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ABSTRACT The research community has been more interested in nature-inspired antenna solutions in
recent years. Well-known organizations all around the world have set up labs to investigate the structures,
operations, and traits of creatures that exist. One valuable method is investigating geometrical depictions of
biological shapes, including fractal shapes and polarized geometry. This paper focuses on the design of a
leaf-shaped antenna, its 4× 1 corporate-fed array, spatial diversity Multiple Input Multiple Output (MIMO)
antenna, and pattern diversity MIMO antenna, which operate in the sub-6 GHz range and specifically cover
the 5G bands: N77 (3.3–4.2 GHz), N78 (3.3–3.8 GHz), and N79 (4.7 GHz) (4.4–5 GHz). The radiating
element of the array is modeled like a natural plant leaf, and a defective ground plane is used to reduce
size and increase bandwidth. To obtain dual band characteristics and circular polarization, a diagonal slot
in the parasitic metallic elliptical disc in the ground plane is used. A corporate feed network is used in a
4 × 1 array for excitation to radiating elements and to generate high gain performance by ensuring little
reflection loss and good impedance matching. An electromagnetically coupled hexagonal array is used in a
T shape between the inter-elements to reduce mutual coupling and increase the gain of the 4 × 1 array. The
proposed multiband antenna array reflects less than 10% of the power between 3.4–4 GHz and 4.51–5.2 GHz
and achieves a maximum gain of 6.55 dB with variations of less than 3 dB across the full operating band.
MIMO configurations are required to increase the network capacity. Spatial diversity and pattern diversity
MIMO antennas are designed to provide good diversity performance and sufficient isolation bandwidth. All
the proposed antennas are fabricated on a commercially available FR4 substrate with a dielectric constant of
4.3 and a height of 1.6 mm, making them inexpensive for mass production. The performance of fabricated
antennas is compared with that of simulated antennas. Compact size, planar design, broad bandwidth, and
stable gain make the proposed antennas suitable for sub-6 GHz 5G applications.

INDEX TERMS Sub 6 GHz antenna, 5G (fifth generation), nature inspired antenna, MIMO, corporate fed
antenna array.

I. INTRODUCTION
The compact multiband planar antenna design for sub-6 GHz
5G communication is a crucial problem for antenna designers
since keeping other characteristics like moderate gain and
broad bandwidth while remaining compact is difficult.

The associate editor coordinating the review of this manuscript and

approving it for publication was Qi Luo .

As small wireless devices are in high demand, compact
antenna design is essential [1]. Due to the obvious long
working wavelength (λ ), the size of the antenna in the sub-
6 GHz band is increasing. As size reduction techniques
are applied, antenna gain and efficiency are lowered owing
to reduced effective aperture area, making achieving the
required radiation performance difficult [2], [3]. As the
number of mobile phone operators grows exponentially,
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internet connection speed and mobile data requirements
become a significant problem for today’s wireless sys-
tems [4]. Fifth-generation technology is distinguished by
its ability to accommodate a large number of concurrent
users, increase network capacity, improve data rates in Gbps,
reduce transmission latency in milliseconds, and reduce
costs [5]. For 5G communication, the ITU (International
Telecommunication Union) has allocated microwave bands
(3.4-3.6 GHz and 5-6 GHz) and mm-wave bands (24.25-
27.5 GHz, 37-40.5 GHz, and 66-76 GHz), while the FCC
(Federal Communications Commission) has specified a
spectrum option of 27.5-28.35 GHz [6], [7]. Communication
in mm-wave bands has various challenges, including fading,
environmental absorptions and attenuations, and a low signal-
to-noise ratio. As implementing mm-wave communication
devices in existing base stations is highly expensive, most
telecom operators are updating existing sub-6 GHz base
stations and attempting to improve service quality. The
basic option of bands in sub-6GHz 5G connectivity is N77
3.7 GHz (3.3–4.2 GHz), N78 3.5 GHz (3.3–3.8 GHz), and
N79 4.7 GHz (4.4–5 GHz) [7], [8]. Many nations, including
South Korea, the European Union, the United States, China,
and Japan, are using or proposing to employ LTE (Long Term
Evolution) bands 42 (3.4–3.6 GHz) and 43 (3.6–3.8 GHz) as
pioneer 5G bands [7], [8], [9].

In the literature, many compact multiband microwave
antennas have been reported. [10] shows a sub-6GHz antenna
with two parallel printed dipoles. To increase impedance
matching, an H-shaped groove is cut into the ground. For
frequency reconfigurable properties, P-I-N diodes are utilized
between the feeding structure and the dipoles. The proposed
antenna has a decent bandwidth and modest gain, but its
large size is a major disadvantage. [11] describes a folded
slotted resonant cavity-based antenna. The proposed antenna
has a modest size of 0.24λ × 0.24λ ×0.07λ and a constant
gain, but its main disadvantages are its short bandwidth and
non-planar shape. [7] shows a circular patch antenna with a
defective ground construction. To get the requisite operating
band, a rectangular slit is constructed in partial ground. The
proposed antenna has a good bandwidth, a compact size, and
a planar shape; however, the gain fluctuation is more than
3 dB. [12] presents a step impedance resonator-based antenna
for multiband 2.4 GHz/5.8 GHz applications. The proposed
antenna has a limited bandwidth, a low gain, and a huge
size, but the stepped impedance-based filtering structure is
new. [13] shows an optically transparent dual-band antenna.
The proposed antenna has dual-band operation and excellent
bandwidth, although the gain in one band is minimal. The
antenna is likewise rather large. [14] proposes a slotted
printed dipole antenna for multiband operation. It is fed by a
coplanar waveguide. Tominimize the size, two symmetrically
folded slots are employed. A rectangular feed line with a
step form and a rectangular ground plane are employed. The
proposed antenna functions in the multiband frequencies of
1.9–2.17 GHz, 3.4–3.6 GHz, and 5.15–5.35 GHz and has a

