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A printed wide-beamwidth circularly
polarized antenna via two pairs of radiating
slots placed in a square contour

neng-wu liu, lei zhu and wai-wa choi

A low-profile circularly polarized (CP) slot antenna to achieve a wide axial-ratio (AR) beamwidth is proposed in this paper.
The radiating patch consists of two orthogonal pairs of parallel slots etched symmetrically onto a ground plane. Firstly, our
theoretical study demonstrates that the CP radiation can be satisfactorily achieved at the broadside, when the vertical and
horizontal paired-slots are excited in the same amplitude with 908 phase difference. Secondly, the principle of CP radiation
of the proposed antenna on an infinite ground plane is described. Through analyzing the spacing between two parallel slots,
the |Eu| and |Ew| radiation patterns can be made approximately identical with each other over a large angle range. As such,
the slot antenna achieves a wide AR beamwidth. After that, the 3 dB AR beamwidth with respect to the size of a finite ground
plane is investigated to constitute a practical CP antenna on a finite ground plane. In final, the proposed CP antenna with a
1–4 probe-to-microstrip feeding network is designed and fabricated on a finite ground plane of a dielectric substrate.
Measured results are shown to be in good agreement with the simulated ones about the gain, reflection coefficient, AR band-
width, and radiation patterns. Most importantly, a wide 3 dB AR beamwidth of 1268 and low-profile property with the height
of 0.036l0 are achieved.
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I . I N T R O D U C T I O N

In recent years, the circularly polarized (CP) antenna has been
highly demanded in many wireless applications such as navi-
gation satellite system, radio-frequency identification system,
and wireless local system [1]. Compared with linear polariza-
tion, circular polarization has its inherent feature in reduction
of unexpected losses caused by the polarization misalignment,
thus provides good flexibility in the orientation angle between
the transmitting and receiving antennas. In such case, there
are many reported CP antennas with different advantages
such as improved axial-ratio (AR) and impedance bandwidths
[2], enhanced radiation gain [3], and compact size [4].
However, these CP antennas often suffer from a narrow AR
beamwidth, and can only radiate the good CP wave in the
main radiation direction such as the broadside of a CP
patch antenna [1]. On the other hand, it is definitely required
in many applications that good CP radiation be achieved in a
wide angular range. For instance, CP antennas in the Global
Positioning System need to be designed with a 3 dB AR

beamwidth larger than 1208 so as to improve the coverage
communication area.

In the past two decades, a few effective approaches have
been proposed to achieve such a wide AR beamwidth for
CP antennas [5–17]. Firstly, the ground plane of these CP
antennas was appropriately reshaped in the format of a rect-
angular shell [5], a metallic cavity [6, 7], or a pyramidal
ground plane with a folded conducting wall [8], resulting to
achieve a 3 dB AR beamwidth of more than 1308 over the
operating band. However, aforementioned approaches based
on the ground plane unfortunately enlarge the height of
these antennas to above 0.09l0, leading to a poor low-profile
property. Secondly, the dielectric layer could also be rede-
signed to enhance the AR beamwidth. In [9], a wide 3 dB
AR beamwidth of more than 1658 was gained by stretching
the substrate beyond the ground plane. By inserting a few dis-
crete dielectrics into the air substrate of a patch antenna [10], a
widened 3 dB AR beamwidth of more than 1268 was obtained.
However, this approach may harmfully generate the unwant-
ed surface waves, thus degrading the AR bandwidth and
radiation pattern. In addition, CP antennas with improved
radiation elements have gathered much attention in terms of
enhancing the AR beamwidth. The helix antennas in [11–
13] with different configurations were proposed to widen
AR beamwidth, but they were difficult to be practically imple-
mented due to their strict requirement in accurate fabrication,
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especially at high frequencies. In [14], a horizontal bowtie-
shaped antenna with the vertically mounted top-hat elements
produced a 3 dB AR beamwidth of 1408. In [15], a novel
crossed dipole was presented to increase the 3 dB AR beam-
width up to 1108. In [16], the parasitic ring was rotated
around the driven ring to generate a wide AR beamwidth
up to 1478. Unfortunately, all of these reported CP antennas
suffered from complicated geometry of multi-radiator and
high profile.

