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ABSTRACT This research proposes a low-complexity and low-profile four-element circularly polarized
(CP) octagonal-ring slot antenna array with sequentially-rotated feed network for S-band satellite appli-
cations. The proposed antenna array is characterized by characteristic mode analysis (CMA). One single
element of the CP octagonal-ring slot antenna array consists of a C-shaped monopole on the upper layer
functioning as the radiating patch; and an octagonal-ring slot patch on the lower layer functioning as the
ground plane. The four elements are connected by a sequentially-rotated feed network to enhance the
impedance bandwidth (IBW), axial ratio bandwidth (ARBW), and gain. Simulations are performed, and
an antenna prototype is fabricated and experiments carried out. The measured IBW and ARBW at the center
frequency of 2.4 GHz are 91.6% (1.8 —4 GHz) and 84.5% (1.97 —4 GHz), with the maximum gain of 7.8 dBic
at 3.3 GHz, rendering the proposed four-element CP octagonal-ring slot antenna array with sequentially-
rotated feed network operationally suitable for S-band satellite communication. The novelty of this research
lies in the use of CMA to characterize the circular polarization of the octagonal-ring slot antenna array; and
the sequentially-rotated feed network to enhance the IBW, ARBW, and antenna gain of the four-element CP
octagonal-ring slot antenna array with sequentially-rotated feed network.

INDEX TERMS Antenna arrays, characteristic mode analysis, impedance, satellite communication, slot
antennas.

I. INTRODUCTION

In recent decades, small satellites have been increasingly
adopted by the space industry [1]. The purposes of small
satellites include research and science, remote sensing, com-
munications, weather forecast, Internet of Things, and explo-
ration [2], [3]. The advantages of small satellites are light
weight, low cost, compactness and ease of manufacturing.
Small satellites can be classified by weight as minisatellite

The associate editor coordinating the review of this manuscript and

approving it for publication was Sotirios Goudos

VOLUME 10, 2022

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

(100 — 500 kg), microsatellite (10 — 100 kg), nanosatellite
(1 - 10 kg), picosatellite (0.1 — 1 kg), and femtosatellite (less
than 0.1 kg) [4], [5].

Cube satellites (CubeSat) are a type of low Earth orbit
(LEO) nanosatellite [6]. There are five types of CubeSats: 1U
(10cm x 10cm x 10cm), 2U (10 cm x 10 cm x 20 cm), 3U
(I0cm x 10cm x 30 cm), 6U (10 cm x 20 cm x 30 cm), and
12U (10 cm x 10 cm x 60 cm) [7]. CubeSats are typically
adopted in the telemetry, tracking and commanding (TTC)
subsystem [8]. As a result, CubeSats require reliable and
efficient antennas to transmit and receive the downlink and
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uplink signals between the ground station and the satellite.
Depending on the missions, the CubeSat antennas can be of
VHF (30 — 300 MHz), UHF (0.3 — 3 GHz), L (1 — 2 GHz),
S (2-4GHz), C (4 -8 GHz), X (8 — 12 GHz), Ku (12 -
18 GHz), and Ka (26.5 — 40 GHz) bands.

The vital characteristic of the CubeSat antennas is circular
polarization to minimize the fading and multipath interfer-
ence in space [9]. The circularly polarized (CP) antennas
come in many shapes and forms, including dipole, monopole,
patch, patch array, slot, metasurface (MTS), reflector, helical,
horn, and reflectarray [10], [11]. Of particular interest is the
CP planar antenna (e.g., patch, patch array, slot, and meta-
surface) [12], [13] because of its straightforwardness, com-
pactness, low cost, and ease of installation. Nevertheless, the
planar CP antenna for the CubeSat requires wide impedance
bandwidth (IBW) and axial ratio bandwidth (ARBW).

In [14] and [15], characteristic mode analysis (CMA) was
used to characterize the CP planar antennas. The CMA is
an analysis methodology to characterize the surface current
and radiating field of the CP planar antenna using the modal
resonance [16]. Specifically, in [17], a clock-shaped bidirec-
tional CP antenna using CMA for S-band spectrum achieves
an IBW and 3-dB ARBW of 84.6% (2.38 — 5.8 GHz) and
43.4% (2.4 — 3.73 GHz). In [18], a single-fed U-slot CP
patch antenna using CMA for C-band spectrum achieves
an IBW of 29% (4.7 — 6.3 GHz), 3-dB ARBW of 20.9%
(4.95 — 6.1 GHz), and maximum gain of 7.3 dBic at 5.2 GHz.
In [19], a CMA-based single-fed CP loop antenna with two
inductors for S-band spectrum achieves an IBW of 58.3%
(2.2 -3.6 GHz), 3-dB ARBW of 7.5% (2.32 - 2.5 GHz),
and maximum gain of 6.52 dBic at 2.4 GHz. In [20],
a CMA-based bidirectional CP grid-slot patch antenna with
double-layer of 4 x 4 square-patch metasurface (MTS) and
Z-shaped slot ground plane for C-band spectrum achieves
an IBW of 38.3% (4.05 — 5.97 GHz), 3-dB ARBW of 21%
(4.08 — 5 GHz), and maximum gain of 3.5 dBic at 4.7 GHz.

