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ABSTRACT: This work focuses on the design and implementation of a dual-wideband asymmetric square-shaped slot radiator with copla-
nar waveguide (CPW) feed for circular polarization (CP) characteristics. The proposed radiator has inward ground plane extensions in the
form of square and rectangular strips on the diagonal corners of the slot. By optimizing the size of strips, a dual-band antenna with CP be-
haviour is obtained. The inverted L-shaped grounded strip improves axial ratio bandwidth (ARBW). The extended signal line terminated
in a wide tuning stub significantly improves impedance bandwidth (IBW) and also further enhances ARBW. The designed asymmetric
slot radiator is fabricated using an FR-4 substrate material of dimensions 50×50×1.6mm3. This antenna design gives flexibility to alter
polarization sense at the dual frequency bands. Further, edge effects are analyzed through electric field distribution, and their impact on
impedance and AR characteristics are studied. It is designed, fabricated, and tested, and shows right-hand circular polarization (RHCP)
response at 3GHz and 7.5GHz in the +Z direction. The experimentally verified results show −10-dB IBWs of 40.12% (range from
2.61GHz to 3.92GHz) and 40.21% (range from 6GHz to 9.02GHz), and 3-dB ARBWs are 20% (range from 2.70GHz to 3.30GHz) and
40.21% (range from 6GHz to 9.02GHz) at the resonance bands. The experimentally measured and simulated performance parameters of
the prototype are in close agreement. The proposed perturbed slot radiator is well suited for Wi-Fi 6E communication and remote sensing
applications.

1. INTRODUCTION

Antennas have a significant role in the field of wireless com-
munication domain. Due to the rapid growth of wireless

communication technology, the necessary requirement of an-
tennas with superior features for diverse applications has in-
creased. A modern communication system demands a cost-
effective single antenna design, which can perform various
functionalities. Many dual-band/multiband antenna designs
with linear polarization (LP) can be found in the literature.
However, linearly polarized antennas suffer from fading ef-
fects, polarization mismatch problems, and multipath propaga-
tion effects [1, 2]. Circularly polarized antennas can overcome
the drawbacks of LP antennas. Many types of dual-band CP an-
tennas like patch [3], fractal [4], dipole [5], complementary [6],
dielectric resonator antenna (DRA) [7], and monopole [8] an-
tennas can be found in the literature. These antennas have
complex geometry, low impedance and axial ratio (AR) band-
widths. Many dual-band circularly polarized antennas have
been designed using various technologies like substrate inte-
grated waveguide (SIW) [9], metasurface (MTS) [10], and re-
active elements based [11]. These designs suffer from com-
plex geometry and fabrication, multilayers, bulkyness, and low
bandwidths.

* Corresponding author: Pradeep Hattihalli Shankaraiah (pdeep.hs@gmail
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In recent years, wireless communication with multiband
applications has made use of planar radiating structures like
dual-band slot antennas as they have attractive features like
low profile, low conductive loss, conformation, easy fabrica-
tion, and broad bandwidth. Different shapes of slot antennas
like square [12], rectangular [13], pentagon [14], and hexag-
onal [15] structures are found in the literature. They are ei-
ther linearly polarized, restricted to single-band CP or have
large dimensions. Some of the CP slot antennas are either sin-
gle band [16–19], dual polarized [20], or dual feed [21] struc-
tures. These designs have single-band CP behavior with low
bandwidth. Many CP slot antennas with various feeding meth-
ods like CPW feed [22], microstrip feed [23, 24], sequential
feed [25], and differential feed [26] are presented in the liter-
ature. These works have either complex feed, two-layered de-
signs, or less bandwidths. Among them, CPW feed is simple
and supports a single-layered antenna design. Slot antennas of
different configurations like open slot [27], narrow slot [28],
wide slot [29], annular slot [30], and rotated slot [31] are re-
ported in the literature. They are of either large profile or low
axial ratio bandwidth.
A square slot antenna with corner truncation has split ring

resonators (SRRs) loaded below the substrate is presented
in [32]. The AR bandwidths of 3.1% at 3.1GHz and 4.2% at
4.7GHz are achieved. A dual broadband annular CP slot radia-
tor for WLAN applications is reported in [33]. The antenna has

