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Design of a Gompact Sub-6 GHz Widehand Filtering Patch
Antenna without Extra Structure
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ABSTRACT: This paper presents a new compact filtering patch antenna (FPA) design that achieves a wideband impedance bandwidth
(IBW) without extra structure. It addresses the limitations of traditional FPAs, which often rely on extra elements to enhance bandwidth
and filtering performance. The proposed FPA consists of a radiating patch with an inscribed circular slot, excited by a feedline integrated
with a quarter-wavelength matching stripline, all located on the top side of an FR4 substrate. A partial ground plane with a T-shaped
symmetrical branch strip is printed on the bottom side of the substrate. The combination of T-shaped strips and the matching stripline
creates the first radiation-null f,; near the lower edge of the passband antenna’s gain response. Furthermore, the introduction of a circular
slot into the radiating patch creates a second radiation-null f,,2 in the upper edge of the passband region. This not only enhances the
IBW but also contributes to the antenna’s efficient filtering characteristics. Simulation tools CST Microwave Studio (MWS) and High-
Frequency Structure Simulator (HFSS) are used to evaluate key performance parameters, including reflection coefficient (s11), realized
gain, and radiation patterns. A fabricated prototype validates these simulations, demonstrating a —10 dB fractional IBW of 47.36%
(2.94.7 GHz). Based on CST and HFSS simulation results, the design exhibits high selectivity with suppression levels of over 22 dB
and 23.7 dB at the lower and upper stopband edges, respectively, while maintaining a flat gain across the passband. The antenna also
provides omnidirectional radiation patterns and has a compact size of 29 x 35 x 0.8 mm?®, making it more promising for 5G sub-6 GHz
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applications.

1. INTRODUCTION

dvancement in antenna technology, especially in wideband
filtering antennas, can be attributed to the fact that indi-
viduals need better ways of communication using less space.
With wireless communication technology advancing every day,
there is a greater need for wideband filtering antennas nowa-
days. This is because as most of the wireless communication
frequencies head towards higher sides with some specific bands
such as sub 6 GHz, it is required that antennas are able to op-
erate on different bands effectively and still provide good per-
formance [1]. Wideband antennas have been created to cover
broad frequency spectrums, hence being very appropriate for
the fifth generation (5G) systems and internet of things (IoT)
equipment. Many times, the design of wideband antennas falls
short because they defy the essence of the concept. Nonethe-
less, portable devices require compact, low-profile antennas
due to space constraints. For frequencies below 6 GHz, pro-
file filtering antennas are particularly suitable, as they provide
effective filtering without the need for additional physical struc-
tures [2]. As modern users increasingly prefer smaller devices,
maintaining high performance remains essential. Notably, fil-
tering antenna is efficiently designed to achieve a compact size,
enhance boresight gain, and improve frequency response [3].
Soitis vital to note the proposed filtering antenna design that
does not require extra components [4]. The creation of radia-
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tion nulls in the gain response using some innovation design
methodologies has led to the introduction of these approaches,
such as parasitic patch implementation [5], integration of short
circuit probe [6], metasurface design [7], circular/rectangular
patch [8], and slot loaded patch [9] among others. These tech-
niques improve the antenna’s filtering capability. The integra-
tion of antenna and filters has gained popularity in antenna de-
sign research. This is because it is possible to reduce the sizes,
losses, and costs of radio frequency (RF) front ends while en-
hancing overall system performance through the combination
of a filter’s characteristic and an antenna radiation property si-
multaneously [10-20]. If the radiation nulls’ frequency can be
manipulated through changing certain properties of the adjacent
design, one is able to have control of the passband around par-
ticular frequency requirements and make it variable too. In or-
der to achieve wider bandwidth, it is usual to incorporate some
strategies like having air layer or multilayer structures, but they
lead to higher antenna profiles [21].

In the fulfillment of LTE and 5G spectrum needs, data rates
will increase; more information will be accommodated; and
there will be many uses possible in all areas such as con-
sumer, industry, as well as safety communication at between
2.8GHz and 4.9GHz. It will be important to provide fu-
ture wireless networks with advanced features to take advan-
tage of this frequency band as 5G deployments progress. The
use of LTE (Long Term Evolution) and WiMAX applications
within the 5G frequency spectrum especially from 2.8 GHz to
4.9 GHz have many applications which have been enabled by
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FIGURE 1. Configuration of the proposed filtering antenna. (a) 3D view. (b) Top view. (c) Bottom view.

these frequencies. Some of these applications are Enhanced
Mobile Broadband (eMBB), Ultra-Reliable Low Latency com-
munication (URLLC), Massive Machine Type Communication
(mMTC), and Fixed Wireless Access (FWA). The aforemen-
tioned 5G and LTE bands can be summarized as [22]

* 2.8 GHz—4.2 GHz: This range is closely related to the ex-
tended LTE bands such as n77/n78 (5G), and it is often
used for offering services in mobile broadband communi-
cation system also WiMAX at 3.5 GHz.

