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ABSTRACT: This paper presents a novel and compact single-layer patch filtering antenna with excellent out-of-band rejection performance.
The antenna adopts a simple structure consisting of a single-layer substrate, a slot-loaded radiating patch, and a ground plane, and is fed by
a coaxial probe. The rectangular radiating patch and ground plane are loaded with I'-, anti-I"-, and U-shaped slots to form the final design.
The introduction of these slots successfully generates two resonance points, which extend the operating bandwidth. It also produces two
out-of-band radiation nulls that enhance the out-of-band rejection performance. To validate the proposed design, antenna prototypes were
fabricated and measured. The simulation and measurement results are consistent. The antenna exhibits stable realized gain and excellent
bandpass response. It achieves a peak realized gain of 8.82 dBi, an impedance bandwidth of 12.8%, and out-of-band rejection greater
than 21.26 dB. These characteristics make the proposed patch antenna highly suitable for various wireless communication applications.

1. INTRODUCTION

ith the rapid development of wireless communication
technology, the demand is increasing for miniaturized de-
signs and improved interference immunity in radio frequency
(RF) equipment. In a typical RF front-end, the antenna and
the band-pass filter (BPF) are usually designed as two separate
components, which are typically connected via a 50-ohm con-
nector. The antenna serves to transmit and receive electromag-
netic signals, while the BPF functions to transmit desired sig-
nals and suppress unwanted signals in other frequency bands.
Traditionally, antennas are cascaded with additional filtering
elements to achieve bandpass filtering. Traditionally, antennas
are cascaded with additional filtering elements to achieve band-
pass filtering. However, directly connecting these two compo-
nents not only results in higher insertion loss but also adds to
the device’s size and complexity. This degrades performance
and increases the overall system footprint. As discussed in [1—
3], the conventional approach of stand-alone design leads to
complex circuitry, significant signal distortion, and increased
losses. For these reasons, filtering antennas, which combine
the filtering function of a filter with the radiation characteris-
tics of an antenna, have emerged as an effective solution. This
approach reduces the size of the RF device and enables addi-
tional functionality integration without compromising antenna
performance. Among various types of filtering antennas, mi-
crostrip patch filtering antennas have been widely studied and
applied due to their low profile, cost-effectiveness, ease of fab-
rication, and ease of integration.
Currently, filtering antenna design methods are generally cat-
egorized into three primary techniques. The first technique in-
volves cascading antennas and filters via transmission lines [4—
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7]. This design approach employs connectors or impedance
matching networks to link individually designed filters and an-
tennas, forming a complete filtering antenna. In [4], a novel
design is introduced that utilizes a single cavity to integrate
both the filter and antenna. This enables simultaneous filter-
ing and radiation across three distinct frequency bands. How-
ever, the cascade design approach leads to a complex configu-
ration and high fabrication costs. The second technique utilizes
the final resonator of a multi-resonator coupled bandpass fil-
ter as the radiating element [8—10]. This approach overcomes
many limitations of the cascade method. In [8], which avoids
cascading, a corner-truncated patch is used as both the radi-
ating element and the final resonator in the filtering network.
This configuration introduces an additional radiation null and
contributes to system miniaturization. However, its frequency
selectivity remains limited. The third technique adopts a co-
design approach to generate radiation nulls near the operat-
ing band. This is accomplished by introducing slots [11-14],
adding parasitic patches [15-17], incorporating shorted vias
[18-19], employing defected ground structures (DGS) [20—
22], utilizing half-mode substrate-integrated waveguides (HM-
SIWs) [23-25], and stacking patches [26—29] to realize a de-
sired filtering response. In most wideband filtering patch an-
tenna designs, a combination of these techniques is commonly
employed to attain both wide bandwidth and high out-of-band
rejection.

In [13], a patch antenna with two pairs of rectangular slots is
proposed to introduce two radiation nulls, which improves fil-
tering performance but results in a relatively narrow impedance
bandwidth. In [24], a low-profile filtering antenna with good
sideband rejection is proposed. It incorporates five short-
circuiting pins and a multifunctional single slot within a half-
mode substrate-integrated waveguide (SIW), achieving a height
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TABLE 1. Dimensions of filtering antenna: (mm).

