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In this paper, a wideband, circularly polarized patch antenna is proposed that
leverages the unidirectional resonant modes of a circular patch mounted on top of
a grounded dielectric‐ferrite substrate. The proposed antenna is fed via the proximity coupling method and several parasitically coupled patches are placed on a
dielectric superstrate to enhance the impedance bandwidth of the antenna. The
resonant modes of the structure rotate only in the clockwise or counter clockwise
directions. In the frequency range where the effective permeability of the ferrite
layer is negative, the resonance frequencies of these modes differ significantly,
which produces a large axial ratio (AR) bandwidth. For the proposed antenna, the
numerical results show the 10 dB impedance bandwidth to be around 44% and
the 3 dB axial ratio bandwidth to be higher than 64%.
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1

| INTRODUCTION

Circularly polarized antennas are widely used in various
wireless systems, including wireless local area networks,
radio frequency identification tags, the global positioning
system (GPS), and the global navigation satellite system as
they reduce the relative constraints on the orientation and
multipath and provide better weather penetration than linearly polarized antennas. Some methods to achieve circular
polarization (CP) include truncating the patch corners [1],
cutting a diagonal slot in the patch [2], adding a tuning stub
to the patch [3], using the triple proximity‐fed method [4],
and using the Koch curve as a boundary to the triangular
patch [5]. While broadband circularly polarized antennas
have been proposed based on parasitic strips [6], metasurface
superstrates [7], slot arrays [8], patch arrays [9], and split‐
ring resonator (SRR)‐inspired slot antennas [10], the reported
axial ratios (AR) of these antennas are <25%.
In [11], researchers employed a quad‐feed network and
quadruple patch to obtain a CP bandwidth of 72%;

however, the network used to feed the antennas was relatively complicated. The planar slot antennas with a
microstrip coplanar waveguide (CPW) feed that were presented in references [12,13] achieved an AR bandwidth of
about 40%. In this case, a wideband CP was obtained by
applying perturbations to the rectangular slot [12] and
exciting the even and odd modes of the CPW with a 90°
phase difference [13]. In references [14,15], printed rectangular and triangular monopoles were shown to achieve
an AR bandwidth of more than 50%. Here, circular polarization was obtained via an asymmetric antenna design.
While the feed networks of the antennas presented in references [12–15] were simple, the radiation patterns were
omnidirectional, the antenna gains were small, and the
beamwidths of the circular polarization were insufficient
in some frequency ranges. To enhance the gain of these
antennas, the researchers in references [16,17] proposed
employing a frequency selective surface (FSS) as a reflector; however, this necessitated an increase in antenna
dimensions.
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In other research, microstrip patch antennas on a normally magnetized ferrite substrate were found to radiate a
CP pattern [18–20]; however, the corresponding AR bandwidths and beamwidths were quite narrow as the clockwise
and counter clockwise resonant modes were close in frequency and the coupling between these two opposite
modes degraded the AR figures. To overcome these problems, Ghalibafan et al. presented a wide‐angle circularly
polarized antenna [21] designed to operate in the frequency
range where ferrite has a negative effective permeability.
As only clockwise or counter clockwise modes exist in this
frequency range, the result is a wide‐angle, wideband AR.
However, due to the high permittivity of ferrite, the proposed antenna had a narrow impedance bandwidth of <1%.
To improve this, the authors in reference [22] proposed an
antenna consisting of a metallized ferrite disk mounted on
a grounded dielectric substrate and showed analytically in
reference [22] that the clockwise and counter clockwise
resonance frequencies of this antenna differed significantly
over the negative effective permeability range of the ferrite.
Finally, the parasitic patch technique described in reference
[22] has been employed to achieve an impedance bandwidth of 15.5%, which is still much less than the antenna
AR bandwidth (50%).
In this paper, a new structure is proposed to counter the
problems in the designs presented in references [21,22]. As
a first step, the proposed structure consists of a circular
patch antenna mounted on a two‐layer dielectric‐ferrite substrate and excited by a proximity‐coupled feed line. This
approach results in a broadband AR when the resonance
occurs in the negative permeability range. The structure
also incorporates parasitic patches in a stacked configuration to enhance the impedance bandwidth of the antenna.
When simulated, the impedance bandwidth had increased
by 44% over previous methods.