157doi:10.2528/PIERC24073104 Published by THE ELECTROMAGNETIC ACADEMY

https://doi.org/10.2528/PIERC24073104


Shankaraiah, Shet, and Kandasamy

a lightning-shaped slot structure and a crescent-shaped parasitic
element in the slot produces dual-band CP radiation. Com-
munication [34] presents a novel corner extended square slot
antenna with an inclined copper strip array for CP radiation.
In [35], the reported antenna shows dual bands with CP behav-
ior using a single slot structure with an inductor element, a re-
flector, and a T-shaped microstrip feed. The ARBWs of 6.56%
and 7.74% were obtained at 1.227GHz and 1.575GHz, respec-
tively. A dual-resonance CP shared-aperture antenna with a
SIW slot structure operating in X-band is used as a patch struc-
ture with circular polarization radiation in the C-band and is
verified experimentally in [36]. ARBWs of 1.04% and 0.75%
at 5.77GHz and 9.3GHz are respectively reported.
Recently, a slot antenna design having stable in-band gain

performance with decreased frequency ratio for dual-band radi-
ationwithARBWs of 1.6% and 2.9% is realized in [37]. In [38],
the proposed slot radiator exhibits dual resonances by loading a
stub and an inverted L-strip in the ground plane, and ARBWs of
25% and 10.11% are achieved. The design reported in [39] has
two orthogonal linear slots cascaded with a non-radiative res-
onator which results in dual-band CP response with ARBWs of
7.1% and 5.06%.
Due to rapid growth of modern wireless communication,

there is a need for Wi-Fi technology that offers faster speeds,
lower latency, and improved connectivity for modern appli-
cations. Wi-Fi 6E devices are designed to take advantage of
the enhanced performance and capacity provided by the 6GHz
band, making them ideal for modern applications that require
high-speed connectivity. Designing an antenna with low pro-
file, compactness with simple feed mechanism to achieve dual-
band behavior, and wide ARBW for Wi-Fi 6E applications is a
challenge.
This article presents a novel low-profile dual resonance

asymmetric slot structure with wide ARBW for Wi-Fi 6E com-
munication and remote sensing applications. The diagonal
ground plane extensions at the corners of slot, an inverted L-
shaped grounded strip, and a vertical tuning stub in the signal
line are used to realize a dual wideband CP antenna. It is de-
signed to exhibit CP behavior at resonance bands centered at
3GHz and 7.5GHz. The impedance bandwidths (IBWs) are
40.12% and 40.21%, while ARBWs of 20% and 40.21% are
achieved at lower and upper resonance bands, respectively. The
proposed design is suitable for Wi-Fi 6E devices like stand-
alone routers, laptops, smart TVs, internet of things (IoT) de-
vices, etc.
In the proposed work, three main features have been incorpo-

rated within the design: Firstly, inclusion of ground plane ex-
tensions at the diagonal opposite corners of slot achieves dual-
band CP simultaneously [40]. Secondly, implanting an inverted
L-shaped ground strip accounts for the enhancement of ARBW.
Lastly, embedding a vertical tuning stub in the extended feed
structure results in the enlargement of IBW [41, 42], thereby
achieving both wide impedance and AR bandwidths simulta-
neously. Therefore, a single-layered dual wideband CP slot an-
tenna is achieved with simple feed and less number of design
parameters than most of the dual-band CP slot antenna designs

in the literature. This confirms the novelty of the proposed de-
sign.
The key contributions of the proposed design are:
1. Single-layer, single-feed, and single-radiator design sup-

ports dual-band circular polarization characteristics.

2. The design provides wide impedance and AR bandwidths
simultaneously.

3. Design flexibility to alter polarization sense by changing
the ground plane extensions to other diagonal opposite
corners of the slot radiator.

4. Equivalent circuit analysis to validate the |S11| character-
istics.

5. Edge effects are analyzed, and their impacts on impedance
and AR responses are studied.

6. Compact design with less number of parameters than most
of the dual-band CP slot antenna designs in the literature
and ease of fabrication.

The rest of the article is organized as follows. Section 2 presents
the geometry of the proposed radiator. The evolution steps of
the proposed design and surface current flow and electric (E)
field distributions are described in Section 3. The parametric
study, equivalent circuit model, and edge effects are presented
in Section 4. Section 5 compares the experimentally measured
and simulated performance parameters. Finally, Section 6 con-
cludes the paper.