Parameter | L | W | h | lfeed I lo l3
Value 50 | 50 | 25 8.5 284 | 13.75 | 10.7

Parameter | I4 ls ls w1 w2 w3 Wa
Value 2 28 | 6.2 | 264 | 225 | 1.65 9

Parameter | ws | ws g1 g2 g3 g4 gs
Value 09 | 2.8 | 3.8 | 0.65 | 0.65 0.6 0.2

of only 0.0087 ). Although it exhibits favorable filtering char-
acteristics, the impedance bandwidth is limited to 2.5%, which
limits its suitability for broadband applications. In [27], a
stacked circularly polarized filtering patch antenna with con-
trollable radiation nulls is presented. It achieves filtering by in-
corporating slots on both upper and lower patch surfaces. How-
ever, the stacked design results in increased profile and greater
structural complexity. Therefore, achieving an optimal balance
between radiation and filtering performance is a major chal-
lenge. This is especially true when aiming for a simple and
compact configuration in the design of filtering antennas.

Compared with conventional design approaches, fusion de-
sign method eliminates the requirement for an independent fil-
tering module. This approach significantly reduces insertion
loss along the signal transmission path and minimizes the over-
all system size. Atthe same time, it maintains excellent filtering
characteristics while preserving the antenna’s radiation perfor-
mance. In addition, wireless communication systems require
higher spectral efficiency and enhanced interference suppres-
sion at higher frequency bands, particularly in the deployment
of fifth-generation (5G) and next-generation sixth-generation
(6G) networks. integration.

In this paper, a compact single-layer patch filtering antenna
fed by a coaxial probe is presented. It features a novel and
simple structure, small size, high gain, and excellent out-of-
band rejection. By etching a pair of I'-shaped slots and mul-
tiple U-shaped slots on the radiating patch and ground plane,
the antenna generates two distinct resonance points within the
passband. Additionally, it produces two radiation nulls on ei-
ther side of the passband in the gain response. These features
enhance the bandpass characteristics and improve out-of-band
suppression. The U-shaped slot etched on the ground plane en-
hances the frequency selectivity of the low-frequency radiation
nulls, thereby improving the overall antenna performance. A
prototype antenna was fabricated and measured to validate the
proposed antenna’s radiation and filtering characteristics. The
compact antenna measures 50 mm x 50 mm x 2.5 mm and ex-
hibits smooth gain across a wide bandwidth of 7.15-8.13 GHz
(12.8%). It achieves a peak realized gain of 8.82 dBi and an
out-of-band rejection exceeding 21.26 dB. These characteris-
tics demonstrate the antenna’s superior radiation and filtering
capabilities.

In complex wireless communication scenarios, the proposed
antenna is well suited for the use in satellite systems, radar ap-
plications, and 5G millimeter-wave networks. In satellite com-
munications, particularly within the Ku band, it supports high-
capacity data transmission. In 5G millimeter-wave communi-
cations, it facilitates high-speed data delivery, enhancing net-
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work throughput and reducing latency. With its excellent fil-
tering characteristics and high gain performance, the proposed
antenna is suitable for applications that demand high integration
and strong interference suppression. It holds great potential for
next-generation RF front-end systems to support high-speed,
high-capacity, and low-latency communication requirements.

2. FILTERING PATCH ANTENNA DESIGN

2.1. Antenna Configuration

Figure 1 illustrates the overall structure of the proposed filter-
ing patch antenna, with key design dimensions indicated. The
antenna is printed on a single dielectric substrate and includes
a square patch loaded with slots, an SubMiniature version A
(SMA) probe, and a ground plane etched with a U-shaped slot.
The square patch at the center of the substrate serves as the sole
radiating element, on which two pairs of identical slots and an
inverted U-shaped slot are symmetrically arranged along the y-
axis. In addition, the feed probe is positioned along the y-axis of
symmetry and is slightly shifted along the positive y-direction.
The dielectric substrate used in this design is FR-4, which has
a relative permittivity (¢,-) of 4.4 and a loss tangent (tan §) of
0.02. Table 1 lists the detailed geometric parameters of the op-
timized antenna.

