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ARTICLE INFO ABSTRACT

Keywords:
4G/WLAN/X-band/5G
Expansion-exponential
MIMO antenna
Quasi-tapered structure

In this paper, a quasi-tapered wideband antenna using a circular-shaped with an inverted-omega ground
structure is presented. A tapered antenna is usually developed based on linear-shape, exponential-shape, or
Klopfenstein-shape tapper. Here, we proposed an expansion of the exponential tapered model to investigate the
circular-shaped tapered structure. In detail, the proposed antenna is divided into circular divergent and circular
convergent-tapered sections. Then, the impedance ratio is utilized to analyze the tapered structure. Moreover,
the ABCD parameter based on the transmission line model is used to investigate the overall antenna structure.
The proposed model was verified by finite element method and also step impedance resonance evaluation.
Furthermore, the proposed wideband antenna is also developed with multiple input multiple output (MIMO) and
mutual coupling reduction structure. The antenna was fabricated on a Rogers RT/Duroid 5880 substrate with &,
= 2.2, thickness of h = 1.6 mm, and dielectric loss tan d = 0.0009. As a result, the proposed MIMO antenna can
successfully cover the 4G (3.3 GHz), mid-band 5G (3.4-3.8 GHz), WLAN (5.8 GHz), X-band (10-11 GHz), and
high-band 5G (24.5-26 GHz) communications. A good agreement between the simulated and measured results
validates the proposed method.

1. Introduction

A massive communication network with high data-rate capability is
required to support 5G technology [1,2]. This challenging requirement
has forced the development of 5G technology to work at the millimeter-
wave (mmW) band to accommodate an enormous number of users with
a wide bandwidth availability [3,4]. Several interesting methods of
wideband antenna design working at mmW band have been investigated
such as the substrate integrated cavity (SIC) antenna [5] and double-
sided substrate-integrated waveguide (SIW) antenna [6]. They operate
at the mmW band with a gain of 12 dBi and 8 dBi, respectively. More-
over, a monopole-like antenna structure [7] and a magneto-electric
antenna [8] were introduced to combine 4G/WLAN and 5G
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communications. Furthermore, antennas based on a tapered structure
were proposed in [9-12].

In addition, another fundamental characteristic of 5G antennas is the
multiple-input multiple-output (MIMO) capability. A well-designed
MIMO antenna should deliver excellent particular performances, such
as mutual coupling (MC), envelope correlation coefficient (ECC), and
diversity gain (DG) [13-15]. Several methods were proposed for
development of MIMO antennas including quasi-Yagi structure [16],
metal frame structure [17], vertical stubs [18], fractal [19], and Y-shape
structure [20]. Nonetheless, although these methods offer a good MIMO
performance, they were only applicable for a single band 5G application.
Then, a dual-loop antenna structure [21], step impedance [22], and a
double-oval shaped antenna [23] were introduced for 4G and 5G
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implementation with MIMO capability [24,25]. Nevertheless, these
antennas did not target the mmWave band. Therefore, we can see the
gap in the development of the MIMO antenna that can handle 4G,
WLAN, X-band, and mid-high band 5G communications from S-band to
mmW-band.

In addition to wideband performance and MIMO capability, the
modeling of an antenna is essential for understanding and investigating
its behavior. Therefore, many researchers proposed and derived models
for antennas based on recursive convex optimization [26], equivalent
circuit modeling [27], cavity model [28], and stepped-impedance
resonator [29]. However, these proposed modeling techniques were
focused on a narrow bandwidth antenna. To model wideband antennas,
other methods such as space-mapping with kriging surrogates [30],
linear elements [31], equivalent circuit model [32] have been success-
fully applied with slightly complex calculations. Furthermore, the MIMO
antenna applications were investigated using various modeling tech-
niques, namely a statistical analysis model [33], equivalent circuit
model [34], effective length matrices [35], and eigen-analysis [36].
Nevertheless, these models were applied for narrowband applications. It
is important to note that the design of antennas with wideband char-
acteristics and suitable MIMO capability remains an open issue in an-
tenna engineering. The study presented in this paper made several
contributions, which are listed as follows:

1. A wideband antenna based on a quasi-tapered structure using a cir-
cular shape is proposed. A quasi-tapered characteristic was obtained
by integrating a circular-shaped patch antenna with an inverted
omega ground plane as shown in Fig. 1(a).

2. We also proposed an expansion-exponential tapered model to
investigate the quasi-tapered structure based on a circular shape.
This proposed model was utilized due to the limitation of the tradi-
tional linear, exponential, and Klopfenstein tapering methods. It is
important to note that our circular tapered structure diverges from
the conventional linear, exponential, or Klopfenstein shapes typi-
cally employed in tapering.

. To obtain the mathematical model of for the circular shape tapered
structure, we expand the the existing exponential shape tapered
model. In detail, Fig. 1(b) illustrates the proposed circular tapered
structure which is divided into two halves circular shapes. It is seen
that the physical dimension of the left-side of the half-circular shape
is increasing. However, if we investigate the impedance character-
istic, the impedance value is decreasing. Therefore, the left side
structure has a convergent behavior. Vice versa, the right side of the
half-circular shape has a divergent characteristic.

. The study employs the ABCD parameter based on the transmission
line model to investigate the overall antenna structure. The proposed
model was verified by the finite element method (FEM). Following

Proposed
Quasi-tapered
antenna

() (b)

Excitation
port

|

A4

Gy
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the verification process, the proposed antenna was then applied to a
MIMO structure. The fabrication of the antenna was carried out on a
Rogers RT/Duroid 5880 substrate with er = 2.2, thickness of h = 1.6
mm, and dielectric loss tan 5 = 0.0009.

. In addition, we also proposed a multislot defected ground structure
(DGS) structure to reduce the mutual coupling parameter in the
MIMO antenna system. As a result, the proposed MIMO antenna
demonstrated wide bandwidth and excellent performance across
various communication bands. The antenna is capable of operating
in the S-band to mmW band, effectively covering a broad frequency
range. This wide frequency coverage enabled the antenna to support
multiple communication standards, including 4G (3.3 GHz), mid-
band 5G (3.4-3.8 GHz), WLAN (5.8 GHz), and high-band 5G
(24.5-26 GHz) concurrently. Table 1 provides an overview of the
proposed research positioning.

This article has structures as follows. The first section describes the
research position and the proposed method. The second section focuses
on the quasi-tapered investigation based on the convergent/divergent-
tapered model with ABCD parameters. The third section highlights the
design and measurement of the proposed quasi-tapered MIMO antenna.
Then, it is followed by the results/discussions and the MIMO perfor-
mance investigation. Finally, the last section concludes this research.

2. Quasi-tapered antenna based on circular-shaped patch with
inverted-omega ground structure

Several methods have been studied to predict the operation fre-
quency of an antenna, namely the lumped circuit modelling [40,41] and
the transmission line approach [13]-[17]. Fig. 1(a) shows the main part
of the antenna structure including the patch plane, ground plane, and
excitation port. It should be noted that the proposed antenna has a direct
excitation configuration. Hence, we can extract the antenna structure as
several parts: a source impedance (Zg), an excitation line, a convergent-
tapered section, a divergent-tapered section, and a load-impedance (Zy).
Here, we use air impedance as the load impedance [42,43], as depicted
in Fig. 1(b). The followed section describes the expanded exponential-
shape tapper to get the circular-shape tapper model.

2.1. Half-circular shaped tapered with expansion-exponential tapered
model

The proposed half-circular shape tapered configuration with the
expansion-exponential tapered model is shown in Fig. 2(a). It has a
radius of R and has convergent-tapered behavior. The input part was
directly connected to the source impedance of Zg(z) and the end part is
connected to the load impedance of Zj ). It has a length of I4 from the

Convergent tapered

Z,>Z,

Divergent tapered

Air

I’-.‘

I
A; Bs
C3 Ds

B,

][Az B,
D] LC;

D,

|

|

Fig. 1. (a) the proposed antenna based on quasi-tapered structure using circular-shaped patch with inverted-omega ground, (b) the ABCD parameters of proposed
quasi-tapered antenna based on exponential tapered transmission lines approach.
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Fig. 2. (a) The proposed of half-circular shaped taper configuration with convergent tapered behavior. (b) Approximation of impedance ratio with widest dimension
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Fig. 3. (a) Quasi-tapered antenna based on circular-shaped with inverted-omega ground structure, (b) the approximation of impedance ratio and the electrical length

of the proposed antenna structure.

impedance (Zs) which is usually called as port 1. Moreover, the excita-
tion line has the impedance characteristic (Z;) and electrical length (I;).
They correspond to the width (W) and the length (L;), respectively. To
simplify the investigation, we assume the impedance of the excitation
line (Z) is equal to the source impedance (Zs).

2.2.2. The half-circular shaped convergent-tapered
The convergent-tapered is focused on decreasing of impedance
values. Therefore, the impedance ratio (K;) for the convergent taper of

the proposed antenna is determined by:
(8)

where the aj, by, and c, are constant parameters and the value fol-
lows the impedance curve. Moreover, bz is the convergent taper ratio for
the proposed antenna.

Then, the impedance value of Z;_, at the length of I can be
calculated as:

K =a (e”‘(l"2> +c )
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Zuei) = Zp—gyar (€27 + ¢y ) )

where Z;_) is the impedance at the initial position. The ABCD matrix
of half-circular taper with convergent structure can be determined by:

Ay B, 1
= X
C, D, VZiZ,
d
Zycoshy, b, — le—lsinhyzlz inzt sinhy, a0
4 14
B . d,
Jj=sinhy,l, Zcoshy,l, + Z,—sinhy,l,
Y 2y
where

5o <d1> an

a4 - In(a; (en2) +¢y)) a2
b

with y 5 is the propagation constant of the convergent taper with
circular shape. Then, Fig. 4(a)-4(c) show the relation between normal-
ized length (Iz) with the impedance ratio (K;) for convergent taper with
different value of aj, ¢, and by.

In detail, the normalized length of I, value was analyzed between
0 and 1. It can be seen that the a; and c; have a similar effect to the
impedance ratio (K;). The aj and c; have linear effects to the impedance
ratio value. Moreover, K; was highly influenced by coefficient bj.
Therefore, by adjusting the value of a;, c;, and b;, we can obtain the
impedance ratio that is similar to the circular part.

2.2.3. The half-circular shaped divergent-tapered
The impedance ratio (K2) for the divergent taper part of the proposed
antenna design is determined by:

Kz =dy (€b211 + Cz) (13)

where a;, by, and cz are the adjustable constant parameters that
follows the impedance curve. Moreover, b, is the convergent taper ratio
for the proposed antenna. The impedance value of Z_;,) at the length of

15 can be calculated as:
Ziety) = Zy—oyaz (e”" +c2) 14

Then, the ABCD matrix of half-circular taper with convergent
structure can be determined by:

2.5 25
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As B 1
= X
C; D VZZs
dy B
Zycoshysls + Z,— 2 sinhy; /3 12223/ sinhy; /3 (15)

d
jﬁ sinhy, I3 Zscoshy;ls — Zs—-sinhy,l;
V3 2y,

where
d 2
=1~ (;) (16)
&= In(ax(e”" + c3)) a”n

L3

with y, is the propagation constant of the circular shape. Moreover,
Fig. 5(a)-5(c) show the relation between normalized length (Iz) with the
impedance ratio (Kj) of the convergent taper for different value of az, c1,
and bj, respectively. In details, the normalized length I, value was
plotted from O to 1. Then, a; is varied from 0.028 to 0.038 with a step
value of 0.002. Therefore, we can see that the value of K; decreases
exponentially.

Overall, by adjusting the values of a;, b;, and c;, we can get the
impedance ratio values of half-circular shaped using exponential taper
model approach.

3. Comparison model

To verify the proposed model, the comparison of the impedance ratio
of the expanded exponential model and finite element method (FEM) is
presented in Fig. 6(a). We can see that the models are in good agreement
and fit with each other. This means that the proposed model can be used
to calculate the impedance ratio of circular-shaped taper. Moreover, the
proposed model can be also implemented and verified using simple case,
such as when K = 1 and the length of [ between 0.5 and 1, d; and d will
become 0 as shown in Fig. 6(b). The model can be also utilized for the
calculation of input impedance of step impedance resonator. In detail,
by using d = 0 and the loss-less case of y = jp, it will lead to the equation
of input impedance of step impedance resonator as follows:

ZIN(B2) + jZ tanpl,

Loy = Z, 20D TIEE
e =z, +JZ iy tanply

18

Zinw3) + jZatanpls

Zine) = Z
) 4 JZ sy tan il

19

2.5 .
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Fig. 4. (a) The relation between normalized length (I,) with the impedance ratio (K;) for different value of (a) a;, (b) c;, and (c) by,
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Finally, the proposed exponential tapered transmission line model
can be used for impedance calculation of circular shape resonator and
step impedance resonator.