* 44GHz to 4.9 GHz: LTE (n79) and 5G can benefit from
these frequencies as they provide increased capacity, lower
latency, and support more users/devices.

Recently, new types of adopted techniques have been em-
ployed in filtering antenna designs to satisfy the aforemen-
tioned 5G and LTE bands. For instance, [23] introduced a
miniaturized wideband filtering metasurface antenna with a
3 x 3 metasurface and driven patch. Symmetrically arranged
shorting vias and an open stub generate radiation nulls in the
lower and upper stopbands. Another filtering method is pro-
posed in [24], which is characterized by a wideband end-fire
filtering antenna with driven elements, parasitic strips, a U-
shaped ground, and directors to improve both bandwidth and ra-
diation performance. Additionally, a compact, low-profile fil-
tering antenna with mirror-symmetric shorted patches and dif-
ferential feeding achieves reduced cross-polarization, enhanced
bandwidth, and improved gain, as presented in [25]. Multiple
slots are incorporated to simultaneously improve IBW and se-
lectivity. The concept of using two differently sized U-slots to
generate two independently adjustable radiation nulls by inte-
grating the filtering function with a patch antenna was proposed
in [26]. This design results in a sharp band skirt and enhanced
selectivity in the boresight gain response.

Furthermore, a novel design proposed in [27] functions as
a third-order filter with two constrained radiation nulls out-
side the passband. It is based on investigating a coaxial-feed
filtering patch antenna with parasitic stubs and a transverse
path, achieving enhanced filtering performance. In addition,
a wideband filtering dipole with tunable radiation nulls is pro-
posed in [28]. It comprises a planar dipole and a microstrip—
slotline cross-junction feeding network. By incorporating an
open-circuit fed-transmission-line into the extended microstrip
feed line, the antenna achieves two radiation nulls in the lower
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and upper stopbands. An innovative fusion-based method was
introduced in [29] for designing a compact, low-profile wide-
band filtering antenna. Two radiation nulls are simultaneously
introduced to both sides of the passband in the antenna’s gain
by adding inverted Y-shaped symmetrical branches to a tradi-
tional semicircle-shaped wide-slot antenna. Additionally, an-
other fusion design of a filtering patch antenna in [30] consists
of aradiating patch, ground plane, two pairs of etched slots, and
shorted vias. It features a boresight filtering response with gain
nulls in the transition bands. Although these designs exhibit
good filtering performance, they are based on multilayer con-
figurations, with or without air layers, resulting in tall profiles.

In summary, designing a new filtering antenna with effec-
tive harmonic suppression and high performance — character-
ized by features such as a low profile, enhanced bandwidth,
and compact size — remains a challenging task that requires
further research and attention. So, this paper presents a new
design method of a compact filtering patch antenna (FPA) with
a high frequency selectively and enhanced bandwidth without
extra filter structure. Two radiation nulls were embedded in the
gain response through three techniques: (1) a T-shaped strip
branch, (2) a quarter-wave impedance-matching stripline, and
(3) a circular slot, aimed at enhancing the filter characteristics.
We conducted a detailed investigation into the creation of these
nulls and their role in improving overall filtering effectiveness.
The antenna prototype is fabricated, and the measured results
are compared with the simulated results to verify the design’s
performance.

2. FILTERING PATCH ANTENNA DESIGN

2.1. Filtering Antenna Configuration

Figure 1 presents the configuration and detailed dimensions
of the proposed filtering patch antenna (FPA). As shown in
Fig. 1(a), the FPA consists primarily of two layers: patch layer
and ground plane layer, which are printed on the top and bot-
tom surfaces of the substrate, respectively. As illustrated in
Fig. 1(b), the patch layer comprises a primary rectangular patch
with size w, x I,, with a circular slot of radius r centered
within it. The lower edge of the patch is connected to a 50 €2
microstrip-fed line of length [¢ and width w, which is inte-
grated with a quarter-wave impedance matching stripline hav-
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FIGURE 2. Design evolution of proposed antennas, first row is a front side and the second row is a back view: (a) Ant. 1; (b) Ant. 2; (c) Ant. 3; (d)