modest size of 0.19λ×0.21 λ×0.005λ . Gain varies widely,
and at some points in the working band, gain is negative. [1]
proposes a slotted patch and two inverted F-shaped defective
ground structure-based antennas for multiband applications
at 2.51 GHz, 5.26 GHz, and 8.18 GHz. The proposed antenna
is small and multiband, although its gain varies greatly. It is
difficult to achieve small dimensions, wide bandwidth, steady
gain, planar shape, and modest gain for a sub-6 GHz antenna
at the same time.

Nature-inspired design was chosen to meet the aforesaid
research gap. The incorporation of nature-inspired archi-
tecture into technological and scientific issues is a hot
topic among researchers worldwide. Leading educational
establishments like theMassachusetts Institute of Technology
and Harward University have begun setting up research
labs to study how engineering behavior and architecture are
influenced by nature and produce extraordinary results [15].
The inner structures and outside. anatomy of animals serve
as a major source of inspiration for antenna design, as these
elements function similarly to the antennas found in systems
for communicating. For a variety of bands and technolog-
ical advances, scientists are experimenting with antennas
with bio-inspired plant geometries that incorporate plant
elements, including branches, leaves, and petals. Because of
their potential outcomes, leaf-shaped antennas—which are
designed like leaves—have drawn attention. Identical to dish
antennas, leaves possess a light-gathering center that exhibits
intricate and fractal-like features [15], [16]. These kinds of
antennas are a viable option for small, barely noticeable
antennas since they are designed to collect solar energy for
photosynthetic purposes. In contrast to classical shapes, the
nature-inspired antenna exhibits a larger density of surface
current in a narrower region. Several articles published
demonstrate these antennas’ potential. In comparison to the
circular design, the leaf-shaped design exhibits a decrease
in overall length of 33.61% and breadth of 52.01% [16].
Featuring a highest gain of 18.66 dBi, the hyperbolic partial
sinusoidal curved leaf antenna delivers a broad bandwidth of
8.92 THz [17].
The patch’s shape is inspired by the shape of a leaf.

Naturally occurring plants have strong radiation-collecting
capacity or good EM (electromagnetic) wave-receiving
ability. Due to their structure [16], [18], [19], [20].
To minimize size while increasing bandwidth, a partial
ground plane is employed. A diagonally slotted parasitic
disc is employed below the patch in the ground plane to
achieve dual band operation, gain stability, and circular
polarization.

Aside from 5G mobile communication, the proposed
antenna supports a wide range of biomedical applications,
including medical monitoring applications, patient motion
tracking, wireless vital sign monitoring, pharmaceutical
storage monitoring, cancer detection, cardiology imaging,
pneumology imaging, obstetrics imaging, ear-nose-throat
imaging, measurements in underwater medicine, space
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medicine, sport medicine, military medicine, emergency
medicine, rubble rescue radar, biofeedback-based rehabili-
tation procedures such as respiratory rehab, cardiovascular
rehab, and occupational therapy, the control of artificial
prostheses and the actuation of wheelchair driving systems,
smart-home systems and many more. The proposed antenna
can potentially be employed as a medical implant therapy
device. The antenna can be utilized as therapy and com-
munication equipment. The applicability of the suggested
antenna for early breast cancer detection is thoroughly
examined in this research. Researchers face significant
challenges in developing small antennas with excellent gain
and wide bandwidth at µ-Wave spectrum. The sub-6 GHz
bands’ half wavelengths extend from 30 mm (5 GHz) to
52 mm (3 GHz). When the antenna dimension is less
than 52 × 52 square mm, the antenna gain is lowered at
lower frequencies. Dimension reduction approaches must
be used while maintaining other factors like as gain and
efficiency [21].

Initially, a dual-band leaf-shaped nature-inspired antenna
of 25×20 × 1.6 (0.24λ×0.20 λ×0.015 λ ) mm3 is pro-
posed in this paper, which works from 2.95-3.8 GHz and
4.25-4.95 GHz with a gain of 1.57-1.68 dBi. A four-element
corporate fed array is presented, which increases gain by
about four times. MIMO configurations are necessary in 5G
communication to enhance network capacity, service quality,
and mitigate the impacts of multipath propagation. Pattern
diversity and spatial diversity-MIMO configurations of the
leaf-shaped antenna are illustrated.

