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In this letter, we propose a circularly polarized (CP) square antenna that can change the frequency of the minimum axial ratio (AR).
The proposed antenna is designed in a very straightforward manner by applying four long stubs to a square patch. The length of one
of the stubs is different from that of the other three stubs, and the structural asymmetry is realized in such a manner that the CP
characteristic is conveniently obtained. The proposed antenna can independently adjust the resonant frequency and the
frequency of the minimum AR value. Therefore, the resonant frequency and the frequency at which the minimum AR value
appears can be easily matched. By applying this method, six antennas with the adequate CP characteristic, notwithstanding the
varied stub widths (1.5~6.5mm), are designed.

1. Introduction

With the rapid development of wireless mobile communica-
tion, a large amount of information regardless of time and
place is exchanged [1], making the maintenance of the signal
connection between the transmitter and receiver during
communication indispensable [2]. There are numerous rea-
sons for call drop during communication, one of them being
the change in polarization. In urban areas, the number of
buildings present is large. The polarization axis of the propa-
gation wave can be changed as it impinges on these objects
and is transmitted or reflected [3, 4]. Therefore, it is challeng-
ing for appropriate polarization to reach the receiver [5].

Circularly polarized (CP) antennas are relatively insensi-
tive to the direction of polarization when compared with
linear polarized (LP) antennas; thus, they can be received
irrespective of the polarization direction [6]. Therefore, CP
antennas are robust against multipath interference and are
less affected by Faraday rotation [7].

A common method to obtain the CP characteristic using
a square patch is to cut out [8, 9] a portion of the corner
located at ±45° relative to the feed point or vice versa to add
a very short stub [10]. Owing to this asymmetry, LP is formed
along the two diagonal lines. The resonant frequencies of the

two LP waves are adjacent, and their magnitudes are very
similar. In this case, the phase difference is 90° as the two
polarized waves are perpendicular to each other; thus, the
CP characteristic can be obtained. The antenna proposed in
this letter is structurally different from the previous works
[8–12] in two respects. First, the stub length is used to obtain
the CP property, and it is relatively long compared to con-
ventional structures. Second, CP can be obtained notwith-
standing whether the stub is not located on the diagonal
line with respect to the feeding point.

As is well known, the operating bandwidth of a CP
antenna is defined as a frequency band in which the band-
width where S11 ≤ −10 dB and that where axial ratio
(AR)≤ 3 dB overlap. Conventional CP antennas exhibit a
shortcoming in that the bandwidth is reduced when the res-
onant frequency in the S11 graph and the minimum point of
the AR graph are different. The most prominent feature of
the proposed structure is that it can independently adjust
the resonant frequency and the frequency of the minimum
point AR. Based on this method, an antenna with the CP
characteristic is efficiently designed.

In order to compare the proposed antenna in this work
with previously reported single-feed circularly polarized
antennas, the size, gain, and measured BWs of the antennas
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are summarized in Table 1. Compared with the previously
presented circularly polarized antennas, the 3 dB AR BW
of the proposed antenna is similar or enhanced. The anten-
nas with a larger AR BW than the proposed antenna are
[13, 14]. However, these antennas exhibited a high profile
greater than 15mm. In [15], a cross slot in the ground plane
was used to decrease the resonant frequency and obtain size
reduction. However, there is a problem that the back radia-
tion is generated due to the slot of the ground plane and
the gain is low. An asymmetric-circular shaped slotted square
microstrip patch antenna for the CP radiation was proposed
in [16]. However, the gain is very low, 0.5 dBic, and the pro-
file is somewhat thick with 4.8mm. To achieve CP radiation
and antenna size reductions, an arrowhead-shaped slot is
embedded in a square patch [17]. However, AR bandwidth
of the antenna is too narrow. In [18], a wide coverage
CP antenna over 180 degrees was proposed, but its size
is twice as large as the proposed antennas. Until recently,
there has been little research on the technique of tuning
AR even in the field of CP antennas. In the dual-feed CP
antenna, the direction of the minimum AR was steered
by adjusting the phase difference applied to the two feeds
[19]. To the best of my knowledge, adjusting the frequency
of the minimum AR is a novel technology that has not
been reported previously.

The rest of this paper is organized as follows. Section 2
describes the antenna geometry. Operating principle and
parameter study are in Sections 3 and 4, respectively. Simula-
tion and measurement results for the proposed antenna are
given in Section 5. The conclusions are provided in Section 6.

