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Abstract: In this paper, a new compact ultra-

wideband (UWB) circularly polarized (CP) antenna

array for vehicular communications is proposed. The

antenna array consists of a 2 × 2 sequentially ro-

tated T-shaped cross dipole, four parasitic elements,

and a feeding network. By loading the T-shaped cross

dipoles with parasitic rectangular elements with cut

corners, the bandwidth can be expanded. On this basis,

the radiation pattern can be improved by the topology

with sequential rotation of four T-shaped cross-dipole

antennas, and the axial ratio (AR) bandwidth of the

antenna also can be further enhanced. In addition, due

to the special topology that the vertical arms of all T-

shaped cross dipoles are all oriented toward the center

of the antenna array, the gain of proposed antenna is

improved while the size of the antenna is almost the

same as the traditional cross dipole. Simulated and

measured results show that the proposed antenna has

good CP characteristics, an impedance bandwidth for

S11<-10 dB of about 106.1% (3.26:1, 1.57-5.12 GHz)

and the 3-dB AR bandwidth of about 104.1% (3.17:1,

1.57-4.98 GHz), a wide 3-dB gain bandwidth of 73.3%

as well as the peak gain of 8.6 dBic at 3.5 GHz. The

overall size of antenna is 0.56λ × 0.56λ × 0.12λ (λ
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refers to the wavelength of the lowest operating fre-

quency in free space). The good performance of this

compact UWB CP antenna array is promising for ap-

plications in vehicular communications.

Keywords: circularly polarized antenna; vehicle satel-

lite communications; cross-dipole antenna; ultra-

wideband (UWB) antenna

I. INTRODUCTION

Circularly polarized antennas have several important

advantages compared to linear polarized ones, such

as combating multi-path interferences or fading, re-

duced Faraday rotation and no requirement for strict

orientation between transmitting and receiving anten-

nas [1]. Therefore, CP antennas are a key technology

for vehicle satellite communications [2–5]. The pur-

suit of high data transmission rate and large through-

put in modern vehicular network systems requires the

antennas to have wider bandwidth [6]. In summary,

wideband and ultra-wideband (UWB) CP antennas

can not only cover multiple satellite communication

bands, but also increase the data transmission rate of

the system. Therefore, wideband and UWB CP anten-

nas have become an important component of vehicular

communication systems. In recent years, a variety of

techniques have been used to achieve wideband and

UWB CP radiation, such as multi-layer patch anten-
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Figure 1. Geometry of the proposed antenna array: (a) 3D view; (b) Top view; (c) Side view. h=24 mm, h1=1.6 mm,
h2=0.508 mm, wg=108 mm.

Figure 2. Top view of the top PCB with T-shaped cross
dipoles and parasitic elements. ws=70 mm, w1=4.5 mm,
w2=1.5 mm, w3=6.2 mm, r1=4.8 mm, l1=19.3 mm, l2=15
mm, d=4 mm.

nas [7], monopole antennas with coplanar wave guide

(CPW) feeding line and modified ground [8], hybrid

dielectric resonator antenna [9] and antenna loaded by

a metasurface [10].

In addition, the cross-dipole antenna is also an im-

portant type of wideband CP antenna [11]. A con-

ventional cross-dipole antenna loaded with magneto-

electric dipole was illustrated in [12], which could

achieve a 3 dB axial ratio (AR) bandwidth of 26.8%.

In [13], by loading a conventional cross-dipole an-

tenna with an asymmetrical cross-loop, the AR band-

width of 53.4% could be obtained. Using crossed

bowtie dipole with sequentially rotated L-shaped par-

asitic elements was shown to broaden the AR band-

width to 74.1% [14]. In [15], employing modified

dipole arms and one parasitic patch, a 3-dB AR band-

width of 68.6% has been obtained. Coupling multiple

parasitic elements has been shown to greatly expand

the AR bandwidth of the traditional cross-dipole an-

tenna to reach 66% [16] and 72.7% [17]. Loaded with

an irregular parasitic patch and pads, a conventional
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Figure 3. Antenna design evolution.

cross-dipole antenna has generated two additional res-

onances resulting in a wideband AR bandwidth of

85.5% [18]. Using dual-mode resonators as the arms

of a cross dipole and loading multimode parasitic ele-

ments could enhance the AR bandwidth to 67.2% [19]

and 94.4% [20], respectively. Although the aforemen-

tioned methods achieve wideband or UWB CP radi-

ation, the structures are not compact, and the over-

all size exceeds one wavelength. Using meandering

dipole arms [21], or with an artificial magnetic con-

ductor (AMC) instead of the traditional reflector [22]

and adding parasitic plates rotationally on reflector

[23] has been shown to reduce the size of the anten-

nas, but at the expense of their operating bandwidths.