This paper is divided into six sections. Section I
covers a literature survey and research gaps related to
sub-6 GHz antennas. The design and performance of a single
antenna are presented in Section II. Section III presents a
4 × 1 corporate-fed array of leaf-shaped antennas and its
results. Spatial diversity and pattern diversity of MIMO
antennas are discussed in Section IV. The paper concludes
in Section V.

II. EVOLUTION OF SINGLE ANTENNA ELEMENT
A. ANTENNA DESIGN
On the CST (Computer Simulation Technology) microwave
studio, a leaf-shaped patch was simulated for the 5G sub-
6 GHz spectrum. Because of its ease of availability and
inexpensive cost, a FR4 substrate with a dielectric constant
of 4.3, a loss tangent of 0.025, and a thickness of 1.6 mm
was chosen. FR4 stands for flame retardant 4, which
is a glass-reinforced epoxy resin laminate. FR4 is good
option for the low frequencies. It’s losses increase with
increasing frequencies. It is suitable for general use but not
ideal for high-frequency or high-temperature environments.
It is easy to fabricate but not eco-friendly. Due to its
modest size, the suggested antenna, FR4, is made for
simple installation without the need for pricey flexible
substrates. The copper layer thickness is 0.035 mm for the
patch as well as the ground. The patch is energized using

microstrip line feeding. To achieve dual-band operation,
a partial ground plane is employed on the reverse side of
the substrate, and a diagonally slotted elliptical metallic layer
is introduced. Initially, a patch in the shape of a leaf is
created using (1) [22].

r = 2a(1 + cos(θ )) (1)

(1) is written in polar form. Cartesian coordinates may be
computed using following (2) and (3) [22].

x = r cos(θ) (2)

y = r sin(θ) (3)

Using these equations, a cardioid form is produced by
entering different values of θ from 0 to 360 degrees and
r of 10 mm, whose top point is changed or displaced to
14.04 mm to obtain the geometry in the form of a leaf.
One may achieve clearer geometry as the number of points
increases. When utilizing a partial ground plane, the feed
line’s length is shortened from the initial choice of half
wavelength. Here are the optimized dimensions presented
in Fig. 1 (a).

FIGURE 1. Geometry of leaf shaped Sub-6 GHz antenna (a) Front view
(b) Back view.

To achieve a compact size and the necessary band of
operation, the dimension of the leaf-shaped patch is lowered
by changing the partial ground plane length. In order to
accomplish dual band functioning and circular polarization,
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FIGURE 2. Fabricated prototype of leaf shaped antenna (a) Front view
(b) Back view.

a diagonally slotted elliptical metallic layer is applied to the
ground plane. Fig. 1 depicts the optimized design parameters
and antenna shape. Fig. 2 (a) and (b) show the front and rear
views of the fabricated prototype antenna.

B. PERFORMANCE AND DISCUSSION
Fig. 3 depicts the simulated and measured reflection coeffi-
cient (S11) of the proposed leaf-shaped antenna. It may be
observed that the simulated leaf-shaped antenna resonates at
dual frequencies of 2.94–3.81 GHz and 4.24–4.95 GHz, with
impedance bandwidths of 24.16% and 15.10% at 3.6 GHz
and 4.7 GHz, respectively. From 3 GHz to 3.9 GHz and
4.3 GHz to 5 GHz, the measured reflection coefficient
(S11) is less than -10 dB. At 3.6 GHz and 4.77 GHz, the
minimum measured reflection coefficient (S11) is −16 dB
and −22 dB, respectively. It is possible to see that the
manufactured antenna covers all of the necessary bands while
providing some lower impedance matching and return loss
performance. It might be due to certain irregularities in the
manufacturing around the edges.

FIGURE 3. Reflection coefficient (S11) variations with frequency of Leaf
shaped antenna.

The fabricated antenna’s radiation pattern has been mea-
sured in an anechoic chamber, as shown in Fig. 4. Fig. 5(a)
depicts a consolidated radiation pattern of simulated and
measured E and H fields at 3.6 GHz.

FIGURE 4. Fabricated prototype in an anechoic chamber for radiation
pattern measurement.

FIGURE 5. (a) Consolidated simulated and measured E field and H field
radiation pattern at 3.6 GHz (b) Three dimensional simulated radiation
pattern at 3.6 GHz.

At phi = 0, the proposed antenna has maximum radiation
on the ground plane side and a relatively tiny minor lobe.
At phi = 90 degrees, there is good coverage. It can be seen
that the shapes of the simulated and measured patterns are
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similar to some extent. It is possible to see that the measured
radiation pattern has lower side lobe values.

The maximum simulated and measured gains of the
proposed antenna are 1.5 dB and 1.7 dB, respectively,
at phi = 0 deg. and 1.3 dB and 1.9 dB at phi = 90 deg. It can
be seen from Fig. 5 (b) that the three-dimensional radiation
pattern has a maximum gain of 1.5 dBi at 3.6 GHz.

Fig. 6(a) depicts the simulated and measured radiation
patterns at 4.7 GHz. It can be seen that simulated patterns
and measured patterns are extremely closely related. The
principal lobes are almost matched, but the measured
antenna’s rear lobe is smaller than the simulated one. The
maximum simulated and measured gain is 1.79 dB and 1,98
dB at 4.7 GHz, respectively. It can be seen from Fig. 6(b) that
a three-dimensional radiation pattern has a maximum gain of
1.79 dBi at 4.7 GHz.