2. ANTENNA DESIGN
This proposed design is a circularly polarized dual wideband
asymmetric slot radiator using a cost-effective FR-4 substrate
material of size 50 × 50mm2, relative permittivity (εr) =
4.4, and substrate thickness (h) = 1.6mm with loss tangent
(tan δ) = 0.025. A square-shaped slot etching is performed
on the dielectric material, fed by a CPW feed line. Figs. 1(a)
and (b) illustrate the top sight and side sight of the proposed
geometric configuration, respectively. The proposed design
comprises an asymmetric slot radiator with the perturbation
introduced in the form of inward ground plane extensions at
the diagonal opposite corners of a conventional slot radiator in
square and rectangular strips. The ground plane extensions on
the upper left and lower right corners of the slot are of dimen-
sions (SL1 × SW1) and (SL2 × SW2), respectively. Further,
an inverted L-shaped strip on the ground plane has lengths and
widths (L1 × W1 and L2 × W2). A wide vertical tuning stub
on the extended signal line has dimensions (Lt ×Wt).
The performance of the CP slot antenna, particularly the AR

feature, will be impacted by the size of the ground plane. As a
result, it is required to make sure that the ground and slot have
the right size. The suggested work’s optimal design has a fixed
L/Ls ratio of 1.123.
According to the simulation results, selecting ground plane

extensions with the following dimensions: SL1 = SW1 =
13mm (∼ 0.292Ls), SL2 = 27mm (∼ 0.606Ls), SW2 =
17mm (∼ 0.382Ls) improves IBW in addition to increasing
ARBW.
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(a)

(b)

FIGURE 1. Geometry of the proposed design (a) Top vision, (b) Side vision (Optimized dimensions in mm: L = 50, Ls = 44.5, SL1 = 13,
SW1 = 13, SL2 = 27, SW2 = 17, Lt = 9,Wt = 7, Lf = 34,Wf = 2.8, L1 = 19, L2 = 4,W1 = 4,W2 = 7, g = 0.25).

(a)

(b) (c)

FIGURE 2. (a) Evolution stages to realize the proposed radiator. (b) |S11| characteristics. (c) Axial ratio values.

3. ANTENNA WORKING PRINCIPLE
This segment describes the operating principle of the proposed
radiator using the design evolution steps and CP mechanism.

3.1. Design Evolution
Figure 2(a) depicts the realization of a dual resonance antenna
structure with the aid of various antenna prototypes. The sim-
ulated plots of S-parameter characteristics and AR magnitudes
for different prototypes and the proposed design are illustrated
in Figs. 2(b) and (c).
Ant. 1: This structure is a wide slot antenna with CPW feed

and linear polarization characteristics. The conventional square
slot antenna radiates at its fundamental transverse electric mode
(TE10), and its resonance is determined using [43],

fr =
c

2Ls

√
2

1+ ∈r
(1)

where Ls represents the slot length, and εr denotes the relative
permittivity of the dielectric material. With this prototype, the

axial ratio is quite large (> 30 dB). Fig. 2(b) shows that the
conventional slot structure resonates at 3GHz.
Ant. 2 (Dual-band generation): With the extension of slot

dimensions and length of the feed line, dual resonances at
4.3GHz and 6.8GHz are obtained with no circular polariza-
tion. Dual-band response in a square slot antenna with an ex-
tended CPW feed line as well as slot dimensions is achieved
by carefully designing both slot and feed line to support multi-
ple resonant frequencies. Extending the slot introduces higher
order modes TE20, TE30 and so on, which resonate at frequen-
cies above the fundamental mode and are characterized by addi-
tional current paths within the slot structure, while the extended
CPW feed line influences the impedance matching and excita-
tion of multiple frequencies by modifying its electrical length.
Fine tuning the length of the CPW feed line and the dimen-
sions of the slot allows for better coupling between them and
generation of mixed-mode resonances. These resonances are
a combination of fundamental and higher-order modes, often
resulting in dual-band or multi-band behavior.
Ant. 3 (CP mechanism): Asymmetry in the conventional

slot antenna is produced by the placement of ground plane ex-
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TABLE 1. Performance comparison of different prototypes and the proposed slot radiator.

Prototypes IBW ARBW Modifications in the geometry
Ant. 1 2.64GHz–3.58GHz, 30.22% — Conventional slot

Ant. 2
4.13GHz–4.69GHz, 12.69%
6.57GHz–7.14GHz, 8.31%
9.37GHz–9.90GHz, 5.50%

—
Extension of Slot and feed

line dimensions
(Ls, Lf )

Ant. 3
4.17GHz–4.72GHz, 12.37%
6.68GHz–7.16GHz, 6.93%

4.33GHz–4.49GHz, 3.62%
6.91GHz–7.16GHz, 3.55%

Inclusion of ground plane
extensions

(SL1 × SW1) & (SL2 × SW2)

