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ABSTRACT This research proposes a quadruple-cluster leaf-shaped metasurface (MTS)-based circularly-
polarized (CP) stacked-patch antenna array with hybrid coupler feed network for sub-6 GHz 5G applications.
In the study, the leaf-shaped MTS-based CP stacked-patch antenna is characterized by characteristic mode
analysis (CMA). In the antenna design, one cluster of the quadruple-cluster leaf-shaped MTS-based antenna
array consists of 4 × 4 leaf-shaped MTS elements; and the hybrid coupler feed network is used to enhance
impedance bandwidth (IBW), axial ratio bandwidth (ARBW), and antenna gain. Simulations are carried
out and an antenna prototype is fabricated and experiments undertaken. The measured IBW, ARBW, and
maximum gain at the center frequency (4 GHz) are 62.5% (3.4 – 5.9 GHz), 21% (3.8 – 4.54 GHz),
and 9.04 dBic at 3.9 GHz. The novelty of this research lies in the use of: (i) the CMA concept to design
and develop the leaf-shaped wideband MTS-based stacked-patch antenna with CP radiation pattern; and
(ii) a low-complexity hybrid coupler feed network to enhance the IBW, ARBW and gain.

INDEX TERMS Antenna arrays, characteristic mode analysis, couplers, metasurfaces, wideband.

I. INTRODUCTION
The fifth generation (5G) wireless communication technol-
ogy is increasingly adopted for mobile wireless systems and
the Internet of Things (IoT). The advantages of the 5G tech-
nology include high throughput, high channel capacity, and
low latency [1]. The standard 5G spectrum is classified into
three frequency bands: low-band (below 1 GHz), mid-band
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(below 6 GHz or sub-6 GHz), and high-band (above 24 GHz
or mmWave) [2].

Of particular interest is the sub-6 GHz frequency band
(1 – 6 GHz) which is widely adopted for commercial mobile
broadband networks due to higher throughput, in compar-
ison with the low-band frequency spectrum. Besides, the
sub-6 GHz frequency spectrum achieves higher penetrabil-
ity than the high-band frequency spectrum. Meanwhile, the
commercial licenses of the sub-6 GHz 5G spectrum vary
from country to country, i.e., in the USA (3.4 – 3.5 and
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3.7 – 4.2 GHz), the UK (3.8 – 4.2 GHz), China (3.3 – 3.6 and
4.5 – 5 GHz), and Japan (3.6 – 4.2 and 4.4 – 4.9 GHz) [3].

Circularly polarized (CP) antennas are used to trans-
mit and receive signals in an interferent environment
since the CP antennas are less susceptible to fading
environments, multi-path distortions, and immune interfer-
ence [4]. In [5], [6], [7], [8], [9], [10], [11], and [12],
various types of CP antenna for 5G applications have
been proposed. Specifically, in [5], a series slot-fed CP
antenna achieves an impedance bandwidth (IBW) of 10.89%
(27.2 – 30.35 GHz) and axial ratio bandwidth (ARBW) of
8.57% (27.3 – 29.7 GHz). In [6], a slanted stair-shaped
dielectric resonator CP antenna achieves an IBW of 31%
(4.9 – 6.7 GHz) and 3-dB ARBW of 18.2% (5 – 6 GHz).

In [7], a 4 × 4 dipole with hexagonal-shaped par-
asitic patches CP antenna array achieves an IBW of
27.7% (26.26 – 34.71 GHz) and 3-dB ARBW of 28.5%
(27 – 36 GHz). In [8], a magnetoelectric dipole CP antenna
achieves an IBW of 27.2% (4.77 – 6.27 GHz) and 3-dB
ARBW of 42.3% (4.1 – 6.3 GHz). In [9], a mean-
dering probe-fed CP patch antenna achieves an IBW of
27.2% (4.77 – 6.27 GHz) and 3-dB ARBW of 16.86%
(5.05 – 5.98 GHz). In [10], a magnetoelectric dipole CP
antenna using split-ring resonator lens achieves an IBW
of 22.05% (29.5 – 37 GHz) and 3-dB ARBW of 7.35%
(32.5 – 35 GHz).

