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ABSTRACT This study presents a novel design of two filtering antennas with a +45◦ and −45◦ slant
polarization, using the co-design of a third-order filter and a rectangular patch antenna. Slant polarization is
obtained by directing the surface current that flows to the radiator by applying two parallel inverted resonators
in the transmission line. The resonators consist of two parallel strips with alternate open and short circuits at
each end and the 45◦ and−45◦ polarization is determined from these short circuit positions. The rectangular
patch antenna is fed using proximity coupling, and it is parallel to the resonators. The filtering antennas
provide not only 45◦ slant polarization, a flat gain response but also a controllable bandwidth. Operating at
4.65 GHz for 5G application, the antennas have a controllable bandwidth range from 5.9% to 8.4% without
affecting the polarization and center frequency. The gain responses are filter like and attain the maximum
value of 6.82 and 6.69 dBi at 4.7 GHz. This design needs no extra component or rotation of the radiator
and transmission line because the inverted resonators can switch the polarization to be+45◦ and−45◦. The
results of the 45◦ and −45◦ polarization filtering antenna simulation and experiments are consistent with
each other.

INDEX TERMS Filtering antenna, 5G, inverted resonator, slant polarization, switchable polarization.

I. INTRODUCTION
Devices with multifunction features are an essential require-
ment for telecommunication equipment nowadays. Over the
years, the co-design of a filter and antenna that produces
compact and multifunctioning circuits has been explored.
An antenna with 45◦ polarization can overcome the effect
of multipath reflections in outdoor and indoor propaga-
tions. This polarization is beneficial because multipath
reflection results in the alteration of the polarization from
horizontal/vertical to slant polarization, which consequently
degrades the performance of the received signals due to
mismatch polarization. An antenna with a ±45◦ slant polar-
ization has many advantages because of its better gain
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diversity [1], higher channel capacity [2], [3], and lower bit
error rate compared with horizontal/vertical polarization [4].

Many studies have discussed methods to perform linear
polarization [5]–[7] however like other filtering antennas
without an extra circuit they did not provide a con-
trollable bandwidth which is necessary in some wireless
systems. A multilayer filtering antenna using a cross-
radiator and square ring slot as resonators performed dual-
polarization [8]; however, it did not explain about the
controllable bandwidth method and the vertical/horizontal
polarization could not combat the multipath fading effect.
Though some studies have discussed methods to obtain±45◦

polarization in a filtering antenna, these methods required
a physical rotation of the radiator and feedline because the
designs did not exhibit a function to control the polarization
and bandwidth [9]–[12]. In [9] and [10] a filtering antenna
with a 45◦ slant polarization was developed by rotating the
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dipole antenna element, though utilizing the filtering element,
no controllable bandwidth and polarization was achieved
by the resonator. In [11], a rectangular patch radiator and
split ring resonators rotated at ±45◦ were used, but these
asymmetric resonator structures resulted in an unidentical
S-parameter, gain, and radiation pattern for both polariza-
tions, and the resonator also did not operate to control the
polarization. In a dual-polarized conventional antennas, some
methods did not use a filtering structure [13]–[16]. For exam-
ple an omnidirectional biconical antenna in [14] additionally
used a multiscreen polarizer to achieve 45◦ slant polarization;
however, this method is complex and bulky because of its
three-dimensional structure, and no filtering response was
obtained. Moreover, [17] used a metallic/multiscreen dielec-
tric parallel-piped antenna with a feeding probe and rotated
the dielectric material to achieve 45◦ slant polarization. How-
ever, the use of eight parallel pipes not only resulted in
difficulty in alignment but also a three-dimensional structure
that did not support a compactness requirement. Further, [18],
[19] proposed an omnidirectional antenna with four crossed-
dipole elements that had more than 17% bandwidth; how-
ever, in addition to the complexity of the three-dimensional
structure, which is not easy to manufacture, it also has a
low gain problem (less than 1 and −1 dBi), and no fil-
tering response or controllable bandwidth were exhibited.
Other dual-polarized slant polarization antenna used cross
dipole [20] but it did not perform a filtering gain response or a
controllable bandwidth. Though reconfigurable slant and
circular polarizations were performed with a unidirectional
radiation pattern [21], the design only provided a gain less
than 3 dBi and bandwidth less than 4%. An antenna with
a slant polarization has been designed using characteristic
modes[22], however, it has no response of gain selectiv-
ity or controllable bandwidth.

