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Abstract: The rapid development of 5G and next-generation wireless systems has increased
the demand for antennas that support circular polarization (CP), wide frequency coverage,
and a compact size. Achieving wideband CP performance in a low-profile and simple
structure remains a key challenge for modern antenna designs. In response to this, this
paper presents a compact wide-slot antenna with a single feed, offering a wide operational
bandwidth and circularly polarized radiation. The proposed design is excited by a 50 Ohm
microstrip feedline, and it is fabricated on an (54 × 50 × 1.6 mm3) FR4 dielectric substrate.
On the bottom side of the dielectric substrate, the ground plane is engraved to form a
square-shaped radiating slot. The shape of the tuning stub of the antenna is modified
in order to attain a wide impedance bandwidth and an axial ratio bandwidth (ARBW).
The modifications include inserting a rectangular strip and thin horizontal strips into
the tuning stub after tapering its upper corner. On the other hand, the radiating slot is
appended by two rectangular stubs. The radiation of the resulted structure has right-hand
circular polarization (RHCP). The measured results of the proposed antenna show a −10 dB
impedance bandwidth equal to 78% (2.65 GHz, 2.08–4.73 GHz), whereas its broadside 3 dB
ARBW is 71.6% over the frequencies (2.31 GHz, 2.07–4.38 GHz), which is compatible with
various wireless communication applications. Furthermore, the peak value of the measured
gain is equal to 4.68 dB, and its value is larger than 2 dBi along the operational bandwidth
of the antenna.

Keywords: wide-slot antenna; circular polarization; square slot; wideband

1. Introduction
Antennas with circular polarization (CP) play a vital role in many contemporary

communication applications due to their features of defying the multipath interference and
polarization mismatch between the transmitter and the receiver as well as their immunity
against the Faraday rotation [1,2]. Therefore, the issue of losing the line of sight path
between the transmitter and the receiver can be mitigated with the aid of this antenna
radiation. Consequently, these types of antennas have been used in numerous applications,
such as WiMax, WLAN, satellite communications, RFID, and 5G applications [1].

There are different methods for designing antennas with CP, depending on the appli-
cations for which they are intended. Narrow-band CP antennas were proposed in [3–5].
Some dual-band antennas were designed by using an asymmetrical slot [6], a slot an-
tenna with a parallel split-ring resonator [7], and stacked patches with reactive impedance
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surfaces for ISM and WiMax applications [8]. Multiband CP antennas were generated
in [9,10] by using a Minkowski fractal slot for many frequency bands [9], and a multiband
ultra-high-frequency (UHF) antenna for RFID applications was presented in [10]. To gen-
erate wideband dual CP antennas, aperture-coupled stack patches were designed in [11].
The patches are fed by a hybrid coupler to obtain an axial ratio bandwidth (ARBW) of
29.1% extended along the range (4.7–6.3 GHz). In [12,13], MIMO antennas were proposed.
A four-element MIMO G-shaped monopole antenna was presented as a dual CP with an
ARBW of 67.7% [12]. A wideband CP monopole antenna was proposed by using a co-planar
waveguide (CPW)-fed approach [14,15]. Broadband C-shaped CP monopole antennas were
presented in [16–18]. In [19], a cross-shaped monopole antenna was designed to obtain
an ARBW of 42.6%. Recently, a 2 × 2 metasurface antenna array was proposed in [20] by
using nonuniform slots to improve the ARBW to 61.75%.