In [21], a CP patch antenna using CMA with 4 x 4 H-
shaped MTS for C-band spectrum achieves an IBW of 38.8%
(4.42 — 6.55 GHz), 3-dB ARBW of 14.3% (5.2 — 6 GHz),
and maximum gain of 9.4 dBic at 5 GHz. In [22], a CMA-
based non-uniform MTS antenna using strip-line feed line
for S-band spectrum achieves an IBW of 17.7% (1.95 —
2.34 GHz), 3-dB ARBW of 13.6% (2.09 — 2.39 GHz), and
maximum gain of 8 dBic at 2.2 GHz. In [23], a CMA-based
square-shaped MTS CP patch antenna with cross-slot ground
plane and sequentially-rotated feed network for C-band spec-
trum achieves an IBW of 28.2% (4.8 — 6.35 GHz), 3-dB
ARBW of 20.9% (4.85 — 6 GHz), and maximum gain of
9.5 dBic at 5.9 GHz.

In [24], a CP slot monopole antenna using CMA consisting
of a C-shaped monopole and C-shaped slot ground plane
for S- and C-band spectra achieves an IBW of 91% (2.1 —
5.6 GHz), 3-dB ARBW of 91% (2.1 — 5.6 GHz), and maxi-
mum gain of 3.2 dBic at 3 GHz. In [25], a CMA-based CP
hexagon-shaped antenna for S- and C-band spectra achieves
an IBW of 107% (2.3 — 7.6 GHz), 3-dB ARBW of 59.9%
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(3.45 — 6.4 GHz), and maximum gain of 4.6 dBic at 4.8 GHz.
In [26], the authors comparatively investigated two CMA-
based CP antenna schemes for S-band spectrum, consisting
of U-slot and E-shaped patch antennas; and reported that the
U-slot patch antenna achieved an IBW of 11.81% (2.24 —
2.5 GHz) and 3-dB ARBW of 4.54% (2.27 — 2.37 GHz),
while the E-shaped patch antenna achieved an IBW of
9.54% (2.35 — 2.56 GHz) and 3-dB ARBW of 15.9% (2.2 -
2.55 GHz).

Specifically, this research proposes a low-complexity and
low-profile four-element CP octagonal-ring slot antenna
array with sequentially-rotated feed network for S-band satel-
lite applications. In the study, the proposed antenna array
is characterized by CMA. One single element of the CP
octagonal-ring slot antenna array consists of a C-shaped
monopole on the upper layer functioning as the radiating
patch; and an octagonal-ring slot patch on the lower layer
functioning as the ground plane. The four elements are con-
nected by a sequentially-rotated feed network to enhance the
IBW, ARBW, and gain. Simulations are performed, and an
antenna prototype is fabricated and experiments carried out.

The organization of this research is as follows: Section I is
the introduction. Section II is concerned with the characteris-
tic mode analysis to characterize the circular polarization of a
planar antenna. Section III details the antenna design, specif-
ically one single element of the proposed CP octagonal-ring
slot antenna array by using CMA. Section IV describes the
proposed four-element CP octagonal-ring slot antenna array
with sequentially-rotated feed network, and Section V dis-
cusses the experimental results. The conclusions are provided
in Section VI.

Il. CMA-BASED CP PLANAR ANTENNA

In [27], the theory of characteristic modes was proposed to
characterize the surface current and radiating field on per-
fect electrical conductor (PEC) bodies. The characteristics
of the surface current and radiating field are determined by
the configuration and dimension of the conducting structure.
In [28], characteristic mode analysis (CMA) was utilized in
the planner antenna design. The characteristic mode (CM; J)
is calculated by equation (1) [29].

J =3 Cuy M

where J, is the characteristic current of n* mode and C, is
the complex modal weighting coefficient (MWC). The MWC
can be calculated by equation (2) [30].
_ Y
.

@)

Cn

where A, is an eigenvalue and V/ is the modal excitation
coefficient (MEC). The CM current (|C,|) can be calculated
by equation (3) [31].

Vi
14 jA,

= V,f;

MS 3)
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where MS is the modal significance which is the normal-
ized amplitude of the CM current, as expressed in equation
(4) [32], given that MS must be greater than or equal to
0.707 [33].

1
14,

The characteristic angle (CA) is the phase difference between
the characteristic current (J,,) and the corresponding charac-
teristic field, which can be calculated by equation (5) [34].

MS, “

CA, = 180° — tan"'(A,) (5)

To realize CP radiation, the modal current distributions
between two modes must be orthogonal. Besides, the MS
between two orthogonal modes are identical and the phase
difference of their characteristic angles is approximately
+90°.

Ill. DESIGN OF CP OCTAGONAL-RING SLOT ANTENNA

In the design of the antenna, the characteristic mode analysis
was carried out using CST Microwave Studio Suite (Multi-
layer Solver). In this research, the CMA is utilized to charac-
terize the surface current and radiating field of the PEC (i.e.,
C-shaped monopole) and lossless dielectric material (i.e.,
FR-4 substrate). The evolution of the C-shaped monopole
consists of three stages: circular ring patch, C-shaped patch,
and octagonal-ring slot antenna with C-shaped monopole
feed network.

A. CIRCULAR RING PATCH

Figure 1(a) shows the geometry of the circular ring patch
without feed network and ground plane, and Figure 1(b)
illustrates the radiation boundary of the circular ring patch
without feed network and ground plane. The circular ring
patch is excited in the x-, y-, and z-directions. The circular
ring patch is a PEC material sitting on the upper layer of
a lossless FR-4 substrate. The dielectric constant (g,) and
thickness of the FR-4 substrate are 4.3 and 1.6 mm, with
60 mm x 60 mm in dimension. The inner (R,;) and outer radii
(Ry,) of the circular ring patch are 4 mm and 17.5 mm.

