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ABSTRACT This article presents the design and characterization of a dual-band, compact, and dual-
circularly polarized (CP) traveling wave series-fed circular slit microstrip array (TWSCSMA) antenna
operating in quad-band CP at 2.5/3.5/3.8 GHz WiMAX and 5.2 GHz WLAN applications. The radiating
structure consists of an annular ring traveling wave series-fed circular slit array elements, rotates in sequence
with seven circular quasi-lumped resonators contributes to two-impedance bandwidth (IBW) and quad CP
bands. The four split-ring resonators with double-annular rings are introduced on the defected ground plane to
improve the impedancematching, IBW, and axial ratio bandwidth (ARBW) effectively. Themeasured results
show that the proposed dual-CP TWSCSMA antenna yields two S11 ≤ –10 dB IBW of 33.85% and 50.73%
and four < 3 dB ARBW of 16.26%, 12.52%, 8.22%, and 13.82% for port 1. Furthermore, modern machine
learning regression techniques are used to improve the accuracy of the model performance requirements for
the optimal design of the proposed antenna. The TWSCSMA antenna demonstrates a compact, low profile,
wide impedance bandwidth, and minimum axial ratio which is making it a good candidate for WiMAX and
WLAN applications.

INDEX TERMS Circularly polarized, axial ratio bandwidth, impedance bandwidth, defected ground
structure, microstrip array, series-fed circular slit.

I. INTRODUCTION
Recently, due to the increasing demands for modern wire-
less communication systems, the research on small and
microstrip antenna arrays, radiating elements, feeding struc-
tures, and polarizations have attracted enormous attention.
Due to its advantages of overcoming multipath fading,
non-line-of-sight applications, and providing better mobil-
ity compared to linearly polarized antennas, the circu-
larly polarized (CP) antenna is getting popular in wireless
communication systems. In recent years, many researchers
are designing CP antennas as well as minimizing the size
using different techniques [1], [2], [3], [4]. The operating
principle of CP antennas is to excite two orthogonal modes
with equal amplitude and in-phase quadrature. This can be
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achieved by introducing different techniques to design the
multi-band CP antennas which will be applied to various
communication systems, such as global positioning systems
(GPS) and satellite communications [5], [6], [7], [8], [9]. The
dual-band CP antennas have been proposed with a single
feed, cavity-backed square annular slot [5], truncated corner
square slots loaded with a set of split-ring resonators [6],
and S-shaped slot center of the square radiator [7]. The
single-feed microstrip patch antennas with the annular-ring
slot on the square radiator or 4 × 4 arrays with 90◦ phase
difference power dividers have also been demonstrated for
dual-band applications [8], [9]. Although these antennas
generate a CP wave in their two bands, the antenna size
is increased and 3 dB axial ratio bandwidths (ARBW) is
narrowed.

Furthermore, single-feed microstrip patch antennas with
loading stubs and etching slots on the square patch or
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multistacked patches with a slit have also been discussed
for triple-band applications [10], [11]. However, these
single-feed CP patch antennas have less than 3.5% ARBW
with the large size discussed. In [12], multiple L-shaped slits
on the hexagonal slot as a radiator is proposed and triple
CP bands i.e., 1.7%, 3.86%, 5.23% are achieved. In [13],
a square slot with the metallic strips and split-ring resonator
configuration, the 3 dB ARBWs improved are presented.
Though these antennas had small sizes the ARBWs were still
less than 11%. Recently, a quad-band CP antenna has been
reported in [14], using inverted-U-shaped radiators and the
ARBWs of 5.4%, 8.3%, 3.7%, and 2.9% are achieved.

Among the various established techniques to design an
antenna array, the sequential rotation technique (SRT) is
found to be effective for CP array antenna in terms of improv-
ing the array’s bandwidth, radiation patterns, and polariza-
tion purity. Several designs of CP array antenna have been
discussed, but the SRT is one of the most popular methods
investigated in the literature to generate the CP operation
[15], [16], [17], [19]. In an SRT, phase shiftings of 90◦ and
180◦ are achieved by applying λ/4 transmission lines with
an L-shaped radiator [15]. A series feed network is reported
[16], consisting of λ/4 transformer sections and adding an
L-shaped ground strip in the radiator array to reduce cross-
polarization. In [17], [18], and [19], the array elements are fed
by different feeding networks like rat-race, Wilkinson power
divider, and microstrip line. However, antenna configurations
of these designs are usually large and the uses of a complex
feeding network structure complicate the fabrication of the
antenna. The antennas mentioned above are either thick in
profile or large in aperture size, whichmotivates us to develop
a compact multi-band CP antenna to some extent as well as
improved the ARBW and IBW with maintain the minimum
axial ratio using a series-fed circular slit array patch.

