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ABSTRACT In this paper, an eight-element MIMO array for 5G smartphone applications in the 3.45-GHz
band (3.3–3.6 GHz) is presented. The array consists of two types of four-antenna arrays (U-shaped and
L-shaped coupled-fed loop elements), which are symmetrically distributed in the inner of the smart-
phone frame. The dimension of the system circuit board is 124 mm × 74 mm and the size of two
elements is 4.8 mm × 9.8 mm (0.055λ × 0.11λ, λ represents the free-space wavelength at 3.45 GHz)
and 4.9 mm × 12.5 mm (0.056λ × 0.14λ), respectively. The proposed MIMO array is simulated, and
a prototype is fabricated and tested. The results show that all the elements can cover the desired band
of 3.3–3.6 GHz under the condition of−6-dB impendence bandwidth. The isolations are enhanced to 15 dB
by combining the inverted-I ground slots with neutralization line (NL) structure. In addition, the envelope
correlation coefficient (ECC) via any two elements is below 0.15 that shows good independence in far-field
radiation characteristic. Themeasured efficiencies of the elements in the operating band are higher than 40%.
Moreover, the array ergodic channel capacity is also calculated based on the correlation matrix method to be
about 35 bps/Hz with a 20-dB signal-to-noise ratio. In addition, the effects of the user’s hand and the head
has been analyzed as well. Based on the above, the proposed eight-element MIMO array is a prospective
candidate for future 5G smartphone applications.

INDEX TERMS Channel capacity, eight-element array, high isolation, MIMO antenna.

I. INTRODUCTION
In recent years, with the rapid development of wireless
communication technology, the demands for high data rate
and intelligent services are increasing [1], [2]. However,
the explosive growth of data rate leads to a serious short-
age of spectrum resources. It is known that MIMO tech-
nology can improve the channel capacity and the spectrum
efficiency by exploiting multipath property without increas-
ing the input power [3]–[5]. The more ports in MIMO sys-
tem, the higher channel capacity can be obtained [6]–[11].
However, more antenna elements and closer distances
between them will cause a more intense mutual coupling,
thereby decreasing the performance of the MIMO sys-
tem [12]. So, the key challenge to design MIMO array is
to decrease the mutual coupling [13], [14]. Recently, some
multi-element MIMO arrays include eight-, ten-, twelve-
and even sixteen-antenna arrays have been presented in
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[9]–[11] and [15]–[17]. In [16], four compact two-antenna
building block structures are utilized to constitute the eight-
antenna MIMO array. The channel capacity is greatly
improved by employing the eight elements, but the isola-
tion is just 10dB. In addition, a sixteen-antenna array which
elevated the channel capacity to 70bps/Hz has been stud-
ied [11]. The 10dB isolation is guaranteed by three neu-
tralization lines. In [18], a 2×2 MIMO monopole array
with a ground branch decoupling structure has been pre-
sented. It covers the band of 2.2-2.48GHz with high iso-
lation (more than 20dB) and low ECC (less than 0.01).
Meanwhile, a wideband dual-antenna has been studied [19],
three neutralization lines are employed to ensure isolation,
which is also adopted in [20]. Besides, orthogonally polar-
ized technique has been used in [8], [9], [21], and [22].
In [21], a dual-polarized 4×4 MIMO antenna array com-
posed of four orthogonal dipoles that are surrounded by thin
copper has been demonstrated. The polarization diversity
characteristic brings 20dB isolation to the array, as well as
11dB in [8]. Moreover, a 3×3 MIMO array by utilizing
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TABLE 1. Performance comparison with previous published literatures.

the high-order modes decoupling has been presented [23].
The isolation is improved by placing the antenna elements
in the stable null-amplitude field points. Furthermore, many
other methods have been proposed to decrease the mutual
coupling, such as ground slot structure [24], decoupling
network [25], defected ground structure [26], [27], pattern
diversity technique [14], [28], orthogonal-mode method [29],
and the resonance structures [6], [30], [31]. In [25], a sim-
ple decoupling network based on a wide slot and a pair of
narrow slots is employed to achieve good isolation between
the dual-antenna groups. While, literature [26] presents a
dual-band inverted-F MIMO antenna that the high isolation
(about 15dB) is achieved by building two decoupling devices,
a meandering resonant branch and an inverted T-shaped slot
etched on the ground for the higher band and the lower
band, respectively. Moreover, the pattern diversity technique
is applied to change the electrical length of the radiators to
manipulate the radiation pattern so that obtain a good isola-
tion [14], [28]. In [29], the orthogonal-mode method is pre-
sented to mitigate the mutual coupling of the tightly arranged
pairs. What else, some resonance structures, including the
compact planar spiral line (PSL), the split-ring resonator
structures (SRR) are also used to improve the isolation in [6],
[30] and [31]. However, with the tendency of smart device
miniaturization, there will be less and less space for antenna

