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Introduction: The antenna must adhere to more stringent requirements,
including multi-band operation, high performance, and compact design, since
it is the primary component of satellite communication systems. A shared-
aperture antenna based on structural reuse is a viable method for attaining
multi-band functionality of satellite communication systems and improving
platform space usage. The development of multi-function antennas, antenna
size reduction for shrinking, and cost reduction are all greatly impacted by
shared-aperture technology. Because of the significance of L-band applications,
the development of circularly polarized (CP) antennas has grown in importance.
Because of their compensations, which include lower multipath losses and
polarization mismatch, CP antennas are essential for many wireless applications,
such as GNSS, satellite communication, and indoor wireless systems.

Methods: This paper proposes a novel dielectric resonator array antenna. The
shared-aperture feature is established by merging the dielectric high-frequency
resonators in the annular dielectric low-frequency resonators. By controlling the
phase difference between the degenerate modes, the low and high frequency
orthogonal circularly polarized waves are created. The impedance matching
is improved by optimizing the thickness of the circular cylindrical dielectric
resonator. The sequential rotation method is used to design the array antenna.
Results and Discussion: Simulation results show that the proposed dielectric
resonator array antenna has superior performance and improved polarization
characteristics as compared with existing methods.

KEYWORDS

airborne antenna, array antenna, beamforming, circular polarization, dielectric
resonator antenna, dual-band waveguide, metamaterial
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1 Introduction

With the integration and development of mobile and
satellite communications, the sixth generation (6G) of mobile
communication systems will integrate ground networks and non-
ground networks to build an integrated air-ground-space system [1].
Antennas are essential to the operation of communication systems
since they are one of the main parts that link wireless channels
and hardware communication devices. Excellent dual-frequency
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FIGURE 1
Unit structure design. (@) 3D view; (b) top view; (c) side view.
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TABLE 1 Design parameters of unit structure.

Parameter Value (mm)

L 13.750
hy 12
h, 1.72
Ws1 0.45
W 0.24
W3 0.12
" 1375
r 275
Wy 0.5
W 0.15
hg 2.25
hyy 3.65
hyy 525
hgy 4.5

t 0.4

dual-circular polarization functions—that is, the ability to send and
receive orthogonal circularly polarized electromagnetic waves in the
uplink and downlink frequency bands—are necessary for ground
terminal antennas to meet the demands of satellite Internet for
high-speed duplex communication. In traditional satellite antenna
technology, the transmitting array and the receiving array are
independent of each other, resulting in the problem of large physical
size of the antenna feed system. The design of a miniaturized co-
aperture dual-frequency dual-circular polarization antenna is one
of the important basic technologies for the rapid commercialization
of non-ground networks in the future.

Based on the traditional microstrip patch antenna technology, a
large number of circularly polarized antenna design methods have
been developed. Dual-frequency dual circular polarization can be
achieved by adding perturbations to the patch and using improved
coupling slots [2-5]. Similar functions can also be achieved by
connecting patches of different frequencies and different circular
polarization types [6-8]. Reference [8] designed a dipole antenna
using two sets of short-circuited patches of different sizes, which
can be used in frequency division duplex communication systems.
Although patch antennas have the advantage of low profile, their
bandwidth is limited and the horizontal aperture is usually too large.

Compared with metal structure patch antennas and reflector
antennas, dielectric resonator antennas (DRA) have the advantages
of diverse shapes, flexible design, low loss and high efficiency [9, 10].
Reference [11] proposed a broadband low-profile DRA with small
planar size, and further expanded its application in the design of
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FIGURE 2

Evaluation of electric field distribution under different probe feeding conditions.

FIGURE 3

Evaluation of electric field distribution (yOz plane). (a) Low-frequency DR at 16.8 GHz; (b) High-frequency DR at 27 GHz.
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circularly polarized antennas. Reference [12] designed a decorative
DRA for video surveillance systems. Simultaneously, dual-frequency
dual circularly polarized antennas can be designed using the multi-
mode properties of DRA. By loading parasitic units on DRA [13]
or by employing a unique dielectric resonator (DR) and a unique
feeding structure [14, 15], dual-frequency dual circular polarization
can be accomplished in DRA. Reference [16] uses a patch, a substrate
integrated cavity and two resonators to form an antenna that can
transmit and receive. Reference [17] proposed a shared aperture
merging structure technology based on DRA and slot dipole antenna
to realize a dual-frequency dual circular polarization antenna.

