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Abstract: An eight-element antenna system operating at sub 6 GHz is presented in this work for a
future multiple-input multiple-output (MIMO) system based on a modified E-slot on the ground.
The modified E-slot significantly lowers the coupling among the antenna components by suppressing
the ground current effect. The design concept is validated by accurately measuring and carefully
fabricating an eight-element MIMO antenna. The experimentation yields higher element isolation
greater than —21 dB in the 3.5 GHz band and the desired band is achieved at —6 dB impedance
bandwidth. The E-shape slot occupies an area of 17.8 mm x 5.6 mm designed on an FR-4 substrate
with dimensions of 150 mm x 75 mm x 0.8 mm. We fed the I-antenna element with an L-shape
micro-strip feedline, the size of the I-antenna is 20.4 x 5.2 mm?, which operates in the (3.4-3.65 GHz)
band. Moreover, our method obtained an envelope correlation coefficient (ECC) of <0.01 and an
ergodic channel capacity of 43.50 bps/Hz. The ECC and ergodic channel capacity are important
metrics for evaluating MIMO system performance. Results indicate that the proposed antenna system
is a good option to be used in 5G mobile phone applications.

Keywords: antenna systems; 5G; MIMO; ECC

1. Introduction

In a communication system, the use of the multiple-input multiple-output (MIMO)
antenna technique significantly enhances the channel capacity, spectral efficiency, and
reliability link without the additional requirement of increased bandwidth and power [1-3].
As compared to the existing infrastructure of 4G devices which uses at most four radiating
elements, the 5G system utilizes a minimum of six to eight elements for efficient transmis-
sion [4-7]. The increased demand for faster data rates with exceptionally low latency is
outpacing the present LTE advanced technology [8-12]. This results in the adoption of the
5G communication systems, which can deliver data throughput with a much lower latency
of <1 ms in comparison to 4G-LTE [13] and intra-band contiguous carrier aggregation to
increase the data throughput. Arranging multiple antennas in a size-limited environment
is challenging since the radiation among antenna elements disturbs the radiating environ-
ment of the neighboring antennas, thus reducing the overall performance of the system. To
achieve promising outcomes of such a design, the level of isolation among the elements
needs to be greater than 12 dB [14]. Several techniques do exist in most of the recent
literature to alleviate the effect of coupling among closely packed antenna elements [15,16].
These isolating structures include neutralization lines [17,18], decoupling networks [19,20],
electromagnetic band gap [21], parasitic elements [22], orthogonal modes [23], pattern
diversity arrangement [24], and multi-mode decoupling schemes [25].
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Various MIMO antennas have been proposed in recent years [14-26]. The work in [7]
presented an eight-element antenna covering 3.4-3.6 GHz on a side frame which gained
isolation of more than 17.5 dB, efficiency greater than 62%, and ECC lower than 0.05 using a
slot radiator, but this design required a lot of space for the antenna element. Similarly, in [27]
a tri-polarized 12-element MIMO antenna using an orthogonal polarization technique was
investigated. The author employed two open-ended slot antennae that operated in the
3.5 GHz (3.4-3.6 GHz) bands and attained elements isolation of 12.5 dB, an efficiency of
more than 50%, and an ECC of less than 0.2 are obtained. The work in [18] employed a
hybrid method to mitigate the mutual coupling among the antenna elements by introducing
an I-slot and a neutralization line. They achieved an isolation value of more than 15 dB
in the 3.3-3.6 GHz. An eight-antenna array in [28], was proposed for operation in the
3.5 GHz band with no external decoupling element. Yet, they achieved the isolation of
10 dB and a channel capacity of 36 bps/Hz. However, the methods in [27,28] suffered
from complexity and lower isolation level. An eight-antenna array covering the LTE band
42 with less complexity is presented in this article for 5G smartphone applications. Our
proposed design includes an E-shaped slot element on the ground to effectively provide
isolation between neighboring antenna elements by lowering the grounded current effects.
The designed antenna array achieved higher isolation (>21 dB), better maximum efficiency
(>76%), lower ECC (<0.01), and channel capacity of up to 43.50 bps/Hz over the range of
interest between any two radiating elements.