Ant. 4
2.75GHz–4.04GHz, 38%
5.79GHz–6.33GHz, 8.91%
7.52GHz–8.56GHz, 12.93%

2.94GHz–3.74GHz, 23.95%
5.79GHz–6.33GHz, 8.91%
7.52GHz–8.46GHz, 11.76%

Placement of inverted
L-shaped ground strip
(L1 ×W1, L2 ×W2)

Ant. 5 (Proposed)
2.60GHz–4GHz, 42.42%
6GHz–9.22GHz, 42.31%

2.69GHz–3.31GHz, 20.66%
6GHz–9.22GHz, 42.31%

Termination of feed line
with vertical tuning stub

(Lt ×Wt)

tensions. The inclusion of ground plane extensions [40] per-
turbs the slot’s current distribution, influencing the resonant
modes and their phase relationships within the slot. Fine tun-
ing the length of the CPW feed line and the dimensions of the
slot allows for the excitation of degenerate modes TE10 and
TE01, TE20, and TE02, which are orthogonal to each other with
quadrature phase difference. As a result, the superposition of
these orthogonal modes produces a rotating electric field vec-
tor, which is the characteristic of circular polarization. This
prototype radiates RHCP waves at two distinct narrow bands
4.4GHz and 7GHz.
Ant. 4 (Wide 3-dB AR bands): Both the TE02 and TE20

modes are inherently narrowband which can generate CP in
slot antennas. Achieving wideband performance typically re-
quires additional design techniques like optimizing slot dimen-
sions, employing effective feeding techniques, etc. In the pro-
posed design, the slot geometry is modified by embedding an
inverted L-shaped ground strip. This introduces additional res-
onant modes for a wider range of frequencies while maintaining
CP. The coupling between the feed line and inverted L-shaped
ground strip perturbs the current distribution in the slot struc-
ture so that the 3-dB AR bands are shifted to lower frequencies,
while enhancing the 3-dB ARBWs. Implanting inverted L-
shaped ground strip in the slot structure leads to a large ARBW
and may not guarantee satisfying impedance matching [41, 42].
Fig. 2(c) shows that there is a significant increase in the ARBW
which is noticed due to the inverted L-shaped ground strip.
Ant. 5 (Proposed) (Wide-band response): Finally, a ver-

tical tuning stub is embedded in the feed line to widen the
impedance band. Appropriate design of tuning stub results
in combining two higher order resonances to form a wider
impedance band so as to completely cover the 3-dB AR band.
The vertical tuning stub has effectively widened the VSWR ≤
2 impedance band apart from slightly broadening the 3-dB AR
band [41, 42]. This is the optimized proposed design, which
significantly improves both IBW and ARBW performances si-
multaneously. Furthermore, a dual wideband CP slot antenna
is achieved.

The simulated results in terms of IBW and ARBW of differ-
ent prototypes and the proposed slot configuration are summa-
rized in Table 1.
The simulation results in Table 1 indicate that no CP reso-

nances were contributed by Ant. 1 and Ant. 2 prototypes. It
can be inferred from Ant. 3’s response that the inclusion of
ground plane extensions into the slot radiator generates two CP
bands. Embedding an inverted L-shaped ground strip enhances
ARBW performance based on the output of prototype Ant. 4.
Finally, the proposed configuration leads to the conclusion that
the suggested slot radiator’s ARBW is significantly increased
by terminating the feed line with a vertical tuning stub, which
primarily improves IBW performance. Comparing the perfor-
mances of dual-band CP prototype Ant. 3 and the proposed
design, there is a large improvement of IBW from 9.65% to
42.36% and ARBW from 3.58% to 31.48% on average.

3.2. CP Mechanism

In this subsection, the mechanism of CP generation of the pro-
posed design is explained by simulated distribution of surface
current. Further, the change of CP sense is discussed by simu-
lated electric field distribution.
This subsection illustrates CP generation of the proposed

structure by observing the flow of vector surface current on the
slot structure, feed line, and strips at different phases obtained
from simulations at resonance bands. The current distributions
for phases ωt = 0◦, 90◦, 180◦, and 270◦ at 3GHz and 7.5GHz
are observed in the positive Z-direction on the XY -plane as
depicted in Figs. 3(a) and (b). From the observations, the dis-
tributed surface current vector rotates counterclockwise as the
phase progresses from 0◦ to 270◦. Hence, the proposed antenna
radiates RHCP waves at both resonant frequencies. CP opera-
tion is obtained on the excitation of asymmetric slot structure.
The flow direction of the surface current is reversed due to al-
tering the position of ground plane extensions to other diagonal
opposite corners of slot radiator. Therefore, in this case, the
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(a)

(b)

