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Abstract— This article presents a compact wideband circular-
polarized (CP) antenna with wide beamwidth for low-orbit direct
satellite-to-handset communication. In this design, an asymmetric
tri-dipole antenna is proposed and integrated onto the upper
bezel of mobile terminal. The contributions of the asymmetry are
with three aspects: 1) the antenna is composed of asymmetrical
dipoles to generate circular polarization, i.e., a folded dipole for
horizontal polarization (HP) and two bent dipoles for vertical
polarization (VP); 2) the two bent dipoles are also asymmetrical
to improve both impedance and axial ratio (AR) bandwidths;
and 3) for each bent dipole, the two arms are asymmetrically
designed to enhance the beamwidth for low-orbit range coverage.
To validate, a prototype of the proposed antenna was fabricated
and tested, indicating gratifying circular polarization perfor-
mance of −6-dB impedance bandwidth of 680 MHz, 3-dB AR
bandwidth of 140 MHz, and 3-dB beamwidth beyond 92◦ in
a volume of 0.88 × 0.07 × 0.005λ3

0 at the center frequency
of 3.8 GHz. With the merits of compact size, wide bandwidth, and
wide beamwidth, this asymmetric tri-dipole CP antenna exhibits
potential for mobile terminal applications of low-orbit satellite
communications.

Index Terms— Circular polarization, dipole antenna, feeding
network, satellite communications, wideband antenna.

I. INTRODUCTION

WIRELESS communications based on mobile terminals
have already become an indispensable aspect of daily

life. However, the signal transmission in most mobile terminals
heavily leans upon on-land base station systems, which only
cover 10% of the global area [1]. Consequently, it is a serious
challenge to provide seamless communications in remote areas
without base stations, such as mountains, oceans, and deserts.
As a feasible solution, satellites can perform as a relay
station, providing reliable links and expanding communication
coverage. To avoid the Faraday effect in the Earth’s ionosphere
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Fig. 1. Typical scenarios in low-orbit satellite mobile phone communications.

that switches the polarization state of linearly polarized elec-
tromagnetic waves [2], circular-polarized (CP) antennas are
often adopted for direct satellite-to-handset communication
due to their inherent insensitivity to the direction of the
transmitting and receiving antennas. As shown in Fig. 1, the
CP antennas in the mobile terminals are expected to have wide
operating bandwidth for compatibility with different satellites
and wide beamwidth for large coverage in low-orbit satellite
communications. However, the limited space within mobile
terminals poses a challenge to integrating antenna with such
high performances [3], [4], particularly in the CP antennas.

Various structures are used to design CP antennas in mobile
terminals. They can be mainly categorized into two types,
i.e., perturbation and multiantenna methods. In the pertur-
bation method, an antenna usually provides two orthogonal
modes by a main radiator. The phase difference of these two
radiation modes can be adjusted by etching slots [5], [6], [7],
cutting corners [8], [9], or adding parasitic structures [10],
and then, the CP wave is synthesized. For example, by cutting
off two corners of a square patch, two orthogonal modes of
a microstrip antenna can be separated with a phase differ-
ence, resulting in CP radiation [11], [12]. These antennas
using perturbation method can only realize a high-quality
CP performance at a single frequency, leading to a narrow
axial ratio (AR) bandwidth. Multiantenna method is exciting
multiple antennas with orthogonal polarizations by a specific
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Fig. 2. Geometry of the proposed tri-dipole antenna on the upper bezel.
(a) Isometric view. (b) Front view. whp = 0.6 mm, shp = 0.2 mm, dhp =

2.6 mm, lhp = 33.8 mm, lvp = 16.9 mm, wvp = 0.4 mm, ws = 1.3 mm,
w1 = 6 mm, l1 = 74 mm, 1δ = 0.2 mm, and 1τ = 2 mm.

