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ABSTRACT The antenna presented in this study is a compact wideband monopole with wideband circular
polarization that can be used across the whole antenna bandwidth. A rectangular C-shaped patch is partially
covered by a ground plane in the proposed planar monopole antenna. Inserting a rectangular stub to the
ground plane, etching a slit at the antenna patch, and adding a semicircular stub at the top of the antenna
feed line increase the antenna impedance bandwidth (BW) and axial ratio bandwidth (ARBW). An FR4
substrate with overall dimensions of 25 mm× 25 mm× 1.6 mm is used to create the antenna. The antenna’s
observed impedance BW is 70% (4.55 GHz in the 4.3-8.85 GHz band), while themeasured broadside ARBW
is improved to a value of 82.2 percent (5.3 GHz along the range 3.8-9.1 GHz). The impedance BW is perfectly
covered by the ARBW; hence the antenna can be considered circularly polarized throughout its operational
spectrum. Within the antenna BW, the measured gain is greater than 1.5 dB.

INDEX TERMS Axial ratio, circular polarization, planar antenna, wideband.

I. INTRODUCTION
The significance of the circular polarization (CP) resides in
its noticeable reduction of the multipath interference and its
mitigation of the polarization mismatching [1], [2]. Conse-
quently, many planar and non-planar antenna structures have
been proposed to exploit these outstanding features of the
CP. Recently, CP is utilized for many wireless applications
such as WLAN, WiMAX, some satellite applications, and so
on. Therefore, antennas with CP are indispensable in such
kinds of applications, so it is essential to delve in designing
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multiband and broadband CP antennas to meet the require-
ment of each application by using a single antenna.

There are many attempts for designing antennas with
CP to concur the aforementioned specifications. Some of
the modern trials focus on designing a dual narrow band
CP [3] and tri-band CP [4], [5], while the others are oriented
toward the design of compact planar antennas with broadband
and wideband CP which is the main theme of this work.
A broadband CP was generated by incorporation a coplanar
feeding with a special wide slot [6], whereas a modified
version of the same wide slot antenna was incorporated with
a microstrip feeding to generate a broadband CP for C-band
applications [7]. A miniaturized CP wide slot antenna with

81828 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 10, 2022

https://orcid.org/0000-0002-2523-7165
https://orcid.org/0000-0002-7859-3550
https://orcid.org/0000-0003-2991-9451
https://orcid.org/0000-0001-8439-7321
https://orcid.org/0000-0003-2972-9965
https://orcid.org/0000-0002-5942-4807


F. M. Alnahwi et al.: Compact Wideband Circularly Polarized Planar Monopole Antenna

antipodal Y-strip was designed to generate an Axial Ratio
Bandwidth (ARBW) equal to 2 GHz [8]. A cross-shaped
planar monopole antenna with a ground plane extension was
proposed to improve ARBW to 2.6 GHz [9]. The ARBWwas
further enhanced to 4.2 GHz in [10] by composing an inverted
L-shaped tuning stub with a rectangular wide slot whose
surface current was perturbed by some slots and two parallel
stubs. Moreover, a three-dimensional printed antenna was
designed to realize a tunable wideband CP characteristic with
the aid of varactor diodes [11]. A square slot antennawith per-
turbation element and inverted L-shaped tuning stub was used
for ARBW coverage of 2.58-4.74 GHz [12]. A cavity-backed
aperture antenna was proposed to improve ARBW and the
peak gain over the frequency band from 4.8 to 7.4 GHz [13].
In [14], a new analysis method based on the 3D AR pattern
is proposed to generate broadband ARBW. The C-shaped
radiator was also utilized to generate 106.3% after adding
two inclinations in the ground plane [15]. More recently,
a loaded strip was attached to a square slot to broaden
ARBW to 75.1% and covered the entire antenna −10dB
bandwidth [16].