In this work, a new design of dual-CP TWSCSMA
antenna effectively deals with a novel series-fed circular
slit microstrip array which involves a compact annular ring
TWSCSMA antenna with four split-ring resonators (SRR)
unit cells with a double-annular ring on the defected ground
plane. The proposed dual-CP TWSCSMA antenna has a dis-
tinct separation of the four CP bands (ARBW of 16.26%,
12.52%, 8.22%, and 13.82%) with improved operational
impedance bandwidth (IBW of 33.85% and 50.73%) and
minimum axial ratio (< 1.2 dB). Since the proposed antenna
is electrically small, the achieved gain is low. However,
the size of the antenna is compact with wide band IBW
and ARBW characteristics. The machine learning regression
(MLR) algorithm is used to predict the accurate model per-
formance requirements of the dual-CP TWSCSMA antenna
for desired two IBW and four wide ARBW. The param-
eters of the dual-CP TWSCSMA antenna obtained using
CST Microwave Studio are validated with the experimental
results.

This work is organized as follows: Section II discusses
the optimized parameters of the antenna design, SFA config-
uration, design evolution, and current distribution analysis.

FIGURE 1. Geometry of dual-CP TWSCSMA antenna (a) top and
(b) bottom view.

TABLE 1. Geometric parameters values.

In Section III, the MLR algorithm models are discussed. The
simulation, experimental results, and discussion are presented
in Section IV. The conclusions are drawn in Section V.

II. ANTENNA DESIGN AND ANALYSIS
A. ANTENNA CONFIGURATION
The geometry of the compact dual-CP TWSCSMA antenna
top view is illustrated in Fig. 1(a). As shown in Fig. 1(a), the
proposed antenna is fed by a 50 � microstrip-fed printed on
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FIGURE 2. Configuration of N element of SCSA.

top of the 2 mm-thick FR-4 substrate having εr = 4.3 and loss
tangent (tanδ)= 0.025. In this figure, seven series-fed circular
slit array elements in an annular ring are placed at an angle of
45◦ from each other. The bottom of the TWSCSMA antenna
consists of four SRR unit cells with a double-annular ring on
the defected ground structure (DGS) as shown in Fig. 1(b).
The values of all the geometrical dimensions corresponding
to Fig. 1 are shown in Table 1.

The four SRR unit cells (a1 = b1 = 7 mm) with
double-annular rings (outer radius gr1 = 9 mm and inner
radius gr2 = 8 mm) are introduced in the ground plane to
improve the operational bandwidth and minimize the axial
ratio. To realize the left-hand circular polarization (LHCP)
wave, the input RF signal for port 1 has a 45◦ phase increment
in the clockwise direction. Similarly, to get the right-hand
circular polarization (RHCP) wave, port 2 is fed with a phase
increment of 45◦ in an anticlockwise direction for each cir-
cular slit patch. Using this concept, we can realize dual-CP
radiation.

B. THEORETICAL ANALYSIS OF CIRCULAR
POLARIZATION GENERATION
Fig. 1(a) shows the circular slit patches arranged in a concen-
tric ring fashion which is fed in series with the proper phase
shifts. Seven circular slit patches are rotated sequentially by
45◦ and fit in an annular ring radiator that has an outer radius
R1 = 19 mm and inner radius R2 = 18.2 mm.