FIGURE 6. (a) Consolidated simulated and measured E field and H Field
radiation pattern at 4.7 GHz (b) Three dimensional radiation pattern at
4.7 GHz.

Fig. 7 (a) and (b) show variations in gain in the first
operating band and the second operating band, respectively.
At 3.6 GHz and 4.7 GHz, the gain of the leaf-shaped antenna

FIGURE 7. Gain of leaf shaped antenna (a) for first operating band (b) for
second operating band.

is 1.64 dB and 1.54 dB, respectively. Gain varies by less
than 3 dB throughout working bands. Since the antenna’s
gain is lowered in the non-operating band, this suggests
its out-of-band rejection capability. Fig. 8(a) and (b) depict
the total efficiency and radiation efficiency variations with
respect to frequency of the proposed leaf-shaped antenna
in the first operating band and second operating band,
respectively. Total efficiency and radiation efficiency are
both between 65 and 70 percent in the first band and
60 to 70 percent in the second band. Since the antenna’s
efficiency is lowered in the non-operating band, this shows
its out-of-band rejection capability. Fig. 9 shows the axial
ratio versus frequency of a leaf-shaped antenna, respectively.
Because the axial ratio is less than 3 dB between 4.16 and
4.62 GHz, the antenna produces circular polarization in
this band. The antenna delivers linear polarization in the
first band.

C. PERFORMANCE ANALYSIS OF LEAF SHAPED ANTENNA
A leaf-shaped antenna’s functionality is assessed by com-
paring its performance at each stage after each change. All
antenna iterations have the same top shape. The bottom
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FIGURE 8. Total efficiency and radiation efficiency variations (a) in first
operating band (b) in second operating band.

FIGURE 9. Axial Ratio variations of leaf shaped antenna.

geometry has been adjusted and is seen in Fig. 11. The
suggested antenna’s default ground structure is shown in
Fig. 11(a). The rear side of Fig. 11 (b) is identical except
for the diagonal slot. There is no slotted elliptical disc in the
ground in Fig. 11 (c). Fig. 11 (d) depicts a whole ground plane
on the reverse side.

FIGURE 10. Electric field distribution of leaf shaped antenna (a) at
3.6 GHz (b) at 4.7 GHz.

Fig. 12 depicts the effect of different adjustments on
the reflection coefficient (S11). When complete ground
is applied, the working frequencies are not between
2 and 5 GHz. At frequencies below 6 GHz, a small antenna
design is one of the objectives. Partial ground is employed,
as indicated in Fig. 11(c), without a disc.

It should be noted that while employing partial
ground, operational frequencies are obtained between
2.75 and 5 GHz. Notably, broad-band performance is
attained. A dual-band antenna with high gain that operates
at both 3.60 GHz and 4.80 GHz is needed. A metallic disc
is inserted into the ground by removing a slit, as shown
in Fig. 11 (a). It should be mentioned that the suggested
antenna without a slot functions in a single band with a
bandwidth ranging from 3 GHz to about 4.5 GHz. On the
ground side of the metallic disc, a rectangular slit is created
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FIGURE 11. (a) Bottom view of leaf shaped antenna (b) Bottom view of
proposed antenna without slot in disc (c) Partial ground and no metallic
disc at back side (d) Full ground plane at back side.

FIGURE 12. Comparisons of reflection coefficient (S11) variations with
frequency for various iterations.

diagonally, resulting in a dual-band antenna that operates in
two sub-6 GHz bands: 2.94–3.81 GHz and 4.24–4.95 GHz.

Fig. 13(a) and (b) depict comparisons of gain variations
for the suggested leaf-shaped antenna in the first and second
bands. When using the entire ground, the antenna is not
operating between 3 and 5 GHz, so the gain is negative in
both bands. Gain is enhanced at lower frequencies when
partial ground is utilized, although bandwidth is relatively
high. The gain is lowered after 3.5 GHz when a disc is
introduced into the ground. When a slotted metallic disc is
used, the gain is lowered but remains steady in the operating

FIGURE 13. Comparisons of gain for various iterations.

band. In the second band, maximum gain is achieved when
a disc without a diagonal slit is used in the ground plane.
Without a disc in the ground plane, antenna gain is stable
in the second band. The proposed antenna with a slotted
disc has some less gain but less than 3 dB variations in the
second band.

Fig. 14 illustrates axial ratio (AR) variations with fre-
quency for all iterations of the proposed antenna. It should
be noticed that the AR is more than 3 dB at all frequencies
for all antenna geometries except the suggested antenna.
To achieve circular polarization, a diagonallyd be noticed
that the AR is more than 3 dB at all frequencies for allthe
ground. geometrietoxcept the suggested antenna. placed slit
is inserted in the elliptically formed metallic disc in ground.
From 4.16 and 4.62 GHz, the AR becomes smaller than 3 dB,
suggesting that the antenna delivers circular polarization in
this band. The radiation characteristics of all iterations at
3.6 GHz for Phi = 0 and Phi = 90 degrees are compared in
Fig. 15 (a) and (b).