Ant. 4; (e) Ant. 5.

ing dimensions w; X ly. The ground plane layer, illustrated
in Fig. 1(c), comprises two sections: a partial ground with a
length of [, and a symmetrical T-shaped strip. The T-shaped
strip includes vertical and horizontal components, with dimen-
sions Iy X to and wy X t1, respectively. The patch and ground
layers are printed on an FR4 substrate with overall size W x L
with thickness h; = 0.8 mm, relative permittivity €, of 4.33,
and loss tangent tan § of 0.02.

A Xo/4 impedance transformer is primarily utilized to en-
hance the antenna’s impedance matching. Additionally, the T-
shaped arm and circular slot are ultimately useful in precisely
positioning two radiation nulls at the lower and upper edges of
the antenna’s passband gain response. As a result, the proposed
FPA is compact, with dimensions W, x L, = 29 x 35 mm?,
and achieves a filtering response without the need for any ad-
ditional filter structures. The optimized dimension parameters
of the antenna are detailed in Table 1.

TABLE 1. Optimized dimensions of the proposed FPA.

Parameter Value (mm) Parameter Value (mm)

W, 29 Ls 35
w, 29 L 19
wy 2 lf 16
w1 3 w2 25
I 6.7 l2 9.4
t1 0.8 to 2.8
r 2.7 ly 15
hs 0.8

2.2. Design Analysis

This section details the step-by-step process for designing the
filtering antenna with the specified characteristics: resonance
frequency f, = 3.5 GHz, substrate height h, = 0.8 mm, di-
electric constant ¢, = 4.3, and loss tangent tand = 0.02.
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The proposed design process was applied to a rectangular mi-
crostrip patch antenna (RMPA) to be developed to produce the
FPA. Fig. 2 illustrates the five evolutionary design steps, start-
ing from the RMPA in step 1 and ending by the FPA in step
5. The optimal dimensions of the proposed filtering antenna
are summarized in Table 1. Fig. 3 presents the plots of the
reflection coefficient s;;, gain, and efficiency. Performance
parameters including: resonance frequency, f;., reflection co-
efficient s1; at f;., S11)4, —10 dB-impedance bandwidth IBW,
first/second radiation nulls in the gain response, fy,1/ fn2, and
gain at f,,1/fne, G [fn1/fno for the different steps of evolved
FPA are summarized in Table 2. These five design steps are
described in details as follows.

1) Step 1: Design a conventional RMPA. Fig. 2(a) illustrates
an RMPA named Ant. 1. The patch width (w),) and length ({,,)
are two important geometrical parameters which depend on the
design specifications including ¢,., f,, and h of the antenna
under consideration. As stated before, the intended frequency
of operation f, = 3.5GHz is considered, which lies at the
middle of the WiMAX band (3.3-3.7 GHz). FR4 material with
e, = 4.3 and hy = 0.8 mm was used as a substrate. By taking
into account these values, the patch dimensions [, and w,, for
the dominant TMy;¢p mode can be estimated by using Egs. (1)—

(4) [31]

Vo
I, = ——— —2Al 1
b er\/ge{ff P
w, = I U ()

2frr/ (e +1)/2

(cegr+ 0.300) ((w,/hs) + 0.262)

Al, = 0.412h, 3

’ oy — 0.258) ((wy /hy) + 0.813) )
er+1 e —1 1

Eoff = + 4
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FIGURE 3. Simulated results of five design steps. (a) Reflection coefficients, (b) peak realized gain, and (c) radiation efficiency.

TABLE 2. Performance parameters for the five different steps of evolved FPA.

—10-dB IBW PeakGai Effici
Design step £, Sty Foi/fn Gain|f p ea .aln iciency
(GHz) (dB) (GHz) /i (dBi) (%)
3.51, —9.5, N/A, N/A, N/A,
Ant. 1 4.91, —18.2, 4.94-5.04, 1.0/5.2  —35.6/—23.5 1.4, 16.2,
6.19 -9.8 N/A N/A N/A
Ant. 2 3.52 —6.4 N/A 1.0/8.0 —17.2/-7 N/A N/A
2.40, —11.0, 2.36-2.52, —15.3, 1.6
Ant. 3 2.3/7.0 —24.6/-10
3.80 —20.2 3.19-4.45 1.5 62.8
2.54 —10.0 N/A N/A N/A
Ant. 4 ’ ’ ’ 1.9/6.5 —24.1/-18.6 ’ ’
3.78 —28.1 3.0-49 2.9 86.4
Ant. 5 2.50 -9.1 N/A
" 2.0/5.8 —22.2/-19.6 3.0 90.4
(Prop. Ant.) 35,44 —45, —16 2.8-4.9

where Al,, e, and v are the extension of [, due to the fringing
field, the effective dielectric constant of the substrate, and the
velocity of light in free space, respectively.

