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Abstract— This article presents decoupling methodologies
enabling dual-polarized coupling suppression for fifth-generation
(5G) sub-6 GHz transmit/receive (TRx) antenna arrays with
novel antenna illumination topologies. The isolator comprises
the proposed vertically extended bent ground wall, which acts
like a multistage band-stop filter modeled as a transmission
line, i.e., it has a different behavior from the typical wall
structure. To consider dual-polarized multi-path isolations in
reliable 5G integration scenarios, an antenna having a height
of 0.13λ at 3.5 GHz with dual (±45◦ slant) polarization and
port isolation of 25 dB is devised. It was demonstrated that
the proposed isolator could significantly suppress the direct
and ground coupling between TRx, using the resonance proven
by transmission line theory. Moreover, the isolator composite
combined with an electromagnetic band-gap (EBG) can further
improve their dual-polarized decoupling by removing the surface
wave coupling. Two sets of 3.5 GHz 1 × 4 antenna arrays
with 45◦-slant polarization and the proposed isolator composite
were designed, manufactured, and measured for simultaneous
decoupling of eight paths among the TRx antenna elements.
Finally, the measured results reveal that the overall isolation
level of the dual-polarized array configuration is approximately
70 dB with a height of 0.14λ, maintaining the matching and port
isolation conditions.

Index Terms— Array decoupling, dual-polarized antenna,
electromagnetic band-gap (EBG), extended bent ground wall
isolator, multi-path isolation, mutual coupling, transmit/receive
(TRx) isolation.

I. INTRODUCTION

RECENTLY, wideband and dual-polarization techniques
have been used to achieve a high data rate owing to

the enormous amount of signal processing required for sub-
6 GHz. Based on these requirements, patch antennas [1],
[2], [3], [4], [5], [6], metamaterials [7], [8], [9], [10], and
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crossed dipole antennas [11], [12], [13], [14], [15] are the
most commonly used antenna types. In addition, antennas with
the abovementioned features have become more prevalent in
in-band full-duplex (IBFD) operations to fulfill the demands
of wireless communication systems owing to their increased
capabilities. Using the same frequency band for the transceiver
at the same time, IBFD can double spectral efficiency for
future wireless networks, such as the fifth-generation (5G)
new radio (NR) [16]. One of the challenges in adequately
implementing an earlier advanced scheme using an array
antenna is the requirement of mitigating the mutual coupling
between the transmitter and receiver (Tx-Rx).

Meanwhile, self-interference, generated from the mutual
coupling between Tx and Rx, refers to the interference that a
transmitting IBFD terminal brings to itself, which hinders the
desired signal from being received by the terminal, as shown in
Fig. 1. To recognize the effect of self-interference, we consider
the following comprehensive explanations presented in [17]
and [18]. The proposed data indicate that the self-interference
of the base station is greater than 100 dB above the noise floor
when the stations and handsets transmit at 21 dBm with respect
to the receiver noise floor. This level is generally obtained
using the isolation technology of the propagation, analog,
and digital domains. However, in the analog domain, there
are many challenges, such as linearity and power efficiency.
Therefore, to mitigate and reduce design complexity and
cost, a scheme that can skip the analog self-interference
cancellation by realizing very high isolation in the antenna
domain has been proposed [19]. Hence, in the case of a Tx-
Rx array, it is typically necessary to ensure a significant level
of isolation for the antennas by employing a suitable isolator.
By employing this isolator, the undesirable self-interference
is effectively eliminated, resulting in enhanced performance
of the IBFD operation. For instance, in [20], a metasurface-
based decoupling structure with a large spaced array between
the Tx and the Rx was introduced to achieve a high isolation
level for bistatic radar systems.