A
antenna (DRA) appropriate for satellite communication terminals
is proposed in this study. The main contributions are as follows.

co-aperture, dual-frequency, dual-circularly polarized

1. A nested design of annular and cylindrical DRs achieves a co-
aperture structure for low- and high-frequency radiators.
Metal strip probes of unequal heights are used to excite
high-order circular polarization in the high- and low-
frequency DRAs.

By optimizing the low-frequency radiator structure, high- and
low-frequency electromagnetic mutual coupling is reduced,
improving the antenna’s operating bandwidth and radiation
performance.

A sequential rotation array method is used to construct a 2 x
2 dual-frequency, dual-circularly polarized antenna array.

A prototype was fabricated and tested using ceramic and
printed circuit board (PCB) technology. Measurement
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results demonstrate the antennas compactness and dual-
frequency capabilities, making it suitable for future satellite
communication ground terminals.

The remainder of this paper is organized as follows. In Section 2,
the unit structure of the antenna is discussed, the optimization
process and geometrical design analysis is explained. In Section 3,
the antenna unit performance is evaluated through simulations and
measurements. In Section 4, antenna array design is presented.
In Section 5, the array antenna performance is evaluated using
simulations and experimental setup. In Section 6, the conclusions
are presented.

2 Antenna design
2.1 Unit structure

Two DRs with differing dielectric constants and a single-layer
PCB make up the proposed DRA. Figure 1 depicts the antenna
unit structure. The ceramic used to make the hollow low-frequency
annular cylindrical DR has a relative dielectric constant of 9.8 [18,
19]. The inner high-frequency cylindrical DR is made of Rogers
RO3006 with a relative dielectric constant of 6.15. The two DRs are
nested. Two metal strips with a 90° feed phase difference are used
on the sidewalls of both the low-frequency and high-frequency DRs
for probe feeding. An L-shaped microstrip line that is one-quarter
wavelength long connects the two feed probes. The low-frequency
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FIGURE 4
Evaluation of electric field distribution (xOy plane). (a) LF DR at 16.8 GHz; (b) HF DR at 27 GHz.

microstrip line is bent in order to avoid overlap with the high-  calculated using Equation 1:

frequency DR. The low-frequency and high-frequency feeding ports

are labeled P1 and P2, respectively [20]. The PCB is made of FR4, Sres = _632lc [0.27 + 0.36{ d } + 0.02{ d H (1)
which has a dielectric constant of 4.4 and a loss tangent of 0.02. A €qp + 2 eff 4hesy

The structural parameters of the antenna unit are shown in Table 1,
where the cut angle 0 = 35°. Where: ¢ represents the speed of light in free space; d denotes
the diameter of the cylinder; ¢ 4 is the equivalent dielectric constant
of DR; hy is the equivalent height of the cylinder [21, 22]. The

formulas for calculating the dielectric constant and height are

2.2 Design principle expressed in Equation 2:
Given a satellite communication operating frequency band, fur = hest @)
the base radius and height of a typical cylindrical DRA can be " hepra/Ecpra + Poub /€
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FIGURE 5
Antenna structure optimization process. (a) Antenna A; (b) Antenna B;
(c) Antenna C.

Where: hepra and hg,, are the heights of DR and dielectric
substrate respectively; ecpra and e, are the dielectric constants of
DR and dielectric substrate, respectively.

This paper first excites the degenerate modes of a DRA using a
dual-point feeding method. Circular polarization is then achieved
by feeding the two degenerate modes orthogonally, with identical
amplitude and a 90° phase difference, by optimizing the feeding
microstrip line [23, 24]. The high-frequency DR is fed in the y
and x directions, respectively, by metal strip probes M1 and M2
to produce two orthogonal degenerate modes. Figure 2 depicts the
high-frequency DR’s electric field distribution pattern at 27 GHz.
It can be seen that when only M1 or M2 is loaded on the DR, the
DR radiation exhibits linear polarization along the y or x direction.
When both M1 and M2 are loaded on the DR, the electric field
distribution exhibits a superposition of two linear polarizations in
the y and x directions. Thus, circularly polarized radiation can be
produced by varying the length of the microstrip line between the
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FIGURE 6
Radiation performance of antennas A and B under low frequency.

two feeding probes to create a 90° phase difference between the two
linear polarizations.