feeding network. For instance, CP radiation is achieved by
feeding regular-arranged inverted-F antennas [13], microstrip
antennas [14], [15], [16], or antenna dipoles [17], [18],
[19], [20] with sequential phases. Different antenna types
can also be adopted for CP radiation generation, such as the
combination of a dipole and a cavity in [21]. To reduce the
occupying clearance, a compressed delay line is proposed
in [22]. Besides, a dual-polarized magnetic dipole can be
utilized with a wider AR bandwidth [23], [24], [25]. These
multiantenna structures facilitate wider AR bandwidths [13],
[21], [26], [27]. However, to align the radiation beam with the
satellite, the antenna should be loaded in the upper bezel of
the mobile terminals. The narrow bezel makes it impossible
to load such a large-sized structure [11], [24], [28], [29].
Therefore, the CP antennas are difficult to directly apply to
mobile terminals for satellite communications due to their
narrow bandwidths or large volumes.

Here, a compact CP antenna with wide operating band-
width and beamwidth is proposed and integrated onto the
upper bezel of the mobile terminals for low-orbit satellite
communications. The proposed antenna is constructed by an
asymmetric tri-dipole structure. Specifically, a folded dipole is
adopted in the middle area for horizontal polarization (HP),
while two bent dipoles are employed on both sides for vertical
polarization (VP). By artificially introducing asymmetries of
this tri-dipole antenna, high performances, including wide AR
bandwidth, wide impedance bandwidth, and wide beamwidth,
are realized within a compact size of 0.47λ0 × 0.06λ0 ×

0.004λ0 at the center frequency. The proposed antenna exhibits
a compact size, wide bandwidth, and low clearance, making
it suitable for direct satellite-to-handset communication.

II. CONFIGURATION AND DESING OF THE ANTENNA

The structure of the proposed antenna is shown in Fig. 2.
The whole antenna is integrated onto the upper bezel of the
mobile terminal motherboard. The folded dipole in the center
provides HP waves, while the bent vertical dipoles on both
sides provide VP waves. The bent vertical dipoles on the left
and right sides introduce an asymmetric parameter 1δ, while
the upper and lower arms of each vertical dipole introduce an
asymmetric parameter 1τ to obtain better radiation character-
istics. These three dipoles are fed through a microstrip line and
a power splitter chip located on the motherboard. The substrate

Fig. 3. Schematic of the structural evolution of the proposed antenna and
radiation patterns in the xoz plane. (a) Conventional dipoles. (b) Bent dipoles
with vertical compression. (c) Dipoles considering the ground of mobile
terminal. The width of the dipole is set to 0.5 mm.

material is Rogers 5880 (εr = 2.2 and tan δ = 0.0009), and
the thickness of the substrate is 0.508 mm. The backside of the
motherboard is a copper plate, which is used to simulate the
usage environment of the mobile terminal.

A. Antenna Evolution

To clearly demonstrate the working principle of the pro-
posed antenna, its evolution process is provided here. For
high-quality CP radiation, the far-field directivity of the hori-
zontal and vertical polarized waves should be identical, while
the phase difference between them should be equal to 90◦.
In addition, it is also valuable noting for the proposed tri-dipole
scheme that the intrinsic impedance of three dipoles should be
optimized to 150 � to match the three-way power splitter chip
with the input port impedance of 50 �.

First, a conventional CP antenna based on three dipoles,
named Ant. 1, is shown in Fig. 3(a). When the three ports
with an intrinsic impedance of 50 � are excited with the power
ratio of 1:1:1, the radiation pattern for the two polarizations
can be obtained, as shown in Fig. 3(a). It can be observed that
the directivity of the VP is 6 dB higher than one of the HP
due to the binary array and twice the power ratio, resulting in
quadruple VP wave directivity.

Then, to be compatible with the narrow upper bezel of the
mobile terminals, the vertical dimensions of Ant. 1 should be
compressed, leading to two bent VP dipoles shown as Ant. 2
in Fig. 3(b). The intrinsic impedance of the two VP dipoles
decreases due to the cancellation of the horizontal currents
generated by the upper and lower arms of the VP dipoles.
When Ant. 2 is also matched and fed with the equal power
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Fig. 4. (a) Current distribution of conventional dipole and folded dipole
at center frequency. (b) Radiation pattern of conventional dipole and folded
dipole at center frequency.

ratio, the radiation patterns of the VP and HP waves differ
by ∼3 dB, which is not suitable for high-quality CP radiation.

