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Abstract
This research proposes a low-complexity, low-profile square-shaped quad-band dual-sense
circularly polarized (CP) perturbed slot antenna with stepped microstrip feed for C-band
radar and satellite applications. The proposed antenna is characterized by characteristic mode
analysis. The proposed design has a square-shaped slot with diagonally opposite symmetric
rectangular corner extensions. Multiband resonance is achieved by exciting the split ring res-
onator (SRR), cross strips and annular ring structure using the stepped microstrip line-fed
slot radiator. The slot antenna and a metallic ring resonate at 1.64 and 8.2 GHz, respectively,
showing left-hand circular polarization response, whereas the SRR and cross strips resonate
at 3.6 and 6.6 GHz, respectively, exhibiting right-hand circular polarization radiation at these
resonance bands. Hence, the proposed design shows quad-band performance with dual-sense
CP behavior. Furthermore, the proposed antenna allows for independent tuning of polariza-
tion sense at resonance frequencies. The proposed design uses a low-cost FR-4 material as a
substrate of dimensions 60 × 60 × 1.6 mm3. The experimentally measured results are in close
agreement with the simulated performance parameters of the prototype.

Introduction

Antennas play a vital role in wireless communication systems. Using multiple antennas
increases the circuit size, design complexity, and system cost. So, there is an enduring chal-
lenge for antenna designers to develop miniaturized, multiband, and cost-effective antennas. A
single antenna with amultiband feature is suitable for wireless communication applications like
multiple-input–multiple-output communication, cognitive radio, etc.

Many linearly polarized antennas with dual-band [1], triple-band [2] characteristics exist in
the literature. Circularly polarized (CP) antenna designs [3, 4] for wireless devices have more
benefits compared to linearly polarized ones due to their better multipath propagation charac-
teristics. CP antennas with dual-band [5] and triple-band[6] characteristics have the same sense
of polarization at the resonance bands. Moreover, antenna designs with a multiband operation
with dual-sense CP behavior are an additional advantage for polarization diversity in wireless
communication because the two antennas need not be spaced 𝜆/2 apart and further overcome
polarization mismatch problems.

Antenna designs reported in references [7] and [8] exhibit dual-band and triple-band oper-
ations, respectively, with dual-sense polarization behavior. The above antenna designs have a
restriction of less than four bands of operation.

Many quad-band antennas [9–12] with linear polarization characteristics are found in the
literature. Also, there exists quad-band, dual polarized antennas with single CP band [13, 14],
dual-band CP [15], and triple-band CP [16] designs. In these designs, the number of CP
resonances are limited.

There also exists quad-band CP antenna designs with a single-sense of polarization char-
acteristics. These include capacitive-coupled stacked patch antenna [17], frequency-selective
surface (FSS) backed patch antenna [18], and series-fed circular slit microstrip array antenna
[19].

The following antenna designs exhibit quad-band, dual-sense CP response.
In reference [20], a novel design of a stacked annular patch antennawith probe-feed achieves

dual-sense CP radiation by employing a stripline quadrature phase feed network.
Communication [21] represents an open square-ring structured radiator, an inverted

V-shaped parasitic strip and a rhombic-type slot to achieve quad-band operation.
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An aperture-coupled cylindrical dielectric resonator antenna
(DRA) is reported in reference [22], which exhibits dual-sense
CP characteristics due to the tilted L-shaped slot and L-shaped
perturbations in the circular aperture.

Asymmetric co-planar waveguide (CPW)-fed quad-band
monopole antenna consisting of an annular ring radiator is
proposed in reference [23], which shows CP resonances due to
asymmetric ground plane, a cross-shaped slit, a rectangular open
loop and a tuning stub in the feed structure.

The above dual-sense CP antenna designs lack independent
tuning of the polarization sense. The additional feature of tuning
the CP sense gives further flexibility in antenna design and hence,
ease of implementation for wireless communication applications.

Recently, self-quadruplexing CP substrate-integrated waveg-
uide (SIW) based slot radiator is reported in reference [24]. This
work has four unequal-length T-shaped slots etched out on a
square SIW cavity, excited by four microstrip lines to generate CP
waves. This design shows dual-sense CP with independent tuning
of the polarization sense. The axial ratio bandwidths (ARBWs) of
1.22%, 1.15%, 1.46%, and 1.33% are achieved.

Metamaterials (MTM) are artificially engineered materials,
whose first approach was the design and implementation of the
split ring resonators (SRR) [25, 26]. Integration with antennas,
SRRs exhibit desirable features like miniaturization, circular polar-
ization, and multiband operation.

In reference [27], corner truncated slot with outer ring con-
nected SRRs produce dual-band, dual-sense CP characteristics
with independent tuning of polarization sense.

Square-shaped slot antennawith SRR andmetallic strips loaded
is realized in reference [28], to achieve triband, dual-sense CP
behavior with flexibility to tune polarization sense independently.