All the above mentioned broadband antennas (except [16])
have −10dB impedance bandwidth (BW) that exceeds the
ARBW. In other words, the CP does not cover the entire band-
width of the antenna in the mentioned papers. In addition,
the antenna size in [16] is relatively large with respect to the
covered frequency range. Therefore, a miniaturized planar
antenna with wideband CP that entirely covers the −10dB
bandwidth is intended to be designed in this work to fill in
this knowledge gap

In this paper, a compact wideband circularly polarized
planar antenna with C-shaped patch that is partially covered
by the ground plane is presented. A noticeable improvement
in the impedance BW and the broadside ARBW is achieved
by etching a slit on the antenna patch, attaching a rectangular
stub to ground plane, and attaching a semicircular stub at the
upper terminal of the feed line. 100% of the antenna BW
can be utilized for CP applications because the ARBW fully
covers the antenna impedance BW in spite of the antenna
compact size. The measured results are well agreed with
the simulated results, and both show wide impedance BW
and ARBW with very acceptable gain value and comparable
size.

II. ANTENNA STRUCTURE
Fig. 1 illustrates the geometry of the proposed wideband
antenna with the optimized values of each parameter. The
antenna is engraved on an FR4 dielectric substrate with
dielectric constant of εr = 4.3, loss tangent of 0.025, and
height of h = 1.6mm. The overall dimensions of the antenna
is equal to 25mm× 25mm× 1.6mm. This is equivalent to
0.37λ×0.37λ×0.024λ at its lower operating frequency band.
To form a wideband planar monopole antenna, the general
antenna structure is made of a 50� microstrip feed line
connected to a C-shaped patchwhich represents a very perfect
CP structure to be started with [17], [18]. A stub with length

FIGURE 1. The geometry of the proposed antenna (all dimensions are
in mm).

equal to Lst has been attached to the ground plane to improve
the ARBW of the proposed antenna. Further enhancement
in the ARBW has been acquired after engraving a slit with
length equal to Ls on the patch of the proposed antenna in
addition to attaching a semicircular stub with radius r at the
top of the feed line.

III. DESIGN PROCEDURE
The procedure that has been followed until obtaining the
final structure (Ant.1-4) is demonstrated in Fig. 2, while the
resulted reflection coefficient (S11) and the AR correspond-
ing to each structure is exhibited in Fig. 3 with the aid of
CST Microwave Studio simulation suite. Ant.1 represents
a conventional C-shaped monopole antenna, which has two
orthogonal paths with slightly different lengths to form two
slightly separated resonant frequencies.

As claimed in [1], these two slightly separated orthogo-
nal resonations results in a radiation with CP. The resulted
antenna −10dB bandwidth is equal to 2.6 GHz, and the 3dB
ARBW is equal to 1.3 GHz as shown in Fig. 3. Ant.2 includes
the presence of a rectangular stub in the ground plane. The
contribution of this structure is enormous in the improvement
of the −10dB bandwidth (which is reached to value equal
to 5.6 GHz) because the stub adds an additional resonant
frequency at 9.3 GHz. The position of the second resonant
frequency is modified, and it results in 3dB ARBW equal
to 2.5 GHz as depicted in Fig. 3. However, the 3dB ARBW
has witnessed a subtle improvement because the additional
frequency does not contribute with the other resonant fre-
quencies to form a CP. In Ant.3, the presence of the slit
modifies the separation between the first and second reso-
nant frequencies because it elongates the horizontal electrical
length of the antenna current path. Therefore, it results in
an improvement in the 3dB ARBW up to 2.8 GHz, but the
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FIGURE 2. The design procedure of the proposed antenna.

FIGURE 3. Simulation results of Ant. 1-4: (a) reflection coefficient and
(b) Axial ratio.

slit reduces the antenna −10dB impedance BW to 4.2 GHz
because the slit causes a mismatching in the third resonant
frequency.

Ant. 4 exploits the mismatched resonant frequency to form
a CP whose ARBW surpasses the −10dB impedance BW
of the antenna. This has been achieved by engraving the
semicircular stub which modifies the horizontal current path
of the antenna in such a way that provides an additional
resonant frequency at 8.5 GHz. This resonant frequency
plays a vital role with the mismatched frequency centered
at 9.6 GHz in generating two orthogonal resonances with
slight separation. Therefore, the 3dB ARBW is improved
at the upper-frequency coverage of the antenna to form an
overall frequency coverage equal to 5.3 GHz (3.7-9 GHz).
The overall−10dB impedance BW is 4.6 GHz (4.2-8.8 GHz).
It can clearly be seen that the ARBW perfectly covers the
entire −10dB antenna bandwidth, so it can be said that the
antenna has a perfect coverage of CP because the entire
bandwidth operates under the CP condition.