Among the reported approaches for mitigating mutual
coupling, decoupling surface using the interaction between
direct coupling and the wave reflected by the surface [21],
the transmission line-based method [22], [23], resonance
patterns [24], [25], [26], metasurfaces [27], [28], resistive
films [29], side walls [30], common and differential mode
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Fig. 1. IBFD transceiver, highlighting the propagation, analog, and digital
domains.

cancellation [31], additional coupling paths [32], [33],
[34], [35], [36], [37], [38], and electromagnetic band-gap
(EBG) [39], [40], [41] are the most effectively used isolator
methods. In [42], mutual coupling between dual-polarized
array antennas has improved using an array antenna
decoupling surface (ADS). Here, the ADS was optimized
and designed for single-polarization array antennas and
good results were obtained. However, the isolator has some
limitations when applied to dual-polarized array antennas.
Furthermore, although multiple-input multiple-output (MIMO)
systems that use dual-polarization and increase array configu-
rations have recently been in the spotlight, the isolator still has
the abovementioned limitations, as revealed in an earlier study.
For instance, in [43], an isolation notch was obtained using
resonant structure. However, improving all dual-polarized
array configurations was difficult. As seen in the results, S25
did not have an isolation notch, and S26 deteriorated despite
the isolator being in use. In addition, in [43], [44], and [45],
wall-type isolators have been proposed to mitigate coupling
between Tx and Rx elements. However, they implemented
the isolator as a simple wall that blocks direct coupling
between the elements even though it can be used as a
resonance-type isolator based on the proposed analysis in this
article. Therefore, here, to reduce the mutual coupling between
Tx and Rx using the wall and EBG isolator composite for
a dual-polarized array antenna, as depicted in Fig. 2, the
coupling paths are first identified. Then, a new effective hybrid
structure is presented and demonstrated using the isolator,
which has an optimal length for resonance, maintaining a
high isolation level with the devised antenna. Specifically, two
types of bent-structured wall-type isolators, which act like
multistage filters, are presented based on transmission line
theory; the isolator and analysis were designed and performed
under characteristic symmetrical conditions.

Fig. 2. Schematic of the two-element array and coupling path between the
antennas.

Fig. 3. (a) Layout and numbering scheme of an array configuration for IBFD
operation; 3-D view of the single wall: (b) straight and (c) bent.

The rest of this article is organized as follows. The
implementation of the isolator enabling generating the
resonance based on the transmission line theory is described
along with utilizing an EBG for dual-polarized decoupling
in Section II. Finally, Section III concludes the study;
the illumination of the devised antenna is provided as an
appendix.
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Fig. 4. Simulated results with respect to the shape of the wall: (a) S6H,2H ,
S6H,2V and (b) electric field distribution.

II. DECOUPLING DESIGN

This section describes the analysis of the decoupling method
of the array antennas for two sets of 1 × 4 antenna arrays
using metallic walls. First, the corresponding results were
investigated using the electrical-field distributions for straight
and bent shapes on a single wall. Thereafter, the results were
obtained according to the number of walls, and the optimal
number of walls for the system was determined.

The path that causes coupling is analyzed as illustrated
in Fig. 2, and the isolator used to implement the decou-
pling performance is described. Coupling can be analyzed
through categorization into direct, surface waves, and ground
couplings. This article presents a method for identifying and
solving the coupling in dual-polarized array antennas based
on this approach.

A. Wall Analysis

Fig. 3(a) shows the numbering and layout of the Tx-Rx
array antenna system. The Tx and Rx were each set with
four antennas. Therefore, these are referred to as two sets
of 1 × 4 arrays. Antennas belonging to the same set were
arranged at a spacing of 0.75λ; the distance between the sets
was 2.5λ, and isolators were present between them. This study
focused on improving the isolation between the upper set (1–4
H , V ) and the lower set (5–8 H , V ). The proposed isolator,
employs a metallic wall structure that effectively reduces direct
coupling by changing the diffraction. Additionally, the isolator
consists of three vertically extended bent ground walls, which
are connected to the main substrate’s ground through via holes
and a copper side. As a result, by utilizing the transmission line
analysis method, the isolator functions as a resonant structure:
effectively suppressing ground coupling. Fig. 3(b) and (c)

Fig. 5. (a) Simulated S6H,2H , S6H,2V with respect to the number of walls.
(b) 3-D view of the system with a wall isolator, where ws = 12 mm,
hs = 11 mm, wm = 18 mm, hm = 9 mm, wi = 290 mm, d = 20 mm,
and t = 1.5 mm.

illustrate the 3-D models with straight and bent shapes for
a single wall isolator, which is the unit structure of the wall
isolator. The straight wall height was set to λ/4 to reduce the
ground coupling, and the corresponding analysis is described
in Section II-B. Likewise, the height of the bent-shaped wall
was determined. Because the physical lengths of the bent
and straight shapes must be the same, the bent shape was
implemented with a low height, as in the 3-D model illustrated
in Fig. 3(c).