Metasurface (MTS)-based structures are increasingly
adopted in the design of CP antennas (i.e., MTS-based CP
antennas) due to low complexity and low cost. The MTS
structures are also utilized to improve impedance bandwidth
and axial ratio bandwidth. In [11], a magneto-electric dipole
CP antenna achieves an IBW of 13% (6.15 – 7.01 GHz) and
3-dB ARBW of 2.53% (6.24 – 6.4 GHz). In [12], a substrate
integrated waveguide-fed CP antenna with parasitic patches
achieves an IBW of 21% (5.37 – 6.95 GHz) and 3-dB ARBW
of 7.35% (5.97 – 6.6 GHz). In [13], an S-shaped MTS-based
CP antenna achieves an IBW of 43.22% (4.05 – 6.6 GHz) and
3-dBARBWof 22% (5.3 – 6.6 GHz). In [14], a quadri-cluster
CP sequentially-rotated MTS-based antenna array achieves
an IBW of 84.74% (4 – 9 GHz) and 3-dB ARBW of 57.6%
(4.2 – 7.6 GHz). In [15], a Z-shaped MTS-based CP fabry–
pérot antenna achieves an IBW of 64% (4.4 – 7.6 GHz) and
3-dB ARBW of 18% (4.4 – 5.3 GHz). In [16], a staircase-
shaped MTS-based CP antenna achieves an IBW of 67.3%
(4.1 – 7.6 GHz) and 3-dB ARBW of 15.9% (4.8 – 5.7 GHz).

Characteristic mode analysis (CMA) has gradually been
employed in the design and development of MTS-based
CP antennas [17], [18], [19], [20]. In [17], an MTS-
based CP patch antenna with cross-slot ground plane and
sequentially-rotated feed network achieves an IBW of 28.2%
(4.8 – 6.35 GHz) and 3-dB ARBWof 20.9% (6.8 – 9.7 GHz).
In [18], a 2 × 2 clusters non-uniformMTS-based CP antenna
array with Wilkinson power divider feed network achieves
an IBW of 49.6% (6.05 – 10.04 GHz) and 3-dB ARBW
of 33.13% (7 – 9.78 GHz). In [19], a 4 × 4 loop-shaped

FIGURE 1. Geometry of one cluster of the leaf-shaped MTS-based CP
stacked-patch antenna array: (a) front view, (b) side view, (c) rear view.

MTS-based CP antenna with circular ground plane achieves a
fractional IBW and 3-dB ARBW of 14.7% (7.25 – 8.4 GHz).
In [20], an MTS-based CP antenna with capacitive loading
achieves an IBW of 22.85% (3.02 – 3.82 GHz) and 3-dB
ARBW of 8.5% (3.33 – 3.63 GHz).

Specifically, this research proposes a quadruple-cluster
leaf-shaped MTS-based CP stacked-patch antenna array with
hybrid coupler feed network for sub-6 GHz 5G applications.
The leaf-shaped MTS-based CP stacked-patch antenna is
characterized by CMA. One cluster of the quadruple-cluster
leaf-shaped MTS-based antenna array consists of 4 × 4 leaf-
shaped MTS elements; and the hybrid coupler feed network
is used to enhance IBW, ARBW, and antenna gain.

Simulations are carried out using CST Microwave Studio
Suite and an antenna prototype is fabricated and experiment
undertaken. The experiments are performed in an anechoic
chamber and results compared with the simulations. The per-
formance metrics include the impedance bandwidth (|S11| ≤

−10 dB), axial ratio bandwidth (AR ≤ 3 dB), antenna gain
and radiation patterns.

II. ANTENNA DESIGN PROCESS
A. ONE CLUSTER OF THE LEAF-SHAPED MTS-BASED CP
STACKED-PATCH ANTENNA ARRAY
Figures 1(a)-(c) show the geometry of one cluster of the leaf-
shaped MTS-based CP stacked-patch antenna array. A sin-
gle cluster of the leaf-shaped MTS-based CP stacked-patch
antenna is realized by three stacks of FR-4 substrate: upper-
, middle-, and lower-stacked substrates without air gap. The
dimensions of the stacked substrates are 60 mm × 60 mm
(Wsub×Lsub) with a dielectric constant (εr ) of 4.3. The thick-
ness of the upper (h1), middle (h2), and lower substrates (h3)
are 1.6mm, 1.6mm, and 0.8mm. The upper-stacked substrate
contains 4 × 4 leaf-shaped MTS elements. The width and
length of one leaf-shaped MTS element are identical (a =

12.6 mm), with a truncated curvature radius (Ra) of 6 mm.
The gap between pairs of leaf-shaped MTS elements (gs)
is 0.8 mm. The rectangular-shaped slot on the middle-stack
substrate functions as the ground plane. The dimensions of
the rectangular-shaped slot (Ws × Ls) are 2 mm × 32 mm.
The lower-stacked substrate consists of a microstrip feed line
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TABLE 1. Parameters and optimal dimensions of one cluster of the
leaf-shaped MTS-based CP stacked-patch antenna array.