To understand the polarization of the proposed antenna,
an N number of uniform series-fed circular slit array (SCSA)
elements as shown in Fig. 2 are fed from port 1 or port 2
to get LHCP or RHCP waves respectively. The radiation
elements are symmetrically distributed around the z-axis so
that the angle θp between adjacent elements is 2π/(N + 1).
It is assumed that each element is fed with uniform amplitude
with an excitation current phase of the nth element ϕen. The
parameters shown in Fig. 2 are expressed as:

θp = 2π/(N + 1) (1)

ϕen = −
2π (n− 1)
N + 1

, 1 ≤ n ≤ N = 7 (2)[
x̂n
ŷn

]
=

[
cos(θp(n− 1)) sin(θp(n− 1))
−sin(θp(n− 1)) cos(θp(n− 1))

] [
x̂
ŷ

]
(1 ≤ n ≤ N ) (3)

A plane wave propagates in the z-direction can have both x
and y components of the electric field as expressed below:

E = (x̂Ex + ŷEy)e−jkz (4)

The E-field (E) on the sequentially rotated patches as
shown in Fig. 2 can be decomposed into an RHCP component
ERHCP and an LHCP component ELHCP as expressed below:

E =| ERHCP | (x̂n−jŷn)+ | ELHCP | (x̂n + jŷn) (5)

Since the circular array is rotationally symmetric, ERHCP
is equal for different radiation elements. It is also true
for ELHCP. Therefore, the resultant ERHCP and ELHCP are
expressed as:

N∑
n=1

ERHCPn ejϕen

=

N∑
n=1

| ERHCPn | (x̂n−jŷn) ejϕen

=

N∑
n=1

| ERHCPn | (x̂−jŷ) ejθp(n−1) ejϕen (6)

N∑
n=1

ELHCPn ejϕen

=

N∑
n=1

| ELHCPn | (x̂n + jŷn) ejϕen

=

N∑
n=1

| ELHCPn | (x̂ + jŷ) e−jθp(n−1) ejϕen (7)

The AR of the proposed antenna is given as

ARdB = 20 log10
| ERHCP | + | ELHCP |
| ERHCP | − | ELHCP |

(8)

The above expression is based on the boresight at the center
of the ring being the origin of the spherical coordinate system.

C. DESIGN EVOLUTION AND CP MECHANISM
The different design steps and their configurations are
shown in Fig. 3 to understand the CP performance of the
antenna. The different antennas are simulated using CST
Microwave Studio software. The circular radiators are very
popular because they are simple to fabricate and have small
cross-polarization radiation [20], [21]. Therefore, the design
starts with an annular ring radiator of radius R1 = 19 mm
and R2 = 18.2 mm as shown in ANT 1 of Fig 3. Due to
the increased current path in an annular ring, wider IBW and
ARBW compared to circular patches [22] are achieved. For a
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FIGURE 3. Evolution of the dual-CP TWSCSMA antenna.

FIGURE 4. Evaluations of simulated (a) S11 and (b) AR of the proposed
TWSCSMA antenna.

traditional annular ring patch antenna, the TM11 mode is the
fundamental resonant mode, λg is the wavelength of the lower
resonating frequency fg that can be expressed as follows:

λg =
c

fg
√
εeff

(9)

where εeff is the effective dielectric constant. As seen in
Fig. 1(a), the mean circumference of a series-fed annular ring
equals the wavelength at nearly the first resonant frequency
[23]. The resonant frequency is calculated as follows:

f11 ≈ c
π (R1+R2)

(
1+εr
2εr

) 1
2

(10)

where f11 is the resonant frequency and π (R1 + R2) is the
mean circumferences of the annular ring of the ANT 1. Based

on the detail parameters, the calculated resonance frequency
is approximately f11 = 2.17 GHz.
To clarify the proposed antenna performance process, the

IBW and ARBW performances of ANT 1-ANT 4 have been
compared in Fig. 4. It is noticed in Fig. 4(a) that the simple
annular structure ANT 1 has two narrow impedance bands
below -10 dB about 3–3.5 GHz and 3.7–5.53 GHz. However,
it is linearly polarized. The ARBW is greater than 15 dB in
two frequencies within the bandwidth as shown in Fig. 4(b).
CP is generated by two orthogonal E vectors (EHOR, EVER)
with equal amplitude and 90◦ phase difference, where EHOR
and EVER represent the complex voltage in the horizontal and
vertical planes, respectively.

