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ABSTRACT A MIMO antenna system is designed and presented for sub-6 GHz mobile phone applications.
The proposed antenna design consists of six loop-type radiation elements. From the six elements, four
elements are placed at the corners of the mobile phone PCB by following pattern diversity configuration,
while the rest of the two elements are placed in the center of the PCB. Furthermore, a 502 coaxial connector
is utilized to feed the antenna elements. From the presented results, it is demonstrated that the elements
placed at the edges are resonating at 2.5 GHz, and the center placed elements provide resonance at 3.5
GHz. Moreover, according to S;; < —6 dB, the impedance bandwidth for both the bands is 790 MHz
(2.3-3.09 GHz ) and 1.18 GHz (2.99-4.17 GHz), respectively; while for S1; < —10 dB, the impedance
bandwidth for both the bands is noted to be 340 MHz (2.38-2.72 GHz) and 650 MHz (3.17-3.84 GHz),
respectively. A gain of more than 4 dBi and >85% radiation efficiency are achieved for the single radiation
element. The presented antenna design also provides sufficient radiation coverage supporting different sides
of the mobile phone PCB. In addition, the effects of the human hand and head on antenna’s performance
are studied and it was observed that the proposed antenna system provides acceptable properties in the data

mode and talk mode.

INDEX TERMS 5G technology, loop-type elements, MIMO, mobile phone, pattern diversity.

I. INTRODUCTION

With the development in fifth-generation (5G) mobile com-
munication systems, many research societies are focusing
to achieve high data rate at low-cost [1], [2]. This demand
can be fulfilled by utilizing multiple-input multiple-output
(MIMO) technology because it is the key to realize a high
data rate [3]. Furthermore, one of the keys to improving the
channel capacity of MIMO systems is to design multiple
antennas for independent channels [4], [5]. For 5G mobile
communication systems, a large number of antenna elements
need to be designed to fulfill the requirements of high data
rate [6]. In addition, the designed antenna should be low-
profile, small in size so that it can easily be integrated into
hand-held devices, such as mobile phones. Moreover, the
MIMO antennas should provide low mutual coupling, which
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is the stringent requirement of a 5G mobile communication
system [4], [5]. Recently, several kinds of MIMO smartphone
antennas have been designed and presented for sub-6 GHz
mobile terminals. The reported antenna designs are either
non-planar, occupies a large area on a smartphone mainboard,
and consists of complex structures.

In [7]-[15], non-planar MIMO antenna systems were
proposed for sub-6 GHz mobile phone applications. Since
the configuration of the designed antennas is non-planar;
therefore, their implementation is critical and they can-
not easily be integrated into hand-held devices. To over-
come this limitation, planar antennas are being used because
they are low-profile, their fabrication is simple, and they
have the capability of easy integration into smartphones.
Like in [16], [17], a ten and eight elements L-shaped
slot-coupled planar MIMO antenna systems were designed
for dual-band sub-6 GHz smartphone applications. In
[18]-[21], the authors designed dual-polarized MIMO
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TABLE 1. Comparison among proposed and earlier reported MIMO antennas for sub-6 GHz 5G applications.

Ref. Board Size No. of Frequency Band Efficiency  Isolation ECC
(mm?) Elements (GHz) (%) (dB)
Non-planar Antennas
[7] 150%75 8 3.4-3.6 70 >15 <0.0125
[8] 150%73 8 3.4-3.6 61 >17 <0.07
[9] 150%75 8 2.5-3.6 65 >13 <0.02
[10] 150%73 4 3.4-3.6 30-50 >17 <0.1
[11] 124x74 8 3.3-3.6 40 >15 <0.15
[12] 150%75 8 3.3-6 >40 >10 <0.12
[13] 150%75 8 3.4-3.6 50-60 >13 <0.08
[14] 150x75 8 3.25-3.82/4.79-6.2 60-70 >10.5 <0.12
[15] 110x55 2 3.5/4.3 90 21 <0.05
Planar Antennas
[16] 15080 10 3.5/5.5 65/80 >15 <0.15
[17] 15080 8 3.4-3.6 >62 >17 <0.05
[18] 150%75 8 3.2-4 80 20 <0.01
[19] 150%75 8 34-44 >90 >16 <0.005
[20] 150%75 8 2.46-2.65/3.4-3.7/5.6-6 >60 >10 <0.01
[21] 150%75 8 3.3-3.9 60-80 18 <0.005
[22] 15080 8 3.4-3.6 60-70 >10 <0.1
[23] 13070 8 3.4-3.6 70-80 >10 <0.1
This Work 150%75 6 2.38-2.72/3.19-3.84 86-92 >15 <0.17

