ACES JOURNAL, Vol. 40, No. 10, October 2025

A Wideband Single-Fed Circularly Polarized Eight-Arm Archimedean-Spiral
Image-Dielectric Antenna

Dong Chen'?, Guanghui Xu»?3, Yanbin Luo®, Wei Wang?, Dawei Ding!?,
Luyu Zhao', Yingsong Li'*?, Zhixiang Huang!?, and Xianliang Wu'»?

ISchool of Electronics and Information Engineering
Anhui University, Hefei 230039, China
dchen86@163.com, ghxu86@ahu.edu.cn, 19119 @ahu.edu.cn,
lyzhao@ahu.edu.cn, yingsong.li@aliyun.com, zxhuang @ahu.edu.cn

ZInformation Materials and Intelligent Sensing Laboratory of Anhui Province
Anhui University, Hefei 230039, China
ghxu86 @ahu.edu.cn

3East China Research Institute of Electronic Engineering
Hefei 230088, China
luoyanb001 @ 163.com, shu00ww @ 163.com

Abstract — A wideband single-fed circularly polarized
(CP) eight-arm Archimedean-spiral image-dielectric
antenna (ASIDA) is proposed in this paper. The ASIDA
consists of eight Archimedean-spiral dielectric arms
with equal angular spacing. The eight Archimedean-
spiral image-dielectric arms are excited by the unequal-
length cross-slot and microstrip. The unequal-length
cross-slot can generate the CP electric field to excite
the dielectric arms for the wideband CP radiation. The
image-dielectric waveguide line is employed to achieve
a low-profile structure. The measured results show that
the proposed ASIDA has an impedance bandwidth of
40.8% (1.54-2.33 GHz) and an axial ratio (AR) band-
width of 39.8% (1.55-2.32 GHz), with a maximum
realized gain of 12.2 dBic. This work will provide a new
insight into the CP dielectric antenna.

Index Terms — Archimedean spiral, circularly polar-
ized, image-dielectric antenna, wideband antenna.

I. INTRODUCTION

Circular polarized (CP) antennas have been exten-
sively studied due to their anti-multipath fading charac-
teristics, strong anti-interference capabilities, resistance
to rain and fog interference, and reliable free-space
propagation performance [1]. Wideband CP antennas
are extensively used in wireless communication, global
positioning, and navigation systems [2—4]. To achieve
the wideband CP operations, various antenna types have
been adopted, including patch antennas [5], dielectric
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resonator antennas (DRAs) [6], magnetoelectric (ME)
dipole antennas [7], and helix/spiral antennas [8].

Among these types, DRAs possess advantages such
as no conductor loss, low dielectric loss, high design
flexibility, and ease of mode excitation, which facil-
itate achieving broadband CP operation. To achieve
broadband CP, dual-feed techniques have been widely
adopted, such as in [9], which achieved a 3% axial
ratio (AR) bandwidth and 6.2 dBic gain. Reconfigurable
DRAs using PIN-diode networks achieve >30% band-
width but involve complex biasing circuits [10]. Mode-
merging strategies enhance bandwidth up to 21% AR
with moderate gain [11-13], but require multilayer or
high-permittivity structures. Dielectric-via designs [12]
offer 26.7% AR bandwidth in a compact form yet intro-
duce fabrication complexity. Dual-band or substrate-
integrated DRAs [14, 15] can reach 30% bandwidth but
often rely on cavity structures or nearly degenerate mode
excitation. Stacking dielectric slabs can also extend AR
bandwidth [16, 17]. Overall, most existing designs face
trade-offs between bandwidth, profile, and fabrication
complexity. Achieving a low-profile and wideband CP
antenna with a simple structure remains a significant
challenge.

Recently, spiral dielectric antennas have been pro-
posed to generate wideband CP waves [18, 19]. Com-
pared to metal spiral antennas, dielectric waveguide
lines, due to their ability to flexibly select different
dielectric materials for design freedom, are more con-
ducive to achieving miniaturization and high perfor-
mances. Two reported works adopted dielectric waveg-
uide lines to replace spiral metal lines for realizing
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wideband CP radiation. In [18], a dual-feed dielec-
tric Archimedean-spiral dielectric antenna achieves an
AR bandwidth of 28%. Literature [19] proposes the
single-feed Archimedean-spiral dielectric antenna with
an AR bandwidth of 9.7%. Due to the required distance
between the dielectric waveguide line and the ground
plane, both antennas exhibit a high profile. In our study,
an image-dielectric waveguide line is adopted to achieve
a low-profile design, and the eight Archimedean-spiral
image-dielectric arms with the unequal-length cross-slot
feeding achieves a wider AR bandwidth of 39.8% in the
compact size.