In a filtering antenna, there is no report on parallel inverted
resonators that performed 45◦ slant polarization. Though in
a previous study [23], a single strip resonator with a via
hole in one of its arms, was arranged parallel to a rectangu-
lar patch radiator and performed a ±75◦ slant polarization,
however, no orthogonal polarization was achieved. To the
best of the author’s knowledge, this is the first proposal of
a filtering antenna that applies two strip line resonators to
control the polarization; thus, there is no need for polarizer
addition or physical rotation of the radiator or transmission
line. Slant polarization is achieved by altering the direction
of the surface current that flows to the radiator, thus altering
the electrical field from vertical to ±45◦ polarization. The
±45◦ slant polarization is obtained utilizing the co-design of
a third-order filter using two parallel strip resonators with
an alternately open and short circuit at each arm that are
also parallel to the rectangular radiator. The short circuit is
represented by a via hole that is positioned inverted on each
resonator’s end. The position of the via hole determines the
direction of the slant polarization.

The main contributions of this design are as follows:

FIGURE 1. Proposed filtering antenna (a) geometry, (b) side view, and
(c) perspective view.

1. The antennas apply two inverted and parallel strip res-
onators that perform 45◦ and−45◦ polarization; thus, there is
no extra component or rotation of the radiator and feedline.

2. The design has an independently controllable bandwidth
without affecting the polarization and center frequency.

3. The sharpness of the gain response at the upper and
lower frequency can be controlled independently without
affecting the center frequency.

4. The co-design of a strip-line with a via hole resonator
and rectangular patch provides a flat gain response along the
bandwidth, such as a filter response.

5. The polarization switching does not affect other antenna
parameters; thus, all parameters such as reflection coefficient,
gain, and radiation pattern are identical for both polarizations.

II. ANTENNA CONFIGURATION
The proposed stacked inverted filtering antenna (SIFA)
depicted in Fig. 1 consists of two dielectric substrates (Roger
Duroid 5880) layers with a relative permittivity of 2.2, dielec-
tric thickness of 1.575 mm, and a loss tangent of 0.0009.
As shown in Fig. 1 (a), the first layer is a 16.5 mm × 21 mm
rectangular patch antenna, proximity fed by two parallel strip
resonators that are coupled fed by a 50-ohm transmission
line (4.9 mm). The two parallel strip resonators have a via
hole at each end, which are arranged alternately. The res-
onator’s thickness is 2.4mm, and its length is approximately a
quarter wavelength of the center frequency. The via diameter
is 1.2 mm, and two layers are printed on the 45-mm ×
45-mm substrate. There is a gap of 0.6 mm between the
coupled feed and the first resonator. From the filter extraction,
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FIGURE 2. Equivalent circuit.

FIGURE 3. Electrical field vectors of ±45◦ (red vector) slant polarization
definition in the far-field.

the gap between the two resonators is 5.1 mm, and there is
no gap between the rectangular patch on the first layer and
the second resonator. The geometry of the SIFA is shown
in Fig. 1(a), while the side and perspective views are dis-
played in Fig. 1 (b) and (c). SIFA is based on a synthesized
third-order bandpass filter; in this study, the rectangular patch
radiator replaces the third resonator.