Designing an antenna with low-profile, compact with simple
feedmechanism to achieve quad bands of operation with indepen-
dent circular polarization sense tunability and diversity for wireless
communication applications is a challenge.

Circular polarization diversity enhances the performance of
antenna systems by providing flexibility and robustness against
environmental changes, improving signal quality, and ensuring
reliable communication across various applications like satellite
communication and mobile networks etc.

The proposed design represents a novel approach to address
the challenges of modern wireless communications by enhancing
polarization diversity, improving bandwidth (BW), and maintain-
ing compactness, making it suitable for C-band radar and satellite
communication applications.

In this communication, a MTM-inspired quad-band, dual-
sense CP characterized by a square-shaped planar slot antenna is
proposed.The perturbed slot radiator is loadedwith theMTMunit
cell, cross strips, and a metallic annular ring structure to achieve
multiband operation. It is designed to exhibit CP bands at 1.64, 3.6,
6.6, and 8.2 GHz. The impedance BWs of 15.38%, 9.18%, 54.20%,
and ARBWs of 4.25%, 0.83%, 13.49%, and 0.48%, and peak gains
of 1.72 dBic, 2.40 dBic, 5.24 dBic, and 6.53 dBic are achieved at res-
onance bands. The proposed design provides wide impedance and
ARBWs, high CP isolaton and peak gain values and flexibility to
change the CP orientation compared to other works.

The key contributions of the proposed design are as follows:

1. By embedding SRR, cross strips, and annularmetallic ring in the
perturbed slot structure, four pairs of orthogonal polarizations
with opposite rotations are established.

2. Design flexibility to tune the polarization sense independently
at the resonance bands.

3. Low profile, compact size, high gain, better CP isolation, and
ease of fabrication compared to other works.

4. Equivalent circuit analysis to validate the |S11| characteristics.
5. Characteristic mode analysis (CMA) to study the orthogonal

modes responsible for CP generation.

The rest of the article is divided into the following sections:The
quad-band antenna geometry and its evolution steps and themech-
anism of CP generation of the proposed design are described in the
section “Antenna design and working principle.” CMA, parametric
study, circuit equivalent model and surface current distributions
at resonance bands are discussed in the section “Antenna analy-
sis.” The section “Experimental results and discussion” gives the
comparison of simulated and measured values of performance
parameters, followedby the conclusion in the section “Conclusion.”

Antenna design and working principle

Antenna geometry

The proposed design is a CP quad-band slot antenna using a
FR-4 dielectric material (relative permittivity 𝜀r = 4.4, substrate
thickness h = 1.6 mm, and loss tangent tanδ = 0.025) of size
60 × 60 mm2. A square-shaped slot is etched on the top side
of the substrate to resonate at its fundamental resonant mode.
Further, to produce CP waves at the slot resonance frequency,
diagonally opposite symmetric rectangular corner extensions are
added to the slot. The slot radiator is suitably excited by a stepped
microstrip feed line printed at the bottom of the dielectric mate-
rial. The stepped feed line has impedance variation of 50 Ω (for
widthW f = 2.9 mm, length Lf = 4 mm), 68 Ω (forW f1 = 1.6 mm,
Lf1 = 25.3mm), and 82.8Ω (forW f2 = 1mm, Lf2 = 11mm). A per-
turbed slot with a side length of 40.5 mm, is designed to resonate
at 1.64 GHz. The MTM SRR unit cell is placed near the bottom
edge of the slot, below the substrate, at distances d1 = 10.75 mm
and d2 = 21.2 mm with respect to the reference axes(xy-plane).
Furthermore, the slot is loaded with asymmetric cross strips cou-
pled to a metallic annular ring. The perturbed slot loaded with the
SRR, cross strips, and a metallic ring structure generates quad res-
onances with CP characteristics. Figure 1 illustrates the proposed
quad-band antenna geometric configuration. The final optimized
dimensional values are given in Table 1.

SRR unit cell

The geometry of the proposed SRR is depicted in Fig. 1(c). It com-
prises of square-shaped concentric rings with split gaps at opposite
edges. The unit cell dimensions are shown in Table1. The SRR unit
cell can be circuit modelled as a parallel inductance (L) and capaci-
tance (C) resonance network with its frequency of operation given
by references [29, 30].

In order to confirm the MTM property of the proposed unit
cell, the effective medium parameters of the proposed resonator
are obtained from the scattering parameters [31]. The paramet-
ric retrieval method for the SRR is based on Nicholson-Ross-Weir
method [32].SRR is characterized using the waveguide setup [29]
in CST Microwave studio as shown in Fig. 2(a)

This is performed by placing the proposed SRR printed on a FR-
4 substrate inside a waveguide setup and an electromagnetic wave
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Figure 1. Proposed quad-band antenna geometric configuration: (a) Top view, (b)
Bottom view, (c) SRR unit cell geometry.

is passed through one port and reflection (S11) and transmission
coefficients (S21) are measured on the other port.