In this paper, a wideband single-fed CP eight-arm
Archimedean-spiral image-dielectric antenna (ASIDA)
is presented. This paper is organized as follows. Sec-
tion II describes the structure design and analysis pro-
cess of the ASIDA. Section III compares and discusses
the simulated and measured results of the ASIDA. The
final conclusion is summarized in Section IV.

II. DESIGN OF THE PROPOSED ANTENNA

A. Antenna configuration

Fig. 1 illustrates the configuration of the proposed
ASIDA. The ASIDA employs two-layer dielectric sub-
strates. The upper layer, substratel, is TLY-5 (g, = 2.2,
tand = 0.0009), while the lower layer, substrate2, is
F4BM220 (g, = 2.2, tan§ = 0.0007). The thickness of
substratel is 41 = 0.787 mm and the thickness of sub-
strate? is iy = 1.575 mm. Alignment holes with a radius
of 1 mm were machined at the substrate edges and the
gaps between spiral arms was secured using insulating
screws. To highlight the key radiating structures, the via
details were intentionally omitted from the schematic
diagram in Fig. 1.

As shown in Fig. 1 (b), the ground plane, with
dimensions g, length and g, width, is positioned on
the upper surface of substratel. The eight Archimedean-
spiral dielectric arms with the equal angular spacing of
a are located on the ground with an asymmetrical cross-
slot coupler featuring unequal arm lengths (I # Iy»)
but uniform width, which is concentrically positioned
beneath the eight spiral arms. The cross-slot is oriented
at an angle of 6; = 30° relative to the microstrip feed
line. Arm material is Al;O3 ceramic with a dielectric
constant of 9.8. Microwave signal is transmitted through
the microstrip line at the bottom to the slot forming a CP
electric field [20] which excites the ASIDA to radiate CP
waves.

As shown in Fig. 1, rp represents the starting radius
of the spiral, a denotes the growth rate of the spiral,
and f is the angle on the spiral arm. The equation for
the inner edge of a single Archimedean dielectric arm is
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Fig. 1. Geometries and dimensions of (a) the proposed
ASIDA, (b) top view of substratel, (c) bottom view of
substrate2 and (d) top view.

Table 1: Key parameters of ASIDA (unit: mm)

8x 8y ls1 ls2 Ws w

250 | 250 28 50 4.9 20

I Wm h hy hy d

142 7 20.5 | 0.787 | 1.575 | 8
given by:

{x1 = (ro+af)cosf M

y1 = (ro+af)sinf '

The outer edge curve equation of the single
Archimedean dielectric arm is given by:

x2=(r1+af)cosp 2
y2=(ri+ap)sinf’
where the angle of Archimedes’ spiral is @ = 0.87, the
spiral growth rate a is 34.5 mm/rad, the arm width is
w, and its height is 4. The inner and outer radius of the
single arm are defined by:

rL=ro+w. 3)

The other spiral arms are generated by rotating a
single arm in sequence at the angular spacing o0 = /4,
thus forming eight arms in total. Detailed dimensions
of the ASIDA are listed in Table 1. Based on the
geometrical parameters of the dielectric spiral arms and
the unequal-length cross-slot feed, the proposed antenna
is ultimately designed to operate over the frequency
range of 1.5-2.4 GHz.



B. Design flow of the proposed ASIDA

The design process of the proposed antenna is
shown in Fig. 2. Figure 3 gives the surface current
distributions on the ground plane without the radiator
at 1.8 GHz for four characteristic phase angles (0°,
90°, 180°, 270°), where the current vectors exhibit
periodic rotational behavior with orthogonal directional
switching at T/4 intervals, confirming the CP generation
mechanism. The corresponding simulated |S;;| and AR
results are shown in Fig. 4. The three antenna types
all exhibit wide impedance bandwidths, consistent with
the wideband characteristics of spiral antennas; however,
their 3 dB AR bandwidths differ significantly. As the
number of arms increases, both the impedance and
AR bandwidths widen. Specifically, the AR bandwidths
range from 7% to 39.1%.

r r r

X X X

Two arms Four arms

(a) (®) (©

Eight arms

Fig. 2. Design process of the proposed antenna:
(a) Type I, (b) Type II, and (c) Type IIL.
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Fig. 3. Surface current distribution in the ground plane
at 1.8 GHz (a) 0°, (b) 90°, (c) 180°, (d) 270°.
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Fig. 4. Simulated |S;;| and AR results of the three types.