By applying these equations, the geometrical parameters
of the conventional RMPA have been calculated as [, =
20.52mm and w, = 26.32 mm. Then, the RMPA is simulated
by employing the full wave electromagnetic Computer Simu-
lation Technology (CST) Microwave Studio (MWS) with the
calculated values of [, and w,, mentioned above as initial di-
mensions. On the front side of the substrate, a rectangular patch
with dimension w,, X [,, is connected to a 50 {2 SMA connec-
tor through the microstrip feedline of length [; = 16 mm and
width wy = 2mm. A complete metallization ground plane is
printed on the back side of the substrate. By fine-tuning the an-
tennas’ geometrical parameters via CST simulator for resonat-
ing at f,. = 3.5 GHz, the optimized patch dimensions have been
obtained as I, = 19 mm and w,, = 29 mm. The total substrate
dimensions W, x Lz of 29 x 35 mm? are used for the RMPA.
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Three resonance frequencies f1, fr2,and f.5 0f3.51,4.91, and
6.19 GHz corresponding to TMyj9, TMgg2, and TMg,o modes,
respectively, are excited by the antenna, as shown in Fig. 3(a).
These three resonance frequencies can be calculated by [31]

\/ 2 e\ 2 o 2
() () +(5) o
Ly Wy

Substituting in (5), hy = 0.8mm, [, = 19mm, and w, =
29 mm, gives the lowest three resonant frequencies (dominant
modes), (fr)o10> (fr)oo2> and (fr)gao as 3.8, 5.5, and 7.6 GHz,
respectively. This reference antenna serves as the foundation
for designing the proposed filtering antenna.

Figures 3(b) and (c) depict the simulated gain and efficiency
of the RMPA, shown as dotted black curves. As indicated by
this figure and Table 2, the —10-dB IBW is narrow, ranging
from 4.94 to 5.14 GHz at f,o = 4.91 GHz, with low efficiency
16.2%, peak gain 1.37 dBi, and poor selectivity, characterized

Vo
2T

mm

hs

() mmp =
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by fn1/fn2 (1.0/5.17) in the gain response. Consequently,
Ant. 1 fails to demonstrate filtering performance. To achieve a
wider frequency band with a filtering response, modifications
to Ant. 1 will be implemented to address these shortcomings.

2) Step 2: Introducing a partial ground plane. In the second
step, Ant. 2 as shown in Fig. 2(b), is evolved from Ant. 1 by
replacing its full ground plane of length [, = 35 mm by a par-
tial ground of length [, = 15 mm, which is printed on the back
side of the substrate. In this and subsequent steps, all anten-
nas feature an overall size of 29 x 35 mm?2, with dimensions
ofl; = 15mm, [; = 16mm, and wy = 2mm. As depicted
in Fig. 3(a), Ant. 2 exhibits a poorer reflection coefficient of
—6.4dB at f, = 3.52 GHz, with an unavailable —10-dB IBW.
Thus, Ant. 2 requires further modification to achieve the desired
filtering response and wider bandwidth.

3) Step 3: Employing a symmetrical T-shaped branch strip.
To enhance the feature of filtering response, Ant. 3 is designed
by adding a symmetrical T-shaped branch strip to the ground
of Ant. 2. The branch dimensions are I, X ty (vertical strip)
and wy X t; (horizontal strip), see Fig. 2(c). As depicted
in Fig. 3(a) (dotted-dashed pink curve), Ant. 3 exhibits two
—10 dB impedance bandwidths (IBWs): the lower band (2.36—
2.52 GHz) with a resonance frequency f, at 2.4 GHz and the
higher band (3.19-4.45 GHz) with f, = 3.8 GHz. Moreover,
improved selectivity and better out-of-band suppression are ob-
served at the lower edge of the gain and efficiency responses,
achieved by generating the first radiation-null f,,; at approxi-
mately 2.3 GHz, as shown in Figs. 3(b) and (c). The addition of
a T-shaped strip to the ground plane results in enhanced band-
width and a flatter filtering response, particularly in the lower
frequency region. However, further design steps are needed to
improve the antenna’s filtering capability by introducing a sec-
ond radiation-null f,,o at the upper operational band edge.

