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Abstract: This article presents the design of a uni-planar MIMO antenna system for sub-6 GHz
5G-enabled smartphones. The MIMO antenna designed comprises four loop-shaped radiators placed
at each corner of the mobile phone board, which follows the principle of pattern diversity. The
single-antenna element resonates at 3.5 GHz, its impedance bandwidth is noted to be 1.28 GHz
(3–4.28 GHz) for S11 ≤ −6 dB, and it is equal to 720 MHz (3.18–3.9 GHz) for S11 ≤ −10 dB. For a
single-antenna element, a peak gain of 3.64 dBi is observed with an antenna efficiency of >90%. The
isolation of >10 dB between antenna elements is achieved for the MIMO configuration. Furthermore,
the MIMO antenna designed provides enough radiation coverage to support different sides of the
mobile phone board, which is an important feature for future 5G-enabled handsets. In addition, the
impacts of human hands and heads on MIMO antenna performance are investigated, and acceptable
performance in the data and conversation modes is observed.

Keywords: uni-planar; MIMO; sub-6 GHz; pattern diversity

1. Introduction

For fifth-generation (5G) communication, most research societies are concentrating on
obtaining high throughput and high data rates at a cheap cost [1,2]. It is predicted that the
5G systems will have a data rate 1000 times faster compared with the fourth-generation
(4G) communication systems. Such a high data rate can be achieved with the help of
multiple-input multiple-output (MIMO) technology [3,4]. In MIMO, the data rate can be
improved by reducing multipath fading or by utilizing multiple independent channels.
One of the major keys to boosting the channel capacity is to design several antennas for each
channel [4]. The MIMO antenna must have a low mutual coupling, which is a prerequisite
for a 5G mobile communication system [4]. Moreover, the 5G MIMO antennas can offer
better diversity and multiplexing gain [5], which leads to enhanced channel capacity [6].

In the literature, several MIMO antennas have been presented for sub-6 GHz applica-
tions. In [7], an eight-element MIMO structure was developed for the 3.5 GHz spectrum.
A symmetrical open-fork slit antenna with an L-shaped feeding strip was designed. This

Appl. Sci. 2022, 12, 3746. https://doi.org/10.3390/app12083746 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12083746
https://doi.org/10.3390/app12083746
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-6515-7813
https://orcid.org/0000-0003-2746-3171
https://orcid.org/0000-0002-5004-9350
https://orcid.org/0000-0002-6390-0896
https://orcid.org/0000-0002-8263-1572
https://orcid.org/0000-0003-0369-7520
https://doi.org/10.3390/app12083746
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12083746?type=check_update&version=2


Appl. Sci. 2022, 12, 3746 2 of 14

configuration offers isolation of >17.5 dB between antenna elements, but the design suffers
because of poor antenna efficiency. The same kind of configuration with a rectangular-
shaped slot was presented in Ref. [8]. The MIMO arrays consisted of two kinds of antenna
elements for different frequency operations. Two elements of the same configuration were
placed on the top and bottom corners of the printed circuit board (PCB) for 2G/3G/4G
communication, while eight-elements meant to operate at 3.5 GHz were placed on the left
and right sides of the PCB. The authors in [9] designed an eight-port broadband MIMO
antenna for sub-6 GHz services. The single antenna of the MIMO system was made up of a
50 Ω feed line with an open circuit tuning stub, a slot on the metal frame, and a U-shaped
slot on the ground plane. The MIMO antenna provided a broadband response in the
frequency range of 3.3–6 GHz. In [10], a monopole slotted MIMO antenna was presented
for the 2.6/3.5 GHz bands. The four metal frame-based antennas fed using an L-shaped
feed line were positioned in the middle of the PCB, while the other elements were placed
on the top and bottom sides of the PCB.

