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ABSTRACT This study presents and investigates broadband circularly polarized (CP) printed crossed dipole
antenna and its arrays. The proposed antenna comprises a pair of crossed fan-shaped dipoles, two kinds
of parasitic elements, and a reflector with two vertical sidewalls. A three-quarter circular phase shifter
connected to the fan-shaped arms of this antenna allows it to radiate CP waves owing to the excitation
of the arms and the creation of sequential phases. The significant contribution of this study is the creation of
electromagnetic coupling between crossed fan-shaped dipoles and parasitic elements to improve the purity of
CP radiation and increase the axial ratio (AR) bandwidth. The proposed antenna has upgraded into 4-element
and 8-element array models as cellular base station antennas for PCS/DCS/UMTS systems. Experiments
indicate that the proposed CP antenna achieves an impedance bandwidth of 57% (1.47-2.65 GHz) for
VSWR < 2, an AR bandwidth of 33% (1.65-2.3 GHz) for AR < 3 dB, and a gain of 7.8-8.7 dB. The
implemented arrays of 1 x 4 and 1 x 8 arrangement achieve peak gains of 13.2 and 16.1 dB, respectively.
The horizontal half-power beam widths (HPBWs), horizontal axial ratio beam widths (ARBW3s), and front-
to-back ratios (FBRs) for the antenna arrays are approximately 64° 4 3°, > 90°, and > 25 dB, respectively.

INDEX TERMS Antenna array, axial ratio, base station, circularly polarized, crossed-dipole.

I. INTRODUCTION

With the rapid growth of mobile cellular networks, there is
a tremendous demand for high-performance antennas with
maximum coverage at base stations [1], [2]. Dual-polarized
antennas use polarization-diversity technology to provide
high-quality mobile communication services [2]. Owing to
the increased channel capacity and reduced multipath fading,
linearly polarized (LP) antennas with +45° dual slant polar-
ization have been set up as standard base station antennas
to provide mobile communication services [3]. Therefore,
Researchers have attempted to design and introduce differ-
ent structures of this type of antenna for base transceiver
station (BTS) applications, including crossed-dipole anten-
nas [4], [5], [6], [7], [8], [9], [10], patch antennas [11],
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[12], [13], magneto-electric dipole antennas [14], [15], [16]
and slot antennas [17]. The ease of structural modification
of dual-polarized (£45°) crossed dipole antennas can sat-
isfy the requirements of BTS antennas, such as low cost,
simple assembly high, front-to-back, high isolation, broad
impedance bandwidth, and desirable beam width for the
cell sector design [1], [2], [3], [4], [5], [6], [7], [8], [9],
[10]. Compared to other categories of base station sys-
tems, these antennas are in high demand. Engineers have
recently employed dipole antennas in various approaches
to create circularly polarized antennas for wireless com-
munication systems [18], tuning the length of two orthog-
onal dipoles independently to generate dual-CP radiation
for WLAN/WiMAX applications [19], using trident-shaped
dipoles for three operating WLAN bands [20], employing a
miniaturizing technique and two kinds of dipoles to achieve
dual CP bands for radio frequency identification RFID
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readers [21], designing a tapered meander line CP-crossed
dipole antenna for RFID applications [22], and introducing
a compact multi-band CP dipole antenna, integrating both
positioning techniques for handheld RFID and GPS applica-
tions [23]. Other pioneering approaches focused on feeding
CP crossed-dipole antennas tailored for GPS applications,
such as swallow-tailed feed-strip [24], unequal power net-
work [25], and combination of printed balun and branch-line
coupler [26]. Owing to the increasing attention of researchers
in UWB systems, a diverse range of CP UWB dipole antennas
have recently been documented in research papers, such as
an asymmetric elliptical-shaped dipole array antenna [27]
and cavity-backed crossed-dipole antenna [28]. With the
advancement of wireless systems technology, the demand for
employing CP dipole antennas in the sub-6 GHz frequency
band has increased, such as CP Compact planar magneto-
electric dipole-like antenna [29]. Owing to the desirable
performance of CP dipole antennas in the proposed appli-
cation systems and recent progress in the development of
mobile communication services, there is a pressing need to
employ these antennas in base station applications. Employ-
ing CP antennas at cellular base stations offers advantages
over linearly polarized antennas. Compared with linearly
polarized antennas, CP antennas provide better coverage
and penetration through obstacles. Because the signal can
maintain its polarization, it can propagate more effectively
in urban environments with many obstacles. A CP antenna
can decrease signal interference from neighboring base sta-
tions. This phenomenon occurs because CP signals excel at
distinguishing between signals with different polarizations,
thereby reducing the chances of interference. CP antennas
increase cellular network capacity by utilizing spectrum effi-
ciently. Therefore, the CP operation uses both right-hand and
left-hand polarizations, doubling the available bandwidth.
By designing a fan-shaped CP-crossed dipole antenna and
its linear arrays, this study has made a valuable contri-
bution in this direction, covering personal communications
service (PCS: 1.85-1.99 GHz), digital cellular system (DCS:
1.71-1.88 GHz), and universal mobile telecommunications
service (UMTS: 1.92-2.17 GHz) frequency bands for base
stations. In the proposed antenna, the orientation of the fan-
shaped arms, combined with the three-quarter circular phase
shifter, enables the generation of sequential phases, result-
ing in CP excitation modes that create the conditions for
CP radiation. The electromagnetic coupling effect between
the parasitic elements and fan-shaped arms improves the
CP characteristics (AR bandwidth and purity of CP radi-
ation). Using the characteristics of circular polarization in
cellular communications improves performance in terms of
reduced multipath fading, reduced polarization mismatch
losses, improved coverage, better penetration, and increased
capacity and efficiency. In next-generation communication
systems to ensure the connection between 4G/5G smart-
phones (designed at the sub-6 GHz long-term evolution (LTE)
band) [30], [31] and network infrastructure, the array mod-
els of the proposed antenna contribute to achieving higher
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FIGURE 1. Geometry of the proposed antenna. (a) top view, and (b) 3-D
view.