It is to be observed that a unidirectional radiation
characteristics exists above the top layer of the antenna when
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FIGURE 14. Comparisons of AR variations with frequency of various
iterations of leaf shaped antenna.

FIGURE 15. Comparisons of radiation characteristics of various iterations
at 3.6 GHz (a) at Phi = 0 (b) at Phi = 90.

the full ground is used. When employing a partial ground, the
radiation characteristics is altered into a semi-bidirectional
pattern for Phi = 0 and Phi = 90 degree due to the absence of
a ground reflecting layer. When an elliptical-shaped metallic
disc is inserted into the ground plane, maximum radiation

is moved back with an increase in gain. The suggested
antenna provides wide coverage and gain increase in the
direction of the primary lobe when a slot is carved from a
metallic disc.

FIGURE 16. Comparisons of radiation characteristics of various iterations
at 4.7 GHz (a) at Phi = 0 (b) at Phi = 90.

Fig. 16 (a) and (b) exhibit comparisons of radiation
characteristics at 4.7 GHz for all iterations for Phi = 0 and
90 degree. In compared to all other geometries, the proposed
antenna has the smallest minor lobe magnitude, the largest
major lobe magnitude, and the widest HPBW.

D. PERFORMANCE COMPARISION WITH REPORTED
ANTENNAS
Table 1 compares the proposed leaf-shaped antenna’s per-
formance to that of reported sub-6 GHz 5G antennas. The
recommended antenna is tiny in comparison to maximum
working wavelength and published antennas [1], [7], [10],
[11], [12], [13], [14], [23], [24], [25]. The proposed antenna
has a greater bandwidth than existing antennas [1], [10],
[11], [12], [13], [14], [23], [24], [25], [26]. Some of the
reported antenna’s bandwidth is bigger than that of the
planned antenna, but its gain is less. Despite its small size
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TABLE 1. Performance comparison of the proposed leaf-shaped antenna
with reported sub-6 GHz 5G antennas.

TABLE 1. (Continued.) Performance comparison of the proposed
leaf-shaped antenna with reported sub-6 GHz 5G antennas.

and large bandwidth, the suggested antenna has a higher
gain than [7], [11], [12] but a lower gain than [10], [23],
[24], [25], [26]. The proposed antenna features a single layer,
planar design, and circular polarization at 4.25-4.62 GHz,
in addition to its small size, large bandwidth, and high gain.
The suggested antenna is a promising option for sub-6GHz
5G applications.

III. CORPORATE FED ARRAY
Antenna gain required is not much increased since operating
wavelengths in Sub 6 GHz are comparatively higher than
those in higher frequency bands, such as the mm-wave
and terahertz bands. The exact amount of antenna gain
needed relies on a number of variables, including path loss,
interference, and the required signal intensity. It also varies
on the deployment scenario—urban, suburban, or rural—
as well as the network’s unique goals. Antenna gain plays
a crucial role in influencing the coverage and connection
performance as well as the effective isotropic radiated
power (EIRP). However, in many sub-6 GHz installations,
such as the 3.6 GHz band, an estimate of 0 to 6 dB
is a fair value for the antenna gain. Antenna strengths
between 0 and 6 dB are generally appropriate in urban and
suburban settings, where small cells are frequently built for
enhanced coverage and capacity. This makes it possible to
balance link performance and coverage area well [27], [28].
As per [28], At 1 GHz, a −5dBi antenna gain is advised for
user equipment. Increase the necessary gain in proportion
to the frequency squared. This indicates that a gain of -
2.2 dBi should be considered at 3.6 GHz and −1.6 dBi at
4.7 GHz for user equipment. Gain increases will result in
a decrease in the input transmitting power needed for the
gain. At 1GHz, a gain of 12 dBi and 7.5 dBi is advised
for macrocells and microcells, respectively. As per [29],
Antenna gains were often near unity (0 dBi / −2.1 dBi) at
both 5 GHz and 6 GHz, but they might occasionally be as
low as −6 dBi.

To increase gain, a four-element leaf-shaped antenna array
is planned. Depending on the needed gain, the number of
components may increase even more. When compared to a
single antenna, a 4-element array can increase gain by up to
three or four times in dB. Corporate feeding network is used
to energize the radiating elements. Fig. 17(a), (b) and (c) show
a simulated antenna’s top and bottom views and fabricated
prototype.

The 50 mm gap between four leaf-shaped elements
enhances antenna size. To minimize array size, inter-element
spacing is reduced, but mutual coupling is enhanced and
antenna gain is diminished. Multiple hexagonal components
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FIGURE 17. Proposed antenna’s geometry (a) Top (b) Bottom
(c) Fabricated prototype.

are inserted in T-shaped between inter-elements to decrease
surface wave and reduce antenna size. This intermediate
structure acts as a decoupling element and band-stop filter,

FIGURE 18. (a) Simulated and measured reflection coefficient (S11)
variations with frequency of corporate fed array (b) Gain variations with
frequency of corporate fed array in first operating band (c) Gain variations
with frequency of corporate fed array in second operating band.

boosting antenna gain by reducing mutual coupling. Cor-
porate feed network supplies radiating elements. Matching
microstrip lines and quarter-wave transformers provide a 1:4
power divider. 50 Ohm microstrip lines feed all patches.
Impedance is reduced (25 Ohm) at the T point where two
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FIGURE 19. (a) 2D Radiation pattern at 3.6 GHz (b) 3D Radiation pattern at 3.6 GHz (c) 2D Radiation pattern at 4.71 GHz (d) 3D Radiation pattern at
4.71 GHz.

feed lines are joined. The T point is linked to a new
50 ohm microstrip line via a quarter wave transformer
with 35.35 Ohm (

√
(50 × 25)) impedances. Every T-point

is the same. First, length of connected microstrip lines
are half the guided wavelength or odd multiples. These
lengths are then adjusted to optimize performance and size.
The proposed antenna is simulated using CST Microwave
Studio.