Apart from the techniques mentioned above, a novel
approach is recently presented in [17] by forming up two
orthogonal pairs of parallel dipoles in a square contour. By
properly selecting the spacing between two parallel dipoles,
the 3 dB AR beamwidth at the central frequency was tremen-
dously extended to 1268. As we all know, the slot antenna on
an infinite ground plane can be regarded as being complemen-
tary to the dipole [18]. Thus, the approach can also be applied
in the slot antenna. The comparison of the proposed antenna
and other CP antennas are shown in Table 1.

In this paper, a low-profile CP slot antenna with two
orthogonal pairs of parallel slots is proposed and designed
to obtain a wide AR beamwidth. The two pairs of parallel
slots are etched symmetrically onto a square ground plane,
and they are excited in the same amplitude with 908 phase dif-
ference through proper design of the feeding network. Our
theoretical study depicts that a wide AR beamwidth of the
proposed antenna on an infinite ground plane can be obtained
when the distance between two parallel slots is selected as
0.4l0. Later on, the effect of a finite ground plane size on
the radiation pattern is extensively studied to demonstrate
how the AR beamwidth varies with respect to the size of the
finite ground plane. Finally, the proposed antenna is fabri-
cated on a finite ground plane with a single dielectric sub-
strate. The measured 3 dB AR beamwidth achieves as large
as 1268, while |S11| , 216 dB, AR , 3 dB, and gain.4 dBic
are gained in a frequency range from 3.33 to 3.47 GHz.

I I . O P E R A T I N G P R I N C I P L E O F T H E
P R O P O S E D A N T E N N A

Figures 1(a) and 1(b) show the schematic of the CP printed
dipole antenna in [17] and the slot antenna proposed in this

work, respectively. Their respective radiating elements are
the four dipoles and four slots. For the CP dipole antenna
[17], the electric current flows along the four dipoles. For
the proposed slot antenna, the electric field is distributed
along the four radiating slots as the equivalent magnetic
current. In our analysis, the slot antenna is placed in the
XY-plane. One pair of parallel slots is arranged in the
X-axis, whereas another pair of parallel slots is in the Y-axis.
Besides, the length and width of four identical radiating
slots are denoted by L and W, respectively, and the spacing
between two parallel slots is expressed as D.

Now, let us start with the analysis of radiation patterns for
the proposed slot antenna on an infinite ground plane at first.
When the width of the slot (W ) is much narrower than the
free-space wavelength (l0), that is, W ≪ l0, the electric field
on each of these four slots can be assumed to be perpendicu-
larly oriented across these narrow slots with no longitudinal
electric field component, and its intensity varies as a cosine
function along the slot. Based on the antenna theory in [19],
the far-zone normalized electric field component in the
XZ-plane, radiated by a pair of parallel slots along the
X-axis, can be deduced as

Ew(u) =
cos kL × sin(u)/2

( )

kL × sin(u)/p
( )2 − 1

× cos(u), (1)

where k ¼ 2p/l0 is the wave number in free space.
Similarly, for a pair of parallel slots along the Y-axis, the

far-zone normalized electric field component in the
XZ-plane can be derived as

Eu(u) = cos kD × sin(u)/2
( )

. (2)

In order to obtain the perfect CP radiation with /Eu–/

Ew ¼+908 at the broadside, the vertical and horizontal
paired-slots need to be excited in the same amplitude with
908 phase difference. With this arrangement, the AR varies
as a function of the polar angle (u) in the XZ-plane such that

AR u( ) = 20 × log10
Eu(u)
Ew(u)

∣∣∣∣

∣∣∣∣

∣∣∣∣

∣∣∣∣. (3)

Table 1. Comparison between the proposed antenna and other CP antennas.