Figure 5 (a) presents a comparison of the realized
gains for the three antenna types. Compared to Type I
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and Type II, the Type III antenna demonstrates more sta-
ble gain and higher values across the entire operating fre-
quency band. The simulated realized right-hand circular
polarization (RHCP) and left-hand circular polarization
(LHCP) gains of Type III is shown in Fig. 5 (b). It is
observed that Type III achieves the peak RHCP gain of
12.3 dBic at 2.04 GHz.

To further explain the AR change trend, the electric
field distributions of the three antenna types at 1.8 and
2.1 GHz are shown in Fig. 6. All three types exhibit
gradual outward leakage of electromagnetic waves along
the spiral arms. In other words, the electric fields radiate
the CP waves as they propagate. However, compared
with Types I and II, the surface electric field of Type III
exhibits a good right-hand rotation performance along
the spiral arm, resulting in efficient RHCP wave radi-
ation. Since these eight arms are involved in radiation,
Type III achieves a higher gain. The radiation patterns
of Type III at the sideband frequency points of 1.5 and
2.05 GHz are given in Fig. 7. Type III has good radiation
performance and low back lobe within the frequency
band.
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Fig. 5. (a) Simulated realized gains of Type I (2-arms),
Type II (4-arms), and Type III (8-arms) antennas. (b)
Simulated RHCP and LHCP realized gains of Type III
antenna.
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Fig. 6. Simulated electric field distributions at 1.8 GHz
for (a) Type L, (b) Type 11, (c) Type 111, and at 2.1 GHz
for (d) Type L, (e) Type 11, (f) Type II1.
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Fig. 7. Normalized radiation patterns of the Type III at
(a) 1.5 and (b) 2.05 GHz.

C. Parameter optimization of the proposed ASIDA

For Type III, the parameter optimization of the
proposed ASIDA is performed in this part. Figure 8
illustrates the effects of the spiral growth rate a and
the height & on the AR and |S;;|. When the spi-
ral growth rate a increases, both AR and impedance
bandwidth decrease. As the height A increases, the
impedance bandwidth decreases, while the AR initially
shifts toward lower frequencies. At 7 = 22.5 mm, the
low-frequency AR performance remains unchanged, but
significant degradation occurs in the high-frequency AR
characteristics. To achieve optimal impedance matching
and AR performance simultaneously, the values of a =
34.5 mm/rad and A = 20.5 mm are selected as the
compromise.

Figure 9 presents the parametric analysis of the
dielectric arm width w and cross-slot rotation angle
6,. As illustrated in Fig. 9 (a), w significantly influ-
ences the frequency-dependent characteristics of the
AR bandwidth, where excessive width values degrade
the high-frequency radiation performance. Figure 9 (b)
experimentally validates that 8; governs the orthogonal
phase difference, consistent with the theoretical analysis
in section ITA. The optimized design configuration with
w =20 mm and 6; = 30° demonstrates an optimal bal-
ance between impedance matching and AR bandwidth
performance.
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Fig. 8. Parametric effects of (a) spiral growth rate a and
(b) dielectric height & on simulated |S;;| and AR.
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Fig. 10. Photographs of the proposed antenna and testing
anechoic chamber.

III. EXPERIMENTAL RESULTS AND
DISCUSSION

In this section, the proposed ASIDA is fabricated,
measured, and its simulated and measured results are
compared and analyzed. To ensure fabrication accu-
racy, a modular strategy is adopted by dividing the
overall spiral structure into eight individual spiral arms
and a central octagonal support, which are fabricated
separately and assembled using a foam jig for precise
alignment and fixation.