The seven symmetrical circular slit patches of radius (r1 =)
2.2 mm are added as series-fed on the annular ring patch of
ANT 1 so that the S11 performance shows an improvement in
lower and decrease upper frequency in terms of bandwidth.
This may be due to the increased current path induced by the
horizontal annular ring. More importantly, the ARBW also
drops significantly from about 15 dB to around 8 dB at 3.2
and 4.5 GHz.

In ANT 3, three rectangular slits (size: l2 = 1.7 mm and
w2 = 0.4 mm) placed by 90o from each other are introduced
in each of seven circular slit patches which act as the quasi-
lumped-resonators (QLR) [19]. When QLRs are introduced
in ANT 2 which is a linear polarized (LP) antenna with
different radiated phases of 90o, the total radiated field in the
z-direction of wave propagation can be expressed as follows:

E = EANT + EQLR

=
Eo
2

e−jkz
[
(1+ j)x̂ + (1− j)ŷ

]
(11)

where EANT and EQLR are the radiated field by a series-
fed annular-ring antenna and QLRs respectively. Since both
the radiated fields are perpendicular and magnitudes are the
same, the CP radiation pattern is obtained. The position and
dimensions of the QLRs i.e., l2 = 1.7 mm and w2 = 0.4 mm
of the ANT 2 are optimized to obtain the quad-band CP
characteristics at the intended frequencies of 2.5, 3.5, 3.8,
and 5.2 GHz. The S11 performance shows better improvement
in lower and upper frequencies in terms of bandwidth. The
ARBW also drops significantly from about 8 dB to around
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FIGURE 5. Surface current distributions at (a) 2.5, (b) 3.5, (c) 3.8 and (d) 5.2 GHz for port 1.

2 dB at 2.5, 3.5, 3.8, and 5.2 GHz. However, at this stage, the
antenna does not possess wide IBW and CP characteristics.

For further improvement in IBW, ARBW, and better
impedance matching, four SRR unit (area of 49 mm2 (7mm×
7 mm)) cells with double-annular rings are loaded with ANT
3 such that its position on the ground plane allows neutral-
izing unwanted surface coupling waves on the radiator as

shown in ANT 4. In the transmission line model of the SRR,
L and C values determine the frequency of operation of the
proposed antenna [24]. The length (b1, b2) and width (a1, a2)
of the unit cells are adjusted to ensure 90◦ phase difference
between the field components so that the bandwidths (IBW,
ARBW) are significantly improved in ANT 4 as shown in
Fig. 4. As a result, a compact dual-CP TWSCSMA antenna
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FIGURE 6. Perspective of MLR work.

achieves two wide -10 dB IBW from 2.213 to 2.982 GHz
(29.62%) and from 3.071 to 5.342 GHz (53.81%) and less
than 3 dB in four CP bands of 15.23% (2.382–2.723 GHz),
12.80% (3.213–3.652 GHz), 9.02% (3.741–4.092 GHz), and
11.65% (4.754–5.342 GHz) when it is excited either in port 1
or port 2.

D. CURRENT DISTRIBUTION ANALYSIS
The simulated current distribution of CP bands are studied at
phases ωt = 0◦, ωt = 90◦, ωt = 180◦ and ωt = 270◦ as
shown in Fig. 5(a)–5(d) at frequencies of 2.5, 3.5, 3.8, and
5.2 GHz respectively for port 1. It is observed that as the
phase changes by 90◦, the current distribution vector at all the
resonant frequencies rotates clockwise +z-direction. Hence,
the LHCP is obtained at the CP bands for port 1. And also,
it is observed that the current reverses its direction when the
feeding port is changed to port 2 hence, the RHCP is obtained
at the four CP bands for this configuration.

III. ANTENNA PARAMETER OPTIMIZATION USING MLR
The purpose of using machine learning regression (MLR)
algorithms in antenna modeling is to predict new model
parameters using the training data set generated by the com-
putational EM model [25] and to evaluate the model’s accu-
racy and generalization [26]. It can be realized by the input
x and the corresponding output y parameters by connecting a
model such that

y = M (x) (12)

where y∈Y⊂Ru, while u are the values of an output variable
and x ∈ X⊂ Rc, c are the values of input modeling variables.
The accuracy can be expressed as a function of the mean
squared error (MSE) function:

MSE =
1
N

N∑
i=1

(
ypredi − ymeasi

)2
(13)

where ypredi is the predicted value, ymeasi is the measured value
and N number of data samples.
The performance of the TWSCSMA antenna mainly

depends on seven design parameters fl , l1, R1, R2, r1, GL ,

FIGURE 7. ANN architecture based on MLP.

