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ABSTRACT A circularly polarized (CP) wideband uniplanar crossed-dipole antenna is presented in this
paper. The antenna constitutes a pair of identical crossed-dipole arms printed on the same plane of a dielectric
substrate. Each crossed-dipole component is a pair of thin dipole arms that are perpendicular to each other and
connected with a folded stripline for generating CP radiations. A pair of thin rectangular stubs are introduced
on one dipole arm at the center of the antenna to improve impedance-matching bandwidth. Another set of
rectangular stubs is attached at the sides of the dipole arms to broaden the axial ratio (AR) bandwidth.
The antenna in free space is excited via a coaxial probe with a balun. It generates two adjacent AR bands
that are merged into a wide AR bandwidth with bidirectional radiation patterns. Full-wave electromagnetic
simulations are performed in the design process, and experiments are performed to validate the antenna
design. The proposed antenna sized 42.4 mm × 42.4 mm × 0.2032 mm (0.57 λo × 0.57 λo × 0.0027 λo
at 4.05 GHz) has an |S11| < −10 dB impedance bandwidth of 2.92–5.15 GHz (55.26%) and a 3 dB AR
bandwidth of 2.96–5.12 GHz (53.5%).

INDEX TERMS Compact antenna, crossed dipole, circular polarization, uniplanar, wideband.

I. INTRODUCTION
Circularly polarized (CP) antennas possess many advantages
over linearly polarized antennas, such as enhanced immunity
to multipath distortion, polarization mismatch losses, and
Faraday rotation effects caused by the ionosphere. Owing
to these superior qualities, the demand for CP antennas
has grown immensely in wireless communication applica-
tions [1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12].
In particular, crossed-dipole antennas have attracted consid-
erable interest owing to their excellent CP characteristics,
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simple structure, compact size, and flexible shape [13], [14],
[15], [16], [17], [18], [19], [20], [21], [22], [23], [24], [25],
[26], [27], [28], [29], [30], [31], [32]. Notably, traditional
crossed-dipole antennas, which are composed of thin dipole
elements, offer limited bandwidths [16], [17], [18], [19], [20],
[21]. The demands of increasing bandwidth in mod-
ern wireless communication systems and progression in
antenna design have prompted the development of wideband
crossed-dipole antennas [22], [23], [24], [25], [26], [27], [28],
[29], [30], [31], [32], [33], [34], [35]. Recently, several
techniques have been developed to widen the axial ratio
(AR) bandwidth of crossed-dipole antennas. A common
approach for achieving a wide AR bandwidth with a
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FIGURE 1. Geometry of crossed-dipole antenna: (a) top view and (b) side
view.

crossed-dipole antenna is to substitute thin linear dipoles
with wide planar dipoles, such as fat dipoles [22], [23],
stepped dipoles [24], [25], and bowtie dipoles [26], [27].
Other approaches to increase the bandwidth include the
incorporation of additional radiators, such as parasitic ele-
ments around the crossed dipole [28], [29], [30]. Overall,
effective bandwidth enhancement can be achieved by
combining wide planar crossed dipoles and parasitic ele-
ments [31], [32], [33], [34], [35]. However, the use of
additional radiators with large sizes can increase the
device size and fabrication cost. Furthermore, the com-
plex structures of these antennas may limit large-scale
production.

To address these problems, we developed a CP wideband
uniplanar crossed-dipole antenna. The proposed antenna is
composed of a pair of identical thin crossed-dipole arms
printed on the same plane of a dielectric substrate. In the
proposed framework, the antenna design and fabrication com-
plexities are lower than those of traditional crossed-dipole
antennas with vacant-quarter printed rings that use both sides
of the substrate. One pair of stubs and one pair of folded
striplines were placed near the center of the crossed dipole to
improve impedance matching and generate circular polariza-
tion. To widen the AR bandwidth of the antenna, the first- and
third-order modes of the antenna are compressed by adding
rectangular stubs to the dipole in the y-direction. The antenna
was optimized with a series of ANSYS High-Frequency

Simulation Software (HFSS) simulations. The performance
characteristics of the proposed antenna with an overall size
of 42.4 mm × 42.4 mm × 0.2032 mm (0.57 λo × 0.57 λo ×

0.0027 λo at 4.05 GHz) could be summarized as follows:
|S11| < −10 dB bandwidth of 2.92–5.15 GHz (55.26%),
3 dB AR bandwidth of 3.0–5.09 GHz (51.7%), and peak gain
of 2.08 dBic at 4.15 GHz. The antenna radiation efficiency
within the bandwidth is more than 93%.