FIGURE 4. Current distribution of the proposed antenna with RHCP at
4.7GHz and different time instants.

To verify the CP behavior of the antenna as in [18], [19],
the current distribution of the proposed antenna at 4.7 GHz
is illustrated in Fig. 4. This figure shows the antenna surface
current at different time instants. The rotation of the current
can clearly be seen, and it shows a Right Hand Circular Polar-
ization (RHCP) with respect to the positive z-axis. It is worth
mentioning that the LHCP can be obtained by mirroring the
antenna structure with respect to the y-axis.

IV. PARAMETRIC STUDY
This section studies the effect of sensitive parameters, i.e.
stub length (Lst ), slit length (Ls) and radius of semicircular
stub (r), that contribute to the generation of the CP behav-
ior. As mentioned in the previous section, the rectangular
stub improves the −10dB BW to a value equal to 5.6 GHz
because the stub adds an additional resonant frequency at
9.3 GHz. The position of the second resonant frequency is
modified, and it results in 3dB ARBW equal to 2.5 GHz.
However, its effect on the 3dB ARBW is subtle because
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the additional frequency does not contribute to the other
resonant frequencies to form a CP. On the other hand, the
presence of the slit modifies the separation between the first
and second resonant frequencies because it elongates the hori-
zontal electrical length of the antenna current path. Therefore,
it results in an improvement in the 3dBARBWup to 2.8 GHz,
but the slit reduces the antenna −10dB impedance BW to
4.2 GHz because the slit causes a mismatching in the third
resonant frequency. Finally, the semicircular stub exploits a
mismatched resonant frequency at 9.6 GHz to form a CP
whose ARBW surpasses the -10dB impedance BW of the
antenna because it modifies the horizontal current path of the
antenna in such a way that provides an additional resonant
frequency at 8.5 GHz. Therefore, the 3dBARBW is improved
at the upper-frequency coverage of the antenna to form an
overall frequency coverage equal to 5.3 GHz (3.7-9 GHz).

FIGURE 5. Simulation results of the proposed antenna at Ls= 4.5mm,
r = 1.5mm, and different values of Lst: (a) reflection coefficient and
(b) Axial ratio.

Fig. 5 illustrates the effect of the stub length (Lst ) that
is attached to the ground plane on the antenna reflection
coefficient and the AR. This parameter affects the loca-
tion of the second resonant which directly affects the CP
at the lower frequency range of the antenna. It is found
that Lst = 5.7 mm provides the widest −10dB BW and
3dB ARBW.

Fig. 6 reveals the effect of changing the slit length (Ls) on
the antenna reflection coefficient and the AR as a function
of frequency. This parameter modifies the location of the

third resonant frequency. Ls = 4.5 mm gives the optimum
separation between the third and fourth resonant frequency
that leads to the widest −10dB bandwidth and 3dB ARBW.

FIGURE 6. Simulation results of the proposed antenna at Lst = 5.7mm,
r = 1.5mm, and different values of Ls: (a) reflection coefficient and
(b) Axial ratio.

The effect of the semicircular stub whose radius is equal to
(r) is illustrated in Fig. 7. This parameter is responsible for the
showing up of the third resonant frequency, so it significantly
affects the CP behavior of the upper side band of the proposed
antenna. r = 1.5 mm results in a perfect separation between
the third resonant frequency and the mismatched fourth reso-
nant frequency which results in the widest−10dB impedance
BW and the 3dB ARBW.

V. MEASURED RESULTS
Fig. 8 exhibits the front and the back view of the prototype of
the proposed CP antenna. The measurements were acquired
with the aid of Agilent N5242A vector network analyzer and a
100 cubic meter anechoic chamber, at the University of Brad-
ford/Faculty of Engineering and Informatics. The simulated
and measured reflection coefficients and ARs as a function of
frequency are shown in Fig. 9. This figure shows a simulated
−10dB impedance BW equal to 4.6 GHz (70.8%) along the
range (4.2-8.8 GHz) and simulated 3dB ARBW equal to
5.3 GHz (83.5%) along the range (3.7-9 GHz). On the other
hand, the measured reflection coefficient and AR show -10dB
impedance BW equal to 4.55 GHz (70%) along the range
(4.3-8.85 GHz) and 3dB ARBW equal to 5.3 GHz (82.2%)
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FIGURE 7. Simulation results of the proposed antenna at Lst = 5.7mm,
Ls= 4.5mm, and different values of r : (a) reflection coefficient and
(b) Axial ratio.