Next, a horizontal metallic ground is introduced to simulate
the mobile terminal usage environment, as shown in Fig. 3(c).
Here, the conventional HP dipole in Ant. 2 is replaced by
a folded dipole in Ant. 3 to mitigate the effects of reverse
induced currents on the HP antenna and to achieve a more
uniform current distribution. As shown in Fig. 4, when using
an HP dipole, one arm is connected to the microstrip line,
while the other arm is connected to the ground. This asymme-
try causes an unbalanced current distribution along the dipole.
For a folded dipole, the current distribution becomes balanced,
as illustrated in Fig. 4(a). Accordingly, the radiation patterns
of HP antenna with different configurations are depicted
in Fig. 4(b). Here, the unbalanced current distribution in the
conventional dipole distorts the main lobe of the radiation
pattern, while the main lobe of the folded dipole points directly
upward. The right side of Fig. 3(c) shows the radiation pattern
of Ant. 3 when the port impedance is matched. The HP
realized gain and VP realized gain of the antenna are
comparable in the direction of the +x-axis. This means that
the designed triple dipole structure can achieve high-quality
CP radiation under the premise of impedance matching.

B. Feeding Technique
In addition to the antenna structure, the design of the

antenna feeding circuit on the motherboard is worth con-
sidering because of the special environmental configurations
of mobile terminals. Ant. 4 provides an initial design for
the feeding method of Ant. 3, as depicted in Fig. 5(a),
where the microstrip line is located on the motherboard and
adopted to excite three dipoles. The green part represents the
metal ground. The relevant parameters are set as follows:
w2 = 1 mm, w3 = 1 mm, w6 = 2 mm, w7 = 2.5 mm,
l2 = 2 mm, and l3 = 1.5 mm. The input ports of the three
antennas, i.e., ports 1–3, are set at 150 �, considering that
three antennas must be combined into one port. It can be seen
in the result of S-parameters, as shown in Fig. 5(c) and (d),
that three dipoles are not matched well.

To effectively excite the three antennas, Ant. 5 loads several
components at the ports for matching, with capacitance and
inductance values of 0.6 pF, 0.12 pF, and 4.5 nH, as shown
in Fig. 5(b). The center frequency of the proposed antenna is
successfully tuned around 3.8 GHz by the additional loaded
components. It should be noted that the impedance bandwidth
of the HP antenna is wider than that of the VP antenna,
as shown in Fig. 5(c) and (d). If the HP and VP antennas are
directly tuned to the same frequency, the AR bandwidth of the

Fig. 5. Schematic of (a) Ant. 4 and (b) Ant. 5 with the corresponding
impedance curves. (c) S-parameters of HP antenna (Port 1). (d) S-parameters
of VP antennas (Ports 2 and 3). (e) Impedance on the Smith chart of the
HP antenna (Port 1). (f) Impedance on the Smith chart of the VP antennas
(Ports 2 and 3).

final CP antenna will be comparable to the VP’s bandwidth,
resulting in the relatively wider bandwidth of the HP antenna
being wasted. The overall impedance bandwidths of the VP
and HP are ensured to be similar by artificially introducing an
asymmetry (21δ) in the length of the VP dipoles on both
sides. The center frequencies of the two VP antennas are
intentionally staggered and a larger AR bandwidth can be
obtained.

The notches etched onto the motherboard play an equally
important role in the proposed design. The upper arm of the
dipole is connected to the microstrip line, while the lower arm
is connected directly to the ground. Due to the overcompressed
dimensions, the lower arm of the dipole will form a huge
conductor with the ground, causing the radiation pattern of
the VP dipoles to become a bent monopole pattern instead of
a dipole pattern. As shown in Fig. 6(b), when the motherboard
is not etched with notches, an unbalanced current distribution
will occur on the upper and lower arms of the VP dipoles.
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Fig. 6. Effect of notch on current distribution of Ant. 5. (a) Schematic of
the notches. Current distribution of Ant. 5 (b) with notches and (c) without
notches.