Fig. 18(a) shows the proposed antenna’s simulated and
measured Reflection coefficient (S11) variations with fre-
quency. The simulated antenna operates between 3.4-4 GHz
and 4.65-5.05 GHz with Reflection coefficient (S11) less
than -10 dB, whereas the constructed antenna operates
from 3.43 to 3.9 GHz and 4.61 to 4.99 GHz, covering
the sub-6 GHz band for 5G connection. The measured
Reflection coefficient (S11) and resonant frequency feature
variations due to manufacturing imperfections on the patch
and ground plane. Due to the numerous power dividers

involved in the feeding network, the corporate fed array’s
bandwidth is reduced in both bands (as shown in Fig. 18(a)),
but it covers the essential sub-6 GHz spectrum for 5G
connectivity.

The gain of the suggested antenna is shown in
Fig. 18(b) and (c) for first band and second band. The gain
of a corporate-fed array is 3.95 dB at 3.6 GHz and 5 dB at
4.7 GHz. Gain fluctuates by less than 3 dB throughout all
operational bands. A corporate fed array offers about 4 dB
more gain than a single element.

Fig.19 (a) and (c) show measured and simulated E and
H field radiation patterns at 3.6 and 4.71 GHz. Three
dimensional radiation pattern at 3.6 and 4.71 GHz is depicted
in Fig. 19 (b) and (d) respectively. The shapes of the simulated
and measured patterns are comparable but some variations
due to manufacturing imperfections and inadequate solder
connections, but the orientations of the principal lobes are
identical. Maximum gain at 3.6 GHz and 4.71 GHz is
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6.39 dB and 5.64 dB for simulated antenna and 5.67 dB
and 6.56 dB for observed antenna. Numerous large lobes
with a maximum gain of 6.4 dB are seen in the pattern
shown in Fig. 19(b) at 3.6 GHz. Major Lobes are associated
with the top and bottom planes of the antenna, whereas side
lobes are small. It should be noted from Fig. 19(d) that the
antenna offers sufficient coverage by using three major lobes
on its upper and lower planes at 4.7 GHz. The proposed
antenna array generates the least amount of end fire-directed
radiation.

FIGURE 20. E-field distribution of corporate fed 4 × 1 array of leaf shaped
antenna (a) at 3.6 GHz (b) at 4.7 GHz.

The E-field distribution of a corporate-fed array of leaf-
shaped antennas at 3.6 GHz and 4.71 GHz is shown
in Figures 20(a) and (b), respectively. At 3.6 GHz and
4.7 GHz, the maximum E-field densities are 81.7 dB
(V/m) and 80.8 dB (V/m), respectively. The E-field is
widely distributed throughout the patch and the metallic
disc at the bottom. At intermediate elements, the e-field is
negligible.

Table 2 compares the proposed corporate fed array to
the reported sub-6 GHz 5G antennas. In compared to

TABLE 2. Performance comparisons of proposed corporate fed 4 × 1 array
of leaf shaped antenna with reported sub 6 GHz MIMO antennas.

existing published antennas, the suggested array has a small
dimension, similar bandwidth, and good gain. 3.4-3.93 GHz
and 4.65-5.05 GHz with Reflection coefficient (S11) less
than -10 dB, whereas the constructed antenna operates from
3.43 to 4 GHz and 4.61 to 4.99 GHz,

IV. MIMO ANTENNAS
A. SPATIAL DIVERSITY MIMO (SD-MIMO) ANTENNA
Future wireless communication systems will require MIMO
antennas to boost network capacity. On CST, a two-
element SD-MIMO configuration with a leaf-shaped antenna
is modeled. Multiple antennas are positioned far enough
apart to allow for the establishment of separate wireless
links in spatial diversity MIMO antenna, which increases
channel capacity. Multiple-input multiple-output (MIMO)
techniques use transmitter arrays and receivers to add
redundant operation, which improves error rates and boosts
the efficiency of wireless systems. To construct a two-
element MIMO antenna, two antenna elements are origi-
nally positioned at half wavelength distance, however the
antenna dimension is enlarged due to the half wavelength
gap. In order to reduce the dimension, two antennas
are separated by 29.09 mm (less than half wavelength
separation). I-shaped metallic element is put between inter-
elements on the top layer to balance the mutual coupling.
Fig. 21(a), (b) and (c) Simulated SD-MIMO top view, bottom
view and fabricated prototype.

VOLUME 12, 2024 114349



T. Nahar et al.: Leaf-Shaped Antennas for Sub-6 GHz 5G Applications

FIGURE 21. Structure of SD-MIMO configuration of leaf shaped antenna
(a) Top view (b) Bottom view (c) Fabricated prototype.