The simulation results of S-parameters, depicted in Fig. 4(a),
illustrate the numerical determination of the coupling level
between the Tx and Rx. The presence of a bent structure
enhances the isolation for both horizontal and vertical
polarizations. These findings can be attributed to the field
distribution shown in Fig. 4(b), where the complex magnitude
represents results that are independent of time and period. The
field passing from Tx to Rx was further induced downward
because of the curved edge caused by the bent shape.
Therefore, diffraction is suppressed, and the field intensity
transmitted to Rx is reduced. In summary, the direct coupling
is mitigated by reducing diffraction in the 3-D structure
of the wall, and the isolation level is effectively improved
by the bent structure, which can reduce the height of the
isolator also. In addition, the ground coupling is enhanced
by modeling the wall as a transmission line and using
a resonant structure, which will be described in detail in
Section II-B.
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Fig. 6. Description of the input impedance of a single wall analyzed as a
transmission line: (a) side wall, (b) middle wall, and (c) Smith chart traces
of each wall.

Fig. 7. Results of the effective length by the shunt impedance decrease.

Fig. 5(a) presents the results obtained by increasing the
number of walls for each polarization. Intuitively, the number
of walls in the isolator is significant because the walls
can block direct coupling and prevent ground coupling
simultaneously while adjusting the appropriate length of
the wall. The black line represents the result of the same
polarization when the number of walls increases, and the
red line represents the coupling result of the two antennas
with different polarizations. When considering the coupling
between antennas with the same polarization, the isolation-
level proportionally has improved as the number of walls
increases. This tendency was also observed in the coupling
results of the antennas with different polarizations. However,
when the number of walls is three or more, the isolation
level does not improve significantly. Therefore, considering the
area occupied by the isolator, the optimum number of walls
to be used was three. Fig. 5(b) illustrates the wall isolator’s
3-D model and dimension parameters determined based on
Section II-B.

B. Wall With Transmission Line Theory

Because the presented distance condition among the array
set is sufficiently large, the isolator satisfies the far-field
condition. Thus, the isolation wall can be modeled as a
transmission line, as illustrated in Fig. 6(a) and (b), because
the wave on the ground is a quasi-TEM. The input impedance
of the side wall, based on the transmission line theory of the
wall, is as follows [46]:

Z in = Z0
ZL + j Z0 tan βl
Z0 + j ZL tan βl

(1)

l ≈ hs + ws (2)

Z in =
Z2

0

ZL
(3)

where Z0 and ZL are the characteristic and load impedances
of the wall, respectively. Moreover, the line length is
approximately represented by (2) because the wall’s height
can be modeled as a transmission line. Here, (3) is obtained
if l is a quarter-wavelength. From the equation, Z in can
exhibit a significantly low impedance when the load is an
open circuit (OC) (ZL ≈ ∞), and the condition Z0 ≪ ZL

holds true, which is ensured by having a sufficiently wide
wall with wi = 290 mm [47]. As a result, the impedance
of the wall can be extremely low, similar to a short circuit.
Fig. 6(a) and (b) show different interpretations of the side and
middle walls. The middle wall is composed of a T-shape for
the structural symmetry of the isolator; therefore, it is modeled
as a shunt transmission line with wm length and connected
to the transmission line with hm length. Fig. 6(c) shows the
operation of the shunt line for each node. Interestingly, unlike
the side wall, it satisfies the equation below because the shunt
line decreases the additional impedance

wm

2
+ lb + hm =

λ

4
(4)

where lb is the effective length of the impedance decrease by
the shunt transmission line, which is identical to the shunt
range in Fig. 6. Furthermore, (4) can be simplified under
the conditions that wm/2 = hm = φ and lb ≈ λ/20. The
approximation of lb could be explained by an effective length
from the shunt impedance decrease. The impedance is obtained
by (1) with Z0 ≪ ZL and calculated as below