Figures 2(a)-(b) show the simulated CMA results of the
circular ring patch. In Figure 2(a), the MS of Mode 1
(J1) and Mode 2 (J;) are identical and greater than
0.707 between 3 GHz — 4 GHz. Meanwhile, the MS of Mode 3
(J3) and Mode 4 (J4) are lower than 0.707. In Figure 2(b),
the phase difference of the CA between Modes 1 and 2 is
0°, while that between Modes 3 and 4 is excessively larger
than 90°. Figures 3(a)-(b) show, as an example, the current
distribution on the circular ring patch of Mode 1 (J1) and
Mode 2 (J;) at 3.2 GHz, which is orthogonal.

Figure 4(a) shows the geometry of the C-shaped patch
without feed network and ground plane. Figure 4(b) shows
the radiation boundary of the C-shaped patch without feed
network and ground plane. The C-shaped patch is excited in
the x-, y-, and z-directions. To realize circular polarization,
the circular ring patch (Figure 1) is truncated by 6° such that
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FIGURE 1. The circular ring patch: (a) geometry, (b) radiation boundary.
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FIGURE 2. Simulated results of CMA of the circular ring patch: (a) MS, (b)
CA.
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FIGURE 3. Current distribution at 3.2 GHz of the circular ring patch:
(a) Mode 1, (b) Mode 2.
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FIGURE 4. The C-shaped patch: (a) geometry, (b) radiation boundary.

the phase difference of the CA between Mode 1 and Mode
2 is orthogonal.

Figures 5(a)-(b) show the simulated MS and CA of the
C-shaped patch. The MS of Mode 1 and Mode 2 of the
C-shaped patch at 3.2 GHz, as an example, are identical
(0.72), with 94° phase difference. Figures 6(a)-(b) show the
corresponding surface current distribution at 3.2 GHz of
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FIGURE 5. Simulated results of CMA of the C-shaped patch: (a) MS, (b) CA.
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FIGURE 8. The rectangular-ring slot patch: (a) geometry, (b) radiation
boundary.
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FIGURE 6. Current distribution of the C-shaped patch at 3.2 GHz:
(a) Mode 1, (b) Mode 2.
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FIGURE 7. Far-field radiation pattern of the C-shaped patch at 3.2 GHz:
(a) Mode 1, (b) Mode 2.

Mode 1 (J1) and Mode 2 (J3). The surface current of Mode
1 (J1) and Mode 2 (J) orthogonally travel along the inner
and outer edge of the C-shaped patch. Figures 7(a)-(b) show
the corresponding 3D far-field radiation patterns at 3.2 GHz
of Mode 1 and Mode 2 of the C-shaped patch. The far-field
radiation pattern of Mode 1 and Mode 2 which is of CP
radiation.

B. RECTANGULAR-RING SLOT PATCH

Figure 8(a) shows geometry of the rectangular-ring slot patch
without corners truncation. The rectangular-ring slot patch
functions as the ground plane. Figure 8(b) shows the radia-
tion boundary of the rectangular-ring slot patch without feed
network. The rectangular-slot patch is excited in the x-, y-,
and z-directions.

Figures 9(a)-(b) show simulated MS and CA of the
rectangular-ring slot patch. The MS of Mode 1 and Mode
2 of 0.77 are identical at 2.2 GHz, with 79° phase difference,
and the MS of Mode 1 and Mode 5 of 0.84 are identical at
3.31 GHz, with 70° phase difference. Meanwhile, the MS of
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FIGURE 9. Simulated results of CMA of the rectangular-ring slot patch:
(a) Ms, (b) CA.

Mode 1 and Mode 6 (0.82) are identical at 3.7 GHz, with 69°
phase difference.

Figures 10(a)-(c) illustrate the current distribution of the
rectangular-ring slot patch at 2.2, 3.31, and 3.7 GHz, respec-
tively. In Figure 10(a), the surface current of Mode 1 (J)
and Mode 2 (J,) travel orthogonally along the edge of the
circular slot of the rectangular patch. In Figure 10(b), the
surface current of Mode 1 (J;) and Mode 5 (Js) travel in
the opposite direction along the inner of the circular slot and
along the edge of the rectangular patch. In Figure 10(c), the
surface current of Mode 1 (J1) and Mode 6 (Jg) travel in the
opposite direction along the edge of the circular slot and along
the edge of the rectangular patch.

Figures 11(a)-(c) show the 3D far-field radiation patterns
of the rectangular-ring slot patch at 2.2, 3.31, and 3.7 GHz,
respectively. The far-field radiation patterns of Modes 1&2
and Modes 1&5 are of symmetric-lobe radiation. Meanwhile,
the radiation patterns of Modes 1&6 are of non-CP radia-
tion. Especially, the surface current of Modes 1 and 2 of
the rectangular-ring slot patch at 2.2 GHz are orthogonal,
resulting in the CP radiation.