data rates through the self-diplexing technique in [32] for
frequency tuning, increased spatial diversity, and multipath
mitigation in the form of upgrading the antenna structure and
updating its capabilities.

Il. ANTENNA DESIGN

Fig. 1 illustrates the configuration of the proposed cross-
dipole antenna. Two adjacent fan-shaped arms on the same
layer connected to a three-quarter circular phase shifter with
a length of Ae/4 (Ae is the effective wavelength at the center
frequency) are etched on both sides of a dielectric substrate
(FR4, & = 4.4) with a thickness of 0.8 mm to excite the
CP radiation wave. The proposed crossed fan-shaped dipole
antenna was designed to achieve better CP performance using
two parasitic elements with different shapes and through
capacitive coupling. Fig. 1 shows the placement of inner
boot-shaped parasitic elements near the inner edges of the
fan-shaped arms and outer strip-shaped parasitic elements
near the outer edges of the fan-shaped arms. A 50 2 coaxial
cable feeds the proposed antenna by soldering the inner and
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TABLE 1. Physical dimensions of the proposed antenna.

Parameter Value (mm) Parameter Value (mm)
Lger 172.2 W, 1
Wheet 172.2 W, 16
Lsun 90 W; 26
Wsw 90 W, 12.9
L, 4 H, 40
L, 24.6 H, 15
L3 14.5 g1 0.5
Ly 13 2 0.4
R 5.7 g3 0.5

Ant. 1 %

Ant. 3 Ant. 4

FIGURE 2. Evolution stages of the proposed antenna.

outer conductors of the coaxial cable to the upper and lower
curved phase shifter rings, respectively. The phase-shifter
ring creates a 90-degree phase difference between adjacent
fan-shaped arms on the same layer, enabling CP operation.
A metallic reflector with two sidewalls is placed below the
proposed crossed dipole antenna at the distance of H1 to
create a CP unidirectional radiation pattern with a half-power
beam width (HPBW) of approximately 65° in the horizontal
plane (x-z plane) by adjusting the height of the side walls.
Table 1 lists all dimensional parameters of the proposed
antenna.