Antennas Size Height Beamwidth(AR
< 3 dB) (88888)

Gain (dBic) Operating frequency
band (GHz)

Geometrical structure

Jiang et al. [5] 0.11l0×0.17l0 0.09 175 4.0 2.4 High height and non-planar
Ta and Park [6] 0.4l0×0.4l0 0.16 165 8.0 1.40–1.7 High height and non-planar
Ta et al. [7] 0.26l0×0.26l0 0.21 150 5.9 1.40–1.7 and 1.56–1.59 High height and non-planar
Su et al. [8] 0.24l0×0.24l0 0.12 130 20.6 1.575 High height and non-planar
Bao and Ammann [9] 0.38l0×0.38l0 0.10 121 5.1c 1.451 and 2.029 High height and dual patches
Currie et al. [10] 0.18l0×0.18l0 0.06 126 20.7 2.091 High height and low gain
Caillet et al. [11] 0.18l0×0.18l0 0.65 150 2.0 1.18–1.58 High height and non-planar
Amin et al. [12] 0.16l0×0.16l0 0.10 120 2.0 0.59 and 0.794 High height and non-planar
Ding et al. [13] 0.11l0×0.11l0 0.07 130 5.1 2.1–2.4 High height and non-planar
Choi et al. [14] 0.41l0×0.41l0 0.41 140 1.0 2.025–2.125 High height and non-planar
Ta et al. [15] 0.21l0×0.21l0 0.16 110 6.5 1.13–1.225 High height and non-planar
Latif and Shafai [16] 0.31l0×0.31l0 0.07 147 7 1.57–1.63 Dual patch
Luo et al. [17] 0.41l0×0.41l0 0.004 126 5 1.55–1.65 Planar antenna with low profile
Proposed 0.4l0×0.4l0 0.036 126 4 3.33–3.47 Planar antenna with low profile
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The |Eu| and |Ew| radiation patterns of the printed CP dipoles
are plotted in Fig. 1(c) based on [17]. By using (1) and (2), the
far-zone electric field components, |Eu| and |Ew|, of the slot
antenna in the XZ-plane are calculated as shown in
Fig. 1(d). Note that the |Eu| radiation pattern is similar to
the |Ew| pattern of its dipole counterpart. Meanwhile, the
|Ew| pattern of the slot antenna and |Eu| pattern of its dipole
counterpart are also similar to each other.

In this work, each slot is designed with the length of L ¼
0.5l0 as usual. As can be seen in Fig. 2, the |Ew| radiation
pattern (black-line) keeps almost constant regardless of
varied spacing D, since the |Ew| expression in (1) is not a func-
tion of D. In contrast, the |Eu| radiation pattern (green-line)
and AR (red-line) beamwidth are varied dramatically as D
increases from 0.2l0 to 0.6l0. It can be understood from (2)
and (3) that |Eu| and AR are highly dependent on the
spacing D.

More specifically, as D ¼ 0.2l0, the beamwidth of the |Eu|
radiation pattern in Fig. 2(a) is wider than that of |Ew| radi-
ation pattern. Using equation (3), the calculated 3 dB AR
beamwidth is found to be extremely narrow in a range of u
from 243 to 438. When the spacing D increases to 0.4l0,
the beamwidth of the |Eu| radiation pattern decreases dramat-
ically as illustrated in Fig. 2(b), and it becomes almost the
same as the |Ew| pattern in a wide range of u from 260 to
+608. Hence, the 3 dB AR can be further enlarged to cover
a wide range of the polar angle from 270 to 708. In
Fig. 2(c), as D reaches to 0.6l0, the beamwidth of the |Eu|
pattern continues to decrease and becomes narrower than
that of |Ew| pattern. Thus, the 3 dB AR beamwidth becomes

narrow in the polar axis from 230 to 308. To summarize
these findings, Table 2 is tabulated to quantitatively depict
the value of 3 dB AR beamwidth as the spacing D varies
from 0l0 to 0.9l0. In final, it can be found that a maximum
3 dB AR beamwidth of about 1408 is obtained at D ¼ 0.4l0.

I I I . A N T E N N A D E S I G N A N D
I M P L E M E N T A T I O N

Based on the above analysis, a slot antenna with the wide AR
beamwidth is designed on a dielectric substrate with the rela-
tive permittivity of 2.2 and the thickness of h ¼ 3.18 mm as
shown in Fig. 3. A feeding network is formed on top of the
substrate to properly feed the proposed CP antenna with
four radiating slots, and a ground plane with the size of G ×
G is selected at the bottom surface of the substrate. Besides,
two pairs of slots with the same length of L and width of W
are etched symmetrically onto the ground plane for radiation.
In this design, the slot is slightly shorter than 0.5l0 in length in
order to take into account the inductive effect of the slot line
short-circuited ends. With reference to the results depicted in
Fig. 2 and Table 1, the spacing D between two parallel slots is
chosen as about 0.4l0 towards the widest AR beamwidth.

