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�e design of a wideband circular-slot antenna for RF signal harvesting is reported in this work. �e proposed design frequency
range accommodates the leading contributors to the available RF signals accessible by the RFEH node. �ese widely utilized
frequency bands comprise GSM1800, UMTS2100, Wi-Fi2.450, and LTE2600. �e antenna geometry comprises circular-ring
radiating component �lled with two orbital circular and rectangular slots. At the bottom plane, a pair of rectangular and
semirectangular-circle slits are integrated.�e antenna presented is designed on a double layer of 1.6mm high FR-4 substrate.�e
source antenna achieved a simulated and measured impedance bandwidth (BW) of 1.510 and 1.590GHz, amounting to 68% and
73% fractional BW (FBW), covering -10 dB re�ection coe�cient (|S11|) between 1.640 to 3.150GHz and 1.550 to 3.140GHz, in
that order.�e wideband circular-slot source antenna realized a maximummeasured gain of 1.88, 2.13, 2.81, 3.22, and 4.32 dBi for
1.800, 2.100, 2.450, 2.650, and 3.20GHz, respectively. �e proposed design dimension on the printed board is 0.61 λg × 0.70 λg.
�e improved antenna gain is obtained from a circular parasitic patch coupled to the defected ground structure (DGS) for better
RF energy harvesting in an ambient environment.

1. Introduction

�e ability to handle high electromagnetic (EM) energy is
one of the important features of antennae used for the RFEH
module [1, 2]. RFEH technology has recently piqued the
interest of researchers as an additional source of energy that
provides an alternative solution to short-life batteries [3, 4].
Mobiles phones and other related wireless devices have been
penetrating the market since 1980 [1, 5]. Hence, the rising
demand for the long operational life of a battery remains an
open challenge [6, 7]. In RFEH systems, a rectifying antenna

(rectenna) harvests the energy via a combination of a source
antenna and RF-recti�er [8, 9]. �e source antenna picks up
the incoming signals, which are then transformed by an RF-
recti�er into a useable low power dc supply [10]. RFEH
technology is considered among the sources of green energy
by utilizing and shielding humanity from potentially
harmful radiation [11]. �us, wireless medical implanted
devices (WMID) largely facilitated the emergence of ap-
plications in healthcare systems such as wirelessly capsule
endoscopes, neural implants, retinal prostheses, various
neural recording microsystems, spinal cord stimulators, and
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intracranial pressure (ICP) monitors [12, 13]. Life-saving
healthcare systems involve telemetry and supervision of the
vital human body parts by the basic essential indicators for
the evaluation, diagnosis, stimulation, and treatment process
[14, 15]. RFEH antennae with wide operational BW and
improved gain are desirable for an efficient RF harvester
[16]. RF-spectral data from various research studies that
have recently been reported shows a practical amount of
energy for harvesting at GSM1800, UMTS2100, ISM2.4-Wi-
Fi2.45, and LTE2600 spectrum [5]. It is a challenging task to
design an antenna that can operate over a specific broad and
compact spectrum for a particular application [17, 18].

Researchers have recently focused on developing ultra-
wideband antennae with band rejection capabilities to
minimize interference from narrow-band for wireless ap-
plications [19, 20]. To attain the desired goal, several designs
approach, such as inserting slits and slots of varying di-
ameters, are being applied to the radiating components, feed
line, and ground planes [5, 19].&e use of half (λ/2) [5] and a
quarter (λ/4) [21] wavelength, open ended slits, and DGS
[22, 23] are also reported for various wireless communi-
cations applications.&e authors in [24] introduce a circular
patch monopole antenna with an annular-ring structure at
5.80GHz. &e antenna demonstrates a 12.8% BW incre-
ment, and a gain of 5.70 dBi at a relatively high frequency
compares to a typical monopole antenna. A monopolar
broadband antenna is reported by the authors in [25]. With
the introduction of metallic Vias, the antenna attains a BW
of 18%, resulting in a peak realized gain of 6 dBi between 2.15
and 2.35GHz.