C. OCTAGONAL-RING SLOT PATCH

Figure 12(a) shows the geometry of the octagonal-ring slot
patch without feed network. The octagonal-ring slot patch
is of circular slot with truncated corners, functioning as
the ground plane. Figure 12(b) shows the radiation bound-
ary of the octagonal-ring slot patch without feed network.
The octagonal-ring slot is excited in the x-, y-, and z-
directions. Figure 13(a)-(b) show simulated MS and CA of
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FIGURE 10. Current distribution of the rectangular-ring slot patch at:
(a) 2.2 GHz, (b) 3.31 GHz, (c) 3.7 GHz.

the octagonal-ring slot patch. The MS of Mode 2 and Mode
5 of 0.71 are identical at 1.83 GHz, with 102° phase differ-
ence, and the MS of Mode 3 and Mode 6 of 0.72 are identical
at 2.77 GHz, with 93° phase difference. Meanwhile, the MS
of Mode 1 and Mode 6 (0.84) are identical at 2.9 GHz, with
70° phase difference.

Figures 14(a)-(c) illustrate the current distribution of the
octagonal-ring slot patch at 1.83, 2.77, and 2.9 GHz, respec-
tively. In Figure 14(a), the surface current of Mode 2 (J3)
and Mode 5 (Js) travel orthogonally along the inner edge of
the circular slot and the outer edge of the octagonal patch.
In Figure 14(b), the orthogonal surface current of Mode 3 (J3)
and Mode 6 (Jg) travel along the inner edge of the circular
slot. In Figure 14(c), the surface current of Mode 1 (J1) and
Mode 6 (Jg) travel orthogonally along the inner edge of the
circular slot and the outer edge of the octagonal patch.

Figures 15(a)-(c) show the 3D far-field radiation patterns
of the octagonal-ring slot patch at 1.83, 2.77, and 2.9 GHz,
respectively. The far-field radiation patterns of Modes 2&S5,
Modes 3&6, and Modes 1&6 are of symmetric-lobe radiation
(i.e., CP radiation).

D. THE CP OCTAGONAL-RING SLOT ANTENNA WITH
C-SHAPED MONOPOLE

Figures 16(a)-(c) depict the front, rear and perspective
views of the CP octagonal-ring slot antenna with C-shaped
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FIGURE 11. Far-field radiation patterns of the rectangular-ring slot patch
at: (a) 2.2 GHz, (b) 3.31 GHz, (c) 3.7 GHz.
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FIGURE 12. The octagonal-ring slot patch: (a) geometry, (b) radiation
boundary.
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FIGURE 13. Simulated results of CMA of the octagonal-ring slot patch:
(a) Ms, (b) CA.

monopole. The CP octagonal-ring slot antenna with C-shaped
monopole is realized by using FR-4 substrate with 1.6 mm
in thickness and 60 mm x 60 mm (W, x Wj) in dimension.
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FIGURE 14. Current distribution of the octagonal-ring slot patch at:
(a) 1.83 GHz, (b) 2.77 GHz, (c) 2.9 GHz.

The upper layer of the substrate consists of the C-shaped
monopole functioning as the radiating patch [35], with the
circular patch radius (R,,) of 17.5 mm, the circular slot radius
(Ry;) of 4 mm, and the microstrip feed line dimension (Wy x
L) of 1.5 mm x 7.5 mm. Meanwhile, on the lower layer of
the substrate sits the octagonal-ring slot functioning as the
ground plane, with the circular slot radius (R,,) of 24 mm,
the corner-truncated length (L.) of 17 mm, the arc truncation
(0) of 30°, and the arc truncated position («) of 0°.

Figures 17(a)-(b) show the simulated impedance band-
width (IBW) and axial ratio bandwidth (ARBW) of the CP
octagonal-ring slot antenna with C-shaped monopole, respec-
tively. In Figure 17(a), the simulated IBW (]S11] < —10 dB)
at the center frequency of 2.4 GHz is 95% (1.72 — 4 GHz),
covering the entire S-band spectrum (2 — 4 GHz). In Fig-
ure 17(b), the simulated ARBW (AR < 3 dB) occurs
between 2 — 2.4 GHz and 3 — 3.5 GHz, failing to cover the
entire S-band spectrum.

To achieve wideband circular polarization that covers
the entire S-band spectrum, the key parameters of the CP
octagonal-ring slot antenna with C-shaped monopole are
further optimized. The key parameters include the circular
slot radius (R,,), the corner-truncated length (L.), the arc
truncation (6), the arc truncated position («), and the inner
radius of the circular ring patch (R;).

Figures 18(a)-(b) show the simulated IBW and ARBW
under different circular slot radius (R, ): 22, 23, and 24 mm.
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FIGURE 15. Far-field radiation pattern of the octagonal-ring slot patch at:
(a) 1.83 GHz, (b) 2.77 GHz, (c) 2.9 GHz.
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FIGURE 16. Geometry of the CP octagonal-ring slot antenna with
C-shaped monopole: (a) front view, (b) rear view, (c) perspective view.

In Figure 18(a), the IBW shifts to higher frequency as R,,;
increases. With R,,; = 22 and 24 mm, an impedance mis-
match (|S71] > —10 dB) occurs between 2.8 — 2.9 GHz
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FIGURE 17. Simulated results of the CP octagonal-ring slot antenna with
C-shaped monopole: (a) IBW, (b) ARBW.
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FIGURE 20. Simulated results of the CP octagonal-ring slot antenna with
C-shaped monopole under variable ¢: (a) IBW, (b) ARBW.
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FIGURE 18. Simulated results of the CP octagonal-ring slot antenna with
C-shaped monopole under variable R, : (a) IBW, (b) ARBW.
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FIGURE 19. Simulated results of the CP octagonal-ring slot antenna with
C-shaped monopole under variable Lc: (a) IBW, (b) ARBW.

and 2.9 — 3 GHz, respectively. With R,,; = 23 mm, the
IBW falls between 1.73 — 4 GHz, covering the entire S-band
spectrum (2 — 4 GHz). In Figure 18(b), with R,,; = 22 mm,
ARBW (AR < 3 dB) is narrow, covering 1.85 — 2.34 GHz.
With R,,; = 23 mm, ARBW is between 1.95 — 2.34 GHz
and 2.94 — 3.56 GHz. With 24 mm, ARBW falls between
2.83 —3.63 GHz. As a result, the chosen R,,; is 23 mm.