FIGURE 8. Perspective of decision tree regression.

FIGURE 9. Perspective of decision forest regression.

and b1. These seven geometric parameters act as input vari-
ables for MLR models. In the present EM simulation, 35035
samples obtained using CST Microwave Studio, give reason-
ably high and stable R2 values. The total sample points are
collected by selecting the range of sample space of seven
input parameters, x as: fl ∈ [6.0, 6.8], l1 ∈ [5.6, 6.4], R1 ∈
[17.7, 18.5], R2 ∈ [18.6, 19.4], r1 ∈ [1.8, 2.6], GL ∈ [7.9,
8.7], and b1 ∈ [13.6, 14.4] with a step size of 0.2 for each
parameter. The training data is defined by

{
(xi, yi), i = 1,

2,. . .n
}
, where the input is x = (fl , l1, R1, R2, r1, GL , b1)T .

Then the model exercises the current input samples, predicts
a new parameter which is compared with the target, and
calculates the prediction error as shown in Fig. 6. To search
for the optimal design parameters based on the MLR model,
a very fine grid over the entire sample space x with step
size 0.2 mm is generated, consisting of 35035 total sample
data points. Three ML regression algorithms such as: artifi-
cial neural networks (ANN), decision tree regression (DTR)
and decision forest regression (DFR) [27] are used for the
proposed antenna modeling and comparison of the results.
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FIGURE 10. Comparison of S11 performance obtained from simulation, measurement and (a) ANN, (b) DTR, and (c) DFR for port 1.

FIGURE 11. Comparison of AR of performance obtained from simulation, measurement and (a) ANN, (b) DTR, and (c) DFR for port 1.

FIGURE 12. Training, testing and validation plots of regression performance of S11 using (a) ANN, (b) DTR, and (c) DFR for port 1.

A. ARTIFICIAL NEURAL NETWORKS (ANN)
ANN model is used to calculate and develop a nonlin-
ear regression based model of biological neurons. ANN is
the structure of many layers and consists of input, hidden,
and output layers; each layer contains neurons. Neurons
are interconnected with the corresponding links (weights).
In this work, multilayer perceptrons (MLPs) is trained by
Levenberg-Marquardt (LM) algorithms [28], which has the
capability of fast learning and good convergence and can be
expressed as:

xk+1j = f

(∑
d

W k
dj x

k
d + B

k
bj

)
(14)

where W k
dj is weighted connecting d th neuron in the layer k

to jth neuron in layer k + 1; which are initialized randomly.
Bkbj represents the bias of the jth neuron in layer k . In our
analysis, the data samples are divided into three parts: training
data used 80% testing and validation using 10% each. The
LM learning algorithm is used to develop the ANN model as
shown in Fig. 7 and the neural network toolbox of MATLAB
[29] is used for training the neural network.

B. DECISION TREE REGRESSION (DTR)
The decision tree is a regression or classification model built
in the form of a tree and is also known as a predictive model
[30]. In a decision tree, for predicting the class of the given
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FIGURE 13. Training, testing and validation plots of regression performance of AR using (a) ANN, (b) DTR, and (c) DFR for port 1.

TABLE 2. Accuracy comparison between regression models.

dataset, the algorithm starts from the root node of the tree.
This algorithm compares the values of the root attribute with
the record (real dataset) attribute and, based on the compar-
ison, follows the branch and jumps to the next node. It is a
stepwise method that optimizes the parameter values in the
model and thenminimizes/corrects them in the following step
as shown in Fig. 8 [31]. From the figure, it is shown that the
several decision trees combine and produce a better accurate
model. The aim is to achieve approximation predictions that
deviate from the original target and the accuracy can be
expressed as a function of the mean square error (MSE)
function:

MSE =
1
N

N∑
i=1

(
Yi − Ŷi

)2
(15)

where Y is the actual value, Ŷ is the prediction value and N
number of data samples.