Wide-slot antennas have been designed to generate wideband CP as a radiating element
due to their advantages of achieving a wider impedance BW, weak coupling with the nearby
electric components, and ease of fabrication [21]. For these reasons, they have been adopted
in this work. In [22–24], narrow-band CP slot antennas were proposed. An artificial
magnetic conductor (AMC) reflector with a Γ-shaped microstrip line was proposed to feed
the slot antenna in [22] to achieve an impedance BW of 40.78% and an ARBW of 39.02%.
For 5G techniques, an air-filled substrate-integrated waveguide (AF-SIW) CP slot antenna
array was proposed in [24] to obtain an antenna BW of 18.4% and an ARBW of 16.4%.
An L-shaped slot antenna was proposed in [24] in which a square-loop sequential-phase
feeding structure was used to feed the antenna to generate an impedance BW of 18% and an
ARBW of 13.2%. In [25], a wide-slot antenna was proposed for an ultra-wideband (UWB)
frequency range with two band notches. ARBWs equal to 55.0% and 29.3% were achieved
in [26], which is a dual-wideband slot antenna and dual-sense CP with overall dimensions of
50 × 50 × 1.0 mm3. Slot antennas that are fed by CPW were presented in [27–30]. A circular
slot in the ground plane was utilized for generating CP in [31–33]. For a digital cellular
system, an asymmetric wide-slot antenna was presented in [34]. A broadband wide-slot
antenna was proposed in [35] for the mid-band of 5G applications. In [36], a square-shaped
open-loop feeding structure was utilized to feed a split-ring resonator slot antenna to achieve
an impedance BW and ARBW of 10.48%. Irregularly shaped square-slot antennas were
realized in [37,38] with an inverted L-shaped and F-shaped microstrip feed, respectively.
An antenna BW and ARBW approximately equal to 94.3% and 76.9%, respectively, were
attained using an open-slot antenna [39]. A square-slot antenna with an L-shaped microstrip
feed was designed to obtain an ARBW of 54.2% [40]. A square-ring slot antenna is fed by an
L-shaped feedline to generate an ARBW of 3.7 GHz from 4.75 to 8.45 GHz [41]. An improved
hybrid metasurface (IHMS) is utilized in a 2 × 2 antenna array with four corner cut patches
to achieve a wide ARBW of 2.85 GHz [42]. However, such metasurface-based designs often
involve increased structural complexity, higher fabrication costs, and potential challenges in
terms of scalability and integration. Moreover, recent advances in the use of metamaterial-
inspired resonators for antenna miniaturization and wavefront control offer promising
directions for future research. Such techniques could be integrated with the proposed wide-
slot structure to achieve further performance enhancement while significantly reducing the
antenna size [43–45]. Notably, metasurface-based CP antennas have emerged as a promising
solution to achieve a wide bandwidth with compact geometries [46,47]. Meanwhile, the
integration of artificial intelligence and machine learning techniques has begun to influence
antenna design, enabling data-driven optimization of CP performance metrics [48]. In recent
years, numerous wideband CP antennas have been proposed utilizing techniques such as
fractal geometries [49] and reconfigurable structures [50]. While these designs often achieve
excellent performance, they typically involve complicated configurations, and they require
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external biasing circuits. In contrast, the antenna proposed in this study offers a simple
and cost-effective solution while maintaining competitive performance within the targeted
frequency band.

The choice of wideband circular polarization ensures consistent performance across
multiple potential operating bands within the sub-6 GHz spectrum, which is crucial for
modern systems that require frequency agility and interoperability with different 5G and
IoT standards. In addition, it offers significant advantages, especially in scenarios involving
mobility, multipath environments, and polarization mismatch, such as user terminals or
indoor to outdoor links. A multi-band antenna, for example, a tri-band antenna, would
limit the operation to fixed frequencies, which is less flexible and might lead to poor
performance in between bands. Therefore, a wideband circular polarization antenna can
better address the dynamic requirements of sub-6 GHz 5G and related wireless applications,
making it more suitable for current and future deployment scenarios.

In 5G systems, the receiver plays a vital role in capturing and processing incoming
radio frequency signals to extract the transmitted data. A typical 5G receiver architecture
consists of a radio frequency front-end that performs signal filtering and low-noise amplifi-
cation, and they are followed by a frequency down-conversion stage that shifts the RF signal
to an intermediate frequency or directly to baseband. The key challenges for 5G receivers
include supporting wide bandwidths, operating at high frequencies while maintaining a
low noise figure, and achieving high energy efficiency. The performance of the receiving
system is highly dependent on antenna characteristics such as the polarization, gain, and
bandwidth, which directly affect the signal-capturing quality and system reliability in a
dynamic wireless 5G environment.

This paper presents a new and compact wide-slot antenna that is fed by a 50 Ω
microstrip feedline. By adding three strips to the tuning stub and modifying the slot of the
ground plane by attaching a rectangular stub and parasitic patch, a wideband impedance
BW and ARBW are obtained. For validation, the proposed antenna is fabricated, and
its performance is assessed by a laboratorial test. The simulated and measured results
show the good coverage of the antenna BW and a broadside ARBW along a wide range
of frequencies that are applicable for various wireless communication applications. It is
found that the measured −10 dB impedance BW is 78% (2.65 GHz, 2.08–4.73 GHz), while
the broadside 3 dB ARBW is 71.6% along the range (2.31 GHz, 2.07–4.38 GHz). This work
has been compared with other well-known wide-slot antennas, and the comparison shows
that the proposed design makes a compromise between the size reduction and the gain
value so that it is superior to the other designs.