4) Step 4: Adding a quarter-wave stripline. To improve
the antenna’s impedance matching and filtering performance,
a quarter-wave strip with dimensions wy X [; is integrated into
the feedline of Ant. 3, resulting in the configuration of Ant. 4, as
illustrated in Fig. 2(d). It can be observed from Fig. 3(a), blue
dashed plot, that Ant. 4 has good impedance bandwidth perfor-
mance ranging from 3.0 to 4.9 GHz. In addition, as shown in
Fig. 3(b), two radiation nulls are generated in the gain response:
one at 1.9 GHz and the other at 6.5 GHz. At these frequen-
cies, the antenna’s gain decreases significantly, from 10 dBi to
—18.6 dBi, enabling effective filtering action for both the up-
per and lower stop bands. The maximum radiation efficiency,
as illustrated in Fig. 3(c), is approximately 86% at the resonance
frequency of 3.8 GHz.

However, the suggested modifications to enhance perfor-
mance characteristics are insufficient, necessitating a final de-
sign iteration (Step 5). This step will focus on improving an-
tenna gain, bandwidth, and radiation suppression, as well as
refining nulling properties.

5) Step S: Inserting a circular slot within the patch. The fi-
nal design step involves introducing a circular slot with radius
r at the center of the patch of Ant. 4, resulting in Ant. 5, which
represents the proposed filtering patch antenna (FPA) design,
as shown in Fig. 2(e). This modification enables the antenna
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to operate at two adjacent resonance frequencies: 3.51 GHz
and 4.4 GHz, with corresponding reflection coefficient levels of
44,9 dB and 16 dB, respectively, as illustrated by the red solid
curve in Fig. 3(e). Consequently, the antenna achieves a wide
10 dB IBW spanning from 2.8 GHz to 4.9 GHz. The addition of
the circular slot enhances the antenna’s impedance bandwidth
and introduces high selectivity at the upper band edge, deliv-
ering a flat passband response, as shown in Fig. 3(b). Within
the passband, the antenna exhibits a maximum gain of approx-
imately 3 dBi, along with significant out-of-band suppression
ranging from —22.2dBi to —19.6 dBi at the lower and upper
radiation nulls, located at 2 GHz and 5.8 GHz, respectively. As
observed in Fig. 3(c), the radiation efficiency within the pass-
band region fluctuates between 70% and 90%.

In summary, the two radiation nulls in the antenna’s gain re-
sponse are achieved through three design techniques: (1) the
implementation of a symmetrical T-shaped branch strip in the
ground plane, (2) the integration of a quarter-wave stripline
within the feedline, and (3) the insertion of a circular slot within
the patch. This approach eliminates the need for additional fil-
tering structures, resulting in a compact design suitable for the
use in LTE bands such as n77, n78, and n79 (sub-6 GHz 5G),
as well as in WiMAX applications at 3.5 GHz.

3. PARAMETRIC STUDY AND WORKING PRINCIPLE

3.1. Parametric Study

The filtering performance of the proposed antenna, defined by
the reflection coefficient s1; and gain, is predominantly influ-
enced by the radius of the circular slot (r) and the length (l)
of the T-shaped strip. For understanding the antenna’s opera-
tion principle, this section presents a detailed analysis of how
these critical parameters affect its performance. The simulated
511 and peak realized gains for varying values of r and [ are
illustrated in Figs. 4 and 5, while Tables 3 and 4, respectively,
summarize the effects of these variations on the upper and lower
radiation nulls as well as the resonance frequencies.

It is clear from Figs. 4(a) and 5(a) that there are three res-
onance frequencies, f,1, fro, and f.3 which are affected by
variations in r and [, respectively. In Fig. 4(a), as r rises
from 0.7 to 4.7 mm, f,1 (f2) drops from 2.6 (3.75) to 2.4 GHz
(3.08 GHz), while f;3 alters between 4.43 and 4.62 GHz.

Additionally, as r increases, the magnitude of sy; at fq
(fr2), 11y, (811‘“3 ) decreases (increases) from —8.1
(—20.6) to —29.1dB (—11.5dB), while s11,, =~ fluctuates
between —25.0 and —38.9 dB. As noticed in Fig. 4(b), when r
increases, the first radiation null f,,; stays essentially unaltered
at ~ 2 GHz, while f,,5 rises from 5.66 to 6.66 GHz. Thus, the
frequency of the upper radiation null can be easily adjusted by
varying the parameter 7.