Fig. 7(a) and 7(b) show the results comparison between the
expansion-exponential tapered method and conventional tapered
method for circular convergent-taper and circular divergent-taper con-
figurations, respectively. MATLAB software was used to perform the
calculations for both the expansion-exponential and conventional
tapered methods. In addition to MATLAB, the transmission line elec-
tromagnetics modeling tool suite of TNT 1.2.2 was utilized for the FEM
based calculations. It is observed that the proposed method exhibited
greater consistency and better fit with the FEM results. These results
look similar for circular-convergent taper and circular-divergent taper.
However, if we compare it with the conventional tapered methods, the
deviation is significant. This results suggests that the proposed
expansion-exponential tapered method offers distinct advantages and a
more suitable design approach compared to conventional methods.
Additionally, it is important to note that further detailed investigations
of the antenna characteristics were conducted using CST Microwave
Studio software.

The next step is antenna dimension optimization and MIMO

characterization. The antenna dimension can be optimized to obtain
working frequencies ranging from S-band to mmWave band with |S11]| <
— 10 dB. To reduce the mutual coupling effect of this proposed MIMO
antenna, we include a structure that is based on multi-slot configuration.
This multi-slot structure was positioned at the middle part of the an-
tenna ground plane. To evaluate the MIMO performance of the antenna,
several additional parameters should also considered. The parameters
are |Sz1|, ECC, and DG. ECC can be determined using S-parameters [44].
Then, the DG can be derived from the ECC equation [44].

4. Design of quasi-tapered wideband MIMO antenna

The design steps of the proposed antenna can be divided into two
main parts. The first part focuses on the modelling of the quasi-tapered
antenna using the transmission line model approach. Then, the second
part focuses on the optimization of the MIMO antenna. In detail, the
design procedures of the quasi-tapered antennas have several steps
including a conventional circular shape monopole microstrip antenna
design, feeding length modification, and ground-plane modification into
an inverted omega-ground structure as illustrated as antenna A#, B#,
and C# in Fig. 8(a)-8(c), respectively.

The substrate geometry of antenna A# is rectangular with a length of
L; and a width of W;. The radiating part of the antenna A# structure is
developed from a circular-shaped patch with radius of R; and is fed by a
direct-excitation feed with a length of Lgs and width of Wy At the



T. Firmansyah et al.

25 -
g =— = Conv. with convergent-taper factor = 0.15
(‘1) — - - Conv. with convergent-taper factor = 0.65
& ol Finite element method
p=4 R —  *®ee BExpansion-exponential tapered
= . method [Proposed]
Lo ~e i
e - -, = — i
g 1.5 te .~ Conv, = conventional
3 | - . oy —
- ““' - f—
qn_;- _________ [} O o R —~.
g 1t ) el =t
= Conventional : Expansion-exponential tapered :
KL s ebl(l—l;) K‘l =a (ebl(l Iz) o+ Cl)
0.5 L 1 1
0 0.25 0.5 0.75 1

Norm. length

AEUE - International Journal of Electronics and Communications 169 (2023) 154745

[oe]
LN

b =— = Conv. with divergent-taper factor =0.15
( )— « = Conv, with divergent-taper factor = 0.65

Finite element method

T
s eses [Fxpansion-exponential tapered v
E method [Proposed]  _.=" 4%
015 } F D ._‘,’
2 Conv. = conventional -~ v
-
< el i .
g e a .-:."‘_._l _________
E 1 poFeeEs™
= Conventional : Expansion-exponential tapered :
K, = phals K, = ak._(e“ﬂ“ + r.'-f;)
0 5 L Il 1
0 0.25 0.5 0.75 1

Norm. length

Fig. 7. Results comparison between the proposed method expansion-exponential tapered method and conventional tapered method (a) circular convergent-taper,

and (b) circular divergent-taper.

ground plane side, a circular ground slot with the radius of R is
included. This ground slot is positioned at distances of Ly and L4 from the
bottom and the top side of the substrate, respectively. It should be
mentioned that the position of the circular patch and the circular ground
slot are centrally aligned. Fig. 9(a) shows the reflection coefficient of
antenna A# with variation of R;. In this scenario, R is varied from 3 mm
to 15 mm. We can see that the change of R; leads to the variation of
antenna frequency and the return loss. However, we note that the an-
tenna still has a poor matching impedance at several desired frequencies
as shown in the reflection coefficient value. Hence, in the next step we
investigate the effect of excitation length (L) variation on the resonant
frequency as antenna B#. The simulation result of the effect of Ly vari-
ation is shown in Fig. 9(b). The result indicates that the length of L, has a
significant effect on the return loss of the antenna. Next, we add an
upper part slot with a width of Ws. This antenna is called antenna C#.

Fig. 10(a) shows that by using this additional slot, the antenna has a
better reflection coefficient compared to antenna B#. Furthermore,
Fig. 10(b) shows the comparison of the return loss of antenna A#/B#/
C#. We can see that antenna C# has a better reflection coefficient
compared to antenna A# or B#. Therefore, we decide to expand antenna
C# into a MIMO structure. The design evolution of the MIMO antenna
structure is shown in Fig. 11(a), 11(b), 11(c), and 11(d) as MIMO an-
tenna C1#, C2#, C3#, and C4#. The C1# antenna represents a con-
ventional MIMO antenna which comprises two identical antennas
without any structural modification as depicted in Fig. 11(a).

In MIMO antenna C2#, an additional single DGS slot-ground

(a) (b)

y
Antenna é > Antenna
A# z X gy

structure with a length of Lp; and width of Wp; is introduced at the top
part of the ground plane as depicted in Fig. 11(b). the MIMO antenna
C3# has a dual slots ground structure. The additional slot is positioned
at the middle part of the ground plane with a length of Lpy and a width of
Whpg, as shown in Fig. 11(c). Finally, a third ground slot is included in
MIMO antenna C4#. This slot is introduced at the bottom part of the
ground plane with a length of Lps and width of Wpg, as illustrated in
Fig. 11(d). The complete dimension and 3D view of MIMO antenna C4#
can be seen in Fig. 12(a) and Fig. 12(b), respectively.

Moreover, Fig. 13(a) shows the comparison of the reflection coeffi-
cient of the MIMO antennas. We can see that a return loss of under —10
dB at the desired frequencies is achieved for all MIMO antennas C1#/
C2#/C3#/C4#. This indicates that the proposed MIMO configurations
have no significant effect on the operation frequency of the antenna.
Lastly, Fig. 13(b) shows the comparison of the mutual coupling of MIMO
antenna C1#/C2#/C3#/C4#. The results indicate that the MIMO an-
tenna C4# provides the best isolation with a mutual coupling lower than
—20 dB. Next, the proposed antenna is fabricated and measured to verify
the simulation results.

5. Result and discussion

The proposed antennas C# and C4# were fabricated on Rogers RT/
Duroid 5880 substrate with e, = 2.2, thickness of h = 1.6 mm, and
dielectric loss tan d = 0.0009. The complete dimensions are as follows
(in millimeter): Ry =9, Ry = 15, W7 = 40, W, = 2.6, W3 = 10, W = 85,

(c)

Fig. 8. (a) Conventional circular shape antenna, (b) modification the feeding length of Ly, (c) modification of ground-plane and became inverted omega-ground

structure by added W3,
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Wp1=5,Wpy =5, Wp3=5,L1 =45,Ly =10.4, L3 = 4.6, L3y = 15.5, L3p
=10.5, Lp; = 6, Lpy = 29.5, Lp3z = 5. In detail, Fig. 14(a), 14(b), 14(c),
and 14(d) show the photographs of fabricated antenna C# and C4# with
view from the patch and the ground side. The measurement of the
proposed antenna’s performance up to 26 GHz was facilitated by using
the first-generation of super SMA female connectors from HASCO. Based
on the data sheet, this connector has good performance from DC up to
27 GHz [45]. Furthermore, an R&S ZVA67 VNA is used to measure the
antenna performance.

Fig. 14(e) shows the reflection coefficient comparison between the
simulation and measurement of antenna C#. We can see that at several
frequencies points the measured return losses are higher than those from
the simulation. Nevertheless, they are still under —10 dB and hence the
antenna C# can successfully cover a wide range from S-band to mmW
band. Fig. 14(f) shows a comparison of the reflection coefficient between
the simulation and measurement of MIMO antenna C4#. In line with the
antenna C#, the MIMO configuration does not change the reflection

coefficients significantly. The return loss of the proposed MIMO antenna
is still under —10 dB.

The mutual coupling (MC) comparison between simulation and
measurement of MIMO antenna C4# is depicted in Fig. 14(g). In MIMO
antenna, MC is generally used to evaluate the interaction of the an-
tennas. We can see that the MIMO antenna C4# has MC values lower
than —20 dB in all desired frequencies. Therefore, we can conclude that
the interferences between antennas are insignificant. It should be noted
that, in principle, this antenna has the potential to operate across wide
frequency bands. However, in this paper, the focus was directed towards
specific frequency bands in order to position the study within the
context of future communication technologies. We have selected several
specific bands such as the 4G (3.3 GHz), mid-band 5G (3.4-3.8 GHz),
WLAN (5.8 GHz), X-band (10-11 GHz), and high-band 5G (24.5-26
GHz) communications.

Fig. 15 (a-j) presents the normalized co-and cross-polarization radi-
ation patterns of the proposed antenna. Specifically, Fig. 15 (a-e) display
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Fig. 11. (a) MIMO antenna C4#, and (b) 3D view of proposed MIMO antenna C4#.

(b)

*The size is not to scale.

B Patch [ Substrate [} Ground
VD3

Fig. 12. (a) MIMO antenna C4#, and (b) 3D view of proposed MIMO antenna C4#.
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Fig. 13. (a) A comparison of reflection coefficient of MIMO antenna C1#/C2#/C3#/C4#, (b) comparison of mutual coupling of MIMO antenna Cl#/C2#/
C3#/C4#.
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Fig. 15. Co- and cross-polarization normalized radiation patterns at XOZ-plane at frequency of (a) 3.3 GHz, (b) 5.8 GHz, (c) 10 GHz, (d) 24 GHz, and (e) 26 GHz.
Then, Co- and cross-polarization normalized radiation patterns at YOZ-plane at frequency of (f) 3.3 GHz, (g) 5.8 GHz, (h) 10 GHz, (i) 24 GHz, and (j) 26 GHz.

the normalized co- and cross-polarization radiation patterns at the XOZ-
plane for frequencies of 3.3 GHz, 5.8 GHz, 10 GHz, 24 GHz, and 26 GHz,
respectively. It is seen at the XOZ-plane, the cross-polarization values
are relatively large. However, the main beam at 0 degree exhibits a very
low cross-polarization value. Moreover, Fig. 15 (a-€) show the normal-
ized co- and cross-polarization radiation patterns at YOZ-plane for fre-
quencies of 3.3 GHz, 5.8 GHz, 10 GHz, 24 GHz, and 26 GHz,
respectively. At the YOZ-plane direction, the proposed antenna exhibits
a very low cross-polarization value. Therefore, it can be concluded the
proposed antenna has omni-directional pattern at the YOZ-plane.

10

As an additional explanation, there are several reasons that the
monopole antenna can generate circular polarization such as ground-
plane’s position and antenna shape [46-48]. The ground-plane plays an
important role in determining the polarization of an antenna. In the
specific case of a monopole antenna, the ground plane can cause the
polarization of the signal to change from its original orientation, with a
larger ground plane providing more reflection and resulting in a more
significant change in polarization [46-48].
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Fig. 16. Surface current density of (a) MIMO antenna C1#, (b) MIMO antenna C2#, (c) MIMO antenna C3#, (d) MIMO antenna C4#.
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Fig. 18. Comparison result of (a) diversity gain, (b) total active reflection coefficient, and (c) channel capacity loss.

6. MIMO performances

The evaluation of surface current density distribution is crucial to
understand the behavior of the proposed MIMO antenna. This surface
current density distribution can be used to explain the MC between
closely spaced antennas. Fig. 16(a), 16(b), 16(c), and 16(d) illustrate the
surface current density of MIMO antenna C1#, C2#, C3#, and C4#,
respectively. We can see that the MIMO antenna C1# has the highest
mutual coupling among others. The MCs are qualitatively decreased
after ground slots were included. This can be seen in Fig. 16(d) where
the MIMO antenna C4# generates the lowest mutual coupling, as indi-
cated by the blue color in the subsequent antenna. Then, Fig. 17 (a-b)
show the results comparison of realized gain and efficiency, and
enveloped correlation coefficient, respectively.

A realized gain and efficiency of MIMO antenna C4# is shown in
Fig. 17(a). As depicted in the graph, the antenna has a realized gain
ranging from 2.0 dBi to 9.5 dBi. The efficiency value range from 95.4%
to 98.2 %. It is important to note that only simulation data for efficiency
are presented due to the limitations of the measurement device. How-
ever, the obtained results indicate good performance in terms of effi-
ciency. This is attributed due to the low loss of Rogers RT/Duroid 5880
substrate which has a dielectric loss tangent (tan &) of 0.0009.
Furthermore, the envelope correlation coefficient (ECC) of the antenna

11

is illustrated in Fig. 17(b). The EEC value can be calculated using radi-
ation patterns or scattering parameters [4,49,50]. The result shows that
the EEC is slightly increased around the S-band. This occurrence is
correlated with the MC, as a higher MC between antennas will have a
more significant effect on the EEC. Nonetheless, we can see that the ECCs
are still under 0.02 at all frequencies. Therefore, it is indicated that the
antenna has a small correlation coefficient.