2 | TWO‐LAYER DIELECTRIC‐
FERRITE MICROSTRIP ANTENNA
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μ2a
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(1)

and has a negative value in the following frequency range:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ωH ðωH þ ωM Þ<2πf <ωH þ ωM ;
(2)
where μ and μa are the diagonal and off‐diagonal elements
of the permeability tensor of the ferrite, respectively. In
addition, ωH = γH0 and ωM = γMS, where MS is the saturation magnetization and γ is the gyromagnetic ratio of ferrite
[21]. The simulations in this study assumed a magnetic
bias field of H0 = 15,000 A/m and a negative value for μ⊥
in the frequency range 1.68 GHz < f < 5.35 GHz. The
antenna was designed to operate at a frequency of
4.3 GHz. The dimensions of the antenna were optimized
based on the listed specifications, which resulted in
a = 6.5 mm, Wf = 1 mm, Lf = 12.5 mm, and L = 30 mm.
The impedance matching of the antenna was realized by
appropriately selecting the dimensions of the feed line to
accommodate the values of Wf and Lf. Note that the radius
of the patch determines the resonant frequency of the
antenna. An initial approximation for the radius of the
patch can be obtained by replacing the ferrite layer with a
dielectric with the same relative permittivity and then
applying the models presented for computing the resonant
frequency of a circular patch antenna with a composite
substrate [23–25]. Alternatively, the patch radius can be
approximated using the semi‐analytical method presented
in Mashhadi et al. [22].
The simulations in this study were conducted using the
high frequency structure simulator (HFSS) developed by
Ansoft. The simulated results for the return loss, AR, and
gain of the proposed antenna are shown in Figure 2. The
simulated –10 dB impedance bandwidth was 180 MHz
(4.2%), which is five times higher than the bandwidth
obtained in [21]. The higher bandwidth was the result of
increasing the antenna height and decreasing the effective
z

The structure of a circular microstrip patch antenna on a
grounded, two‐layer dielectric‐ferrite substrate is shown in
Figure 1. As shown, the antenna is fed by a proximity coupled feed line placed between the ferrite and dielectric layers and the ferrite substrate is magnetized vertical to the
ground plane along the z‐axis by a DC biased magnetic
field H0. The ferrite layer consists of yttrium iron garnet
with a relative permittivity (εf) of 15.3, saturation magnetization of 0.173 T, magnetic line width of 10 Oe, and thickness (hf) of 1 mm. The dielectric layer is assumed to be
RT/D 5880 with a relative permittivity (εd) of 2.2 and
thickness (hd) of 0.8 mm. According to Ghalibafan et al.
[21], the permeability μ⊥ is defined as follows:
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F I G U R E 1 Schematic of two‐layer dielectric‐ferrite microstrip
antenna excited with proximity‐coupled feed line
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permittivity of the structure by inserting a low permittivity
dielectric layer between the ferrite and ground plane. The
peak gain of the antenna was found to be 6 dB and the
3 dB AR bandwidth was more than 1.8 GHz, which is a
direct consequence of the large separation in frequency
between the clockwise and counter clockwise resonant
modes, and was obtained by positioning the operating frequency in the negative μ⊥ range.
The clockwise resonant mode was dominant at the first
resonance, as illustrated in Figure 3, where the current
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distribution on the patch at 4.3 GHz for four different time
phases (ωt) is plotted. Between 0° and 270° in intervals of
90°, the dominant surface current flowed in the directions
of the y, x, –y, and –x axes, respectively. In other words,
as time passed, the surface current profile rotated in the
clockwise direction, which resulted in a left‐handed circular
polarization (LHCP) in the +z direction. The normalized
circularly polarized radiation patterns of the antenna at
4.3 GHz on the x‐z (φ = 0°) and y‐z (φ = 90°) planes are
presented in Figure 4. This antenna had an LHCP pattern
with a front‐to‐back ratio (FBR) of 13 dB.