[7], [10] did not define the method to calculate ECC.
[15], [18]-[23] calculated ECC using S-parameters.

antennas for 5G cellular applications. The presented designs
provide a dual-polarization and wideband response, but they
suffered due to high mutual coupling. In [22], [23], the
authors designed ten and nine-port MIMO antenna systems
for 2G/3G/4G and sub-6 GHz mobile phone applications. The
presented design configurations were the same as presented
in [16], [17]. The presented MIMO antennas were low-profile
and simple in nature, but they occupy a large area on the
printed circuit board (PCB). Some researchers also designed
reconfigurable [24] and low pass filter (LPF) [25] based
planar antenna for both sub-6 GHz and millimeter-wave
(mm-wave) applications, but their structures are complex in
nature.

In this paper, a six-element MIMO antenna system is
designed and presented for future 5G-enabled smartphone
applications. A loop-type element fed through a 502 coaxial
connector is selected for a single antenna design. To provide
space for other smartphone components, four elements res-
onating at 2.5 GHz are placed at the corners of the mainboard,
which follows the principle of pattern diversity configuration,
while two elements, meant for 3.5 GHz frequency band,
are placed in the center of the board. The designed MIMO
configuration offers low mutual coupling between antenna
elements, which tends to achieve a low envelope correla-
tion coefficient (ECC), high total active reflection coefficient
(TARC), and high diversity gain (DG). For the verification of
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the suitability of the proposed MIMO system, a comparison
between previously reported and proposed MIMO antennas
is provided in Table 1.

Il. PROPOSED MIMO ANTENNA SYSTEM

The design of the proposed MIMO antenna system is shown
in Fig. 1. The radiation elements are printed on a conductor-
backed low-cost 0.8mm thick FR-4 substrate having rela-
tive permittivity (g,) 4.4 and loss tangent (tan é) 0.025. For
less area consumption on the PCB, loop-type structures are
selected for antenna design. From Fig. 1, one can observe
that the designed antenna system consists of six loop-type
radiation elements placed at the corners and the center of PCB
having dimensions Wy x L;. The antenna elements (Ant-1
to Ant-4) placed at the corners of the PCB are meant for
2.5 GHz frequency band, while the antenna elements (Ant-5
and Ant-6) placed in the center are designed to get resonance
at 3.5 GHz.The space along Lg is left empty for the integra-
tion of 2G/3G/4G antennas and millimeter-wave (mm-wave)
arrays. The resonant length of each antenna element is equal
to one guided wavelength (A,) at 2.5 GHz and 3.5 GHz, and
it can be calculated as:

)
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FIGURE 1. Layout of the proposed MIMO antenna.
where
&+ 1
Ereff = z D) (2)

In the above-mentioned equations, ¢ represents the speed
of light having value 3 x 103ms !, £, is the resonant frequency
in GHz, A stands for free-space wavelength, and &, denotes
effective relative permittivity of the dielectric substrate.

By using (1), the resonant length of the antenna ele-
ments for 2.5 GHz and 3.5 GHz are noted to be 73mm and
52mm, respectively; while the optimized values are 67mm
and 46mm, respectively. Moreover, the line width of each
antenna element is chosen to be Imm. It is also worth men-
tioning that the maximum occupied area by the single antenna
element is 15 x 16 mm?>. The detailed design parameters of
antenna elements are illustrated in Fig. 2(a) and (b), and their
optimized values are listed in Table 2.