The simulation based scattering parameters representing stop
band phenomenon of the SRR at a frequency of 3.58 GHz is
depicted in Fig. 2(b). The SRR exhibits stop band characteristics
at 3.58 GHz, indicated by strong attenuation (S21 ≈ −25 dB) and
high reflection(S11 ≈ 0 dB).

Table 1. Final optimized physical parameter values of the proposed design

Parameters Values(in mm) g 0.38

L 60 W1 0.75

LS 40.5 W2 1

L1 29.5 R1 6.4

L2 24.5 R2 8

p 20 SL 0.5

q 25 SW 3

k 9 W f 2.9

S1 10 Lf 4

S2 4 W f1 1.6

M 7.5 Lf1 25.3

N 2.3 W f2 1

WM 0.8 Lf2 11

The simulated S11 and S21 values are used for the extraction
of effective medium parameters. The extracted real and imagi-
nary parts of permittivity are shown in Fig. 2(c). It is inferred that
the negative permittivity is observed for the frequency 3.58 GHz.
At this resonance frequency, the negative permittivity leads to
strong interactions with electromagnetic waves, effectively creat-
ing a stop band. Thus, it is confirmed that the proposed unit cell is
a epsilon-negative (ENG) MTM-inspired structure.

The proposed unit cell has contributed to the notch at 3.58 GHz
in the return loss characteristics of the proposed slot radiator.
The resonator exhibits negative values of permittivity in the fre-
quency range of 3.11–4.17GHz, which overlaps with the resonance
band 3.46–3.78 GHz of the proposed radiator. Thereby, implant-
ing SRR with optimized parameters in the proposed slot radiator,
contributes a new resonance frequency of 3.58 GHz for achieving
quad-band antenna.

Quad-band resonance

This segment describes the proposed radiator’s operation princi-
ple at different evolution stages. Figure 3 depicts the realization
of quad-band design with the help of different antenna configura-
tions.The simulated |S11| performance and AR curves for different
antenna prototypes are illustrated in Fig. 4.

Ant. A: The conventional square-shaped slot radiator is excited
by microstrip feed line to resonate at its fundamental transverse
electric (TE10) mode with resonance frequency [33] of,

fr = c
2Ls

√ 2
1 + ∈r

(1)

where 𝜀r denotes the relative permittivity of the substrate material,
and Ls is the length of the slot.This configuration has the large value
of AR (>40 dB). Figure 4(a) depicts this conventional prototype
resonates at 1.63 GHz.

Ant. B: The perturbation introduced in the form of symmetric
rectangular extensions at the diagonally opposite corners of the slot
generates a CP band at 1.63 GHz, as illustrated in Fig. 4(b).

The diagonal extension of the corners creates asymmetry in the
slot geometry, which significantly influences the current distribu-
tion and modifies the effective impedance of the slot structure.
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Figure 2. SRR unit cell characterization: (a) Waveguide setup, (b) Reflection and
transmission behavior, (c) Negative permittivity characteristics of the proposed unit
cell.

Extending the slot corners introduces higher order modes TE20,
TE30, and so on, that resonate at frequencies above the funda-
mental mode and are characterized by additional current paths
within the slot structure. Careful design of the slot and the feed

Figure 3. Emergence of the proposed quad-band antenna.
Proposed: Further, the loading of asymmetric cross strips within a metallic annular
ring can excite two orthogonal modes that can combine to produce CP. The asymme-
try in the cross strips introduces quadrature phase difference between the orthogonal
modes. The interaction between the annular ring and the cross strips enhances the
coupling between the excited modes. This leads to CP radiation at 8.17 GHz.

system ensures efficient excitation of orthogonal degeneratemodes
TE10 and TE01 with quadrature phase relationship. This combina-
tion produces a rotating electric (E) field vector that characterizes
circular polarization.

Ant. C: The SRR is placed below the substrate material at lower
edge of the slot radiator. With this configuration, apart from fun-
damental mode, higher-order resonances are generated at 3.58 and
8 GHz due to the placement of SRR as a result of electromagnetic
coupling with the fields from the slot structure. As the resonator
supports current loops, and these currents circulate, they gen-
erate higher-order resonances characterized by different current
distributions. Fine tuning the SRR geometry as well as its proper
orientation and position relative to the slot results in two pairs of
orthogonal degenerate modes such as TE10 and TE01, TE20 and
TE02 modes, corresponding to each CP band.

Ant.D:Embedding annularmetallic ringwithin the perturbed slot
further alters the current distribution and the E field in the slot,
thereby affecting the radiation characteristics of the slot radiator.
Optimizing the dimensions and placement of the annular ring in
relation to the slot ensures better coupling between them which
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Figure 4. Antenna evolution: (a) |S11| performance and (b) AR curves.

contributes to new resonances, particularly at higher frequencies.
As a result, the higher order resonances of perturbed slot (Ant. B)
are combined to give wide impedance band. Stubs loading to the
annular ring creates asymmetry in the structure, eventually result-
ing in two orthogonal degenerate modes TE30 and TE03 for CP
resonance at 7.85 GHz.