FIGURE 2. Evolutionary stages of the leaf-shaped MTS-based CP
stacked-patch antenna: (a) Antenna I, (b) Antenna II, (c) Antenna III.

of 1.5 mm × 30 mm (Wf × Lf ) in dimension and a fan-
shaped stub with a radius (θ) of 120◦. The fan-shaped stub is
used to improve impedance matching. Table 1 tabulates the
parameters and optimal dimensions of one cluster of the leaf-
shaped MTS-based CP stacked-patch antenna array.

In the design of CP MTS-based antennas, characteristic
mode analysis (CMA) is utilized to characterize the surface
current and radiating field on the perfect electric conductor
structures [21]. In other words, the surface current and radi-
ating field on the conducting structure determine the config-
uration and dimension of the CP MTS-based antennas [22].
The total current (Jtot ) of the characteristic currents on the
PEC structures can be calculated by equation (1) [23].

Jtot =

N∑
n=1

cnJn (1)

where Jn is the characteristic current of mode nth and cn is the
complex modal weighting coefficient of the nth mode.
To realize circular polarization, the modal significance

(MS) between two orthogonal modes must be identical, given
MS ≥ 0.707. Meanwhile, the phase difference of characteris-
tic angles (CA) is approximately ±90◦ [24] with orthogonal
characteristic currents. The MS and CA can be calculated by
equations (2) [25] and (3) [26], respectively.

MS =

∣∣∣∣ 1
1 + jλn

∣∣∣∣ (2)

CA = 180◦
− tan−1(λn) (3)

where MS and CA are the modal significance and character-
istic angle of nth mode, and λn is an eigenvalue.
Figures 2(a)-(c) show the three evolutionary stages of

one cluster of the leaf-shaped MTS-based CP stacked-
patch antenna array: first-generation (Antenna I), second-
generation (Antenna II), and third-generation (Antenna III).
In Antenna I, a square-shaped patch (54.4 mm × 54.4 mm)
sits on lossless FR-4 substrate of 60 mm × 60 mm in
dimension and 3.2 mm in thickness. In Antenna II, the

FIGURE 3. Simulated MS results of one cluster of the leaf-shaped
MTS-based scheme: (a) Antenna I, (b) Antenna II.

FIGURE 4. Corner-truncated square-shaped MTS-based scheme:
(a) geometry, (b) MS.

FIGURE 5. Simulated results of one cluster of the leaf-shaped MTS-based
scheme of Antenna III: (a) MS, (b) CA.

square-shaped patch is uniformly segmented into 4 × 4
square-shapedMTS elements. The dimensions of one square-
shaped MTS element are 12.6 mm × 12.6 mm, with the
space between square-shaped MTS elements of 0.8 mm.
In Antenna III, the square-shaped MTS elements are trans-
muted into the leaf-shaped MTS elements.

Figures 3(a)-(b) show the simulated MS of
Antennas I and II, given MS ≥ 0.707. In Figure 3(a), the MS
of Modes 1 and 2 of 1 are identical at 3.77 GHz, achieving
the frequency resonance at 3.77 GHz. In Figure 3(b), the
MS of Modes 5&6, 1&3, 1&2, and 2&4 of 1 are identical
at 3.68 GHz, 3.94 GHz, 4 GHz, and 4.05 GHz, respectively,
achieving the frequency resonance between 3.68 – 4.05 GHz.

Figure 4(a) shows the geometry of the corner-truncated
square-shaped MTS-based scheme. In Figure 4(b), the simu-
lated MS of Modes 1 – 6 are 1 at 4.01, 4.08, 3.78, 4.32, 4.51,
and 4.31 GHz, achieving the frequency resonance between
3.78 – 4.51 GHz.
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FIGURE 6. Modal 2D radiation patterns of Antenna III: (a) φ = 0◦,
(b) φ = 90◦.

Figures 5(a)-(b) show the simulated CMA results
Antenna III. In Figure 5(a), the MS of Modes 1 – 6 are 1 at
4.03, 3.95, 3.75, 4.25, 4.43, and 4.74 GHz, achieving the
frequency resonance between 3.75 – 4.74 GHz. By com-
parison, one cluster of the leaf-shaped MTS-based scheme
(Antenna III) achieved slightly wider frequency resonance
(3.75 – 4.74 GHz), vis-a-vis the corner-truncated square-
shaped MTS-based scheme (3.78 – 4.51 GHz).