Z ′

A =
Z0

j tan β wm
2

(5)

Z ′

B =
Z0

j2 tan β wm
2

=
Z0

j tan β(wm
2 + lb)

(6)

the effective length by the shunt impedance decrease can be
induced using the impedance calculated by (6)

wm

2
+ lb =

1
β

arctan
(

2 tan β
wm

2

)
(7)

the result of (7) is illustrated in Fig. 7. Here, the condition
of λ/16 to λ/8 range for wm/2 is determined to maintain
the constant shunt impedance decrease. As a result, lb can be
approximated by λ/20 as shown in Fig. 7. In addition, the
modified result about φ is given below

φ ≈
λ

10
. (8)
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Fig. 8. Schematic and analysis of (a) triple-wall based on transmission line
theory; for node (b) C, (c) B, and (d) A.

Accordingly, the dimensions of the middle wall are properly
determined for resonance and must be smaller than the
side wall. Consequently, the corresponding wall height can
minimize the input impedance because the end edges of the
wall are considered OCs. This is because the end of the line is
in contact with air, which has an intrinsic impedance of 120π

(377 �).
Fig. 8(a) shows the operating principle of the wall isolator,

and ground signal flows based on transmission line analysis.
Each wall can be interpreted as a signal line through which
the ground coupling passes, and the height and spacing of the
walls are modeled as transmission lines. To begin the analysis
in the process depicted in Fig. 8(a), the nodes where each line
crosses are denoted by A, B, and C, respectively. When the line

Fig. 9. Simulated results with respect to different hs values: (a) S6H,2V and
(b) S6H,3V .

Fig. 10. Simulated results with respect to different hs values: (a) S6H,2H
and (b) S6H,3H .

Fig. 11. 3-D view of the system with walls and EBG, where ws = 12 mm,
hs = 12 mm, wm = 18 mm, hm = 9 mm, d = 20 mm, t = 1.5 mm,
we = 11.6 mm, se = 1 mm, and spe = 12 mm.

Fig. 12. Simulated results with respect to different we values: (a) S6H,2V
and (b) S6H,3V .

length from node C is λ/4, based on transmission line theory,
it becomes a short circuit as shown in Fig. 8(b). Subsequently,
it can be interpreted as an OC when looking at node C from
node B because the spacing of the walls is λ/4 as illustrated
in Fig. 8(c).

Moreover, the line of node B whose length is λ/5 becomes
a short circuit, as shown in Fig. 6(c). Subsequently, as shown
in Fig. 8(d), the same process is followed for nodes B and A.
Finally, a short circuit exists in node A such that all ground
coupling is induced to the walls by the low impedance, which
improves the isolation level. In summary, if metallic walls are
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Fig. 13. Electric field distribution of the array antenna system: (a) without the isolators, (b) with the wall, and (c) with the wall and EBG.

used to realize the wall isolator, the direct coupling can be
intuitively removed. If the appropriate length and spacing are
used when the walls are connected to the ground directly
through the side copper or via holes: the operation of the
isolator can also be used as ground coupling suppression that
acts as a resonance structure.

Before discussing the analysis, we explain the overall
results based on a representative analysis of S6H,2H , S6H,2V ,
S6H,3H , and S6V,3V rather than analyzing each antenna and
polarization. Fig. 9 shows the results for S6H,2V and S6H,3V .
The overall isolation levels have improved by the addition
of metallic walls. However, the variation in the resonance
point with respect to the adjustment of hs is not clear and
irregular. This means that the ground coupling suppression
does not work well for the polarization, and the wall isolator
only suppresses the direct coupling. Thus, an isolation level
of approximately 50 dB was obtained in the absence of an
isolation notch owing to the wall at 3.5 GHz. By contrast,
as illustrated in Fig. 10, isolation notches owing to the wall
type isolator have improved the decoupling level at the target
frequency. The results indicate that the resonance frequency
of the isolation notch caused by the isolator decreases as hs

increases because the increase in hs leads to an increase in
the electrical length of the metallic wall, as depicted in Fig. 8,
i.e., decreasing the resonance frequency. In other words, the
horizontal polarization results presented in Fig. 10 indicate
that the isolator using the walls not only suppresses the direct
coupling but also effectively suppresses the ground coupling
through the resonance structure, unlike the result in the case
of the vertical polarization presented in Fig. 9.