Fig. 2 shows the evolution stages of the proposed antenna.
Ant. 1 consists of two orthogonal straight dipoles; Ant. 2 is
a fan-shaped crossed dipole antenna; Ant. 3 is a fan-shaped
crossed dipole antenna with two pairs of inner parasitic
elements; and Ant. 4 consists of Ant. 3; and four outer
strip-shaped parasitic elements. The information presented in
Fig. 3 indicates that Ant. 1 has a narrow impedance band-
width with undesirable AR bandwidth (based on the 3 dB
criterion) and produces a CP mode within a lower frequency
range, Ant. 2 only contains a single AR resonance point at
1.75 GHz with an improvement of impedance bandwidth at
lower frequencies and the previous CP mode moves towards
the beginning of the band with higher purity, two pairs of
inner boot-shaped parasitic elements are added in Ant. 3
to improve impedance bandwidth and produces excess CP
modes in the middle and high frequencies. For Ant. 4 with
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FIGURE 3. Simulated VSWR and AR curves for Ant. 1-4. (a) VSWR, and
(b) AR.

TABLE 2. Optimized values of elements employed in the proposed
antenna circuit model.

Parameter Value (nH) Parameter Value (PF)
L, 5.095 C 1.099
L, 10.095 C 0.639
L; 1.599 Cs 10.09
Ly 8.092 Cy 8.092
Ls 6.094 Cs 3.097
Le 10.09

L, 4.096

inner and outer parasitic elements, the impedance bandwidth
at lower frequencies and the Purity of CP mode in the whole
frequency band are significantly improved compared to the
previous antennas.

Fig. 4 (a) shows the equivalent circuit model of Ant. 4.
The ADS software fine-tuned and determined all values of
the circuit design parameters. As shown in Fig. 4, each circuit
parameter is equivalent to part of the proposed dipole antenna
structure. Fig. 4 (b) demonstrates a close alignment between
the S-parameter results of Ant. 4 derived from HFSS software
and those acquired using the circuit model. Table 2 lists the
optimized values of the elements employed in the proposed
antenna circuit model.

Equations (1) and (2) evaluate the S-parameter curve of the
circuit model, where |I"| and Z;, is the reflection coefficient
and antenna input impedance, respectively [33].

|F| _ Zin — ZTerminal

Zin + ZTerminal

= Rijp = 57.04Q (1)
S11(dB) = 20log(II"]) 2

s ZTerminal = 50€2, Ry
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TABLE 3. Performance comparison between some references and proposed antennas.

Ref. Size (mm? BW (GHz) Peak Gain (dB Polarization mode Application
pp
[5] 170x170x35.5 (szlffl 5 9.6 LP/45° BTS
[6] 140x140x34 (szﬁzgl 5) 8.8 LP/+45° BTS
8] 300x145x34.7 1.63-2.95 (VSWR < 1.5) 8.8 LP/+45° BTS
191 150x150x32.5 (szﬁzfl 5) 7 LP/+45° BTS
[20] 72x72%17.54 (SZ‘4</5'12(/]5£3) 6.8/6.6/6.8 cp WLAN
11 =
(0.871-1.297),
[21] 85%85 x1.6 (2.16-2.8) 0.66/2.6 cp RFID
(S11<-10 dB)
1.01-2.01
[25] 140x140x50 (Si1 <-10 dB) 7.1 cp GPS
1.67-7.26
[28] 124x124x28 (S <-10 dB) 12.2 Ccp UWB
[29] 36x36x3 (56'15'17(')0;]3) 45 cr Sub-6 GHz
11 -
Single 1.64-2.4
(This work) 172.2x172.2x40 (VSWR < 1.5) 8.7 cp BTS
1x4 Array 1.36-2.2
(This work) 400x172.2x40 (VSWR < 1.5) 13.2 CP BTS
1x8 Array 1.33-2.08
(This work) 808x172.2x40 (VSWR < 1.5) 16.1 cp BTS