In [11], a MIMO antenna array was designed for 3.5 GHz 5G smartphone applications.
The array was made up of two distinct ways: one was an L-shaped coupled-fed array and
the other was a U-shaped loop array, both of which were mounted on the smartphone’s
metal frame. For isolation enhancement, the authors created an inverted-I slot and a
neutralization line between the antenna components, resulting in 15 dB of isolation in the
operational bandwidth. In [12], a dual-polarized diamond ring slot-based MIMO antenna
was designed for 5G massive MIMO applications. Four dual-fed slot elements were placed
on each corner of the mobile phone PCB. An L-shaped microstrip feed line was used to feed
the slot elements. The designed antenna element offered a stable gain of 3 dBi for the band
of interest and >80% radiation and total efficiencies. In addition, an isolation of more than
20 dB was observed within the operating range. In [13], the same kind of configuration
was utilized to design MIMO antenna array for sub-6 GHz applications. In the presented
configuration, a circular-ring resonator was etched from the ground plane and fed using
orthogonally placed microstrip feed lines. The authors also designed a multi-band MIMO
antenna by replacing the conventional microstrip feed line with a fork-shaped feed line.

In [14], an eight-port MIMO antenna based on an I-shaped element was developed
for IoT and 5G technologies. To provide space for additional components, the cellphone’s
metal frame was constructed to accommodate the antenna components. The antenna was
found to resonate effectively in the 3.5 GHz frequency band. The MIMO antenna offers
13 dB of isolation between array elements, with a gain of 4 dBi and an antenna efficiency of
more than 40%. In [15], an integrated MIMO antenna system for LTE and millimeter-wave
frequency bands was designed. The designed antenna structure comprised two elements
for LTE communications and four elements for 5G millimeter-wave communication. A
modified rectangular radiator was utilized for both frequency bands. In addition, defects
in the ground plane were introduced using rectangular and circular shapes. The designed
antenna element provides resonance for the 5.5 GHz frequency band. A uni-planar sub-
6 GHz MIMO loop antenna array was developed in [16]. The antenna antennas were
organized in such a way so that they could offer both polarization and pattern diversity.
Furthermore, the improvement in isolation was achieved by designing an arrow-shaped
strip between the antenna elements. In [17,18], the authors designed a co-planar waveguide
(CPW)-fed MIMO antenna array for sub-6 GHz applications. For the design, an L-shaped
and T-shaped radiation elements were selected. By utilizing CPW technique, an isolation
of >15 dB was achieved in the band of interest.

The abovementioned MIMO antennas have some limitations in terms of non-planar
configurations, large size, and complex structures. In addition, these antennas suffer due
to low radiation efficiency, which ultimately leads to poor antenna gain. To accommodate
the drawbacks of previously published designs, this research presents a four-element uni-
planar MIMO antenna system for 5G smartphone applications. For a single antenna, a
loop-shaped element is chosen. The radiation elements are arranged at each corner of the
PCB, which follows the principle of pattern diversity and makes room for other smartphone
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components. The results show that the designed MIMO antenna offers wideband response
in the 3.5 GHz frequency band. The intended MIMO topology has low mutual coupling
between antennas, resulting in a low envelope correlation coefficient (ECC) and high
diversity gain (DG). Moreover, the proposed MIMO antenna offers an efficiency of >90%.

2. Proposed Uni-Planar MIMO Antenna

The proposed sub-6 GHz MIMO antenna’s design is shown in Figure 1. A low-cost
FR-4 substrate is used for MIMO antenna design. The thickness of the substrate is chosen
to be 1.6 mm and has a relative permittivity of 4.4. To save space on the PCB, a loop-shaped
structure was used for the antenna design [19]. At 3.5 GHz, the electrical length of a
radiator is approximately equal to 1λg, where λg is the guided wavelength. Therefore,
the optimized electrical length of an antenna element is noted to be ≈45.5 mm, while the
line width is equal to 1 mm. It is worth noting that a single antenna element can occupy a
maximum area of 14.5 × 12 mm2.

The MIMO antenna, shown in Figure 1, comprises four loop-shaped radiators placed
at each corner of the mobile phone PCB. The ground plane is placed on the same plane
as the radiation elements. The design parameters of the proposed MIMO antenna are
illustrated in Figure 1, while the optimized values are given in Table 1.

Figure 1. Design of the proposed sub-6 GHz MIMO antenna.

Table 1. Optimized parameters of the sub-6 GHz MIMO antenna (in mm).