II. ANTENNA GEOMETRY AND DESIGN
Fig. 1 shows the geometry of the uniplanar crossed-dipole
antenna, which consists of crossed dipoles, a dielectric sub-
strate, a coaxial feedline, and a 50-� SMA connector. The
dielectric substrate material is Rogers RO4003, which has a
dielectric constant of εr = 3.38 and loss tangent of tanδ =

0.0027. Both arms of the crossed dipole are printed on the top
side of the same plane in the dielectric substrate and directly
fed by a coaxial line with the 50-� SMA connector. The
antenna is fed by a coaxial cable slightly displaced to one side
along the y-axis, the outer conductor attached to one crossed-
dipole arm, and the inner conductor passing through the same
arm without any contact with the other crossed-dipole arm.
A pair of thin rectangular stubs are installed at one of the
y-axis arms near the center of the antenna for impedance
matching.

The uniplanar crossed-dipole antennawas optimizedwith a
series of HFSS simulations to ensure satisfactory impedance
matching with the 50-� coaxial feedline and to merge the
two adjacent AR bands into a wide AR bandwidth. The opti-
mized design parameters were set as follows:Wp = 42.4 mm,
Ld = 18 mm, Lc = 20.95 mm, Wd = 6 mm, Ll = 9 mm,
Wl = 3.3 mm, Sw = 0.1 mm, Ls = 4.5 mm,Ws =3 mm, Sp =

14.5 mm, Fw = 5.6 mm,Wf = 5.8 mm, Fl = 22.5 mm, Sl =

3.5 mm, and h = 0.2032 mm.
The crossed dipoles are composed of two dipole arms

that are orthogonal to each other. CP radiation is generated
when the real parts of the input admittances of the dipoles
are equal, and the phase angles of their input admittances
differ by 90◦ [6]. The input admittance of the dipole consti-
tuting the crossed-dipole antenna must be constant in a wide
frequency range to implement a CP crossed-dipole antenna
with a wide AR bandwidth. To realize a wideband dipole,
the first- and third-order modes of the dipole are compressed
by adding a rectangular stub structure to the y-axis of the
dipole arms [36], [37], [38]. Fig. 2 shows the structure of a
stub-loaded uniplanar mode compressed dipole. Fig. 3 shows
the variation of the reflection coefficient according to the stub
length of the stub-loaded uniplanar dipole. The simulation
results in Fig. 3 clearly show that the length of the dipole
(Ld ) determines the frequency of the first resonant mode and
that the length of the stub (Ls) determines the frequency of
the second resonant mode. Fig. 4 shows the antenna sur-
face current distribution in each resonant mode. Fig. 4(a)
shows the dipole surface current distribution at 3.5 GHz,
the first resonant mode, and shows that the dipole operates
in the first-order mode. Fig. 4(b) shows the surface current
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FIGURE 2. Geometry of the stub-loaded uniplanar dipole antenna.

FIGURE 3. Effect of dipole length and stub length: (a) dipole length (Ld )
and (b) stub length (Ls).

FIGURE 4. Current distributions of the stub-loaded dipole: (a) 3.5 GHz
and (b) 5.2 GHz.

distribution at 5.2 GHZ, the second resonant mode, and
shows that the dipole operates in the third-order mode at that
frequency.