Similarly, from Fig. 5(a), it can be observed that as /5 in-
creases from 7.4 mm to 11.4 mm in increments of 1 mm, both
fr1 and f.o shift to lower frequency ranges, while f,.5 moves to
a higher frequency region. Additionally, the reflection coeffi-
cient s11 at fr1 (fr3), 11, (sn‘fr3 ), decreases (increases)
whereas s11 at fro is altered between —21.8 and —44.9dB.
Meanwhile, it can be seen from Fig. 5(b) that the lower (up-
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TABLE 3. The impact of varying the radius of circular slot » on the upper and lower radiation nulls as well as the resonance frequencies.

Parameter | Value (mm) f, (GHz) sy, dB)  fi/fm Gainy .
2.57, —8.1,
0.7 3.73, —38.9, 2/6.66  —22.2/-19.4
4.43, —20.6,
2.6, —8.0,
1.7 3.65, —36.6, 2/5.93 —23/—-19.5
4.46 —18.0
2.50, -9.1,
r 2.7 35, —44.9, 2/5.85 —24.0/—-19.5
4.4 —16.0
2.52, —13.4,
3.7 3.3, —39.8, 2/6.20  —22.3/-18.0
4.51 —12.8
2.4, —29.1,
4.7 3.08 —24.97, 2/6.66  —22.2/—19.4
4.62 —11.45

per) null frequency f,1 (fn2) is lightly (largely) affected as Iy
is allowed to be varied. Therefore, [ primarily influences the
radiation characteristics across the entire frequency band. In
summary, adjusting r and [5 provides an effective method for
tuning the working frequency band, while the radiation nulls
can be easily manipulated to enhance filtering performance.

3.2. Working Principle

To further clarify the working principle of the filtering an-
tenna’s performance, this section provides a detailed explana-
tion of the mechanism behind the generation of radiation nulls

at the lower and upper edges of the passband. Fig. 6 presents
the simulated current distribution of the proposed antenna, pro-
viding insight into the presence of two radiation nulls, f,; at
2 GHz and f,2 at 5.86 GHz.

As shown in Fig. 6(a), at the lower radiation null, specifically
at f,1 = 2GHz, the current distribution is primarily concen-
trated along the feedline, the quarter-wave impedance matching
stripline, and the edge of the lower half of the circular slot. Ad-
ditionally, the current flows in the opposite direction along the
upper edge of the T-shaped strip. This opposing current flow
results in a lower radiation null at f,; due to the path-reversed
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TABLE 4. The impact of varying the length’s value [> on the upper and lower radiation nulls as well as the resonance frequencies.

Parameter | Value (mm) f, (GHz) Si1), dB)  f./f Gainy, /r.
N/A,
7.4 2.82, :;’831 2.1/6.0 —24.3/—20.1
4.21
2.67, ~6.0,
8.4 3.85, —39.0, 2.1/6.1 —24.3/-19.5
4.4 —26.54
2.50, 91,
9.4 3.5, —44.9, 2/5.85 —24.0/-19.5
b 44 ~16.0
2.47, -13.9,
10.4 3.3, —29.5, 1.75/5.7 —23.4/—-19.0
4.51 —11.0
2.36, —35.4,
11.4 3.2, —21.8, 1.7/5.56  —25.5/—18.3
4.45 —8.4
dH G (b) rameters such as the reflection coefficient (s11 ), realized gain,
and radiation patterns.
26 The prototype of the antenna is then fabricated and tested for
il its s11 performance by vector network analyzer. Photographs
of the fabricated antenna along with the measurement setup are
14 - shown in Fig. 7.
10 #
‘; ¢ o 4.1. Reflection Coefficients
3- 0 lt‘:::f i B The simulated reflection coefficient s11 results from CST MWS
” oM and HFSS, along with the corresponding measured result, are
) o presented in Fig. 8. The simulated and measured resonance
glg;l(R}EH(; Simulated surface current distributions at (a) 2, and (b) frequencies (fr) and —10-dB impedance bandwidths (IBWs)

currents canceling each other at the horizontal branch of the T-
shaped strip. Fig. 6(b) illustrates that when the antenna operates
at the frequency of the upper radiation null (f,,2 = 5.85 GHz),
opposite currents are observed on the T-shaped strip. This re-
sults in destructive interference, which significantly reduces ra-
diation.