2.2. Antenna Design Process

To clearly illustrate the design process and filtering mechanism
of the proposed filtering antenna, three reference antennas are
designed and labeled in Figure 2. They include a conventional
square patch antenna (Ant. 1), a square patch antenna with a
pair of straight slots (Ant. 2), and a square patch antenna with
a U-shaped slot (Ant. 3). The initial structure, Ant. 1, features
a simple square patch as its radiating element. However, this
conventional design suffers from limited bandwidth and low
out-of-band selectivity. To overcome these limitations and en-
hance both radiation and filtering capabilities, Ant. 2 is devel-
oped by etching a pair of straight slots along the y-axis into the
patch of Ant. 1. Proper impedance matching is achieved by
adjusting the feed position. Ant. 3 is derived from Ant. 2, in
which the straight slots are replaced by I'-shaped slots. Addi-
tionally, three U-shaped slots are introduced on the outer region
of I'-shaped slots, and their positions are optimized to improve
performance. The final proposed filtering antenna (Ant. 4) is
derived from Ant. 3. An additional U-shaped slot is etched into
the ground plane to further enhance its filtering characteristics.

Figure 3 presents the simulated reflection coefficients (S-
parameters) and the realized gain of the reference antennas as
well as the proposed filtering antenna. As shown in Figure 3(a),
Ant. 1 generates a single resonance at 7.4 GHz and exhibits ac-
ceptable radiation performance. However, as shown in Fig-
ure 3(b), Ant. 1 exhibits poor out-of-band rejection and lacks
distinct filtering characteristics.

For Ant. 2, a distinct resonance point at 7.5 GHz is achieved
by introducing a pair of straight slots into the radiating patch.
This modification improves impedance matching and extends
the operating bandwidth. Figure 3(b) shows that two radiation
nulls appear on either side of the passband in the gain response
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FIGURE 1. Geometry of the proposed filtering patch antenna. (a) Perspective view. (b) Top, right and bottom views.
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FIGURE 2. Evolution process of the proposed filtering antenna.

of Ant. 2. These nulls play a crucial role in enhancing the an-
tenna’s filtering performance. Compared with Ant. 1, Ant. 2
further extends the operating bandwidth (7.27-7.69 GHz) and
demonstrates improved filtering performance. The gain out-
side the passband drops sharply from 8 dBi to below —5 dBi,
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indicating strong out-of-band suppression. However, the fre-
quency selectivity at the band edges remains insufficient, and
the gain response within the passband is uneven. Therefore,
further enhancement of bandwidth and frequency selectivity is
still necessary to improve overall antenna performance.
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FIGURE 3. The S11 and realized gains of reference antennas and the proposed antenna (a) S11. (b) Realized gains.

Ant. 3 is derived from Ant. 2 by replacing the straight slots
with I'-shaped slots. In addition, three U-shaped slots are strate-
gically positioned around I"-shaped slots to effectively enhance
both radiation and filtering performance. Figure 3(a) shows
that Ant. 3 generates an additional resonance at 7.85 GHz. It
extends the antenna’s operating bandwidth to approximately
5.6%, covering the range of 7.37-8.07 GHz. As shown in Fig-
ure 3(b), the frequency selectivity in the upper band is signif-
icantly improved, and the gain response within the passband
becomes flatter. However, poor impedance matching at the
lower-frequency resonance and the absence of radiation nulls
in the lower stopband led to degraded frequency selectivity.

Finally, the proposed filtering antenna (Ant. 4) achieves
two resonance points and two radiation nulls within the pass-
band by etching a U-shaped slot in the ground plane of Ant.
3. According to the —10dB return loss standard, Ant. 4 ex-
hibits an impedance bandwidth of approximately 12.3% (7.17—
8.11 GHz), as shown in Figure 3. It also achieves a peak real-
ized gain around 8.65 dBi and maintains a stable gain response
across the entire passband. As shown in Figure 3(a), the intro-
duction of the U-shaped slot significantly improves impedance
matching at the lower-frequency resonance. This modifica-
tion enables the antenna to generate two distinct resonances
at 7.39 GHz and 7.96 GHz, expanding the bandwidth to 7.17—
8.11 GHz. As shown in Figure 3(b), a radiation null appears at
6.55 GHz in the lower stopband, resulting in an out-of-band re-
jection level exceeding 20 dB. This radiation null significantly
enhances frequency selectivity in the lower stopband, demon-
strating excellent filtering performance. Additionally, another
radiation null appears at 8.57 GHz in the upper stopband, yield-
ing an out-of-band rejection level exceeding 25 dB. Therefore,
the proposed antenna provides a wide passband and strong out-
of-band suppression characteristics.