IIl. PARAMETRIC STUDY AND PERFORMANCE
PRINCIPLE OF THE ANTENNA

This study conducted a parametric investigation to describe
the influence of effective parameters on the AR bandwidth
and purity of CP radiation. Thus, the effects of the middle
radius and thickness of the three-quarter circular phase shifter
(R and W) and the distance between the reflector and radi-
ator element (H;) on the CP characteristics were analyzed
using HFSS software, and their values were optimized. Fig. 5
presents the AR for different sizes of R, Wy, and Hj, and
a desirable AR bandwidth with high CP purity is achieved
when these critical parameters are chosen as 5.7, 1, and
40 mm, respectively.

Fig. 6 shows the distributions of the simulated surface
current density of the proposed crossed dipole antenna at
1.8 GHz for different time points: t=0, T/4, T/2, and 3T/4.
The direction of the vector current at t=0 is orthogonal
to that at t=T/4. Additionally, there is a similarity in the
surface current intensity amplitude at the two times, and a
similar mechanism for next time points (t=T/2 and t=3T/4)
is describable, resulting in the CP radiation. The proposed
antenna can generate left-hand circularly polarized (LHCP)
waves at 1.8 GHz since the vector surface current rotates
clockwise from t=0 to t=3T/4.

IV. SIMULATED AND MEASURED RESULTS
The proposed antenna’s simulated normalized radiation pat-
terns at different frequencies ranging from 1.7 to 2.3 GHz,
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with HPBW values of about 65° and FBR of approximately
18 dB, are depicted in Fig. 7. To some extent, they meet the
required standards for base station antennas. Fig. 8 shows
photographs of the fabricated sample of the proposed antenna
and its experimental setup. Fig. 9 depicts a side-by-side com-
parison of the simulated and measured VSWR curves for
the proposed crossed-dipole antenna. Both curves show an
acceptable agreement. The VSWR bandwidth of the proposed
antenna was measured from 1.47 GHz to 2.65 GHz (57%) for
VSWR < 2, where VSWR < 1.5 (1.64 - 2.4 GHz). Fig. 10
shows the gain and AR performance of the proposed antenna.
The measured AR bandwidth is from 1.65 GHz to 2.3 GHz
(33%) for an AR < 3 dB, and the minimum AR point is at
1.9 GHz. The measured gain is between 7.8 and 8.7 dB from
1.5t0 2.4 GHz. Fig. 11 shows the unidirectional radiation pat-
terns of the proposed crossed-dipole antenna at frequencies of
1.7 and 1.9 GHz. There is an acceptable similarity between
the simulated and measured radiation patterns.

V. FOUR-ELEMENT CP CROSSED-DIPOLE ANTENNA
ARRAY AND ITS RESULTS

Increasing the gain of the proposed crossed-dipole antenna
to a high level is necessary for its use in base station systems.
Extending this to an array antenna serves this purpose. Thus, a
4-element array and an 8-element array were developed based
on the proposed antenna element. Fig. 12 shows the config-
uration of the 4-element array antenna. The array antenna
consists of two FR4 substrates (¢; = 4.4) (top and bottom)
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FIGURE 4. (a) Equivalent circuit model of Ant. 4. (b) [S11]| of Ant.4 using
HFSS and the equivalent circuit model.

with equal sizes of 400 x 172.2 mm2 and thicknesses of
0.8 and 1 mm, respectively. Four identical 50 €2 coaxial cables
establish the connection between the two proposed sub-
strates. The top substrate houses the four proposed antenna
elements, whereas the bottom substrate accommodates the
antenna feeding network with a U-shaped reflector. A flat
plane reflector with two sidewalls (U-shaped reflector) was
employed to achieve high-level gain and adjust the HPBW in
the x-z plane. The distance between the centers of adjacent
elements was 102 mm. Three T-junction power dividers were
used in the feeding network to split the power equally and
excite the 4-element array antenna through coaxial lines. The
T-junction power divider consists of a 50 €2 input line with
Wo =1.9 mm, two 50 2 out pout lines, and a transmission
line in the form of a quarter-wave impedance transformer
with a length of Ae/4 (Ae is the effective wavelength at the
center frequency) and impedance of 35 2 with W; =3.3 mm
for impedance matching.