The proposed MIMO antenna system has been designed
and simulated in CST Microwave Studio, and its respective

TABLE 2. Design parameters of the proposed MIMO antenna (all
dimensions in mm).

Ls Ws L4 d Li Ly Lz L4
150 75 118 17.5 16 15 10 12
Ls  Ls Ly Ls Ly Lio L1 Li2
8 6 15.5 6 10 4 8 2.5
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FIGURE 2. Schematic of the proposed antenna elements for (a) Ant-1 to
Ant-4 (b) Ant-5 and Ant-6.
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FIGURE 3. Simulated (a) reflection and (b) transmission coefficient of the
proposed MIMO antenna.

reflection and transmission coefficient results are shown in
Fig. 3. Due to the symmetrical properties between the antenna
elements, the reflection and transmission coefficient results
of Ant-1, Ant-2, and Ant-5 are presented. From Fig. 3(a),
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it has been observed that the antenna elements are resonat-
ing well for the desired frequency bands, i.e. 2.5 GHz and
3.5 GHz. The —6 dB impedance bandwidth for 2.5 GHz
and 3.5 GHz frequency band is noted to be 790 MHz
(2.3-3.09 GHz) and 1.18 GHz (2.99-4.17 GHz), respectively;
while —10 dB impedance bandwidth for both the bands
is noted to be 340 MHz (2.38-2.72 GHz) and 650 MHz
(3.19-3.84 GHz), respectively. Furthermore, from Fig. 3(b),
it can be noted that the minimum isolation between Ant-1,
Ant-2, and Ant-5 is equal to 10 dB, while the minimum noted
isolation is 25 dB between Ant-5 and Ant-6.

To validate the isolation mechanism between array ele-
ments, the surface current distribution of the proposed MIMO
array is plotted in Fig. 4. The plot of Fig. 4 is extracted
by exciting one port at a time. In this case, port-1, port-2,
and port-5 are excited one by one. It can be observed from
the figure that the current is uniformly distributed on the
excited port, and it has a negligible effect on adjacent antenna
elements. These results also validate the high performance of
the proposed MIMO array.

(a) Port-1 is excited

I <5 )
0 28

(b) Port-2 is excited

(c) Port-5 is excited

FIGURE 4. Surface current distribution of the proposed MIMO antenna at
(a) port-1, (b) port-2 and (c) port-5.

The simulated three-dimensional (3-D) radiation patterns
of the proposed MIMO antenna are shown in Fig. 5. As can
be observed from the figure, the proposed MIMO antenna
generates different vertical and horizontal polarized radiation
patterns for both frequency bands. The generated radiation
patterns validate that the designed MIMO antenna can pro-
vide pattern diversity, which is a useful characteristic for
future smartphone applications. Furthermore, the gain of the
proposed MIMO array fluctuates in the range of 4-6 dBi.

IIl. FABRICATION AND MEASUREMENTS

For the validation of simulated data, the proposed MIMO
antenna system is fabricated and measured. The front and
backside of the fabricated prototype are shown in Fig. 6. For
measurement purposes, a flange-mounted coaxial connector
with 50€2 characteristics impedance is used. Furthermore, the

VOLUME 9, 2021

(b)

FIGURE 6. Fabricated prototype of the proposed MIMO antenna (a) front
side (b) back side.

S-parameters of the proposed antenna are measured using
Agilent Technologies Vector Network Analyzer N5232A.

Figure 7 illustrates the comparison between simulated and
measured reflection and transmission coefficient results of
the proposed MIMO antenna. From the figure, it can be
observed that the measurement results are well in agreement
with the simulated data. A slight mismatch has been observed
between both reflection coefficient results, which arise due
to imperfect SMA connector soldering and fabrication tol-
erances. Furthermore, it has been observed from Fig. 7 that
the measured isolation between the antenna elements is much
better compared to the simulated one. The measured isolation
between Ant-1 and Ant-2 is noted to be 15 dB, while it is
equal to 18 dB between Ant-1, Ant-2, and Ant-5.
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FIGURE 7. Simulated and measured reflection and transmission
coefficient results of the proposed MIMO antenna for (a) 2.5 GHz and
(b) 3.5 GHz frequency bands.