The longer strip length is chosen based on the guided wave-
length given by reference [33],

𝜆g = 300
fr,GHz

√𝜀eff
(2)

where the effective dielectric constant 𝜀eff is determined by:

𝜀eff = 𝜀r + 1
2 + 𝜀r − 1

2√1 + 12( h

Wf
)

(3)

W f denotes the feed line width, and h is the thickness of the sub-
stratematerial.The longer strip length is approximately considered
to be half of the guide wavelength (𝜆g) at the resonant frequency.

Table 2. Performance comparison of different prototypes and the proposed
slot radiator

Prototypes

No. of
CP

bands
IBW

(GHz, %)
ARBW

(GHz, %)

Modifications
in the
geometry

Ant. A Nil 1.32–1.52,
14

5.14–5.77,
11.54

—— Conventional
slot

Ant. B 1 1.50–1.79,
17.62

5.37–6.19,
14.18

8.23–8.97,
8.60

1.60–1.68,
4.87

Perturbed
slot having
diagonal
corner
extensions

Ant. C 2 1.47–1.76,
17.95

3.44–3.70,
7.28

7.59–8.60,
12.47

1.59–1.67,
4.90

3.56–3.6,
1.11

Implanting
ENG res-
onator
cell

Ant. D 3 1.44–1.72,
17.72

3.47–3.81,
9.34

4.88–8.07,
49.26

1.59–1.67,
4.90

3.56–3.6,
1.11

7.80–7.85,
0.63

Embedding
annular
metallic ring
structure in
the slot

Proposed 4 1.42–1.67,
16.18

3.46–3.78,
8.83

4.72–8.20,
53.86

1.59–1.67,
4.90

3.56–3.6,
1.11

6.12–7.0,
13.55

8.15–8.20,
0.61

Placement
of asym-
metric cross
strips within
annular ring

The stepped microstrip feed can provide better impedance
matching over a wider frequency range. The different widths and
lengths of the steps can create controlled phase shifts in the sig-
nal. This is crucial for exciting multiple orthogonal modes that are
essential for generating CP bands in the above configurations. It
further improves the performance of slot radiator in terms of BW,
gain, and radiation efficiency.

The simulated results in terms of IBW and ARBW of different
prototypes and the proposed slot configuration are summarized
in Table 2.

The simulation results in Table 2 indicate that no CP resonance
is contributed by the prototype Ant. A. The perturbed slot con-
figuration in the prototype Ant. B gives rise to single CP band.
EmbeddingMTM cell in the perturbed slot radiator results in dual
CP bands for the prototype Ant. C. Further, comparing the perfor-
mances of Ant. C and the proposed design, there is large enhance-
ment of IBW of the third resonance band from 12.47% to 53.86%
resulting two additional CP bands. Comparing the prototype Ant.
D and the proposed design, there is large BW improvement of the
third axial ratio band from0.63% to 13.55% resulting in quad-band
dual-sense CP antenna.

Furthermore, the four resonance bands of operation of the pro-
posed design can be noticed from the simulation results of E field
distributions depicted in Fig. 5. The lowest resonance band at
1.63 GHz is contributed due to the perturbed slot structure shown
in Fig. 5(a).
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Figure 5. Comparison of resonance bands through simulated
E-field behavior at:(a) 1.63 GHz, (b) 3.58 GHz, (c) 6.56 GHz, and
(d) 8.17 GHz.

The SRR is designed to generate a CP band at 3.58 GHz shown
in Fig. 5(b). The loading of cross strips and annular metallic ring
results in resonance bands at 6.56 and 8.17 GHz, respectively. This
is illustrated in Fig. 5(c) and Fig. 5(d), respectively.

CP mechanism

The two diagonally opposite symmetric rectangular corner exten-
sions of the slot radiator generate the field components which
are orthogonal in nature with phase quadrature, thus, giving rise
to CP waves at the slot-resonant frequency. By altering the posi-
tion of extensions to other diagonal opposite corners, the sense of
polarization can be changed.

The slot resonance along with the excitation of the SRR cell
results in CP behavior at the second resonance band. This resem-
bles like the magnetic dipole-loop combination that generates field
components orthogonal in nature [34]. By changing the orientation
of the SRR by 180∘, the CP sense can be altered.

The asymmetry due to the unequal length of cross strips results
in orthogonal components of E-fields. The generation of CP waves
can be realized by the degenerate modes. The polarization sense
can be reversed due to a change in the orientation of the strips
by 90∘.

The diametric loading of rectangular stubs to the annularmetal-
lic ring creates asymmetry, thereby producing the orthogonal field
components with 90∘ phase difference for CP response. The polar-
ization sense can be tuned independently by rotating the metallic
ring by 90∘.