Fig. 18(a-c) show comparison result of diversity gain (DG), total
active reflection coefficient (TARC), and channel capacity loss (CCL) of
the MIMO antenna C4+#, respectively. Moreover, we can also calculate
the DG value using the EEC obtained from the radiation patterns. The DG
maximum value achieved is 10 dB, while the proposed MIMO antenna
C4# has a high DG of above 9.9 dB. This means the proposed antenna
performs well in terms of MIMO performance. Additionally, the TARC
value which is a metric to relates the reflection power an N-port mi-
crowave component can be calculated using equations from [4,49,50].
The TARC value of the proposed antenna is lower than —10 dB which
indicates that the reflection power is very low. Then, the CCL value is
lower than 0.4, which is suitable for MIMO applications. Table 2 shows
the comparison between our proposed design and previous published
antennas. The result shows that the proposed structure has many ad-
vantages that are suitable for 5G applications.
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Table 2
Performance comparison of the proposed antenna with published antennas.
Ref. Antenna structure fo/ BW Proposed application Size Substrtae Shape of Port  Isolation Realized Gain  Efficiency CCL EEC DG
(GHz) (o) rad. (dB) (dBi) (%)
pattern
[51] Quasi self 6.85/ WLAN, UWB 0.73 x FR4, ¢, =4.4,h =1.57, tan 6 = Omni 4 < -15 1.7-4.2 60-90 N.R N.R N.R
complementary 7.50 0.73 0.02 directional
[52] Planar-monopole 7.40/ UWB 0.64 x RTDuroid4350B, ¢, = 3.5, h = Omni 2 < -20 —2-5.8 95-99 N.R N.R N.R
9.20 0.76 0.8, tan 6 = 0.004 directional
[53] Koch fractal monopole 7.5/ C-Band, UWB 1.12 x FR4,e, =4.4,h=1.57,tan 6 = Omni 2 < -19 1.0-5.0 N.R N.R 0.17 N.R
9.0 0.62 0.02 directional
[54] Monopole with 6.85/ UWB 0.80 x RTDuroid4003, e, = 4.3, h = Omni 2 < -16 3.4-65 N.R N.R. 0.2 N.R
floating parasitic 7.50 0.91 1.57, tan § = 0.0024 directional
[55] Single-dipole 3.65/ 5G 1.70 x FR4,¢,=4.4,h=1,tan 6 =0.02 Directional 2 < -18 N.R. 80-90 N.R. 0.1 N.R.
0.30 2.06
[56] Dual monopole 7.55/ WLAN and 5G 0.55 x RTDuroid5880, &, = 2.2, h = Omni 2 < -18 N.R N.R N.R 0.35 N.R.
8.90 0.90 1.57, tan § = 0.0009 directional
[57] Monopole with EBG 2.42/ WLAN 0.23 x FR4,e,=4.4,h =1, tan 5 = 0.02 Directional 2 < 24 ~4.25 50 - 58 N.R 0.008 9.99
0.15 0.30
[58] Circular monopole 2.50/ WLAN 0.58 x JC,e,=1.6,h =1, tan § = 0.02 Omni 2 < -16 ~3.0 N.R N.R 0.05 N.R
0.60 0.33 directional
[59] CPW Asymmetric EBG 4.75/ Sub-6 GHz 5G 0.34 x FR4, e =44, h=1.57,tan 6 = Omni 2 < —18 N.R N.R N.R 0.025 ~10.0
2.90 0.66 0.02 directional
[60] O-shaped monopole 4.10/ WLAN and 5G 0.13 x FR4,e, =4.4,h=1.57,tan 6 = Omni 2 < -23 2-4 20.0-65.0 N.R N.R N.R
3.40 0.62 0.02 directional
[61] Octagonal-elips shaped 11.0/ UWB and 5G 1.46 x FR4,e,=4.4,h=1.57,tan 6 = Omni 2 < -15 ~10.0 90-92 N.R 0.02 9.80-10.00
18.0 1.61 0.02 directional
[62] Octagonal-shaped 6.85/ UWB with nocth 0.43 x FR4,e, =44, h=157,tans=  Omni 2 < -18 1.2-291 70-90 <0.05 <0.02  9.40-10.00
radiating 7.50 0.68 0.02 directional
[63] Metamaterial and SIW 9.00/ UWB 1.05 x FR4,e, =4.4,h=1.57,tan 6 = Omni 2 < -23 3.7-43 65-80 <0.04 0.04 1.5-10
14.00 1.08 0.02 directional
This Quasi-tapered 14.65/ 4G / Mid-band 5G / WLAN 4.15 x RTDuroid5880, &, = 2.2, h = Omni 2 < -20 2.0-9.5 95.4 - 98.2 <0.04 <0.02 9.88-10
paper  using circular shaped 22.70 /X-Band / High band 5G 2.09 1.57, tan 6 = 0.0009 directional

Note: fc = frequency center, BW = bandwidth, CCL = channel capacity loss, EEC = envelop correlation coefficient, DG = diversity gain, and N.R = not reported.
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7. Conclusion

We have successfully designed a quasi-tapered wideband MIMO
antenna by combining a circular-shaped patch and an inverted omega
ground structure. An expansion of the exponential tapered model was
used to investigate the circular-shaped tapered structure. In detail, the
proposed antenna is divided into circular divergent and circular
convergent-tapered sections. Then, a transmission lines approach was
utilized to analyze and optimize the antenna structure. The proposed
model was verified by FEM simultion and also step impedance calcula-
tion. Moreover, the proposed MIMO antenna can successfully cover the
at 4G (3.3 GHz), mid-band 5G (3.4-3.8 GHz), WLAN (5.8 GHz), X-band
(10-11 GHz), and high-band 5G (24.5-26 GHz) communications. A
good agreement between the simulated and measured results validates
the proposed method. A good agreement between the simulated and
measured results validates the proposed method.
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Editor and Reviewer comments:

Reviewer #1:

1. A super wideband 2-port MIMO antenna is presented with the detailed analysis of the chosen tapered antenna geometry. Apart from the detailed analysis,
the antenna lacks novelty. Also there is a major concern for the measurements carried out as single SMA connector is not capable of measuring the response
at lower as well higher bands. Sub-6 GHz and mmwave bands need separate connectors.

2. List the novel contribution clearly and justify the need for the proposed antenna through extensive literature review.

3. Please refer to the attached file for more comments.

Reviewer #2:

The article entitled "Modeling of Quasi-tapered Microstrip Antenna Based on Expansion-exponential Tapered Method and Its Application for Wideband MIMO
Structure" has been thoroughly reviewed and the current form of manuscript did not find suitable due to following comments:

Comment to the Authors:

1. Authors did not describe how to utilize the "Expansion-exponential Tapered Method" with the suggested design because it is an well known approach. Itis a
suggestion for authors to compare the results with simulation of the proposed design with the used tapered method.

2. From the results given in Fig. 12 & 13, the proposed design is a wideband antenna but authors have selected some specific bands only. Why?

3. From the results given in Fig 15, why are the cross-pol values high?

4. Channel capacity analysis of the proposed design is missing.

5. Authors did not disclose the name of software exploited for the analysis.

Associate Editor:
- Please clarify if ECC is calculated using the radiation patterns.

- The cross polarization patterns should be added to Fig. 15.
- Table | should include some references that propose MIMO wideband antennas.
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To: May 16, 2023
Editor in Chief of AEU International Journal of Electronics and Communications

Prof. Dr. Shahram Minaei.

Re: Response to reviewers
Dear Professor,

I hope this email finds you well and healthy. First of all, we want to thank you for evaluating
and allowing us an opportunity to address the reviewers’ comments. We have carefully revised
the manuscript, according to the reviewers’ comments. We are uploading:

1) Cover Letter

2) Response to Reviewers

3) Conflict of Interest

4) Author Agreement

5) Revised manuscript (clean version)

6) Revised Manuscript with Marked changes (with yellow highlights)
7) Figures

Moreover, we also provide additional data/figures to enrich the paper's discussion. It can be
seen in Figs. 7(a-b), 15(a-j), 17(a-b), 18(a-c). Moreover, Jun Kondoh was included as an
author to enhance the explanation and grammar evaluation.

Once again, we thank you for your valuable time reviewing and evaluating our paper. Please
do not hesitate to contact me if there are any questions.

Sincerely Yours,
Teguh Firmansyah

Email:
teguhfirmansyah@untirta.ac.id
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Response Letter

Journal : AEU International Journal of Electronics and Communications.

Manuscript ID : AEUE-D-23-00484

Title : Modeling of Quasi-tapered Microstrip Antenna Based on Expansion-
exponential Tapered Method and Its Application for Wideband MIMO
Structure

First of all, we would like to thank the reviewers for their in-depth and constructive reviews of
our manuscript and the editor for his careful reading and suggestion to resubmit our manuscript.
In this revised version of the manuscript, we did our best to address all comments raised by the
reviewers. A detailed item-by-item responses to each of the reviewers’ points are presented
below.

Responses to reviewer 1

Concern # No. 1:

A super wideband 2-port MIMO antenna is presented with the detailed analysis of the chosen
tapered antenna geometry. Apart from the detailed analysis, the antenna lacks novelty. Also
there is a major concern for the measurements carried out as single SMA connector is not
capable of measuring the response at lower as well higher bands. Sub-6 GHz and mmwave
bands need separate connectors.

Author response: Many thanks to the reviewer for this feedback. Regarding the
novelty, the study presented in this paper made several contributions, which are listed as
follows:

1. A wideband antenna based on a quasi-tapered structure using a circular shape is
proposed. A quasi-tapered characteristic was obtained by integrating a circular-
shaped patch antenna with an inverted omega ground plane as shown in Fig 1(a).

2. Wealso proposed an expansion-exponential tapered model to investigate the quasi-
tapered structure based on a circular shape. This proposed model was utilized due
to the limitation of the traditional linear, exponential, and Klopfenstein tapering
methods. It is important to note that our circular tapered structure diverges from
the conventional linear, exponential, or Klopfenstein shapes typically employed in
tapering.

3. To obtain the mathematical model of for the circular shape tapered structure, we
expand the the existing exponential shape tapered model. In detail, Fig 1(b)
illustrates the proposed circular tapered structure which is divided into two halves
circular shapes. It is seen that the physical dimension of the left-side of the half-
circular shape is increasing. However, if we investigate the impedance
characteristic, the impedance value is decreasing. Therefore, the left side structure



has a convergent behavior. Vice versa, the right side of the half-circular shape has
a divergent characteristic.

The study employs the ABCD parameter based on the transmission line model to
investigate the overall antenna structure. The proposed model was verified by the
finite element method (FEM). Following the verification process, the proposed
antenna was then applied to a MIMO structure. The fabrication of the antenna was
carried out on a Rogers RT/Duroid 5880 substrate with er = 2.2, thickness of h =
1.6 mm, and dielectric loss tan 6 = 0.0009.

In addition, we also proposed a multislot EBG structure to reduce the mutual
coupling parameter in the MIMO antenna system. As a result, the proposed MIMO
antenna demonstrated wide bandwidth and excellent performance across various
communication bands. The antenna is capable of operating in the S-band to mmW
band, effectively covering a broad frequency range. This wide frequency coverage
enabled the antenna to support multiple communication standards, including 4G
(3.3 GHz), mid-band 5G (3.4-3.8 GHz), WLAN (5.8 GHz), and high-band 5G
(24.5-26 GHz) concurrently.

Table 1. Provides an overview of the proposed research positioning.

Table 1. Research position

Freq. Antenna Proposed Appllcatloqs MIMO Mutgal
Ref Narrow- | Wide- coupling Advantages
(GHz) structure methods antenna .
band band reduction
- The proposed model has
. . Recursive e
Microstrip the capability to make
[26] 2.50 . convex Yes - - - L.
slot dipole P predictions for the near
optimization field
Micro- Equivalent The calculation model is
[27] | 30.0 coaxial circuit Yes - - - capable of identifying the
collinear modeling equivalent circuit.
247 - RS Cavity The proposed model can
[28] 2.56 MICI'.OStrlp model Bes : : : predict the near field.
Ring
The proposed model is
1.50 - SleTpee: SETEC: capable of predicting the
[29] Impedance Impedance Yes - - - .
2.50 dualband impedance
Slot Antenna | Resonator ..
characteristics.
CPW-fed Space- The proposed model has
30] 2.00- | slot antenna mapping I Yes I 1 the ability to forecast the
8.00 with with kriging value of reflection
monopole surrogates coefficient.
131] 3.00 ConYentlonal Linear i Yes I i The. model can estimate the
dipole elements radiation pattern.
. Equivalent The calculation model has
2.51 - Linear .. . .
[32] circuit - Yes - - the potential to determine
6.55 tapered slot . ..
model the equivalent circuit.
Statistical The propos.ed. model can
133] 3.50 - Monopole analysis i Yes I i make predictions for the
8.50 UWB J value of reflection
model .
coefficient.