FIGURE 22. Observed and modeled S-parameters variations with
frequency of spatial diversity antenna.

The S-Parameters variations with frequency of simu-
lated and fabricated spatial diversity antenna is shown in
Fig. 22. It shows that Reflection coefficient (S11) and S22
are nearly similar, while S12 and S21 are overlapping.

FIGURE 23. Comparative reflection coefficient (S11) variations with
frequency of proposed SD-MIMO antenna with decoupling element and
without decoupling element.

Simulated antenna is operating from 3.05-3.85 GHz and
4.4-5 GHz while fabricated antenna is operating from
3-4.4 GHz and 4.5-4.9 GHz. measured Reflection coef-
ficient (S11) bandwidth. Simulated and measured mini-
mum S21 is -36.5 dB and -34.5 dB respectively. There
is a strong correlation between modeled and observed
outcomes.

Fig. 23 represents the impact of decoupling elements
on Reflection coefficient (S11) variations with frequency
of antenna. It may be noted that bandwidth is almost
unchanged while small shift in resonant frequencies are
observed if decoupling elements are removed. Impedance
matching performance or return loss is increased in absence
of decoupling elements. In presence of decoupling elements,
Reflection coefficient (S11) is about -30 dB and -24 dB
at 3.6 GHz and 4.7 GHz. Decoupling elements improve
impedance matching by reducing the interaction between
inter-elements.

Fig. 24 depicts the influence of decoupling element on the
antenna’s isolation ability. Using decoupling element isola-
tion is improved by about 10 dB and isolation bandwidth is
increased. Decoupling elements block the radiation transmits
between inter-elements.

Fig. 25 depicts the influence of inter-element separation
on Reflection coefficient (S11). For the separation of
0.3λ , the maximum bandwidth is reached in the lower
band, but the second resonance shifts. At 0.4λ and
0.5λ separation, the maximum bandwidth is reached for
both bands. For dimension reduction, separation of 0.4λ

is used.
Fig. 26 represents the effect of antenna’s separation

on the mutual coupling. Mutual coupling decreases as
separation increases, and isolation bandwidth increases.
To achieve maximum Reflection coefficient (S11) bandwidth
and isolation bandwidth with compact dimension, spacing of
0.4λ is chosen.

When port 1 of the proposed spatial diversity antenna is
linked to the RF reception circuit in an anechoic room and
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FIGURE 24. Comparative S21 variations with frequency of proposed
SD-MIMO antenna (spacing 0.4 × 72.72) with decoupling element and
without decoupling element.

FIGURE 25. Comparative reflection coefficient (S11) variations with
frequency of proposed SD-MIMO antenna with different
element-separation’s (q×72.72 mm).

FIGURE 26. Comparative mutual coupling(S21) variations with frequency
of proposed SD-MIMO antenna with different element-separation’s
(q×72.72 mm).

port 2 is attached with 50 ohm matched impedance, the
radiation characteristics is monitored. Fig. 27 (a) and (b)
shows the observed and modeled E field and H field patterns
of the antenna at 3.6 GHz and 4.7 GHz. It may be noted

FIGURE 27. Observed and modeled radiation characteristics of spatial
diversity antenna (a) at 3.6 GHz (b) at 4.76 GHz.

that the observed and modeled radiation characteristics are
very similar. Simulated and Measured gain of antenna 2.9 dB
and 2.8 dB at 3.6 GHz while it is 1.75 dB and 1.712 dB
at 4.7 GHz. The direction of maximum is altered, but the
form is essentially same. Variations between observed and
modeled values are attributable to manufacture defects, port
solder joints, etc.

Fig. 28 (a) and (b) depict the E-field distribution of the
spatial diversity antenna at 3.62 GHz when port 1 and
port 2, correspondingly, are stimulated. Fig. 28 (c) and (d)
depict the E-field distribution at 4.7 GHz when port 1
and port 2, correspondingly, are activated. When port 1 is
stimulated, there is a weak E-field at the neighboring element
due to the decoupling element. When port 2 is activated,
something similar occurs. At 3.62 GHz, the maximum E-
field densities are 90.2 dB (V/m) for port 1 stimulation
and 89.48 dB (V/m) for port 2 stimulation. At 3.62 GHz,
the maximum E-field densities are 90.184 dB (V/m) for
port 1 stimulation and 89.5 dB (V/m) for port 2 stimulation.
Maximum E-field densities at 4.7 GHz are 88.1 dB (V/m) for
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FIGURE 28. E-field distribution of proposed spatial diversity antenna (a) when port 1 is excited at 3.62 GHz (b) when port 2 is excited at
3.62 GHz (c) when port 1 is excited at 4.7 GHz (d) when port 2 is excited at 4.7 GHz.

port 1 stimulation and 88.5 dB (V/m) for port 2 stimulation,
respectively.

