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ABSTRACT: A triple band MIMO antenna is designed and analysed at sub-6GHz for 5G applications on an FR-4 substrate. This paper
contains the transition of an antenna from a simple microstrip antenna to the proposed defected L-shaped microstrip patch antenna,
which comprises single, 2-element MIMO, and 4-element MIMO antennas with permittivity of 4.3, and the dimensions of those antennas
are 60 × 60mm2, 60 × 120mm2, and 120 × 120mm2 correspondingly. These antennas resonate at three resonant frequencies which
are 3GHz, 4.1GHz and 5.2GHz under sub-6GHz. HFSS has been used to design these antennas and to obtain the parameters like S-
parameters, gain, VSWR, and MIMO parameters like ECC, DG, TARC, and MEG. At those resonant frequencies, single element antenna
has S11 of −26.83 dB, −20.06 dB, and −19.16 dB; two element MIMO antennas have S11 of −22.7 dB, −40.09, and −20.54 dB; and
quad element MIMO antennas have S11 of−15 dB,−24.8 dB, and−22.7 dB. The overall antenna gains are 2.5061 dBi, 3.1903 dBi, and
4.2989 dBi for single, 2-port, and 4-port MIMO antennas. This antenna is well suited for a range of applications including FWA systems
that utilize 3GHz frequency, Smart Cities and connected vehicles that rely on 4.1GHz, and high-bandwidth activities such as video
streaming, cloud computing, and mission-critical communications that require 5.2GHz. Additionally, it can support future developments
in both 5G and Wi-Fi technologies.

1. INTRODUCTION

Intelligent antenna technology and diversity technology for
wireless communication are the ancestors of multiple-input

multiple-output (MIMO) technology. It combines the ad-
vantages and characteristics of multiple-input single-output
(MISO) and single-input multiple-output (SIMO); therefore, it
has both [1, 2]. Without increasing the bandwidth or transmit-
ted power, it can exponentially increase the speed and quality
of the effective signal transmission [3, 4]. The growth of mo-
bile communications in recent times has had a crucial impact
on both social and economic growth. Therefore, 5G technol-
ogy becomes the standard for the generation of 2020. A new
technology, 5G offers both evolutionary and revolutionary ser-
vices. It is important to bear in mind that 5G technology will
bring forth new challenges and necessitate the establishment of
development restrictions [5, 6]. In many of the domains like
agriculture, healthcare, defence, and other industries, the 5G
technology has evolved and leads to development in people’s
lives [7–9].
Several authors have undertaken in-depth research on the de-

sign of MIMO multi-element antennas for 5G applications, in-
cluding slot antennas, dual-polarised antennas, and structured
monopoles, according to the literature. The essential technol-
ogy for 5G communication also includes cognitive radio; how-
ever, designing an antenna that uses both CR (cognitive ra-
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dio) and MIMO is a difficult issue [6]. The foundation of 4G
wireless communication systems has been shown to be MIMO
technology and beyond in order to transfer the data to satisfy
the rising demand [10, 12]. When small printed circuit boards
(PCBs) are designed for efficient transmission, various MIMO
antennas have been designed [11, 12]. To reduce the undesired
mutual coupling, several isolation approaches have been pub-
lished in recent years [13–15]. In [13], defective ground plane’s
rectangular slots and two microstrip lines are very useful for
the reduction of the mutual coupling. In order to reduce the
coupling between antenna and surrounding components, [14]
uses a vertical patch. With no need to increase transmitting
power or bandwidth, the MIMO concept can significantly im-
prove data rate, range, and reliability by reducing the impacts
of multipath fading. The deployment of several antennas in-
side a handheld device, however, is a difficult operation due to
the restricted space available. The radiating elements are sub-
ject to strong internal coupling because of closely spaced op-
erating frequencies. Consequently, a small, effective MIMO
antenna that has excellent isolation, minimal mutual coupling,
and the ability to block undesired frequency bands is required
[16]. Especially for low frequency technology, increasing the
isolation between nearby MIMO antennas is a difficult issue.
A variety of methods have been employed to improve the iso-
lation between antennas. Antenna orientation [17, 18], the ad-
dition of decoupling structures [18, 19], ground plane modifi-
cations [18, 20–22], lumped component filters [23], neutrali-
sation strips, the addition of resonating structures close to the
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TABLE 1. Dimensions for defected L-shaped microstrip patch antenna.