Fig. 13 (a) displays photographs of the test condition for the
4-element CP crossed dipole antenna array fabricated model.
Fig. 13 (b) presents the simulated and measured VSWR
results for the proposed 4-element array. The slight differ-
ence between the results was due to fabrication errors and
instrument calibration. The measured impedance bandwidth
of the proposed antenna array operates from 1.26 GHz to
2.5 GHz (66%) for VSWR < 2, in which VSWR < 1.5
(1.36 - 2.2 GHz), as shown in Fig. 13 (b). Fig. 14 (a) shows
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FIGURE 5. Effects of various parameters on AR. (a) R, (b) W;,and (c) H,.

FIGURE 6. Simulated current vectors of the proposed CP antenna at
1.8 GHz.

the simulated and measured AR and the gain results of the
4-element array. The slight discrepancies between the simu-
lated and measured results were due to measurement errors.
The measured (3 dB) AR bandwidth is 39% (1.55-2.3 GHz),
and the measurement gain is between 12.1 and 13.2 dB from
1.4 GHz to 2.4 GHz. Fig. 14 (b) shows the two required
functional specifications of the base station antennas (HPBW
~ 65°+ 10°, ARBW ~ 100°, and FBR > 25 dB) for the
proposed array. According to the simulated results in the
figure, this array fulfills the requirements mentioned earlier
with HPBW~ 63°+£ 5°, ARBW > 90°, and FBR between
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FIGURE 7. Simulated normalized radiation patterns of the proposed CP
antenna at different frequencies.
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FIGURE 9. Simulated and measured VSWR of the proposed antenna.
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FIGURE 10. Simulated and measured axial ratio and gain of the
crossed-dipole antenna.

25 dB and 32 dB in the frequency range of 1.7 GHz to
2.2 GHz.
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FIGURE 11. Radiation patterns of the crossed-dipole antenna at
(a) 1.7 GHz, and (b) 1.9 GHz.

The simulated and measured radiation patterns in Fig. 15
serve to validate the results presented in the previous figure.
At 1.7 GHz and 1.9 GHz, the antenna achieves measured
HPBWs of approximately 67° and 61° in the horizontal plane,
respectively. In addition, the measured FBR values are about
25 dB and 27 dB at frequencies of 1.7 GHz and 1.9 GHz,
respectively.

VI. EIGHT-ELEMENT CP CROSSED-DIPOLE ANTENNA
ARRAY AND ITS RESULTS

The proposed 4-element array antenna is upgraded to an
8-element array to meet the base station standards for the gain
parameter value. Fig. 16 shows a detailed schematic of an
8-element circularly polarized crossed dipole antenna array
with a 1-8 feeding network. The feeding network structure
employs seven T-junction power dividers to transmit and
distribute equal power among the radiation elements through
coaxial cables.

Fig. 17 (a) illustrates the experimental testing procedure
for the prototype of an 8-element CP crossed dipole antenna
array. Fig. 17 (b) presents the simulated and measured VSWR
plots of the proposed 8-element antenna array. The array
antenna achieves the measurement results of the impedance
bandwidth from 1.29 GHz to 2.29 GHz %56 and 1.38 GHz
to 2.7 GHz %12.6 for VSWR < 2, in which VSWR <
1.5 (1.33 - 2.08 GHz). Fig. 18 (a) shows the AR and gain
results of the proposed antenna array. The measured (3 dB)
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FIGURE 12. Schematic of a 4-element CP dipole array antenna. (a) top
view, and (b) 3-D view.
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FIGURE 13. (a) Fabricated model of the 4-element CP dipole array
antenna and its test setup. (b) Simulated and measured VSWR of the
4-element antenna array.