For far-field measurements, the proposed MIMO antenna
is tested in an anechoic chamber using a standard procedure.
A horn antenna is used as a reference antenna, while the
proposed MIMO antenna is placed on the other side. The
setup for the far-field measurements is shown in Fig. 8.

The simulated and measured radiation efficiency results
of the proposed MIMO antenna are plotted in Fig. 9. The
radiation efficiency is measured by exciting one port at a
time and the rest of the ports are terminated with a 502
matched load. In figure 9, the radiation efficiency for 2.5 GHz
frequency band (Ant-1 and Ant-2) is shown, and it is observed
that the simulated radiation efficiency is greater than 95%,
while the measured radiation efficiency varies in the range of
86-91%. For 3.5 GHz (Ant-5), shown in Fig. 9, the simulated
radiation efficiency fluctuates in the range of 88-100%, while
the measured radiation efficiency lies in the range of 87-92%.

The simulated and measured gain of the proposed MIMO
antenna system for Ant-1, Ant-2, and Ant-5 is shown in
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FIGURE 8. Far-field measurement setup.
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FIGURE 9. Simulated and measured radiation efficiency of the proposed
MIMO antenna.

Fig. 10. For 2.5 GHz frequency band, shown in Fig. 10, the
average simulated and measured gain values are > 4 dBi.
On the other hand, the average simulated and measured gain
for 3.5 GHz (see Fig. 10) fluctuates in the range of 4-6 dBi.

The simulated and measured radiation characteristics of
the proposed MIMO antenna for Ant-1, Ant-2, Ant-5, and
Ant-6 are shown in Fig. 11.To measure the radiation patterns
in both the planes, two different measurements are carried out
in an anechoic chamber where the proposed MIMO antenna
is placed horizontally and vertically for ¢ = 0° and 90°,
respectively. It can be noted from the figure that Ant-1 and
Ant-2 offer almost omnidirectional radiation characteristics
for both planes. On the other hand, Ant-5 and Ant-6 provide
typical monopole-like patterns in xz-plane (¢ = 0°) and
dual-beam properties in yz-plane (¢ = 90°), which is also
useful for short-range communication. One can also observe
from Fig. 11 that the proposed MIMO antenna offers pattern
diversity performance for both bands.

IV. MIMO PERFORMANCE PARAMETERS
To analyze the diversity of the proposed antenna system
in MIMO channels, MIMO performance parameters, such
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FIGURE 10. Simulated and measured gain of the proposed MIMO
antenna.

-20
-30
-20

-10 A

-20 -20

-30 - -30
-20 -20

-10 A -10 A

(c) Ant-5 (d) Ant-6

—a— ¢=0° (Sim) —o—0=0" (Mea) —&— ¢=90° (Sim) —o— =90 (Mea)

FIGURE 11. Simulated and measured radiation characteristics of the
proposed MIMO antenna.

as ECC, TARC, and DG are evaluated in this section. The
detail of such parameters along with the required results is
presented in the following sections.

A. ENVELOP CORRELATION COEFFICIENT

AND DIVERSITY GAIN

The ECC is one of the important factors to evaluate the per-
formance of MIMO antennas. In an ideal scenario, the MIMO
system requires an ECC equal to zero. Mathematically, ECC
can be calculated by using the radiated fields of the MIMO

VOLUME 9, 2021

antenna system as [9]:

_ 1 J[in (6. 9) x (M6, 9P
[ (M6, 9))2dS2 [, [(M}6, $))[2d 2

where A7Ii(9, ¢) and A7Ij(9, ¢) represent the radiation patterns
when antennas i and j are excited, respectively; and the term
Q2 denotes the solid angle.