LS WS L1 L2 L3 L4
150 75 10 8 8 6
L5 L6 L7 Lslot Wslot −
6 4 3.5 12 14.5 −
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2.1. Characteristics of Single-Antenna Elements

The single MIMO element is designed and simulated in the commercially available
electromagnetic software CST Microwave Studio. For excitation of the antenna element, a
50 Ω discrete port is utilized. Figure 2 shows the simulated reflection coefficient (S11) of a
single antenna element. It is observed that the antenna element resonates well in the 3.5 GHz
frequency band and provides a wideband response. The −6 dB and −10 dB impedance
bandwidths are noted to be 1.28 GHz (3–4.28 GHz) and 720 MHz (3.18–3.9 GHz), respectively.

Figure 2. Simulated S11 characteristics of a single-antenna element.

The S11 of the proposed antenna can be adjusted by changing some parameters of the
antenna. For a particular design, the parameters Wslot and Lslot have a great impact on the
performance. The parameter Wslot plays a major role in achieving impedance matching
in the band of interest, while the parameter Lslot can be tuned to obtain resonance for the
desired frequency band. This effect is clearly visible in the results of Figure 3, which shows
the S11 characteristics of the designed antenna for varying Wslot and Lslot.

Figure 3. Simulated S11 characteristics for various values of (a) Wslot and (b) Lslot.

Figure 3a illustrates the S11 characteristics of the proposed antenna for varying values
of parameter Wslot. It can be noted from the figure that the parameter Wslot has a signifi-
cant effect on impedance matching. The maximum impedance matching is observed for
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Wslot = 14.5 mm, as shown in Figure 3a. On the other hand, when the value of parameter
Lslot is changed in the range from 11.5 mm to 14.5 mm, a shift in the resonant frequency is
observed, as shown in Figure 3b. It is important to mention here that these values have a
negligible effect on the isolation performance of MIMO antennas.

2.2. Characteristics of Proposed MIMO Antenna

The simulated S-parameters of the proposed MIMO antenna are shown in Figure 4.
From Figure 4, it is observed that the designed MIMO antenna is resonating well for the
band of interest, i.e., 3.5 GHz. Furthermore, the minimum isolation between adjacent
antenna elements is noted to be >10 dB. A variation is observed in the S11 response,
which mainly occurred due to feeding points and different placements of antenna elements
on the smartphone PCB, as shown in Figure 1. In addition to this, the mainboard is
rectangular in nature, which could cause some discrepancies in the frequency response
and couplings, mainly between even and odd port numbers. However, one can adjust the
desired frequency band by modifying design parameters explained in Figure 3 [20].

Figure 4. Simulated S-parameters of the proposed sub-6 GHz MIMO antenna.

The designed antenna’s simulated three-dimensional (3-D) gain patterns are presented
in Figure 5. The antenna generates different vertical and horizontal polarized radiation
patterns for the chosen frequency band, as shown in the diagram. In addition, as demon-
strated in Figure 5, the antenna has a gain of ∼3.6 dBi. The resulting radiation patterns
further confirm that the MIMO antenna adheres to pattern diversity, which is a desirable
feature for future smartphone applications.

One of the most critical aspects in determining the performance of MIMO antennas is
the ECC. For practical applications, the ECC should be <0.5 and, ideally, it is ≈0. The ECC
can be determined by using the S-parameters of the MIMO system as [21]:

ECC =
|S∗jjSji + S∗ijSii|2(

1− |Sjj|2 − |Sji|2
)(

1− |Sij|2 − |Sii|2
) (1)

where Sii and Sjj are reflection coefficients, while Sji and Sij are MIMO antenna transmission
coefficients.
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Figure 5. Three-dimensional gain patterns of the proposed sub-6 GHz MIMO antenna.

As shown in Figure 6a, the value of ECC for the intended frequency band (3.5 GHz) is
<0.01. The results also demonstrate high isolation between antenna elements, which is a
crucial factor for simultaneous operation. The DG of the suggested MIMO antenna, on the
other hand, can be calculated as follows [22]:

DG = 10
(√

1− ECC2
)

(2)

For the presented MIMO antenna, the DG value is noted to be >9.9 dB, as shown in
Figure 6b.