designing. Meanwhile, as for the MIMO antenna array, the
isolations are close correlated with the bandwidth generally.

To solve the problem mentioned above, a high isolation
printed eight-element array operating in the 3.45GHz band
(3.3-3.6GHz) is investigated in this article. The array consists
of two different four-antenna array which are placed on the
side-edge of the frame symmetrically. In the proposed array,
a good isolation is obtained by employing hybrid decou-
pling structures, including inverted-I ground slots and the
grounded neutralization lines. The comparison between other
decoupling designs and the proposed one is listed in table 1.
Compared with other eight-element MIMO arrays, the pro-
posed one has a smaller size and better isolation with hybrid
decoupling structures.

II. ANTENNA ELEMENTS AND DECOUPLING STRUTURE
A. ANTENNA ELEMENTS
The geometries of two types of coupled-fed elements are
displayed in Fig. 1. Both the U-shaped coupled-fed ele-
ment (Ant1) and L-shaped coupled-fed element (Ant2) are
designed to operate at 3.45GHz band. They are attached to
the inner surface of the side-edge frame which is perpen-
dicular to the ground plane. The size of the circuit board
is 124mm×74mm and the height of the side-edge frame
is only 6mm. The 0.8mm-thick FR4 substrate are used to
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FIGURE 1. Geometries of two types coupled-fed loop antenna elements.

fabricate the frame and the circuit board, whose relative
permittivity is 4.4 and loss tangent is 0.02.

The whole dimensions of the proposed two elements
are 9.8mm×4.8mm and 12.5mm×4.9mm, respectively.
Ant1 consists of a U-shaped coupled-fed strip, a radiated strip
and a coupling aperture. Ant2 has the same structure as Ant1
except the feeding strip, which is shaped of L.

For Ant1, the U-shaped coupled-fed strip are marked with
parameters of La1, Wa1, Wa2, d0 and d1. As the Fig.1 shown,
the radiated strip (part BCD) surrounded by red dots line has
dimensions of La0, Wa0 and La2. Point D is grounded to the
ground plane through a narrow strip. The coupling aperture
between the feeding strip and part BC of the radiated strip has
a width of S0. The part BC is the main radiation portion at the
front end of the radiated strip, which is marked out by blue
dash dot line.

In addition, a 50�-microstrip line of width 1.5mm printed
on upper surface of the substrate is used to feed at point A.
The total length of Ant1 is 21mm (0.24λ, λ represents the
free-space wavelength at 3.45GHz). It is known that the fun-
damental mode of traditional loop antenna is half-wavelength
resonant mode, while the length of the proposed coupled-fed
structure is just about quarter-wavelength. So, the size of
antenna element is reduced effectively.

The feeding strip of Ant2 is shaped of L with param-
eters of La11, Wa11, Wa22 and d00. It is connected to the
50�-microstrip line at point A1. The radiated strip (part
B1C1D1) surrounded by green dots line has dimensions of
La00,Wa00 and La22. Point D1 is grounded to the ground plane
through a narrow strip. And the coupling aperture between
the feeding strip and part B1C1 of the radiated strip has a
width of S00. The part B1C1 is the main radiation portion at
the front end of the radiated strip, which is surrounded by
purple dash dot line. The total length of Ant2 is 23.4 mm
(about 0.26λ). The detail dimensions of the antenna parame-
ters are listed in table 2. Fig. 2(a) shows the simulated reflec-
tion coefficients of the two elements in Fig. 1. And the effects
of parameters d00 and d1 are shown in Fig. 2(b). It can be
seen that the bandwidth and the resonant frequency of anten-
nas are related to d00 and d1. The full-wave high-frequency

TABLE 2. Parameters of the antenna elements.