The network parameters

Equivalent .
[34] | 2.20 Monopole circuit Yes - Yes - - l?e }mhzed s
prediction of S-parameters
model
performance.
The The effective length
5.15 - effective matrices demonstrate good
1331 | 535 Elonopols length ies : LG : agreement with the method
matrices of moments.
FIFA- Eigen- The model can determine
Es | B monopole Analysis es ) e ) the radiation pattern.
290 - Circular The proposed antenna
[37] lé 00 shaped N.R. - Yes Yes Yes exhibits wideband
) monopole performance.
3.00 Monopole The proposed antenna
[38] | _ 30.0 with slot s ) fries o e possesses good isolation.
3.30 L-shaped The proposed antenna has
[39] —8.50 branch s ) bres o Bres wideband performance.
The proposed antenna
. . design combines wideband
Quasi- Expansion- .
. . . performance, a simple
This | 3.30 - | tapered using | exponential . .
. - Yes Yes Yes impedance calculation
paper | 26.0 circular tapered | and 1 1
| model model, and low mutua
coupling in a MIMO
configuration.

Author action: We updated the manuscript by the yellow highlighted as shown on lines
90 - 137, and Table 1.

Regarding the connector,
Many thanks to the reviewer for this feedback. It should be noted when measuring the

antenna performance. We use two scenarios. The first scenario combines conventional-
SMA (low-freq) and End-lunch (high-freq with modified feed line) connectors.
Meanwhile, the second scenario measurement uses the latest generation of SMA
connectors. This connector can work up to 27 GHz. The measurement results of both

scenarios are the same.

For an additional answer, this is the link for our connector.

https://www.hasco-inc.com/connectors/sma-connectors/212-513sf-super-sma-jack-

female-4-hole-375-square-flange-accepts-pin-dia-036/

and

https://www.hasco-inc.com/connectors/220-503sf-super-sma-jack-female-thread-in-

accepts-pin-dia-036/
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Data sheet :

ELECTRICAL
P: Specification
Frequency Range DC-27 GHz
VSWR 1.15:1 Max
Impedance 50 Ohms
MATERIALS
Item Specification (Note: Al plating thick walues are in micro-inches)
Body Passivated Stainless Steel
5 Beryllium Copper {BeCul, UNS C17300 Per ASTM B196, Gold Plated Per
Contact Pin
MIL-G-45204 or ASTM B488
Center Contact Capture High Temperature Uitem 1000 Per ASTM D5205
Connector Interface Per MIL-STD-348, Figs. 310-1and 310-2

Based on the data sheet, it can be seen that the connector has a good performance at a
high frequency of 27 GHz. Therefore, our measurements are solid, with the same results
in both scenarios. Moreover, as the reviewer suggested, we added this information to the
main manuscript with a yellow highlight.



Author action:

The measurement of the proposed antenna's performance up to 26 GHz was facilitated
by using the first-generation of super SMA female connectors from HASCO. Based on
the data sheet, this connector has good performance from DC up to 27 GHz [45].
Furthermore, an R&S ZVA67 VNA is used to measure the antenna performance.

Reference :
[45] L. Technologies, “SMA Connectors,” SMA Connectors, 2012. [Online].
Available: https://www.hasco-inc.com/categories/connectors/sma-

connectors.html.

Author action: We updated the manuscript by the yellow highlighted as shown on lines
378-381.

Concern # No. 2:
List the novel contribution clearly and justify the need for the proposed antenna through
extensive literature review.

Author response: Thank you very much for the in-depth review. Regarding the
novelty, the study presented in this paper made several contributions, which are listed as
follows:

1. A wideband antenna based on a quasi-tapered structure using a circular shape is
proposed. A quasi-tapered characteristic was obtained by integrating a circular-
shaped patch antenna with an inverted omega ground plane as shown in Fig 1(a).

2. Wealso proposed an expansion-exponential tapered model to investigate the quasi-
tapered structure based on a circular shape. This proposed model was utilized due
to the limitation of the traditional linear, exponential, and Klopfenstein tapering
methods. It is important to note that our circular tapered structure diverges from
the conventional linear, exponential, or Klopfenstein shapes typically employed in
tapering.

3. To obtain the mathematical model of for the circular shape tapered structure, we
expand the the existing exponential shape tapered model. In detail, Fig 1(b)
illustrates the proposed circular tapered structure which is divided into two halves
circular shapes. It is seen that the physical dimension of the left-side of the half-
circular shape is increasing. However, if we investigate the impedance
characteristic, the impedance value is decreasing. Therefore, the left side structure
has a convergent behavior. Vice versa, the right side of the half-circular shape has
a divergent characteristic.

4.  The study employs the ABCD parameter based on the transmission line model to
investigate the overall antenna structure. The proposed model was verified by the
finite element method (FEM). Following the verification process, the proposed
antenna was then applied to a MIMO structure. The fabrication of the antenna was
carried out on a Rogers RT/Duroid 5880 substrate with er = 2.2, thickness of h =
1.6 mm, and dielectric loss tan 6 = 0.0009.



5. In addition, we also proposed a multislot EBG structure to reduce the mutual
coupling parameter in the MIMO antenna system. As a result, the proposed MIMO
antenna demonstrated wide bandwidth and excellent performance across various
communication bands. The antenna is capable of operating in the S-band to mmW
band, effectively covering a broad frequency range. This wide frequency coverage
enabled the antenna to support multiple communication standards, including 4G
(3.3 GHz), mid-band 5G (3.4-3.8 GHz), WLAN (5.8 GHz), and high-band 5G
(24.5-26 GHz) concurrently. Table 1 provides an overview of the proposed research
positioning.

Table 1. Research position
Freq. Antenna Proposed Appllcatloqs MIMO Mutgal
Ref Narrow- | Wide- coupling Advantages
(GHz) structure methods antenna .
band band reduction
. The proposed model has
. . Recursive s
Microstrip the capability to make
[26] 2.50 . convex Yes - - - ..
slot dipole e predictions for the near
optimization
field.
Micro- Equivalent The calculation model is
[27] | 30.0 coaxial circuit Yes - - - capable of identifying the
collinear modeling equivalent circuit.
247 - P Cavity The proposed model can
[28] | 5 56 et model Bes : : : predict the near field.
Ring
The proposed model is
1.50 - SlsTpees ST capable of predicting the
[29] Impedance Impedance Yes - - - .
2.50 dualband impedance
Slot Antenna | Resonator .
characteristics.
CPW-fed Space- The proposed model has
130] 2.00 - | slot antenna mapping I Yes 1 1 the ability to forecast the
8.00 with with kriging value of reflection
monopole surrogates coefficient.
311 | 3.00 Con\{entlonal Linear i Yes I 1 The. model can estimate the
dipole elements radiation pattern.
. Equivalent The calculation model has
2.51 - Linear .. . .
[32] circuit - Yes - - the potential to determine
6.55 tapered slot . .
model the equivalent circuit.
Statistical The propos.ed. model can
33] 3.50 - Monopole analvsis i Yes 1 1 make predictions for the
8.50 UWB Y value of reflection
model .
coefficient.
. The network parameters
e can be utilized for the
[34] | 2.20 Monopole circuit Yes - Yes - "
prediction of S-parameters
model
performance.
The The effective length
5.15 - effective matrices demonstrate good
[33] 5.35 Menopols length s : L : agreement with the method
matrices of moments.
FIFA- Eigen- The model can determine
[36] | 520 monopole Analysis s ) M ) the radiation pattern.
290 - Circular The proposed antenna
[37] lé 00 shaped N.R. - Yes Yes Yes exhibits wideband
) monopole performance.




3.00 Monopole The proposed antenna
[38] | _ 30.0 with slot s ) fries o e possesses good isolation.
3.30 L-shaped The proposed antenna has
[39] —8.50 branch s ) fries o e wideband performance.
The proposed antenna
. . design combines wideband
Quasi- Expansion- .
; . . performance, a simple
This | 3.30 - | tapered using | exponential : :
. - Yes Yes Yes impedance calculation
paper | 26.0 circular tapered del. and 1 |
shaped model mode’, and low LU
coupling in a MIMO
configuration.

Author action: We updated the manuscript by the yellow highlighted as shown on lines

90 -

137, and Table 1.

Please refer to the attached file for more comments : Reply for the commens

from the attached file
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Author response: Many thanks to the reviewer for this comment. We have corrected
the text as follows.

A massive communication network with high data-rate capability is required to support
5G technology [1], [2]. This challenging requirement has forced the development of 5G
technology to work at the millimeter-wave (mmW) band to accommodate an enormous
number of users with a wide bandwidth availability [3], [4]

References :

[1]

[2]

[3]

[4]

B. Aghoutane, S. Das, M. EL Ghzaoui, B. T. P. Madhav, and H. El Faylali, “A
novel dual band high gain 4-port millimeter wave MIMO antenna array for 28/37
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Author action: We updated the manuscript by the yellow highlighted as shown on lines
71-73.

Authors should emphasize that feeding needs to be optimized for an antenna to work at both
lower and higher band simultaneously. The same feedline width and the connector cant be used
for lower as well higher operational bands. At lower bands SMA connector can suffice the
purpose however as the frequency increases the feedline will become thinner so end launch
connectors are needed,

Author response: Many thanks to the reviewer for this feedback. It should be noted
when measuring the antenna performance. We use two scenarios. The first scenario
combines conventional-SMA (low-freq) and End-lunch (high-freq with modified feed
line) connectors. Meanwhile, the second scenario measurement uses the latest generation
of SMA connectors. This connector can work up to 27 GHz. The measurement results of
both scenarios are the same.

For an additional answer, this is the link for our connector.

https://www.hasco-inc.com/connectors/sma-connectors/212-513sf-super-sma-jack-
female-4-hole-375-square-flange-accepts-pin-dia-036/

and

https://www.hasco-inc.com/connectors/220-503sf-super-sma-jack-female-thread-in-
accepts-pin-dia-036/

@ H'\b.((? !N(T| A CIUALITY SOURCE FOR RF AND MICROWSVE ENGINEERS . H

SMA Female Connector 4 Hole 375" Square
Flange - Accepts 036 Pin Dia, tested to 27 GHz
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SMA Female Connector Thread-In 425" Length -
Accepts 036 Pin Dia., tested to 27 GHz

'i Cpuardiy.
1 I “ADD TO CART
Data sheet :
ELECTRICAL
Specifcati
Frequency Range DC-27GHz
VSWR 1.15:1 Max
Impedance 50 Ohms
MATERIALS
Item Specification (Mote: All plating thick walues are in micro-inches)
Body Passivated Stalniess Stez!
] Beryllium Copper {BeCul, UNS C17300 Per ASTM B194, Gold Plated Per
Contact Pin
MIL-G-45204 or ASTM BABE
Center Contact Capture High Temperature Uitem 1000 Per ASTM D5205
Connector Interface Per MIL-STD-348, Figs. 310-1and 310-2

Based on the data sheet, it can be seen that the connector has a good performance at a
high frequency of 27 GHz. Therefore, our measurements are solid, with the same results
in both scenarios. Moreover, as the reviewer suggested, we added this information to the
main manuscript with a yellow highlight.

Author action:

The measurement of the proposed antenna's performance up to 26 GHz was facilitated
by using the first-generation of super SMA female connectors from HASCO. Based on
the data sheet, this connector has good performance from DC up to 27 GHz [45].
Furthermore, an R&S ZVA67 VNA is used to measure the antenna performance.

Reference :

[45] L. Technologies, “SMA Connectors,” SMA Connectors, 2012. [Online].
Available: https://www.hasco-inc.com/categories/connectors/sma-
connectors.html.

Author action: We updated the manuscript by the yellow highlighted as shown on lines
378-381.



The proposed of half-circular shape tapered configuration with expansion-exponential tapered

model is shown in Fig. 2(a).

Author response: Thank you for your correction. We have remove the “of” at the main

manuscript. Then, the corrected text is shown in as follows.

The proposed half-circular shape tapered configuration with expansion-exponential

tapered model is shown in Fig. 2(a).

Author action: We updated the manuscript by the yellow highlighted as shown on lines

156-157.

Please use different color for the lines. Also only keep three very relevant results (shown in

Fig. 8, now shown in Fig 9).

Author response:

Thank you very much for your comment. We agree with the reviwer, we have revised

Fig 8. now shown in Fig 9 as shown in below.
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2 5 8 11 14 17 20 23 26 2 5 8 11 14 17 20 23
Frequency (GHz) Frequency, GHz

26

Fig. 9. (a) Reflection coefficient of antenna A# with varied of Ri, (b) Reflection

coefficient of antenna B# with varied of L,

Author action: We updated the manuscript by the yellow highlighted as shown on lines

321-322.
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Concern # No. 8:
No radiation pattern is shown here. (Fig 14. now shown in Fig 15)

Author response:
Thank you very much for pointing this out. We appologize for our mistakes by mention
a wrong caption. We have revised the radiation pattern as shown in Fig 15.

Fig. 15 (a-j) presents the normalized co-and cross-polarization radiation patterns of the
proposed antenna. Specifically, Fig. 15 (a-e) display the normalized co- and cross-
polarization radiation patterns at the XOZ-plane for frequencies of 3.3 GHz, 5.8 GHz, 10
GHz, 24 GHz, and 26 GHz, respectively. It is seen at the XOZ-plane, the cross-
polarization values are relatively large. However, the main beam at 0 degree exhibits a
very low cross-polarization value. Moreover, Fig. 15 (a-e) show the normalized co- and
cross-polarization radiation patterns at YOZ-plane for frequencies of 3.3 GHz, 5.8 GHz,
10 GHz, 24 GHz, and 26 GHz, respectively. At the YOZ-plane direction, the proposed
antenna exhibits a very low cross-polarization value. Therefore, it can be concluded the
proposed antenna has omni-directional pattern at the YOZ-plane.