Figure 6. Open radiation boundary set up for CM analysis.

Antenna analysis

Characteristic mode analysis

CMA is a powerful technique used in antenna design and elec-
tromagnetic analysis. It gives physical insight to understand the
intrinsic behavior of antenna structures and their modes of radi-
ation. CMA focuses on identifying the natural resonant modes
that can exist within the structure that contribute to desired char-
acteristics like radiation patterns and polarization. In reference
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Figure 7. Simulated CMA performance at 1.59 GHz(CP band-1) and 3.56 GHz(CP band-2): (a) MS, (b) CA, (c) Modal current distribution, and (d) Modal radiation pattern.
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Figure 7. (Continued.)

[35], the theory of characteristic modes (CM) was proposed to
characterize the surface current and radiating field on perfectly
conducting bodies. In CM theory, the CM of a conducting sur-
face are determined using eigen value equation XJn = 𝜆nRJn,
where 𝜆n represents the eigen value of the nth CM and Jn is the
characteristic current of the nth mode. Eigenvalues play a cru-
cial role in determining the resonance behavior of each mode.
The key parameters which effectively determine the mode behav-
ior are modal significance (MS = 1/(1 + 𝜆n)) and character-
istic angle (CA = 180∘ − 𝜆n). MS is a measure of the effec-
tiveness of a particular mode in contributing to the radiation
pattern of an antenna. CA offers valuable insights into the ori-
entation and phase relationships of the modes in an antenna
design.

In this section, the CMA performance of the proposed CP slot
radiator is explored. It is analyzed using a method of moment-
based CMA tool in CST Microwave Studio. The Fig. 6 shows the
open radiation boundary set up for the analysis. In the proposed

design, CMA is performed to determine the CM responsible for
CP radiation. Figure 7 depicts simulated CMA performance in
terms of MS, CA, modal current distribution, and modal radiation
pattern at 1.59 and 3.56 GHz.

The MS of Mode1(J1) is 0.90 and Mode 2 (J2) is 0.36, indicat-
ing J1 is more significant than J2 with the phase difference of the
CA between them is 90∘ at 1.59 GHz. Further, the surface currents
J1 and J2 travel orthogonally along the inner and outer edge of
the slot structure, respectively and the far-field radiation patterns
are of symmetric-lobe radiation, resulting in the CP behaviour at
1.59 GHz.

TheMSofMode 7 (J7) andMode 9 (J9) are 0.75 and 0.63 respec-
tively, highlighting J7 is more dominant than J9 in contributing
to the radiation performance of the antenna at 3.56 GHz with 90∘

phase difference between them. Furthermore, the modal currents
J7 and J9 are normal to each other along the outer ring of the SRR
and the modal field patterns are bidirectional in nature and exhibit
CP radiation at 3.56 GHz.
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Figure 8. Simulated CMA performance at 6.31, 6.46,
and 6.56 GHz(CP band-3): (a) MS, (b) CA, (c) Modal
current distribution, and (d) Modal radiation pattern.
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Figure 8. (Continued.)

Figure 8 depicts simulated CMA performance in terms of MS,
CA, modal current distribution, and modal radiation pattern at
6.31, 6.46, and 6.56 GHz.

Additionally, it is found that the following mode pairs: (J5, J8),
(J7, J8), and (J6, J7) have equal MS values of 0.81, 0.74, and 0.80
with 70.5∘, 83∘, and 72∘ phase differences, respectively at higher
frequencies 6.31, 6.46, and 6.56 GHz. Even though the phase shift
is less than 90∘ between two modes before feed excitation, CP
can be achieved satisfactorily after feed excitation [36]. Figure 8(c)
depicts that surface currents are dominant at two perpendicular
directions along the asymmetric cross strips and modes are well
radiated in bore-sight direction as shown in Fig. 8(d), resulting in
CP radiation.

Figure 9 depicts simulated CMA performance in terms of MS,
CA, modal current distribution, and modal radiation pattern at
8.16 GHz.

The modes J8 and J15 have MS values of 0.47 and 0.86 respec-
tively, with 90∘ phase difference and exhibit broadside radiation at
8.16 GHz. The surface currents are orthogonal in nature along the
annular ring structure. J8 and J15 are the pair of orthogonal modes
which are responsible for circular polarization.

This analysis reveals that the above mentioned orthogonal
modes have the potential to radiate CP waves at the resonance

bands of the proposed design. Therefore, the CMA results are
consistent with the results of the full-wave simulation.