Photographs of the proposed ASIDA and testing
anechoic chamber are shown in Fig. 10. The simulated
and measured |Sy;| and efficiency results are presented
in Fig. 11. Due to no conductor loss and low-loss
materials Al,O3 (tan § = 0.0004), the ASIDA maintains
a radiation efficiency exceeding 87% at the operation
band. The simulated impedance bandwidth is 40.4%
(1.46-2.20 GHz), while the measured bandwidth is
40.8% (1.54-2.33 GHz).
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Fig. 11. Comparisons for |S;;| and efficiency of the
proposed ASIDA.



Table 2: Comparison of the proposed antenna and the previous wideband DRAs
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Ref. —10dB 3-dB Overlapping Peak Gain Size (7Le3) Dielectric | Radiating
Imp-BW AR.BW BW (dBic or dBi) & Type
[10] 34.3%/36.6% | 30.4%/32.9% | 30.4%/32.9% 6.18/6.58 NA 9.9 DRA
[12] 41.2% 26.7% 26.7% 4.75 3.19x3.19x0.51 10.2 DRA
[17] 36% 26% 26% 8.7 6.6 x6.6x0.9 36 DRA
[18] 29% 24.9% 24.9% 9 11.26 x 11.26 x 0.96 32 DW
[19] 22.2% 9.7% 9.7% 25 34.7x34.7x0.76 10 DwW
This Work 40.8% 39.8% 39.8% 12.2 5.04 x5.04 x0.47 9.8 IDW

Imp-BW is the frequency range over which the reflection coefficient (|S;;|) remains below —10 dB.

Overlapping BW is the frequency range where impedance bandwidth and AR bandwidth overlap.

AR BW is the frequency range over which the axial ratio (AR) remains below 3 dB.

Ae is the wavelength of an electromagnetic wave propagating inside a dielectric material with relative permittivity &,.
NA: Not Available; DW: dielectric waveguide; IDW: Image-dielectric waveguide.
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Fig. 12. Comparisons for AR and realized gain of the

proposed ASIDA.

Figure 12 compares the simulated and measured
results of AR and realized gain. The simulated and mea-
sured AR bandwidths are 39.1% (1.46-2.17 GHz) and
39.8% (1.55-2.32 GHz), respectively. ASIDA achieves
a maximum measured realized gain of 12.2 dBic. Fig-
ure 13 shows the simulated and measured normal-
ized radiation patterns of the ASIDA. The differences
between simulated and measured results may arise
from discrepancies in ASIDA fabrication, assembly, and
dielectric constant tolerances.

Finally, comparison results of the proposed ASIDA
and other wideband CP dielectric antennas are
summarized in Table 2. The proposed ASIDA exhibits a
wider impedance and AR bandwidth than those reported
in [18, 19] and a higher gain than that in [18]. The image-
dielectric waveguide line is implemented to achieve a
lower profile compared to [18, 19]. With its advantages
in wide impedance and AR bandwidth, low profile, and
high gain, the proposed ASIDA shows strong potential
as a candidate for future wireless communication and
navigation applications.

In addition, several other designs listed in Table 2
are also considered for comparison. The antennas in
[10, 12, 17] employ dual-feed structures, reconfigurable
circuits, or multilayered geometries to achieve wideband
CP operations. These designs have the structure
complexity or larger size. In contrast, the proposed

single-fed ASIDA achieves wideband CP with a struc-
turally simple and compact design, highlighting its prac-
tical advantages in integration and implementation.
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Fig. 13. Simulated and measured radiation patterns of
the ASIDA: (a) xoz plane at 1.6 GHz, (b) yoz plane at
1.6 GHz, (c) xoz plane at 2.15 GHz, and (d) yoz plane at
2.15 GHz.

IV. CONCLUSION

In this paper, a wideband CP ASIDA with the
eight arms is proposed. The image-dielectric waveg-
uide line is adopted to achieve a low profile, and the
eight Archimedean-spiral image-dielectric arms with the
unequal-length cross-slot feed achieves wider AR band-
width of 39.8% in a compact size. The measured results
show that the proposed ASIDA has a wide impedance
bandwidth of 40.8% (1.54-2.33 GHz) and a wide AR
bandwidth of 39.8% (1.55-2.32 GHz), with a maximum
realized gain of 12.2 dBic. The proposed ASIDA design
demonstrates good performance in terms of impedance
bandwidth, AR bandwidth, and gain, offering valuable
insights for the design of wideband CP antennas. The
ASIDA exhibits potential applications in wireless com-
munication systems and satellite navigation systems.
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