A nested radiator technique was used to create a co-aperture
design for low- and high-frequency antennas in order to satisfy
the downsizing criteria of dual-band antennas for satellite
communication terminals. A right-hand circularly polarized
(RHCP) high-frequency cylinder DRA was nested into a hollow
cylindrical structure created by modifying the left-hand circularly
polarized (LHCP) low-frequency radiator, which was based on the
traditional cylindrical DRA [25]. This resulted in a co-aperture
dual-band, dual-circularly polarized design, which decreased the
antenna’s horizontal dimensions. Figure 3 shows the electric field
distribution in the yOz plane of a co-aperture dual-band, dual-
circularly polarized antenna operating at 16.8 GHz and 27 GHz,
respectively. Based on the mirror image principle and the electric
field vector distribution characteristics, the DRA exhibits a HEM, 5
mode at both resonance points [26]. Furthermore, observation of
the internal field distribution of the DRA reveals that the antenna’s
specific operating modes at low and high frequencies are § = 1 and
& = 3, respectively.

Figure 4 shows the electric field distribution in the xOy plane
for a co-aperture dual-band, dual-circularly polarized antenna
operating at 16.8 GHz and 27 GHz, respectively. When the antenna
operates at low and high frequencies, the electric field in the xOy
plane rotates clockwise and counterclockwise as the phase state
changes through 0, T/4, T/2, and 3T/4, respectively [27]. This
demonstrates that the antenna operates in the LHCP and RHCP
states at low and high frequencies, respectively.

2.3 Antenna structure and optimization
process

Degraded antenna performance results from electromagnetic
mutual interaction between the low-frequency and high-frequency

frontiersin.org
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0
—~ -10
2
5
1
§ 20
&
- - — AntennaA S,
-30 - — Antenna A S,
—— Antenna B S,
—— Antenna B S..
_40 b 1 L 2
15 20 25 30
Frequency (GHz)
(a)
9 : - i
\\ '.‘
N !
\ I
~ 5 ,’
% x - - Antenna A, port 1
= - - Antenna A, port 2 )
E —— Antenna B, port 1
= — Antenna B.port 2
b
< X N
Rl S i et -“ -
\ ”
b 7
\l ,,
‘o
0 1 1 l” 1
15 20 25 30
Frequency (GHz)
(b)
FIGURE 8
Comparison of antennas A and B performance. (a) S parameter; (b)
axial ratio.

' ‘ ] ; )
Q
133198 9
g ; Y
1z
Antenna B
0
)
2
o
i+
g
g
g
%] -~ AntennaB S,
30t -~ Antenna B S.,
— Antenna C §,,
—— Antenna C 5.,
_40 L i n L
15 20 25 30
Frequency (GHz)
(a)
9 i
- - Antenna B, port 1
- - Antenna B. port 2
2 6 ~—— Antenna C, port 1
(2] -
=, —— Antenna C, port 2
(=)
g
Z
=
< —————————
0 i PR
15 20 25 30
Frequency (GHz)
(b)
FIGURE 9
Comparison of antennas B and C performance. (a) S parameter; (b)
axial ratio.

Frontiers in Physics

06 frontiersin.org


https://doi.org/10.3389/fphy.2026.1768836
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Sani et al.

300°

270° 90°

Gain (dBi)

240¢

180°
x0: plane
= = Antenna B, RHCP == Antenna C. RHCP
= = Antenna B. LHCP —— Antenna C. LHCP

FIGURE 10
Radiation performance comparison of antennas B and C.

radiators in a nested antenna. To optimize the performance
[28], the low-frequency radiators structure was optimized,
as shown in Figure 5.

2.3.1 Thickened low-frequency DR section
design

Figure 6 shows the simulated low-frequency patterns of Antenna
A and Antenna B. Antenna A’s asymmetric feed structure affects
its radiation performance, resulting in a skewed pattern. By
thickening the low-frequency DR section, Antenna B achieves this
skewed pattern. Figure 7 evaluates the electric field distribution
of the low-frequency DR on the xOy plane at 16.8 GHz. It can
be concluded that the electric field on the lower right side of
Antenna A is significantly stronger than in other areas [29]. In
Antenna B, which has a partially thickened low-frequency DR
section, the electric field amplitude is symmetrically distributed.
The simulation results show that the skewed low-frequency pattern
is successfully resolved by the partial thickening method. Figure 8
illustrates that while partially thickening the low-frequency

10.3389/fphy.2026.1768836

DR section enhances the impedance matching and axial ratio
at low-frequency, it marginally deteriorates the impedance
matching and axial ratio at high-frequency, necessitating additional
optimization.