A crossed dipole with wideband characteristics consists
of a stub-loaded uniplanar mode compression dipole and
a pair of striplines are folded to connect the two perpen-
dicular dipole arms to satisfy the CP generation condition.
The uniplanar crossed-dipole antenna exhibits wideband per-
formance characteristics in terms of impedance and AR
bandwidths. The reflection coefficient profile of the antenna
exhibits two resonances at 3.5 GHz and 4.9 GHz. The
impedance bandwidth is 2.25 GHz (2.84–5.09 GHz), corre-
sponding to a fractional equivalent bandwidth of 56.75%. The
antenna produces two AR bands corresponding to the AR
minimum points at 3.2 GHz and 4.6 GHz. The adjacent bands
are merged to achieve a wide AR bandwidth of 2.03 GHz
(2.98–5.01 GHz), corresponding to a fractional equivalent
bandwidth of 50.81%.

FIGURE 5. Effects of dipole length (Ld ): (a) reflection coefficient and
(b) axial ratio.

FIGURE 6. Effects of dipole width (Wd ): (a) reflection coefficient and
(b) axial ratio.

III. PARAMETRIC STUDY
Parametric studies were performed on the proposed CP
unipolar crossed-dipole antenna to clarify the operation prin-
ciple and influence of the antenna parameters on the antenna
performance. Only one parameter was varied while the other
parameters were maintained at their optimum values, and the
effects on the reflection coefficient and AR were noted.

First, the effects of the dipole parameters, i.e., the dipole
length (Ld ) and width (Wd ), are discussed. The dipole length
is a key parameter in antenna design because it determines
the resonant frequency, and it must be appropriately adjusted
to achieve the desired frequency of operation. Changes in
the dipole length result in shifting the reflection coefficient
(|S11|) curve along the frequency scale. For example, when
the length increases, the |S11| curve moves toward low fre-
quencies while retaining a similar impedance bandwidth,
as shown in Fig. 5(a). In addition, the dipole lengths influence
the generation of the first AR band at low frequencies. As the
dipole length changes, the first AR band at a low frequency
moves along the frequency scale, whereas the other AR band
at a high frequency retains its position, as shown in Fig. 5(b).
This finding indicates that changes in the dipole lengths affect
the resonant frequency of the antenna and first AR band.
The dipole width has dual functions of impedance match-
ing and AR broadening in antenna design. The impedance
matching of the antenna is enhanced and deteriorated as the
dipole width increases and decreases, respectively, as shown
in Fig. 6(a), which highlights the role of the dipole width in
impedance matching. As shown in Fig. 6(b), the second AR
band shifts toward lower and higher frequencies as the dipole

63254 VOLUME 11, 2023



H. Wang et al.: CP Wideband Uniplanar Crossed-Dipole Antenna

FIGURE 7. Effects of AR stub length (Ls): (a) reflection coefficient and
(b) axial ratio.

FIGURE 8. Effects of AR stub width (Ws): (a) reflection coefficient and
(b) axial ratio.

FIGURE 9. Effects of AR stub position (Sp): (a) reflection coefficient and
(b) axial ratio.

width increases and decreases, respectively. In particular,
as the dipole width varies, the real part and phase angle of the
input admittance of the dipole change, leading to variations
in the second AR minimum point. In other words, the dipole
widths can bemodified to allow the second AR band to merge
into a wide AR bandwidth.

Next, the effects of the AR stub parameters, i.e., the length
(Ls), width (Ws) and position (Sp), are explored. The effect
of the AR stub length on the AR is more notable than that
on the reflection coefficient. In particular, variations in the
AR stub length lead to insignificant changes in the reflection
coefficient and impedance matching, as shown in Fig. 7(a).
In particular, the AR stub length is an essential parameter
as its changes cause the second AR minimum point at high
frequencies to shift considerably along the frequency scale,
as shown in Fig. 7(b). Therefore, the AR stub and dipole
width influence the introduction of a second AR band by