This work presents an eight-element MIMO antenna system with high isolation using
E shape DGS scheme. The proposed design after the inclusion of the proposed DGS offers
good isolation of >21 dB within the desired band with high-performance characteristics.
This article is organized as follows. Section 2 describes the antenna configuration with
array transformation. Section 3 presents the parametric sweep, experimental results, and
discussion with MIMO performance evaluation matrices. Finally, Section 4 is the conclusion
of this paper.

2. Proposed MIMO Antenna Design
Design Evolution

The proposed MIMO antenna design is shown in Figure 1. Table 1 shows the antenna
dimension values. To better comprehend how our proposed antenna originated, we
considered five cases as depicted in Figure 2. In case I, a simple E-shape slot was etched
on the ground plane, which generated a resonance at 3.54 GHz with an isolation level of
22.2 dB. In case 1II, the lower side part of the E-shape is cut, it is designated by w as seen in
Figure 1b. For this case (II), the resonance frequency remains unchanged, but the isolation
further improved to 22.6 dB. In case III, the structure of case I is modified by adding another
bent section in the upper part of the structure pointing toward the inner section of the
E-slot. The resonance frequency and isolation values experienced unnoticeable change,
except that the S11 has a lower magnitude value when compared to that of case 1. The
frequency resonance moves to 3.51 GHz for case IV while the isolation drops to 22.1 dB.

(a) (b)

Figure 1. Proposed antenna view (a) front (b) antenna elements with decoupling element.
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Table 1. Proposed antenna dimensions.

Parameter a b d g h I L m p t w
Value (mm) 1.2 3.3 3 52 56 206 17.8 1 22 2.8 1.5
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Figure 2. (a) Design evolution (b) S-parameters of design evolution.

The final proposed E-shaped slot was achieved by combining the concepts from case
I-II to come up with the final layout, with the desired center frequency of 3.5 GHz and a
superior isolation level of 21 dB. Figure 2b shows the corresponding S-parameters obtained
from the evolved E-shaped slot etched on the ground plane. Considering the plotted
scattering parameters in Figure 2b, we can conclude that in the case of I to IV, the ground
current effect is considerably less, leading to higher isolation. In the final proposed design,
it is clear that the introduction of the bent sections resulted in shifting the center frequency
to the desired one 3.5 GHz. However, the isolation level is less when compared to the
previous cases I to IV. That is to say, the bent section has a direct effect on the 511 result.
All the isolation levels are found to be below —21 dB. The result demonstrates that the
proposed antenna is a suitable candidate to be employed in smartphone applications in the
LTE frequency band 42.

Figure 3 shows the current distribution on the ground when Ant. 1 is energized while
all others are terminated to 50-ohm impedance. A little current spreads across Ant. 2, which
is non-desirable and leads to lowering the isolation level. For this reason, we employ an
E-shaped resonator to restrict undesirable currents, as illustrated in Figure 3b. With no
decoupling structure, the isolation is —19 dB, while the isolation improves to more than
—21 dB with the decoupling structure. The advantage of the decoupling structure can
further be deduced by looking at Figure 4a,b.

Ant.3 Ant.4 Ant.1 Ant.2 Ant.3 Ant.4

Ant.7

Ant.5 Ant.6 Ant.7 Ant.8

@ (b)

Figure 3. Antenna surface current distribution at 3.5 GHz with Ant.1 excited (a) with no decoupling
element and (b) with the decoupling element.
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Figure 4. Simulated S-parameter (a) with no decoupling element (b) with the decoupling element.

3. Results and Discussions

The proposed eight-element array antenna simulation results, such as parametric
analysis, envelope correlation coefficient (ECC), S-parameters, overall efficiency, antenna
gain, and radiation pattern, are presented in this section.

3.1. Parametric Analysis, S-Parameters, Gain, and Efficiency

Variations of some design parameters were investigated in this study. Figure 5a—e
shows the plots of the scattering parameters as a dependent variableon L, t, d, g, and I,
respectively. Sweeps were performed to validate the impact of the aforementioned factors
on system performance. From Figure 5a, it is clear that with the initial parameter value of
15 mm, the first resonance is at 3.53 GHz, so also all other values remain at that frequency.
The only effect here is that the magnitude of the resonance increases with an increase in the
L value.