Figures 19(a)-(b) show the simulated IBW and ARBW
under different corner-truncated length of the octagonal-ring
slot (L;): 15, 17, and 19 mm. In Figure 19(a), variation
in L. has minimal effect on |S;;| of the first resonance at
2.5 GHz, while |S;]| of the second resonance at 3.71 GHz
increases as L. increases. In Figure 19(b), with L. = 15 mm,
ARBW (AR < 3 dB) is between 1.96 — 2.3 GHz. With
L. = 17 mm, ARBW occurs between 1.97 — 2.34 GHz and
2.94 — 3.56 GHz. The ARBW falls between 2.84 — 3.64 GHz
for L. = 19 mm. The chosen L. is 17 mm.

Figures 20(a)-(b) show the simulated IBW and ARBW
under different arc truncation of the C-shaped monopole (0):
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FIGURE 21. Simulated results of the CP octagonal-ring slot antenna with
C-shaped monopole under variable «: (a) IBW, (b) ARBW.

15°,30°, and 45°. In Figure 20(a), as 6 increases, |S11| of the
first and second resonance slightly deteriorate (from —29 dB
to —26 dB and —28 dB to —26 dB, respectively). In Fig-
ure 20 (b), with 6 = 15°, ARBW (AR < 3 dB) is between
2.12 — 2.45 GHz. Meanwhile, ARBW occurs between 1.97 —
2.35 GHz and 2.93 — 3.56 GHz for & = 30°. With 6 = 45°,
ARBW falls between 2.87 — 3.57 GHz. The chosen 6 is 30°.

Figures 21(a)-(b) show the simulated IBW and ARBW
under different arc-truncation position of the C-shaped
monopole («): 0°, 90°, 180°, and 270°. In Figure 21(a), with
o = 90°, an impedance mismatch occurs (|S1;| > —10 dB).
With o = 180°, the IBW falls between 3.5 — 4.2 GHz. With
o = 270°,|S11] of the first and second resonance fall between
1.77-2.27 GHz and 3.77 — 4 GHz, respectively. Witha = 0°,
IBW falls between 1.71 — 4 GHz. In Figure 21(b), with o =
180° and 270°, the ARBW (ARBW > 3dB) fails to cover the
S-band spectrum. With @ = 0° and 90°, ARBW falls between
1.84—3.5 GHz and 2.05 — 3.16 GHz, respectively. As a result,
the chosen « is 0°.

Figures 22(a)-(b) show the simulated IBW and ARBW
under different radii of the circular slot of the C-shaped
monopole (R;): 3, 4, and 5 mm. In Figure 22(a),
as R,; increases, |S1i| of the first resonance improves
(from —26.4 dB to —40 dB), while the second resonance
slightly shifts to higher frequency. In Figure 22(b), with R,; =
3 mm, ARBW (AR < 3 dB) occurs between 2 — 2.5 GHz
and 2.95 — 3.62 GHz. With R,; = 4 and 5 mm, ARBW are
between 1.84 — 3.5 GHz and 1.8 — 3.2 GHz, respectively.
The chose R,; is 4 mm. Table 1 tabulates the parameters and
dimensions of the single element of the CP octagonal-ring
slot antenna array.
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FIGURE 22. Simulated results of the CP octagonal-ring slot antenna with
C-shaped monopole under variable R,;: (a) IBW, (b) ARBW.

10 15 20 25 30 35 40 45 50

TABLE 1. Parameters and dimensions of the single element of the CP
octagonal-ring slot antenna array.

Parameters W, R R, wy Ly 0 o L. Rou
Values 60 175 4 1.5 75 30° 0° 17 23
(mm)

Figures 23(a)-(b) show the simulated MS and phase differ-
ence of CA of the single element of the CP octagonal-ring
slot antenna array. One single element consists of the CP
octagonal-ring slot antenna and the C-shaped monopole,
given the optimal parameters (Table 1). The MS of Mode
1 and Mode 6 at 1.8 GHz are identical (0.77), with 80° phase
difference, and those of Mode 1 and Mode 2 at 2.74 GHz
are also identical (0.82), with 70° phase difference. The MS
of Mode 1 and Mode 4 at 2.8 GHz are identical (0.77), with
80° phase difference, while those of Mode 1 and Mode 5 at
2.85 GHz are identical (0.72), with 87° phase difference.
Besides, the MS of Mode 2 and Mode 5 at 3.35 GHz are also
identical (0.91), with 50° phase difference. Essentially, the
CMA could be deployed to characterize and verify the circu-
lar polarization of the single element of the CP octagonal-ring
slot antenna array. The CMA results are consistent with the
results of the full-wave simulation (Figure 24).