Finally, for the coupling results from the vertical to
horizontal polarization, it can be predicted that there is no
significant improvement by suppressing the ground coupling
and direct coupling using the isolator because of the continued
existence of surface wave coupling. By contrast, a highly
improved isolation level can be obtained by suppressing the
ground and direct couplings for identical polarizations.

C. Wall With EBG

To understand why different results for the polarizations
correspondence identified above were obtained owing to

Fig. 14. Simulated results with respect to the presence of an isolator:
(a) coupling and (b) matching.

Fig. 15. Beam patterns (E- and H-plane) obtained in the simulation
with respect to the presence of the isolator: (a) horizontal and (b) vertical
polarization.

the surface wave coupling, an EBG that suppresses surface
waves was introduced. To adequately anticipate the stopband
characteristic for the surface wave coupling, a full-wave
analysis using ANSYS HFSS is required. In the structure with
2-D periodicity using the unit cell symmetry, a dispersion
diagram depicting the energy band of the EBG was obtained.
Therefore, the unique propagation vector was grouped in a
region referred to as the irreducible Brillouin zone [48]. Based
on the concept, it is seen that there is a band gap in which
energy does not exist, and the surface energy analysis indicates
that the corresponding part will play a role in suppressing
the surface wave. Fig. 11 illustrates the isolator arrangement,
a wall structure that suppresses the direct and ground couplings
and the EBG, which suppresses the surface wave coupling.
The EBG was planted on the main substrate, which shared
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the ground among the array antenna sets, and a square patch
was connected to the ground through via holes.

Fig. 12 presents the results of S6H,2V and S6H,3V for
the situation using walls and EBG. In contrast to earlier
results regarding the coupling between horizontal polarization,
adjustable isolation notches were observed, and the isolation
level has improved significantly. The isolation notches can
be shifted by adjusting the EBG patch width. The results
indicate that the resonant frequency decreased as the patch
width increased, and advanced results can be obtained at the
target frequency through optimization using this process. The
results obtained in the presence of each isolator are presented
in Fig. 13, where the electric field is plotted. Fig. 13(a)–(c)
display the field in the absence of an isolator, with walls only,
and with walls and EBG, respectively. However, as the field
intensity of the lower set’s ports, they are still excited by
the surface wave (i.e., there is an isolation degradation even
though the wall isolator reduced the overall field distribution).
This problem has been managed using EBG, and the coupling
of the lower set was completely removed, as implied by the
electric field distribution presented in Fig. 13(c).

As shown in Fig. 14(a), when there was no isolator,
the isolation level had a value of approximately 40 dB for
the vertical polarization, and when only the wall isolator
was used, the isolation level improved by approximately
50 dB. However, the effect of the intended resonance structure
was not observed. When walls and EBG are used together,
an isolation notch can be made, and the isolation level
improved to approximately 65 dB. In addition, as illustrated
in Fig. 14(b), it can be confirmed that the matching conditions
were maintained depending on the presence of each isolator.
Furthermore, Fig. 15 depicts the antenna beam patterns for
the E- and H-planes. The half-power beamwidth (HPBW) was
reduced by approximately 10◦, and gain is enhanced by about
1 dB by introducing isolators because the wall isolator can
be considered as PEC reflector (i.e., the reflected wave is
combined as an in-phase). Although the HPBW decreased,
the gain increased correspondingly. Therefore, that channel
capacity can be expected to improve based on Shannon’s
theorem.