Figure 5b is a plot of ¢ variation, which indicates how the frequency resonance varies
with an increase in the f parameter. The resonance point moved toward the higher frequency
band with an increase in the t value, so also the magnitude increased with the increase in
the parameter. The variation of the d parameter in Figure 5c shows little effect when the
value is varied from 2 to 4 mm; at an interval of 0.5. Similarly, the ¢ parameter was also
varied, and the effect can be seen in Figure 5d. Figure 5e shows the experimental results of
the I-shape variation on the antenna frame. As can be seen from the simulated scattering
parameters in Figure 5Se, the 511 shifts to a lower resonance frequency with an increase in
the length of the I parameter.

Figure 6a depicts both the simulated values as well as the measured reflection coeffi-
cient plot for Ant 1 through Ant 4. This work achieved a magnitude better than 18 dB for
the four antennas, covering the (3.4-3.65) GHz. Figure 6b shows the port isolation plots
between the neighboring antennas, for which we obtained isolation better than 21 dB in all
possible combinations. From the depicted measured antenna efficiency in Figure 7a, it is
clear that our system achieved an efficiency value between 34-76% within the frequency of
interest with antenna 8 having the maximum efficiency of 70%. We consider the minimum
and maximum efficiencies of the antennas as quoted in Table 2. Figure 7b indicates the
gain of the antenna. A gain value higher than 3.1 dB is obtained with a maximum value of
around 4.8 dBi. Note that the maximum value of the gain is quoted as provided in Table 2.
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Figure 5. Scattering parameter plots (a) parametric study of the parameter L (b) parametric study of ¢

parameter (c) parametric study of d parameter (d) parametric study of g parameter (e) parametric
study of I parameter (f) envelope correlation coefficient.
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Figure 6. Simulated and measured scattering parameters (a) reflection parameters and (b) transmis-
sion parameters value.
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Figure 7. Measured (a) antenna total efficiency and (b) antenna gain.

3.2. Radiation Performance

The 3.5 GHz band 2D radiation patterns for Ant. 14 are shown in Figure 8. The solid
lines denote the simulated results, while the dotted lines are the measured results. It is quite
evident that antenna 1-4, at both ® = 90° and 6 = 0°, have strong radiation in almost all the
planes. Despite minor differences between the measured and simulated results, there is
a general trend between the two findings, and the tiny discrepancy is related to the test
settings. In conclusion, variation in maximum radiation orientations results in a diverse
pattern, which contributes to the general diversity performance of the MIMO antenna.



Electronics 2023, 12, 316

7of 11

—— phi @ 0° (Sim.) — — phi @ 0° (Mea.)
—— phi @ 90° (Sim.) — — phi @ 90° (Mea.)
- 330
15
10 300 60
5
0
Q5| 270 190
0
5
10 240 120
15 :
20 210 : 150
180
(a)
—— phi @ 0°(Sim.) — — phi @ 0°(Mea.)
—— phi @ 90°(Sim.) 0 — — phi @ 90°(Mea.)
25 330 30
50 v N
15 300 - 60
10
5
Q o 270 190
5
10 ] g
15 240 120
20 N o,
25 210 150

—— phi @ 0° (Sim.) — — phi @ 0° (Mea.)
—— phi @ 90° (Sim.) 0 — — phi @ 90° (Mea.)
20 339/ ‘ 30
15 :
10 300 60
5
0
Q.5 270 190
0
5
10 240 120
15 ‘ :
20 210 150
180
(b)
—— phi @ 0° (Sim.) — — phi @ 0° (Mea.)
—— phi @ 90° (Sim.) 0 — — phi @ 90° (Mea.)
25 330 0
20 ’ \
15 300 . 60
10
5
Q@ o 270 190
5
10
15 240 120
20
25 210 L 150

180

(d)

Figure 8. Simulated and measured radiation patterns of the MIMO antenna at 3.5 GHz (a) Ant 1 6 = 0°
and 90° (b) Ant2 0 =0° and 90° (c) Ant 3 6 = 0° and 90° (d) Ant 4 6 = 0° and 90°.