altering the input admittance of the dipoles to produce phase
angles that differ by 90◦ and real parts that are equal in
magnitude and generate another AR band at high frequencies.
The width of the AR stub (Fig. 8(a)) does not considerably
influence the reflection coefficient. An increase in the AR
stub width causes the impedance matching to degrade, partic-
ularly at lower frequencies. Therefore, small AR stub widths
are required to match the antenna at lower frequencies. Small
AR stub widths do not lead to significant changes in the AR
and AR bandwidth. However, a large AR stub width shifts
the first AR band toward lower frequencies, as shown in
Fig. 8(b). In particular, when the AR stub widths are large, the
dipole size increases, which shifts the first AR band toward
lower frequencies because the AR stubs are attached along
the dipole length. AR Fig. 9 shows the effect of the AR stub
position. As the AR stub moves to the edge of the dipole,
the dipole behaves similarly to a bent dipole, causing the
antenna’s first resonant mode frequency to be lower and the
second resonant mode frequency to be higher. Fig. 9(a) shows
the reflection coefficient according to the position of the AR
stub, and as the AR stub moves to the edge of the dipole,
the first resonant mode frequency decreases and the second
resonant mode frequency increases. In Fig. 9(b), the AR is
displayed according to the AR stub position. A CP crossed-
dipole antenna produces circular polarization when the input
conductance of each dipole element is the same, and the
input admittance phase angle difference is 90◦. As the AR
stub moves toward the edge of the dipole, the first resonant
mode frequency decreases, and the second resonant mode
frequency increases. Hence, as the AR stub moves, the first
AR minimum point frequency decreases and the second AR
minimum point frequency increases.

Finally, the effects of folded stripline parameters, i.e., the
length (Ll) and width (Wl), are examined. The stripline length
affects the impedance matching and AR of the antenna,
as shown in Fig. 10(a). In the case of small stripline lengths,
the antenna exhibits satisfactory impedance matching with
the wide impedance bandwidth. In contrast, as the stripline
length increases, the impedance matching deteriorates, and
the impedance bandwidth narrows. Furthermore, the stripline
length considerably affects the AR and AR bandwidth,
as shown in Fig. 10(b). At the optimum stripline length, the
AR curve exhibits two AR bands that merge into a wide
AR bandwidth. When the stripline length is smaller than
the optimal value, the AR deteriorates, the high-frequency
AR band disappears, and only the low-frequency AR band
remains. When the stripline length is larger than the opti-
mal value, the AR increases, although all the AR bands are
retained. The reflection coefficient and impedance bandwidth
are only slightly affected by the stripline width, as shown
in Fig. 11(a). When the stripline width increases to more
than the optimal value, the impedance matching deterio-
rates, and the impedance bandwidth decreases marginally.
In terms of the AR and AR bandwidth, the stripline width
more notably influences the AR than the reflection coeffi-
cient. Fig. 11(b) shows that the AR gradually worsens as the
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TABLE 1. Performance comparison of the proposed antenna with other
CP antenna designs.

FIGURE 10. Effects of folded stripline length (Ll ): (a) reflection coefficient
and (b) axial ratio.

stripline width increases to more than the optimal value. The
AR worsening is accompanied with the disappearance of one
of the AR bands and a decrease in the AR bandwidth. There-
fore, the stripline width must be appropriately set to achieve
impedance matching and generate a wide AR bandwidth.

When a coaxial cable is used to feed the dipole antenna, the
characteristics of the antenna change because of the leakage
current [39]. The leakage current of the coaxial cable can
be decreased using a balun. In this study, a quarter wave-
length balun was designed and attached to the coaxial cable
to prevent the leakage current, which causes poor radiation
patterns. The balun extended 21 mm along the coaxial cable,
and the cable was connected to the outer conductor at the
bottom of the balun to eliminate the common mode current
from flowing over the outer conductor of the coaxial cable to
avoid radiation pattern distortion and eliminate the fluctua-
tion in the gain. The introduction of the balun was expected

FIGURE 11. Effects of folded stripline width (Sw ): (a) reflection
coefficient and (b) axial ratio.

to vary the antenna performance characteristics in terms of the
reflection coefficient and AR. Therefore, the antenna with a
balunwas re-optimizedwith the following design parameters:
Wp = 42.4 mm, Ld = 17.5 mm, Lc = 20.8 mm,Wd = 6 mm,
Ll = 7.5mm,Wl = 3.3mm, Sw = 0.1mm, Ls = 4.5mm,Ws =