As an additional explanation, there are several reasons that the monopole antenna can
generate circular polarization such as ground-plane’s position and antenna shape [46]—
[48]. The ground-plane plays an important role in determining the polarization of an
antenna. In the specific case of a monopole antenna, the ground plane can cause the
polarization of the signal to change from its original orientation, with a larger ground
plane providing more reflection and resulting in a more significant change in polarization
[46]-48].
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Fig. 15. Co- and cross-polarization normalized radiation patterns at XOZ-plane at
frequency of (a) 3.3 GHz, (b) 5.8 GHz, (c¢) 10 GHz, (d) 24 GHz, and (e) 26 GHz. Then,
Co- and cross-polarization normalized radiation patterns at YOZ-plane at frequency of
(f) 3.3 GHz, (g) 5.8 GHz, (h) 10 GHz, (i) 24 GHz, and (j) 26 GHz.

Author action: We updated the manuscript by the yellow highlighted as shown on lines
406-426.
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Concern # No. 9:
Include simulated and measured gain and efficiency results of the antenna.

Author response: Thank you very much for your comment. We agree with the reviewer.
We have added the data as shown in Fig 17 (a). However, we appologize only give a
simulation data for the efficiency. We hope this data do not reduce our main proposed
content such as a modeling of quasi-tapered microstrip antenna based on expansion-
exponential tapered method and its application for wideband MIMO structure.

A realized gain and efficiency of MIMO antenna C4# is shown in Fig 17(a). As depicted
in the graph, the antenna has a realized gain ranging from 2.0 dBi to 9.5 dBi. The
efficiency value range from 95.4% to 98.2 %. It is important to note that only simulation
data for efficiency are presented due to the limitations of the measurement device.
However, the obtained results indicate good performance in terms of efficiency. This is
attributed due to the low loss of Rogers RT/Duroid 5880 substrate which has a dielectric
loss tangent (tan 6) of 0.0009.

12 100 0.02 b
o 2o B 4G
% 10 §i @ % (&) 0.015 WLAN ( )
=y £ TH 00l X-band
‘= 2 5 = B 5G
=6 180 £ S 5 0.005
=) 2 as
S 2 o= 0 - £
= 4 70 E [ --- EEC Using rad. pattern
S 2 & 3 -0.005 — EEC Sim.

0 60 001 Lo i Moz

2 6 10 14 18 22 26 2 6 10 14 18 22 26

Fretuicy (GHZ) Frequency (GHz)

Fig. 17. Comparison result of (a) realized gain and efficiency, (b) enveloped correlation
coefficient

Author action: We updated the manuscript by the yellow highlighted as shown on lines
441-452.

Concern # No. 10:
Table 2. Include the size of the antennas in terms of lambda and the shape of radiation pattern.

Author response:

Thank you very much for your comment. We agree with the reviewer. Therefore, we
have revised Table 2, including the size of the antennas in terms of lambda and the shape
of the radiation pattern. In detail, Table 2 shows a performance comparison of the
proposed antenna with published antennas. It can be seen that the proposed antenna has
wide bandwidth with good MIMO performance. Moreover, it should be mentioned here
we have re-measured our co- and cross-polarization data as shown in Fig. 15.

Author action: We updated the manuscript by the yellow highlighted as shown on lines
423-426.
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Table 2. Performance comparison of the proposed antenna with published antennas

Shape of . . .
Ref. Antenna structure Je/ BW Prqp 08¢ d Size (Ao) Substrtae rad. Port Isolation Rgahzeq Efﬁocwncy CCL | EEC DG
(GHz) application Battern (dB) Gain (dBi) (%)
Quasi self 6.85/ 0.73 x FR4,&=4.4,h=1.57, Omni B B
[31] complementary 7.50 WLAN, UWB 0.73 tan 8 =0.02 directional 4 <1 1.7-4.2 60-90 NR | NR NR
RTDuroid4350B, & = :
[52] | Planar-monopole | Y UWB geags 3.5,h=08,tan = Ot 2 <20 2-58 95-99 | NR | NR | NR
9.20 0.76 0.004 directional
Koch fractal 7.5/ 1.12 x FR4,&:=44,h=1.57, Omni
[33] monopole 9.0 C-Band, UWB 0.62 tan § = 0.02 directional 2 <19 1.0-50 N-R NR | 0.17 N-R
. RTDuroid4003, & = :
[s4 | Monopolewith | 6385 UWB 0.80x | 43 1 =157 tans= | O 2 | <-16 | 34-65 NR NR | 02 | NR
floating parasitic 7.50 0.91 0.0024 directional
. . 3.65/ 1.70 x FR4,&,=44,h=1,tan ——
[55] Single-dipole 030 5G 206 5=0.02 Directional 2 <-18 N.R. 80 -90 N.R. 0.1 N.R.
RTDuroid5880, € = -
[56] | Dualmonopole | =5 | WLANand5G | %3°% | 22 h=157tans= | . OmM 2 | <-18 NR NR NR | 035 | NR
8.90 0.90 0.0009 directional
Monopole with 2.42/ 0.23 x FR4,&=44,h=1, tan r—- _
[57] EBG 0.15 WLAN 0.30 5=0.02 Directional | 2 < 24 ~4.25 5058 N.R | 0.008 | 9.99
. 2.50/ 0.58 x JC,&=1.6,h=1,tan § Omni N
[58] | Circular monopole 0.60 WLAN 033 ~0.02 directional 2 <-16 3.0 N.R N.R 0.05 N.R
CPW Asymmetric 4.75/ 0.34 x FR4,&:=44,h=1.57, Omni
[59] EBG 790 Sub-6 GHz 5G 0.66 fan & =002 directional 2 <-18 N.R N.R N.R | 0.025 10.0
O-shaped 4.10/ 0.13 x FR4, &=4.4,h=1.57, Omni
[60] monopole 3.40 WLAN and 5G 0.62 tan 6 =0.02 directional 2 <23 2-4 200-650 | NR N-R N-R
Octagonal-elips 11.0/ 1.46 x FR4,&=44,h=1.57, Omni 9.80 -
[61] shaped 18.0 UWB and 5G 1.61 tan & = 0.02 directional | > <15 100 90-92 1 NR 11002 1 7499
Octagonal-shaped 6.85/ . 0.43 x FR4,&:=44,h=1.57, Omni 9.40 -
[62] radiating 750 | UWBwithnocth |70 oo tan & = 0.02 directional | 2 | <718 | 12-291 1 70-90 | <0051 <002} 14,
Metamaterial and 9.00/ 1.05 x FR4,&:=44,h=1.57, Omni
[63] SIW 14.00 UWB 1.08 tan § = 0.02 directional | 2 | <72 | 37-43 | 6580 ) <0.04)0.04 ) 1.5-10
. Quasi-tapered 4G / Mid-band 5G RTDuroid5880, & = :
?“esr using circular 12‘;'67%/ / WLAN /X-Band / 42'1059X 2.2,h=1.57,tan § = dirce);}g;al 2 | <20 | 20-95 | 954-982 | <0.04 | <0.02 9'?5 -
pap shaped : High band 5G : 0.0009

Note : fc = frequency center, BW = bandwidth, CCL = channel capacity loss, EEC = envelop correlation coefficient, DG = diversity gain, and N.R = not reported.
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| Responses to reviewer 2 |

Concern # No. 1:
Authors did not describe how to utilize the "Expansion-exponential Tapered Method" with the
suggested design because it is an well known approach. It is a suggestion for authors to

compare the results with simulation of the proposed design with the used tapered method.

Author response: Many thanks to the reviewer for this fruitful feedback and insightful
suggestion. We have added the comparison between the proposed expansion-exponential
tapered and conventional tapered methods of circular convergent-taper and circular
divergent-taper, as shown in Fig 7(a) and 7(b), respectively.

Fig. 7(a) and 7(b) show the results comparison between the expansion-exponential
tapered method and conventional tapered method for circular convergent-taper and
circular divergent-taper configurations, respectively. MATLAB software was used to
perform the calculations for both the expansion-exponential and conventional tapered
methods. In addition to MATLAB, the transmission line electromagnetics modeling tool
suite of TNT 1.2.2 was utilized for the FEM based calculations. It is observed that the
proposed method exhibited greater consistency and better fit with the FEM results. These
results look similar for circular-convergent taper and circular-divergent taper. However,
if we compare it with the conventional tapered methods, the deviation is significant. This
results suggests that the proposed expansion-exponential tapered method offers distinct
advantages and a more suitable design approach compared to conventional methods.
Additionally, it is important to note that further detailed investigations of the antenna
characteristics were conducted using CST Microwave Studio software.

2.5 = = 2.5 —
( ) — — Conv. with convergent-taper factor =0.15 b — = Conv. with divergent-taper factor = 0.15
A) _ .. Conv.with convergent-taper factor = 0.65 ( )— - = Conv. with divergent-taper factor = 0,65
) 2} ==== Finite element method Q Il T Finite element method
= E - ®e®ee Lxpansion-exponential tapered = eeee Expansion-exponential tapered T
*g * .‘ e method [Proposed] % method [Proposed] .= o ¥
= - g s - -2
o E - — . W = . § -
2 1.5 Q,." Tr~.__  Conv.=conventional 2 1.5 Conv, = conventional  _..— % o
- e T 3 e
I e ek LIy of & Lot 2 gAY ————1
e 1| _ IVEITEIR ey F | pursIeEee
— Conventional ; Expansion-exponential tapered : — Conventional : Expansion-exponential tapered :
Ky = ebr(-l2) Ky = al(‘?hl(l_IZ) i CI) Ky = eb2ls K, = az(e?" + ¢;)
0.5 1 1 L 0 5 1 1 e -
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
Norm. length Norm. length

Fig. 7. Results comparison between the proposed method expansion-exponential
tapered method and conventional tapered method (a) circular convergent-taper, and (b)
circular divergent-taper.

Author action: We updated the manuscript by the yellow highlighted as shown on lines

282-298.
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Concern # No. 2:
From the results given in Fig. 12 & 13, the proposed design is a wideband antenna but authors
have selected some specific bands only. Why?.

Author response: Thank you very much for your comment.

It should be noted that, in principle, this antenna has the potential to operate across wide
frequency bands. However, in this paper, the focus was directed towards specific
frequency bands in order to position the study within the context of future communication
technologies. We have selected several specific bands such as the 4G (3.3 ghz), mid-band
5G (3.4-3.8 ghz), WLAN (5.8 ghz), X-band (10-11 ghz), and high-band 5G (24.5-26 ghz)
communications.

Moreover, this paper is also focused on development and modeling of quasi-tapered
microstrip antenna based on expansion-exponential tapered method and its application
for wideband MIMO structure.

Author action: We updated the manuscript by the yellow highlighted as shown on lines
400-405.

Concern # No. 3:
From the results given in Fig 15, why are the cross-pol values high?

Author response: Thank you very much for your comment. We have re-evaluated our
data regarding the radiation patterns. Therefore, we have re-measured of our co- and
cross-polarization data. It can be clearly seen at Fig. 15.

Fig. 15 (a-j) presents the normalized co-and cross-polarization radiation patterns of the
proposed antenna. Specifically, Fig. 15 (a-e) display the normalized co- and cross-
polarization radiation patterns at the XOZ-plane for frequencies of 3.3 GHz, 5.8 GHz, 10
GHz, 24 GHz, and 26 GHz, respectively. It is seen at the XOZ-plane, the cross-
polarization values are relatively large. However, the main beam at 0 degree exhibits a
very low cross-polarization value. Moreover, Fig. 15 (a-e) show the normalized co- and
cross-polarization radiation patterns at YOZ-plane for frequencies of 3.3 GHz, 5.8 GHz,
10 GHz, 24 GHz, and 26 GHz, respectively. At the YOZ-plane direction, the proposed
antenna exhibits a very low cross-polarization value. Therefore, it can be concluded the
proposed antenna has omni-directional pattern at the YOZ-plane.

As an additional explanation, there are several reasons that the monopole antenna can
generate circular polarization such as ground-plane’s position and antenna shape [46]—
[48]. The ground-plane plays an important role in determining the polarization of an
antenna. In the specific case of a monopole antenna, the ground plane can cause the
polarization of the signal to change from its original orientation, with a larger ground
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plane providing more reflection and resulting in a more significant change in polarization
[46]-[48].
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Fig. 15. Co- and cross-polarization normalized radiation patterns at XOZ-plane at
frequency of (a) 3.3 GHz, (b) 5.8 GHz, (¢) 10 GHz, (d) 24 GHz, and (e) 26 GHz. Then,
Co- and cross-polarization normalized radiation patterns

Author action: We updated the manuscript by the yellow highlighted as shown on lines
406-426.

Concern # No. 4:
Channel capacity analysis of the proposed design is missing.