FIGURE 2. Simulated reflection coefficients of (a) U-shaped coupled-fed
and L-shaped coupled-fed antennas, (b) effects of the parameters
d00 and d1.

FIGURE 3. Geometry of decoupling structure (a) inverted-I ground slot,
(b) neutralization line.

TABLE 3. Parameters of the inverted-I ground slot structure.

simulation software HFSS16 is applied for the simulation
study.

B. DECOUPLING STRUCTURE
1) INVERTED-I GROUND SLOT
The geometric structure of inverted-I ground slots is shown in
Fig. 3(a). It formed by three rectangular pieces including one
horizontal and two vertical slots. All of them are etched at the
edge of the ground plane. All the dimensions are displayed in
table 3. The ground slot structure is equivalent to a filter, the
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surface wave generated by the floor is constrained around the
ground gap, reducing the effect of the excited port on the non-
excited port. The slot resonance mode is determined by the
total size of the slot structure that is related with the state at
the edge of the slot. The isolation between antenna elements
can be optimized efficaciously by adjusting the size and the
position of the slot.

2) NEUTRALIZING LINE
The working mechanism of NL is that the induced current is
neutralized by the conductive current transmitted on the NL,
thereby reducing the mutual coupling. The proposed NL is a
slender microstrip line with a width of 0.2mm, grounded at
point G, as shown in Fig. 3(b). The NL is connected to the
radiated strip of Ant2 and Ant3, and a good isolation can be
obtained by adjusting the width of NL and the distance to
ground.

FIGURE 4. Configuration of the eight-antenna MIMO array.

III. EIGHT-ANTENNA MIMO ARRAY
A. ARRAY CONFIGURATION AND PERFORMANCES
Fig. 4 shows the configuration of the eight-element MIMO
array (Ant1-Ant8), formed by two different four-antenna
arrays. Array1 is composed of four U-shaped coupled-fed
antennas, Ant1, Ant 4, Ant 5 and Ant8, which have the
same size and are placed symmetrically on both sides of
the frames. Array2 includes Ant2, Ant3, Ant6 and Ant7,
which are L-shaped coupled-fed elements. They also have the
same dimensions, and have the same arrangement as array1.
As shown in Fig. 4, Ant1 and Ant2 are at a distance of 17 mm
(0.2λ), so are Ant3 and Ant4. While, for Ant2 and Ant3, it is
22.4mm (0.26λ) apart. The distance from the unit Ant1 to
the top of substrate is Li=6.4mm. For the MIMO array, with
antenna numbers increases and the space decreases, the elec-
tromagnetic environment will becomemore complex, thereby
the intensemutual coupling between antenna elements will be
produced.

This design adopts two decoupling structures which are
mentioned above, achieving a good isolation and impedance
matching. Specifically, the inverted-I ground slot is etched

upon the ground plane between Ant1 and Ant2, so does
Ant3 and Ant4. The grounded neutralization line is utilized
to connect radiated strips of Ant2 and Ant3.

For the Ant5-Ant8, they are similar with Ant1-Ant4. The
50�-SMA coaxial connectors are used to connect the ports
of the eight-element array to the back of the system circuit
board. The MIMO array shown in Fig. 4 has been fabricated
and measured. The photo of the fabricated eight-element
MIMO array is shown in Fig. 5.

FIGURE 5. Photo of fabricated eight-antenna array.

FIGURE 6. Simulated (a) reflection coefficients and (b) transmission
coefficients of the eight-antenna array.

FIGURE 7. Measured (a) reflection coefficients and (b) transmission
coefficients of the eight-antenna array.

The simulated and measured reflection coefficients and
transmission coefficients of four representative antennas
(Ant1, Ant2, Ant3 and Ant4) in the array are shown
in Fig. 6 and Fig. 7, respectively. The performances of the
Ant5-Ant8 is similar to Ant1-Ant4, because of the same
structure and the same distribution.

The measured reflection coefficients and transmission
coefficients of Ant1-Ant4 are revealed in Fig. 7, which
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are in good accordance with the simulated ones in Fig. 6.
The −6dB impedance bandwidth of the four antennas all
cover the operating band (3.3-3.6GHz). The matching depth
of S11, S22 are better than S33, S44. The transmission coef-
ficients S21, S32 and S43 indicate a good isolation char-
acteristic in the operating band. All of them are less
than −15dB. In addition, the S31, S41 and S42 are smaller,
less than −20dB.