2. Antenna Geometry

Figure 1 shows the proposed CP antenna. The antenna pro-
posed here is fabricated on a substrate of thickness h = 1 57
mm with relative permittivity εr = 2 2. Four L-shaped stubs
are applied onto the square patch rotated by 45°. Its side
length is A. A similar CP characteristic can be obtained by
straight line stubs; however, bent stubs are selected to effi-
cient space utilization. The four stub widths are set to w.
Two stubs (stub 1 and stub 2) move by d from the top vertex
of the square, and the remaining two stubs (stub 3 and stub 4)
move equally with respect to the bottom vertex. The length of
stub 4 located at the bottom-right is set to L2, and the length
of the remaining three stubs is set to L1. The width and posi-
tion of the four stubs remain the same, and the asymmetric
structure is formed only by the stub length difference. Finally,
CP performance is realized.

The proposed antenna is fed by a CPW line, as shown in
Figure 1(b). It consists of a 50Ω line (linewidth=3mm and
gap=0.5mm) and matching section (Lm ×Wm). The gray
region except for the nonground area (Lf ×Wf ) functions
as the ground plane. The width Wm is set to 0.7mm, which
corresponds to approximately 151Ω. The length Lm is
32.3mm, which corresponds to a length of approximately
λg/4 at the operating frequency. The matching section
straightforwardly acts as a quarter-wavelength transformer.
The nonground region is at a distance s from the top edge.

The distance between the feed and the ground plane is fixed
to the value shown in Figure 1(b), and these values are opti-
mal results obtained by performing iterative simulations.
Simulation is carried out using HFSS. The size of the sub-
strate is 70× 70mm2.

3. Operating Principle

In order to understand the operating principle of the pro-
posed antenna, the antenna is rotated counterclockwise with
respect to the center. The other parameters are as follows:
A = 15 6 mm, w = 4 5 mm, L1 = 11 5 mm, L2 = 10 7 mm,
s = 11 6 mm, d = 0 6 mm, Lf = 36 5 mm, Wf = 4 mm, Lm =
32 3 mm, and Wm = 0 7 mm. Here, α is the rotated angle of
the antenna. The dotted line is the antenna shown in
Figure 1, and the gray shading structure with a solid outline
is a rotated antenna. As the rotation angle α increases, the
two resonant frequencies split further. When the rotation
angle α is less than 25°, two resonances are located close
together and appear as a single resonance on the graph.
When the rotation angle α is over 25°, the second resonance
appears weak; however, the rotated antenna displays dual
resonance. As is well known, CP is a combination of two
LPs located perpendicular to each other. To verify this, we
will examine the E-field distribution formed at two reso-
nant frequencies.

Figure 2 shows the simulated E-field at 2.244 and
2.656GHz, corresponding to two resonant frequencies of
the proposed antenna with α = 40°. The darker area is the
stronger E-field, and the brighter area is the weaker E-field.
In Figure 2(a), the electric field is strongly formed based
on the null line formed along the right diagonal line. In
Figure 2(b), the electric field is formed strongly based on
the null line formed along the left diagonal line. Thus, it is
observed that the electric field distributions at the two reso-
nance frequencies are orthogonal to each other with respect
to the null line. The appearance of the relatively weak E-field
at the second resonance frequency is owing to the weakly
formed resonance, as shown in Figure 3. Based on these
facts, it can be inferred that the proposed structure combines
two resonance modes perpendicular to each other to exhibit
CP characteristics.

Table 1: Comparison of conventional single-feed circularly
polarized antennas.

Ant.
10 dB S11

BW
3dB AR
BW

Size Height Gain

This
work

1.2% 2.3% 0 20λ0 × 0 20λ0 1.6mm 3.6 dBi

[13] 10.9% 2.8% 0 25λ0 × 0 25λ0 20mm 4.75 dBi

[15] 6.1% 1.6% 0 18λ0 × 0 18λ0 1.52mm 2.5 dBi

[16] 4.01% 1.2% 0 27λ0 × 0 27λ0 4.8mm 0.5 dBic

[17] 3.8% 0.8% 0 26λ0 × 0 26λ0 4.5mm 4.55 dBi

[14] 20.81% 2.6% 0 24λ0 × 0 24λ0 15.6mm 6.9 dBi

[18] 4.3% 2.1% 0 48λ0 × 0 48λ0 1.6mm 4.5 dBic
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4. Parameter Study