Author response: Thank you very much for the in-depth review. As a reviewer
suggested, we have added the channel capacity analysis as shwon in Fig 18 (¢)

Fig. 18(a-c) show comparison result of diversity gain (DG), total active reflection
coefficient (TARC), and channel capacity loss (CCL) of the MIMO antenna C4#,
respectively. Moreover, we can also calculate the DG value using the EEC obtained from
the radiation patterns. The DG maximum value achieved is 10 dB, while the proposed
MIMO antenna C4# has a high DG of above 9.9 dB. This means the proposed antenna
performs well in terms of MIMO performance. Additionally, the TARC value which is a
metric to relates the reflection power an N-port microwave component can be calculated
using equations from [4], [49], [50]. The TARC value of the proposed antenna is lower
than -10 dB which indicates that the reflection power is very low. Then, the CCL value
is lower than 0.4, which is suitable for MIMO applications. Table 2 shows the
comparison between our proposed design and previous published antennas. The result
shows that the proposed structure has many advantages that are suitable for 5G
applications.
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Fig. 18. Comparison result of (a) diversity gain, (b) total active reflection coefficient,
and (c) channel capacity loss

Author action: We updated the manuscript by the yellow highlighted as shown on lines
456-4609.
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Concern # No. 5:
Authors did not disclose the name of software exploited for the analysis.

Author response: Thank you very much for your comment. We agree with this
suggestion.

MATLAB software was used to perform the calculations for both the expansion-
exponential and conventional tapered methods. In addition to MATLAB, the
transmission line electromagnetics modeling tool suite of TNT 1.2.2 was utilized for the
FEM based calculations. It is observed that the proposed method exhibited greater
consistency and better fit with the FEM results. These results look similar for circular-
convergent taper and circular-divergent taper. However, if we compare it with the
conventional tapered methods, the deviation is significant. This results suggests that the
proposed expansion-exponential tapered method offers distinct advantages and a more
suitable design approach compared to conventional methods. Additionally, it is important
to note that further detailed investigations of the antenna characteristics were conducted
using CST Microwave Studio software.

Author action: We updated the manuscript by the yellow highlighted as shown on lines
285-293.
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| Resgonses to Associate Editor |

Concern # No. 1:
Please clarify if ECC is calculated using the radiation patterns.

Author response: Many thanks to the reviewer for this fruitful feedback. We agree with
the comments. We have added the EEC data by calculating the radiation patterns. It can

be seen in Fig 17 (b).
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s 8
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& S -0.005 — EH@ Sim.
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Fig. 17 (b). Comparison result of (b) enveloped correlation coefficient

Author action: We updated the manuscript by the yellow highlighted as shown on lines
452-455.

Concern # No. 2:
The cross polarization patterns should be added to Fig. 15

Author response: Thank you very much for your comment. We have re-evaluated our
data regarding the radiation patterns. Therefore, we have re-measured of our co- and
cross-polarization data. It can be clearly seen at Fig. 15.

Fig. 15 (a-j) presents the normalized co-and cross-polarization radiation patterns of the
proposed antenna. Specifically, Fig. 15 (a-e) display the normalized co- and cross-
polarization radiation patterns at the XOZ-plane for frequencies of 3.3 GHz, 5.8 GHz, 10
GHz, 24 GHz, and 26 GHz, respectively. It is seen at the XOZ-plane, the cross-
polarization values are relatively large. However, the main beam at 0 degree exhibits a
very low cross-polarization value. Moreover, Fig. 15 (a-e) show the normalized co- and
cross-polarization radiation patterns at YOZ-plane for frequencies of 3.3 GHz, 5.8 GHz,
10 GHz, 24 GHz, and 26 GHz, respectively. At the YOZ-plane direction, the proposed
antenna exhibits a very low cross-polarization value. Therefore, it can be concluded the
proposed antenna has omni-directional pattern at the YOZ-plane.
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As an additional explanation, there are several reasons that the monopole antenna can
generate circular polarization such as ground-plane’s position and antenna shape [46]—
[48]. The ground-plane plays an important role in determining the polarization of an
antenna. In the specific case of a monopole antenna, the ground plane can cause the
polarization of the signal to change from its original orientation, with a larger ground

plane providing more reflection and resulting in a more significant change in polarization
[46]-[48].
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Fig. 15. Co- and cross-polarization normalized radiation patterns at XOZ-plane at
frequency of (a) 3.3 GHz, (b) 5.8 GHz, (c¢) 10 GHz, (d) 24 GHz, and (e) 26 GHz. Then,
Co- and cross-polarization normalized radiation patterns

Author action: We updated the manuscript by the yellow highlighted as shown on lines
406-426.

Concern # No. 3:
Table I should include some references that propose MIMO wideband antennas.

Author response: Thank you very much for your comment. We agree with this
suggestion. We have added some references that propose MIMO wideband antennas.
Table 1 provides an overview of the proposed research positioning.

Table 1. Research position

Freq. Antenna Proposed Appllcatloqs MIMO Mutl.lal
Ref Narrow- | Wide- coupling Advantages
(GHz) structure methods antenna .
band band reduction
. The proposed model has
. . Recursive o
Microstrip the capability to make
[26] | 2.50 . convex Yes - - - e
slot dipole L predictions for the near
optimization field
Micro- Equivalent The calculation model is
[27] | 30.0 coaxial circuit Yes - - - capable of identifying the
collinear modeling equivalent circuit.
247 - e Cavity The proposed model can
[28] | 556 Mllc{ricr)lsgtrlp model hres : : : predict the near field.
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The proposed model is

1.50 - S e capable of predicting the
[29] Impedance Impedance Yes - - - .
2.50 dualband impedance
Slot Antenna | Resonator .
characteristics.
CPW-fed Space- The proposed model has
[30] 2.00 - | slot antenna mapping i Yes I 1 the ability to forecast the
8.00 with with kriging value of reflection
monopole surrogates coefficient.
31] | 3.00 Con\./entlonal Linear i Yes I 1 The. model can estimate the
dipole elements radiation pattern.
. Equivalent The calculation model has
2.51 - Linear .. . .
[32] circuit - Yes - - the potential to determine
6.55 tapered slot . .
model the equivalent circuit.
Statistical The propogeq model can
[33] 3.50 - Monopole analvsis I Yes I 1 make predictions for the
8.50 UWB Y value of reflection
model .
coefficient.
. The network parameters
LTl can be utilized for the
[34] | 2.20 Monopole circuit Yes - Yes - "
prediction of S-parameters
model
performance.
The The effective length
5.15 - effective matrices demonstrate good
1331 | 535 Lfenopols length hrtes : L : agreement with the method
matrices of moments.
FIFA- Eigen- The model can determine
B | =228 monopole Analysis hres ) o ) the radiation pattern.
290 - Circular The proposed antenna
[37] lé 00 shaped N.R. - Yes Yes Yes exhibits wideband
’ monopole performance.
3.00 Monopole The proposed antenna
1381 | 30.0 with slot s i ies B3 Bes possesses good isolation.
3.30 L-shaped The proposed antenna has
221 —8.50 branch s i ies B3 Bes wideband performance.
The proposed antenna
. . design combines wideband
Quasi- Expansion- .
. . . performance, a simple
This | 3.30 - | tapered using | exponential : .
. - Yes Yes Yes impedance calculation
paper | 26.0 circular tapered 1 1 1
el model model, and low mutua
coupling in a MIMO
configuration.

Author action: We updated the manuscript by the yellow highlighted as shown on lines
90 - 137, and Table 1.

Again, we thank you for the valuable time you put into reviewing and evaluating our paper.

Finally, please do not hesitate to contact me if there are any questions.

Yours Sincerely,

Teguh Firmansyah

Email:
teguhfirmansyah@untirta.ac.id
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ARTICLEINFO ABSTRACT

Keywords: In this paper, a quasi-tapered wideband antenna using a circular-shaped with an inverted-omega ground

4G,—’WL:‘\N/X—band,—‘5_G structure is presented. A tapered antenna is usually developed based on linear-shape, exponential-shape, or

ilxlph:;:mn-exponenual Klopfenstein-shape tapper. Here, we proposed an expansion of the exponential tapered model to investigate the
antenna

circular-shaped tapered struc

Quasi-tapered structure i
convergent-tapered sections.

the ABCD parameter based on the transmission line model is used tg i
The proposed model was verified by finj ement method and

Furthermore, the p sed wideband ant
mutual coupling r ion structure, The ant

n-l-lél[n detail, the proposed antenna is divided into circular divergent and circular

. the impedance ratio is utilized to analyze the tapered structure. Moreover,
vestigate the overall antenna structure,
step impedance resonance evaluation.
ultiple input multiple output (MIMO) and
Rogers RT/Duroid 5880 substrate with &,

is also developed wi

was fabricated
= 2.2, thickness of h = 1.6 mm, and dielec[r:;% d = 0.0009. As a result, the proposed MIMO antenna can

successfully cover the 4G (3.3 GHz), mid-band 5

.4-3.8 GHz), WLAN (5.8 GHz), X-band (10-11 GHz), and

high-band 5G (24.5-26 GHz) communications. A good agreement between the simulated and measured results

validates the proposed method.

1. Introduction

A massive communication network with high data-rate capability is
required to support 5G technology [1,2]. This challenging requirement
has forced the development of 5G technology to work at the millimeter-
wave (mmW) band to accommodate an enormous number of users with
a wide bandwidth availability [3,4]. Several interesting methods of
wideband antenna design working at mmW band have been investigated
such as the substrate integrated cavity (SIC) antenna |5]| and double-
sided substrate-integrated waveguide (SIW) antenna [6|. They operate
at the mmW band with a gain of 12 dBi and 8 dBi, respectively. More-
over, a monopole-like antenna structure [7] and a magneto-electric
antenna |[&] were introduced to combine 4G/WLAN and 5G

* Corresponding author.
-mail address teguhfirmansyah@untirta.ac.id (T. Firmansyah).
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communications. Furthermore, antennas based on a tapered structure
were proposed in [9-12], 72

In addition, another fundamental characteristic of 5G antennas is the
multiple-input multiple-output (MIMO)} capability. A well—desiaed
MIMO antenna should deliver excellent particular performances, such
as mutual coupling (MC), envelope correlation coefficient (ECC), and
diversity gain (DG) [13-15]. Several methods were proposed for
development of MIMO antennas including quasi-Yagi structure [16],
metal frame structure [17], vertical stubs [ 18], fractal [19], and Y-shape
structure [201]. Nonetheless, although these methods offer a good MIMO
performance, they were only applicable for a single band 5G application.
Then, a dual-loop antenna structure [21], step impedance [22], and a
double-oval shaped antenna [23] were introduced for 4G and 5G
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implementation with MIMO capability [24,25]. Nevertheless, these
antennas did not target the mmWave band. Therefore, we can see the
gap in the development of the MIMO antenna that can handle 4G,
WLAN, X-band, and mid-high band 5G communications from S-band to
mmW-band.

In addition to wideband performance and MIMO capability, the
modeling of an antenna is essential for understanding and investigating
its behavior. Therefore, many researchers proposed and derived models
for antennas based on recursive convex optimization [26], equivalent
circuit modeling [27], cavity model [28], and stepped-impedance
resonator [29]. However, these proposed modeling techniques were
focused on a narrow bandwidth antenna. To model wideband antennas,
other methods such as space-mapping with kriging surrogates [30],
linear elements [31], equivalent circuit model [32] have been success-
fully applied with slightly complex calculations. Furthermore, the MIMO
antenna applications were investigated using various modeling tech-
niques, namely a statistical analysis model [33], equivalent circuit
model [34], effective length matrices [35], and eigen-analysis [36{E]
Nevertheless, these models were applied for narrowband applications. It
is important to note that the design of antennas with wideband char-
acteristics and suitable MIMO capability remains an open issue in an-
tenna engineering. The study presented in this paper made several
contributions, which are listed as follows:

1. A wideband antenna based on a quasi-tapered structure using a cir-
cular shape is proposed. A quasi-tapered characteristic was obtained
by int ing a circularshaped patch antenna with an inverted
omega ground plane as shown in Fig. 1(a).

. We also proposed an expansion-exponential tapered model to
investigate the quasi-tapered structure based on a circular shape.
This proposed model was utilized due to the limitation of the tradi-
tional linear, exponential, and Klopfenstein tapering methods. It is
important to note that our circular tapered structure diverges from
the conventional linear, exponential, or Klopfenstein shapes typi-
cally employed in tapering.

. To obtain the mathematical model of for the circular shape tapered
structure, we expand the the existing exponential shape tapered
model. In detail, Fig. 1(b) illustrates the proposed circular tapered
structure which is divided into two halves circular shapes. It is seen
that the physical dimension of the left-side of the half-circular shape
is increasing. However, if we investigate the impedance character-
istic, the impedance value is decreasing. Therefore, the left side
structure has a convergent behavior. Vice versa, the right side of the
half-circular shape has a divergent charamstic.

. The study employs the ABCD parameter based on the transmission
line model estigate the overall antenna structure. The proposed
model was verified by the finite element method (FEM). Following

Proposed
Quasi-tapered
antenna

(a) (b)

Ground
plan
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the verification process, the proposed antenna was then appliecm
MIMO structure. The fabrication of the antenna was carried out on a
Rogers RT/Duroid 5880 substrate with er = 2.2, thicknessofh = 1.6
mm, and dielectric loss tan § = 0.0009.