Figures 24(a)-(b) show the simulated IBW and ARBW of
the single element of the CP octagonal-ring slot antenna array.
The simulated IBW and ARBW are 95.4% (1.71 — 4 GHz)
and 69% (1.84 —3.5 GHz) at the center frequency of 2.4 GHz.
Despite the wide IBW and ARBW, the ARBW (AR < 3 dB)
fails to cover the entire S-band spectrum (2 — 4 GHz). As a
result, of the single element of the CP octagonal-ring slot
antenna array is augmented with sequentially-rotated feed
network to improve the ARBW.

E. DIFFERENT SHAPES OF THE SLOT PATCH GROUND
PLANE AND THE MONOPOLE

Figures 25(a)-(b) show the simulated IBW and ARBW
of the rectangular-ring slot ground plane under different
monopole shapes (i.e., rectangular, pentagonal, hexago-
nal, octagonal, and circular). In Figure 25(a), |Sq;| of the
rectangular monopole fails to cover the S-band spectrum
(2 — 4 GHz). |S11] of the first and second resonance of
the octagonal monopole fall between 1.6 — 2.52 GHz and
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FIGURE 23. Simulated CMA of the proposed single element of the CP
octagonal-ring slot antenna array: (a) MS, (b) CA.
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FIGURE 24. Simulated results of one single element of the CP
octagonal-ring slot antenna array: (a) IBW, (b) ARBW.
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FIGURE 25. Simulated results of the rectangular-ring slot ground plane
under different monopole shapes: (a) IBW, (b) ARBW.

3.23 — 3.61 GHz. Besides, the IBW of the pentagonal, hexag-
onal, and circular monopoles are between 1.78 — 3.4 GHz,
1.76 — 2.53 GHz, and 1.74 — 4 GHz. In Figure 25(b), the
ARBW of the rectangular monopole is greater than 3 dB.
The ARBW of the pentagonal, hexagonal, octagonal, and
circular monopoles are between 2 — 2.54 GHz, 2.1 — 2.4,
1.78 —2.22 GHz, and 1.91 — 2.44 GHz, respectively.

Figures 26(a)-(b) show the simulated IBW and ARBW
of the pentagonal-ring slot ground plane under different
monopole shapes. In Figure 26(a), |S11| of the rectangular
monopole fails to cover the S-band spectrum. |S;; | of the pen-
tagonal and hexagonal monopole are between 1.71 — 3 GHz
and 1.71 — 2.5 GHz. |S;1]| of the first and second resonance
of the octagonal monopole fall between 1.6 — 2.52 GHz and
3.23 — 3.61 GHz. The IBW of the circular monopoles is
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FIGURE 26. Simulated results of the pentagonal-ring slot ground plane
under different monopole shapes: (a) IBW, (b) ARBW.
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FIGURE 27. Simulated results of the hexagonal-ring slot ground plane
under different monopole shapes: (a) IBW, (b) ARBW.

1.66 — 4 GHz. In Figure 26(b), the ARBW of the rectangular,
pentagonal, hexagonal, octagonal, and circular monopoles
are between 2.1 — 2.3 GHz, 2.27 - 2.4, 2.24 — 3.34 GHz, and
2 —3.59 GHz, respectively.

Figures 27(a)-(b) show the simulated IBW and ARBW
of the hexagonal-ring slot ground plane under different
monopole shapes. In Figure 27(a), |S11| of the rectangular
monopole fails to cover the S-band spectrum. |Sy;| of the
pentagonal, hexagonal, octagonal, and circular monopoles
are between 1.76 — 3.15 GHz, 1.78 — 2.55 GHz, 1.71 —
2.52 GHz, and 1.72 — 4 GHz. In Figure 27(b), the ARBW
of the rectangular, pentagonal, hexagonal, octagonal, and
circular monopoles are between 2.29 — 4 GHz, 2.27 — 2.4,
2.2-3.37 GHz, 1.77 - 3.3 GHz, and 2 - 3.46 GHz.

Figures 28(a)-(b) show the simulated IBW and ARBW
of the octagonal-ring slot ground plane under different
monopole shapes. In Figure 28(a), |S11| of the rectangular
monopole fails to cover the S-band spectrum. |S1 | of the pen-
tagonal, hexagonal, octagonal, and circular monopoles are
between 1.79 —3.16 GHz, 1.75-2.51 GHz, 1.62 - 2.48 GHz,
and 1.71 — 4 GHz. In Figure 28(b), the ARBW of the rect-
angular monopole is greater than 3 dB. The ARBW of the
pentagonal, hexagonal, octagonal, and circular monopoles
are between 2.12 — 3.88 GHz, 3 — 3.42, 1.72 — 3.31 GHz,
and 1.84 — 3.5 GHz.

Figures 29(a)-(b) show the simulated IBW and ARBW of
the circular-ring slot ground plane under different monopole
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FIGURE 28. Simulated results of the octagonal-ring slot ground plane
under different monopole shapes: (a) IBW, (b) ARBW.
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FIGURE 29. Simulated results of the circular-ring slot ground plane under
different monopole shapes: (a) IBW, (b) ARBW.

shapes. The |S11| of the pentagonal, hexagonal, octagonal,
and circular monopoles are between 1.75 —3.14 GHz, 1.74 —
2.44 GHz, 1.6 —2.46 GHz, and 1.68 —4 GHz. In Figure 29(b),
the ARBW of the rectangular monopole is greater than 3 dB.
The ARBW (< 3dB) of the pentagonal, hexagonal, octagonal,
and circular monopoles are between 2.1 —3.79 GHz, 2 - 3.4,
1.68 — 3.33 GHz, and 2.1 — 3.24 GHz.