2.3. Working Mechanism

To analyze the filtering performance of the proposed antenna,
it is essential to clarify the mechanism responsible for gener-
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ating radiation nulls. Figure 4 shows the surface current dis-
tribution of the proposed antenna at both the lower- and upper-
frequency radiation nulls. The current distribution at the lower-
frequency radiation null, f,1, is shown in Figure 4(a). The
currents are primarily concentrated in the inverted U-shaped
slot of the radiating patch, two U-shaped slots, and U-shaped
slot etched on the ground plane. These currents exhibit equal
magnitudes but flow in opposite directions across the respective
slots, forming a symmetrical distribution with respect to the y-
axis. Similarly, the currents on either side of the U-shaped slot
in the ground plane also flow in opposite directions with equal
strength. As aresult of the combined interaction between the ra-
diating patch and ground plane, their opposing directions cause
destructive interference, suppressing radiation. Consequently,
a lower-frequency radiation null, f;,1, is formed at 6.55 GHz.

Figure 4(b) shows the surface current distribution at the high-
frequency radiation null point, f,5. The currents are primar-
ily concentrated in the inverted U-shaped slot and the pair of
I"-shaped slots on the radiating patch. These currents exhibit
equal amplitudes, flow in opposite directions, and are symmet-
rically distributed with respect to the y-axis on either side of
the inverted U-shaped and I'-shaped slots. As a result, the ra-
diated fields cancel each other out, leading to the formation of
the high-frequency radiation null, f,,o, at 8.57 GHz. Clearly,
fno is generated through the combined effects of the inverted
U-shaped and I'-shaped slots.

Figures 4(c) and (d) illustrate the surface current distribu-
tions of the proposed antenna at the two resonant frequen-
cies, f,1 = 7.39GHz and f,» = 7.96 GHz, respectively. At
7.39 GHz, the current is primarily concentrated on the radiating
patch and around the I'-shaped slots, indicating a perturbed fun-
damental mode. In contrast, at 7.96 GHz, strong current con-
centrations are observed around the inverted U-shaped slot and
the I'-shaped slots, forming additional current loops. These re-
sults confirm that the two resonant frequencies correspond to
distinct radiating modes excited by the slot-loaded structure,
which together broaden the impedance bandwidth and enhance
the radiation performance.
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FIGURE 4. Surface current distributions of the proposed antenna at key frequencies: (a) fn1 = 6.55 GHz, (b) frn2 = 8.57 GHz, (¢) f.1 = 7.39 GHz,

and (d) f.» = 7.96 GHz.
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FIGURE 5. The S and realized gains at different lengths of /5.

2.4. Controllability of Radiation Nulls

To further investigate the radiation null of the antenna, specific
structural parameters are analyzed, as illustrated in Figures 5
and 6. The results indicate that the radiation null of the pro-
posed filtering patch antenna can be effectively tuned by ad-
justing the key dimensions of the U-shaped slot. Figures 5 and
6 show the effects of varying these parameters on the reflection
coefficient and realized gain, confirming that the position of the
radiation null can be adjusted through structural optimization.
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Figure 5 presents the simulated reflection coefficients and re-
alized gains for different values of the U-shaped slot length (I,)
in the ground plane. As [ increases from 5.6 mm to 6.2 mm,
the lower-frequency radiation null (f,,1) shifts toward lower
frequencies, resulting in enhanced out-of-band rejection per-
formance. In contrast, the high-frequency radiation null f,,o
remains largely unaffected. Moreover, Figure 5(a) indicates
that variations in s have negligible effects on the resonance
frequencies. Therefore, it can be concluded that the lower-
frequency radiation null is primarily governed by the length of
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FIGURE 7. Photographs of (a) the fabricated proposed filtering patch antenna and (b) the measurement environment.

ls, and its position can be effectively tuned by adjusting this
parameter. A value of [ = 6.2 mm is identified as the optimal
design.

