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ABSTRACT This article presents an eight-element tri-band Multiple Input Multiple Output (MIMO) antenna
system for future handheld devices. The suggested antenna system consists of a main and sideboards. The
feed lines are connected on the main board while the antennas are placed on sideboards, two on each side
separately. The total dimension of the main board is 150 x 75 mm?, and the sideboard is 150 x 7 mm?. The
antenna resonates at three distinct 5G allocated bands of 3.1-3.7 GHz, 4.47-4.91 GHz, and 5.5-6.0 GHz with
impedance bandwidths of 600 MHz, 440 MHz, and 450 MHz, respectively. The antenna system provides
pattern and spatial diversity characteristics with radiation and total efficiency of 78% and 62% and peak gain
of 5.8 dBi. The MIMO system is fabricated, and the measured results are found to be in good agreement
with the simulations. The isolation among radiating elements in all resonating bands is found to be >16 dB.
The vital MIMO performance parameters such as envelope correlation coefficient (ECC) is less than 0.2 for
any two antenna array meeting the required standard of less than 0.5 alongside the mean effective gain
or MEG ratio of any two antenna meeting the required standard of less than 3 dB for power balance and
optimal diversity. The Channel Capacity (CC) is found to be 41.1 bps/Hz, approximately 3 times that of
2 x 2 MIMO operations.

INDEX TERMS Antenna array, gain, diversity, smartphones, MIMO systems.

I. INTRODUCTION

Electronic communication components can now be tightly
packed together to create compact structures with high
processing capabilities, such as smartphones and wireless
routers, attributable to developing semiconductor technol-
ogy and sophisticated fabrication techniques [1], [2]. As a
result, the multiple antenna configurations effectively utilize
the increased computational capacity and increased trans-
mission rate [3], [4], [S]. However, the mobile internet of
things (IoT) will become accessible with the availability and
improvement of computing mixed with the upgraded radio
propagation system or antenna system, which will increase
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the data rate.The single antenna systems suffer from mul-
tipath fading effect. Therefore, to overcome the effects of
multipath fading, MIMO technology comes into existence
which uses multiple antenna elements in both transmitting
and receiving ends without utilizing any additional trans-
mitted power. Furthermore, this technique increases the
channel capacity and spatial diversity gain (DG). Recently
four-element MIMO operating demonstrations by Ericsson,
Telstra, and Qualcomm Technologies are a first step toward
commercial network download speeds of 1 Gbps. For a
future 5G smartphone, its processing power can be increased
to eight and sixteen-element MIMO configurations. Several
antenna systems with more than four antenna elements
are necessary for such arrangements. The 5G operates in
two broad spectrums; the sub6GHz, and the mmWave.
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The mmWave spectrum includes a higher frequency range
starting from 24 GHz and above in the Ka-band with poten-
tial licensed bands of 26, 28, 32, and 38 GHz [6], [7], [8].
However, at such a high frequency, the propagation loss
becomes critical, and the area coverage is only a few kilo-
meters. The mid 5G or sub6GHz band is more practical,
with more coverage area and fewer propagation losses. These
5G band includes n46 (5.1-5.9 GHz), n47 (5.5-5.9 GHz),
n77 (3.3-4.2 GHz), n78 (3.3-3.7 GHz), n79 (4.4-5 GHz), etc.