S. No Variables Values (mm)
1 Patch Length (LP ) 29.4
2 Patch Width (WP ) 38
3 Feedline length (LF ) 15.3
4 Feedline width (WF ) 3
5 Length (L1) 10
6 Width (W1) 12
7 Length (L2) 2
8 Width (W2) 8
9 Length (L3) 34
10 Width (W3) 1
11 Length (L4) 1
12 Width (W4) 23.5
13 Length (L5) 1
14 Width (W5) 4

S. No Variables Values (mm)
15 Radius of circle (R1) 1.5
16 Length (L6) 40
17 Width (W6) 3
18 Length (L7) 3
19 Width (W7) 41
20 Length (L8) 3
21 Width (W8) 8
22 Length (L9) 25
23 Width (W9) 3.5
24 Length (L10) 3.5
25 Width (W10) 23.5
26 Length (L11) 3.5
27 Width (W11) 4
28 Radius of Circle (R2) 2

antennas [24], the introduction of resonating structures in the
antennas [17], and the usage of metamaterials [25–27] are a
few reported techniques. A slotted planar antenna has been
designed, simulated, and tested for 5G applications [28]. A
4-elemental MIMO antenna has been designed for ISM band
applications, and various MIMO parameters like envelope cor-
relation coefficient (ECC), diversity gain (DG), and total active
reflection coefficient (TARC) were measured by using Vector
Network Analyzer (VNA) [29]. A new broadband MIMO an-
tenna has been designed for sub-6GHz 5G applications [30]. A
novel dipole antenna has been designed with metallic sheets for
ultra-high frequency (UHF) and very high frequency (VHF) ap-
plications [31]. A reflector array antenna has been designed at
millimetric band for on the move applications [32]. Using CST
Microwave Studio, a substrate integrated frequency selective
surface antenna has been designed for Internet of Things ap-
plications [33]. With ka < 1, a Low-Profile Electrically Small
Antenna with a Circular Slot has been designed for applications
involving global positioning systems [34]. Different dielectric
resonator antennas have been designed for different wireless
communication applications, including a small multiband hy-
brid rectangular dielectric resonator antenna (DRA) [35]. For
radio frequency identification (RFID) applications, a small,
electrically compact antenna with split ring resonators has been
developed [36]. For RFID applications, a low-profile dual-
band electrically small antenna has been developed [37]. For
RFID applications, a tiny electronically serrated rectangular
patch antenna has been developed [38]. In order to design two
and four elemental MIMO antennas, the optimisation of a sin-
gle element antenna design is followed by the replica of that
antenna geometry in both the horizontal and vertical orienta-
tions. ECC and DG were used to measure S-parameters and
other MIMO antenna parameters, and all of the results are in
line with the values reported in [39].
The aim is to design a MIMO antenna suitable for 5G ap-

plications within the sub-6GHz frequency range. Such anten-
nas have various applications in 5G technologies [7–9] such as

smart homes, industrial automation, agriculture, surveillance,
and medical care. The obtained resonating frequencies for the
designed antenna are 3GHz, 4.1GHz, and 5.2GHz. The coun-
try that accepts the 5G communication network’s frequency
band, including 3GHz, is the USA (3–3.55GHz) [28].