3.3. MIMO Channel Capacity and ECC

The channel capacity and envelope correlation coefficient are the key criteria for
assessing a MIMO antenna diversity and multiplexing capability. Although zero is the
ideal value for ECC, in practice the acceptable limit must be less than 0.5 (ECC < 0.5). The
value of the ECC can be calculated from the S-parameter or from the far-field radiation
pattern [29,30]. This work uses a far-field radiation pattern [31] to calculate the ECC value
as expressed in [32,33] (1). From Figure 6f, this work obtained an ECC value lower than
0.01 across the desired band of interest. Figure 9 is the channel capacity plot of the design.
The fabricated prototype and measurement set up is shown in Figure 10.

ECC =

]f [, (Di(6,9)) x (D;(6, 9))d0

2

f f47‘[

(Di(6, 9))

3 @

240 x [ [, /(D;(6,9))d0)




Electronics 2023, 12, 316 8of 11

— —
where D; (6, ¢) and D(6, ¢) represent the radiation pattern when antenna i and j are ener-
gized, while Q) is the solid angle.

DG = 10(dB) x \/ 1—|ECC[? )

E?O T u T T T
o 601

= 46 bps/Hz, Upper limit for 8 x 8 MIMO
250 e e e

£ a0} ~

©

%30 | Proposed 8 x 8 MIMO Antenna Array
© 20}

2 10} 5.57 bps/Hz, Upper limit for SISO

% *——#—/*—-*——k——*——*
=

o0

335 34 345 35 355 3.6 3.65
Frequency (GHz)

Figure 9. Calculated channel capacity of proposed system.

(c) (d)

Figure 10. (a) Proposed MIMO system fabricated prototype (b) measurement set-up (c) S-parameter
measurement by the VNA (d) antenna under measurement in the chamber room.

The diversity gain plot of the antenna elements is shown in Figure 11, while Equation (2)
is used to calculate the DG from the ECC value. It could be seen that for all the possible
combinations, a gain of more than 9.99 dB is achieved over the operation band.
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Figure 11. Diversity gain.

Based on antenna efficiency and ECC, the ergodic channel capacity is obtained by
averaging 100,000. Rayleigh fading channel realizations with the Kronecker channel model
by considering SNR of 20 dB [34,35]. The value varies from 40.95 to 43.50 bps/Hz. The
highest peak channel capacity (PCC) is (43.5 b/s/Hz), which is satisfactory in performance
with SISO (5.57 b/s/Hz) and close in value for 8 x 8 MIMO (46 b/s/Hz). These val-
ues demonstrate unequivocally that the presented antenna system is suitable for use in
5G mobile terminal applications due to its high diversity and multiplexing capabilities.
Figure 10 shows the proposed antenna fabricated prototype, far-field measurement set-up,
S-parameters measurement using Vector Network Analyzer (VNA), and the antenna in the
anechoic chamber room under measurement. From the obtained results, it can be easily
concluded that the proposed design is highly competitive in comparison to the most recent
advancements in this field, as presented in Table 2.

Table 2. Comparison table.

Ref. BW (GHz) Sij (dB) ECC Eff. (%) PCC (bps/Hz) Elements Gain (dB)
[1] 3.4-3.7 (—6 dB) >15 <0.1 50-75 38.1 8 x8 4
[5] 3.4-3.6 (—6 dB) >12 <0.1 47-65 37.5 8 x8 3.2
[14] 3.4-3.6 (—6 dB) >17.5 <0.05 62-76 40.8 8x8 Not Given
[18] 3.4-3.6 (—6 dB) >15 <0.15 45-60 35 8x8 4.8
[36] 3.4-3.6 (—10 dB) >19.1 <0.012 59-98 Not Given 8 x8 Not Given
[37] 3.4-3.6 (—10 dB) >12.7 <0.13 39-50 Not Given 4x 4 Not Given
Proposed 3.4-3.65 (—6 dB) >21 <0.01 34-76 43.5 8 x8 4.8

4. Conclusions

In this paper, an eight-element antenna array incorporating an I-shaped frame and
a modified E-slot etched on the ground is presented. The proposed antenna is simple to
design and easy to fabricate. An impedance bandwidth of more than 250 MHz under
—6 dB conditions is achieved in this work. The ECC for the entire frequency range is less
than 0.01, and the level of element isolation is well below —21 dB. This work achieves
these better performances since we etched the modified E-slot on the ground. The antenna
system channel capacity obtained is 43.5 b/s/Hz, while the efficiency is more than 76%.
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