FIGURE 8. The prototype of the proposed antenna (a) front view and
(b) back view.

along the range (3.8-9.1 GHz). It is clear from this figure that
the −10dB impedance BW is perfectly covered by the 3dB
ARBW. Therefore, it can be said that the antenna is a CP
antenna over the entire operating bandwidth. Consequently,
we propose a new coefficient named (The Effective CP Per-
centage with Respect to the Antenna Bandwidth), and it can
be denoted by (ECP%) as in [16]. This coefficient measures

FIGURE 9. The antenna results as a function of frequency (a) reflection
coefficient and (b) axial ratio.

the amount of the antenna bandwidth that can be utilized for
CP applications, and it can be given by (1):

ECP% = (((−10dBBW ) ∩ (3dBARBW ))/(−10dBBW ))

× 100% (1)

where −10dB BW and 3dB ARBW represent the −10dB
impedance BW and the 3dB axial ratio bandwidth, respec-
tively. The symbol (∩) denotes the intersection between
the two bandwidths. In the proposed design, the value of
the ECR% is equal to 100% since the intersection between
the two bandwidths is equal to the value of the −10dB
bandwidth.

In order to demonstrate the radiation characteristics of the
proposed antenna, the antenna gain and the normalized power
patterns at the antenna resonant frequencies are illustrated in
Fig. 10 and 11, respectively. The antenna has very satisfac-
tory gain values over the entire operating band. Fig. 11 illus-
trates the co-polarized and cross-polarized radiation patterns
of the antenna in the XZ- and YZ- planes at the resonant
frequencies of the antenna. It is clear that the values of the
co- and cross-polarized patterns are close to each other (with
a difference of less than 3dB) in the broadside direction of
the antenna at the three resonant frequencies, and this verifies
the presence of the CP in the broadside direction. As future
work, the antenna will be attached by a suitable reflector
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FIGURE 10. Simulated realized gain of the proposed antenna as a
function of frequency.

FIGURE 11. The normalized co-polarized and cross-polarized radiation
patterns of the proposed antenna at (a) f = 4.7 GHz, (b) f = 7 GHz, and
(c) f = 8.5 GHz.

positioned at its back side to get rid of the undesired back
radiation. The deviation between the measured and simulated
results may be attributed to the fabrication imperfection,
imperfect soldering of the SMA connector, and the reflec-
tions caused by the surrounding objects inside the anechoic
chamber.

Table 1 demonstrates a comparison between the proposed
antenna with other published designs in term of antenna size,
fractional−10dB impedance BW, fractional 3dBARBW, and
ECP%. It is worth to mention that the antenna dimensions are
calculated with respect to the wavelength (λ) corresponding
to the lower operating frequency. It is clear from this table

TABLE 1. A comparison between the proposed antenna and other
designs, where λ denotes the wavelength corresponding to the lower
Operating frequency.

that the previous works has a value of ECP% less than 100%
except reference [16]. However, the proposed design sur-
passes that of [16] by its small dimensions and wide −10dB
BW and 3dB ARBW.

VI. CONCLUSION
This work successfully designs a compact C-shaped wide-
band planar monopole antenna with wideband CP. An FR4
substrate with a dielectric constant of 4.3, a loss tangent of
0.025, and dimensions of 0.37 λ×0.37 λ×0.024 λ is used
to create the antenna. The antenna’s measured impedance
BW is 4.55 GHz over a frequency range of 4.3-8.85 GHz
(70%), whereas the measured broadside ARBW is 5.3 GHz
over a frequency range of 3.8-9.1 GHz (82.2%). Along its
impedance BW, the proposed antenna can be utilized for
CP applications because the ARBW perfectly encompasses
the entire antenna bandwidth. The measurements also show
gain values larger than 1.5 dB within the antenna BW.
As a future work, the antenna will be attached by a suit-
able reflector positioned at its back side to get rid of the
undesired back radiation and enhance the peak gain of the
antenna.
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