FIGURE 3. Vector surface current behaviour on simulation at center frequencies: (a) 3GHz, (b) 7.5GHz.

antenna radiates left hand circular polarization (LHCP) waves
at its resonance bands.
The change in the sense of CP behaviour of asymmetric slot

radiator can be illustrated by analyzing the simulation results of
distributed electric (E) fields along the positive Z-direction on
the XY -plane. Considering the mirror of the proposed design
along the x-axis, the inward ground plane extensions appear
at the other opposite diagonal corners of the slot radiator (as
in Fig. 4) which results in LHCP behaviour at both the bands
of operation. Figs. 4(a) and (b) illustrate the simulation results
of E-field behaviour of the dual-band slot radiator for LHCP
radiation at resonance frequencies for the phases ωt = 0◦ and
ωt = 90◦.

4. ANTENNA ANALYSIS
This section discusses the analysis of the proposed design using
the equivalent circuit model, parametric study and edge effects.

4.1. Equivalent Circuit Analysis

The circuit simulation is carried out using Advanced Design
System (ADS) simulation software. The circuit representing
CPW fed slot antenna shown in Fig. 5(a) consists of lumped
componentsRf ,Lf , andCf , which represent the sub-miniature
version A (SMA) connector and coplanar waveguide feed. The
slot structure is represented by the parallel combination of Ls

and Cs.
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(a)

(b)

FIGURE 4. Simulated E-field behaviour for LHCP waves at resonances: (a) 3GHz, (b) 7.5GHz.

(a) (b)

(c) (d)

FIGURE 5. Circuit equivalent modeling of the proposed work: (a) CPW fed slot antenna. (b) Antenna circuit model with three RLC resonant circuits.
(c) Equivalent circuit diagram of the proposed CPW fed Asymmetric slot antenna. (d) Comparison of reflection coefficient plots.

To achieve asymmetric slot radiator, the inclusion of inward
ground plane extensions at the diagonal opposite corners of a
conventional slot radiator in the form of square and rectangular
strips and their coupling to tuning stub is represented by two
RLC resonant circuits. The third RLC resonant circuit repre-
sents the coupling of inverted L-shaped ground strip to tuning
stub, which is depicted in Fig. 5(b), showing antenna circuit
model with three RLC resonant circuits. This is represented by
a branch composed of three parallel RLC resonant cavities in a
series connection in Fig. 5(c).

To achieve dual-frequency bands, two branches of three par-
allel RLC resonant cavities in a series connection is represented
in Fig. 5(c), which depicts the circuit equivalent transmission
line representation of the proposed dual resonance CP slot ra-
diator. Capacitances Cs1 and Cs2 represent the slot coupling.
Figure 5(d) illustrates the comparison of reflection coeffi-

cient plots obtained due to the circuit and EM simulations. The
S-parameter simulation results obtained are in close agreement
with the extracted circuit parameter values. The discrete pa-
rameter values of the circuit model obtained after rigorous sim-
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ulations are R1 = 181.75Ω, L1 = 1.4 nH, C1 = 0.305 pF,
R2 = 600.9Ω, L2 = 0.20 nH, C2 = 2.18 pF, R3 = 5KΩ,
L3 = 0.6 nH, C3 = 1.30 pF, R4 = 14Ω, L4 = 40 nH,
C4 = 1.50 pF, R5 = 535Ω, L5 = 3.40 nH, C5 = 1.40 pF,
R6 = 76Ω, L6 = 1 nH, C6 = 1.55 pF, Rf = 19.90Ω, Lf =
1.3 nH, Cf = 5× 10−5 pF, Cs1 = 0.705 pF, Cs2 = 5.87 pF.

4.2. Parametric Analysis
The parametric study is carried out to know the sensitivity of
impedance performance and axial ratio bandwidth of the res-
onance bands by varying physical parameters of the antenna.
In this analysis, a single parameter value is varied, whereas the
rest of the parameters of the antenna are kept constant at a fi-
nal optimized value. The key parameters of this antenna design
are corner strip width (SW1), inverted L-shaped ground strip
length (L2), slot length (Ls), and substrate thickness (h).

4.2.1. Corner Strip width (SW1)

Figure 6(a) shows the simulation plots of |S11| characteristics
and AR response for varying values of corner strip width SW1.
The asymmetry produced in a conventional slot structure due
to corner strips is responsible for CP characteristics. There is
a slight increase in the IBW of the upper band due to an in-
crease in the strip width. It mainly influences the widening of
the AR bandwidth. With the increase of SW1, the lower res-
onance band slightly shifts to the higher resonance frequency
side, and AR < 1 dB is achieved. ARBW increases greatly
in the higher resonance band compared to the lower frequency
band. Therefore, the final optimized value SW1 = 13mm is
considered in the proposed design.