IV. THE CP OCTAGONAL-RING SLOT ANTENNA ARRAY
WITH SEQUENTIALLY-ROTATED FEED NETWORK
Figures 30(a)-(b) respectively illustrate the front and rear of
the CMA-based CP octagonal-ring slot antenna array with
sequentially-rotated feed network for S-band satellite appli-
cations. The proposed CMA-based CP octagonal-ring slot
antenna array sits on an FR-4 substrate of 120 mm x 120 mm
(Wgup X Wyp) in dimension and 1.6 mm in thickness (k).
The upper layer of the substrate contains 2 x 2 C-shaped
monopoles connected by a sequentially-rotated feed network,
and the lower layer of the substrate consists of four elements
of the octagonal-ring slot ground plane. The four elements are
arranged corresponding to the sequentially-rotated feed net-
work fed by an SMA connector. The sequentially-rotated feed
network is a transmission line model which uses a quarter-
wavelength transformer technique to achieve impedance
matching [36]. Thus, the sequentially-rotated feed network
provides the phase quadrature with equal magnitude for each
output port. Table 2 tabulates the parameters and optimal
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FIGURE 30. Configuration of the CMA-based CP octagonal-ring slot
antenna array with sequentially-rotated feed network: (a) front view,
(b) rear view.

TABLE 2. Parameters and optimal dimensions of the CMA-based CP
octagonal-ring slot antenna array with sequentially-rotated feed network.

Parameters W R Roa Ri. Wy Ly 0.
Values (mm) 120 10 17.5 4 1.5 7.5 30°
Parameters Ly R, L, w, W, /83 Wy
Values (mm) 17 24 20 3 1.2 2.5 1.2
Parameters Ws W /4] Wy h

Values (mm) 2 1.5 1.5 1.7 1.6

g

hd

&

Phase difference of S, (°)

—S = =S — S S-S

50 180

10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
Frequency (GHz) Frequency (GHz)

(a) (b)

FIGURE 31. Simulated results of the sequentially-rotated feed network:
(a) IS, (b) phase difference of Sij-

dimensions of the proposed CMA-based CP octagonal-ring
slot antenna array with sequentially-rotated feed network.

Figure 31(a) shows the magnitude (|Sj;|) of the input port
(Port 1) and that of the output ports 1 — 5 (|Sa1], |S31], [Sa1],
and |Ss1]), and Figure 31(b) depicts the phase difference of
Sij between output ports. In Figure 31(a), |S11] of Port 1 is
below -10 dB between 2 — 4 GHz, while S;; of Ports 2 — 5 are
between —5 dB and —11 dB between 2 — 4 GHz. In Figure
31(b), the phase difference between output ports between 2 —
4 GHz are approximately 90°.

Figures 32(a)-(b) show the simulated IBW (|S;1| <
—10 dB) and ARBW (AR < 3 dB) of the proposed
CMA-based CP octagonal-ring slot antenna array with
sequentially-rotated feed network. In Figure 32(a), the sim-
ulated IBW is 90.41% (1.83 — 4 GHz) at the center frequency
of 2.4 GHz. In Figure 32(b), the simulated ARBW at 2.4 GHz
is 85% (1.96 — 4 GHz), with the maximum gain of 7.9 dBic
at 3.4 GHz.
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FIGURE 32. Simulated results of the proposed CMA-based CP
octagonal-ring slot antenna array with sequentially-rotated feed network:
(a) IBW, (b) ARBW and gain.
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FIGURE 33. Surface current distribution of the CMA-based CP
octagonal-ring slot antenna array with sequentially-rotated feed network
at 2.4 GHz: (a) upper layer, (b) lower layer.

Figures 33(a)-(b) respectively show the surface current
distribution at the center frequency of 2.4 GHz corresponding
to phases 0°, 90°, 180°, and 270° on the upper and lower
layers of the CMA-based CP octagonal-ring slot antenna
array with sequentially-rotated feed network. In Figure 33(a),
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FIGURE 34. Antenna prototype of the CMA-based CP octagonal-ring slot
antenna array with sequentially-rotated feed network: (a) front view,
(b) rear view.
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FIGURE 35. Experimental setup of the CMA-based CP octagonal-ring slot
antenna array with sequentially-rotated feed network.

the electric field vectors on the upper layer travel clockwise in
the +z direction, resulting in right-hand circular polarization
(RHCP). Meanwhile, the electric field vectors on the lower
layer travel counterclockwise in the -z direction, giving rise to
left-hand circular polarization (LHCP). As a result, the CMA-
based CP octagonal-ring slot antenna array with sequentially-
rotated feed network is of bidirectional CP radiation.

V. EXPERIMENTAL RESULTS

Figures 34(a)-(b) depict the front and rear of a prototype of
the CMA-based CP octagonal-ring slot antenna array with
sequentially-rotated feed network. The experiments were car-
ried out in an anechoic chamber using a vector network
analyzer (Rohde&Schwarz ZNLE6 model), as shown in
Figure 35. A pair of transmitting antennas (ETS-Lindgren
Model 3102 Series Conical Log Spiral antennas) were used
to verify the RHCP and LHCP radiations of the antenna
prototype (i.e., the receiving antenna). The far-field distance
[37] between the transmitting and receiving antennas was
4 m.

