still six antenna-
elements operating at 3.3-6.0 GHz with superior element-
isolation over 18 dB and efficiency over 40%.

In Fig. 17, the MIMO antenna system is simulated with a
head-hand model. The reflection coefficients remain stable
and the level of element-isolation drops to 16 dB. In addition,
the radiation efficiencies of some antennas decreased because
the hand and head models absorbed a part of radiated energy.
As a result, the efficiencies of Ant 2 and 3 are lower than 40%,
the efficiencies of Ant 1, 4, 5 and 6 are around 40%, and the
efficiencies of Ant 7 and 8 are still higher than 40%.

As a conclusion, the proposed MIMO antenna system can
guarantee the robustness in practical applications.

IV. CONCLUSION
An ultra-wideband MIMO antenna system with high
element-isolation in a metal-frame smartphone has been
investigated in this paper. The MIMO antenna system has
a bandwidth of 58%, an element-isolation level over 18 dB
and a good radiating efficiency over 40% across the fre-
quency band from 3.3 to 6.0 GHz. Besides, the stable and
diverse radiation patterns can ensure the ECC level lower than
0.05. What’s more, the performance remains decent under
the effect caused by user’s hands and head in the practi-
cal applications. Consequently, the proposed MIMO antenna
system is a reliable candidate for 5G applications in mobile
terminals.
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