Fig. 29 shows various MIMO performance parameters of
proposed spatial diversity antenna. Fig. 29 represents MEG
(Mean effective gain), DG (Diversity gain), ECC (Envelope
Correlation Coefficient), CCL (Channel capacity loss) and
TARC (Total active reflection coefficient) variations with
frequency respectively. It can be seen that DG is extremely
near to 10 in both operational bands. ECC is near to zero
in both operating bands, indicating that both antennas work
independently. MEG1 and MEG2 are practically identical,
So MEG is close to zero in the initial band and less
than 0.4 dB in the second, showing that the proposed

antenna supports efficient MIMO operations. CCL is smaller
than 0.5 bit/sec/Hz over the frequency range of operation,
demonstrating low communication losses. TARC is less
than 0 dB throughout the entire operating spectrum. The
TARC minimum at 3.6 GHz is −9.5 dB and at 4.7 GHz,
it is −11 dB.

B. PATTERN DIVERSITY MIMO (PD-MIMO) ANTENNA
Pattern diversity in two elements MIMO antenna of leaf
shape is built by orthogonally putting two components with
horizontal spacing of 35.20 mm and vertical separation of
35.20 mm. Fig. 30 (a), (b) and (c) depict the antenna’s top
and bottom perspectives, respectively.
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FIGURE 29. MIMO parameters of proposed spatial diversity antenna:
(Mean effective gain (MEG), Channel capacity loss (CCL), Diversity gain
(DG), Envelope correlation coefficient (ECC), and Total active reflection
coefficient (TARC).

FIGURE 30. Proposed pattern diversity antenna (a) Top view (b) Bottom
view (c) Fabricated prototype.

The scattering parameter observed and modelled is
shown variations with frequency in Fig. 31. Simulated
antenna operates between 2.8-3.8 GHz and 4.3-5 GHz

FIGURE 31. Observed and modelled scattering parameter variations with
frequency of pattern diversity antenna.

FIGURE 32. Observed and modeled radiation characteristics of pattern
diversity antenna (a) at 3.6 GHz (b) at 4.76 GHz.

while fabricated antenna operates between 2.8-4 GHz
and 4.1-5GHz.
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FIGURE 33. E-field distribution of proposed pattern diversity antenna (a) when port 1 is energized at 3.6 GHz (b) when port 2 is
energized at 3.6 GHz (c) when port 1 is energized at 4.7 GHz (b) when port 2 is energized at 4.7 GHz.

Fig. 32 (a) and (b) depicts the modeled and observed
radiation characteristics of the pattern diversity antenna at
3.6 GHz and 4.76 GHz. Simulated and measered maximum
gain are 1.6 dB and 1.8 dB respectively at 3.6 GHz while they
are 1.8 dB and 2 dB at 4.76 GHz.

Fig. 33 (a) and (b) depict the E-field distribution of the
proposed antenna when port 1 and port 2 are respectively,
energized at 3.62 GHz. Fig. 33 (c) and (d) illustrate the
E-field distribution of the proposed antenna at 4.7 GHz
when port 1 and port 2 are enabled, respectively. When
port 1 is stimulated, it is evident that the E-field at the
neighboring element is negligible. When port 2 is activated,
something similar occurs. At 3.62 GHz, the maximum
E-field densities are 89.4 dB (V/m) for port 1 stimulation
and 89.6 dB (V/m) for port 2 stimulation. Maximum
E-field densities at 4.7 GHz are 87.0 dB (V/m) for port 1
stimulation and 86.6 dB (V/m) for port 2 stimulation,
respectively.

FIGURE 34. MIMO parameters of proposed pattern diversity antenna.

Fig. 34 shows various MIMO performance parameters
of proposed pattern diversity antenna. Fig. 34 represents
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DG, ECC, MEG, CCL and TARC variations with fre-
quency respectively. All the parameters in acceptable
range.

C. PERFORMANCE COMPARISION WITH REPORTED
ANTENNAS
In the Table 3, recommended MIMO antenna performance
is compared to reported MIMO antenna performance.
Compared to previously published antennas, the proposed
SD-MIMO and PD-MIMO antenna have a large bandwidth,
a compact dimension, and excellent MIMO features. The
suggested antennas are relatively compact.

TABLE 3. Performance comparisons of proposed MIMO antennas with
reported sub 6 GHz MIMO antennas.

V. CONCLUSION
Various antennas operating in the sub-6 GHz range have
been proposed for use in the following 5G bands: N77
(3.3–4.2 GHz), N78 (3.3–3.8 GHz), and N79 (4.7 GHz)
(4.4–5 GHz). A single leaf-shaped antenna has a com-
pact size of 25∗20∗1.6 mm3 (0.24λ×0.20 λ×0.015 λ )
and a maximum gain of 1.6 dB with less than 3 dB
variation across the operating band. A 4 × 1 array of
optimized leaf-shaped radiating elements is described, with
13.15 percent bandwidth at 3.6 GHz and 3.95 dB gain
and 8.33 percent bandwidth at 4.7 GHz and 5 dB gain.
Gain variations are fewer than 3 dB across the working
bandwidth. Pattern diversity and SD-MIMO designs with
good bandwidth, high gain, minimal mutual coupling, and
acceptable MIMO parameters have been proposed. The
proposed antennas are compatible with 5G devices and 5G
base stations. In addition, it may be used for a variety
of applications, including healthcare, health monitoring,

IoT, the military, wireless body area networks, industrial
automation, etc.
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