Incorporating a feeding-loop results in about 65% BW as
demonstrated by the authors in [26]. &e antenna realized a
peak gain in the span of 3 to 7.7 dBi between 1.320 and
2.60GHz operating frequencies (fo). Besides, the deployment
of a complex feeding technique in the 3D structural model, a
CPW broadband antenna with a square-slotted pattern is
demonstrated by the authors in [27]. &e design realized a
FBW of 17.2% at 2.440GHz. &e concept of introducing
slots and slits on the feed line and the bottom ground of the
CPW antenna is reported to improve the FBW by about 45%
by the authors in [28, 29]. &e authors in [30] explore the
analysis of corner truncated antennae comprising U and L
slots. A single feed probe is used in the design study where
the various dimensions of the substrate height (h) were
examined. &e design attained a peak FBW of 14.0% at 4.05
and 4.15GHz. &e authors [31, 32] demonstrated the con-
cept of integrating the feed line with slots and slits. &e
designs, respectively, realized a FBW of 4.70% and 17.70%
for worldwide interoperability for microwave access
(WiMax) and radio frequency identification (RFID) appli-
cations. &e technique of fractal architectures deployed by
the authors in [33–35] obtained a FBW of 22.50%, 0.78%,
and 2.00%, respectively. Hence, the broadband antennae
reported by the authors in [28, 29, 31] and [36] are generally
designed with a complicated geometry that is difficult to
actualize.

&is work targets a wideband circular-slot antenna with
an improved gain, having a simple and inexpensive ge-
ometry structure. &e authors in [34, 37] demonstrated the

concept of an electromagnetic coupling using a single feed
line to maintain simple antenna geometry. A tilted rect-
angular and triangular wideband monopole printed an-
tennae are exploited by the authors in [38, 39]. &e designs
reported a FBW of 51.40% and 62.00%, respectively. &e
designs also recorded a relatively low gain across the fo,
which renders them unsuitable for low-power RFEH sys-
tems. A low-profile source antenna with broad BW and
enhanced gain is required for better RFEH in ambient
terrain [1, 10]. A broadband antenna for RFEH is presented
by the authors in [40]. &e antenna achieved a FBW of 23%
at 2.45GHz. &e authors in [41] reported a narrow-band
antenna for the RFEH application. &e source antenna
achieved a 10 dB BW of 30MHz with a peak gain of 3.360
dBi at 2.45GHz. Printed patch antennae are regaining
recognition in the design of RF harvesters due to their
conformability to planar and nonplanar surfaces, com-
pactness, low-profile, light, and cheap manufacturing cost
[1, 8, 11]. Patch antennae are also preferred due to their
adaptability in terms of fo, gain, radiation pattern, polari-
zation, and matching BW.&erefore, the proposed design in
this work maintains a trade-off between simple geometry
structures, compact size, affordability, and improve
performance.

In this study, a circular-slot wideband antenna is re-
ported. &e antenna is suitable for harvesting RF signals
across GSM1800, UMTS2100, ISM2.4-Wi-Fi2.45, and
LTE2600 spectrum. &e proposed design achieved a total
dimension of 50mm× 56mm matched through a 50Ω
transmission line (TL). &e proposed design offers a wide fo
of 1.640GHz to 3.150GHz with an improved gain applicable
for RFEH systems. &e remaining sections of this work are
divided into the following. Section 2 outlines the proposed
design antenna configuration. &e findings are addressed in
Section 3. &e concluding remark is presented in Section 4.

2. Antenna Design

RF spectrum measurements were performed before coming
out with the antenna design to determine the availability of
RF ambient power in the environment. Figure 1 presents a
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Figure 1: Evaluation of the received RF ambient power levels.
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cross section of the received ambient RF power levels. &e
survey highlights the significance of five major spectrums
with reasonable power levels for RFEH. As a result, the
operational frequency for the proposed antenna is specified
within 1.640 to 3.150GHz, which covers GSM1800,
UMTS2100, ISM2.4Wi-Fi2.45, and LTE2600 frequency
bands.