Figure 4 shows the simulated results of the reflection coeffi-
cient, AR, and phase difference of the two resonant frequen-
cies with respect to the stub position d. The remaining
parameters are identical to those mentioned above. Here,
d is the distance from the vertex of the stub, and all the four
stubs are identical. As d increases, the resonant frequency
increases, and the impedance matching characteristic tends
to improve. Generally, in the patch antenna, an E-field
exists strongly in the vicinity of the feed point and in that
of the opposite side of the feed point. In the proposed
antenna, an upper vertex and a lower vertex correspond to
this area. As the stub shifts away from the upper or lower
vertex, the E-field weakens such that the E-field applied to
the stub also weakens. If the stub is located at the right
and left vertices, the resonant frequency is changed negligi-
bly. That is, the stub length does not contribute substan-
tially to reducing the resonant frequency. However, as the

stub shifts closer to the upper and lower vertices, where a
strong electric field appears, the E-field applied to the stub
is strong such that the resonant frequency is strongly influ-
enced by the stub length. In addition, the stub is embedded
into the strong E-field region such that the impedance
matching is deteriorated.

As d increases, the frequency of the minimum AR
remains unchanged within a small margin of error, and only
the minimum value of the AR becomes worse. As shown in
Figure 4(c), the frequency response of the phase difference
changes negligibly with d. Therefore, the frequency at which
the phase difference becomes 90° is nearly unchanged. Con-
sequently, the minimum AR frequency is nearly unchanged
as well. Because the resonant frequency formed on the basis
of the reflection coefficient and the frequency at which
the minimum point of AR should coincide, d is selected
to be 0.6mm. From the simulated results, it is observed
that d can be used as a parameter to change only the res-
onant frequency of the antenna.
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Figure 1: Proposed circularly polarized antenna: (a) top layer and (b) bottom layer viewed from above.
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Figure 2: Simulated E-field distribution: (a) 2.244GHz and (b) 2.656GHz.
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Figure 5 shows the simulated results of the reflection coef-
ficient and AR characteristics according to the change of s. All
the other parameters are set equal to those mentioned above.
In this study, s affects only impedance matching and exerts
negligible effect on the resonant frequency, as shown in
Figure 5(a). However, the frequency response of AR shifts
downward as s increases, as shown in Figure 5(b). At this
time, the optimum s is 11.53mm. Figure 5(c) shows the sim-
ulated result of the phase difference of the two resonance
modes according to the change of s. It is observed that
as s increases, the frequency at which the phase difference
becomes 90° decreases. In addition, the frequency at which

the phase difference becomes 90° almost coincides with the
frequency having the minimum point on the AR graph. s
is a variable that can independently move the position of
the minimum AR point.

Figure 6 shows the simulated results of reflection coeffi-
cient and AR characteristics according to the change of L1.
All the other variables are set equal to those mentioned
above. At this time, in order to maintain proper asymmetry,
the length variation of L2 is identical to that of L1. As the stub
length varies, the resonant frequency and the minimum
point of the AR always coincide. Impedance matching
deteriorates with increasing length L1, and AR is optimum
when L1 = 12 5 mm. Considering the S11 characteristic, L1
is selected to be 11.5mm.

Conventional CP antennas have a limited design range
for perturbations such as corner-cuts or stubs. If the pertur-
bation is small, the adjacent two resonances cannot be split.
On the contrary, if the perturbation is large, the two reso-
nances are split excessively, and the antenna exhibits a
dual-band LP characteristic. On the other hand, as shown
in Figure 6, the proposed structure exhibits a considerably
wide design range of the stub for the CP characteristic.