2. Antenna Structure
The geometry of the proposed wide-slot antenna is exhibited in Figure 1. The antenna

is etched on an FR4 substrate with a dielectric constant of εr = 4.3, height of h = 1.6 mm, and
loss tangent of tanδ = 0.025. The overall dimensions of this antenna are 54 × 50 × 1.6 mm3,
which is equivalent to 0.39λ × 0.36λ × 0.0117λ, where λ is the free-space wavelength
corresponding to the lowest resonant frequency. The tuning stub of the antenna is fed by
using a 50 Ω microstrip feedline, while the ground plane is engraved as a square slot on the
bottom surface of the dielectric substrate. To obtain good coupling and achieve wideband
CP, modified strips and stubs are added to the tuning stub and the wide slot. All the key
parameters that improve the CP performance are studied in Section 5. Simulated results of
the proposed antenna are acquired by using the CST Microwave Studio Suite.
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Figure 1. Structure of the proposed antenna: (a) front view and (b) back view (unit: mm).

The proposed wide-slot antenna is based on a modified feeding mechanism and an
optimized slot geometry. Starting from the conventional rectangular slot antenna, this design
improves the impedance matching and the ARBW by leveraging the parasitic and strip
elements of the design. Therefore, these strategies contribute to achieving wideband CP while
maintaining a compact size to make it useful in many wireless communications applications,
such as ISM bands (2.4–2.5 GHz), WiMAX (2.3–3.8 GHz), and C-band (3.3–4.2 GHz).

3. Design Steps
The design procedure for the proposed antenna is illustrated in Figure 2, which follows

(Ant. 1–Ant. 6) to reach the final structure. The simulation results of the reflection coefficient
(S11) and the broadside axial ratio (AR) of each antenna structure are demonstrated in
Figures 3a and 3b, respectively. Ant. 1 is comprised of a conventional wide-slot antenna
with a rectangular tuning stub fed by a microstrip line. The length of the slot (L) is
approximately equal to half the guided wavelength corresponding to the resonant frequency
(2.2 GHz) L ∼= λg/2, where the guided wavelength λg is given by λg = λ/

√
εr, λ is the free-

space wavelength corresponding to the resonant frequency (2.2 GHz), and εr is the dielectric
constant of the substrate. The impedance BW in this step is equal to 1.39 GHz and resonates
at 2.3 GHz, while the AR value is much greater than 3 dB, which does not appear in the
figure. In other words, there is no circular polarization in this case. A horizontal rectangular
stub with a width of Ws1 is protruded from the left side of the radiating slot in Ant. 2, which
shifts the resonant frequency to 2.15 GHz with a narrow impedance BW of 510 MHz due to
the increase in the surface current path around the radiating slot, while the AR appears less
than 3 dB because two orthogonal fields are generated. The specific shape and dimensions
of the rectangular stub in Ant. 2 were determined through parametric studies aimed at
optimizing the axial ratio performance. Although the geometry of the parasitic element is
novel, the approach is based on previous studies working on CP antennas. For instance,
studies have demonstrated that incorporating parasitic elements can significantly enhance
the circular polarization characteristics by introducing additional orthogonal resonances
that lead to attaining low AR values [26]. Thereby, this antenna provides CP with a narrow
ARBW of 960 MHz. In Ant. 3, a rectangular strip is integrated into the edge of the tuning
stub, which enhances the horizontal path of the current, and the AR has been improved
significantly to extend along the range (1.9–4.4 GHz) with an ARBW of 2.5 GHz. Meanwhile,
the impedance matching of the antenna is lost because the coupling between the feedline
and the radiating slot has deteriorated. The mismatch in the impedance is reduced in Ant.
4. It shows that the tuning stub and feedline are translated to the right to add an additional
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resonant frequency. In addition to this, a vertical strip with a length of Lp is placed on the
tuning stub to obtain an impedance BW of 810 MHz from 1.86 to 2.67 GHz. Ant. 4 just
improves the impedance matching that was lost in Ant. 3. By cutting the upper corner of
the tuning stub, Ant. 5 provides better performance for impedance matching than Ant.
4. The ARBW extends along a wide range from 1.96 to 4.64 GHz because this tapering
tunes both the horizontal and vertical current components in such a way that generates two
orthogonal equal magnitude components. Finally, Ant. 6 is presented to tune the coupling
between the feedline and radiating slot to obtain a wideband impedance BW and ARBW by
adding the rectangular parasitic patch to the slotted ground directly behind the tuning stub
and attaching the horizontal strip to the tuning stub. The resulting structure provides an
impedance BW of 2.8 GHz (1.90–4.7 GHz) and a 3-dB ARBW of 2.52 GHz along the range
(1.90–4.42 GHz). Specifically, the work in [33] stated that a combination of a symmetrical
slot length and a rectangular parasitic patch successfully enhanced the 3 dB ARBW.