In the following, a 1–4 probe-to-microstrip feeding
network with equal amplitudes and quadrature phase differ-
ence between output ports is designed to achieve the CP radi-
ation at the broadside direction, i.e. Z-axis in Fig. 3. Firstly, an
input impedance of 200 V for a slot is obtained at the resonant
frequency of 3.4 GHz by selecting the strip width (W2),

Fig. 1. Schematic representation of wide-beamwidth CP antennas and their radiation patterns. (a) Printed dipole antenna. (b) Slot antenna. (c) Radiation patterns
of the CP dipole. (d) Radiation patterns of the CP slot antenna.
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feeding point (D1), and slot width (W ) properly. These impe-
dances (200 V) of the slots are then considered as the load
impedances at the four output ports (E, F, H, and I) of a 1–
4 microstrip feeding network.

With reference to antenna structure in Fig. 3, it is required
the input signal at Port A (coaxial probe) to be divided into
four-way output signals at Ports E, F, H, and I with equal amp-
litude and 908 phase difference. Based on the network
theorem in microwave engineering [20] and the above con-
straints, the 1–4 microstrip feeding network can be designed
as depicted in Fig. 4. It can be seen that the input signal

Fig. 2. Calculated |Eu|, |Ew| radiation patterns and 3 dB AR in the XZ-plane
with varied spacing D. (a) D ¼ 0.2l0. (b) D ¼ 0.4l0. (c) D ¼ 0.6l0.

Fig. 3. Configuration of the proposed CP antenna with feeding network.

Fig. 4. Equivalent transmission-line topology of the feeding network.

Fig. 5. The 3 dB AR beamwidth of the proposed CP antenna in the XZ-plane
with varied ground plane sizes.

Table 2. The 3 dB AR beamwidth versus varied spacing D.

D 0l0 0.1l0 0.2l0 0.3l0 0.4l0

Beamwidth (AR , 3 dB) 768 808 868 1068 1408
D 0.5l0 0.6l0 0.7l0 0.8l0 0.9l0

Beamwidth (AR , 3 dB) 888 608 488 408 348
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from Port A is split into two ways, i.e. A to B and A to C, in
equal amplitude and 1808 phase difference. The characteristic
impedances of microstrip line in these two ways are set as
100 V, aiming to match well the input Port A. Besides, the
path difference between A to B and A to C is about lg/2 (lg

is the guided-wavelength), thus allow output signals along
these two paths to have the same amplitude and 1808 phase
difference. The impedances along the four output paths (B
to E, B to F, C to H, and C to I) are set as 200 V in order to
match well with the input impedance of the radiating slot at
its resonance, and the path difference about lg/4 is employed
to produce 908 phase difference. Finally, this designed feed
network is utilized to provide two pairs of equal-amplitude

signals with 908 phase difference at the output ports of E,
F, H, and I, respectively. Compared to the feeding network
in [17], the feeding network proposed herein is simple in
geometrical structure and straightforward in the design
procedure.

In Section II, the analysis of our proposed slot antenna was
executed under the ideal assumption of an infinite ground
plane. In practical implementation, the overall size of the
ground plane is definitely finite, so the induced equivalent
magnetic currents on the finite ground plane edges will
affect the radiation pattern of an antenna [21, 22]. Figure 5
depicts the simulated 3 dB AR beamwidth of the proposed
antenna as a function of the finite ground size G varying
from 100 to 200 mm. When G is enlarged from 100 to
160 mm, the beamwidth under AR , 3 dB is increased from
82 to 1268. Beyond G ¼ 160 mm, the 3 dB AR beamwidth
falls down slightly. If G is large enough, the 3 dB AR beam-
width tends to approach 1408, which corresponds to the
case of an infinite ground plane.

To explain the behavior of AR beamwidth in detail, the AR
beamwidth at G ¼ 120, 160, and 200 mm against the u is
further studied and the relevant results are plotted in Fig. 6.

Table 3. Dimensions of the proposed antenna in Fig. 3.