FIGURE 8. Simulated (a) reflection coefficients and (b) transmission
coefficients of the eight-antenna array with or without the decoupling
structure.

From Fig. 8(b), it can be known that the isolation is
improved 4dB or more and the bandwidth is broadened by
the decoupling structures.

FIGURE 9. Simulated surface current distributions with decoupling
structure (a) inverted-I ground slot, and (b) neutralization line.

Owing to the inverted-I ground slot structure, good iso-
lation between Ant1 and Ant2 is obtained. The principle
is shown in Fig. 9(a). When port1 is excited and port2 is
terminated to 50�, the great majority of the excited surface
currents on the ground plane is bounded around the slot,
and it cannot enter port2. Similarly, when port2 is excited,
the slot structure plays the same role. In addition, the induced
current, generated by the mutual coupling, is neutralized
by the conduction current on the neutralization line, which
ensures the independence of Ant2 and Ant3. The surface
current distributions are shown in Fig. 9(b).

The application of the hybrid decoupling structure is effec-
tive to decrease the surface wave coupling and inductive
coupling. And it is worth mentioned that the isolations
(better than 15dB) of proposed eight-element array are better

than some eight-element MIMO arrays (just about 10dB)
reported in [15] and [16]. Thus, the proposed hybrid
decoupling method is very effective to 8×8 MIMO array
decoupling.

FIGURE 10. Simulated (a) antenna efficiencies and (b) ECC of the MIMO
array.

FIGURE 11. (a) Measured antenna efficiencies and (b) calculated ECC of
the MIMO array.

Moreover, as shown in Fig. 11(a), the antenna efficiencies
of Ant1-Ant4 measured in anechoic chamber are 45%-60%
in the operating band, which are lower 2%–5% than the
simulated ones in Fig. 10(a). That mainly caused by the
mutual coupling, the loss of decoupling structure and test
errors. Fig. 11(b) shows the calculated ECCbased on themea-
sured complex electric-field patterns of Ant1-Ant4, which are
better than the simulation values in Fig. 10(b). The ECC is
less than 0.15 for any two elements, which is good for MIMO
applications.

All above analysis shows that the proposed decoupling
scheme can improve the isolation of MIMO array under the
premise of guaranteeing the bandwidth and small size.

In addition to the performances of the proposed MIMO
array discussed above, the radiation pattern has also been
analyzed. Because of the array structure mirror symmetry,
the elements have the same radiation characteristics on sym-
metrical positions in theory. For brevity, only the one side
elements are studied, including Ant1, Ant2, Ant3, and Ant4.

The simulated and measured radiation patterns in the
yz-plane are shown in Fig. 12. It’s obvious that the radiation
patterns of Ant1 and Ant2 are different at the same plane and
frequency due to the different structure.

As Fig. 12 shown that the measured results of the four ele-
ments are fluctuating to a certain extent around the simulated
ones in some directions. This mainly due to the errors caused
by the test environment and some external disturbances, but
the overall trend of the two results are similar. It can be
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FIGURE 12. Simulated and measured radiation patterns of the Ant1, Ant2,
Ant3, and Ant4 in the yz-plane of proposed U-shaped and L-shaped loop
antenna elements at the different frequencies (a) 3.3GHz, (b) 3.45GHz,
and (c) 3.6GHz.

seen from the E-phi component and its E-theta counterpart,
the radiation pattern of theAnt1 andAnt4 are similar to that of
a typical dipole antenna. Themaximum radiating orientations
of them are toward 45◦ and 135◦ directions, which near
bi-directional patterns were observed in the yz-plane. While
for Ant2 and Ant3, the maximum radiating orientations are
toward 300◦ direction, differing from the Ant1 and Ant4.

Besides, as can be seen from Fig. 12(a), (b) and (c),
the radiation pattern of the two types of elements remain
unchanged at three frequency points, which indicates the pat-
tern characteristics are relatively stable in the entire frequency
band.

FIGURE 13. Gain of the two representative elements Ant1 and Ant2 in the
operation band.

Fig. 13 shows the gain variation of the two representative
elements Ant1 and Ant2 in the operation band, and the maxi-
mum gain of two elements are 4.8dB and 4.3dB, respectively.