The design procedure for implementing the CP char-
acteristic using the proposed technique can be summarized
as follows:

(1) Apply four identical L-shaped stubs to a square
patch. At this time, i.e., when the procedure begins,
d is set to 0mm

(2) Reduce the length of the bottom-right stub and verify
if the AR value reduces to below 3dB

(3) Change d or s to coincide two resonant frequencies
(frequency of the minimum AR value and resonant
frequency of the antenna)
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Figure 4: Simulated results of the proposed antenna with different
positions d: reflection coefficient, AR, and phase difference
between two resonant frequencies.
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Figure 5: Simulated results of the proposed antenna with different
distances s: reflection coefficient, AR, and phase difference of two
resonant frequencies.
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Figure 3: Simulated reflection coefficient of the proposed antenna
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(4) Adjust L1 (and L2) to regulate the operating fre-
quency of the CP antenna

(5) Tune the feeding part to optimize impedance
matching

Six CP antennas with various stub widths are designed
according to the above process. The design parameters pre-
sented in Table 1 are obtained based on the final antenna
(w = 4 5 mm). That is, the minimum AR frequency and the
resonant frequency are rendered different by reducing or
increasing the stub width w of the antenna, with w = 4 5
mm; moreover, the two resonant frequencies can be recon-
ciled again by minimizing changes in the other parameters.
Therefore, the design parameters d, s, and L1 for a certain
w can be various combinations apart from the values pre-
sented in Table 2.
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Figure 6: Simulated results of the proposed antenna with different
lengths L1: reflection coefficient and AR.

Table 2: Optimal design parameters and performance of the CP
antenna with different stub widths.

w A d s L1 L2 S11 < −10 dB AR< 3 dB
1.5 15.6 1.7 10.8 11.5 10.7 2.286~2.304 2.267~2.310
2.5 15.6 1.7 11.6 11.5 10.7 2.297~2.314 2.284~2.328
3.5 15.6 1.1 11.6 11.5 10.7 2.287~2.304 2.277~2.326
4.5 15.6 0.6 11.6 11.5 10.7 2.312~2.328 2.295~2.342
5.5 15.6 0 11.6 12.5 11.5 2.272~2.293 2.250~2.311
6.5 15.6 0 12.9 12.5 11.2 2.405~2.429 2.412~2.460
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Figure 8: Picture of the fabricated antenna: (a) top layer and (b)
bottom layer.
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5. Simulated and Measured Results

Figure 7 shows the measured and simulated frequency
responses for the proposed antenna. The proposed antenna
is fabricated on a Duroid 5880 substrate with h = 1 57 mm
and εr = 2 2. The geometric dimensions of the proposed
antenna are as follows: A = 15 6 mm, w = 4 5 mm, α = 40°,
L1 = 11 5mm, L2 = 10 7mm, d = 0 6mm, s = 11 6mm, Lf =
36 5 mm, Wf = 4 mm, Lm = 32 3 mm, and Wm = 0 7 mm.
Experiments verify that the characteristics of the proposed
antenna are consistent with the simulation results. The devia-
tion between the simulated and measured results may be
caused by the loss tangent of the substrate and the parasitic
effects of the SMA connectors. The measured impedance
bandwidth (10 dBreflectioncoefficient) is 1.2%.Themeasured
3 dB axial ratio bandwidth of the proposed antenna is 2.3%.
Figure 8 shows the photographs of the fabricated antenna.

We set the double ridged horn antenna as Tx antenna
and the proposed antenna as Rx antenna. At this time, Tx
antenna is an LP antenna. After measuring the vertical polar-
ization (Ex) and the horizontal polarization (Ey), AR value is
computed using the following equation [20]:

ERHCP =
1
2

Ex + jEy ,

ELHCP =
1
2

Ex − jEy ,

AR = −
ERHCP + ELHCP
ERHCP − ELHCP

1

Figure 9 shows the plot of the simulated and measured
radiation patterns. The maximum gain is 3.6 dBic. The
measurement results demonstrate that a broadside radiation
pattern with a good left-handed CP (LHCP) characteristic is

obtained at the resonant frequency. Figure 10 shows the sim-
ulated and measured gains of the proposed antenna.

6. Conclusion

A novel CP antenna is proposed to independently adjust the
frequency of the minimumAR point. The proposed structure
consists of a square patch and four stubs, and the CP charac-
teristic is realized by the difference in the length of the stubs.
In this study, the position of the stub is the resonant fre-
quency of S11, and the length of the nonground area in the
feed structure is a variable that can tune the frequency of
the minimum AR independently. As the stub width is varied,
the positions of the two frequencies (the resonant frequency
and the frequency of the minimum AR) are arbitrarily
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Figure 9: Simulated and measured radiation patterns: (a) xz plane and (b) yz plane.
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changed. However, based on the proposed method, positions
of the two frequencies are easily matched. The operating
principle of the proposed antenna is exploited, and a design
strategy is provided for the antenna.
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