To realize the CP radiation, the 4 × 4 square-shaped MTS
elements (Antenna II) into the leaf-shaped MTS elements
(Antenna III), given MS ≥ 0.707 and CA = ±90◦). The
MS of Modes 1&5, 3&4, 4&5, and 5&6 of 0.73, 0.79, 0.82,
and 0.81 are identical at 4.28, 4.17, 4.34, and 4.5 GHz
(Figure 5(a)), with the corresponding CA of 85◦, 76◦, 70◦,
and 72◦ (Figure 5(b)). The transformation of the square-
shaped MTS elements (Antenna II) into the leaf-shaped MTS
elements (Antenna III) enhances the frequency resonance,
achieving the CP radiation between 4.17 – 4.5 GHz.

To validate the CP radiation, the amplitude and phase
difference of 2D and 3D far-field radiation patterns of electric
field of two orthogonal modes (Modes 1&5, 3&4, 4&5, and
5&6) in two planes (φ = 0◦ and φ = 90◦) must be identical
and 90◦, respectively. Figures 6(a)-(b) show the simulated
results of normalized modal 2D radiation patterns of Antenna
III in planes φ = 0◦ and φ = 90◦. The 2D radiation patterns
of Modes 1&5, 3&4, 4&5, and 5&6 are of symmetrical
broadside radiation patterns in planes φ = 0◦ and φ = 90◦.
The 3D radiation patterns of two orthogonal modes (Modes

1&5, 3&4, 4&5, and 5&6) are used to characterize the CP
radiation in different orientations. Figures 7(a)-(d) respec-
tively show the normalized modal 3D radiation patterns of
Antenna III at 4.28 GHz, 4.17 GHz, 4.34 GHz, and 4.5 GHz,
respectively. In Figure 6, the 3D radiation patterns of Modes
1&5, 3&4, and 5&6 are of symmetric-lobe radiation. The
2D and 3D radiation patterns of Modes 1&5, 3&4, and 5&6
demonstrate the CP radiation of Antenna III.

The CP radiation is further validated by the surface current
distribution of Antenna III. The current distribution of two
orthogonal modes (Modes 1&5, 3&4, and 5&6) must travel
orthogonally along the edge of the leaf-shaped MTS ele-
ments. Figures 8(a)-(c) show the current distribution on one

FIGURE 7. Modal 3D radiation patterns of Antenna III: (a) 4.28 GHz,
(b) 4.17 GHz, (c) 4.34 GHz, (d) 4.5 GHz.

cluster of the leaf-shaped MTS elements (i.e., Antenna III)
between orthogonal modes (Modes 1&5, 3&4, and 5&6) at
4.28, 4.17 GHz, and 4.5 GHz, respectively. In Figure 8(b),
the surface current of Modes 3&4 at 4.17 GHz are non-
orthogonal. Meanwhile, the surface current of Modes 1&5 at
4.28 GHz andModes 5&6 at 4.5 GHz are orthogonal. The CP
radiation of Antenna III is realized by two pairs of orthogonal
current between Modes 1&5 and 5&6 at 4.28 and 4.5 GHz,
respectively.

The CMA-based design process of one cluster of the leaf-
shaped MTS-based CP stacked-patch antenna array is as
follows:

i. Determining the dimension of one cluster of the leaf-
shaped MTS-based CP stacked-patch antenna array
based on the simulated MS results, given the frequency
resonance of sub-6 GHz 5G spectrum. In Antenna I
(square-shaped patch), the frequency resonance occurs
once at 3.77 GHz (Modes 1 and 2), resulting in very
narrow band frequency. In Antenna II, the square-
shaped patch was transformed into 4 × 4 uniform
square-shapedMTS elements to enhance the frequency
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FIGURE 8. Surface current distributions of Antenna III: (a) 4.28 GHz,
(b) 4.17 GHz, (c) 4.5 GHz.

resonance, achieving wider band frequency between
3.68 – 4.05 GHz (Modes 1 – 6).

ii. Transforming the 4 × 4 square-shaped MTS elements
into the leaf-shaped MTS elements (Antenna III) to
achieve CP radiation, with orthogonal Modes 1&5,
3&4, 4&5, and 5&6 (given MS ≥ 0.707 and CA =

±90◦).
iii. To realize the CP radiation, the amplitude and phase

difference of the electric-field components (i.e., 2D and
3D radiation patterns) of orthogonal Modes 1&5, 3&4,
4&5, and 5&6 must be identical and 90◦, respectively.
Thus, the normalized modal 2D radiation pattern is
utilized to characterize the electric-field components
of orthogonal Modes 1&5, 3&4, 4&5, and 5&6 in two
planes (φ = 0◦ and φ = 90◦). Besides, the 3D radiation
patterns of the electric-field components of orthogonal
Modes 1&5, 3&4, and 5&6 must be of symmetric lobe
in the +z direction.

iv. To verify the CP radiation of Antenna III, the sur-
face current distribution of two orthogonal modes must
travel in the orthogonal direction, as evidenced by
Modes 1&5 and 5&6.