2.3.2 Low frequency ring DR notch design

The transition from Antenna A to Antenna B solves the
problems of narrow low-frequency axial ratio bandwidth and
skewed radiation patterns, but it also degrades impedance matching
and circular polarization purity at high frequencies. Because
the low-frequency DR in Antenna B is placed above the high-
frequency feed microstrip line, strong electromagnetic coupling
when feeding the high-frequency port causes high-frequency
resonance in the microstructure of the low-frequency DR, resulting
in degraded impedance matching and axial ratio at high frequencies
[30]. Therefore, improving Antenna B to Antenna C can avoid
coupling interference from low-frequency radiation to high-
frequency radiation. As shown in Figure 9, the notch design
in the low-frequency DR improves high-frequency axial ratio
and impedance matching. As depicted in Figure 10, Antenna C
achieves better polarization purity than Antenna B, with cross-
polarization suppression exceeding 40 dB in the main radiation
direction [31-33].

3 Antenna unit experimental results
and analysis

As  shown
polarized DRA prototype was developed and tested to validate
the proposed design [34-36]. The measurement findings in

in Figure 11, a dual-band, dual-circularly

Figure 12 show that the antenna unit’s low-frequency and high-
frequency operational bandwidths are 18.8% (15.4-18.6 GHz)
and 52% (26.4-27.8 GHz), respectively. The antenna unit’s
maximum left-hand and right-hand gains are 4.3 dBi and
6.8 dBi, respectively. As seen in Figure 13, the antenna unit
radiates RHCP waves with a gain of 6 dBi at 27 GHz and
LHCP waves with a gain of 4.1 dBi at 16.8 GHz with good
polarization purity [37-39]. The intended design is in line with
the measured results.

FIGURE 11
Implemented antenna unit. (a) Feeding module; (b) antenna unit.
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Comparison of simulated and measured performance of the antenna
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TABLE 2 Feeding structure parameters.

Parameter Value (mm)
wy 0.75
w, 1.3
Ly 248
Ly, 16.2
w3 0.77
w, 1.34
Ly 341
Ly 5.66
0
)
=2
—
2
G
E
o
—
e
=%
7]
—-30 ._ | " I I
14 15 16 17 18 19 20
Frequency (GHz)
(@)
(b) 0
FIGURE 15 ::.-;:-_:.___,2_,..___,==
Power feeding structure. (a) Low-frequency; (b) High-frequency. = =
2
9]
T
E
m
&
4 Antenna array design o
4.1 Sequential rotation technique
The antenna elements are expanded into a 2 x 2 array
using sequential rotation technology to further increase the axial " - ’l6 "‘7 "18 7‘9 3‘0 3‘1 5
ratio bandwidth and antenna gain [40-42]. The successively = - -
rotated elements’ circular polarization direction must stay in line Frequency (GHz)
with the element; otherwise, the antenna array will experience (b)
a radiation null in the direction of maximum radiation. The
. . . . . . FIGURE 16
schematic diagram of the two-port sequential rotation is depicted S-parameter evaluation of the feeding structure. (a) Low-frequency;
in Figure 14. The four antenna elements are rotated 90° around (b) High-frequency.

the center, with the main radiation direction of the antenna array
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(a)

FIGURE 17
Array antenna prototype. (a) Feeding structure; (b) Array prototype.

being the +z direction [43-45]. The low-frequency feed phases
are rotated clockwise to 0° 90° 180° and 270° respectively,
to achieve left-hand circular polarization. The high-frequency
feed phases are rotated counterclockwise to 0° 90°, 180° and
270° respectively, to achieve right-hand circular polarization
[46-48].

4.2 Feed network design

Due to the limited spatial space of the antenna array, different
feed network structures were used for high and low frequencies,
as indicated in Figure 15. In the low-frequency feed network,
the phases of the power divider’s four output ports, PL2 through
PL5, increase by 90° in a clockwise orientation [49-51]. The
phases of the power divider’s four output ports, PH2 through
PHS5, increase by 90° in an anticlockwise direction in the high-
frequency feed network. Table 2 shows the physical dimensions
of the power divider. The simulated S-parameter values for
the two power dividers are shown in Figure 16. It can be
seen that the power dividers operating in different frequency
bands have excellent impedance matching and power distribution
performance [52-54].