2. DESIGN METHODOLOGY
This design methodology covers various stages involved in de-
signing a MIMO antenna, providing detailed information on its
design, the materials used in its design, as well as its dimen-
sions. The article also presents a parametric analysis of the an-
tenna at each stage of its development, including an evaluation
of parameters such as S11, gain, VSWR, and ECC.
The rectangular microstrip antenna is fed by a microstrip

transmission line which has a full ground and characteristic
impedance of 50Ω. The dimensions of the patch antenna are
calculated for 5G communication applications at sub-6GHz,
and the antenna occupies a space of 29.4×38×1.6mm2. Two
rectangular patches with L-shaped slots measuring 10×2mm2

and 2×8mm2 are subtracted from the microstrip patch for bet-
ter results of return loss and other antenna parameters. Com-
plementary SRRs were used in the design to eliminate the res-
onant frequencies beyond 6GHz. Table 1 represents the mea-
surements of the defected L-shaped microstrip antenna, and its
design is shown in Figure 1(a).
Figure 2 presents the iterative design of a defected L-shaped

microstrip patch antenna. The antenna was designed to work
for applications in sub-6GHz band at 3GHz, 4.1GHz, and
5.2GHz. However, the antenna does not resonate at those fre-
quencies, indicating that adjustments to the design were needed
to achieve the desired results for those specific applications.
Here, four rectangles are united together in which two of them
have the same dimensions and are placed opposite to each other.
One of the rectangles has 34 × 1mm2 dimensions and the
other one with 1 × 23.5mm2 dimensions, and we have sub-
tracted a small rectangle from the patch with the dimensions of
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(a) (b)

(c) (d)

FIGURE 1. Defected L-shaped MPA. (a) Top plane. (b) Bottom plane. (c) Photograph from top view. (d) Photograph from bottom view.

FIGURE 2. Evolution of the defected L-shaped microstrip patch antenna.
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FIGURE 3. Radiation pattern measurement of defected L-shaped microstrip patch antenna utilising anechoic chamber.

(a) (b)

FIGURE 4. Dual-element defected L-shaped microstrip patch MIMO antenna. (a) Simulated. (b) Manufactured design.

1×4mm2. The second iteration’s results indicate that the return
loss of the antenna has undergone changes at various frequen-
cies. At 3GHz, it has shifted from−22.82 dB to−13.08 dB, at
4.1GHz and at 5.2GHz return loss of−30.8 dB and at 5.9GHz
return loss of−20.54 dB from−25.62 dB.While these frequen-
cies may be suitable for different applications, they do not meet
the desired requirements. Thus, further modifications are nec-
essary to attain the desired results. During the third iteration,
the rectangular patch is modified by removing a circle with ra-
dius of 1.5mm, which is denoted asR1. In the ground, we have
utilized complementary SRRs with dimensions of 41× 3mm2

and 3 × 40mm2. Again, the ground is modified by removing
a circle with radius of 2mm, which is denoted as R2. In the
third iteration, a 3GHz resonance with −26.83 dB return loss,
4.1GHz resonancewith−19.16 dB return loss and 5.2GHz res-
onancewith 20.06 dB return loss are obtained. Since this design
meets all the requirements of the proposed idea, it is deemed to

be the final design proposal. Figure 3 presents the measure-
ment setup of an anechoic chamber which can be used to mea-
sure radiation pattern and gain with the utilization of MS2037C
Anritsu Combinational Analyser.
To design a dual-element defected L-shaped microstrip patch

MIMO antenna, the single element antenna is duplicated along
the horizontal axis. Multiple elements in the MIMO antenna
will provide multiple data streams to transmit and receive large
amount data simultaneously. The signals are received from
multiple directions, which improves the signal quality and over-
all performance. So, to attain these parameters, a MIMO an-
tenna technology is the right choice. To achieve the spatial di-
versity seen in Figure 4, the inter-element distance between the
two elements was kept at λ/4. The antenna’s design is made
more challenging because it was found that no further isola-
tion techniques were needed. This dual-element antenna has
a size of 60 × 120 × 1.6mm3. The simulated and fabricated
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(a) (b)

FIGURE 5. Quad-element defected L-shaped microstrip patch MIMO antenna. (a) Simulated design. (b) Manufactured design.