B. THE CHANNEL CAPACITY OF THE MIMO ARRAY
The channel capacity of MIMO system is calculated by
Shannon formula (1) usually. When calculating the chan-
nel capacity of the MIMO array, the channel model of the
MIMO system should be selected at first, and the ray tracing
model or the related statistical model are used generally.
So, the channel capacity of the proposed 8×8 MIMO array
mentioned above is calculated based on the correlationmatrix
method.

C = log2det(I + η
SNR
K

HHH ) (1)

where I is an identity matrix, SNR denotes the mean SNR,
K is the rank of the matrix HHH, H is the channel matrix, and
HH denotes the Hermitian transpose of matrix.
As for the correlation matrix method, the key to cal-

culating the channel capacity is to figure out the channel
matrix [H] by the statistical method. As for the proposed
MIMO array, the antennas are spaced by quarter wavelength
under the non-line of sight condition in transmitter side and
receiver side.
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FIGURE 14. Calculated channel capacities of the eight-antenna MIMO
array in an 8×8 MIMO system.

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

The calculated channel capacity of the proposed array is
indicated in Fig. 14, which is about 35 bps/Hz by considering
measured efficiencies and averaging 80000 Rayleigh fading
realizations with 20dB SNR in the identically and indepen-
dently distributed propagation condition [12].

It is noted that the obtained channel capacity of the pro-
posed 8×8MIMO array studied here is about three times than
a 2×2MIMO system (upper limit 11.5 bps/Hz) with the same
input power [32]. Compared the acceptable channel capacity
here with that of an 8×8 MIMO system reported in [11],
we can see that when a more extra 100MHz wide bandwidth
in the 8×8 MIMO system, about the more 3 bps/Hz channel
capacity can be improved.

C. USER’S HAND AND HEAD EFFECTS
For the design of terminal mobile antenna, it is indispensable
to consider the effect of user’s hand posture on the antenna
performances. Three typical usage postures are considered

in this paper, including single hand vertically holding hand-
set, double hand horizontally holding mobile devices and
the hand together with head’s influence when answering the
phone.

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

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

Figs. 15, 16 and 17 show the corresponding changes
of all elements’ performances of the 8×8 MIMO array
under different holding postures, respectively. As indicated in
Figs. 15(a) and 16(a), the impedance matching of the pro-
posed array is not influenced significantly due to the hands
are not contact with the antennas directly, under the single
and double hand holding mode. But the resonant points of
some elements which are close to the handmodel will slightly
deviated away from the desired 3.45GHz, such as the S44,
S77, and S88 in Fig. 15(a). So does the head model mode.
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However, some of the isolations between antenna elements
get worse maybe due to the hand model loading. In addition,
in terms of the antenna efficiencies, the hand and head model
can be equivalent to the irregular lossy medium, so a part of
the radiation power of antenna is absorbed by the medium,
causing the decline of the antenna efficiencies, as shown
in Figs. 15(c), 16(c), and 17(c). The efficiencies of some
elements which are adjacent to the medium are reduced to
below 30% due to the absorption of hand and head medium.
Besides, it can be obviously known from the simulated results
that the array performances are closely related to the distance
between antenna elements and the hand or the head model.
The closer the distance is, the greater impact on the band-
width and the efficiencies will be. Even though, the antenna
elements that away from the medium still have good radiation
capability and ideal antenna efficiency, such as the Ant 1, 2,
5, 6 in Fig. 15(c) and the Ant6, 7 in Fig. 16 (c). As a result, the
proposed 8×8MIMO antenna array is suitable for 5Gmobile
terminal applications.

IV. CONCLUSION
In this paper, a high isolation eight-element MIMO array for
5G smartphone applications has been proposed and investi-
gated. The proposed array shows a good return loss lower
than 6dB. And an acceptable radiating efficiency over 40%
is obtained. The isolations, better than 15dB, are achieved
by hybrid decoupling structure in the array. And a good
radiation pattern and the gain characteristics of two types
of elements are obtained. Meanwhile, the ECC is less than
0.15 and the calculated channel capacity of the eight-element
array is about 35bps/Hz with 20dB SNR for the desired band
of 3.3-3.6GHz.Meanwhile, the effect of user’s hand and head
has been analyzed as well. Due to good performances in
bandwidth, isolation, efficiency, channel capacity and small
size, the proposed eight-elementMIMO array is a prospective
candidate for 5G smartphone applications.
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