Surface current analysis

To obtain a good physical insight of the operation of the proposed
antenna, this section illustrates CP characteristics of the quad-
band design by observing the simulated surface current flow at
resonance bands on the slot structure, the SRR, cross strips and a
metallic annular ring at phases ωt = 0∘ and ωt = 90∘. From the
Fig. 10, it is observed that the current distributions are positive
z-directed on the xy-plane. The current density vectors are con-
sidered along the directions of maximum current density and Jres
represents the resultant current density vector. In Fig. 10(a), it is
seen that for phase ωt = 0∘, the resultant current density Jres is
controlled by vertical components J1 and J2. For 90∘ phase, the hor-
izontal components J1 and J2 contribute for the resultant current
density. Thus, it is observed that as phase progresses, the resultant
current density vector rotates clock wise direction to give left-hand
circular polarization (LHCP) radiation at 1.63 GHz.

At the second CP resonance, for the 0∘ phase, the amplitude of
resultant current density ismainly controlled by the components J1
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Figure 9. Simulated CMA performance at 8.16 GHz(CP
Band-4): (a) MS, (b) CA, (c) Modal current distribution,
and (d) Modal radiation pattern.
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Figure 10. Surface current flow at resonance bands:(a) 1.63 GHz, (b)
3.58 GHz, (c) 6.56 GHz, and (d) 8.17 GHz.

https://doi.org/10.1017/S1759078724001351 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078724001351


International Journal of Microwave and Wireless Technologies 13

Figure 11. (a) Circuit equivalent model, (b) Comparison of reflection coefficient plots.

and J2, and oriented along −135∘ direction. As the phase advances
to 90∘, the resultant Jres rotates to −45∘ direction in anticlock wise
direction to radiate RHCP waves at 3.58 GHz as illustrated in
Fig. 10(b).

For the resonances 6.56 and 8.17 GHz, the proposed antenna
radiates RHCP and LHCP waves, respectively as the phase pro-
gresses from 0∘ to 90∘ and also accounting for the cancelation effect
of oppositely flowing current components in some directions as
depicted in Fig. 10(c) and (d).

A reversal in the current direction is expected with a change in
the position of the corner extensions and the rotation of a metallic
ring by 90∘. Hence, in this case, the antenna emits RHCP waves
at resonances 1.63 and 8.17 GHz. Also, it is observed that due
to a change in the orientation of the cross strips by 90∘ and the
MTM cell by 180∘, a reversal in the direction of the current vec-
tor is noticed. Hence, LHCP behavior is observed at frequencies
3.58 and 6.56 GHz. Hence, the proposed design has a dual-sense
CP response with the independent tuning of polarization sense at
each of the resonance frequencies.

Circuit equivalent analysis

The circuit simulation is carried out using Advanced Design
System simulation software. The circuit equivalent transmission
line representation of the proposed quad-band radiator is shown
in Fig. 11(a). The stepped microstrip feed line is represented by a
circuit comprised of lumped components R1, L1, C1, R2, L2, C2,
R3, and L3.The capacitancesC3 andC4 represent the slot coupling.
The parallel combination of discrete elements L6 and C6 indicate
the circuit equivalent of a SRR. Further, the loading of an annu-
lar metallic ring and cross strips in a perturbed slot structure gives
rise to a quad-band response.These strips coupling tometallic ring
are represented by parallel resistance, inductance, and capacitance
(RLC) and resistance and inductance (RL) resonant circuits in a
series connection. Figure 11(b) depicts the S-parameter behavior
of the proposed design obtained using electromagnetic (EM) sim-
ulation and circuit model. The return loss performance due to the
circuit behavior is in close agreement with EM simulation.

The optimized values of lumped elements due to circuit simula-
tion are R1 = 2.1 Ω, L1 = 1.626 nH, C1 = 0.407 pF, R2 = 53.20 Ω,
L2 = 1.85 nH, C2 = 3.987 pF, R3 = 0.30 Ω, L3 = 2.80 nH,
R4 = 50 KΩ, L4 = 2.678 nH, R5 = 1Ω, L5 = 0.1 nH, C5 = 0.1 pF,
L6 = 4.989 nH, C6 = 3.409 pF, C3 = 0.555 pF, C4 = 0.969 pF.

Parametric analysis

Theparametric variation of key dimensions is conducted to analyze
the effects on |S11| performance andARBWof the resonance bands
of the antenna. This analysis involves variation of a single param-
eter value at a time, keeping rest of the other parameters constant
at a final optimized value.The significant parameters of this design
are cross strip length (S1), annular ring radius (R1), feed line width
(W f1), and feed line length (Lf2).

A. Cross strip length(S1):

Figure 12(a) shows the |S11| performance and AR curves for the
variation of strip length. The impedance BW of the upper wide-
band improves slightly with the increase in strip length. Due to the
increase of strip length, the ARBW of the third CP band increases
greatly. Further, results in quad-band CP antenna.

B. Annular ring radius (R1):

Figure 12(b) depicts the simulation results of |S11| plots and
AR curves for varying values of annular ring radius. As the ring
radius increases, the upper wideband impedance BW increases
slightly and the ARBW of the third CP band widens. For R1 = 5.6
and 6 mm, 6.4 mm, the proposed antenna exhibits triband and
quad-band CP performances, respectively.