9
6

3 | PARASITICALLY COUPLED
STACK CONFIGURATION
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F I G U R E 2 Full‐wave simulation of |S11|, axial ratio (AR), and
gain for antenna shown in Figure 1

As described in the previous section, the antenna shown in
Figure 1 had a wideband circular polarization; however, it
also had a small impedance bandwidth. This can be
addressed by employing impedance bandwidth enhancement techniques [26–30]. For example, the dual resonance
method was used in references [27–30] to improve the
impedance bandwidth of patch antennas.
Parasitic patches can be used in microstrip antennas for
various purposes. For example, a U‐shaped parasitic strip
was used to realize a notch frequency band in [31], parasitic elements were used to achieve multi‐band operation in

Jsurf (A_per_m)
1.000e+002
9. 0909e+001
8. 4848e+001
7. 8788e+001
7. 2727e+001
6. 6667e+001
6. 0606e+001
5. 4545e+001
4. 8485e+001
4. 2424e+001
3. 6364e+001
3. 0303e+001
2. 4242e+001
1. 8182e+001
1. 2121e+001
6. 0606e+000
0. 0000e+000

(A)

(B)
Jsurf (A_per_m)
1.000e+002
9. 0909e+001
8. 4848e+001
7. 8788e+001
7. 2727e+001
6. 6667e+001
6. 0606e+001
5. 4545e+001
4. 8485e+001
4. 2424e+001
3. 6364e+001
3. 0303e+001
2. 4242e+001
1. 8182e+001
1. 2121e+001
6. 0606e+000
0. 0000e+000

F I G U R E 3 Surface current
distributions on patch at 4.3 GHz for
different time instants: (A) ωt = 0°, (B)
ωt = 90°, (C) ωt = 180°, and (D)
ωt = 270°
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F I G U R E 5 Proposed two‐layer microstrip antenna with parasitic
patches in stacked configuration
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[32], the AR bandwidth of microstrip antennas was
increased using parasitic patches in references [6,33], and
parasitic patches were used to improve the impedance
bandwidth of microstrip antennas in references [26]. In the
latter case, one or several parasitic patches that had a resonance frequency close to the resonant frequency of the feed
patch were placed close to the feed patch.
In the proposed design, a stacked configuration with
multiple resonators is employed to increase the impedance
bandwidth; however, instead of using the planar‐coupled
technique, two or more patches on different layers of the
dielectric substrates are stacked on top of each other [26].
To further enhance the impedance bandwidth, these two
techniques, namely, parasitic and stacked configurations,
can be combined. The structure in Figure 5 combines both
techniques to improve the impedance bandwidth of the
original design.
The proposed antenna is composed of a two‐layer
microstrip patch antenna (similar to Figure 1) and four parasitic patches mounted on the upper side of a superstrate
layer. The bottom patch is fed with a proximity‐coupled
feed line while the top parasitic patches are excited by
electromagnetic coupling with the bottom patch. The superstrate is RO3010 with a relative permittivity (εs) of 10.2
and thickness (hs) of 0.8 mm. The optimized antenna
parameters are b = 5.8 mm, S = 10 mm, g = 4.2 mm, Wf
= 0.9 mm, Lf = 33 mm, and L = 50 mm, while the other
parameters are unchanged compared to the previous example. Because the resonance frequency of the parasitic
patches was designed to be close to the resonant frequency
of the feed patch, the initial approximation for the radius
of the parasitic patches was assumed to be equal to the
radius of the feed patch. Then, an accurate value of b was
obtained by optimizing the radius of the parasitic patches
using a full‐wave simulation.
The antenna return loss, which was obtained via full
wave simulations, is shown in Figure 6. The simulations
were performed using two different software packages,
namely, HFSS and the CST Microwave Studio (CST).

Dielectric
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F I G U R E 6 Comparison of two numerically independent methods
for computing return loss of proposed antenna

The HFSS simulation was conducted in the frequency
domain using the finite element method (FEM) while
the CST simulation was performed in the time domain
and was based on the finite difference time domain
(FDTD) technique. The return losses obtained from the
two methods exhibited good agreement and the impedance bandwidth of the proposed antenna was found to
be more than 1.9 GHz (44%). The obtained impedance
bandwidth was 10.5 times higher than that of the
antenna shown in Figure 1, 54 times higher than the
antenna described in Ghalibafan et al. [21], and almost
three times higher than the antenna in Mashhadi et al.
[22]. As shown in Figure 6, there are three in‐band
poles in the return loss response of antenna, two of
which were produced by the main and parasitic patches.
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F I G U R E 7 Comparison of gain and AR of proposed antenna,
which were obtained via two numerically independent methods (solid
line represents FEM method and dotted line represents FDTD
method)
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F I G U R E 9 Normalized circularly polarized radiation patterns at
(A) 3.5 GHz, (B) 4.5 GHz, and (C) 5.4 GHz (LHCP pattern: solid
line; right‐hand circularly polarized pattern: dotted line)
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F I G U R E 8 Antenna AR patterns at different frequencies: (A) x‐z
plane, and (B) y‐z plane

Although not shown here for brevity, it can be easily
shown via parameter sweeps that the third pole was created by the proximity feed line.