The total active reflection coefficient (TARC) is another significant metric to consider
while evaluating the MIMO antenna’s performance and can be evaluated as follows [23]:

TARC =

√
(Smm + Smn)

2(Snm + Snn)
2

2
(3)

The results demonstrate that the suggested MIMO antenna delivers TARC >20 dB for
the band of interest, as illustrated in Figure 6c.
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Figure 6. Simulated (a) ECC, (b) DG, and (c) TARC results of the proposed sub-6 GHz MIMO antenna.

2.3. Fabrication and Measurements

A fabricated prototype of the proposed MIMO antenna is illustrated in the inset
of Figure 7 along with the feeding mechanism. A prototype was fabricated using an
LPKF-D104 milling machine and evaluated with an Agilent Precision Network Analyzer
(PNA-E8363C). A flexible, semi-rigid RF cable is used for the feeding purpose. One end
of the cable is connected to the antenna, while the second end is connected to a coaxial
connector. Due to the similar performance and placement of the antenna elements, only
port-1 and port-2 are measured and compared.

A comparison between simulated and measured S-parameters is depicted in Figure 7.
A reasonable agreement is observed between simulated and measured S11 and S21. The sim-
ulated−6 dB and−10 dB impedance bandwidths are noted to be 1.38 GHz (2.98–4.36 GHz)
and 620 MHz (3.2–3.82 GHz), respectively, while the measured bandwidths are 1.45 GHz
(2.96–4.41 GHz) and 680 MHz (3.13–3.81 GHz), respectively. Besides this, the isolation
between antenna elements is >10 dB (see Figure 7) at the desired frequency band.

The simulated and measured ECC and TARC results are illustrated in Figure 8. It is
observed that the simulated and measured data comply with each other. The ECC value
for the band of interest is <0.08, as shown in Figure 8a. Aside from that, the TARC value
for the operating band is 20 dB, as shown in Figure 8b.
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Figure 7. S-parameters of adjacent antenna elements (inset of the figure shows fabricated sub-6 GHz
MIMO antenna along with the feeding mechanism).

Figure 8. Simulated and measured (a) ECC and (b) TARC of adjacent antenna elements.

The simulated and measured realized gain for port-1 is shown in Figure 9a. The gain
is measured by exciting port-1, while port-2 is terminated using a 50 Ω matched load. The
average simulated and measured realized gain at port-1 is noted to be 4 dBi (see Figure 9a).
The simulated realized gain varies in the range from 2 to 4.75 dBi, while the measured
realized gain fluctuates in the range of 2.14–4.59 dBi, as shown in Figure 9a. The radiation
and total efficiency results for port-1 are shown in Figure 9b. It is observed that the designed
antenna has a radiation efficiency >90%, while the total efficiency fluctuates in the range of
70–95%. One thing that needs to be observed from Figure 9b that the designed antenna
offers constant radiation efficiency in the band of interest.

The simulated and measured radiation characteristics for port-1 and port-2 for fre-
quencies 3.2 GHz, 3.5 GHz, and 3.9 GHz are illustrated in Figures 10 and 11. The designed
MIMO antenna provides quasi-omnidirectional radiation characteristics for both yz- and
xz-plane at the given frequencies. In addition, the MIMO antenna offers pattern diversity in
the xz-plane, as seen in Figures 10 and 11. Moreover, the measured results are well-matched
with the simulated data for both planes.
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Figure 9. (a) Simulated and measured realized gain, and (b) radiation and total efficiency of the
proposed sub-6 GHz MIMO antenna when port-1 is excited.

Figure 10. Radiation characteristics of the proposed sub-6 GHz MIMO antenna when port-1 is excited.
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Figure 11. Radiation characteristics of the proposed sub-6 GHz MIMO antenna when port-2 is excited.

2.4. User’s Impact on Antenna Characteristics

In this section, the user’s impact on MIMO antenna performance is examined. Perfor-
mance is evaluated in terms of S-parameters and radiation efficiencies. The MIMO antenna
performance is evaluated in the presence of the user’s single and double hand, as shown in
Figure 12a,b.