Figures 9(a)-(b) compare the simulated IBW, ARBW and
gain of Antennas I, II, and III. In Figure 9(a), Antenna I
exhibits an impedance mismatch (|S11| > −10 dB), resulting
in the absence of antenna gain (Figure 9(b)). Antenna II

FIGURE 9. Simulated results of Antenna I, II, and III: (a) IBW, (b) ARBW
and gain.

FIGURE 10. Geometry of the hybrid ring coupler.

achieves the first resonance between 3.34 – 4.17 GHz and
the second resonance between 4.97 – 5.37 GHz. However,
an impedance mismatch occurs between 4.17 – 4.9 GHz. The
IBWofAntenna III at the center frequency (4GHz) is 53.45%
(3.62 – 5.76 GHz).

In Figure 9(b), the AR of Antennas I and II are greater than
3 dB (AR > 3 dB). In other words, the polarization of Anten-
nas I and II are linear. The ARBW (AR ≤ 3 dB) at 4 GHz
of Antenna III is 15.25% (3.89 – 4.5 GHz). Meanwhile, the
maximum gain of Antennas II and III are 6.8 and 6.16 dBic at
3.7 and 3.8 GHz, respectively. The higher maximum antenna
gain of Antenna II (6.8 dBic) could be attributed to better
impedance matching at 3.7 GHz of Antenna II (-25.16 dB),
vis-à-vis Antenna III (-11 dB).

B. HYBRID COUPLER FEED NETWORK DESIGN
Figure 10 shows the geometry of a hybrid ring coupler (i.e.,
rat-race coupler) [27]. The conventional hybrid ring coupler
consists of a circular ring and a four-port microstrip line,
which sit on FR-4 substrate. The four ports of the hybrid
ring coupler include one input port (Port 1), one isolated port
(Port 3), and two output ports (Ports 2 and 4). The hybrid
ring coupler is used to divide power delivery with 180◦ phase
difference between two output ports (Ports 2 and 4).

Figure 11(a) shows the magnitude |Sij| of the input port
(Port 1) and the output ports 2 and 4 (|S21| and (|S41|).
Figure 11(b) depicts the phase difference of |S21| and |S41|.
In Figure 11(a), |S11| of Port 1 is below -18 dB between 3.5
– 4.5 GHz, while |S21| and |S41| of Ports 2 and 4 are between
-3 dB and -4 dB between 3.5 – 4.5 GHz. In Figure 11(b), the
phase difference between Ports 2 and 4 is approximately 180◦

between 3.5 – 4.5 GHz. The optimal dimensions of the hybrid
ring coupler at the center frequency of 4 GHz are as follows:
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FIGURE 11. Simulated results of the hybrid ring coupler: (a) |Sij|,
(b) phase difference of Sij.

FIGURE 12. Geometry of the quadrature hybrid coupler.

FIGURE 13. Simulated results of the quadrature hybrid coupler: (a) |Sij|,
(b) phase difference of Sij.

fw = 1.5 mm, fl = 7.5 mm, fr = 9.75 mm, ft = 0.65 mm,
f1 = 7 mm, f2 = 7.7 mm, f3 = 3 mm, and f4 = 3.5 mm.
Figure 12 shows the geometry of a quadrature hybrid cou-

pler (i.e., branch-line coupler) [28]. The conventional quadra-
ture hybrid coupler consists of two series arms, two shunt
arms, and two microstrip lines. The proposed quadrature
hybrid coupler comprises four ports: one input port (Port 1),
one isolated port (Port 4), and two output ports (Ports 2 and
3). The quadrature hybrid coupler is utilized to divide power
delivery with 90◦ phase difference between two output ports
(Ports 2 and 3).

Figure 13(a) shows the magnitude |Sij| of the input port
(Port 1) and the output ports 2 and 3 (|S21| and (|S31|) and
Figure 13(b) depicts the phase difference of S21 and S31.
In Figure 13(a), |S11| of Port 1 is below -10 dB between
3.38 – 4.68 GHz, while |S21| and |S31| are between -3 dB
and -5 dB between 3.65 – 4.5 GHz. In Figure 13(b), the
phase difference between Ports 2 and 3 is approximately 90◦

between 3.61 – 4.5 GHz. The optimal dimensions of the
quadrature hybrid coupler at the center frequency of 4 GHz

FIGURE 14. Geometry of the proposed hybrid coupler feed network.