In literature, several MIMO systems have been proposed
for 5G cellular devices [9], [10], [11], [12], [13], [14],
[15], [16], [17], [18], [19], [20]. An eight-element MIMO
antenna system presented in [9] resonates from 3.4-3.6.0 GHz
frequency. The total size of the antenna is 14 x 8 mm?
with isolation >10 dB among resonating elements. A four-
element MIMO antenna is reported on a small PCB board
of 30 x 30 mm? covering n79 5G band [10]. The antenna
offered a peak gain of 2.8 dB with 50% efficiency throughout
the resonance bandwidth. In [11], a five-element MIMO
antenna system is presented with a decoupling slot. The
MIMO antenna comprises four linearly polarized end fire
monopoles and one circularly polarized L-shaped radiating
element at the center. The reported antenna covered 600 MHz
bandwidth for a 5G mid-band of 4.4-5 GHz. The overall
size of the antenna was 80 x 80 mm?. An eight-element
MIMO antenna system is presented in [12] with a resonance
band of 4.4-5.0 GHz. The peak isolation is greater than
22 dB with a peak efficiency of 70%. In [13], an eight-
element MIMO system is presented with an impedance band-
width of 3.3-3.6 GHz. The proposed antenna is designed on
150 x 75 mm? PCB, and the minimum isolation reported
is >10 dB. In [14], a hybrid eight-element antenna was
presented, resonating at two distinct 5SG bands of 2.6 and
3.5GHz. The arrangement of the MIMO antennas was such
that the side antennas were mounted on the main board while
the mid-radiating elements were placed on side substrates.
In literature, Dual-band MIMO antenna systems are also
reported, which minimizes the need to accommodate more
radiating elements on boards. In [15], a dual-band antenna
system is presented with the resonance of 3.4-3.6 GHz and
5.1-5.9 GHz with an efficiency ranging from 60-70%. A dual
band antenna system in [16] showed resonance on 3.5 and
5.8 GHz systems with bandwidth exhibiting 200 MHz and
900 MHz with peak efficiency of 70% and ECC less than 0.2.
Similarly, in [17], a planar inverted L. shape MIMO antenna
with a ground slot is presented with the dual resonance
of 3.5 and 5.6 GHz having minimum isolation of >13dB.
An eight-element MIMO antenna for the sub-6 GHz and LTE
band 42 was presented in [18]. The antenna elements were
printed on the side-edge frame of the smartphone. A decou-
pling structure was designed between the antenna elements
to achieve high isolation. The designed MIMO antenna offers
an impedance bandwidth of 300 MHz from 3.3 to 3.6 GHz.
Furthermore, the addition of the decoupling structure excited
a new resonance in the frequency range of 2.4x2.7 GHz.
In [19] an eight element MIMO System is presented covering
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FIGURE 1. Proposed MIMO antenna system (a) Single element (b) Overall
view.

n79 band from 4.6-5.0 GHz with isolation <18dB. More-
over in [20] a dual-band MIMO system is reported covering
3.4-3.6 and 4.8-5.0 GHz resonance bandwidth with isolation
<15dB among radiating elements.

Multiple antenna structures for MIMO applications,
as mentioned, vary in size and geometry and typically cover
a certain frequency band. In this study, we propose a single
antenna design that covers multiple bands of 5G NR oper-
ation. Although it has three resonances, several bands can
be served with partial or full coverage. The antenna’s first
band is functional for n77, n78, and n47 operations of 5G,
the second resonance is good for n79, and the third resonance
is operational on n46 and n47. The 5G NR radios operating
at the sub-6GHz region have many allocated bands. A cost-
effective system solution would be an antenna covering as
many bands as possible. The 5G handsets generate interfer-
ence to other wireless links and are susceptible to unwanted
signals from other bands when an ultra-wideband antenna
solution is adopted. This work proposes an antenna that is
only functional in 5G NR bands and rejects others with less
complexity, helpful to employ intra-band contiguous carrier
aggregation to increase the data throughput and applicable to
a future 5G smartphone.

Il. ANTENNA DESIGN

The detailed procedure to design eight slot antenna structure
for the implementation of MIMO operation in a smartphone
is discussed in this section. The proposed MIMO antenna is
designed on a commercially available low-cost 0.8 mm thin
FR4 substrate with relative permittivity of 4.4. The board size
is kept 150 x 75 mm? per modern smartphone size, and the
side substrate is kept 7 x 150 mm?.
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TABLE 1. MIMO antenna dimension.