The upper and lower arms of the dipole have currents flowing
in opposite directions and with different magnitudes. After
etching notches, the current distribution of the upper and
lower arms of the VP dipoles becomes balanced, as shown
in Fig. 6(c). The dipole’s upper and lower arms have currents
flowing in the same direction, and the current distribution is
more uniform. It means that the etching notches perform as
a balun structure, leading to a quasi-standard dipole radiation
pattern.

Apart from the matching process of the tri-dipole antenna,
a high-quality CP wave should also require the specific phase
of the two polarizations. In practice, the phase difference can
be achieved by directly using mutual chips [27]. Since this
work is mainly based on the idea of verification to design a
prototype, the extra microstrip line is used here as a method
to modify the phase in Ant. 6 shown as Fig. 7(a). As seen,
a 90◦ phase difference can be achieved by using a microstrip
line as a delay line. The relevant parameters of the delay line
are set as w4 = 0.15 mm, w5 = 0.45 mm, l4 = 3.5 mm, and
l5 = 8 mm. As the power splitter chip cannot be simulated
in the commercial software, the proposed tri-dipole antenna
is excited with equal power through the 150-� ports in the
simulation section. The impedance curves of three ports are
shown in Fig. 7(b), and the VP antenna achieves a comparable
bandwidth to that of the HP antenna due to the asymmetric
design. The gratifying AR bandwidth of 150 MHz can be
achieved by adjusting the delay line, as shown in Fig. 7(c). The
radiation pattern of the antenna is shown in Fig. 7(d) and (e),
where the right-hand circular polarization beamwidths on both
sides reach 118◦ and 92◦. The main lobe is directed toward
the satellite (+x-axis) with a broad beamwidth, contributing
to low-orbit satellite communications.

C. Parametric Analysis

The proposed antenna introduces two parameters to regulate
its asymmetry: 1τ , which adjusts the variance between the
upper and lower arms of the VP dipole, and 1δ, which governs
the length disparity between the left and right VP dipoles.
The introduction of asymmetry directly influences the CP
performance of the antenna.

For a single VP dipole, the difference in length between
the upper and lower arms is represented as 1τ . Besides the
etching notch demonstrated in Fig. 6, the current distribution

Fig. 7. Structure of Ant. 6 and the corresponding impedance state and far-field
results. (a) Schematic of Ant. 6. (b) Active S-parameters for the three ports of
Ant. 6. (c) AR of Ant. 6 around the center frequency. (d) Radiation patterns
at 3.8 GHz of Ant. 6 in φ = 0◦ plane (xoz plane). (e) Radiation patterns
at 3.8 GHz of Ant. 6 in θ = 90◦ plane (xoy plane).

of the VP dipole can be further balanced by introducing the
asymmetry 1τ . The horizontal currents on the upper and lower
arms of the VP dipole cannot be completely canceled by
using the notches, which decay the main lobe and beamwidth.
Fig. 8(b) shows the radiation patterns of the VP dipole at
the center frequency with different 1τ values. The radiation
pattern of the VP dipole points to the satellite direction
(+x-axis) at 1τ = 2 mm, while varying 1τ deteriorates the
main lobe direction. On the other hand, the beamwidth of the
VP antenna is also optimal at 1τ = 2 mm, which is caused
by the maximum cancellation of the horizontal current onto
VP dipole, as shown in Fig. 8(c)–(e). The horizontal currents
in the bent part are canceled completely, which reduces the
effective radiation aperture of the VP dipoles. Accordingly,
the directivity of the VP dipole decreases, and the designed
antenna can achieve the maximum beamwidth [30]. It is worth
noting that ws can also impact the VP radiation performance.
The spacing of the VP dipoles influences their array factor,
consequently affecting the VP radiation gain.