5 mm, Sp = 12.5 mm, Fw = 5.6 mm, Wf = 5.8 mm,
Fl = 22.7 mm, Sl = 1 mm, and h = 0.2032 mm. Table 1
compares the proposed unipolar crossed-dipole antenna with
other CP dipole antennas, in terms of the antenna size,
impedance bandwidth, AR bandwidth, gain, and radiation
efficiency. A sequentially rotated dipole array antenna using a
crossed-dipole structure as a feed network has been described
previously [9]. The gain is high as the four dipoles operate
sequentially to generate circular polarization. However, the
AR bandwidth is not wide because the bandwidth of the
dipole constituting the antenna is narrow. A circularly polar-
ized multi-dipole antenna using dipoles of different lengths
has also been described [10]. The antenna consists of two
pairs of dipoles with different lengths, and circular polar-
ization is generated by the input admittance phase angle
difference of each pair of dipoles. The AR bandwidth is
very narrow because a narrow dipole is used. In addition,
a folded E-shaped crossed dipole has been reported [18].
After rotating the upper structure of the biplanar crossed
dipole by 90◦ around the feed point and bending each dipole
arm, a step structure was applied to the phase delay line to
miniaturize the antenna. This antenna has a smaller size
than that of a conventional crossed-dipole antenna but has
a limited AR bandwidth. An antenna that implements an
additional resonant mode using a complex-shaped dipole has
been reported [25]. A zigzag structure was applied to the
edge of the dipoles to realize a wide impedance bandwidth,
and the corners of each dipole arm were cut off to widen
the AR bandwidth. However, despite its complex shape,
the bandwidth of the antenna is not very wide. Further-
more, an antenna in which parasitic elements operating as
a magneto-electric dipole were added to a crossed-dipole
antenna has been described [34]. In this study, a crossed
dipole with an Egyptian axe dipole was used to reduce the
size of the antenna, and four patches connected with a ground
plane by metal pins were added for an additional resonant
mode. As the bandwidth of the crossed dipole itself is narrow,
the bandwidth of the antenna is not wide, despite the addition
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FIGURE 12. Fabricated sample of the uniplanar crossed-dipole antenna:
(a) top view and (b) 3-D view.

FIGURE 13. Simulated and measured reflection coefficients of the
uniplanar crossed-dipole antenna.

of an additional resonant mode. A multi-layer structured
crossed-dipole antenna with an inductive grid metasurface
has also been reported [35]. The radiating element consists
of a crossed Egyptian axe dipole printed on the top of the
dielectric substrate and an L-shaped driven dipole printed
on the bottom of the dielectric substrate. An additional res-
onance mode was made possible by adding an inductive
grid metasurface to the radiating element. Although the pro-
posed antenna is small in size, it is difficult to fabricate
because it has a multi-layer structure, and the bandwidth
of the radiating element is narrow. Thus, there is a limit
to the bandwidth expansion of the antenna. In addition, the
radiation efficiency of the antenna is as low as 80%. In the
proposed antenna, the dipoles constituting the crossed dipole
have a wide impedance bandwidth, unlike existing antennas.
As a result, a very wide AR bandwidth can be achieved with
a simple uniplanar structure, without an additional radiator,
and the radiation efficiency is high.

IV. MEASUREMENT RESULTS
The optimized antenna with a balun was fabricated, and its
performance was evaluated. Fig. 12 shows the fabricated
crossed-dipole antenna printed on the same plane of a thin

FIGURE 14. Simulated and measured axial ratios of the uniplanar
crossed-dipole antenna.

FIGURE 15. Simulated and measured gains and radiation efficiencies of
the uniplanar crossed-dipole antenna.

RO4003 dielectric substrate via the standard wet-etching
technology. An Agilent E8362B network analyzer and a
3.5 mm coaxial calibration standard (GCS35M) were used
to measure the reflection coefficient. The measured and sim-
ulated |S11| were in good agreement, as shown in Fig. 13.
Both the simulated and measured |S11| show that there are
two resonant modes and that –10 dB impedance bandwidth
is almost the same. The measured impedance bandwidth for
|S11| < −10 dB was 2.91–5.17 GHz (55.94%), and the sim-
ulated impedance bandwidth was 2.92–5.15 GHz (55.26%).