Parameter | Value in mm | Parameter | Value in mm
LsuB 150 WsuB 75
18 t 1
c 0.5 d 0.5
h 3.5 w 2.5
m 12.5 P 0.5

Fig. 1 shows the proposed MIMO antenna system. The
arrangement of antennas is made in such a way that every
side has four antenna elements, each connected with a feed
line. The length of the feed line is 19 x 3 mm?. Table. 1
shows the detailed dimensions of the MIMO system.The
proposed MIMO system consists of common ground plane
of 150 x 75 mm. In general, MIMO antenna systems should
have a common ground plane rather than separated ground
plane, for proper interpretation of signal levels based on the
reference level. Although separated ground plane provides
good isolation, in a real system it is not practical.

Fig. 2 shows the design evolution of the proposed antenna.
The reflection coefficient response during evolving stages is
shown in Fig. 3. The effective length of the radiating element
at each stage has been derived using the following equation.
It is shown that the total length of corresponding segments in
each stage contributes to the related resonance frequency by
comparing it with the effective length of the resonance.

C
B 2.]“0«/6reﬁr

where C is the speed of light, fy is the operating frequency
and €5 is the effective dielectric constant

6 +1
2

which is calculated as 2.6 for the FR-4 substrate.

At the start, the lower bottom part of the radiating element
is constructed as Stage 1. It is a T shape structure with a
vertical feedline and horizontal resonating element. The T
shape structure, generated resonance at a higher band of
5.48 GHz, as seen in Fig. 3. When the feedline width is
subtracted, the total length of this segment would be equal
to L — t = 17mm, which is equal to Leff=17 mm. This is
the effective half-wavelength of 5.48 GHz resonance. So this
segment generated resonance at 5.48 GHz. In the next step,
an inverted L shape strip is introduced, as highlighted in
red. The combination of the segments of the new radiating
stub and the partial segment of the T structure generates
low-band resonance. This is in addition to the high-band
resonance making the entire Stage 2 a dual-band resonator.
Low-band resonance comes from the addition of the length
of the T-structure half segment when the feedline width
is subtracted, and the total length of vertical and horizon-
tal segments when the width is subtracted. So the total is
(L —t)/2+h+ L —w=27.5 mm, which is the effective half-
wavelength of the 3.38 GHz resonance. So the addition of
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FIGURE 2. Proposed design evolution (a) Stage 1 (b) Stage 2 (c) Stage 3
(proposed).
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FIGURE 3. Design evolution S-parameters.

an inverted L shape strip enabled the generation of low-band
resonance. Lastly, the right side of the antenna is introduced
with one C shape strip connected from the bottom-right end to
the top-right end of the T shape radiating element. The longer
segments of this structure are parallel and very close to each
other. The opposite-direction flowing currents cause the can-
cellation of fields due to the very close proximity. Therefore
their effective contribution to the resonance is much less than
their physical length. The new addition of Stage 3 is designed
to generate the mid-band resonance in such a small area. The
total length of the segments can be calculated by considering
the reduced length effective contribution of m segments and
the T-structure half segment when the widths of T-lines are
subtracted. The total length can be calculated as (L — t)/2 —
d+c—d+m—d+ c—d+ m=20 mm. The effective half-
wavelength of the 4.65 GHz resonance is also 20 mm. So we
can conclude that the addition of the C structure resulted in
generating the mid-band resonance of 4.65 GHz in addition
to the other two bands.

VOLUME 11, 2023



S. H. Kiani et al.: Eight Element MIMO Antenna Array With Tri-Band Response for Modern Smartphones

IEEE Access

' I=—

(b)

(a)

(©)
FIGURE 4. Surface current distribution (a) 3.5GHz (b) 4.7GHz (c) 5.75GHz.
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FIGURE 5. Parametric analysis of strip (a) m (b) L.