The equivalent circuit of the SIFA is shown in Fig. 2,
where the radiating patch is characterized as LA, CA, and
RA, which are capacitively coupled fed with the second strip-
line resonator (L2 and C2). The two adjacent λ/4 resonators
are also capacitively coupled with the via hole alternately
positioned at the arm of each resonator. At the first stage,
the strip-line resonator, consisting of L1 and C1, is coupled
fed by the adjacent Zo (50 �) feed line.

III. SLANT POLARIZATION METHOD
The ±45◦ polarization scheme in the far-field is described
in Fig. 3. Slant polarization of ±45◦ is achieved if the phase
difference, δL, between the electric field vector in the θ
(Eθ ) and 8 (E8) direction is 0◦ for 45◦ or 180◦ for −45◦,
as described in the following equation [24]:

Ē = Eθcos(ωt)θ̂ + Eθcos(ωt + δL)8̂ (1)

where ω is the angular frequency. Slant polarization also
requires |Eθ | and |E8| to be equal; this can be expressed as
follows [24]:

|Eθ | = |E8| (2)

Equation (2) can also be written as |Eθ |/|E8| = 1.

It is comprehended that a strip line resonator with a via hole
at one arm characterizes a short circuit and an open circuit at
the other arms [25], and in a transmission line, an open circuit
and short circuit have a 180◦ phase difference. Accordingly,
this structure has prospective for achieving±45◦ slant polar-
ization. A stacked filtering antenna was previously designed
using a single resonator based on a second-order filter [23].
Although filtering response was achieved, the design failed
to perform 45◦ slant polarization. In the proposed design, two
resonators are used based on a third-order filter, even though
the optimization result shows a second order filtering antenna
response, the 45◦ and −45◦ slant polarization is successfully
achieved.

SIFA is designed to operate with a center frequency
of 4.65 GHz, fractional bandwidth (FBW) of 6.45%, and
ripple level of 0.2 dB. From [26], the parameters of the low-
pass filter are g0 = g4 = 1, g1 = g3 = 1.2275, and g2 =
1.1525. The external quality factor, Qen, and the coupling
between the two adjacent resonators, Mi,i+1, the value for
which are 19.026 and 0.054, respectively, can be calculated
using (3) and (4) [27]

Qen =
gngn+1
FBW

(3)

Mi,i+1 =
FBW
√
gigi+1

(4)

The value of Qen, andMi,i+1 can be used for the filter extrac-
tion using electromagnetic simulation. By adjusting the gap
between the coupled feed and the first resonator, theQen value
can be obtained using the following calculation,

1Qen =
fc
f

(5)

where fc is the center frequency and1f is the 3 dB bandwidth.
Meanwhile, the coupling between two adjacent resonators is
obtained by varying the distance between the two resonators
whose responses are then used in the following equation

Mn,n+1 =
f 2n+1 − f

2
n

f 2n+1 + f
2
n

(6)

where fn and fn+1 are the first and second resonant fre-
quencies, respectively. Since the rectangular patch antenna
replaces the third resonator in the filter network, Qen must
have the same value as the quality radiation, Qrad, and the
coupling between the first and second resonators,M1,2, must
be equal to the coupling between the second resonator and
the radiator, M2,3. However, integration of radiator and filter
is not the only design consideration for the SIFA because
its purpose is also to perform a slant polarization using the
resonators.

The principal technique to perform a slant polarization in
the SIFA is to feed the rectangular radiator with a horizontal
surface current from the resonators. This current creates a
force attraction with the vertical surface current along the
patch length. If the right proportion of the width and length
of the radiator is combined with the gap between the antenna
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FIGURE 4. Frequency response of the rectangular patch with different Lp
and constant Wp = 3 mm.

FIGURE 5. Q-radiation over the width of the rectangular radiator with a
constant Lp = 21 mm.

and the resonators, a slant surface current is obtained. The
gap between the resonator and radiator needs to be small
to intensify the effect of the horizontal surface current but
still has to maintain the matched condition. Those constraints
drive the integration of the antenna and filter to satisfy the
requirement for the slant polarization condition.