The lengths of the left and right VP dipoles are also
asymmetric described by the parameter 1δ. Due to the wider
impedance bandwidth of the HP dipole compared to that of the
VP dipole, the combined CP bandwidth is relatively narrow.
The center frequencies of the left and right VP dipoles can
be adjusted to different bands by introducing 1δ. Fig. 9
shows the far-field performance of the proposed antenna with
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Fig. 8. Effect of the key parameter 1τ on the far-field performance of
the proposed antenna. (a) Schematic of VP dipoles. (b) Vertical polarization
radiation patterns of the proposed antenna at different 1τ conditions in
θ = 0◦ plane (xoy plane). Current distribution of the proposed antenna when
(c) 1τ = 0 mm, (d) 1τ = 2 mm and (e) 1τ = 4 mm.

Fig. 9. Effect of the key parameter 1δ on the far-field performance of the
proposed antenna. (a) Schematic of VP dipoles. (b) AR and (c) efficiency of
the proposed antenna at different 1δ values.

different 1δ values. As 1δ increases, the AR bandwidth of
the antenna becomes wider. Similarly, the center frequency
gap between the two VP dipoles increases with the increment
of 1δ. The radiation from the VP antenna is distributed
across a wide frequency range, ensuring that the proposed
antenna maintains comparable HP and VP gains over a broad
bandwidth. However, when 1δ is further increased, there is
consistently one VP dipole operating at center frequency with
poor efficiency or even mismatch. Consequently, the overall
efficiency of the proposed antenna declines as 1δ increases,
which is confirmed by Fig. 9(c). Therefore, 1δ = 0.2 mm
is ultimately selected as a compromise between AR broader
bandwidth and maintaining efficiency.

Fig. 10. Photographs of the proposed antenna prototype. (a) Radiating
structure of the proposed antenna prototype. (b) Feed structure of the proposed
antenna prototype.

III. FABRICATION AND EXPERIMENTAL VERIFICATION

To verify the feasibility of the simulation design, a prototype
of the proposed tri-dipole antenna is fabricated, as shown
in Fig. 10. The whole antenna is fed by a coaxial line, and
the three dipole antennas are excited with a three-way power
splitter chip. The chip model is SCG-3-392+. Fig. 10(a)
shows the radiating structure of the antenna integrated onto
the upper bezel of the mobile terminals. Two 0.508 × 10 mm
rectangular slots were cut in the bezel, and a protruding
rectangular structure was reserved in the motherboard for the
assembly of the two parts. The motherboard size is set to
74 × 140 mm, and the proposed antenna is not sensitive to
this dimension. Both the motherboard size and the battery
positioned behind it have minimal impact on the antenna’s
radiation performance. The feeding circuit on the motherboard
is depicted in Fig. 10(b) with the detailed structure in the
insert figure.

Fig. 11(a) illustrates the final antenna structure with
three 150-� resistors loaded in front of the chip, form-
ing a compact power splitter structure with high isolation.
To compensate for additional parasitic values inherent in the
actual chip, two additional elements are loaded, as depicted
in Fig. 11(b). The measured gain of the designed antenna
is 2.42 dBic. The measured |S11| is shown in Fig. 11(c),
revealing that the −6-dB bandwidth of the prepared antenna
extends to 680 MHz. The additional bandwidth may be
attributed to suboptimal power distribution within the power
splitter chip. The AR bandwidths of the proposed antenna
are shown in Fig. 11(d), and the −3-dB AR bandwidth near
3.8 GHz reaches 140 MHz (3.68%). The efficiency of the
antenna near the center frequency is also within acceptable
limits, as shown in Fig. 11(e). The efficiency of the antenna
at 3.8 GHz is 67.5%. The results show good agreement
between the actual prototype and the simulation.