Similarly, Figure 6 illustrates the effects of varying the length
(wy) of the inverted U-shaped slot in the patch on the simu-
lated reflection coefficients and realized gains. As shown in
Figure 6(b), increasing w4 from 9.0 mm to 10.6 mm causes the
high-frequency radiation null (f,2) to shift toward lower fre-
quencies, while the lower-frequency radiation null (f,1) re-
mains nearly unchanged. Meanwhile, Figure 6(a) reveals that
the high-frequency resonance point gradually shifts to lower
frequencies as wy increases, whereas the lower-frequency res-
onance remains stable. The effect of the inverted U-shaped slot
dimensions on the high-frequency resonance point can be cal-
culated using the following equation:

fc2 (1)

C
- 2’(1}4 X \/Ep

where ¢ denotes the velocity of the electromagnetic wave, and
fe2 represents the resonant frequency of 7.96 GHz. Further-
more, as the slot length increases, the antenna’s operational
bandwidth narrows, and its impedance matching performance
deteriorates. Therefore, it can be concluded that varying wy sig-
nificantly influences the high-frequency radiation null and the
impedance bandwidth of the antenna. A value of wy = 9.0 mm
is identified as the optimal design.
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3. MEASUREMENT AND COMPARISON

3.1. Antenna Model Measurement

The proposed patch filtering antenna was designed and simu-
lated using High Frequency Structure Simulator (HFSS) elec-
tromagnetic simulation software. To further validate the design,
a prototype of the proposed antenna was fabricated and exper-
imentally tested. The fabricated antenna prototype is shown in
Figure 7(a). Meanwhile, the S-parameters and radiation char-
acteristics of the fabricated antenna were measured using a vec-
tor network analyzer and a microwave anechoic chamber, as
illustrated in Figure 7(b).

Figure 8 presents both the simulated and measured .S-
parameters, realized gains, and radiation efficiency of the
fabricated filtering antenna. As shown in Figure 8(a), the
simulated and measured —10dB impedance bandwidths are
12.3% (7.17-8.11 GHz) and 12.8% (7.15-8.13 GHz), respec-
tively, with two distinct resonance points within the passband.
The realized gain remains stable throughout the operating
band. The simulated and measured peak realized gains are
8.65dBi and 8.82dBi, respectively. And the gain drops
sharply below —20 dBi outside the passband, demonstrating
the antenna’s excellent filtering performance. Furthermore,
two radiation nulls are observed at 6.55 GHz (6.53 GHz) and
8.57GHz (8.52GHz). The out-of-band rejection levels at
the lower and upper frequencies are 20.65dB (21.26 dB) and
27.27 dB (26.42 dB), respectively, further confirming superior
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filtering performance of the antenna. Moreover, the simulated
radiation efficiency exceeds 70% across the entire operating
band, whereas it remains relatively low outside the passband.
Figure 9 shows the simulated and measured FE-plane and
H -plane radiation patterns at the two resonance frequencies of
7.39 GHz and 7.96 GHz. The antenna exhibits stable broadside
radiation characteristics across the operating bandwidth. More-
over, good agreement is observed between the simulated and
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measured patterns, with consistently low cross-polarization
levels. The co-polarization components dominate in the main
radiation direction, while the cross-polarization suppression
exceeds 20dB, indicating good polarization purity. The
measured front-to-back ratios are approximately 15.2dB at
7.39 GHz and 17.1 dB at 7.96 GHz, confirming the antenna’s
radiation performance. Minor discrepancies between the
simulated and measured results can be attributed primarily to
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TABLE 2. Performance comparison of the filtering antennas.