C. Feed line width (W f1):

Figure 12(c) illustrates the simulated |S11| behavior andARplots
for the varying values of feed line width. There is no much varia-
tion in the BW performance of the proposed design. However, the
occurrence of a number of CP resonances varies due to the varia-
tion in feed line width. For an optimized value of W f1 = 1.6 mm,
this antenna design shows quad-band CP performance.

D. Feed line length (Lf2):

Figure 12(d) shows the reflection coefficient magnitudes and
AR performance for feed line length variation. As the feed line
length increases, there is a shift in the upper wideband toward
the lower frequency side. For the decreased value of Lf2 = 10 mm
and for the increased value of Lf2 = 12 mm, the third CP band
gets split up and becomes narrower, respectively. For an optimized
value of Lf2 = 11 mm, the design results in a quad-band CP
antenna.
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Figure 12. Simulated |S11| and AR curves for parametric variation of: (a) S1, (b) R1, (c) W f1, and (d) Lf2.
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Experimental results and discussion

The simulation was performed using the CST Microwave Studio
software, and later, the final optimized quad-band square slot
design was fabricated using the S103 LPKF PCB prototyping
machine. The experimentally measured performance of the fabri-
cated antenna is validated with the simulation results.

Figure 13 shows the fabricated antenna prototype and setup
for antenna measurement. The Agilent N9918A Vector Network
Analyzer was used for S-parameter measurement. The antenna

measured values agree well with the simulated results. The small
differences between the two results are due to measurement toler-
ances and fabrication errors.

Figure 14 illustrates the |S11| plots and axial ratio curves
obtained from the measurement and simulation of the proposed
quad-band design.

The measured |S11| < −10-dB BWs obtained for different res-
onant frequencies were 15.38% (range from 1.44 to 1.68 GHz),
9.18% (range from 3.53 to 3.87 GHz), 54.20% (range from 4.72 to

Figure 13. Fabricated antenna prototype: Top sight (b) Bottom sight; (c) Setup for antenna measurement.

Figure 14. Simulated and measured results: (a) S-parameter values, (b) AR curves.

Figure 15. Simulated and experimentally measured results: (a) Peak gain,(b) Simulated Efficiency values.
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Figure 16. Comparison of radiation plots at: (a) 1.64 GHz, (b) 3.6 GHz, (c) 6.6 GHz, and (d) 8.2 GHz.
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Table 3. Comparative analysis of this work with existing quad-band circularly polarized designs found in the literature

Ref. No.
Antenna type &
feed Dimensions(mm3)

Resonance
bands(GHz)

IBW
(%)

ARBW
(%)

Peak gain
(dBic) CP sense

Pol. sense
tunability

Min. RHCP to
LHCP isolation

(dB)

[17] Stacked patch,
coaxial probe
feed

18.83 × 16.4 × 7.56 5.14,
5.59,
6.30,
7.72

55.46 0.98,
4.27,
0.88,
1.35

——- Single No 18

[18] Patch antenna
with FSS,
microstrip line
feed

133.2 × 133.2 × 32.54 2.4,
3.5,
5.3,
5.8

14.84,
80.7

5.4,
8.3,
3.7,
2.9

5.95,
6.92,
6.37,
6.07

Single No 9

[19] Circular
microstrip
array antenna,
microstrip line
feeds

41 × 41 × 2 2.5,
3.5,
3.8,
5.2

33.85,
50.73

16.26,
12.52,
8.22,
13.82

2.51,
4.62,
4.32,
2.76

Single No 13

[20] Stacked patch,
quadrature
phase feed
network

70 × 12 × 5.7 1.26,
1.57,
1.61,
2.49

0.61,
0.40,
0.64,
1.57

For all
bands
<1

2.14,
2.74,
3.42,
5.43

Dual No 12

[21] Planar
monopole,
microstrip line
feed

75 × 65 × 1.52 2.5,
2.9,
3.5,
5.4

83.9 7.3,
9,
3.7,
7.1

2.5,
2.9,
3.4,
2.7

Dual No 9

[22] DRA, aperture
feed

120 × 120 × 29.6 1.1,
1.5,
2.3,
2.6

21.1,
12.82,
27.06,
7.54

11.65,
7.64,
7.01,
7.1

——— Dual No 15

[23] Planar annular
ring,
CPW feed

35 × 30 × 1.6 5.63,
7.69,
9.91,
12.09

10.02,
4.96

2.13,
8.46,
12.11,
1.32

——— Dual No 17

[24] SIW cavity-
backed slot,
microstrip line
feeds

31.5 × 31.5 × 0.787 8.85,
10.4,
11.4,
12.23

5.27,
2.99,
2.83,
4.42

1.22,
1.15,
1.46,
1.33

6.5,
6.1,
5.25,
6.35

Dual Yes 21.5

Proposed MTM-inspired
planar slot,
microstrip line
feed

60 × 60 × 1.6 1.64,
3.6,
6.6,
8.2

15.38,
9.18,
54.20

4.25,
0.83,
13.49,
0.48

2.72,
2.40,
5.24,
6.53

Dual Yes 18

Abbreviation: BW, bandwidth.