FIGURE 6. Simulated and measured S11 of the defected L-shaped MPA. FIGURE 7. Simulated and measured VSWRs of the defected L-shaped
microstrip patch antenna.

dual-element defected L-shaped microstrip patch MIMO an-
tennas are represented in Figure 4. MPA is further modified
by replicating two elements along the vertical-axis to obtain
a four-element defected L-shaped microstrip patch MIMO an-
tenna. The inter-element spacing of λ/4 has been maintained
along x-axis and y-axis antenna elements. This four-element
MIMO antenna occupies a size of 120× 120× 1.6mm3. Fig-
ure 5 presents the simulated and fabricated designs of the quad-
element defected L-shaped microstrip patch MIMO antenna.

3. RESULTS & DISCUSSIONS
This section is separated into subsections that give a detailed
explanation of the simulated results and the conclusions that
can be made from the simulated outcomes.

3.1. Single-Element Defected L-Shaped Microstrip Patch An-
tenna

The final iteration antenna is manufactured by utilising FR4
epoxy material as represented in Figure 1. The radiating bot-
tom and top planes are connected by using the substrate, which
are attached by utilising the SMA connector.
The analysis of measured and simulated results of S11 pa-

rameters was the only goal in fabricating the design proto-
type. The prototype resonates at 3GHz. The return loss was
−24.93 dB, and at 4.1GHz it was −19.51 dB and at 5.2GHz
with −17.83 dB return loss. The simulated antenna resonates
at 3GHz with the return loss of −26.83 dB, at 4.1GHz with
−20.06 dB return loss, and at 5.2GHz with −19.16 dB return
loss as shown in Figure 6. There is a minor variance in the re-
sults due to equipment’s calibration level, connector losses, as
well as the cable losses.
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(a) (b)

(c)

FIGURE 8. Simulated and measured radiation patterns of the single-element defected L-shaped microstrip patch antenna (a) at 3GHz (b) at 4.1GHz
(c) at 5.2GHz.

The range of 0–2 is required for the optimal value of VSWR.
For the single element antenna, the observed and simulated
VSWR values are 1.32 and 1.09 for 3GHz, 1.6 and 1.22 for
4.1GHz, and 1.53 and 1.22 for 5.2GHz, respectively, shown
in Figure 7. The antenna is placed in an anechoic chamber to
measure the radiation pattern. Figure 8 illustrates the radiation
pattern of the implemented design in E-plane and H-plane at
3GHz, 4.1GHz, and 5.20GHz. In both the principal planes
(E&H), there is good co-pol and cross-pol difference in broad-
side direction, i.e., more than 20 dB at all three frequency bands.
It can be seen from Figure 8 that the radiation patterns in E-
andH-planes are omnidirectional at the two resonant frequency
bands. The presented model has good radiation properties. Fig-
ures 9(a), (b), and (c) show surface current distributions for
3GHz, 4.1GHz, and 5.2GHz, respectively. The distribution
of current on the antenna provides the insights of performance
and efficiency of the antenna. From observing Figure 9, we can
interpret that the electric current has been distributed symmet-
rically throughout the patch and the feedline, concluding that
the antenna is efficient. Figure 10 presents the 3-dimensional
gain of the single-element defected L-shaped microstrip patch
antenna where a maximum gain of 2.5 dBi is observed.

3.2. Dual-Element Defected L-Shaped Microstrip Patch MIMO
Antenna

The two main concerns for 5G are data throughput and accu-
racy. MIMO antenna technology is thought to be the optimal
choice for improved performance. The MIMO antenna’s nu-
merous components will enable it to send and receive a sig-
nificant quantity of data concurrently in various data streams.
Signal quality and overall performance suffer as a result of the
signals being received from various directions. MIMO antenna
technology is the best option in order to achieve these crite-
ria. The prototype of the dual-element defected L-shaped mi-
crostrip patch MIMO antenna is represented in Figure 4. This
section examines the performance of a dual-element defected
L-shaped microstrip patch MIMO antenna in terms of S11,
transmission coefficient, VSWR, radiation pattern, gain, and
surface current distributions as well as other MIMO antenna
parameters like ECC and DG. Figure 11 presents the simulated
and fabricated S11 of the dual-element defected hexagonal-
patch MIMO antenna. Figure 12 presents the simulated and
fabricated S12 of the dual-element defected hexagonal-patch
MIMO antenna.
Figure 13 displays all of theS-parameters, whereas Figure 11

displays the S11 results from the two-port MIMO antenna, and
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(a) (b) (c)

FIGURE 9. Surface current distribution of the single-element defected L-shaped microstrip patch antenna. (a) 3GHz, (b) 4.1GHz, (c) 5.2GHz.