Figure 2. Design steps for the proposed wide-slot antenna.

Figure 4 shows the position of the parasitic strip on the slotted ground plane with
respect to the tuning stub. To explain the importance of adding this strip in terms of the
S11 and AR, Figures 5a,b, respectively, depict the simulation results with and without the
parasitic strip. It is clear from Figure 5a,b that the parasitic patch has an enormous effect on
the impedance BW and a very subtle effect on the ARBW. The reason behind this is that the
parasitic patch improves the coupling between the feedline and the radiating slot without
modifying the current direction or the phase angle. The location of the rectangular parasitic
patch is chosen behind the rectangular tuning stub, and its shape follows the original shape
of the stub. The location is also selected in such a way that it does not overlap with the
ground plane to improve the coupling between the feedline and the slot.



Technologies 2025, 13, 254 6 of 19

Figure 3. Simulation results of the proposed wide-slot antenna design steps: (a) reflection coefficient
and (b) AR.

Figure 4. The location of the rectangular parasitic patch with respect to the tuning stub.

The shape of the proposed antenna is unique compared to other wide-slot antennas.
The proposed design has multi-section asymmetric tuning stub and additional parasitic
patches at the ground plane, which are completely different from the tuning stubs and
ground structures used in [25,35,51]. This design enhances the circular polarization by
effectively exciting the orthogonal modes. Additionally, the asymmetric wide-slot structure
in the ground plane differs from typical rectangular or elliptical slots, contributing to
generating a wider AR bandwidth. These structural innovations clearly distinguish the
proposed antenna from prior works.

Like the other wide-slot antenna designs, the tuning stub shape is carefully designed
to optimize the line-slot coupling of the antenna. Meanwhile, the single-feed microstrip line
for the CP antenna was chosen because it reduces the design complexity compared to dual-
feed antennas. This mechanism is simple since it generates circular polarization through
the slot geometry without the need for complicated external networks. Additionally, it is
compatible with compact devices, such as smartphones and IoT devices, where a small size
is required. The designed antenna size is suitable for the following applications:

- 5G sub-6 GHz (3.4–3.8 GHz), which requires compact size devices such as smart-
phones.

- IoT systems and Wi-Fi 6E (2.4–5 GHz), which also require small-sized devices with a
wide range of frequencies.
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Figure 5. Simulation results of the (a) reflection coefficient and (b) AR without and with the parasitic patch.

4. Circular Polarization Generation Mechanism
The current distribution of the proposed antenna is illustrated in Figure 6 at 2.2 GHz

to verify the presence of CP. To achieve CP, two orthogonal resonant modes with equal
amplitudes and phase differences equal to 90◦ should be presented. These orthogonal paths
can be provided by inserting a number of horizontal and vertical strips into the tuning stub
and the ground plane. These strips can control the length of the horizontal and vertical
current paths to concur with the conditions of the CP mentioned above.

In Figure 6a–d can be observed the different time instants (ωt = 0◦, 90◦, 180◦, and 270◦),
respectively. For wide-slot antennas, the antenna radiation comes from the slot engraved in
the ground plane, so the current around the slot determines the polarization of the antenna
at different time instants. At ωt = 0◦, the current vectors are demonstrated along the positive
y-axis direction along the radiating slot, while at ωt = 90◦, the current vectors are demonstrated
in the negative x-axis direction. At ωt = 180◦ and 270◦, the current distribution is in the opposite
direction of phases at ωt = 0◦, and 90◦, respectively. The rotation of the current in an anti-
clockwise direction is clearly seen, which means that it is a right-hand circular polarization
antenna with respect to the positive z-axis. By mirroring the presented antenna with respect to
the y-axis, left-hand circular polarization (LHCP) can be generated.