Extra

Ref element Size Bandwidth Gai.n Number Suppression Fu/Fo
exclude (Ao X o) (%) (dBi) of nulls level (dB)

slots
[8] Yes 0.65 x 0.65 6.15 1.24 1 19.0 0.75/0.76
[12] No 0.46 x 0.46 9.14 7.6 2 12.6 0.44/0.43
[17] Yes 0.99 x 0.99 4.1 83 2 18.3 0.81/0.64
[21] Yes 0.68 x 0.51 7.8 3.8 4 15.1 0.04/0.20
[24] Yes 1.08 x 1.01 2.5 6.79 4 27.0 0.38/0.54
[29] Yes 0.56 x 0.56 17.0 7.6 3 20.6 0.37/0.06
[26] Yes 1.17 x 1.17 18.8 9.5 2 7.5 0.1/0.08
This letter No 0.72 x 0.67 12.8 8.82 2 21.26 0.45/0.18

fabrication tolerances and slight variations in the measurement
environment.

To further highlight the advantages of the proposed filtering
patch antenna, Table 2 provides a performance comparison with
other reported filtering antennas. In free space, A denotes the
wavelength corresponding to the center frequency f. The table
also includes a comparison of frequency selectivity. The fre-
quency selectivity at the lower and upper edges of the passband
is calculated using the following equation.

Fy = Jior — fis

_ F _ fisu — fiov
fiou — fior

~ fiov — fror

2

where f1or, and f1oy denote the lower and upper passband edge
frequencies at which S1; = —10dB, while f157 and fi5¢ rep-
resent the lower and upper frequencies where the realized gain
drops by 15dB from that at the center frequency f. Smaller
values of F, or Fiy indicate better frequency selectivity.

As shown in Table 2, the proposed filtering antenna ex-
hibits significant advantages over previously reported designs
in terms of structural simplicity, bandwidth, gain, and fre-
quency selectivity. Compared with the antenna in [12], which
solely employs slot structures, the proposed design achieves a
wider bandwidth, higher gain, and enhanced out-of-band re-
jection. Although the antennas reported in [29] and [26] ex-
hibit satisfactory radiation and filtering characteristics, they
rely on multilayer architectures incorporating air layers and
shorting vias, which increase fabrication complexity and pro-
duction cost. In contrast, the proposed antenna is fabricated on
a single-layer FR-4 substrate with printed metal patches. This
design eliminates the need for additional components and meets
the requirements for miniaturization and seamless integration
into front-end systems. Compared with the filtering antennas
in [8,21,24], the proposed design maintains a compact form
factor while offering higher gain and broader bandwidth. Fur-
thermore, it exhibits superior out-of-band rejection compared to
the designs in [12,21, 26], and better frequency selectivity than
the antennas in [8, 17]. Although its bandwidth is not the most
extensive among the designs listed, the overall performance re-
mains comparable to or even superior to that of the existing
counterparts. In summary, the proposed filtering antenna fea-
tures wide bandwidth, high gain, strong out-of-band suppres-
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sion, and excellent frequency selectivity. These features are
achieved within a simple and compact structure, making the
antenna suitable for front-end applications.

4. CONCLUSION

In this paper, a compact slot-loaded patch filtering antenna
featuring high gain and excellent out-of-band rejection is pro-
posed, fabricated, and experimentally validated. The antenna
incorporates I'-shaped, anti-I"-shaped, and multiple U-shaped
slots on the radiating patch and ground plane. They facili-
tate the generation of two resonance modes within the oper-
ating bandwidth. Simultaneously, two radiation nulls are in-
troduced on either side of the passband, enhancing out-of-band
suppression and frequency selectivity. The proposed design ex-
hibits optimized in-band radiation characteristics along with su-
perior out-of-band rejection performance. A prototype is fab-
ricated and measured on a single-layer substrate without ad-
ditional filtering structures, and demonstrates excellent perfor-
mance. The proposed antenna achieves a peak gain of 8.82 dBi
across a 12.8% bandwidth. The out-of-band rejection levels
reach 21.26 dB and 26.42 dB in the lower and upper stopbands,
respectively. These superior radiation and filtering characteris-
tics make the proposed antenna a promising candidate for var-
ious applications, including wireless communication, satellite,
and radar systems.
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