C. DECISION FOREST REGRESSION (DFR)
The regression model consists of an ensemble method that
builds multiple decision trees and integrates their predicted
models to obtain a more accurate and stable model rather
than depend on an individual tree [32], [33]. Each tree in
the forest learns randomly from the samples of the training
data as shown in Fig. 9. In this method, a novel training
data of ẋi, ẏi ni=1 are randomly generated from the original
training data sample of xi, yi ni=1, and have the same number
of samples known as bootstrapping. In bagging, a predefined
number set to |p| of bootstrap samples ẋi, ẏi

p
i=1 is generated

according to [34], which indicates 63.2 % of the bootstrap

FIGURE 14. (a) Measurement set-up inside anechoic chamber,
(b) prototype top, and (c) bottom view.

reserved sample. Hence, a decision tree algorithm is applied
to each bootstrap sample of ẋi, ẏi

p
i=1 to generate |p| number

of trees for the forest regression [35].
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FIGURE 15. Measured and simulated S11 of the dual-CP TWSCSMA
antenna.

FIGURE 16. Measured and simulated AR of the dual-CP TWSCSMA
antenna.

The comparison of S11 and AR performance of the pro-
posed antenna obtained from EM simulation, measurement
and MLR prediction models such as ANN, DTR, and DFR
regression for port 1 is shown in Fig. 10 and 11 respectively.
It is observed from the figures that the design accuracy
parameters performance of the DTR and DFR are better than
ANN and the same are depicted in Table 2. Similarly, S11 and
AR regression performance of the proposed antenna obtained
using ANN, DTR, and DFR regression models for port 1 is
shown in Fig. 12 and 13 respectively. It is observed from
Fig. 12 and 13, that the fit is reasonably good for all data sets,
as the R2 values in the DTR and DFR 0.99 or above. In each
plot of Fig. 12 and 13, the output predicted by using the fitted
ANN, DTR, and DFR model has represented by the vertical
axis and the true output value (simulation) is represented by
the horizontal axis. From this figure, the fit line in each of
these plots aligns closely with the linear regression line and
the more accurate predictions for data obtained using DTR
and DFR models. Hence, the regression models DTR and
DFR prediction nearly the same IBW and ARBW realized
from the EM simulation results compared to the ANNmodel.

IV. SIMULATED AND MEASURED RESULTS
To verify the design concept, the proposed antenna in
Fig. 1 is fabricated and tested. The measurement set-up
inside the anechoic chamber, top and bottom view of the

FIGURE 17. Radiation patterns at 2.5, 3.5, 3.8, and 5.2 GHz of (a) E-plane
and (b) H-plane for port 1.

fabricated prototype dual-CP TWSCSMA antenna are shown
in Fig. 14(a), 14(b), and 14(c), respectively. The S11, AR,
radiation patterns, peak gain, and efficiency are measured
with an Anritsu-MS-46122B vector network analyzer (VNA)
in the anechoic chamber of size: 6× 4× 6 m3.
The simulated and measured S11 results are depicted

in Fig. 15. The measured two IBW of 33.85% (2.185–
3.075 GHz) and 50.73% (3.252–5.462 GHz), S11 ≤ –10 dB
have achieved for both the ports. The measured S11 results
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TABLE 3. Comparison of multiband CP antennas.

FIGURE 18. Measured and simulated the dual-CP TWSCSMA antenna
(a) peak gain and (b) efficiency.

show that the first and second impedance bandwidth is shifted
a little to higher frequencies than the simulated results. It is
maybe due to the alignment imperfection between various

PCB layers, fabrication tolerances and SMA connector. Since
the proposed antenna is symmetric in shape, the S11 per-
formance is maintained within the permissible range for the
feeding of ports 1 or 2.

Fig. 16 shows the simulated and measured AR of the
dual-CP TWSCSMA antenna with ports 1 and 2. The results
indicate that the designed antenna can maintain <3 dB
AR over a wide beamwidth of about 32◦. It is seen from
the figure that the measured AR for four CP bands such
as 2.321–2.733 GHz (16.26%), 3.222–3.652 GHz (12.52%),
3.732–4.052 GHz (8.22%), 4.751–5.455 GHz (13.82%) at
2.5, 3.5, 3.8 and 5.2 GHz are less than 1.2 dB. Thus, mea-
sured AR characteristics validate and ensure the polarization
quality of traveling-wave series-fed arrays.