Figure 6. Simulated current distribution of the proposed antenna at 2.2 GHz at different time instants.
(a) ωt = 0◦; (b) ωt = 90◦; (c) ωt = 180◦; (d) ωt = 270◦.
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5. Parametric Study
In this section, the effects of some key parameters on the S11 and the AR in the

broadside direction are studied. These parameters include the width of the rectangular
strip in the ground plane (Ws1), the length of a vertical strip (Lp), the cutting depth of the
tuning stub (t), the width of the parasitic strip (Ws2), and the width of a thin horizontal strip
(S). As mentioned previously, every parameter participates in generating CP withwide
frequency coverage.

Figure 7a,b reveal the S11 and AR, respectively, at different values of Ws1 while keeping
other parameters at their optimum values. This parameter improves the coupling between
the stub and the radiating element at the first resonant frequency. Since this rectangular strip
controls the length of the current path around the radiating slot, the impedance matching
is shifted toward a lower frequency band. It is evident that it significantly introduces
a wide range of CP because it provides a path perpendicular to the original path of the
conventional rectangular slot. Ws1 equal to 11 mm gives the best results for the ARBW and
impedance BW.

The effect of the length Lp of the vertical strip is exhibited in Figure 8. As can be seen
from Figure 8a, the different values of Lp slightly impact the coupling in the impedance
matching at 4.2 GHz, while they have no effect in the lower band. The reason for this is
that the tuning stub does not contribute in the radiation of the antenna, and it does not
control the radiating current path. For the same reason, the mismatching at the upper
frequency band of the ARs can be decreased by tuning Lp as in Figure 8b. It extends the CP
bandwidth to the highest frequency band when its optimum value of 6 mm is attained.

Figure 7. Simulation results of the proposed antenna with Lp = 6 mm, t = 8.14 mm, Ws2 = 13 mm,
S = 1 mm, and different values of Ws1: (a) reflection coefficient and (b) AR.

Figure 9a,b display the S11 and AR at different depths of the truncated corner t. It has
a minor impact on the reflection coefficient because it does not affect the line-slot coupling
of the antenna. This truncation exhibits a significant effect to make AR less than 3 dB at
2.9 GHz when t is equal to 8.14 mm. This means that it controls the phase orthogonality
between the current modes of the antenna, but it has a minor effect on their amplitudes.

The S11 and AR of the parameter Ws2 are shown in Figures 10a,b, respectively. The par-
asitic strip (Ws2) plays an essential role in achieving both phase orthogonality and improved
impedance matching. A parametric study on the width of this strip, as shown in Figure 10,
demonstrates its significant influence on the antenna’s performance. Specifically, when
Ws2 = 13 mm, the design achieves optimal matching across the three resonance frequencies,
along with the lowest axial ratio within the desired band. This is because Ws2 enhances the
excitation of the orthogonal modes by modifying the horizontal surface current distribution
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while simultaneously contributing to better impedance matching by tuning the location of
the resonant frequencies.

Figure 8. Simulation results of the proposed antenna with Ws1 = 11 mm, t = 8.14 mm, Ws2 = 13 mm,
S = 1 mm, and different values of Lp : (a) reflection coefficient and (b) AR.

Figure 9. Simulation results of the proposed antenna with Ws1 = 11 mm, Lp = 6 mm, Ws2 = 13 mm,
S = 1 mm, and different values of t: (a) reflection coefficient and (b) AR.

Figure 10. Simulation results of the proposed antenna with Ws1 = 11 mm, Lp = 6 mm, t = 8.14 mm,
S = 1 mm, and different values of Ws2: (a) reflection coefficient and (b) AR.
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Figure 11 illustrates the effect of changing the width of the horizontal strip (S) attached
to the tuning stub on the S11 and AR. Since it is a part of the tuning stub, the impedance
matching is extended to the upper side of the frequency as S decreases. Meanwhile, it
contributes to obtaining a wide ARBW at the higher frequency band by reducing the
mismatching at 3.7 GHz to reach its optimum value of 1 mm. The effect of the width of
the horizontal strip (S) appears for values larger than 1 mm because it generates a vertical
current component that distorts the orthogonality of the orthogonal current paths.