Additionally, the outflow current on the lower edge of the
feedline and the inflow current on the quarter-wave transformer
flow in opposite directions, further enhancing the destructive
interference. Consequently, the radiation null in the high-
frequency band is caused by the reverse currents between the
upper branch of the T-shaped strip and the opposing currents
between the feedline and the quarter-wave transformer. Based
on this analysis, it can be concluded that the interaction of re-
verse currents leads to radiation cancelation, resulting in the
two radiation nulls required for the antenna’s filtering function.

4. SIMULATED AND MEASURED RESULTS

To validate the CST simulation results of the designed antenna,
a 3D simulation tool HFSS is employed to verify antenna’s pa-
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are summarized in Table 5. It can be observed from Fig. 8
and Table 5 that the measured —10-dB IBW is 47.36% (2.9—
4.7 GHz) with On the other hand, the —10-dB IBW from CST
MWS (HFSS) is 54.54% from 2.8 to 4.9 GHz (74.13% from
2.25t04.9 GHz) along with f,.; and f,» of 3.5 GHz and 4.4 GHz
(3.5GHz and 4.8 GHz), respectively. These results demon-
strate reasonable agreement between the measured and simu-
lated data, with acceptable discrepancies attributed to differ-
ences in numerical methods used by the simulators, fabrication
tolerances, and measurement calibration.

TABLE 5. The measured results and CST MWS and HFSS simulated
results including resonance frequency (f-) and —10-dB impedance
bandwidth (IBW).

Performance
CST MWS HFSS Measurement
Parameters
—10-dB IBW
2.8-4.9 2.25-4.9 2.9-4.7
(GHz)
3.5, 3.5, 3.4,
/. (GHz)
4.4 4.8 43
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FIGURE 8. Simulated and measured reflection coefficients.

4.2. Realized Gains

Figure 9 shows the CST MWS and HFSS simulated realized
gains against frequency of the proposed FPA. Table 6 illus-
trates these results in terms of the ratio of the first to second
radiation nulls f,,1/fn2, the gain at the first to the second ra-
diation nulls Galn| - , and the peak gain in the passband.
As Fig. 9 and Table 6 show the CST MWS (HFSS) simu-
lated value of fp,1/fn2 is 2.0/5.85 (1.7/5.8), while the corre-
sponding Gain|; . valueis —22.2/—19.6 (—23.5/—12.6),
demonstrating a nearly flat gain within the passband and a peak
gain of 3.0 dBi (2.85 dBi). These results indicate that the pro-
posed antenna exhibits high selectivity with effective out-of-
band suppression.

TABLE 6. CST MWS and HFSS simulated peak gain of the FPA.

Simulator  f,,/f ., Gain| ./,  PeakGain (dBi)
CSTMWS 2.0/5.85 —22.2/—19.6 3.0
HFSS 1.7/5.8  —23.5/-21.6 2.85

4.3. Radiation Patterns

To demonstrate the effectiveness of the proposed antenna for
radiation across the entire passband, two antenna’s resonance
frequencies 3.5 and 4.4 GHz are selected for this purpose. The
3D far-field simulation results at 3.5 and 4.4 GHz from CST and
HFSS are shown in Figs. 10(a) and (b), respectively. As ob-
served, the antenna exhibits omnidirectional radiation patterns
at the two aforementioned frequencies.

---- HFSS

Gain [dB]

! 2 3 4 5 6 7
Frequency [GHz]

FIGURE 9. The CST and HFSS simulated realized gains of the proposed
antenna.

@ g
5

-5
-10
-15
-20
-25

(b) dBi
5
ol
5

-10
15

-20
-25

FIGURE 10. The CST and HFSS simulated 2D radiation patterns of the
filtering antenna, in the X Z-plane and X Y -plane at different frequen-
cies 3.5 GHz and 4.4 GHz: (a) CST MWS and (b) HFSS.

Figure 11 presents the CST and HFSS simulated 2D radi-
ation patterns for the XZ- and XY -planes at 3.5 GHz and
4.4 GHz, respectively. As shown in Fig. 11(a), the antenna ex-
hibits an omnidirectional pattern in the X Z-plane and a bidi-
rectional radiation pattern in the XY -plane when excited at
3.5 GHz. Furthermore, when the antenna is excited at 4.4 GHz,
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TABLE 7. Comparisons with reported filtering antennas.