The AR and gain of the antenna obtained via the
HFSS and CST simulations are shown in Figure 7,
where it can be seen that there was good agreement
between the two methods. The antenna had a peak gain
of 9 dB and an average gain of 8.5 dB, which is about
3 dB better than that of a single patch without a stacked
configuration. The AR bandwidth of the antenna was
found to be 64% (2.82 GHz to 5.69 GHz), which covered the entire frequency range where the antenna was
matched. The AR bandwidth of this antenna was about
18% higher than that of the antenna shown in Figure 1,
and 14% higher than the antenna described in Mashhadi
et al. [22]. Based on these results, the stacked multi‐resonator structure increased both the impedance and AR
bandwidths.
In Figure 8, the AR pattern of the antenna in the two
planes of φ = 0° and φ = 90° is shown for different
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frequencies. As shown in the figure, the antenna had a very
wide AR beamwidth (more than 120°) if the frequency was
not very high. However, the AR beamwidth was reduced at
high frequencies due to the increased contribution of the
counter clockwise mode. Nevertheless, a minimum AR
beamwidth of 70° was obtained across the band of interest.
Such a design is anticipated to be attractive in various
applications requiring a wide‐angle circular polarization,
such as GPS.
The normalized LHCP radiation pattern of the antenna
in the φ = 0° and φ = 90° planes at frequencies of
3.5 GHz, 4.5 GHz, and 5.4 GHz is shown in Figure 9. As
shown, due to the symmetrical antenna configuration, the
radiation patterns were symmetrical at the center frequency
and two edged‐band frequencies for both the x‐z and y‐z
planes. Note that the forward to backward ratio decreased
from 23 dB to 14 dB when the frequency increased from
3.5 GHz to 5.4 GHz.
The effect of the magnetic bias fields on the return loss,
gain, and AR of the antenna is shown in Figure 10. As can
be seen in Figure 10A, when the magnetic bias field H0

ET AL.

was increased from 500 A/m to 35,000 A/m, the impedance bandwidth decreased slightly and the center frequency of the antenna shifted higher. This property can be
exploited to accomplish small adjustments in the tuning of
the center frequency of the antenna. The plot in Figure 10B
shows that the ARs were maintained below 3 dB in the
radiation frequency range of the antenna for all values of
H0 and the peak gain of the antenna remained at 9 dB by
changing the magnetic bias field.
Until now, it was assumed that the ferrite was uniformly
biased, although in practice there is some nonuniformity in
the bias. Thus, to verify the previous results, in an experiment, an NdFeB rare‐earth magnet (grade N45, Br = 1.35
T, BHmax = 45 MGOe) with dimensions of 100 mm × 100
mm 8 mm was placed 5 mm below the ground plane to
bias the ferrite substrate. In this case, the average magnetic
bias field in the ferrite with the permanent magnet in position was approximately 15,000 A/m. In practice, permanent
magnets are weak at the center and strong around the
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F I G U R E 1 0 Effect of magnetic DC bias field H0 on: (A) return
loss, and (B) gain and AR of antenna shown in Figure 5

F I G U R E 1 1 Comparison of (A) return loss, (B) gain, and AR of
antenna when uniform and nonuniform bias fields were considered
(solid line represents uniform bias; dotted line represents nonuniform
bias)
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T A B L E 1 Comparison between proposed and other wideband CP
antennas
S11
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[34–36], the proposed antenna had a wider AR bandwidth,
impedance bandwidth, and contiguous peak gain.

4

| CONCLUSIONS

The antenna proposed in this paper consisted of a circular
patch antenna on a two‐layer, ferrite‐dielectric substrate
with a wideband circular polarization. The first two resonance frequencies of the developed antenna were related to
the clockwise and counter clockwise resonant modes and
were far enough apart in the negative permeability range to
produce a wide AR bandwidth. In addition, parasitic
patches in a stacked configuration were employed to
improve the impedance bandwidth. The simulation results
show the proposed antenna had an impedance bandwidth
of 44% and an AR bandwidth of 64%.
ORCID
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