&e antenna presented in this paper is designed on a
double layer of 1.6mm height (h) FR-4 substrates, having 4.7
dielectric constant (ϵr), with 0.02 tangent loss (tanδ). &e
material is adopted because it is inexpensive, available, and
simple to fabricate. &e proposed antenna comprises a
circular-ring radiating element integrated with two addi-
tional circular and rectangular slots. Figure 2 presents design
architecture and the parameters of the proposed wideband
circular-slot antenna. Firstly, antenna architecture was a
model using a circular microstrip planar antenna based on a
closed-form equation as expressed in the following equation
[42]:

flw � 7.2
9a + 4p

4
× k 

− 1
GHz, (1)

where flw represents the lower cutoff fo. p is the gap of the
feed line in (cm). a provides the radius of the circular patch
in (cm) over a constant value k� 1.15. &us, “a” can be
expressed as

a �
3.20(GHz)

flw × κ
  −

4
9

 p. (2)

Solving for “a” at flw � 1.6GHz, and p� 0.5 cm, a is
computed to be 1.6 cm (16mm). &e width of TL is initially
evaluated at 2.7mm from the Wheeler’s closed-form

equation [10] and then optimized at 2.8mm. &e calculated
values from the model equation are transferred into a
high-frequency structure simulator (HFSS) from ANSYS for
further parametric tuning and optimization.

&is section investigates the impact of various critical
dimensional elements on the antenna’s performance, no-
tably its radiation pattern, impedance BW, and gain. All
simulations are conducted through HFSS. &e first circular
antenna structure (Design-#1) resonates at 2.2GHz with an
unsatisfactory |S11|. Circular structures tend to provide a
steady flow of currents [15, 33]. A DGS is introduced into the
antenna structure to achieve a broader impedance BW
between 1.600 and 3.100GHz as depicted in Design-#2. A
circular-ring structure is realized by introducing a 23mm
circular slot into the radiator, as shown in Design-#3. Two
circular slots are added to the orbital section of the radiator
to achieve a broader resonance across 2.320 to 2.910GHz fo.
A good impedance matching is realized by extending
rectangular slots from the bottom of the radiator.&eDGS is
also incorporated with a resonating circular parasitic patch
to enhance the proposed antenna’s gain. &e embedded
circular patch on the partial ground resonates with the
corresponding pair of circular slots counterpart on the left-
hand side (LHS) of the radiator. Additionally, a pair of
rectangular slots and a semirectangular-circle slit are carved
on the bottom ground for a broader impedance BW as
described in Design-#4. &e addition of the slots and slits
into the orbital sides of the structure is realized through
considerable parametric analysis to maintain the antenna
wideband characteristics with a reasonable gain. Hence,
Figure 3 illustrates the procedures used to achieve the de-
sired wideband circular-slot antenna.
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Figure 2: Proposed wideband antenna design architecture: (a) top view and (b) bottom view.
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&e wideband circular-slot radiator is first excited with
an upper circular slot along the LHS corner with a radius of
r1. &e diameter of the slot was tuned at λ/4 of the medium
resonance mode of 2.1 GHz. r1 was then varied to investigate
the effects of the slots on the antenna performance.
Adjusting r1 introduces a noticeable impedancemismatched
along the 2.00 to 2.400GHz fo. &e diameter of the slots was
then optimized at 16mm, as shown in Figure 4(a). &e lower
circular slot with a radius of r2 is integrated between the
radiator and the feed line to further improve the upper
resonance mode fu between 2.320 and 2.910GHz and also
reduce the impedance mismatch. &e diameter of the lower

orbital slot were then gradually tuned at λ/8 of fu at
2.45GHz. Hence, r2 of the slot demonstrates an improved
antenna performance at 10mm diameter, as shown in
Figure 4(b).