IV. DESIGN AND ANALYSIS
In this design, the horizontal surface current is represented
using a strip resonator with a short circuit at the end of the res-
onator’s arm. This is to ensure that the surface current flows
to the path with less resistance. The step-by-step integration
design of the two circuits is presented in the next section.

A. RADIATOR DESIGN
The antenna’s patch is designed using approximation cal-
culation of the rectangular radiator that is commonly used,
where the height of the antenna determines the resonance
frequency. Then the patch is extracted with proximity cou-
pling to obtain the dimensions of the rectangular patch as
shown in Fig. 4. The 4.65-GHz resonance was obtained with
a patch length of approximately 21 mm. The width of the
antenna determines the quality factor of the radiator. As
shown in Fig. 5 and from the extraction using (5), reducing
the width of antenna increases Qrad. Thus, an antenna width
of 3 mm is necessary to obtain Qrad of 19.026 as required
from the synthesis. However, this width decreases horizontal
surface current force in x direction, which results in the

FIGURE 6. Frequency response of resonator under the different length
(LR) with a thickness of 2.4 mm.

vertical surface current in the y direction along the length of
radiator being dominant. Thus, this antenna width results in
vertical polarization instead of slant polarization. To obtain
slant surface current on the radiator, the patch width (Wp)
is driven to be far greater than 3 mm when directly tuned
into the filtering circuit. Hence, only the patch length is used
for the integration process. As shown in Fig. 5, increasing
the radiator width decreases Qrad. Consequently, the radiator
actually has potential to achieve a fractional bandwidth wider
than 6.45%, especially when the radiator width is adjusted to
approach the radiator length and strengthen the feeding effect
of the horizontal surface current.

The range of Wp is chosen under the consideration, to
ensure that the surface current of the horizontal resonator has
a strong effect in the x direction, Wp needs to be close to Lp.
However, theWp and Lp should not be identical because a sin-
gle port feeding means that a strong current is induced mainly
in the x direction and deteriorates along the length of the
radiator or y direction. Thus, in this design, Wp is restricted
to 15–18 mm to ensure a moderate horizontal surface current.
Finally, the integration needs to achieve the filtering effect
and polarization control in the radiator part.

B. FILTERING CIRCUIT DESIGN AND INTEGRATION
The first step of the filtering circuit design is to extract the
external quality factor of the resonator (Qen) using (5). The
thickness of the resonator is set to 2.4 mm with via hole
diameter of 1.2 mm, and the strip resonator length is set
to approximate a quarter wavelength. The resonance of the
resonator is extracted using two substrates and two ports.
The response of the resonance frequency and length of the
resonator is represented using S21, as shown in Fig. 6, where
the 10.8 mm resonator resonates at 4.65 GHz. The via hole
position determines the resonance frequency because a longer
distance for the current to flow to the via hole (Pk) lowers
the resonance frequency. Fig. 7 shows the relation between
the distance from the via hole to the edge of the strip line
and the frequency response with a constant resonator length
of 10.8 mm. After the length of the resonator is obtained,
the coupling between the two resonators is also extracted
using two substrates as shown in Fig. 8 (a) to obtain the gap

224036 VOLUME 8, 2020



D. A. Cahyasiwi et al.: Switchable Slant Polarization Filtering Antenna Using Two Inverted Resonator Structures

FIGURE 7. Frequency response of the resonator under different via
position (Pk) with resonators length (LR) of 10.8 mm.