FIGURE 10. 3-dimensional gain of the single-element defected L-shaped microstrip patch antenna.

FIGURE 11. Simulated and measured S11 of the dual-element defected
L-shaped microstrip patch MIMO antenna.

FIGURE 12. Simulated and measured S12 of the dual-element defected
L-shaped microstrip patch MIMO antenna.
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FIGURE 13. Simulated S-parameters of the dual-element defected L-
shaped microstrip patch MIMO antenna.

FIGURE 14. Simulated and measured VSWRs of the dual-element de-
fected L-shaped microstrip patch MIMO antenna.

FIGURE 15. Measurement of S11 results by MS2037C anritsu combinational analyser.

Figure 12 shows the S21 results from the dual-port MIMO an-
tenna. According to Figure 11’s comparison of simulated and
measured antennas, the simulated antenna resonates at 3GHz
with a return loss of −22.07 dB, 4.1GHz with −40.09 dB re-
turn loss and at 5.2GHz with −20.54 dB return loss, while the
fabricated design resonates at 3GHz with−28.8 dB return loss,
4.1GHz with a return loss of −24.9 dB, and S11 findings for a
two-port antenna in a combinational analyzer are shown in Fig-
ure 15. Figure 14 displays the VSWR findings. At 3GHz, the
simulated and measured VSWRs are 1.7 and 1.9; at 4.1GHz,
they are 1.02 and 1.41, respectively; and at 5.2GHz, they are
1.2 and 1.51, respectively. This indicates that the antenna per-
forms satisfactorily. Figures 16 and 17 show the two-port an-
tenna’s radiation pattern and surface current distribution, re-

spectively, for 3GHz, 4.1GHz, and 5.2GHz bands. The mea-
sured and simulated radiation patterns of two-port MIMO an-
tenna are shown in Figure 16, which illustrates the radiation pat-
tern of implemented design in E-plane and H-plane at 3GHz,
4.1GHz, and 5.20GHz. In both the principal planes (E & H),
there is good co-pol and cross-pol difference in broadside direc-
tion, i.e., more than 20 dB at all three frequency bands. It can
be seen from Figure 16 that the radiation patterns in E- andH-
planes are omnidirectional at the two resonant frequency bands.
The presented model has good radiation properties. Figure 18
presents the 3D gain of the dual-element defected L-shaped
MPA. Figure 17 presents the surface current distribution of the
dual-element defected L-shaped MPA at three different reso-
nant frequencies, 3GHz, 4.1GHz, and 5.2GHz.
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(a) (b)

(c)

FIGURE 16. Simulated and measured radiation patterns of the dual-element defected L-shaped microstrip patch antenna (a) at 3GHz (b) at 4.1GHz
(c) at 5.2GHz.