&e incorporation of the upper and lower circular slots
to the radiator introduces an impedance mismatch to flw. As
such, a vertical rectangular slot is raised from the center of
the radiator to enhance the impedance matching across the
wide fo. Rectangular stubs have been frequently employed in
various literature to increase the resonance performance
depending on their orientation [43–46]. Varying the length
of the slot t has an impact on the impedance BW, which
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Figure 3: Design approach for optimizing the proposed wideband circular-slot antenna from a basic circular antenna structure.
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Figure 4: Parametric analysis of the two orbital circular slots. (a) r1 and (b) r2.
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distorts the antenna peak achievable gain. &e impedance
matching tends to improve as t slowly increases from 6.5 to
9mm and deteriorates beyond 10mm. A good impedance
matching is realized by extending the length t of the rect-
angular slot from the bottom of the radiator at 9.30mm, as
demonstrated in Figure 5(a). Additionally, a circular para-
sitic patch is embedded into the partial ground to resonate
with their corresponding pair of the radiator orbital circular
slot to enhance the proposed antenna’s gain. A comparison
of the circular parasitic patch with radius r3 and the cor-
responding length t is illustrated in Figures 5(a) and 5(b).

3. Results and Discussion

Figure 6(a) presents the results of the simulated and mea-
sured |S11| versus the frequency of the proposed wideband
circular-slot antenna. &e antenna’s measured |S11| is in

close agreement with the simulated data.&e slight variation
from the measured data is attributed to fabrication tolerance
between the top and bottom view, the SMA source or
connection loss, and soldering lead loss. &e proposed de-
sign achieved -10 dB simulated and measured BW of
1.51GHz over a frequency span of 1.640 to 3.150GHz and
1.590GHz between 1.550 and 3.140GHz. &e results find-
ings cover a target fo, amounting to 68% and 73% of the
simulated and measured FBW, respectively.

Figure 6(b) depicts the peak gain variation as a function
of frequency. A maximum peak measured and simulated
realized gain of 3.1 dBi and 3.2 dBi is attained by the antenna
at 2.600GHz over a range of the targeted fo. A peak realized
simulated and measured gain of (1.93 dBi, 2.6 dBi, and 3.3
dBi) and (1.8 dBi, 2.1 dBi, and 2.7 dBi) is also achieved at
1.800, 2.100, and 2.400GHz, respectively.
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Figure 7 presents a 2D radiation plot across the four fo.
&e results are simulated at 1.800, 2.100, 2.450, and
2.65GHz, alongside xz-plane for (φ� 0o | 0o < θ< 180°) and
yz-plane for (φ� 90° | 0°< θ< 180°), respectively. An almost
omnidirectional radiation pattern is seen along xz-plane,

whereas yz-plane portrays a dipole-antenna pattern at 1.800
and 2.100GHz, and a directional antenna at 2.450 and
2.650GHz.

Table 1 summarizes the antenna’s outcomes, which are
compared with the related work in terms of their
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Figure 7: Simulated and measured radiation pattern of the proposed wideband circular-slot antenna for Phi� 0o and Phi� 90o: (a, b) at
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description, electrical dimensions, FBW, and gain. &e
authors in [18, 24] realized a peak gain when compared to
this work at the expense of a larger electrical dimension,
lower FBW, and relatively higher fo. Besides, the proposed
wideband circular-slot antenna demonstrates a good im-
provement with a broader fo that covers four major RFEH
spectrums. Furthermore, the antenna achieved a high gain

across fo, which is important in energy harvesting applica-
tions. As a result, the antenna provides a good trade-off
between FBW, compact size, gain, and cost.

&e performance of the proposed wideband circular-slot
antenna in an ambiance terrain is investigated in the
Multimedia University, Cyberjaya campus. Figure 1 high-
lights the capability of the terrain for harvesting RF signals.
&e amplitudes of receiving RF signals vary based on the
ambient circumstances. After evaluating the antenna pa-
rameters, a broadband RF-rectifier with a wide scale of input
power is introduced to make a rectenna system. &e RF-
rectifier also operates between 1.780 and 2.620GHz.&e two
components are connected by a straight-through SMA-male
to a SMA-male RF adapter. &e broadband rectenna is then
put to the test in an ambiance setting. &e proposed
wideband circular-slot antenna is subjected to a variety of
tests at different locations in the campus through the rec-
tenna system. Generally, the locations are marked between
30 and 200meters from a nearby position or BS. &e
measurements location is around 1 to 2m above the surface
level. As demonstrated in Figure 8, the proposed circular-
slot antenna produces an output dc voltageVdc of 0.313V via
the wideband RF-rectifier output terminal.