FIGURE 8. Extraction of gap between (a) two resonators (d), (b) the
feedline and the first resonator (Lc) and (c) radiator and the second
resonator (Cb) under different Wp.

between them. The two-peak frequency response is calcu-
lated by using (6) to obtain a value of 0.054, which results
in a gap of 5.1 mm. The next step is to extract the gap
between the coupled feed and resonator. The extraction is
expressed by the relation between the gap and Qen as shown
in Fig. 8(b). Increasing the gap between the coupled feed
and resonator (Lc) increases Qen. The extraction obtains a
1.3 mm gap between the resonator and coupled feed to obtain
Qen = 19.026. However, to retain the horizontal surface
current force, the gap is driven to be nowider than 0.8mm and
no narrower than 0.5 mm. For the conventional integration of
filtering antennas, the coupling between the second resonator
and the radiator should be equal to the coupling between
the two resonators. However, as explain in Section IV Part
A the sizes of the radiator based on extraction is unsuitable
for the purpose of this design because the Wp in SIFA is
driven to be wider than that in the conventional extraction,
then the extraction result is left out and the gap between

FIGURE 9. Scheme of the filtering antenna based on the (a) conventional
extraction and (b) proposed method.

the radiator and the second resonator must be optimized to
obtain a horizontal surface current that is required for slant
polarization. Still, the different results of the two designs are
presented in this study for comparison. The optimization is
performed so that the gap between the coupled feed and first
resonator is not too wide to strengthen the horizontal feed
line.

The same condition is considered for the gap between the
radiator and second resonator as shown in Fig. 8(c). Avoiding
a wide gap between the resonator and antenna maintains
the strength of the horizontal surface current force. This
condition sacrifices the third-order filtering response of the
antenna. The extraction of the coupling between the second
resonator and radiator for conventional antennas is also left
out in this design because the gap is arranged smaller and
the width is wider to obtain matching condition and slant
polarization, which could differ from the extraction results.
The tuning of the S-parameter for the SIFA relies on the
combination of the radiator size, gap between two resonators
and gap between radiator and resonator. Arranging a gap of
−0.5 to 0.5 mm between the second resonator and rectan-
gular patch strengthens the surface current. This is also why
proximity coupling is chosen so that the placement of the
resonator is more flexible.

V. RESULTS AND DISCUSSION
Fig. 9 presents the optimized integration of the filtering
antenna based on conventional extraction and the proposed
method as shown in Fig. 9(a) and Fig. 9(b), respectively.
The proposed design (SIFA) results in a much wider filtering
antenna patch (16.5 mm) than the conventional extraction
(2.2mm). In addition, the latter results in a wider gap between
the radiator and resonator than the former. For both designs,
the optimization result in similar gaps for Lc and a difference
of 0.6 mm for d (5.1 mm with the SIFA and 5.7 mm with
conventional extraction). The two designs result in different
surface currents; the conventional method has a vertical sur-
face current in the narrow radiator area as shown in Fig. 10(a),
and SIFA has a slant surface current in the wide radiator area
as depicted in Fig. 10(b). This difference in surface current
is triggered by the horizontal surface current from the strip-
line resonator, this excites the radiator surface current in the
x direction, which is strong enough to pull the surface current

VOLUME 8, 2020 224037



D. A. Cahyasiwi et al.: Switchable Slant Polarization Filtering Antenna Using Two Inverted Resonator Structures

FIGURE 10. Surface current of the filtering antenna based on the
(a) conventional extraction and (b) proposed method.

FIGURE 11. Electrical field of the filtering antenna based on the
(a) conventional extraction with vertical polarization and (b) proposed
method with slant polarization.

FIGURE 12. S-parameter comparison of SIFA and conventional filtering
antenna with vertical polarization.

along the length of the radiator in the y direction to form a
+45◦ slant surface current in the radiator. This slant polar-
ization result is represented by the electrical field direction
as shown in Fig. 11(b). In contrast, Fig. 11(a) shows the
electrical field with vertical polarization at the radiator, which
resulted from the weak surface current in the x direction with
the conventional method.

The conventional method and SIFA also yield different
results for the S11 parameter, as shown in Fig. 12. The con-
ventional method results in a filtering antenna with a third-
order filtering response has three returns to zero (RZs) and
two peaks, whereas, the SIFA has two RZs and one peak
identical to the second-order filter response. Both designs has

FIGURE 13. S-parameter and gain comparison of SIFA with slant
polarization and conventional filtering antenna with vertical polarization.