FIGURE 15. Simulated results of the proposed hybrid coupler feed
network: (a) |Sij|, (b) phase difference of Sij.

are as follows: b1 = 7.75 mm, b2 = 9.5 mm, b3 = 1.5 mm,
b4 = 2.6 mm, b5 = 8 mm, and b6 = 10.4 mm.
Figure 14 shows the geometry of the proposed hybrid

coupler feed network. The proposed hybrid coupler feed
network consists of a hybrid ring coupler and a two-element
quadrature hybrid coupler. The hybrid ring coupler is con-
nected to the two-element quadrature hybrid coupler to func-
tion as a hybrid coupler feed network. The proposed hybrid
coupler feed network includes one input port (Port I) and
four output ports (Ports II, III, IV, and V). The output ports
are sequentially perpendicular to one another. The proposed
hybrid coupler feed network could achieve phase quadrature
with equal magnitude for CP radiation.

Figures 15(a)-(b) show the magnitude |S11| of the input
port (Port 1) and |S21|, |S31|, |S41|, and |S51| of the output
ports (Ports 2, 3, 4, and 5) and the phase difference between
output ports. In Figure 15(a), |S11| of the input port is below
-10 dB between 3.4 – 5.9 GHz, while those of the output ports
are between -17.5 dB and -25.5 dB between 3.6 – 5.25 GHz.
In Figure 15(b), the phase difference between output ports are
approximately 90◦ between 3.7 – 5 GHz.

C. THE PROPOSED QUADRUPLE-CLUSTER LEAF-SHAPED
MTS-BASED CP STACKED-PATCH ANTENNA ARRAY WITH
HYBRID COUPLER FEED NETWORK
Figures 16(a)-(c) show the geometry of the proposed CMA-
based quadruple-cluster leaf-shaped MTS-based CP stacked-
patch antenna array with hybrid coupler feed network. The
proposed quadruple-cluster leaf-shaped MTS-based antenna
array scheme is realized using three stacks of FR-4 substrate
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FIGURE 16. Geometry of the proposed CMA-based quadruple-cluster
leaf-shaped MTS-based CP stacked-patch antenna array with hybrid
coupler feed network: (a) front view, (b) rear view (reverse side), (c) side
view.

without airgap: upper, middle and lower-stacked substrates.
The dimensions of the proposed quadruple-cluster antenna
array scheme are 120 mm × 120 mm (GW × GL), and the
thickness of the upper (hG1), middle (hG2), and lower-stacked
(hG3) substrates are 1.6 mm, 1.6 mm, and 0.8 mm. The
proposed CMA-based quadruple-cluster leaf-shaped MTS-
basedCP stacked-patch antenna array consists of four clusters
of 4 × 4 leaf-shaped MTS-based elements: Clusters I, II, III,
and IV.

Figures 17(a)-(b) show the simulated IBW
(|S11| ≤ -10 dB), ARBW (AR ≤ 3 dB), and gain of the
proposed CMA-based quadruple-cluster leaf-shaped MTS-
based CP stacked-patch antenna array with hybrid coupler
feed network. In Figure 17(a), the simulated IBW is 63%
(3.35 – 5.87 GHz) at the center frequency of 4 GHz. In
Figure 17(b), the simulated ARBW at 4 GHz is 21.25 %
(3.68 – 4.53 GHz) with a maximum gain of 9.1 dBic at
3.9 GHz.

Figures 18(a)-(b) respectively show the surface current
distribution at the center frequency of 4 GHz corresponding
to phases 0◦, 90◦, 180◦, and 270◦ of the proposed quadruple-
cluster leaf-shaped antenna array with hybrid coupler feed
network. The electric field vectors on the leaf-shaped MTS
elements travel clockwise in the +z direction, resulting in
right-handed circular polarization (RHCP).

III. EXPERIMENTAL RESULTS
Figures 19(a)-(b) show the front and rear of a prototype
of the proposed CMA-based quadruple-cluster leaf-shaped
MTS-based CP stacked-patch antenna array with hybrid

FIGURE 17. Simulated results of the proposed CMA-based
quadruple-cluster leaf-shaped MTS-based CP stacked-patch antenna
array with hybrid coupler feed network: (a) IBW, (b) ARBW and gain.