This effect can be observed by looking at Fig.4, which
shows the surface current distribution for a single antenna
element. From the figure, it can be observed that at the first
resonance, the current is concentrated at the higher region
of the antenna element i-e, T and L shape strips, while for
the second resonance, the current is more focused at C shape
strips. This shows that the mid-resonance can be attributed
to the C shape resonator in the proposed antenna. The last
resonance, at 5.7 GHz, can be attributed to the T shape and
upper strip of the C shape resonator, which shows that both
elements are partially responsible for generating the response.

Ill. PARAMETRIC ANALYSIS

Fig. 5 presents the parametrical analysis on resonating strips
and stubs to observe a single-element antenna’s resonance
response. For this purpose, the physical parameters m and
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L strips were analyzed. As seen in Fig. 5, the resonance
frequency at m=18 mm shows the desired response. This
response moves forward to the lowest resonance of 4.1 GHz
with a second resonance at 5.2 GHz when the length of
the L strip is 16 mm. Similarly, as the length of the strip
is increased further, the resonance response moves to lower
levels. This effect in shifting resonance can be seen since the
physical dimensions of the antenna, when changed, increases
the path of the current induced in it. As the structure’s
length increases, the resonance frequency is shifted forward.
Compared to parameter m, the L parameter was observed to
be less sensitive to resonance response. As the strip length
increased, the resonance response moved forward. Also, the
first and third resonance impedance was found to be var-
ied, and opposite. At 11 mm, the first resonance was found
nearly 4 GHz and the third at 6 GHz. At 13 mm, the first
resonance response started to diminish. The optimum value
was found to be 12 mm. The optimized MIMO S-parameters
response is shown in Fig. 5.

Reflection Co-efficient (dB)

30 32 34 36 38 45 48 51 54 57 6.0

Frequency (GHz)
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&
=4
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E &

A b
b
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Frequency (GHz)
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FIGURE 6. S-parameters simulated (a) reflection co-efficient and
(b) coupling.

The isolation among all radiating elements is >16 dB
throughout the bandwidth. For the sake of simplicity, only
one side of the MIMO system is presented.
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The peak gain achieved is 5.5 dBi at 5.8 GHz, while for
3.5and 4.7 GHz, it’s noted to be 4.5 and 5.2 dBi. The radiation
and total efficiency of Antl and Ant2 with gain are shown in
Fig. 7 and Fig. 8. It can be seen that the total efficiency of
the antenna is > 60% for all resonance bands while the peak
efficiency is noted at 80% at the first resonance of 3.5 GHz
while the total efficiency ranges in between 50-70%.

90 -

- n =) 3 ®
=] < < < <
1 1 1 1 1

Radiation Efficiency (%
w
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3.0 35 4.5 5.0 6.0
Frequency (GHz)

FIGURE 7. Radiation efficiency of MIMO antenna.

Total Efficiency (%)

3.00 325 350 3.75 4.50 4.75 5.00

575  6.00

Frequency (GHz)
FIGURE 8. Total efficiency of MIMO antenna.

IV. RESULT AND DISCUSSIONS

The proposed eight-element MIMO antenna system is fab-
ricated and tested using the in-house facility. The fabricated
prototype before and after assembly is shown in Fig. 9. The
measured results obtained are mentioned in Fig 10. Fig. 9(a)
shows the prototype of the proposed antenna model before
assembling, while Fig 9(b) shows the back side of the antenna
with connectors after assembling. Fig. 9(c) shows the front
side of the fabricated prototype after assembling.

A. S-PARAMETERS
From the figure, one can also observe from the result
of Fig. 10, that the antenna elements provide different
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FIGURE 9. Fabricated prototype (a) Front without assembling (b) Back
with assembling. (c) Front with assembling.

bandwidths for all frequency bands. Furthermore, it has been
observed from Fig. 10(b) that the measured isolation between
the antenna elements is much better compared to the simu-
lated one. A discrepancy between the simulated and measured
results could arise due to fabrication tolerances, coaxial con-
nector losses, etc.