Operating Peak Extra

Size (mm?) Substrate BW . o No. of
Ref. 5 Frequency Gain n % Filtering
& (Ap) (e//h(mm)) (%) . layers
(GHz) (dBi) structure
42 x 4 FR4
[21] x 43 54.3 2.63-4.59 644 889 No 1
51 x 0.53 (4.3/1.6)
42 x 43 R 4350B
[24] X ogers 35.8 3.55-5.12 7.1 92 No 2+ Air
0.41 x 0.41 (3.66/3.048,2,0.762)
29 x 22 AD255C
[25] % 14.1 4.34-5.00 5.05 91 No 1
0.451 x 0.342 (2.25/1.0)
70 x 70 R 5880 + Ai
[26] 8 ogers 5850 + Air 199  2.89-3.53 72 NG No 2+ Air
0.505 x 0.505 (2.2,1/1.57 + 8)
30.9 x 30.9 F4B
[27] s 280 408541 192 93 No 1
0.49 x 0.49 (2.65/3.0)
44 x 44 R 6010
28] X oger 22.4 3.49-437 2.7 NG No 1
0.52 x 0.52 (10.8/0.635)
35 % 29 FR4
[29] 33.2 4.67-6.53 2 NG No 1
0.65 x 0.54 (4.4/0.8)
Roger
85 x 45 . .
[30] RO4003 + Air 3.5 2.9-3.1 6 NG No 1+ Air
0.85 x 0.45
(3.55,1/1.524 + 5)
Thi 35 x29 FR4
' x 54.5 28 49 3 904" No 1
work 0.41 x 0.34 (4.4/0.8)
Mark (*): indicates the simulated result. NG: Not Given by the original paper.
HFSS —77 XZPEe - oot s gain, good radiation efficiency, and high selectivity, attributed
3.5GHz pene 4.4 GHz to the radiation nulls generated at the lower and u d
0 g pper edges
@) 330 g 30 (b) 330" oo 30 of the passband. The proposed antenna’s gain is relatively low
< 5,000 e '%m

FIGURE 11. The CST and HFSS simulated 2D radiation patterns of the
filtering antenna, in the X Z-plane and XY -plane at different frequen-
cies: (a) 3.5 GHz and (b) 4.4 GHz.

it demonstrates a somewhat omnidirectional radiation pattern
in the X Z-plane and a slightly distorted bidirectional pattern in
the Y Z-plane, as observed in Fig. 11(b). These results indicate
that the proposed FPA exhibits favorable radiation characteris-
tics.

4.4. Performance Comparisons

To clearly highlight the advantages of the proposed FPA, a per-
formance comparison with recently reported filtering antennas
is provided in Table 7. As seen in the table, the design of the
present work is simple, with a compact size and no extra struc-
tures, while achieving a wide —10 dB fractional IBW compared
to others. Additionally, it exhibits a moderate peak realized
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compared to some listed antennas but aligns with the average
gain of filtering antennas. This is attributed to its low-profile
single-layer design, small size, high loss of the FR-4 substrate,
and the inherent characteristics of wide-patch antennas. While
[23,26,30] achieve higher gains with multilayer structures, the
proposed antenna excels in balancing low profile, compact size,
impedance bandwidth, gain, and frequency selectivity.

5. CONCLUSION

This paper presents a compact, wideband filtering patch an-
tenna (FPA) with a simple design and no additional structures.
The antenna exhibits a broad impedance bandwidth, flat gain
response within the passband, and high selectivity in the stop-
band. Thus, the FPA demonstrates an effective filtering re-
sponse by generating two radiation nulls through the etching
of a circular slot in the patch and the addition of a T-shaped
strip to the ground plane. To validate the design principle, two
simulation software tools, CST MWS and HFSS, are used to
extract key antenna performance parameters, including reflec-
tion coefficient, realized gain, and radiation patterns. The re-
sults from both simulators show good agreement, confirming
the accuracy of the simulated results. Afterward, a prototype of
the designed antenna is fabricated and measured, to validate the
simulated s1; result. Experimental result reveals that a —10-dB

WWwWw.jpier.org



PIER C

Mohsin and Naji

IBW of (2.9-4.7 GHz) is exhibited by the antenna. Addition-
ally, the proposed FPA radiates an omnidirectional pattern in
X Z-plane and a bidirectional pattern in the XY -plane across
the antenna’s passband. Due to all of these good features, the
proposed filtering antenna is highly promising candidates for
5G Sub-6 GHz wireless applications.
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