It is known that FR4 introduces higher dielectric losses at frequencies above 3 GHz,
which can impact the radiation efficiency and bandwidth. This effect was considered during
the design, and the antenna dimensions were optimized accordingly to achieve acceptable
performance within the target frequency band. Future work could involve the substrate
optimization by replacing FR4 with low-loss dielectric materials such as Rogers RO4003C,
RO4350B, or RT/Duroid 5880, which offer significantly lower loss and more stable dielectric
constants to improve the bandwidth and gain. Additionally, adaptive metamaterials could
be used to adjust the antenna characteristics, offering enhanced reconfigurability and
performance. To evaluate the robustness of the antenna performance to manufacturing
variations in the dielectric constant of the FR4 substrate, a parametric sweep of 4.1, 4.3, and
4.5 was performed. The results indicate that there is a minor impact on the impedance
bandwidth and axial ratio bandwidth. This analysis confirms that the design is tolerant
of typical material variations, and FR4 remains a practical choice considering the cost,
availability, and fabrication constraints. It is worth noting that this analysis was included
for completeness, although the dielectric constant of FR4 is generally well characterized
and its impact on performance is well understood in the literature. Figure 12 shows the
sensitivity analysis of the εr variations on the reflection coefficient and axial ratio.

Figure 11. Simulation results of the proposed antenna with Ws1 = 11 mm, Lp = 6 mm, t = 8.14 mm,
Ws2 = 13 mm, and different values of S: (a) reflection coefficient and (b) AR.

The simulated normalized LHCP and RHCP power patterns of the proposed antenna
are displayed in Figure 13 for the YZ-plane and XZ-plane at three resonant frequencies:
2.2 GHz, 3.1 GHz, and 4.2 GHz. It can be seen that the antenna operates as an RHCP
antenna for both planes in the broadside direction (θ = 0

◦
) in the positive z-axis direction.

By mirroring the shape of the presented antenna with respect to the y-axis, LHCP can be
generated in the broadside direction.

The simulated 3D normalized power pattern of the proposed antenna is demonstrated
in Figure 14 at the resonant frequency of 2.2 GHz. This pattern provides a comprehen-
sive view of the antenna’s radiation behavior in space and is essential for evaluating its
directional characteristics and overall radiation performance.
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Figure 12. Sensitivity analysis of the εr variations on the (a) reflection coefficient and (b) AR.

Figure 13. Simulated LHCP and RHCP patterns of the proposed antenna at (a) f = 2.2 GHz,
(b) f = 3.1 GHz, and (c) f = 4.2 GHz.
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Figure 14. Simulated 3D normalized power pattern of the proposed antenna at f = 2.2 GHz.

6. Measured Results
The front and back views of the prototype of the presented wide-slot antenna are

illustrated in Figures 15a,b, respectively. It should be noted that the measured reflection
coefficient is achieved with the help of the Amitec VNA40 network analyzer. The measure-
ment setup of the radiation pattern, axial ratio, and gain is exhibited in Figure 16a inside
an anechoic chamber, while Figure 16b shows the CNC milling machine (LPKF ProtoMat
S42) used for fabricating the proposed antenna.

Figure 15. The prototype of the proposed wide-slot antenna: (a) front view and (b) back view.

The antenna was fabricated using an FR4 substrate manufactured by pwcircuits.co.uk
Canal Street, South Wigston, Leicester LE18 4PN, UK (h = 1.6 mm, εr = 4.3) with 0.035 mm
copper thickness. To fabricate the antenna layout, the design was first exported from the
simulation software (CST) [52] in the Gerber file format, which is the industry-standard
format for PCB manufacturing. This file was imported by the LPKF CircuitPro CAM soft-
ware, which converted for the CNC milling machine (LPKF ProtoMat S42) manufactured
by LPKF (Tianjin) Co., Ltd. Tianjin, China (100%) as shown in Figure 16b. This allowed the
machine to accurately remove the unwanted copper areas and realize the antenna structure
on the FR4 substrate.
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Figure 16. (a) The measurement setup of the radiation pattern, AR, and gain, and the (b) LPKF CNC
machine.

The simulated and measured results of the S11 and Ars are demonstrated in Figures
17a,b, respectively. The BW is calculated based on ( f1 , f2 for simulated results) and ( f /

1 ,
f /
2 for measured results), which are marked in the figure. These frequencies represent the

lower and upper cutoff frequencies, respectively, where the BW criterion is satisfied (|S11|
< −10 dB and AR < 3 dB). The simulated −10 dB impedance BW is equal to 2.8 GHz (85%)
along the range (1.90–4.7 GHz), while the measured −10 dB impedance BW is 2.65 GHz
(78%) (from 2.08 to 4.73 GHz). On the other hand, the simulated 3 dB ARBW is 2.52 GHz
(80%) extending along the range (1.90–4.42 GHz), whereas the measured 3 dB ARBW
is equal to 2.31 GHz (71.6%) over the frequency range (2.07–4.38 GHz). The difference
between the simulated and measured results can be attributed to several factors. These
factors include fabrication tolerances and imperfections in the SMA connector soldering.
The measurement setup limitations includereflections from nearby equipment inside the
anechoic chamber or cable losses. Additionally, parasitic effects of the SMA connector can
lead to an impedance mismatch, causing a slight shift in the resonance frequency. Moreover,
substrate moisture absorption, especially in FR4 materials, may increase the effective
dielectric constant, resulting in a lower resonant frequency and reduced bandwidth.