8.23 GHz), whereas the simulated |S11| < −10-dB BWs obtained
were 16.18% (range from 1.42 to 1.67 GHz), 8.83% (range from
3.46 to 3.78 GHz), 53.86%(range from 4.72 to 8.20 GHz).

The measured values of 3-dB ARBWs obtained for different
resonance bands were 4.25% (range from 1.61 to 1.68 GHz),
0.83% (range from 3.59 to 3.62 GHz), 13.49% (range from 6.15
to 7.04 GHz) and 0.48% (range from 8.17 to 8.21 GHz), whereas
the simulated 3-dB ARBWs obtained were 4.90% (range from 1.59
to 1.67 GHz), 1.11% (range from 3.56 to 3.6 GHz), 13.55% (range
from 6.12 to 7.01 GHz) and 0.61% (range from 8.15 to 8.20 GHz).

Themeasured peak gains of 2.72 dBic, 2.40 dBic, 5.24 dBic, and
6.53 dBic, whereas the simulated peak gains of 2.78 dBic, 2.45 dBic,
5.45 dBic, and 6.62 dBic and simulated radiation efficiency of
91.68%, 69.83%, 75.55%, and 73.13% were obtained at resonance
frequencies. Figure 15 depicts the measured and simulated plots of
CP gain and simulated efficiency values of the quad-band radiator.

The radiation performance of the proposed design were mea-
sured using a near-field anechoic chamber. Figure 16 reveals the

radiation plots of the quad-band CP design in two principal planes
(xz and yz) at the resonance bands.

The proposed radiator emits LHCP waves at the resonance
bands 1.64 and 8.2 GHz and RHCP radiation at 3.6 and 6.6 GHz,
in the positive z-direction.

From the plots, it is evident that the radiation plots have bidirec-
tional patterns and are in reasonable agreement with the simulated
and measured values of co-pol and cross-pol levels in quad bands.
For the resonance frequencies 1.64 and 8.2 GHz, LHCP is stronger
thanRHCPby approximately 18 dB, whereas for the resonances 3.6
and 6.6 GHz, the RHCP to LHCP isolation is greater than 20 dB,
in the boresight direction (θ = 0∘).

To discuss the novelty with respect to previously reported
works, a comparative analysis is made in Table 3. This table com-
pares the proposed design with other quad-band CP antennas in
the literature in terms of size, BWs, gain and flexibility to tune
the polarization sense independently. Most of the reported quad-
band CP designs have large profile, either multiple or complex feed
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system, either less BWs or gain and lack of flexibility to tune the
polarization sense independently.The designs [17, 18] have large
profile with single-sense circular polarization. Multiple feed lines
are employed in reference [19], with single-sense CP characteris-
tics. The large profile with complex feed structure and less BWs
are realized in reference [20]. The designs reported in references
[21–23] have either large profile, lesser gain values or no indepen-
dent tuning of polarization sense. The proposed antenna can be
better compared with reference [24] as they have similar features
like compact planar slot structure with dual-sense CP and provi-
sion for independent tuning of polarization sense. But, the design
in reference [24] has four ports and shows lesser impedance and
ARBWs. Although the proposed antenna schemes in references
[18, 19, 21] achieved wide IBW and ARBW, they suffer from either
less peak gain or less CP isolation, either bulkiness or multiple
feeds, and either single CP sense or lack of independent tuning of
CP sense.

Therefore, the proposed radiator is the best trade-off, while still
accounting for the aspect of size and performance parameters that
include IBW, ARBW, peak gain, CP isolation, and independent
tuning of CP sense, thus proving it to be the most viable poten-
tial candidate in practical wireless communication applications
requiring circular polarization sense tunability and diversity.

Conclusion

A planar quad-band perturbed square slot antenna for CP radia-
tion is presented in this article. Multiband resonances are achieved
by the corner extended slot radiator loaded with cross strips, a
metallic annular ring and the SRR unit cell. The antenna exhibits
measured impedance BWs of 15.38%, 9.18%, 54.20%, and mea-
sured ARBWs of 4.25%, 0.83%, 13.49% and 0.48% at the working
bands. The maximum measured value of the peak gain achievable
is 6.53 dBic. CMA, parametric study, equivalent circuit model and
study of surface current behaviour were carried out at the reso-
nance bands. The experimentally measured results agree well with
the simulated ones. In summary, this antenna design is well suit-
able for modern wireless applications for quad-band CP radiation
as it offers a low-profile, compact size with a dual-sense of polar-
ization and the design flexibility to tune the polarization sense
independently compared to other works.
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the paper.
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