B. RADIATION PATTERNS

The far-field radiation characteristics of the presented MIMO
antenna are assessed using a traditional spherical near-field
anechoic chamber. A dual-ridge horn antenna with a flat gain
response across the 1-18 GHz frequency range is employed as
areference antenna. The designed MIMO antenna is mounted
from the back using double-sided tapes to the wooden rod of
the turntable on the opposite side.

Due to the mirror symmetry of the array structure, the
elements should have the same radiation characteristics in
symmetrical positions in theory but in opposite planes. For
simplification, only one side of the elements is being studied,
which includes Antl, Ant2, Ant3, and Ant4. The simulated
and measured radiation patterns in the yz and yx planes are
shown in Fig.11, 12, and 13. It is clear that the radiation
patterns of Antl and Ant4 at 3.5 GHz on the yz plane are
observed to be at 315°, while on the yx plane, they are at
225° and 135° respectively. Similarly, the radiation patterns
of Ant2 and Ant3 at 3.5 GHz and 4.7 GHz are similar in both
planes with maximum radiation at 310° and 90° along the
yz and yx planes. Fig. 13 shows the plot of Antl and Ant4

VOLUME 11, 2023
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FIGURE 10. Measured S-parameters (a) Reflection co-efficient and
(b) Ports isolation.
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FIGURE 11. Simulated and measured radiation plots at 3.5GHz (a) Ant1
(b) Ant2 (c)Ant3 (d)Ant4.

at 4.7GHz. The antennas display a strong radiation pattern
at 300° and 120° on the yz plane, while on the yx-plane, the

radiation is at 150° for Antl and 210° for Ant4.
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FIGURE 13. Simulated and measured radiation plots at 5.8GHz (a) Ant1
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Almost a quasi-omnidirectional radiation pattern is seen
for Antl at 5.8 GHz on the yz-plane with strong radiation
towards 130° for the same antenna on the yx-plane. The
pattern for Ant.4 at 5.8 GHz remains the same as when the
antenna radiate at 3.5 GHz. From Fig.13, a butterfly-like
shape pattern for Ant.2 and 3 at 5.8 GHz along the yz-axis
is observed, with +=190° radiation on the yx-plane. Although
slight variations exist between the measured and simulated
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results, the two findings have a general similarity. The small
discrepancy is attributed to the test settings. To sum up, the
diversity of maximum radiation orientations leads to a diverse
pattern, improving the MIMO antenna’s overall performance.

V. MIMO PARAMETERS

In order to verify the MIMO parameters characteristics,
the proposed MIMO system parameters, such as Envelope
co-relation co-efficient (ECC), Diversity Gain (DG), and
ergodic channel capacity (CC), are calculated.

A. ENVELOPE CORRELATION COEFFICIENT

ECC shows how well antennas in MIMO systems are iso-
lated. The ECC is derived from far-field parameters using the
equation below [21], [22]. For practical applications, the ECC
values should be less than 0.5. Fig. 14 shows the simulated
and measured value of ECC for the proposed MIMO system.

_ i (Bi6. 9) x (B8, 9))d°
Jfin (B0, $D A [, 1816, $)I> A

where Ei(e, ¢) denotes the 3D radiation pattern upon excita-
tion of the i”* antenna and Bj(0, ¢) denotes the 3D radiation
pattern upon excitation of the j* antenna. € is the solid angle.

From the figure, it can be seen that the ECC value is less
than 0.035 for the entire operating bandwidth. The ECC for
the antenna elements facing each other such as Ant 5 and
Ant 2, is 0.035. As for Ant 1 and Ant 2, ECC is found to
be 0.025 and below.

ECC

3

B. DIVERSITY GAIN

Another important feature that needs to be assessed is DG.
The DG of the MIMO antennas should be high ~10 dB in
the operating bandwidth [23], [24]. It is expressed in terms of

ECC as:
DG = 10y/1 — (ECC?) @)

The diversity gain and correlation coefficient are related to
each other; the lower the correlation coefficient, the higher
the diversity gain. As seen in Fig. 15, the diversity gain value
is higher than 9.84.