Recently, a compact T-shaped cross-dipole antenna

produced by rotating half of the cross dipole by 90◦

and a folded E-shaped antenna obtained by bending

the arms of the T-shaped cross dipole were proposed

[24]. The size of these antennas could be miniatur-

ized to almost half of the traditional cross-dipole an-

tenna, but the operating bandwidths were very nar-

row. What’s more, due to the asymmetry in the overall

structure, the radiation patterns deteriorate.

In this paper, a compact UWB CP antenna array

for vehicular communications is proposed. The pro-

posed antenna achieves an impedance bandwidth for

S11<-10 dB of about 106.1% (3.26:1, 1.57-5.12 GHz)

and the 3-dB AR bandwidth of about 104.1% (3.17:1,

1.57-4.98 GHz), which covers L-band, S-band and

part of C-band, and its overall size is only 0.56λ ×
0.56λ × 0.12λ. Firstly, adding two parasitic rectan-

gular elements with cut corners to the T-shaped cross

dipole, the bandwidth can be expanded. Then, by se-

quential rotation of four T-shaped cross-dipole anten-

nas, and making the vertical arms of all T-shaped cross

dipoles oriented toward the center of the antenna, the

radiation pattern of the proposed antenna is signifi-

cantly improved. Moreover, when adding a wideband

feeding network and 90◦ sequential phase shifting, the

operating bandwidth is greatly enhanced as well. Due
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Figure 4. The simulated results of different antennas: (a)
|S11|; (b) AR; (c) Gain.

to the special topology of the proposed antenna array,

the structure is very compact, and the size is almost

the same as that of the single traditional cross dipole.

II. ANTENNA DESIGN AND ANALYSIS

(a)

(b)

(c)

Figure 5. The simulation radiation pattern of different an-
tennas at 3 GHz. (a) T-shaped cross dipole, (b) T-shaped
cross dipole with parasitic elements, (c) Proposed antenna.

Figure 1 shows the configuration of the proposed com-

pact UWB CP antenna array. As shown, the antenna

array consists of two PCBs, four feeding coaxial ca-

bles and two supporting plastic columns. The material

of the top PCB is FR4, and its thickness is 1.6 mm

(h1), and four T-shaped cross dipoles and four para-

sitic elements are printed on the top and bottom sur-

faces. The material of bottom PCB is Rogers 4003,

and its thickness is 0.508 mm (h2), and a wideband

feeding network and a reflector are printed on the bot-
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Figure 6. Antenna feeding network.

tom and top surfaces, respectively. The distance be-

tween the two PCBs is 24 mm (h).

2.1 Sequential Rotation Compact T-Shaped
Cross-Dipole Antenna (Top PCB)

Figure 2 shows the top view of top PCB, and its size

is ws×ws. Four T-shaped cross dipoles and four par-

asitic elements with cut corners are printed with se-

quential rotation on the two side of top PCB. In the

proposed topology, the vertical arms of each T-shaped

cross dipole are placed toward the center of the an-

tenna, which makes the structure of the antenna very

compact. Each parasitic element has the same cou-

pling distance (d) with the adjacent dipole arm. Two

parasitic elements are printed on the top surface of the

substrate, while the other two are printed on the bot-

tom one.

The proposed antenna design process is shown in

Figure 3. The three steps are as follows:

Step 1: Rotate half of the traditional cross dipole

(Ant. 1) by 90◦ to obtain the T-shaped cross dipole

(Ant. 2), which has been described in detail in [24].

According to [24], the impedance bandwidth of T-

shaped cross dipole is decreased, and the radiation pat-

tern is tilted.

Step 2: In order to improve the operating bandwidth

of T-shaped cross dipole, two parasitic elements with

cut corners are coupled between the arms of the T-

shaped dipole (Ant. 3). However, the radiation pattern

is still tilted.