FIGURE 14. Scheme of two designs: (a) SIFA I and (b) SIFA II feedline.

a center frequency of 4.65 GHz and slightly different FBWs.
The conventional filtering antenna and SIFA has −10 dB
bandwidth impedances of 4.46–4.81 GHz and 4.5–4.8 GHz,
respectively. The twomethods also obtain different results for
the gain parameter, as shown in Fig. 13. The SIFA obtains
a higher but less sharp gain than the conventional method.
This matched the conditions of the third-order filter, which
has a better selectivity response than the second-order fil-
ter. These results demonstrate that the proposed method can
successfully switch the polarization using a horizontal feed,
as represented by the strip-line resonator.

A. SLANT POLARIZATION SWITCHING
The previous section demonstrates that the proposed method
creates +45◦ slant polarization instead of the vertical polar-
ization of the conventional method. The first design of SIFA
results in +45◦ slant polarization with the via hole posi-
tioned in the right arm of the first resonator and left arm of
the second resonator. This indicates that mirroring the design
should result in an identical filtering antenna with orthogonal
polarization. In this study, two designs are presented using
CST Studio Suite, where the two antennas have a different
transmission line.

In the first design’s feedline (SIFA I), a via hole is located
at the left arm of the second strip resonator when the via
hole on the first strip resonator is set at the reversed position,
as seen in Fig. 14 (a). Alternatively, for the second design
feedline (SIFA II), the via position is inverted compared with
SIFA I, as shown in Fig. 14 (b); thus, the mirror inversion
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FIGURE 15. Simulation results of the reflection coefficient and gain
response of SIFA I and SIFA II.

of open and short circuit resonator feedlines is performed
in the two designs. The magnitude of the reflection coeffi-
cient, S11, and the gain response of the simulation results are
shown in Fig. 15, from which it is obvious that the reflec-
tion coefficient (S11) and the gain response of SIFA I and
SIFA II are essentially identical. Moreover, both designs have
a bandwidth of 4.5–4.8 GHz. with a reflection coefficient of
−10 dB. In addition, the gain shows a flat response along
the bandwidth and decreases sharply out of its bandwidth;
for both models, the maximum value is 6.58 dBi at 4.7 GHz.
However, the surface currents of both antennas at the center
frequency (4.65 GHz) are in orthogonal directions, as shown
in Fig. 16. In particular, SIFA I has a surface current in
the 45◦ direction whereas, SIFA II has a surface current in
the −45◦ direction as shown in Fig. 16(a) and Fig. 16(b)
respectively. The polarization direction originates from the
current movement from the via hole on the first resonator to
that on the second resonator. This slanted surface current is
generated from the inverted parallel open and short circuits
of the resonators, and it reveals that the position of the via
hole affects the surface current inclination on the rectangular
radiator. The simulation results indicate that most of the
surface current flows from the open circuit to short circuit and
reverses direction at the first and second resonators, which
forms a horizontal surface current. Moreover, some of the
current flows from the via hole of the first resonator to that
of the second resonator and reverses direction. Accordingly,
it can be concluded that the positions of the via holes for the
two resonators affect the polarization direction of the filtering
antenna.

Other parameters to verify that the designs have +45◦ and
−45◦ polarization can be obtained from the simulation results
at the far-field using CSTwhereas the requirements in (1) and
(2) are accomplished. The SIFA I phase difference between
θ and 8 ( 6 Eθ and 6 E8) is varied along with the bandwidth
of 4.5–4.8 GHz with a value of −10◦ to −25◦ or approxi-
mately 0◦ (desired value). The magnitude ratio (|Eθ |/|E8|)
value is between 1.7 and 1.02 or near 1 (desired value); these
values confirm that SIFA I has 45◦ polarization, as shown
in Fig. 17. Meanwhile, Fig. 18 shows that SIFA II has −45◦

FIGURE 16. Current surface of the filtering antenna: (a) SIFA I and
(b) SIFA II.