For the proposed MIMO antenna configuration, the value
of ECC for Ant; > and Ants g at the desired frequency bands
(2.5 GHz and 3.5 GHz) is less than 0.125 and 0.05 as shown
in Fig. 12. Furthermore, for Ant; 5 and Ant; 5, the observed
value of ECC is less than 0.17 and 0.125 for 2.5 GHz and
3.5 GHz frequency bands, respectively. These results also
indicate that the proposed MIMO system offers good isola-
tion characteristics between antenna elements, which is an
important factor for simultaneous operation.

ECC 3)

0.20
—=—ECCy
+ECC1,5
0.15 - —*—ECCy 5
——ECCs6
Sol0f /\,\Q
s3]
0.05 - /\
0.00 - ;\?;?\E
" 1 " 1 " 1 "
2.0 2.5 3.0 3.5 4.0

Frequency (GHz)

FIGURE 12. Envelop correlation coefficient of the proposed MIMO
antenna.

On the other hand, the DG of the proposed MIMO antenna
system can be calculated as [26]:

DG(dB) = 10log (\/1 _ ECCz) @)

From Fig. 13, one can observe that the value of DG
between Ant;> and Antse for 2.5 GHz frequency band is
geq9.4 dB and geq9.6 dB, respectively; while for 3.5 GHz
frequency band, it is >9.8 dB. Furthermore, for adjacent
antenna elements (Ant; s and Antys), the value of DG is
>9 dB for 2.5 GHz frequency band and >9.4 dB for 3.5 GHz
frequency band.

B. TOTAL ACTIVE REFLECTION COEFFICIENT
The TARC is also considered to be an important parameter to

assess the performance of the MIMO antenna system. It can
be calculated as [27]:

ARG \/ S + Son)? Som + Sn)?

2 &)
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FIGURE 13. Diversity gain of the proposed MIMO antenna.
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FIGURE 14. Total active reflection coefficient of the proposed MIMO
antenna.

From the results, shown in Fig. 14, it is observed that the
proposed MIMO antenna system provides TARC < -20 dB at
2.5 GHz and < -30 dB at 3.5 GHz. According to the obtained
results, it can be concluded that the proposed design is highly
suitable for MIMO applications.

C. ERGODIC CHANNEL CAPACITY

The ergodic channel capacity (CC) for the proposed MIMO
antenna is calculated using the assumption used in [23], with
the same amount of power provided to each transmit antenna
and no prior knowledge of the channel state information (CSI)
as calculated with the help of the following expression:

CC=E {10g2 [det (1 + SNR) HHT} } (6)

myy

where the channel matrix H can be computed as:

H = \/RTrRG+/RRye @)
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FIGURE 15. Ergodic channel capacity of the proposed MIMO antenna.

The term E in (6) denotes the expectation concerning chan-
nel realization, I represent the identity matrix, SNR means
signal to noise ratio at the receiver end, my is the number
of transmitting antennas, and (.)” represent the Hermitian
transpose. Furthermore, it is assumed for this study that the
transmitting antennas are uncorrelated with (ECC = 0) as
represented by correlation matrix of Ry, and receiver antenna
correlation matrix given by Rgy. The randomness of the
channel is represented by matrix G that contains complex
Gaussian random numbers. Hence, the channel matrix con-
tains entries with dimensions of 4 x 4 matrix for 4-elements
and 2 x 2 matrix for 2-elements. Hence, the ergodic CC is
obtained by averaging over 10,000 independent and iden-
tical Rayleigh fading realizations with reference SNR of
20 dB [28]. The CC of the proposed MIMO antenna system
for 2.5 GHz and 3.5 GHz is illustrated in Fig. 15. As can
be observed from the figure that the calculated CC of the
proposed design for 4 x 4 and 2 x 2 MIMO within the desired
frequency bands is better than 20 bps/Hz and 10 bps/Hz,
respectively; whereas for the ideal scenario, this value is equal
to 23.15 bps/Hz [29].