Step 3: Rotate the four T-shaped cross dipoles and

the four parasitic elements in sequence, and direct the

vertical arms of each T-shaped cross dipole toward the

center of the antenna, thus a very compact UWB CP

antenna can be obtained. The overall size of the pro-

posed antenna is almost the same as the traditional

cross-dipole antenna. This special topological form

can not only improve the radiation patterns of the T-

shaped cross dipole, but also can greatly expand the

impedance bandwidth and AR bandwidth.

The performance of Ant. 1-3 and that of the pro-

posed antenna are shown in Figures 4 and 5, where a

reflector of the same size is placed under each antenna,

and the parameters of each antenna are optimized to

the best value. As shown in Figure 4, the impedance

bandwidth of Ant. 2 is 43.4% (2.27-3.53 GHz), which
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(a)

(b)

Figure 7. Simulated results of the feeding network: (a)
|S| − parameters and (b) Phase difference of these four
ports.

is lower by 16.2% compared with the impedance band-

width of Ant. 1 (59.6%:1.86-3.44 GHz), while the AR

bandwidth is almost the same being 9.8% (Ant. 2: 2.9-

3.21 GHz) and 9.3% (Ant. 1: 2.16-2.37 GHz), respec-

tively. These are consistent with the aforementioned

analysis. From Figure 5, one can see that transition

from Ant. 1 to Ant. 2 causes the radiation pattern to

deteriorate and become tilted. When two parasitic ele-

ments are coupled to Ant. 2, the impedance bandwidth

and AR bandwidth of the antenna are improved, which

is in good agreement with the previous analysis. The

impedance bandwidth and AR bandwidth of Ant. 3 are

51.8% (2.23-3.79 GHz) and 27.9% (2.34-3.1 GHz), re-

spectively. However, the radiation pattern is still tilted.

In addition, Figure 5 also illustrates that the radiation

(a)

(b)

Figure 8. Prototype of the proposed antenna. (a) top view,
(b) bottom view.

pattern is improved by rotating four T-shaped cross

dipoles and four parasitic elements according to the

topology in Figure 3. As shown in Figure 4, in this

case, the impedance bandwidth and AR bandwidth of

the antenna are greatly expanded, and the gain is also

increased by about 1dB.

2.2 1 to 4 Feeding Network (Bottom PCB)

The bottom view of feeding network is shown in Fig-

ure 6. The size of this feeding network is wg×wg. This

feeding network has an UWB power divider and stable

phase difference performance, and consists of a 180◦

out-of phase balun and two 90◦ baluns, which are de-

signed in [25, 26]. The simulation results of the feed-

ing network are illustrated in Figure 7. The impedance
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Table 1. Comparison between the proposed antenna and other kinds of wideband and UWB CP antenna.(λ refers to the
wavelength of the lowest operating frequency in free space)

Ref. Antenna Type Antenna Size (λ3) Impedance
Bandwidth (%, GHz)

3-dB AR
Bandwidth (%, GHz)

3-dB Gain
Bandwidth (%, GHz)

Peak Gain
(dBic)

[7] Slot antenna 0.32 × 0.35 × 0.1 62% (3.6-6.85) 49% (3.6-5.93) N. G 3.3

[9]
Slot antenna

with Metasurface
0.80 × 0.80 × 0.05

97.2%

(2.68:1, 2.97-7.95)

83.2%

(2.35:1, 3.3-7.75)
73.8% (3.5-7.45) 10.8

[13]
Cross dipole

with parasitic elements
1.01 × 1.01 × 0.29

91.4%

(2.68:1, 1.2-3.22)

74.1%

(2.15:1, 1.37-2.95)
N. G. 9.27

[15]
Cross dipole

with parasitic elements
1.04 × 1.04 × 0.26

77.6%

(2.27:1, 1.11-2.52)

66%

(1.98:1, 1.25-2.48)
66% (1.25-2.48) 7.2

[16]
Cross dipole

with parasitic elements
1.11 × 1.11 × 0.28

99.2%

(2.98:1, 1.24-3.68)

72.7%

(2.14:1, 1.41-3.02)
72.7% (1.41-3.02) 10.1

[17]
Cross dipole

with irregular patch
1.17 × 1.17 × 0.29

95%

(2.81:1, 1.16-3.26)

85.5%

(2.49:1, 1.24-3.09)
78% (1.25-2.85) 6.67

[19]
Cross dipole

with multiple modes
1.04 × 1.04 × 0.26

95.5%

(2.83:1, 0.92-2.60)