FIGURE 18. Surface current distribution at 4 GHz of the proposed
CMA-based quadruple-cluster leaf-shaped MTS-based CP stacked-patch
antenna array with hybrid coupler feed network.

FIGURE 19. Antenna prototype of the proposed CMA-based
quadruple-cluster leaf-shaped MTS-based CP stacked-patch antenna
array with hybrid coupler feed network: (a) front view, (b) rear view.

coupler feed network. Figure 20 shows the experimental
setup in an anechoic chamber. The experiments were car-
ried out using a vector network analyzer (Rohde&Schwarz
ZNLE6 model). A pair of Conical Log Spiral antennas
(ETS-Lindgren Model 3102 Series) are used as transmit-
ting antennas. The antennas are used to verify RHCP and
LHCP radiations of the antenna prototype (i.e., the receiving
antenna). The far-field distance [29] between the transmitting
and receiving antennas is 4 m.

The AR of the antenna prototype is measured by the
co-polarization (co-pol) and cross-polarization (cross-pol)
of electric fields. The co-pol and cross-pol electric fields
between the transmitting and receiving antennas correspond
to
∣∣Eco−pol ∣∣ and ∣∣Ecross−pol ∣∣, which in turn correspond to
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FIGURE 20. Experimental setup of the proposed CMA-based
quadruple-cluster leaf-shaped MTS-based CP stacked-patch antenna
array with hybrid coupler feed network.

FIGURE 21. Simulated and measured results of the proposed CMA-based
quadruple-cluster leaf-shaped MTS-based CP stacked-patch antenna
array with hybrid coupler feed network: (a) IBW, (b) ARBW and gain.

RHCP and LHCP. The AR is determined by equation (4) [30].

AR(dB) = 20 log

(∣∣Eco−pol ∣∣+ ∣∣Ecross−pol ∣∣∣∣Eco−pol ∣∣− ∣∣Ecross−pol ∣∣
)

(4)

where
∣∣Eco−pol ∣∣ and ∣∣Ecross−pol ∣∣ are the electric field magni-

tudes of the co- and cross-pol between the transmitting and
receiving antennas.

Figures 21(a)-(b) compare the simulated and measured
IBW, ARBW and gain of the proposed CMA-based
quadruple-cluster leaf-shaped MTS-based CP stacked-patch
antenna array with hybrid coupler feed network. The simu-
lated IBW (|S11| ≤ −10 dB) and ARBW (AR ≤ 3 dB) are
63% (3.35 – 5.87 GHz) and 21.25 % (3.68 – 4.53 GHz), with
the maximum gain of 9.1 dBic at 3.9 GHz. Meanwhile, the
measured IBW and ARBW are 62.5% (3.4 – 5.9 GHz) and
21% (3.8 – 4.54GHz), with themaximum gain of 9.04 dBic at
3.9 GHz. The simulated and measured results are agreeable.

Figures 22(a)-(c) show the simulated and measured RHCP
and LHCP radiation patterns in the xy- and yz-planes of the
proposed quadruple-cluster leaf-shaped antenna array with
hybrid coupler feed network at 3.8 GHz, 4 GHz, and 4.5 GHz,
respectively. The simulated and measured RHCP and LHCP
are reasonably agreeable despite some discrepancies. Specif-
ically, the discrepancy between the simulated and measured
radiation patterns could be attributed to fabrication challenges
and errors, including antenna rotational mounts, coaxial cable
attenuation [31].

Meanwhile, the high sidelobe level could be attributed to
the leaf-shaped MTS elements (to convert linear to circular

FIGURE 22. Simulated and measured RHCP and LHCP radiation patterns
at: (a) 3.8 GHz, (b) 4 GHz, (c) 4.5 GHz.

polarization); and to the four-cluster MTS-based antenna
array (to enhance the bandwidth and gain) [32]. As a result,
the Dolph-Chebyshev method [33], Taylor method [34], and
several other techniques [35], [36], [37] have been adopted to
suppress the high side lobe level.

Table 2 compares the existing CP antennas for 5G spectra
and the proposed CMA-based quadruple-cluster leaf-shaped
MTS-based CP stacked-patch antenna array with hybrid cou-
pler feed network in terms of antenna type, operating fre-
quency bands, IBW, ARBW, maximum gain, and electrical
dimension.