3.3. Four-Element Defected L-Shaped Microstrip Patch MIMO
Antenna

With further modifications, the antenna’s two-port design is
changed to a quad-port MIMO antenna. The quad-element
MIMO antenna performance by means of S11, transmission co-
efficient, VSWR, radiation pattern, gain, and J-surface distribu-
tions along with the other MIMO antenna parameters like ECC
and DG is obtained in this section. The simulated and proto-
type designs resonate at a frequency of 3GHz with −29.21 dB
and −27.54 dB return loss, respectively, at 4.1GHz frequency
with−18.35 dB and−16.95 dB return loss, respectively, and at
5.2GHz frequency with−22.57 dB and−21.81 dB return loss,
respectively. Figure 19 presents the simulated and measured
S11 of the quad-element defected L-shaped microstrip patch
MIMO antenna. Figure 20 presents the simulated and mea-
sured S12 of the quad-element defected L-shaped microstrip
patch MIMO antenna. From Figure 21, we interpret that the re-
turn loss at S11, S22, S33, S44 at 3GHz, 4.1GHz, and 5.2GHz
are −15.77 dB, −25.72 dB, and −22.34 dB, respectively. The
isolation coefficient at 3GHz ranges from −25 dB to −36 dB;
at 4.1GHz it ranges from −29 dB to −37 dB; and for 5.2GHz
it ranges from −28 dB to −35 dB. In Figure 22, the VSWR
of the simulated design at frequencies 3GHz, 4.1GHz, and
5.2GHz are 1.28, 1.07, and 1.19, respectively, and VSWRs

of the prototype at frequencies 3GHz, 4.1GHz, and 5.2GHz
are 1.32, 1.12, and 1.21, respectively. Figure 23 presents the
measurement setup of the S-parameters and VSWR by utilising
MS2037C Anritsu Combinational Analyser. The radiation pat-
terns of Figure 24 display simulated and measured antennas at
3GHz, 4.1GHz, and 5.2GHz. The four-port MIMO antenna’s
actual radiation and simulated patterns are shown in Figure 24,
which illustrates the radiation patterns of implemented design
in E-plane and H-plane at 3GHz, 4.1GHz, and 5.20GHz. In
both the principal planes (E&H), there is good co-pol and cross-
pol difference in broadside direction, i.e., more than 20 dB at all
three frequency bands. It can be seen from Figure 24 that the
radiation patterns inE- andH-planes are omnidirectional at the
two resonant frequency bands. The presented model has good
radiation properties. Figure 25 presents the distribution of sur-
face current on the antenna at each port. Figure 26 represents
the 3D gain of the quad-element defected L-shaped microstrip
patch MIMO antenna.

3.4. Analysis of MIMO Diversity Parameters

When the effectiveness of MIMO diversity parameters is mea-
sured, ECC and DG are used to guarantee that the designed an-
tenna satisfies the specifications outlined in [15–19].
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(a) (b)

(c) (d)

(e) (f)

FIGURE 17. Surface current distribution of the dual-element defected L-shapedmicrostrip patch antenna. (a, b) 3.0GHz, (c, d) 4.1GHz, (e, f) 5.2GHz.

FIGURE 18. 3-dimensional gain of the single-element defected L-shaped microstrip patch antenna.
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FIGURE 19. Simulated and measured S11 of the quad-element defected
L-shaped microstrip patch MIMO antenna.

FIGURE 20. Simulated and measured S12 of the quad-element defected
L-shaped microstrip patch MIMO antenna.

FIGURE 21. Simulated S-parameters of the quad-element defected L-
shaped microstrip patch MIMO antenna.

FIGURE 22. Simulated and measured VSWRs of the quad-element de-
fected L-shaped microstrip patch MIMO antenna.

FIGURE 23. Measurement of S11 results by MS2037C anritsu combinational analyser.
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(a) (b)

(c)

FIGURE 24. Simulated and measured radiation patterns of the quad-element defected L-shaped microstrip patch antenna (a) at 3GHz (b) at 4.1GHz
(c) at 5.2GHz.

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

FIGURE 25. Surface current distribution of the dual-element defected L-shaped microstrip patch antenna (a)–(d) 3GHz (e)–(h) 4.1GHz (i)–(l)
5.2GHz.
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TABLE 2. The values of mean effective gain (MEG) at frequency sweep.