Since the radiation patterns of the antenna excited either
from port 1 or port 2 are similar, the measured and simulated
radiation patterns forφ = 0◦ andφ = 90◦ planes at 2.5, 3.5, 3.8,
and 5.2 GHz when only port 1 is excited is shown in Fig. 17.
The asymmetrical antenna structure around a central axis
at the feeding position (for port 1) contributes to the tilting of
the radiation patterns for different frequency bands. The radi-
ation patterns are not symmetrical at these four frequencies,
however tilting is more prominent at 3.5 and 3.8 GHz. In both
planes i.e., E- and H-plane, the radiation patterns are symmet-
rical and LHCP is stronger than RHCP by approximately 26,
14, 13, and 18 dB for 2.5, 3.5, 3.8, and 5.2 GHz respectively,
in the boresight direction. The difference in the LHCP and
RHCP patterns results between simulation and experiment
may be due to the detector sensitivity. This confirms the
satisfactory quad-band CP performance.

Fig. 18(a) shows the measured and simulated peak gain
of the proposed antenna for LHCP (port 2 terminated) and
RHCP (port 1 terminated) radiation. It is observed from the
figure that the peak gain of the proposed antenna for both
LHCP and RHCP are more or less the same. The maximum
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measured peak gains are 2.51, 4.72, 4.52, and 2.86 dBic at
2.5, 3.5, 3.8, and 5.2 GHz, respectively. The measured peak
gain is maintained between 2.51 and 4.72 dBic within the
operational bandwidth.

For radiation efficiency measurement, first the gain
G(θ, φ), radiation intensity, and reflection coefficient 0 of
the designed antenna are measured. The directivityD(θ, φ) is
computed automatically using the radiation intensity. Using
this above parameters, the antenna efficiency (η) is computed
using the equation given below:

η =
G(θ, φ)
D(θ, φ)

(1− | 0 |2) (16)

The measured and simulated radiation efficiency perfor-
mance is shown in Fig. 18(b). The measured efficiency from
2.2 to 5.5 GHz are about 65%–95% within the operational
band and there is a small deviation in the measurement result
from the simulation result due to the fabrication tolerance.

The comparison between the proposed work (TWSCSMA
antenna) with other reported multi-band CP antennas are
listed in Table 3. It is observed that multi-band CP anten-
nas in [5], [6], [7], [8], [9], [10], [11], [12], [13], and [14]
occupy 4.75, 2.33, 5.99, 2.95, 2.87, 2.11, 3.04, 1.62, 1.18 and
8.02 timesmore volume than the TWSCSMAantenna respec-
tively. Hence, the proposed structure gives compact size
among the others. Moreover, the TWSCSMA antenna has
a better wide IBW and ARBW. Therefore, considering all
the performance of the proposed antenna, it will be a good
candidate for WiMAX and WLAN applications.

V. CONCLUSION
A compact dual-CP TWSCSMA antenna for the WiMAX
and WLAN is proposed in this work. The antenna sup-
ports a quad-band CP operation with better performance at
2.5/3.5/3.8/5.2 GHz frequency bands. The quad-band opera-
tion has been obtained by using seven series-fed circular slit
array elements in an annular ring on the radiator. The two ≤
–10 dB IBW of 33.85% and 50.73%, four CP bands < 3 dB
ARBW of 16.26%, 12.52%, 8.22%, and 13.82% are achieved
when the antenna is excited from port 1. The reduction in
mutual coupling between the circular slit array elements is
achieved by introducing SRR unit cells with double-annular
rings on the defected ground plane to neutralize unwanted
surface coupling waves on the radiator. MLR techniques are
used to predict the accurate model performance requirements
of the design parameters of the proposed antenna which will
provide the best performance in terms of IBW and ARBW.
And it is observed that DTR and DFR are giving better per-
formance compared toANN.By analyzing the simulation and
experiment results, it is observed that the proposed antenna
shows a compact size, better two IBWand four-CP bands than
other multi-band CP antennas.
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