Parameters L W W1 W2 D

Values (mm) 35 0.40 2.90 0.35 37.40
Parameters D1 D2 G h —
Values (mm) 6.25 16.20 160 3.18 —

Fig. 6. The 3 dB AR in the XZ-plane with varied ground plane size G. (a) G ¼
120 mm. (b) G ¼ 160 mm. (c) G ¼ 200 mm.

Fig. 8. Simulated and measured AR of the proposed antenna in Fig. 7 with
respect to the u at 3.4 GHz.

Fig. 7. Photographs of the fabricated antenna. (a) Top view. (b) Bottom view.
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At G ¼ 120 mm, the AR value smoothly varies with respect to
u, and the 3 dB AR beamwidth becomes relatively narrow of
about 868. When G is increased to 160 mm, the beamwidth
(AR , 3 dB) reaches to 1268. However, the AR curve has
the ripple due to the unexpected edge diffraction from finite
ground plane. At G ¼ 200 mm, the 3 dB AR beamwidth

slightly decreases to about 1098. Thereafter, of the three
listed cases, G ¼ 160 mm is the most suitable value to
achieve a wide AR beamwidth. Till now, the proposed slot
antenna in Fig. 3 with finite ground plane can be designed
for practical realization and Table 3 tabulates all its dimen-
sional parameters.

Fig. 9. Simulated and measured radiation patterns at 3.4 GHz.

Fig. 10. Simulated and measured antenna parameters with respect to frequency. (a) Gain. (b) AR. (c) |S11|.
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I V . R E S U L T S A N D D I S C U S S I O N

To confirm the design performance, the proposed antenna
was simulated with the EM simulator IE3D, and was fabri-
cated following these design parameters listed in Table 3.
Figure 7 shows the top- and bottom-view photographs of
the fabricated CP antenna prototype. The return loss is mea-
sured using the Agilent N5230A Vector Network Analyzer.
The whole radiation pattern, including the AR and gain, are
experimentally evaluated with the near-field SATIMO
antenna test system.

Figure 8 depicts the simulated and measured AR as a func-
tion of u at the central frequency of 3.4 GHz in the XZ-plane.
Under the 3 dB AR definition, the measured AR beamwidth
has reached 1268, which matches well with the simulated
one. The slot antenna radiates the left- and right-hand circular
polarizations, in short, LHCP and RHCP, below and above the
horizontal plane as shown in Fig. 3, respectively. The simu-
lated and measured radiation patterns in the XZ and YZ
planes at 3.4 GHz are depicted in Fig. 9, the bidirectional
CP radiation patterns with the low cross-polarization are
obtained for the proposed antenna, which can be well used
for applications such as microwave sensor networks and
broadcasting base stations [23, 24].

The simulated and measured results in Figs 10(a)–10(c)
show the peak gain, AR, and return loss against frequency.
In the operating band of 3.33–3.47 GHz, the antenna has
achieved the expected CP radiation performance such as AR
, 3 dB, |S11| , 216 dB, and gain . 4 dBic.

V . C O N C L U S I O N

In this paper, a low-profile CP slot antenna with widened AR
beamwidth is proposed, designed, and measured. The antenna
consists of two pairs of slots and a simple feed network. To
achieve a wide AR beamwidth, the principle of CP radiation
of the four slots on an infinite ground plane is analyzed
firstly. Then, a 1–4 probe-to-microstrip feeding network is
designed to excite the two orthogonal paired-slots with the
same amplitude and quadrature phase difference. Owing to
the diffraction from the edge of the finite ground plane in
practice, the 3 dB AR beamwidth variation with the ground
plane size is further investigated. In final, the proposed CP
antenna on the finite ground plane is fabricated and measured,
all of the measured results such as the gain, returned loss, AR
bandwidth, and radiation patterns are in good agreement with
the simulated ones. Particularly, the wide 3 dB AR beamwidth
of 1268 and low-profile property with the height of 0.036 free-
space wavelength are achieved. Thus, the proposed antenna is
believed to be a good candidate of CP antennas with wide AR
beamwidth as needed in wireless communication. Thus, the
antenna can be well applied in the wireless communication
system such as International Mobile Telecommunications-
Advanced.
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