. In addition, we also proposed a multislot defected ground structure
(DGS) ture to reduce the mutual coupling parameter in the
MIMO antenna system. As a result, the proposed MIMO antenna
demonstrated wide bandwidth and excellent performance across
various communication bands. The antenna is capable of operating
in the S-band to mmW band, effectively covering a broad frequency
range. This wide frequency coverage enabled the antenna to support
multipell communication standards, including 4G (3.3 GHz), mid-
band 5G (3.4-3.8 GHz), WLAN (5.8 GHz), and high-band 5G
(24.5-26 GHz) concurrently. Table 1 provides an overview of the
proposed research positioning.

This article has structures as follows. The first section describes the
research position and the proposed method. The second section focuses
on the quasi-tapered investigation based on the convergent/diverg@e;
tapered model with ABCD parameters. The third section highlights the
design and measurement of the proposed quasi-tapered MIMO antenna.
Then, it is followed by the results/discussions and the MIMO perfor-
mance investigation. Finally, the last section concludes this research.

2. Quasi-tapered antenna based on circular-shaped patch with
inverted-omega ground structure

Several methods have been studied to predict the operation fre-
quency of an antenna, namely the lumped it modelling [40.41] and
the transmission line approach [13]-[17]. Fig. 1(a) shows the main part
of the antenna ture including the patch plane, ground plane, and
excitation port. It should be noted that the proposed antenna has a direct
excitation configuration. Hence, we can extract the antenna structure as
several parts: a source impedance (Zg), an excitation line, a convergent-
tapered section, a divergent-tapered section, and a load-impedance (Z;).
Here, we use air impedance as the load impedance [42,43 |, as depicted
in Fig. 1(b). The followed section describes the expanded exponential-
shape tapper to get the circularshape tapper model.

2.1. Half-circular shaped tapered with expansion-exponential tapered
model

The proposed half-circular shape I:ami configuration with the
expansion-exponential tapered model is shown in Fig. 2(a). It has a
radius of R and nvergent-tapered behavior. The input part wZ
directly connected to the source impedance of Zg»; and the end part is
connected to the load impedance of Z; ). It has a length of Iy from the

Convergent tapered
2> 74

Divergent tapered

Air

Excitation
port

Ay
¢y

[7
A,
] [Cz

/8

| & 5

B,
D,

By
Dy

Fig. 1. (a) the proposed antenna based on quasi-tapered structure using circular-shaped patch with inverted-omega ground, (b) the ABCD parameters of proposed

quasi-tapered antenna based on exponential tapered transmission lines approach.
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input-port to the output-port. Moreover, Fig. 2(b). show the approxi-
mation characteristic of the impedance ratio (K) with different length of
the taper. Here, we used the widest dimension of taper as the reference
hence it has a unity value. Then, we can see that the impedance is
increasing due to the decrease in the taper width.

To investigate the half-circular tapered configuration, we expand the
exponential tapered model by introduce the term of impedance ratio
with the expansion-exponential tapered model. The K can be written as:

e characteristics

P

i

mance, a simple impedance

configuration.

g
.

K _(‘(E)JII--JAI_'_(,) (1)

where the a, b, and ¢ are the adjustable constant parameters that
follow the impedance curve of the circular shape. The intrinsic charac-
teristic of the exponential-taper model is defined by the taper factor (b).
Therefore, the impedance value of Z;,; at the length of Iy can be

determined as:

4

b

e

Zijoyy = Zyegpa( ™ + ¢ ) @)

design ¢

where Z,_, is the impedance at the initial position. Here, we state
the initial impedance value as Z;. Then, the ABCD matrix of the half
circular taper can be determined by:

A B 1
=——x
C D| VZiZ

The proposed model has the capability to make predictions for the near field.

The caleulation model is capable of identifying the equivalent circuit.

The proposed model has the ability to forecast the value of reflection coefficient.

The calculation model has the potential to determine the equivalent circuit.

The proposed model can make predictions for the value of reflection coefficient.

The network parameters can be utilized for the prediction of S-parameters performance.
The effective length matrices demonstrate good agreement with the methed of moments.

The proposed model is capable of predicting the d
The proposed antenna exhibits wideband performance.
The proposed antenna possesses good isolation.

The propesed antenna has wideband performance
calculation model, and low mumal coupling in a

The model can estimate the radiation pattern.
The model can determine the radiation pattern.

The proposed model can predict the near field.

Advantages
The proposed

! 3
I- Zycoshyly — 2_4,;'?',5'"]]:1}!;_.; jZ_.‘Z,,‘; sinhyly (3
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Mutual coupling
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MIMO
antenna
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Wide-
band
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with y is the propagation constant. Moreover, the input impedance
Ziyay can be calculated as:

Applications
Narrow-
band

Yes

Yes

Yes

Yes

Yes

¥i

Yes

22y + (22 — Zy dtanhyl,

Zieny = 2,
is] “2Zyy + (22 + Zyd)tanhyl,
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The next step is to investigate the antenna structure using the
expansion-exponential taper model approximation, as depicted in Fig. 3

(a)-(b).

Equivalent circuit model
Statistical analysis model

Equivalent circuit model
The effective length

matrices
Expansion-exponential

Equivalent circuit
Stepped-Impedance
Resonator
Space-mapping with
kriging surrogates
Linear elements
tapered model

Proposed methods
Recursive convex
modeling

Eigen-Analysis

Cavity model
N.R

optimization
N.R
N.R

2.2, Quasi-tapered antenna with expansion-exponential tapered model

In detail, the proposed antenna structure can be separated into three
important including excitation line, convergent-taper, and diver-
gent taper, as shown in Fig. 3(a). [tis important to note that eventhough
the physical dimension becomes narrow or converging the impedance
value becomes higher or diverging. Therefore, we called it as a
divergent-taper and vice versa. Figz. 3(b) shows that the excitation line
width is constant. Therefore, the impedance ratio is also constant. In
addition, we introduce K; and K, as the impedance ratio for convergent-
taper and divergent-taper, respectively. [n detail, the investigation of the
structure will be started by the excitation line followed by the conver-
gent taper and divergent taper.

Circular shaped monopole
Monopole with slot

CPW-fed slot antenna with
L-shaped branch

monopole

Microstrip slot dipole
Micro-coaxial collinear
Stacked Microstrip Ring
Stepped-Impedance Slot
Antenna

Conventional dipole
Linear tapered slot
Monopole UWB
Monopole

Monopole
Quasi-tapered using
circular shaped

Antenna structure

FIFA-monopole

Freq. (GHz)

]
£
=4
i

2,50

30.0
1.50-2.50
2.00-8.00
3.00
2.51-6.55
5.15-5.35
5.20
2.90-18.00
3.00 - 30.0
3.30 -850
3.30-26.0

2.2.1. The excitation line
For more convenience and detail of the tapered structure, we can see
Fig. 3{a)-(3b). The excitation line has directly connected to the input

Research position.

Ref

Note: N.R = not reported.

Table 1
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L
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1

Fig. 2. (a) The proposed of half-circular shaped taper configuration with convergent tapered behavior. (b) Approximation of impedance ratio with widest dimension

of taper as the reference.

(a)

Port 1

>

i

|

(b) Zixean) Zinna) Zinwy) Zinwy
A Excitation Convergent Divergent
8C line taper (K,) taper (K,)
85 T TR E
2w
E % z
Z'I Z'} 3
I, L 1

Convergent expansion-exponential taper model
Z({:gz) = Z(;:g)al (ebl(l_IZ) + )

Divergent expansion-exponential taper model

Z(1=15) = Zg=0)a2 (" + c3)

Norm. length (1)

Fig. 3. (a)Quasi-tapered antenna based on circular-shaped with inverted-omega ground structure, (b) the approximation of impedance ratio and the electrical length

of the proposed antenna structure.

impedance (Zg) which is usually called as port 1. Moreover, the excita-
tion line has the impedance characteristic (Z;) and electrical length (I;).
They correspond to the width (W2) and thy th (L;), respectively. To
simplify the investigation, we assume the impedance of the excitation
line (Z,) is equal to the source impedance (Zg).

2.2.2. The half-circular shaped convergent-tapered
The convergent-tapered is focused on decreasing of impedance
values. Therefore, the impedance ratio (K;) for the convergent taper of

the proposed antenna is determined by:

R’1 =a, (eb‘ 1=t 4 € } (8)

where the a;, bs, and ¢y are constant parameters and the value
lows the impedance curve. Moreover, b, is the convergent taper ratio for
the proposed antenna.

Then, the impedance value of Z;,, at the length of [z can be
calculated as:
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Zjjetyy = Zipegyny {f)"” o) (9

where Z;,_y, is the impedance at the initial position. The ABCD matrix
of half-circular taper with convergent structure can be determined by:

A By 1
=——x
C, Dy AV
! (i
Zicoshy; 1y — 2,5 sinhy, 2.2 sinby b (10
<r 4
j"j sinhy, [, Zycoshy, by + 22i sinhy, [,
v : 2y :
where
| A
= V‘ﬁ'—(;,—'-) an
In{a (5 40
dy = '_(“'{7"}} (12)

£

with y 2 is the propagation constant of the convergent taper with
circular shape. Then, Fig. 4(a)}-4(c) show the relation between normal-
ized length (l;) with the impedance ratio (K;) for convergent taper with
different value of a;, c;, and b;.

In d@ﬂle normalized length of [; value was analyzed between
0 and 1. It can be seen that the a; and ¢; have a similar effect to the
impedance ratio (K;). The a; and c; have linear effects to the impedance
ratio value. Moreover, K; was highly influenced by coefficient b;.
Therefore, by adjusting the value of a;, ¢;, and b;, we can obtain the
impedance ratio that is similar to the circular part.

2.2.3. The half-circular shaped divergent-tapered
The impedance ratio (K4) for the divergent taper part of the proposed
antenna design is determined by:

Ky = ay (¢ +0y) (13)

where a;, by, and ¢y are the adjustable constant parameters that
tillows the impedance curve. Moreover, by is the convergent r ratio
for the proposed antenna. The impedance value of Z;_,, at the length of

Iz can be calculated as:
Zipry = 2“___“]“3(3'!-" +¢':] (14)

Then, the ABCD matrix of halfcircular taper with convergent
structure can be determined by:

2.5 25
(a) —a,=0028

~ a-00%0f
" 2k —a,;=0.032 w2
= Y TUa=003) =
= Ay TS 0.036 =
= ST 0.038 z
ul.5 5 o 1.5
2 2
g g
"g -
[:5] &
&1 g |
o &

0'5 1 L I} U‘s L i L

0 025 05075 1
Norm. length (/,)

0 02505075 1
Norm. length (/,)
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Ay By 1
=—==X
5 Ds V& Zy

]
Zacoshysls + Zys > sinhy b a2 ; sinhy, fs 1s)
“r3 3
i 15
i i sinhy; fs Zycoshysl; — Z;;L-sinhhh
E] ¥
where
/ CAS
i = V’ i (16)
Infas(e""s +c) )
s i (e +ea) ) a7

s

with y, is the propagation constant of the circular shape. Moreover,
Fig. 5(a)-5(c) show the relation between normalized length (I;) with the
impedance ratio (K;) of the convergent taper for different value of a;, ¢,
and bj, respectively. In details, the normalized length [» value was
plotted from 0 to 1. Then, a; is varied from 0.028 to 0.038 with a step
value of 0.002. Therefore, we can see that the value of K; decreases
exponentially.

Overall, by adjusting the values of aj, b;, and ¢;, we can get the
impedance ratio values of half-circular shaped using exponential taper
model approach.

3. Comparison model

To verify the proposed model, the comparison of the impedance ratio
of the expanded exponential model and finite eleant method (FEM) is
presented in Fig. 6{a). We can see that the models are in good agreement
and fit with each other. This means that the proposed model can be used
to calculate the impedance ratio of circular-shaped taper. Moreover, the
proposed model can be also implemented and verified using simple case,
such as when K = 1 and the length of | between 0.5 and 1, d; and d will
become 0 as shown in Fig. 6(b). The model can be also utilized for the
calculation of input impedance of step impedance resonator. In detail,
by using d = 0 and the loss-less case of y = j#, it will lead to the equation
of input impedance of step impedance resonator as follows:

Ziwigzy + jZ tangl

L C T p—— Ty (18)
IN( B 'Z +J4_»\-|3;:.WIJ’H|
- Ly + jZatanply
Ziigy =Zj—————————— 19
e 1‘52 + 2y A0l 19)
2.5

Impedance ratio (K)

Convergent tapered

Z(ty) = Zg=gyta (712

+c1)

0.5

0 0.25 0.5

Norm. length (/,)

0.75 1

Fig. 4. (a) The relation between normalized length (l;) with the impedance ratio (K;) for different value of (a) a;, (b) ¢;, and (¢) by

5
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Fig. 6. (a) Comparison of circular shape-tapper using expanded exponential model, and finite element method (FEM) (b) a generalized for case K = 1 and its relations

between [ and d value.

Ty = 2,200 +iZ51anply

a: = . (20)
Zs + JZ g tan il

(21)

Zivigay=Zp.

Finally, the proposed exponential tapered transmission line model
can be used for impedance calculation of circular shape resonator and
step impedance resonator.