V. IMPACT OF USER ON ANTENNA's PERFORMANCE

This section describes the impact of the user on MIMO
antenna performance. The performance is assessed in terms
of reflection coefficient, radiation efficiency, and gain
[30], [31]. Different usage postures such as the effects of
single and double hands are investigated. According to the
simulations, shown in Figs. 16 and 17, the designed MIMO
antenna exhibits acceptable reflection coefficient and radia-
tion characteristics in the vicinity of the human hand. It can
be observed from Figs. 16(c) and 17(c) that the efficiency
of the antenna elements has been decreased compared to
Fig. 9. In a single-hand scenario, the maximum reduction
in radiation efficiency has been observed for Ant-1, Ant-3,
and Ant-6, while in a double-hand scenario, the reduction in
radiation efficiency has been observed for Ant-2 and Ant-3.
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FIGURE 16. (a) Placement (b) reflection coefficient, and (c) radiation efficiencies of the proposed MIMO antenna in user’s single
hand.

Reflection Coefficient (dB)

—=— Ant-1
—— Ant-2
0L Ant-3
—— Ant-4
—— Ant-5
—— Ant-6 A,
6oL ‘.“/»/': e ———
/ e
e
40t /

Radiation Efficiency (%)

20

15 2.0 2.5

35 4.0 4.5 2.0 25 3.0 35 4.0

Frequency (GHz) Frequency (GHz)

(a)

(c)

FIGURE 17. (a) Placement (b) reflection coefficient, and (c) radiation efficiencies of the proposed MIMO antenna in user’s double

hand.

Ant-1 Ant-2

Ant-6

M dBi
0.7-1.65

FIGURE 18. 3-D transparent radiation patterns of the proposed MIMO
antenna in talk-mode scenario.

This reduction is due to the nature of body tissue properties,
which can highly absorb an antenna radiation power. In gen-
eral, the proposed MIMO antenna provides 40-70% radiation
efficiencies for the operating bands.
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Ant-1
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0
FIGURE 19. SAR analysis of the proposed MIMO antenna.

For talk-mode, the 3-D radiation patterns for each antenna
element are shown in Fig. 18. From the figure, it has been
demonstrated that the proposed design provides sufficient
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radiation coverage with a gain level that varies from
0.7 to 1.15 dBi for 2.5 GHz frequency band, while it varies in
the range of 1.14-1.65 dBi for 3.5 GHz frequency band.

One of the critical issues called specific absorption
rate (SAR) also needs to be identified for antenna meant for
mobile phone applications. The SAR measures the absorption
level of electromagnetic waves in a human body [32]. For
our proposed design, the SAR characteristic of our proposed
MIMO antenna system with user-head are investigated and
illustrated in Fig. 19. The maximum and minimum SAR for
the proposed MIMO antenna is noted to be 1.9 W/Kg and
0.409 W/Kg, respectively; for Ant-2 and Ant-3. It can be
concluded that the close distance between elements and the
head phantom leads to a maximum SAR value and vice versa.

VI. CONCLUSION

A MIMO antenna design is presented for sub-6 GHz
5G mobile applications. The proposed design consists of six
loop-type radiators designed at the corners and in the center of
a smartphone board. The resonant frequency of the radiators
placed at the edge is 2.5 GHz, which also follows the design
configuration of pattern diversity, while the center placed
radiators resonating at 3.5 GHz. Different MIMO antenna
characteristics such as S-parameters, radiation efficiency,
gain, radiation patterns, ECC, DG, and TARC are discussed in
detail. Furthermore, to validate the simulation results, a pro-
totype of the proposed MIMO antenna was fabricated and
measured. In addition, the effect of a user on the antenna’s
performances is provided and it is observed that the proposed
MIMO antenna offers acceptable characteristics in data mode
as well as talk mode. Therefore, from the presented results,
it can be concluded that the designed MIMO antenna provides
sufficient features and fulfill the requirements of 5G-enabled
mobile phones.
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