4. Conclusion

Source antenna architecture presented in this paper is
composed of a circular-ring radiating element loaded with
two orbital circular and rectangular slots. A defected ground
integrated with a pair of rectangular and semirectangular-
circle slits is modeled at the bottom plane for enhancing the
impedance matching BW. A circular parasitic patch reso-
nating with its respective pair of radiator orbital slots is
further added into DGS to improve the gain of the proposed
antenna. &e proposed wideband circular-slot antenna
achieved a measured and simulated operational BW of 1.59
and 1.510GHz, resulting to a 73% and 68% FBW, respec-
tively. A peak measured and simulated realized gain of (1.8
dBi, 2.1 dBi, 2.7 dBi, and 3.1 dBi) and (1.93 dBi, 2.6 dBi, 3.4
dBi, and 3.2 dBi) is attained by the antenna at 1.800, 2.100,

Table 1: Comparison of the proposed wideband circular-slot antenna with the related work.

Ref
[. . .]

Electrical
Length (λg)

Description Operating
frequency (GHz)

FBW
(%)

Maximum realized
gain (dBi) Substrate

[18] 1.52×1.52 Coupled slotted-gap with a semicircular slot. 5.150–12.470 78 4.5 FR-4 (4.3)

[24] 2.70×1.70 Coupled annular ring with a centralized feed
point. 5.700–6.300 10 5.7 RO6002

(2.94)

[28] 0.70× 0.71 Quasi C-shaped with a centralized signal strip 5.150–7.100 31 3.6 RO4003
(3.55)

[37] 1.10×1.10 Electromagnetically coupled fed a circular
pattern 2.410–2.500 3.6 NA FR-4 (4.5)

[38] 0.95× 0.95 Slanted rectangular slots pattern 1.820–3.080 51 1.5 FR-4 (4.7)

[33] 0.80×1.10 Triangular ground with an asymmetrical
excitation 1.42–2.7 62 2.2 FR-4 (4.3)

[33] 0.63× 0.63 Single fed fractal pattern integrated diagonally
with a ring slot 1.370–1.770 25 4.1 FR-4 (4.4)

&is
work 0.61× 0.700 Circular slot with a pair of orbital circular and

extended rectangular slots pattern 1.55–3.14 73 4.32 FR-4 (4.7)

∗λg: guided wavelength at the lowest operating frequency (fo). NA: not available.
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Figure 8: Ambiance measurement setups of the proposed
rectenna.
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2.450, and 2.650GHz, in that order. &e source antenna is
implemented on the FR-4 board covering a size of 0.61
λg × 0.70 λg [47].

Data Availability

&e data used to support the findings of this study are in-
cluded within the article.

Conflicts of Interest

&e authors declare that they have no conflicts of interest.

Acknowledgments

Dr. Mohammad Alibakhshikenari acknowledges support
from the CONEX-Plus programme funded by the Uni-
versidad Carlos III de Madrid and the European Union’s
Horizon 2020 research and innovation programme under
the Marie Sklodowska-Curie grant agreement no. 801538.

References

[1] I. Adam, M. N. Yasin, P. J. Soh et al., “A simple wideband
electromagnetically fed circular polarized antenna for energy
harvesting,” Microwave and Optical Technology Letters,
vol. 59, no. 9, pp. 2390–2397, 2017.

[2] S. Muhammad, J. J. Tiang, and S. K. Wong, “Design of a dual-
port multi-band rectifier circuit,” in Proceedings of the 8th
Global Conference on Engineering and Technology (CIETR -
2020), Bangkok, &ailand, December 2020.

[3] B. R. Behera, P. R. Meher, and S. K. Mishra, “Microwave
antennas-An intrinsic part of RF energy harvesting systems: a
contingent study about its design methodologies and state-of-
art technologies in current scenario,” International Journal of
RF and Microwave Computer-Aided Engineering, vol. 30,
no. 5, Article ID e22148, 2020.

[4] S. Muhammad, J. J. Tiang, S. K. Wong et al., “Harvesting
systems for rf energy: trends, challenges, techniques, and
tradeoffs,” Electronics, vol. 11, no. 6, p. 959, 2022.