Fig. 7(a) and 7(b) show the results comparison between the
expansion-exponential tapered method and conventional tapered
method for circular convergent-taper and circular divergent-taper con-
figurations, respectively. MATLAB software was used to perform the
calculations for both the expansion-exponential and conventional
tapered methods. In addition to MATLAB, the transmission line elec-
tromagnetics modeling tool suite of TNT 1.2.2 was utilized for the FEM
based calculations. It is observed that the proposed method exhibited
greater consistency and better fit with the FEM results. These results
look similar for circular-convergent taper and circular-divergent taper.
However, if we compare it with the conventional tapered methods, the
deviation is significant. This results suggests that the proposed
expansion-exponential tapered method offers distinct advantages and a
more suitabl sign approach compared to conventional methods.
Additionally, it is important to note that further detailed investigations
of the antenna characteristics were conducted using CST Microwave
Studio software.

The next step is antenna dimension optimization and MIMO

characterization. The antenna dimension can be optimized to obtain
working encies ranging from S-band to mmWave band with Sy | <
— 10 dB. To reduce the mutual coupling effect of this proposed MIMO
antenna, we include a structure that is bas| n multi-slot configuration.
This multi-slot structure was positioned at the middle part of the an-
tenna ground plane. To evaluate the MIMO performance of the antenna,
several additional parameters should also considered. The parameters
|Szl |, ECC, and DG. ECC can be determined using S-parameters [ 44].
Then, the DG can be derived from the ECC equation [44].
56
4. Design of quasi-tapered wideband MIMO antenna
41

The design steps of the proposed antenna can be divided into two
main parts. The first part focuses on the modelling of the quasi-tapered
antenna using the transmission li odel approach. Then, the second
part focuses on the optimization of the MIMO antenna. In detail, the
design procedures of the quasi-tapered antennas have several steps
including a conventional circular shape monopole microstrip antenna
design, feeding length modification, and ground-plane modification into
an inve@omega—grotmd structure as illustrated as antenna A#, B#,
and C# in Fig. 5(a)-8(c), respectively.

The substrate ge of antenna A# is rectangular with a length of
L; and a width of W;. The radiating part of the antenna A# s e is
developed from a circular-shaped patch with radius of R; and is fed by a
direct-excitation feed with a length of L34 and width of W2 At the
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Fig. 7. Results comparison between the proposed method expansion-exponential tapered method and conventional tapered method (a) circular convergent-taper,

and (b) circular divergent-taper.
ground plane side, a circular ground slot with the radius of Ry is
included. This ground slot is positioned at distances of Ly and L4 from the
bottom and the top side ﬁe substrate, respectively. It should be
mentioned that the position of the circular patch and the circular ground
slot are centrally aligned. Fig. 9(a) shows the reflection coefficient of
antenna A# with variation of R, . In this scenario, R, is varied from 3 mm
to 15 mm. We can see that the change of R; leads to the variation of
antenna frequency and the return loss. However, we note that the an-
tenna still has a poor matching impedance at several desired frequencies
as shown in the reflection coefficient value. Hence, in the next step we
investigate the effect of excitation length (Lz) variation on the resonant
frequency as antenna B#. The simulation result of the effect of Lzri—
ation is shown in Fig. 9(b). The result indicates that the length of L, has a
significant effect on the return loss of the antenna. Next, we add an
upper part slot with a width of W. This antenna is called antenna C#.

Fig. 10(a) shows that by using this additional slot, the antenna has a
better reflection [éfefficient compared to antenna B#. Furthermore,
Fig. 10(b) shows the comparison of the retum loss of antenna A# /B#/
C#. We can see that antenna C# has a better reflection coefficient
compared to antenna A# or Therefore, we decide to expand antenna
C#into a structure. The design evolution of the MIMO antenna
structure is shown in Fig. 11(a), 11(b), 11(c), and 11(d) as MIMO an-
tenna Cl#, C2#, C3#, and C4#. The C1# antenna represents a con-
ventional MIMO antenna which comprises two identical antennas
without any structural modification as depicted in Fig. 11(a).

In MIMO antenna C2#, an additional single DGS slot-ground

structure with a length o_fm and width of Wiy is introduced at the top
part of the ground plane as depicted in Fig. 11(b). the MIMO antenna
C3# has a dual slol‘.mund structure. The additional slot is positioned
at the middle part of the ground plane with a length of L;; and a width of
Wha, as shown in Fig. 11(c). Finally, a third ground slot is ‘mclude
MIMO antenna C4#. This slot is introduced at the bottom part of the
ground plane with a length of Lj; and width of Wy, as illustrated in
Fig. 11(d). omplete dimension and 3D view of MIMO antenna C4#
can be seen in Fig. 12(a) and Fig. 12(b), respectively.

Moreover, Fig. 13(a) shows the comparis the reflection coeffi-
cient of the MIMO antennas. We can see that a return loss of under —10
dB at the desired frequencies is achieved for all MIMO antennas C1#/
C2#/C3#/C4#. This indicates that the proposed MIM figurations
have no significant effect on the operation frequency of the antenna.
Lastly, Fig. 13{b) shows the comparison of the mutual coupling of MIMO
antenna C1#/C2#/C3#/C4#. The r indicate that the MIMO an-
tenna C4# provides the bes tion with a mutual coupling lower than
—20 dB. Next, the proposed antenna is fabricated and measured to verify
the simulation results.

5. Result and discussion

The proposed antennas C# and C4# were fabricaou Rogers RT/
Duroid 5880 substrate with g = 2.2, thickness of h = 1.6 mm, and
dielectric loss tan d = 0.0009. The complete dimensions are as follows
(in millimeter): Ry = 9, Ra = 15, W1 = 40, W2 = 2.6, W3 = 10, W = 85,

(©)

Fig. 8. (a) Conventional circular shape antenna, (b) modification the feeding length of La, (¢) modification of ground-plane and became inverted omega-ground

structure by added W
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Fig. 9. (a) Reflection coefficient of antenna A# with varied of Ry, (b) Reflection coefficient of antenna B# with varied of Ly
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Fig. 10. (a) Reflection coefficient of antenna C# with varied of W3, (b) comparison of reflection coefficient of antenna A# /B# /C#.

Wp1=5, WDA—S Wpa= 5,11 =45, Ly = 10.4, .46 Laa = 15.5,L3g
= 10.5, Lpt = 6, Lpz = 29.5, Lpa = 5. In detail, & 14(a), 14(b), 14(c),
and 14(d) SaN the photographs of fabricated antenna C# and C4# with
view from the patch and the ground side. The measurement of the
proposed antenna's performance up to 26 GHz was facilitated by using
the first-generation of super SMA female connectors from HASCO. Based
on the data sheet, this connect@has good performance from DC up to
27 GHz [45]. Furthermore, an R&S ZVA67 VNA is used to measure the
antenna performance.

Fig. 14(e) shows the reflection coefficient comparison between the
simulation and measurement of antenna C#. We can see that at several
frequencies points the measured return losses are higher than those from
the simulation. Nevertheless, they are still under —10 dB and hence the
antenna C# can succe cover a wide range from 5-band to mmW
band. Fig. 14(f) shows a comparison of the reflection coefficient between
the simulation and measurement of MIMO antenna C4#. In line with the
antenna C#, the MIMO configuration does not change the reflection

coefticients significantly. The return loss of the proposed MIMO antenna
is still under —10 dB.

The mutual pling (MC) comparison between simulation and
measurement of MIMO antenna C4+# is depicted in Fig. 14(g). In MIMO
antenna, MC is generally used to evaluate the interaction of the an-
tennas. We can see that the MIMO antenna C4# has MC values lower
than —20 dB in all desired frequencies. Therefore, we can conclude that
the interferences between antennas are insignificant. It should be noted
that, in principle, this antenna has the potential to operate across wide
frequency bands. However, in this paper, the focus was directed towards
specific frequency bands in order to position the study within the
context of future communication technologies. We hagB selected several
specific bands such as the 4G (3.3 GHz), mid-band 5G (3.4-3.8 GHz),
WLAN (5.8 GHz), X-band (10-11 GHz), and high-band 5G (24.5-26
GHz) communications.

Fig. 15 (a-j) presents the normalized co-and cross-polarization radi-
ation patterns of the proposed antenna. Specifically, Figz. 15 (a-e) display
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Fig. 12. (a) MIMO antenna C4#, and (b) 3D view of proposed MIMO antenna C4#.
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Fig. 15. Co- and cross-polarization normalized radiation patterns at XOZ-plane at frequency of (a) 3.3 GHz, (ﬂs GHz, (¢) 10 GHz, (d) 24 GHz, and (e) 26 GHz.
Then, Co- and cross-polarization normalized radiation patterns at YOZ-plane at frequency of (f) 3.3 GHz, (g) 5.8 GHz, (h) 10 GHz, (i) 24 GHz, and (j) 26 GHz.

the normalized co— and s—polarization radiation patterns at the XOZ-
plane for frequencies of 3.3 GHz, 5.8 GHz, 10 GHz, 24 GHz, and 26 GHz,
respectively. It is seen at the XOZ-plane, the cross-polarization values
are relatively large. However, the main beam at 0 degree exhibits a very
low Ebss-polarization value. Moreover, Fiz. 15 (a-e) show the normal-
ized co- and polarization radiation patterns at YOZ-plane for fre-
quencies of 3.3 GHz, 5.8 GHz, 10 GHz, 24 GHz, and 26 GHz,
respectively. At the YOZ-plane direction, the prigdhsed antenna exhibits
a very low cross-polarization value. Therefore, it can be concluded the
proposed antenna has omni-directional pattern at the YOZ-plane.

As an additional explanation, there are several reasons that the
monopole antenna can generate circular polarization such as @ound-
plane’s position and antenna shape [46_48|. The ground-plane plays an
important role in determining the tion of an antenna. In the
specific case of a monopole antenna, the ground plane can cause the
polarization of the signal to change from its original orientation, with a
larger ground plane providing more reflection and resulting in a more
significant change in polarization [46-48].

10
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Fig. 18. Comparison result of (a) diversity gain, (b) total active reflection coefficient, and (¢) channel capacity loss.

6. MIMO performances

B‘he evaluation of surface current density distribution is crucial to
understand the behavior of the proposed MIMO antenna. This surface
current density distribution be used to explain the MC between
closely spaced antennas. Fig. 16(a), 16(b), 16(c), and 16({d} illustrate the
surface current density of MIMO antenna Cl#, C2#, C3#, and C4#,
respectively. We can see that the MIMO antenna C1# has the highest
mutual coupling among others. The MCs are qualitatively decreased
after ground slots were included. This can be seen in Fig. 16{d) where
the MIMO antenna C4# generates the lowest mutual coupling, as indi-
cated e blue color in the subsequent antenna. Then, Fig. 17 (a-b)
show the results comparison of realized gain and efficiency, and
enveloped correlation coefficient, resvely.

A realized gain and efficiency of MIMO antenna C4@shqwn in
Fig. 17(a). As depicted in the graph, the antenna has a realized gain
ranging from 2.0 dBi to 9.5 dBi. The efficiency value range from 95.4%
to 98.2 %. It is important to note that only simulation data for efficiency
are presented due to the limitations of the measurement device. How-
ever, the obtained reswkate good performance in terms of effi-
ciency. This is attribut@ue to the low loss of Rogers RT/Duroid 5880
substrate which a dielectric loss tangent (tan &) of 0.0009.
Furthermore, the envelope correlation coefficient (ECC) of the antenna

11

is illustrated in Fig. 17(b). The EEC value can be calculated using radi-
ation patterns or scattering parameters [4,49.50]. The result shows that
the EEC is slightly increased around the S-band. This occurrence is
correlated with the MC, as a higher MC between antennas will have a
more significant effect on the EEC. Nonetheless, we can see that the ECCs
are still under 0.02 at all frequencies. Therefore, it is indicated that the
antenna has a small correlation coefficient.

Fig. 18(a<c) show comparison result of diversity gain (DG}, total
active reflection coefficient (TARC), and channel capacity loss (CCL) of
the MIMO antenna C4#, respectively. Moreover, we can also calculate
the DG value using the EEC obtained from diation patterns. The DG
maximum value achieved is 10 dB, while the pri MIMO antenna
C4# has a high DG of above 9.9 dB. This means the proposed antenna
performs well in terms of MIMO performance. Additionally, the TARC
value which is a metric to relates the reflection power an N-port mi-
Crowave compo an be calculated using equations from [4,49,50].
The TARC value of the proposed antenna is lower than —10 dB whib
indicates that the reflection power is very low. Then, value is
lower than 0.4, which is suitable for MIMO applications. Table 2 shows
the com n between our proposed design and previous published
antennas. The result shows that the proposed structure has many ad-
vantages that are suitable for 5G applications.
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7. Conclusion

We have successfully designed a quasi-tapered wideband MIMO
antenna by combining a circular-shaped patch and an inverted omega
ground structure. An expansion of the exponential tapered model was
used to investigate the circular-shaped tapered structure. In detail, the
proposed antenna is divided into circular divergent and circular
convergent-tapered sections. Then, a transmission lines approach was
utilized to analyze and optimize the antenna structure. The proposed
model was veri v FEM simultion and also step impedance calcula-
tion. Moreover, the propos IMO antenna can successfully cover the
at 4G (3.3 GHz), mid-band 5G (3.4-3.8 GHz), WLAN (5.8 GHz), X-b:
(10-11 GHz), and high-band 5G (24.5-26 GHz) communications. A
good agreement between the simulated and measured r\alts validates
the proposed method. A good agreement between the simulated and
measured results validates the proposed method.
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