Figure 17. Simulated and measured results of the proposed antenna: (a) reflection coefficient and
(b) AR.
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Figure 18 depicts the simulated and measured results of the realized gain as a function
of the frequency. This figure shows gain values larger than 2 dBi along the antenna BW. At
4.73 GHz, a peak gain can be observed, which is equal to 4.68 dBi.

The realized gain values shown in Figure 18 are based on both simulation and ex-
perimental measurements. The measurements were conducted in an anechoic chamber
using the gain comparison method in which a standard horn antenna was used as a ref-
erence (see Figure 16a). To ensure the accuracy and reliability of the measured gain, the
measurement setup was carefully calibrated prior to testing, and a standard horn antenna
with known gain was used. The measured gain values were compared with the simulated
results and a reasonable agreement was observed, confirming the validity of the presented
data. Accordingly, the gain values in Figure 18 accurately reflect the practical performance
of the proposed antenna design.

Figure 18. Simulated and measured realized gain of the proposed antenna as a function of the
frequency.

The simulation tools were used to estimate the radiation efficiency of the antenna,
which varies from approximately 93% at 2 GHz to 85% at 4.7 GHz. This drop in efficiency
is primarily due to the high loss tangent of the FR4 substrate, whose attenuation increases
as the frequency increases. Despite this, the antenna maintains gain levels above 2 dBi
throughout the band, confirming its suitability for real-world applications such as 5G
sub-6 GHz systems, Wi-Fi 6E, and compact IoT devices, where the trade-offs between cost,
size, and performance are critical.

The simulated and measured co-polarized and cross-polarized radiation patterns of the
proposed antenna are presented in Figure 19 at the YZ- and XZ-planes at the three resonant
frequencies. The evidence of the presence of CP in the broadside direction (θ = 0◦) is that
the co- and cross-polarization radiation patterns are close to each other with a difference of
less than 3 dB between them for both planes at this direction of propagation.

Briefly put, this design is a wide-slot antenna that has a wide impedance BW and a
wide ARBW in spite of its small dimensions. In addition, the gain value is accepted along
the impedance BW. Furthermore, the radiation pattern is stable along the operational band.
However, the disadvantage of the wide-slot antenna lies in the complicated steps that are
followed to accommodate the shape of the slot with the shape of the tuning stub to achieve
reasonable line-slot coupling.

The effective noise temperature of the antenna as a function of the frequency should
also be highlighted in this work to demonstrate the effect of the galactic noise and the
atmospheric noise on the antenna performance. In fact, several references provide empirical
data and equations about the effective noise temperature and its variation with respect to
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the galactic noise and atmospheric noise, which includes the humidity and water vapor
effects. However, reference [53] has specifically discussed the effective noise temperature of
the antenna as a function of the frequency. It is shown that the galactic noise effect decreases
gradually as the frequency increases until it reaches its minimum values at frequencies
above 1 GHz. In contrast, the atmospheric noise (including the humidity and water vapor)
effect increases as the frequency increases, but its effect is subtle at frequencies below
10 GHz. As a result, the effective noise temperature of the antenna is minimal within
the range (1–10 GHz). It is important to note that the proposed design has a bandwidth
within the given range, so the atmospheric and galactic noise has a negligible effect on its
performance.

Figure 19. Simulated and measured results of the normalized co- and cross-polarization power
patterns of the proposed antenna at (a) f = 2.2 GHz, (b) f = 3.1 GHz, and (c) f = 4.2 GHz.