In [17], a low-complexity square-shaped MTS-based CP
antenna with meandering microstrip line and cross-slot
ground plane suffers from narrow IBW. In [19], a rectangular-
ring MTS-based CP antenna with slanted-slot ground plane
suffers from very narrow IBW and ARBW despite straight-
forward structure. In [21], an H-shaped MTS-based CP
antenna suffers from narrow ARBW and bulkiness. In [24],
a non-uniform MTS-based CP antenna suffers from very
narrow IBW and ARBW apart from high-complexity feed
structure.
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TABLE 2. Comparison between existing MTS-based CP antennas and the proposed CMA-based quadruple-cluster leaf-shaped MTS-based CP
stacked-patch antenna array with hybrid coupler feed network.
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TABLE 2. (Continued.) Comparison between existing MTS-based CP antennas and the proposed CMA-based quadruple-cluster leaf-shaped MTS-based CP
stacked-patch antenna array with hybrid coupler feed network.
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In [38], a rectangular ring with diagonal MTS-based CP
cavity antenna array achieves wide IBW, ARBW, and high
gain; but suffers from high-complexity feed network struc-
ture and bulkiness. In [39], a rectangular-shaped MTS-based
CP antenna with circular-ring slot ground plane and dual-
port microstrip line feed suffers from low gain despite wide
IBW. In [40], a low-complexity rectangular-ring MTS-based
CP antenna suffers from narrow IBW. In [41], a slanted
rectangular-shaped MTS-based suffers from very narrow
IBW and ARBW.

In [42], a mushroom-type MTS-based CP antenna array
achieves wide IBW, ARBW and high gain; but it suffers
from bulkiness and fabrication challenges. In [43], an ellipse-
shaped with rectangular-ring MTS-based CP antenna suf-
fers from high complexity despite wide IBW, ARBW, and
high gain. In addition, its sequentially-rotated feed network
requires multiple resistors, making the feed network very
complex. In [44], a multi-shaped MTS-based CP antenna
suffers from narrow ARBW and low gain.

In [45], a corner-truncated rectangular-shaped MTS-based
CP antenna array suffers from narrow IBW and bulkiness
despite wide ARBW. In [46], a square-shaped MTS-based
CP antenna array suffers from narrow IBW and bulkiness.
In [47], a non-uniform MTS-based CP antenna achieves
wide ARBW but low gain. In [48], a low-profile asymmet-
ric MTS-based CP antenna suffers from narrow IBW and
ARBW. In comparison, the proposed CMA-based quadruple-
cluster leaf-shaped MTS-based CP stacked-patch antenna
array achieves wide IBW of 62.5% (3.4 – 5.9 GHz) and
ARBW of 21% (3.8 – 4.54 GHz), with low-complexity struc-
ture. In [49], a four-cluster corner-truncated square-shaped
MTS-based CP antenna array with sequentially-rotated feed
network achieved high gain but suffers from narrow IBW
and bulkiness. Unlike in [49] which characterized the circu-
lar polarization of the corner-truncated square-shaped MTS-
based CP antenna array by using the full-wave method, this
research uses CMA to characterize the circular polarization
of the leaf-shaped MTS-based CP stacked-patch antenna.
In [50], a 4× 4 square-shaped MTS-based CP patch antenna
was used to enhance the CP bandwidth of the single-fed
CP patch antenna. However, the proposed scheme achieved
narrow IBW and low gain.

IV. CONCLUSION
This research proposes a quadruple-cluster leaf-shaped
MTS-based CP stacked-patch antenna array with hybrid
coupler feed network for sub-6 GHz 5G communication.
One cluster of the quadruple-cluster leaf-shaped MTS-based
antenna array consists of 4 × 4 leaf-shaped MTS elements.
In the study, the leaf-shapedMTS-based antenna is character-
ized by CMA. The CMA results demonstrate that the surface
current distribution on the 4 × 4 leaf-shaped MTS elements
of Modes 1&5 and 5&6 at 4.28 and 4.5 GHz are orthogo-
nal. Specifically, the hybrid coupler feed network is used to
enhance IBW, ARBW, and gain. Simulations are performed
and an antenna prototype is fabricated and experiments

carried out. The simulated IBW and ARBW at the center
frequency (4 GHz) are 63% (3.35 – 5.87 GHz) and 21.25 %
(3.68 – 4.53 GHz), with a maximum gain of 9.1 dBic at
3.9 GHz. Themeasured IBW, ARBW, andmaximum gain are
62.5% (3.4 – 5.9 GHz), 21% (3.8 – 4.54 GHz), and 9.04 dBic
at 3.9 GHz. Besides, the simulated and measured RHCP and
LHCP radiation patterns are in good agreement. Essentially,
the proposed quadruple-cluster leaf-shaped MTS-based CP
stacked-patch antenna array scheme is operationally suitable
for sub-6 GHz 5G applications.
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