The developed MIMO antenna has appropriate reflection coefficients in the region
of the human hands, as shown in Figure 13a,b. For the single-hand scenario, >10 dB
of isolation is noted between the antenna elements, as shown in Figure 14a, while for
double-hand mode, the isolation is >15 dB (see Figure 14b). Besides this, from Figure 15a,b,
it can be noted that the efficiencies of antenna elements degraded. In case of single-handed
operation, the reduction in radiation efficiency is noted for Ant-1 and Ant-3, whereas for
the double-hand scenario, Ant-2 and Ant-3 provide less radiation efficiency. This is due
to the features of human body tissue (fingers near the antenna), which can absorb a lot of
antenna radiation power [24]. On the whole, the proposed MIMO antenna offers radiation
efficiencies in the range of 39–68% for both scenarios for the desired frequency band.
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Figure 12. MIMO array placement for (a) single-hand and (b) double-hand scenarios.

Figure 13. Reflection coefficients of the proposed MIMO antenna in case of (a) single-hand and
(b) double-hand scenarios.

Figure 14. Transmission coefficients of the proposed MIMO antenna in case of (a) single-hand and
(b) double-hand scenarios.
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Figure 15. Radiation efficiency of the proposed MIMO antenna in case of (a) single-hand and
(b) double-hand scenarios.

For antennas used in mobile phone applications, one of the most important considera-
tions is the specific absorption rate (SAR) [13,25]. The SAR is a parameter that measures
the amount of electromagnetic waves that are absorbed by the human body [26]. The SAR
characteristics with user-head are explored and displayed in Figure 16. The minimum SAR
is noted to be 0.94 W/Kg for Ant-2, while the maximum SAR value is 2 W/Kg for Ant-3. It
is noted that the closer the elements are to the head phantom, the higher the SAR value,
and vice versa.

Figure 16. SAR analysis when MIMO antenna used in talk-mode.

A comparison of previously reported and designed sub-6 GHz MIMO antennas is
given in Table 2. One can observe from the table that the electrical dimensions of the single
antenna element are small compared with the designs of [7,8,12,13]. The design presented
in [11] offer high gain and low ECC, but due to their non-planar configuration, they can
rarely be used in handheld devices. On the other hand, the planar antennas designed
in [7,12,13,18] offer high isolation within their operational bandwidth, but they offer low
antenna efficiency. Therefore, it can be concluded from Table 2 that the proposed MIMO
antenna offers high radiation efficiency, acceptable gain, and low ECC even with a lower
number of elements.
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Table 2. Comparison of proposed and previously reported sub-6 GHz MIMO antennas.

Ref.
Dimensions Antenna Electrical Frequency Band Peak Gain Efficiency Isolation

ECC
(mm2) Elements Dimensions (GHz) (dBi) (%) (dB)

[7] 150 × 80 8 0.239 × 0.128 3.4–3.6 − >62 >17 <0.05

[8] 150 × 80 8 0.128 × 0.192 3.4–3.6 2–4 60–70 >10 <0.1

[10] 150 × 75 8 0.15 × 0.06 2.5–3.6 2.3 65 >13 <0.2

[11] 124 × 74 8 0.056 × 0.14 3.3–3.6 4.3–4.8 40 >15 <0.15

[12] 150 × 75 8 0.288 × 0.288 3.2–4 3 80 20 <0.01

[13] 150 × 75 8 0.291 × 0.291 3.3–3.9 3 60–80 18 <0.01

[14] 150 × 75 8 0.186 × 0.093 3.4–3.6 3.5–3.9 50–60 >13 <0.1

[16] 150 × 75 8 0.157 × 0.058 3.2–4 3.3–4 70–80 ≥10 <0.005

[18] 150 × 75 8 0.24 × 0.038 3.4–4.4 3.6 >90 >16 <0.005

This Work 150 × 75 4 0.169 × 0.14 3.21–3.81 3.64 >90 >10 <0.02

3. Conclusions

A uni-planar MIMO antenna design is presented for sub-6 GHz 5G-enabled mobile
phone applications. Four loop-shaped radiators are designed at each corner of a smart-
phone board, and they all follow the design configuration of pattern diversity. Several
MIMO antenna features are evaluated, such as S-parameters, gain patterns, radiation and
total efficiency, ECC, TARC, and DG. From the reported results, it may be concluded
that the presented MIMO antenna system successfully meets the criteria of 5G-enabled
mobile phones.
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