[5] S. Muhammad, A. S. Yaro, and I. B. Alhassan, “Wide-band 4g
mobile device planar antenna using couple feeding tech-
nique,” ATBU Journal of Science, Technology and Education,
vol. 5, no. 4, pp. 107–116, 2018.

[6] C. Song, Y. Huang, J. Zhou et al., “Matching network elim-
ination in broadband rectennas for high-efficiency wireless
power transfer and energy harvesting,” IEEE Transactions on
Industrial Electronics, vol. 64, no. 5, pp. 3950–3961, 2017.

[7] Z.-X. Zhang and X. Y. Zhang, “High-efficiency single- and
dual-band rectifiers using a complex impedance compression
network for wireless power transfer,” IEEE Transactions on
Industrial Electronics, vol. 65, no. 6, pp. 5012–5022, 2018.

[8] D. Surender, T. Khan, F. A. Talukdar, A. De, Y. M. Antar, and
A. P. Freundorfer, “Key components of rectenna system: a
comprehensive survey,” IETE Journal of Research, pp. 1–27,
2020.

[9] D. Chaturvedi, A. Kumar, and S. Raghavan, “Wideband
HMSIW-based slotted antenna for wireless fidelity applica-
tion,” IETMicrowaves, Antennas & Propagation, vol. 13, no. 2,
pp. 258–262, 2019.

[10] S. Muhammad, J. Jiat Tiang, S. Kin Wong et al., “Compact
rectifier circuit design for harvesting gsm/900 ambient en-
ergy,” Electronics, vol. 9, no. 10, p. 1614, 2020.

[11] K. Niotaki, S. Kim, S. Jeong, A. Collado, A. Georgiadis, and
M. M. Tentzeris, “A compact dual-band rectenna using slot-
loaded dual band folded dipole antenna,” IEEE Antennas and
Wireless Propagation Letters, vol. 12, pp. 1634–1637, 2013.

[12] A. Iqbal, M. Al-Hasan, I. B. Mabrouk, A. Basir, M. Nedil, and
H. Yoo, “Biotelemetry and wireless powering of biomedical
implants using a rectifier integrated self-diplexing implant-
able antenna,” IEEE Transactions on Microwave 6eory and
Techniques, vol. 69, no. 7, pp. 3438–3451, 2021.

[13] S. Roy, A. N. M. W. Azad, S. Baidya, M. K. Alam, and
F. H. Khan, “Powering solutions for biomedical sensors and
implants inside the human body: a comprehensive review on
energy harvesting units, energy storage, and wireless power
transfer techniques,” IEEE Transactions on Power Electronics,
vol. 37, no. 10, pp. 12237–12263, 2022.

[14] A. Basir, I. A. Shah, and H. Yoo, “Sphere-shaped implantable
receiver coil for misalignment-resilient wireless power
transfer systems for implantable devices,” IEEE Transactions
on Antennas and Propagation, p. 1, 2022.

[15] A. Kumar and S. Raghavan, “A design of miniaturized half-
mode siw cavity backed antenna,” in Proceedings of the 2016
IEEE Indian Antenna Week (IAW 2016), pp. 4–7, IEEE,
Madurai, India, June 2016.

[16] S. Agrawal, M. S. Parihar, and P. N. Kondekar, “Broadband
rectenna for radio frequency energy harvesting application,”
IETE Journal of Research, vol. 64, no. 3, pp. 347–353, 2018.

[17] S. Muhammad, A. S. Yaro, I. Ya’u, and A. Abubakar, “Design
of single feed dual-bandmillimeter wave antenna for future 5g
wireless applications,” Science World Journal, vol. 14, no. 1,
pp. 84–87, 2019.

[18] M. K. Verma, B. K. Kanaujia, J. P. Saini, and P. Singh, “A
compact multi-slots loaded gap coupled CP antenna with
DGS for WLAN/WiMAX applications,” International Journal
of RF and Microwave Computer-Aided Engineering, vol. 30,
no. 12, Article ID e22431, 2020.