AR bandwidth is 42% (1.5 - 2.3 GHz), and the maximum
measurement gain is 16.1 dB at 2.15 GHz. Fig. 18 (b) shows
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FIGURE 14. (a) Simulated and measured axial ratio and gain of the
4-element antenna array. (b) Simulated HPBW, ARBW, and FBR of the
4-element antenna array.
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FIGURE 15. Radiation patterns of the 4-element antenna array at
(a) 1.7 GHz, and (b) 1.9 GHz.

the simulated HPBW, ARBW, and FBR of the 8-element CP
crossed dipole antenna array. The HPBW in the x-z plane

VOLUME 12, 2024



M. Sefidi et al.: Broadband CP Printed Crossed-Dipole Antenna and Its Arrays

IEEE Access

5 Simulated = = = =

Measured

1 12 14 1.6 1.8 2 22 24 2.6 2.8 3
Frequency (GHz)

(b)

FIGURE 17. (a) Prototype of the 8-element CP dipole array antenna and
its experimental testing procedure. (b) Simulated and measured VSWR of
the 8-element antenna array.

is 62.5° £+ 5.5°, ARBW in the x-z plane is more than 90°,
and FBR is between 26 dB and 33 dB in the frequency
range of 1.7 GHz to 2.2 GHz. Fig. 19 demonstrates the stable
directional radiation patterns of the 8-element antenna array
for frequencies of 1.7 GHz and 1.9 GHz with the back-lobe
radiation level of less than -20 dB and side-lobe level (SLL) of
about -15 dB without the grating lobe. The measured azimuth
HPBWSs of the proposed 8-element array at measurement
frequencies (1.7 GHz and 1.9 GHz) are about 66° and 62°,
respectively. Thus, this 8-element CP antenna array is a suit-
able candidate for cellular base station applications. Table 3
shows a performance comparison between the proposed
antennas and some references mentioned in this article. It is
clear that none of the base station antennas in [5], [6], [7], [8],
and [9] benefit from the CP advantages. Other applications
of wireless systems, excluding base stations, use the remain-
ing crossed dipole antennas with CP characteristics in this
table.
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FIGURE 18. (a) Simulated and measured axial ratio and gain of the
8-element antenna array. (b) Simulated HPBW, ARBW, and FBR of the
8-element antenna array.
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FIGURE 19. Radiation patterns of the 8-element antenna array at
(a) 1.7 GHz, and (b) 1.9 GHz.

VII. CONCLUSION
This paper presents a broadband CP fan-shaped crossed-
dipole antenna with a pair of three-quarter circular phase
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shifters and two different types of parasitic elements. Phase
shifters play a principal role in the propagation of LHCP
waves as generators of sequential phases. It is possible to
achieve a high degree of circular polarization purity and
enhance the operational AR bandwidth of the antenna using
parasitic elements. The experimental results confirm that the
proposed antenna achieves an impedance bandwidth of 57%
(1.47-2.65 GHz) for VSWR < 2, a 3 dB AR bandwidth of
33% (1.65-2.3 GHz), and a peak gain of 8.7 dB. A 4-element
array with impedance and 3 dB AR bandwidths of 66%

and
AR

39% and an 8-element array with impedance and 3 dB
bandwidths of (56% and 12.6%) and 42% were imple-

mented using the proposed CP dipole antenna and tested
to demonstrate their potential as cellular base station anten-

nas

for covering PCS/DCS/UMTS applications. According

to the experimental far-field results of the proposed arrays,
the HPBWs, ARBWs, FBRs, and peak gains were 64°4+ 3°,
> 90°, > 25 dB, 13.2, and 16.1 dB, respectively.
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