4.2.2. Inverted L-Shaped Ground Strip Length (L2)

Figure 6(b) depicts the simulated plots of |S11| values and
AR curves for varying values of inverted strip length L2. As
the length of the inverted ground strip increases, the lower
resonance band moves slightly towards lower frequency side.
ARBW in the upper band improves greatly, and AR of less
than 1 dB is achieved. Therefore, the final optimized value
L2 = 4mm is considered in the proposed design.

4.2.3. Slot Length (Ls)

Figure 6(c) depicts the simulated plots of |S11| parameter val-
ues and AR curves for varying values of slot dimension Ls.
As the slot size decreases, the resonance bands shift slightly
towards higher frequency. There is slight improvement in the
IBW of resonance bands by reducing the slot dimension from
46.5mm to 44.5mm. Decreasing the slot size has greater in-
fluence on the ARBW performance of dual resonance bands.
ARBWs of 11.85%, 16.57%, and 20.66% for lower resonance
band and 20.47%, 41.76%, and 42.31% for upper frequency
band are achieved for decreasing values of slot dimensionLs =
46.5mm, 45.5mm, and 44.5mm, respectively. Therefore, the
final optimized value Ls = 44.5mm is considered in the pro-
posed design.

4.2.4. Substrate Thickness (h)

Figure 6(d) depicts the simulated plots of |S11| values and AR
curves for varying values of substrate thickness h. As the thick-
ness of the substrate increases, the resonance bands slightly
move towards the lower frequency side. ARBW improves sig-
nificantly for the upper resonance band. ARBWs of 30.43%,
38.94%, and 42.31% are achieved for substrate thicknesses
h = 0.8mm, 1mm, and 1.6mm, respectively, for the upper res-
onance band. Therefore, the final optimized value h = 1.6mm
is considered in the proposed design.

4.3. Analysis of Edge Effects
Edge effects play a crucial role in determining the performance
of antennas. These effects in slot radiator are the phenomena
that occur at the boundaries of the slot, which can significantly
impact the antenna’s performance, including its radiation pat-
terns, impedance, and bandwidth. Field distribution tends to
concentrate near the edges of the slot and ground plane. This
nonuniform field distribution can lead to variations in radia-
tion characteristics. Fig. 7 shows field distribution for different
sizes of ground plane. In order to minimize these edge effects,
techniques like rounding or tapering edges, optimizing slot di-
mensions, and ensuring a sufficiently large ground plane can be
employed. In the proposed work, by careful design and analy-
sis, edge effects are minimized through optimizing the slot ge-
ometry, while at the same time large bandwidth is achieved.
Figure 8 depicts the effects of ground plane variation on

bandwidth performance of the proposed design. The decrease
in ground plane’s size shifts the impedance bands toward lower
frequency side. Further, 3-dB AR band for higher resonance
band becomes narrower to a greater extent. The increase in
ground plane’s size moves the impedance bands toward higher
frequency range [44], and the impedance bands become nar-
rower. This is due to different near-field distributions for dif-
ferent sizes of the ground plane. As a result, the amount of
overlap of impedance band with 3-dB AR band for resonance
bands decreases, thereby, affecting the CP center frequencies
of the slot antenna. Hence, the operating frequencies of the slot
radiator are dependent on ground plane’s size. Table 2 depicts
the effects of variation of ground plane’s size on impedance and
AR bandwidths performance.
From Fig. 7, it can be inferred that with the increase in

ground plane size to 53mm × 53mm, edge effects are mini-
mized. However for this ground plane’s size, from Table 2, it
is observed that the achieved impedance and AR bandwidths
become less. There is a trade-off between bandwidth perfor-
mance and edge effects. In order to enhance IBW and ARBW
and also with reduced edge effects, the ground plane size of
50mm× 50mm is considered in the proposed design.

5. RESULTS AND DISCUSSION
The simulation and fabrication of the dual-wideband asym-
metric square slot radiator were performed using the CST mi-
crowave studio software and S103 LPKF PCB prototyping ma-
chine, respectively. The proposed design with the final opti-
mized physical dimensions was fabricated and experimentally
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(a)

(c)

(b)

(d)

FIGURE 6. |S11| performance and axial ratio values for (a) SW1 variation, (b) L2 variation, (c) Ls variation, (d) h variation.