D. Measurement and Analysis

The designed antenna and isolator were measured using an
MS4647 vector network analyzer in an anechoic chamber.
As shown in Fig. 16, the other ports except for the two
ports for measurement were terminated; measurements were
carried out. In addition, because the system had a very
sensitive isolation level, an absorber was placed between
the structure and the vector network analyzer owing to the
coupling caused by the reflection. To ensure consistent and
accurate outcomes for this highly sensitive system, which is
prone to errors, we maintained the calibration level at around
−60 dB throughout the measurement process. Additionally,
we enhanced the reliability of the results by maximizing the
output power of the vector network analyzer.

Fig. 17(a) presents the results of the simulated coupling of
the dual-polarization array antenna following the optimization.

Fig. 16. Fabricated antennas with the isolator composite and measurement
setup.

Fig. 17. Results of the (a) simulation and (b) measurement of S-parameters
for all array antennas.

Fig. 18. Results of simulation under practical conditions.

Eight results indicate the coupling of the four dual-polarized
antennas of the upper set to the lower antennas. Therefore, the
isolation notches can be created at the target frequency if the
previously suggested method uses two resonance structures
of vertical and horizontal polarization. Fig. 17(b) indicates
that isolation notches occurred at the target frequency for the
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TABLE I
PERFORMANCE COMPARISON TABLE

measurement. However, in contrast to the simulation results,
we observed that the notches were distributed within a narrow
band with an error of approximately 5%. This discrepancy
can be attributed to misalignment issues during the manual
manufacturing of the antenna and isolator. It is likely that each
antenna underwent rotational misalignment around an axis
perpendicular to the substrate plane due to the aforementioned
reasons. Furthermore, since this manufacturing issue affects
both the antenna and isolator, it was taken into account
during the simulation process, as depicted in Fig. 18. The
simulation considered a scenario where each antenna and the
wall isolator were rotated by ±5◦ with respect to the axis
perpendicular to the substrate plane. As a result, the isolation
notches exhibited an error of approximately 5% compared
to the target frequency, in contrast to the results shown in
Fig. 17, which assumed ideal conditions. In summary, the
error on the sensitive system was minimized by performing
a new calibration each time the calibration measurement port
was changed and maximizing the output power of VNA.
The simulation reflecting the manufacturing error indicates
that the measurement results were within a reasonable range.
A comparison of the performance of the isolators used
in various studies is presented in Table I. Here, isolation
improvement in the table means that the value is the relative
level in isolation with and without each proposed isolator
based on the data provided in the reference papers. In addition,
the height in the table indicates the vertical length of the
system, including both antennas and isolator. Although several
researchers have found it challenging to improve the isolation
for horizontal and vertical polarizations, this study effectively
analyzed the coupling path and obtained improved results for
all polarizations and array antennas. Table I indicates that in
addition to high isolation improvement and the isolator has
low-height characteristics because of its bent shape.

III. CONCLUSION

We proposed a novel approach to analyze metallic
walls for decoupling dual-polarized array antennas, utilizing
transmission line-based bent walls. Our study involved the
implementation of a self-designed antenna within an array
for the decoupling system. We examined three potential paths
to address the coupling issue and introduced a structure
for suppressing coupling in each path. The wall isolator
effectively blocks direct coupling and can also mitigate ground

Fig. 19. Configuration of the proposed antenna with versatile metal sticks.
The designed geometric parameters are: ch = 1.41 mm, wst = 2 mm,
sp = 0.4 mm, lst = 4 mm, lp = 21 mm, sp = 2.5 mm, lf = 3 mm,
wf = 5 mm, af = 2 mm, and h f = 9.5 mm.

coupling by adjusting the wall length to achieve resonance
characteristics. As a result, the horizontal polarization of
the dual-polarized antennas has been significantly improved,
although further enhancements are required for vertical
polarization. We identified surface wave coupling as a
cause for the vertical polarization problem, which the wall
isolator alone cannot suppress. To address this, we combined
the walls with an EBG structure to eliminate surface
waves. Consequently, the issue of vertical polarization was
successfully resolved, resulting in an isolation level of
approximately 65 dB for the dual-polarized array antenna.
Our proposed design overcomes a significant limitation
in the application of the dual-polarized array system to
IBFD’s transmit/receive (TRx) operation and provides a viable
solution for constructing a high-performance system.
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Fig. 20. Current distribution on the radiating patch: (a) with metal stick and
(b) without metal stick.