[19] J. Choi, K. Chung, and Y. Roh, “Parametric analysis of a band-
rejection antenna for uwb application,” Microwave and Op-
tical Technology Letters, vol. 47, no. 3, pp. 287–290, 2005.

[20] R. Eshtiaghi, R. Zaker, J. Nouronia, and C. Ghobadi, “UWB
semi-elliptical printed monopole antenna with subband re-
jection filter,” AEU - International Journal of Electronics and
Communications, vol. 64, no. 2, pp. 133–141, 2010.

[21] I.-J. Yoon, H. Kim, H. Yoon, Y. Yoon, and Y.-H. Kim, “Ultra-
wideband tapered slot antenna with band cutoff character-
istic,” Electronics Letters, vol. 41, no. 11, p. 629, 2005.

[22] S. Soltani, M. Azarmanesh, P. Lotfi, and G. Dadashzadeh,
“Two novel very small monopole antennas having frequency
band notch function using dgs for uwb application,” AEU -
International Journal of Electronics and Communications,
vol. 65, no. 1, pp. 87–94, 2011.

[23] Y. Shi, Y. Fan, Y. Li, L. Yang, and M. Wang, “An efficient
broadband slotted rectenna for wireless power transfer at lte
band,” IEEE Transactions on Antennas and Propagation,
vol. 67, no. 2, pp. 814–822, 2019.

[24] A. Al-Zoubi, F. Yang, and A. Kishk, “A broadband center-fed
circular patch-ring antenna with a monopole like radiation
pattern,” IEEE Transactions on Antennas and Propagation,
vol. 57, no. 3, pp. 789–792, 2009.

[25] J. Liu, Q. Xue, H. Wong, H. W. Lai, and Y. Long, “Design and
analysis of a low-profile and broadband microstrip monop-
olar patch antenna,” IEEE Transactions on Antennas and
Propagation, vol. 61, no. 1, pp. 11–18, 2013.

8 International Journal of Antennas and Propagation



[26] L. Cui, W. Wu, and D.-G. Fang, “Wideband circular patch
antenna with conical radiation pattern,” IEEE Antennas and
Wireless Propagation Letters, vol. 14, pp. 458–461, 2015.

[27] K.-M. Chang, R.-J. Lin, I.-C. Deng, J.-B. Chen, K. Q. Xiang,
and C. J. Rong, “A novel design of a cpw-fed square slot
antenna with broadband circular polarization,” Microwave
and Optical Technology Letters, vol. 48, no. 12, pp. 2456–2459,
2006.

[28] S. Ahdi Rezaeieh, A. Abbosh, and M. A. Antoniades,
“Compact cpw-fed planar monopole antenna with wide
circular polarization bandwidth,” IEEE Antennas andWireless
Propagation Letters, vol. 12, pp. 1295–1298, 2013.

[29] L. Zhang, Y.-C. Jiao, Y. Ding, B. Chen, and Z.-B.Weng, “Cpw-
fed broadband circularly polarized planar monopole antenna
with improved ground-plane structure,” IEEE Transactions on
Antennas and Propagation, vol. 61, no. 9, pp. 4824–4828, 2013.

[30] S. S. Yang, K.-F. Lee, A. A. Kishk, and K.-M. Luk, “Design and
study of wideband single feed circularly polarized microstrip
antennas,” Progress In Electromagnetics Research, vol. 80,
pp. 45–61, 2008.

[31] J.-Y. Jan, C.-Y. Pan, K.-Y. Chiu, and H.-M. Chen, “Broadband
cpw-fed circularly-polarized slot antenna with an open slot,”
IEEE Transactions on Antennas and Propagation, vol. 61,
no. 3, pp. 1418–1422, 2013.

[32] J.-H. Wang and S.-F. Wang, “Planar broadband circularly
polarized antenna with square slot for uhf rfid reader,” IEEE
Transactions on Antennas and Propagation, vol. 61, no. 1,
pp. 45–53, 2013.

[33] J. Kizhekke Pakkathillam and M. Kanagasabai, “Circularly
polarized broadband antenna deploying fractal slot geome-
try,” IEEE Antennas and Wireless Propagation Letters, vol. 14,
pp. 1286–1289, 2015.