FIGURE 7. Field distribution showing edge effects for different sizes of ground plane.
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FIGURE 8. Impedance and AR characteristics for ground plane variation.

(a) (b)

FIGURE 9. (a) Fabricated antenna prototype. (b) Measurement setup.

(a) (b)

FIGURE 10. Simulation and experimental results. (a) S-parameter values. (b) AR response.

TABLE 2. Effects of variation of ground plane’s size on impedance and AR bandwidths performance.

Size of the ground plane (L× L)
mm2

Bandwidth
Impedance (%) Axial ratio (%)

47× 47 20, 44.35 16.52, 23.61
50× 50 42.42, 42.31 20.66, 42.31
53× 53 35.39, 23.31 12.45, 7.32

measured to validate the simulation results. Figs. 9(a) and (b)
show a photograph of the fabricated design prototype and mea-
surement setup.
Agilent N9918A Vector Network Analyzer (VNA) was used

for |S11| measurement. The experimentally determined and
simulated values of performance parameters are in close agree-

ment. There are small deviations between the two results due
to fabrication errors.
Figures 10(a) and (b) depict the |S11| response and axial ra-

tio behaviour, respectively, obtained from the simulation and
experiment of the proposed radiator.
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(a)

(b)

FIGURE 11. Comparison of AR beamwidth plots at resonances: (a) 3GHz, (b) 7.5GHz.

(a) (b)

FIGURE 12. Simulation and measurement plots of: (a) Peak gain, (b) Simulated Radiation efficiency.

The simulated and measured |S11| < −10-dB BWs for the
lower frequency band are 42.42% (range from 2.60GHz to
4GHz) and 40.12% (range from 2.61GHz to 3.92GHz), and
for the higher resonance band, the BWs are 42.31% (range
from 6GHz to 9.22GHz) and 40.21% (range from 6GHz to
9.02GHz), respectively. The simulated and experimentally
measured 3-dB ARBWs for lower resonance band are 20.66%
(range from 2.69GHz to 3.31GHz) and 20% (range from
2.70GHz to 3.30GHz), and for the higher resonance band, the
BWs are 42.31% (range from 6GHz to 9.22GHz) and 40.21%
(range from 6GHz to 9.02GHz), respectively.
The AR as a function of elevation angle of the proposed slot

radiator at 3GHz and 7.5GHz is plotted in Fig. 11. The mea-
sured 3-dB AR beamwidths of 73.3◦ and 40.1◦ at 3GHz and
10.3◦ and 14.1◦ at 7.5GHz are obtained in the xz-plane and
yz-plane, respectively.
Figures 12(a) and (b) depict the experimental and simulated

plots of CP gain and simulated radiation efficiency of the dual-
band radiator. The simulated values of peak gains of 2.91 dBic
at 3GHz and 3.68 dBic at 7.5GHz are obtained, whereas exper-

imentally measured values of peak gains of 2.64 dBic at 3GHz
and 3.26 dBic at 7.5GHz are obtained. The simulated radiation
efficiency values of 78.93% at 3GHz and 64.96% at 7.5GHz
are obtained.
The proposed antenna radiation performance was measured

using a near-field anechoic chamber. Figs. 13(a) and (b) depict
the simulated and experimentally measured radiation patterns
of the dual-band slot design in two principal planes (XZ and
Y Z) at operating frequencies of 3GHz and 7.5GHz, respec-
tively. The RHCP wave is observed for dual resonances in the
positive Z-direction. The figure illustrates that the antenna ra-
diation is bidirectional in nature and in close agreement with
the simulated and experimentally measured co-pol and cross-
pol levels in both resonance bands.
It can be seen from the radiation patterns that the LHCP level

falls−15 dB below the RHCP level in the lower resonance band
and−20 dB at the upper resonance band. RHCP is obtained at a
maximum inclined angle of −17◦ (Y Z-plane) and +16◦ (Y Z-
plane) with respect to broadside direction at the first and second
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(a)

(b)

FIGURE 13. Comparison of radiation plots at resonances: (a) 3GHz, (b) 7.5GHz.

TABLE 3. Comparative analysis of this work with other similar kinds of CP slot antennas in the literature.

Ref.
No.