C. CHANNEL CAPACITY

This section presents the proposed MIMO system’s calcu-
lated ergodic channel capacity (cc). The cc is calculated by
averaging 10,000 realizations of Rayleigh fading with a ref-
erence signal-to-noise ratio (SNR) of 20 dB. Rayleigh fading
model provides a useful framework for modeling wireless
communication channels that experience random fluctuations
due to multi-path propagation. Fig. 16 shows the proposed cc
of the proposed MIMO system. The figure shows that the cc
ranges from 38 to 41bps/Hz, close to the ideal range. The CC
is calculated using the following equation.

C = B xlog,(1 + SNR) 5)

where C is the Channel capacity in bps, and B is the allocated
bandwidth.
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FIGURE 14. ECC of the proposed MIMO system (a) Simulated and
(b) measured.
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FIGURE 15. Diversity gain of MIMO antenna.

D. TOTAL ACTIVE REFLECTION CO-EFFICIENT
In MIMO antenna systems, the Total Active Reflection Coef-
ficient (TARC) is an important parameter that quantifies the
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TABLE 2. Comparison with other published work.

Ref Frequency Board size  Antenna Size  Port Isolation  Efficiency(%) ECC CC
[10] 3.4-3.6 150x75 14x8 <10 45-60 0.3 39.1
[11] 4.7-5.1 40x40 5.1x18 <25 67-72 0.01 17
[12] 4.5-5.0 80x80 6x12 <15 N/A 0.02  N/A
[13] 3.4-3.6 150x75 12.5%18.5 <12 42-65 0.2 38
[14] 2.6-3.6 150x75 15x3 <13 45-65 02 3425
[15] 3.4-3.6/5.1-5.9 150x75 14.9x4 <12 60-65/58-70 0.2 40
[16] 3.4-3.6/5.4-5.8 150x75 2.5x11.5 <15 63-69/54-78  0.15 395
[17] 3.4-3.8/5.1-5.9 15080 6.3x4.3 <11 42-65/62-68  0.15  N/A
[18] 2.4-2.7/3.4-3.6 150x75 6.8x6 <14 40-58/60-70 0.2 N/A
[19] 4.4-5.0 150x75 5.77x7.8 <18.5 50-65/65-75 0.1 40.2
[20] 3.4-3.6/4.8-5.0 150x75 15x7 <11.5 40-65/78-42  0.08  38.5
Prop. 3.1-3.7/4.47-4.9/5.6-6.0 150x75 4.5x18 <16 78-55 0.02  41.1
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FIGURE 16. Channel capacity of MIMO antenna.
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FIGURE 17. TARC of proposed MIMO antenna.

performance of the antenna system in terms of its ability to
transmit and receive signals with minimal reflection losses.
A low TARC value in a MIMO antenna system implies that
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the system effectively transmits and receives signals with
minimal losses due to reflection. This results in improved sig-
nal quality, higher data rates, and increased system capacity.
The TARC of the proposed MIMO system is shown in Fig. 17
by the method described in [21] and [22], which shows that
the values are well below the —10 dB level within the desired
bands.

A comparison among proposed and previously presented
MIMO antennas are presented in Table 2. The data in the
table shows that the proposed MIMO antenna offers good
performance characteristics with low ECC and higher CC
values.

VI. CONCLUSION

This work presents a novel shape eight-element MIMO
antenna system. The proposed antenna resonated at three dif-
ferent bands dedicated to 5G communication. The antenna’s
bandwidth included 3.1-3.7 GHz, 4.47-491 GHz, and
5.5-6.0 GHz with peak radiation and total efficiency of 78%
and 62%. The ECC among any two radiating elements is
less than 0.03, and the calculated peak channel capacity is
41.1 bps/Hz, approximately 3 times that of 2 x 2 MIMO
operations. The measured results obtained from the fabri-
cated prototype agree well with the simulations. Through per-
formance characteristics and results obtained, the proposed
MIMO system can be termed as a potential candidate for
future cellular devices.
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