94.4%

(2.79:1, 0.95-2.65)
94.4% (0.95-2.65) 6.8

[22]
cross dipole with

parasitic plates on GND
0.29 × 0.29 × 0.1 63.2% (1.04-2) 52.4% (1.1-1.88) N. G. 4

[25]
Sequentially rotated

pacth antenna
1.13 ×1.13 × 0.15

98%

(2.96:1, 2-5.92)

96.3%

(2.79:1, 2.16-6)
82.5% (2.65-5.95) 9.5

[26] Monopole 1.17 × 1.17 × 0.1
132.8%

(4.95:1, 1.17-5.79)

92.5%

(2.72:1, 1.75-4.76)
72.3% 12.6

This Work T-Shaped
Cross Dipole 0.56 × 0.56 × 0.12 106.1%

(3.26:1, 1.57-5.12)
104.1%

(3.17:1, 1.57-4.98) 73.3% (1.9-4.1) 8.6

Figure 9. Simulated and measured S11 for fabricated an-
tenna.

bandwidth of the feeding network with S11<-10 dB

is from 1.5 to 5.2 GHz (110.4%), and the phase dif-

ference between Port 2 and Port 3, Port 4, Port 5 is

maintained at about 90◦, 180◦, 270◦ within the band-

width of 1.5 to 5.2 GHz, respectively. The magnitude

unbalance of the insertion loss is less than 1 dB.

III. RESULTS AND DISCUSSIONS

The proposed UWB compact circularly polarized an-

tenna array was fabricated and measured to prove the

correctness of the previous analysis. Figure 8 shows

the photos of the fabricated antenna. The simulated

Figure 10. Simulated and measured AR and gain at broad-
side direction.

and measured results are shown in Figure 9. As shown,

the measured impedance bandwidth of S11<-10 dB

is about 106.1% from 1.57 to 5.12 GHz, which is in

agreement with the simulation result. Figure 10 indi-

cates the measured and simulated results of AR and

gain in the broadside direction. Due to the special

topology of the proposed antenna and the good per-

formance of the feeding network, the bandwidth of

AR<3 dB can cover the frequency range from 1.57

to 4.98 GHz, reaching 104.1% (3.17:1). As shown in
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(a)

(b)

(c)

Figure 11. Simulated and measured radiation pattern for fabricated antenna at XOZ and YOZ planes. (a) 2.5 GHz, (b) 3.5
GHz, (c) 4.5 GHz.

Figure 10, the measured gain is slightly lower than the

simulated gain, and the maximum gain is 8.6 dBi at 3.5

GHz. In addition, the 3-dB gain bandwidth is about

73.3% from 1.9 to 4.1 GHz, and in this band, the AR is

all less than 3 dB. The measured and simulated results

of radiation pattern at 2.5, 3.5, and 4.5 GHz are plotted
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in Figure 11 (a), (b), and (c), respectively. The results

show that the measured results are in good agreement

with the simulation in the upper hemisphere region,

while the results in the other hemisphere are a little

different. The cause of this discrepancy maybe the

reflection and scattering of the test turntable and the

coaxial cable.

Table 1 shows the performance comparison between

the proposed antenna and other antennas. It can be

seen that the proposed antenna has wider operating

bandwidth and higher gain although its overall size is

larger compared to the [7] and [22]. In addition, com-

pared to the other references in Table I, the proposed

antenna not only has a very compact structure, but also

has a wider 3-dB AR bandwidth. Overall, the pro-

posed antenna has a wider operating bandwidth and a

very small size.

IV. CONCLUSION

An compact ultra-wideband circularly polarized an-

tenna array for vehicular communications is proposed

in this paper. By sequentially rotating four T-shaped

cross dipoles and four parasitic elements, and direct

the vertical arms of all T-shaped cross dipoles toward

the center of the antenna, and placing a wideband 1 to

4 feeding network under the antenna, a very compact

circularly polarized antenna is obtained. The overall

size of proposed antenna is 0.56λ× 0.56λ× 0.12λ. In

addition, the impedance bandwidth and AR bandwidth

of proposed antenna are 106.1% (3.26:1) from 1.57 to

5.12 GHz and 104.1% (3.17:1) from 1.57 to 4.98 GHz,

respectively. Compared with other reported CP anten-

nas, the advantages of proposed antenna are wider op-

erating bandwidth and compact structure. With these

merits, the proposed antenna array is very suitable for

application in modern vehicular communication sys-

tems.
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