APPENDIX

A. Antenna Design

A dual-polarization characteristic and a high level of port
isolation are required for pure linearly polarized radiation to
free space. As explained in [50], concentrating current on the
radiation patch is a method for obtaining high levels of port
isolation, as the polarization is related to an induced current at
the center of the patch in the TM10 mode. Side and top views
of the proposed antenna are shown in Fig. 19. Two thin FR-4
substrates are used: the upper one is used for laminating the
coplanar feeding network and radiation patch, and the lower
one is used for the ground and connectors. In addition, there
are three metal sticks, two of which facilitate the efficient
usage of the feeding network using an air-filled substrate.
The third one is used to obtain high port isolation from the
concentrated current on the patch. The feeding network on the
upper substrate is connected to the side metal sticks through
via holes. The cruciform slot of the patch is also connected to
the middle stick through via holes.

Fig. 20(a) and (b) shows the current concentration in the
middle stick. The figures display the current distribution on
the upper substrate, including the radiation patch and feeding
network. Fig. 20(a) and (b) shows the result with and without
the isolation metal stick, respectively. For the simulation, the
x-axis polarization port is excited. The current is generated
relatively strongly in the middle of the patch. Here, the
x-axis polarization current is in the same direction. Mean-
while, the y-axis polarization current flows in the opposite
direction. Therefore, the port isolation is improved because
the y-axis current is canceled in the far-field, while the
x-axis current is concentrated in the middle of the radiator.
Port isolation using current concentration can be controlled
using the dimensions of the stick. The isolation notch of the
antenna can be lowered by increasing the middle stick’s size
because the current path is related to the resonant frequency
through the wavelength.

Moreover, it is necessary to float the stick for current
concentration from the ground to maintain the voltage at
the center of the radiator. In [51], numerical analysis was
conducted to prove the relationship between the bandwidth
and characteristics of the substrate. Considering the equation
and results of this relationship, a thick and lowest-permittivity
substrate is required to improve the bandwidth. Therefore,

Fig. 21. Results of (a) simulated effect of the floating metal stick on S21
and (b) simulated and measured S-parameters with the fabricated model.

an air-filled substrate is proposed here. Typical substrates
have a standard thickness and permittivity greater than 1.
These limitations curtail the antennas’ bandwidth. However,
they can be overcome using an air-filled substrate with no
thickness restrictions and a permittivity of 1. This can be
achieved through the two side metal sticks, as shown in Fig. 19
(side view), because the metal sticks not only excite the
patch but also fix the upper substrate. A coplanar capacitive
feeder is used with sticks connected through via holes.
The small rectangular copper traced on the upper substrate,
shown in Fig. 19, indirectly excites the path for bandwidth
improvement [52].

B. Experimental Results

The proposed antenna exhibited wideband dual-polarized
characteristics due to the combination of metal sticks and
a radiator. Fig. 21(a) reveals the effect of the current
concentration implemented using the floating metal stick on
the port isolation (S21). When the metal stick was absent,
it had an isolation level of approximately 15 dB. However,
in its presence, the performance was improved by 30 dB at
3.5 GHz. To verify the design, a fabrication of the proposed
antenna is used [see Fig. 21(b)]. The S-parameters (S11, S21)
were measured using MS4647 vector network analyzer. The
radiation pattern measurements were conducted in an anechoic
chamber. The results of the measurement and simulation,
presented in Fig. 21(b), indicate that the proposed antenna has
wideband and high port isolation characteristics at sub-6 GHz.
The measurement reported that the impedance bandwidth at
|S11| > 10 dB was 40% and port isolation is |S21| > 25 dB
at the central frequency. Therefore, it was confirmed through
simulations and measurements that the impedance bandwidth
was 40%. The measurement results agreed with those of the
simulations.
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