Operating Frequency
(GHz)

1 Antenna 2 Antenna 3 Antenna 4 Antenna

1 6.986 6.454 7.733 7.1964
1.5 7.102 6.496 7.353 7.113
2 8.45 8.32 8.17 8.29
2.5 6.7986 6.4954 7.8733 7.0964
3 7.002 6.5496 7.1353 7.2113
3.5 6.961 6.6523 6.8876 7.0758
4 9.01 8.91 9.25 8.88
4.5 7.1013 8.20348 9.089 7.458
5 6.576 7.02412 7.630 7.0518
5.5 6.754 6.6025 7.359 6.6763
6 6.7986 6.4954 7.8733 7.0964

FIGURE 26. 3D gain of the quad-element defected hexagonal-patch
MIMO antenna.

ECC is a significant parameter to access the performance of
a MIMO antenna. It determines the correlation with the neigh-
bouring elements present in the design. The typical value of
ECC is 0, but it can range between the values of 0 to 0.5. It
can be calculated in two ways either by using S-parameters or
radiation pattern. This is a formula for ECC according to S-
parameters

ρe =
|S∗

11S12 + S∗
21S22|2

(1− |S11|2 − |S21|2)(1− |S22|2 − |S12|2)

ECCqp =

∣∣∣∣2π∫
0

∫ π

0

(
E∗

θpEθqPθXPR+ E∗
φpEφqPφ

)
dΩ

∣∣∣∣2
α× β

The above formula is for ECC as per the radiation pattern data.

α =

2π∫
0

∫ π

0

(
E∗

θqEθqPθXPR+ E∗
φqEφqPφ

)
dΩ

β =

2π∫
0

∫ π

0

(
E∗

θpEθqPθXPR+ E∗
φpEφqPφ

)
dΩ

Diversity gain indicates the quality and reliability of a MIMO
antenna. It is calculated by considering the values of ECC. Its
ideal value should be 10 dB.

DG = 10×
√
1− |ECCqp|2

Figure 27 illustrates the ECC and DG of dual-port MIMO an-
tenna. The values of ECC and DG for this particular antenna
meet the ideal ECC and DG values, indicating that the MIMO
antenna is well suited for its intended purpose. From Figure 28,
the simulated andmeasured values of ECC is at 3GHz, 4.1GHz
and 5.2GHz are below 0.5 which fulfils the ideal requirements
of ECC of a MIMO antenna, and in Figure 29, the simulated
and measured DG values of a MIMO antenna are at 10 dB.
The total active reflection coefficient can be used to evaluate

the impedance bandwidth of an antenna by combining all the
antenna elements. The TARC of the antenna model is evaluated
by the TARC equation shown below. Figure 30 presents the
TARC for a four-port L-shaped MIMO antenna. The equation
shown below generates a curve by considering random values
in the range between 0 and 2π.

S = Port

TARC =

√
(Smn + Smn)2 + (Smn + Smn)2

2

Mean effective gain is another useful metric to consider while
the diversity of the antenna is calculated. It is referred as the
ratio between the mean received power to the mean incident
power. The MEG is calculated using the formula shown be-
low. Since the MIMO antenna is constructed from identical
antenna elements, there should not be a major difference in the
gain achieved by different antenna components. The ideal the-
oretical limit for MEG is 0 dB. According to Table 2, the vari-
ance is within the permissible range, which makes the device
more suitable for MIMO communications. The mean received
power in a fading situation is the key parameter known as the
mean effective gain. Table 2 shows the numbers calculated nu-
merically. For good performance, the practical value suggested
for the proposed antenna is −3 dB less than or equal to MEG
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FIGURE 27. ECC and DG for dual-port MIMO antenna. FIGURE 28. ECC of a four-port MIMO antenna.

TABLE 3. Comparison table of the proposed MIMO design to existing MIMO designs.