Far-field radiation measurements were obtained in a full
anechoic chamber with dimensions of 5.5 m (W) × 5.5 m
(L) × 5.0 m (H) at the Electromagnetic Wave Technology
Institute at Yongsan, Korea. The fabricated antennas were
used for receiving, and a standard wideband horn antenna was
used for transmitting. The distance between the transmitter
and receiver was 2.9 m. The fabricated antenna was rotated
from−180◦ to 180◦ at a scan angle of 1◦ and speed of 3◦ s−1,
while the horn antenna was fixed.

The AR was measured at several frequency points,
as shown in Fig. 14. The simulated and measured AR are
almost identical. The measured and simulated AR band-
widths range from 2.96 GHz to 5.12 GHz (53.5%) and
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FIGURE 16. Simulated and measured radiation patterns of the uniplanar
crossed-dipole antenna: (a) 3.3 GHz and (b) 4.7 GHz.

FIGURE 17. Antenna current distributions at each AR minimum point:
(a) 3.3 GHz and (b) 4.6 GHz.

from 3.0 GHz to 5.09 GHz (51.7%), respectively. The mea-
sured and simulated broadside gains exhibit similar profiles,
albeit with small fluctuations resulting from the fabrication
imperfections and the foams, racks, and tape used in the
measurement setup and mechanical vibrations that occurred

during the measurement. The measured gain has a peak value
of 2.2 dBic, as shown in Fig. 15. The measured radiation
efficiency of the proposed antenna is as high as 93% or
more within the operation bandwidth. The radiation patterns
measured at the two AR minimum points of 3.3 GHz and
4.6 GHz are shown in Fig. 16. Satisfactory broadside bidi-
rectional CP radiation patterns are obtained. The measured
radiation patterns in both the xz- and yz-planes are symmetric
and similar to the simulated radiation patterns. The measured
radiation patterns exhibit low cross-polarization levels. The
measured half-power beamwidths are 117.77◦ and 129.09◦

in the xz- and yz-planes at 3.3 GHz, respectively, and 98.76◦

and 155.95◦ in the xz- and yz-planes at 4.6 GHz, respectively.
Fig. 17 shows the surface current distribution at two

AR minimum point frequencies of the proposed antenna.
Fig. 17(a) shows the antenna surface current distribution at
3.3 GHz, the first AR minimum point, and shows that each
dipole constituting the crossed-dipole antenna is an RHCP
antenna operating in first-order mode. Fig. 17(b) shows the
antenna surface current distribution at the second AR min-
imum point, 4.6 GHz. Unlike the first AR minimum point,
the surface current distribution at the second AR minimum
point shows that each dipole of the crossed dipole operates in
third-order mode.

V. CONCLUSION
A uniplanar crossed-dipole antenna consisting of a pair
of folded striplines and stubs is developed. The proposed
antenna differs from the existing crossed-dipole antennas in
that both the crossed-dipole arms are printed on the same
plane of the substrate. Folded striplines are used to connect
the dipole arms for CP generation, whereas stubs are designed
for impedance matching and AR bandwidth broadening. The
antenna produces two resonances in the reflection coefficient
profile and two AR bands that are combined to achieve wide-
band characteristics. The wideband properties of the antenna
are numerically and experimentally verified to validate the
antenna design. The simulated andmeasurement results of the
proposed antenna are consistent. The antenna exhibits more
than 93% radiation efficiency within its AR bandwidths. Its
small size, uniplanar configuration, and wideband CP charac-
teristics render the proposed antenna a suitable candidate for
wireless communication systems. In addition, as the proposed
antenna has a uniplanar structure, only one side of the dielec-
tric substrate is used. Therefore, structures, such as parasitic
elements or metasurfaces, can be applied to the other side of
the dielectric substrate, and an additional resonant mode can
be added without the need for a multi-layered structure.
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