[34] M. Yusop, M. Rahim, M. Ismail, and A. Wahid, “Circular
polarization fractal koch microstrip patch antenna using
single-fed em coupled ring resonators,” in Proceedings of the
2010 IEEE Asia-Pacific Conference on Applied Electromag-
netics (APACE), pp. 1–4, IEEE, Port Dickson, Malaysia,
November 2010.

[35] V. V. Reddy and N. V. S. N. Sarma, “Compact circularly
polarized asymmetrical fractal boundary microstrip antenna
for wireless applications,” IEEE Antennas and Wireless
Propagation Letters, vol. 13, pp. 118–121, 2014.

[36] W.-L. Liang, Y.-C. Jiao, L. Zhang, and T. Ni, “Wideband
single-feed circularly polarized antenna,” Progress In Elec-
tromagnetics Research Letters, vol. 54, pp. 93–99, 2015.

[37] M. L. Sabran, S. K. A. Rahim, P. J. Soh, C. Y. Leow, and
G. Vandenbosch, “A simple electromagnetically fed circu-
larly-polarized circular microstrip antenna,” Applied Com-
putational Electromagnetics Society Journal, vol. 30, no. 11,
pp. 1180–1187, 2015.

[38] T. Jono and K. Jono, “Wideband rectangular printed
monopole antenna for circular polarisation,” IETMicrowaves,
Antennas & Propagation, vol. 8, no. 9, pp. 649–656, 2014.

[39] A. Panahi, X. L. Bao, G. Ruvio, andM. J. Ammann, “A printed
triangular monopole with wideband circular polarization,”
IEEE Transactions on Antennas and Propagation, vol. 63,
no. 1, pp. 415–418, 2015.

[40] K. W. Lui, O. H. Murphy, and C. Toumazou, “A wearable
wideband circularly polarized textile antenna for effective
power transmission on a wirelessly-powered sensor plat-
form,” IEEE Transactions on Antennas and Propagation,
vol. 61, no. 7, pp. 3873–3876, 2013.

[41] T.-C. Yo, C.-M. Lee, C.-M. Hsu, and C.-H. Luo, “Compact
circularly polarized rectenna with unbalanced circular slots,”

IEEE Transactions on Antennas and Propagation, vol. 56,
no. 3, pp. 882–886, 2008.

[42] K. P. Ray, “Design aspects of printed monopole antennas for
ultra-wide band applications,” International Journal of An-
tennas and Propagation, vol. 2008, pp. 1–8, Article ID 713858,
2008.

[43] M. S. Ellis, Z. Zhao, J. Wu, X. Ding, Z. Nie, and Q.-H. Liu, “A
novel simple and compact microstrip-fed circularly polarized
wide slot antenna with wide axial ratio bandwidth for c-band
applications,” IEEE Transactions on Antennas and Propaga-
tion, vol. 64, no. 4, pp. 1552–1555, 2016.

[44] M. Midya, S. Bhattacharjee, and M. Mitra, “Triple-band dual-
sense circularly polarised planar monopole antenna,” IET
Microwaves, Antennas & Propagation, vol. 13, no. 12,
pp. 2020–2025, 2019.

[45] K. Ding, C. Gao, T. Yu, and D. Qu, “Broadband c-shaped
circularly polarizedmonopole antenna,” IEEE Transactions on
Antennas and Propagation, vol. 63, no. 2, pp. 785–790, 2015.

[46] B. Xu, Y. Zhao, L. Gu, C. Huang, and Z. Nie, “Broadband
circularly polarized printed falcate-shaped monopole an-
tenna,” International Journal of RF and Microwave Computer-
Aided Engineering, vol. 30, no. 11, Article ID e22395, 2020.

[47] A. A. Althuwayb, M. J. Al-Hasan, A. Kumar, and
D. Chaturvedi, “Design of half-mode substrate integrated
cavity inspired dual-band antenna,” International Journal of
RF and Microwave Computer-Aided Engineering, vol. 31,
no. 2, Article ID e22520, 2021.

International Journal of Antennas and Propagation 9