References Element Substrate Bandwidth
Dimensions
(mm2)

Return Loss Gain (dBi) ECC DG (dB)

[8] 4 FR4 3.5–4.2GHz 140× 140 < 20 dB 1.79–2.39 < 0.1 —–

[9] 1 Polyamide

0.7–0.99GHz
1.56–1.67GHz
2.5–3.8GHz
5–6GHz
6–7GHz

120× 80

> 20 dB
> 15 dB
> 15 dB
> 15 dB
> 15 dB

—— —— ——

4 Polyamide

0.5–1.1GHz
2.54–3.58GHz
5.01–6.4GHz
6.57–7.2GHz

160× 160

> 10 dB
> 20 dB
> 20 dB
> 20 dB

−0.05

4.4
6.9
2.0

—— ——

[10] 4 FR4
3.3–3.8GHz
4.6–5.2GHz

140× 60
< −15 dB
< −15 dB

2.7
1.5

< 0.001 ——

[17]
1 FR4 3–10.5GHz 50× 50 > 20 dB ——- —— ——
2 FR4 3.5–11.8GHz 80× 40 > 20 dB 1.2–3.20 < 0.15 ——
4 FR4 3–12GHz 80× 80 > 20 dB 2 to 4 < 0.2 ——

[18] 4
Rogers/RT
Durid
5880

3–5.8GHz 120× 60 < −30 dB 1.8–3.25 0.016 > 9.9

[19] 4 FR4 3–6.2GHz 125× 125 < −10 dB 2.5–3.5 —– ——

Proposed 1 FR4
3.04–3.09GHz
4.11–4.13GHz
5.18–5.21GHz

60× 60

−26.83 dB
−20.06 dB
−19.16 dB

2.5 —–

2 FR4
3.04–3.09GHz
4.11–4.13GHz
5.18–5.21GHz

60× 120

−22.07 dB
−40.09 dB
−20.54 dB

3.1 < 0.014
9.99
9.99

4 FR4
3.04–3.09GHz
4.11–4.13GHz
5.18–5.21GHz

120× 120
−18.36 dB
−29.21 dB

4.2 < 0.003
9.99
9.99
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FIGURE 29. DG for four-port L-shaped MIMO antenna. FIGURE 30. TARC for four-port L-shaped MIMO antenna.

(dB) −12. Thus, the MEG values of all MIMO configurations
were verified.

MEGi = 0.5µirad = 0.5

(
1−

K∑
j=1

∣∣∣∣Sij |
)

(1)

where i = antenna under observation, µ = radiation efficiency.
Table 3 presents a comparison between the L-shaped MIMO

antenna and various other MIMO antennas operating at sub-
6GHz. The comparison includes dimensions, return loss, gain,
envelope correlation coefficient, and diversity gain. The pro-
posed antenna is shown to outperform the other antennas in
terms of size and performance. Previous articles [8–10, 17–19]
have proposed MIMO antennas, but they are larger and pro-
vide less gain than the proposed antenna. Chemical etching of
microstrip devices is a cost-effective way to improve manufac-
turing efficiency.

4. CONCLUSION
A quad-elementMIMO antenna is proposed in this paper which
describes in detail about the design of the antenna from a ba-
sic microstrip antenna to the proposed defected L-shaped mi-
crostrip patchMIMO through various modifications to resonate
at the desired frequency. This proposed single antenna res-
onates at 3.0GHz, 4.1GHz, and 5.2GHz frequencies with re-
turn loss −26.83 dB, −20.06 dB, and −19.16 dB, respectively.
To improve the data rate, the existing design was modified to
design both two- and four-port MIMO antennas. These an-
tennas resonate at 3GHz, 4.1GHz, and 5.2GHz with a re-
turn loss −22.07 dB, −40.09 dB, and −20.54 dB for two-port
MIMO antenna and −18.35 dB, −29.21 dB, and −22.57 dB
for four-port MIMO antenna. The antenna has an isolation of
−27.16 dB at 3GHz, −25.99 dB at 4.1GHz, and −27.30 dB
at 5.2GHz for a four-element MIMO antenna, and for a two-
port MIMO antenna at 3GHz the isolation is −26.17 dB; at
4.1GHz the isolation is−30.75 dB; and at 5.2GHz the isolation
is −27.80 dB. Along with S-parameters, MIMO diversity pa-
rameters like ECC is below 0.003, andDG is almost 10 dB. This

design is useful for a variety of applications that require cellu-
lar communication, such as smart homes, industrial automation,
agriculture, surveillance, and medical care.
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