Electrical Size
Res. Freq.
(GHz)

IBW (%)
ARBW
(Band)
(%)

ARBW
(Beam)
(◦)

CP Gain
(dBic)

CP
Sense
change
(RHCP/
LHCP)

Eq. Circuit
Analysis

[17] 0.97λo × 0.97λo 5.8 3.6 —– 68/57 10.75 No No
[18] 0.69λo × 0.69λo 5.73 1.63 0.44 70/104 7.96 No No
[19] 0.7λo × 0.7λo 3.45 18.6 9.5 176/147 7.65 No No
[24] 0.41λo × 0.41λo 2.5, 5.5 114.7 60.2, 32.7 —— 4.2, 3.4 Yes No
[29] 0.37λo × 0.32λo 1.75, 3.3 26.04, 18.93 22.22, 10.53 —— 3.6, 1.5 No No
[31] 0.31λo × 0.31λo 1.88, 4.41 24.3, 33.4 4.4, 7.9 —— 1.72, 2.17 No No
[32] 0.72λo × 0.72λo 3.1, 4.7 12.9, 8.5 3.1, 4.2 —— 7.3, 8.5 Yes Yes
[33] 0.4λo × 0.48λo 2.4, 5.5 25.9, 25.9 13.3, 16.9 —— 2.3, 3.1 No No
[34] 0.4λo × 0.4λo 2.4, 4.2 42.4, 15.6 45.5, 15.7 —— 3.8, 4.5 Yes No
[35] 0.33λo × 0.33λo 1.22, 1.57 40.57 6.56, 7.74 —— 7.72, 8.11 No No
[36] 0.86λo × 0.86λo 5.77, 9.3 4.5, 2.7 1.04, 0.75 —— 8.4, 6.35 No No
[37] 0.45λo × 0.42λo 1.88, 2.39 35.6 1.6, 2.92 —— 2.8, 3.5 No No
[38] 0.45λo × 0.45λo 5, 12.5 75.70, 32 25, 10.11 —— 3.8, 5 No No
[39] 0.99λo × 0.99λo 2.46, 3.12 35.48, 25 7.1, 5.06 —— 3.36, 3.16 No Yes
PW 0.5λo × 0.5λo 3, 7.5 40.12, 40.21 20, 40.21 73.3/40.1, 10.3/14.1 2.64, 3.26 Yes Yes

IBW: Impedance Bandwidth; ARBW (Band): Axial ratio bandwidth; ARBW (Beam): Axial ratio beamwidth for (φ = 0◦/90◦); PW: Proposed
work. Where λ0 is free space wavelength corresponding to lowest resonance frequency.
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resonance bands, respectively. This inclination of the beam is
because of the asymmetry of the slot radiator.
Table 3 gives the comparative analysis of the proposed de-

sign with other similar CP slot antennas found in the literature.
The single-band CP designs realized in [17–19] have larger

dimensions, less bandwidths, larger AR beamwidths, and CP
gains, whereas dual-band CP designs reported in [29, 37, 38]
have less impedance and AR bandwidths than the proposed
work. Dual-band slot radiators realized in [24, 31, 34] are two-
layered designs with less bandwidths than the proposed de-
sign, whereas a SIW based slot radiator designed with two sub-
strates and dual ports is presented in [36]. The antenna reported
in [33] has complex geometry, and that in [35] has complex
feed, showing less bandwidths than the proposed design, and
CP polarization sense cannot be altered. The works described
in [32, 39] have either larger dimensions or large profile com-
pared to the proposed design. The desirable features of the pro-
posed radiator are low profile, compactness, sense of polariza-
tion change, wide impedance and AR bandwidths compared to
other slot antenna designs found in the literature.

6. CONCLUSION
A dual resonance perturbed square-shaped slot radiator with
a simple design for CP radiation is presented in this article.
The proposed antenna is fabricated and measured in terms of
IBW, ARBW, AR beamwidth, peak gain, and radiation pat-
terns. Good agreements have been observed between the ex-
perimentally measured and simulated results. The experimen-
tally obtained IBWs for |S11| < −10 dB at two working bands
are 40.12% (range from 2.61GHz to 3.92GHz) and 40.21%
(range from 6GHz to 9.02GHz). The 3-dB axial ratio BWs are
20% (range from 2.70GHz to 3.30GHz) and 40.21% (range
from 6GHz to 9.02GHz). Parametric study, equivalent cir-
cuit analysis, and the mechanism of CP generation were car-
ried out at the resonance bands. The design has the flexibil-
ity to alter the polarization sense by changing the position of
ground plane extensions to other diagonal opposite corners of
the slot radiator. This slot design fits for Wi-Fi 6E communica-
tion and remote sensing applications. In summary, this antenna
design is suitable for modern wireless communication systems
for dual wideband CP radiation as it offers compactness with
wide impedance and axial ratio BWs compared to other works,
while maintaining attractive features like single-feed, single-
layer and single-radiator properties.
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