The radiation patterns of the proposed antenna are depicted
in Fig. 12, presenting both the measured and simulated results
at three different frequencies. The main polarization (RHCP)
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Fig. 11. Far-field performance of the proposed antenna. (a) Schematic of
the proposed antenna prototype. (b) Circuit diagram of the power splitter
chip and the external balance element. (c) Measured S-parameter curve of the
proposed antenna. (d) Simulated and measured AR of the proposed antenna.
(e) Simulated and measured efficiency of the proposed antenna.

TABLE I
COMPARISON FOR CP ANTENNAS

of the proposed antenna is toward the satellite (+x-axis).
Notably, the proposed antenna exhibits a wide beamwidth,
with measured half-power beamwidths reaching 112◦ (xoz
plane) and 92◦ (xoy plane) at 3.8 GHz. This wide beamwidth
enhances communication capability and facilitates calibration
between the mobile terminal and the low-orbit satellite.

Table I summarizes the performance of the proposed
antenna and other CP antennas. The impedance bandwidth
is calculated with reference to −6 dB, which is a com-
mon criterion in mobile terminal antenna design. Therefore,
the impedance bandwidth criterion in Table I uniformly
uses −6 dB to ensure fairness of comparison across different
antennas. It is evident that the proposed antenna offers a
compact size and clearance while achieving satisfactory AR
bandwidth performance. In contrast, the designs in [22], [23],
and [31] demonstrate ideal circular polarization performance
but necessitate redundant clearance makes it unsuitable for CP
antenna design of mobile terminals. The antenna design pre-
sented in [31] is tailored for the practical application scenario
of foldable mobile terminals. However, this design imposes
additional constraints on the application, requiring the screen

Fig. 12. Simulated and measured normalized radiation patterns at 3.72 GHz
of the proposed antenna in (a) φ = 0◦ plane (xoz plane) and (b) θ = 0◦

plane (xoy plane). The patterns of the antenna at 3.80 GHz in (c) xoz plane
and (d) xoy plane. The patterns of the antenna at 3.86 GHz in (e) xoz plane
and (f) xoy plane.

to be folded by 90◦. Cao et al. [10] exhibit superior CP perfor-
mance and apply to mobile terminals. However, its design fea-
tures high gain and narrow beamwidth, making it specifically
tailored for high-orbit satellite communications. In contrast,
this work performs better AR bandwidth, compact size, and
clearance, along with a wider beamwidth. Consequently, it is
better suited for low-orbit satellite communication scenarios.

It is worth noting that although [10] has a smaller size,
the antenna proposed in this article has a wider beamwidth
because the bent part of the VP dipole in Fig. 2(b) does not
radiate externally. Although the size of the proposed antenna is
larger, the effective radiation aperture of the antenna is smaller
than [10], which in turn has a wider beamwidth [30]. Since
the main topic of this article is to verify the antenna effect,
in actual production, the cross-polarization phase difference
can be adjusted by loading the elements and equivalently
merged with the matching elements in Fig. 5(b) to further
achieve the integration [27].

IV. CONCLUSION

In this article, a compact CP antenna with wide beamwidth
and AR bandwidth is proposed for direct satellite-to-handset
communication. The proposed antenna comprises a tri-dipole
scheme with multidimensional asymmetries, including the
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adopting different shapes of dipoles for the purpose of inte-
gration onto the upper bezel of a compact mobile terminal,
utilizing different lengths of two VP dipoles to enhance the
impedance bandwidth and AR bandwidth, and introducing
different offset positions on two parts of each VP dipole to
enhance the beamwidth of antenna. The tri-dipoles are fed
by an integrated power splitter chip, and the measurement
results demonstrate that the proposed antenna achieves an
impedance bandwidth of 680 MHz and an AR bandwidth
of 140 MHz at 3.8 GHz. Additionally, the antenna achieves
3-dB beamwidths of 112◦ and 92◦, with a clearance of
0.508 mm and a size of 0.88 × 0.07 × 0.005λ3

0. With its
compact size and wide AR bandwidth, the proposed antenna
emerges as an ideal candidate for low-orbit direct satellite-to-
handset communication.
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