As summarized in Table 1, the proposed antenna exhibits competitive performance
when compared to state-of-the-art wide-slot CP antennas. Notably, it achieves a wide
3 dB axial ratio bandwidth (2.08–4.37 GHz), a high peak gain of 4.68 dB, and excellent
radiation efficiency of 93% at the first resonant frequency, while maintaining a compact
size (0.39λ × 0.36λ × 0.011λ at 2.2 GHz) with the aid of a low-cost FR4 substrate. Com-
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pared to designs based on high-performance substrates such as Rogers 5880 or 4350B,
the proposed design demonstrates superior or comparable performance using a more
economical material. Additionally, unlike several references that focus on narrowband or
single-band operation, this antenna supports broadband circular polarization suitable for
multi-standard applications such as sub-6 GHz 5G, WiMAX, and Wi-Fi. It can be observed
that although some referenced designs, such [33,51], achieve higher peak gains, they require
significantly larger antenna dimensions. This reflects a common trade-off in antenna design,
where achieving higher gain often comes at the cost of increased size. Moreover, both [33]
and [51] exhibit a significantly narrower −10 dB impedance bandwidth and a 3 dB axial
ratio bandwidth compared to the proposed design. In contrast, the proposed antenna offers
a compact structure along with much wider impedance and axial ratio bandwidth, which
are crucial for stable circular polarization and broadband performance.

Table 1. Comparison between the proposed antenna and other slot antennas.

Ref. Antenna
Dimensions

−10 dB BW
%

3 dB ARBW
%

Peak Gain
(dB)

Substrate
Type Application CP

Type
Efficiency

%

[31] 0.66λ × 0.66λ × 0.010λ 110.0 75.7 4.52 RO430B Wi-
Fi/WLAN RHCP -----

[33] 0.73λ × 0.69λ × 0.011λ 47.27 35.79 5 ----- WiMAX LHCP -----

[34] 0.277λ × 0.264λ × 0.010λ 20.73 6.84 3 FR4
Digital
cellular
systems

RHCP 95

[35] 0.41λ × 0.36λ × 0.019λ 16.2 12.2 3.1 FR4 LTE 5G
(band 42/43) LHCP -----

[36] 0.34λ × 0.49λ × 0.013λ 10.48 10.48 3.8 FR4 WLAN LHCP -----

[51] 0.40λ × 0.40λ × 0.02λ 60.1 54.54 6 Rogers 5880 WLAN/C-
band LHCP 87

[54] 0.93λ × 0.93λ × 0.01λ 68.1 57.8 5.4 FR4 ISM band LHCP -----

[55] 0.75λ × 0.75 × 0.01λ 33.3 40 4 Rogers 5880 5G NR
(n77/n78) RHCP -----

[56] 0.37λ × 0.37λ × 0.024λ 125 61 4.3 FR4 Sub-6 GHz
5G LHCP 90

[57] 0.87λ × 0.87λ × 0.02λ 69.2 59 4.3 FR4 Sub-6 GHz
5G RHCP 75

This
work 0.39λ × 0.36λ × 0.011λ 78 71.6 4.68 FR4 Sub-6 GHz

5G RHCP 93

It is worth mentioning that the proposed antenna is compared with other important
wide-slot antennas. Some designs, such as in [16–19,58], have better ARBWs than our
design, but they are monopole antennas (not wide-slot antennas). Unlike wide-slot an-
tennas, monopole antennas have a strong undesired coupling with the nearby electrical
components because the dominant near field component is the electric field [25]. In addi-
tion, the monopole antennas have an irregular radiation pattern along the wide frequency
range [25].

7. Conclusions
A new wide-slot antenna has been designed to achieve wideband circular polariza-

tion with satisfactory axial ratio and impedance bandwidth while maintaining a compact
antenna footprint. The proposed antenna has been fabricated and tested in this paper.
This antenna consists of a microstrip line-fed tuning stub, slotted ground plane, strips,
and stubs that are added to achieve a wide range of impedance BW and ARBW. This an-
tenna generates CP in the broadside direction and radiates waves with broadband RHCP.
The overall size of the presented antenna is 0.39λ × 0.36λ × 0.011λ. The measured −10 dB
impedance BW is 78% along the range (2.08–4.73 GHz), and the ARBW is equal to 71.6%
(2.07–4.38 GHz). The measured average gain has a good value of 3.34 dBi over the CP
bandwidth. As a result of these properties, the proposed antenna can be used for various
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wireless CP communication applications. To build upon the proposed design, further opti-
mization of the antenna geometry could be investigated to extend the axial ratio bandwidth
ARBW and improve the gain stability across wider frequency ranges. Additionally, the use
of reconfigurable or tunable elements can enable dynamic control over the polarization
states. Moreover, the array configurations of this antenna could be studied for future 5G
and 6G MIMO systems.
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