S Antenna array test results and
analysis

To validate the proposed design, a dual-band, dual-circularly
polarized DRA array prototype was built and tested, as shown
in Figure 17. Figure 18a shows the S-parameter [55-57].
Figure 18b shows that the antenna arrays low-frequency and
high-frequency operating bandwidths are 25.5% (14.4-18.6 GHz)
and 6.5% (26.8-28.6 GHz), respectively. The antenna array’s
maximum left-hand and right-hand gains are 7.7 dBi and 14
dBi, respectively, according to Figure 18c [58-60]. As seen in
Figure 19, the antenna array has good cross-polarization and
radiates LHCP waves with a gain of 7 dBi at 17 GHz and RHCP

Frontiers in Physics
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waves with a gain of 13.3 dBi at 28 GHz [61-63]. There is good
agreement between the modeling results and the measured data
[64-66].

The results of a comparison between the antenna unit and
array proposed in this paper and antennas from previous sources
are displayed in Table 3 [67-69]. The operating bandwidth
in this instance is the point where the axial ratio bandwidth
and the impedance bandwidth intersect [70-72]. Table 3 shows
that the proposed antenna achieves dual-band, dual-circular
polarization performance and has a certain advantage in operating
bandwidth [73-75]. When the antenna unit is expanded into an
antenna array, the antenna gain has a significant advantage over
other antennas, making it suitable for satellite communication
terminals [76-78].

6 Conclusion

This paper proposes a common-aperture dual-frequency dual-
circular polarization DRA for satellite communication, leveraging
the low loss and high efficiency characteristics of DRAs. The Hemian
mode is excited and circularly polarized waves are radiated through
a microstrip transmission line at the bottom of the cylindrical
DR and metal strips of unequal length loaded on its sides. A
common-aperture structure is formed by nesting cylindrical
DRs within the cylindrical DR, meeting the miniaturization
requirements of satellite communication terminals. The antenna’s
overall performance is enhanced by cutting and partially thickening
the low-frequency DR to lessen electromagnetic interaction
between high and low frequencies. The antenna is appropriate for
upcoming high-speed satellite internet terminals due to its good
impedance matching, high gain within its frequency band, and good
polarization purity, according to simulation and measured results.
Further research considers port merging based on this design,
achieving dual-frequency dual-circular polarization through a
single-feed method.
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Comparison of simulated and measured performance of the antenna
array. (a) S-parameter; (b) axial ratio; (c) gain.
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FIGURE 19

Radiation performance evaluation of the antenna array. (a) xOz plane
at 17 GHz; (b) yOz plane at 17 GHz; (c) xOz plane at 28 GHz; (d) yOz
plane at 28 GHz.
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TABLE 3 Performance comparison of the proposed and existing designs.

10.3389/fphy.2026.1768836

Reference Antenna Frequency Impedance Axis ratio Working Polarization  Gain (dBi)
type band bandwidth bandwidth bandwidth mode
(%) (%) (%)
[7] Magnetoelectric Low frequency 12.4 5.0 5.0 LHCP 13.2
dipole; High frequency 4.6 9.7 4.6 RHCP 11.5
dual-frequency

dual-circular

polarization
[14] DRA; broadband Broadband 53.5 4.1 4.1 RHCP 4.8
dual circular 10.9 10.9 LHCP 4.8

polarization
[15] DRA; Low frequency 30.3 12.6 12.6 LHCP 5.0
dual-frequency High frequency 4.4 119 4.4 RHCP 24

dual-circular

polarization
[17] DRA; Low frequency 6.4 52 52 RHCP 6.6
dual-frequency High frequency 12.8 4.1 4.1 LHCP 8.2

dual-circular

polarization
[75] DRA; Low frequency 7.3 9.8 11.3 LHCP 3.8
dual-frequency High frequency 114 10.1 4.3 RHCP 54

dual circular

polarization
[77] DRA; broadband Low frequency 6.8 8.8 10.5 LHCP 4.1
dual circular High frequency 12.3 35 4.1 RHCP 5.6

polarization
Proposed (unit) DRA; Low frequency 31.3 22.9 18.8 LHCP 4.3
dual-frequency High frequency 16.8 5.2 5.2 RHCP 6.8

dual-circular

polarization
Proposed (array) DRA; Low frequency 38.5 25.5 25.5 LHCP 7.7
dual-frequency High frequency 15.3 6.5 6.5 RHCP 14.0

dual-circular

polarization
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