FIGURE 17. Simulation result of the phase difference dashes (blue) and
magnitude ratio (solid black) of SIFA I from far-field parameter in CST.

FIGURE 18. Simulation result of the phase difference (dashes blue) and
magnitude ratio (solid black) of SIFA II from far-field parameter in CST.

polarization from the phase difference value which is varied
between 169◦ to 154◦ or near 180◦ (desired value), and the
magnitude ratio ranges from 1.6 to 1.02 or close to 1 (desired
value).

B. CONTROLLABLE BANDWIDTH AND GAIN SHAPING
The proposed design also includes an antenna with a control-
lable bandwidth, as shown in Fig. 19. The distance between
the two resonators, d , affects the bandwidth of the antenna
because the closer it is, the higher is the coupling effect
that occurs, resulting in a higher value of S11 and wider
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FIGURE 19. Reflection coefficient (S11) and bandwidth of SIFA I and
SIFA II under the variation of the gap, d, between the resonators.

FIGURE 20. Gain shape of SIFA I and SIFA II under the variation of the
gap, CB, between the radiator and the second resonator.

FIGURE 21. Gain shape of SIFA I and SIFA II under varied gap between
the feed coupled and the first resonator, LC.

in the bandwidth. However, this d variation does not affect
SIFA’s center frequency and polarization. SIFA has a band-
width range of 5.9%–8.4% with S11 of −10 dB and a center
frequency of 4.65 GHz, and the distance between the two
resonators ranges from 4.18 to 5.5 mm. The independent gain
shaping of this design is evident from the parametric study.
The distance effect between the second resonator and the
radiator, CB, is depicted in Fig. 20, which shows that the
gap increase will sharpen the gain at the upper frequency,
but the gain at the center and lower frequency is not affected.
Meanwhile, Fig. 21 shows the impact of the gap between the
feed coupled and the first resonator, LC, where the increase
in LC will sharpen the gain at the lower frequency without

FIGURE 22. Efficiency of SIFA I and SIFA II.

FIGURE 23. Fabrication of (a) radiator on the first layer (b) SIFA I on
the second layer, and (c) SIFA II on the second layer.

affecting the gain at the center and upper frequency. It is also
observed that this independent gain shaping applies to both
SIFA I and SIFA II without affecting the polarization. In the
simulation, the radiation efficiency of the SIFA was around
0.7–0.8 in the passband, and total efficiency was near 0.8 as
shown in Fig. 22. This imperfect value can be attributed to
the losses caused by the filtering structure.

C. MEASUREMENT
The simulation results of both designs are validated by fab-
rication and measurement. The fabrication results for SIFA I
and SIFA II are shown in Fig. 23. The measurement results
in Fig. 24 reveal that the −10 dB impedance bandwidth, S11,
of SIFA I is 4.520–4.811 GHz or shifts 20 MHz to the higher
frequency compared with the simulation results. Moreover,
SIFA II has a bandwidth of 4.519–4.816 GHz shifted 19MHz
to the higher frequency. For both, this constitutes a bandwidth
shift of 0.4% relative to the center frequency, which can be
attributed to the tolerance of fabrication and the substrate’s
dielectric constant.
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FIGURE 24. Simulation and measurement results of SIFA I and SIFA II
with S11 (black curve) and gain (blue curve).

FIGURE 25. 25. (a) Measurement setup to verify the polarization of SIFA I
and SIFA II and (b) normalized receiving performance (S12) measured for
SIFA I (black line) and SIFA II (red line) with different polarizations at
4.65 GHz.

To verify that SIFA I and SIFA II have a 45◦ and −45◦

polarization, the power received performance, S12, is mea-
sured in an anechoic chamber with a horn antenna operating
as a transmitter and the filtering antennas functioning as the
receiver. The antennas are separated using a gap of 2 m; the
measurement setup is shown in Fig. 25 (a). The receiving
antennas are set for a range of polarizations, specifically,
0◦ – 90◦ for SIFA I in an anticlockwise direction and 0 to
−90◦ for SIFA II in a clockwise direction in increments
of 5◦. Fig. 25 (b) shows that the power received increases
from 0◦ to 45◦ and decreases from 45◦ to 90◦ in SIFA I,

FIGURE 26. Simulation and measurement results of SIFA I radiation
pattern at 4.65 GHz.

FIGURE 27. Simulation and measurement results of SIFA II radiation
pattern at 4.65 GHz.

whereas in SIFA II, the S12 value increases from 0 to −45◦

but subsequently decreases from −45◦ to −90◦. The S12
measurement proves that SIFA I and SIFA II have 45◦ and
−45◦ polarization, respectively. Gain measurements are then
conducted with the horn antenna polarization set to 45◦ for
SIFA I and −45◦ for SIFA II. Fig. 24 shows the simulation
and measurement results for the gain parameter, from which
it is apparent that for SIFA I and SIFA II, the maximum
gain is 6.82 and 6.69 dBi at 4.7 GHz, respectively. These
values are 0.1 and 0.2 dB higher than the simulation results.
Furthermore, the measurement results show a flat gain along
4.5–4.8 GHz, which decreases sharply out of the bandwidth.

The radiation patterns of SIFA I and SIFA II at 4.65 GHz
are shown in Fig. 26 and Fig. 27, respectively; it is evident
that the simulation results for both antennas have an identical
radiation pattern. The measurement results of co-polarization
(Phi = +45◦ and −45◦ slant polarization for SIFA I and
SIFA II, respectively) and the measurement results for cross
polarization (Phi = −45◦ and +45◦ slant polarization for
SIFA I and SIFA II, respectively) are in accordance with
the simulation results, which shows a unidirectional radiation
pattern in the E-plane and H-plane at 4.65 GHz. The mea-
surement results in the E-plane and H-plane revealed a cross
polarization of less than−20 dB at the 2◦ and 10◦ main lobe,
respectively. The horizontal and vertical HPBWs of SIFA I
and SIFA II are around 80◦ and 74◦, respectively.

Table 1 compares the result of the present study and
previous works. The present study proposes a new method
for slant polarization that uses two strip resonators with via
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TABLE 1. Comparison of the proposed antenna with other dual polarized
antennas.

holes. It also provides a filtering response and controllable
bandwidth. Although the proposed result does not have a high
gain compare with the first five works, it is because those
works use a reflector, three layers and an air gap which results
in unwieldy designs.

VI. CONCLUSION
In this paper, two SIFAs were proposed and their perfor-
mances were verified using simulations and measurements.
The design implemented two resonators in the transmission
lines, producing two inverted parallel resonators that fed
the rectangular radiator, which was also parallel to the two
resonators. The filter synthesis is based on a third-order filter
with a fractional bandwidth of 6.45% and ripple of 0.2 dB.
Both antennas operate at 4.65 GHz, have a fractional band-
width of 6.45%, and a reflection coefficient of −10 dB;
moreover, they achieve 45◦ (SIFA I) and −45◦ (SIFA II)
slant polarization and a controllable bandwidth from 5.9%
to 8.4%. The orthogonal polarization direction is switched
by the location of the via hole. The antennas show a flat
gain within the operational bandwidth with a maximum gain
of 6.82 (SIFA I) and 6.69 dBi (SIFA II) at 4.7 GHz and
the upper and lower frequency’s gain sharpness can be indi-
vidually controlled without affecting the gain at the center
frequency. The symmetric inverted structure of both antennas
generates an identical S11, gain, and radiation patterns but
with orthogonal polarization. These antennas can be applied
for 5G at the middle band.
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