To measure the AR of the antenna prototype, the co-
polarization (co-pol) and cross-polarization (cross-pol) of
electric fields are determined. The co-pol and cross-pol elec-
tric fields between the transmitting and receiving antennas
correspond to |Eco,p01| and |Ecmss,p01|. In other words,
the co-pol and cross-pol radiation correspond to RHCP and
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FIGURE 36. Simulated and measured results of the CMA-based CP

octagonal-ring slot antenna array with sequentially-rotated feed network:
(a) IBW, (b) ARBW and gain.

LHCP radiations. The AR is determined by equation (6) [38].

|Eco—pol| + |Ecross—pol| 6)
|Eco—pol| - |Ecross—pol|

AR(dB) = 201og (

where |Ew_pol| and ]Ecmss_p01| are the electric field magni-
tudes of the co- and cross-pol between the transmitting and
receiving antennas.

Figures 36(a)-(b) compare the simulated and measured
IBW, ARBW and gain of the CMA-based CP octagonal-ring
slot antenna array with sequentially-rotated feed network.
The simulated IBW (|S1;] < —10 dB), ARBW (AR < 3 dB),
and maximum gain are 91.25% (1.83 —4.02 GHz), 85% (1.96
— 4 GHz), and 7.89 dBic at 3.4 GHz. The measured IBW,
ARBW, and maximum gain are 91.6% (1.8 — 4 GHz), 84.5%
(1.97 — 4 GHz), and 7.8 dBic at 3.3 GHz. The simulated and
measured results are agreeable.

Figures 37(a)-(c) show the simulated and measured RHCP
and LHCP radiation patterns in the xz- and yz-planes of
the CMA-based CP octagonal-ring slot antenna array with
sequentially-rotated feed network at 2, 2.4, and 3.8 GHz,
respectively. The simulated and measured RHCP and LHCP
are in good agreement.

Table 3 compares the existing CP antenna arrays and the
proposed CMA-based CP octagonal-ring slot antenna array
with sequentially-rotated feed network in terms of IBW,
ARBW, maximum gain, operating frequency bands, and elec-
trical dimension. In [39], a 2 x 2 MTS-based CP stacked
patch antenna array (without airgap) with sequentially-
rotated feed network suffers from high complexity and
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FIGURE 37. Simulated and measured RHCP and LHCP radiation patterns
at: (a) 2 GHz, (b) 2.4 GHz, (c) 3.8 GHz.

TABLE 3. Comparison between existing CP antenna arrays and the
proposed CMA-based CP octagonal-ring slot antenna array with
sequentially-rotated feed network.

Ref £ | IBW | ARBW | Maximum di]f;z;t:iﬁlat
) (GHz) | (%) (%) gain (dBic) ;
L

[39] 5.5 55.6 41.6 12.08 1.26x1.26x0.05
[40] 5.4 15.9 11.8 12.50 1.45x1.45x0.03
[41] 59 432 26.5 8.50 0.88%0.88x0.12
[42] 3.1 37.0 37.0 7.50 1.56x1.56x0.02
[43] 2.5 41.0 41.0 8.80 0.83%0.83x0.06
This 24 91.6 84.5 7.80 0.73x0.73x0.01
work

/e is the center frequency of the CMA-based CP planar antennas; and 1, is

the free-space wavelength corresponding to the lowest operating frequency.

bulkiness despite high gain. In [40], a CP 2 x 2 patch with
parasitic rectangle antenna array with sequentially-rotated
feed network suffers from narrow IBW, ARBW, and bulki-
ness despite high gain. In [41], a CP stack patch antenna array
(with airgap) with double-layer substrates and perpendicular
patch at the corners of the ground plane suffers from high
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complexity. In [42], a 2 x 2 CP patch antenna array with
sequentially-rotated feed network suffers from very narrow
IBW, ARBW and bulkiness. In [43], a CP stacked patch
antenna array with novel sequentially-rotated feed network
encounters complex feed network in spite of the low-profile
structure. Although the proposed antenna schemes in [42]
and [43] achieved wide IBW and ARBW, they fail to cover
the entire S-band spectrum (2 — 4 GHz). In comparison, the
proposed CMA-based CP octagonal-ring slot antenna array
with sequentially-rotated feed network achieves wide IBW of
91.6% (1.8 — 4 GHz) and ARBW of 84.5% (1.97 — 4 GHz),
with low-profile and low-complexity structure.

VI. CONCLUSION

This research proposes a low-profile and low-complexity
four-element CP octagonal-ring slot antenna array with
sequentially-rotated feed network for S-band satellite appli-
cations. The proposed antenna array is realized by using
an FR-4 substrate and is characterized by CMA. The upper
layer of the substrate contains 2 x 2 C-shaped monopoles
connected by a sequentially-rotated feed network, and the
lower layer of the substrate consists of 2 x 2 octagonal-
ring slot ground planes. The four-element octagonal-ring slot
antenna array is adopted to improve the CP bandwidth; and
the sequentially-rotated feed network to achieve impedance
matching. The CMA results indicates that the surface cur-
rent on the C-shaped monopole of Mode 1 and Mode 2 at
3.2 GHz are orthogonal, while the octagonal-ring slot ground
plane generates three pairs of the orthogonal current between
Modes 2&5, 3&6, and 1&6 at 1.83, 2.77, and 2.9 GHz. The
proposed four-element CP octagonal-ring slot antenna array
with sequentially-rotated feed network was simulated using
CST Microwave Studio Suite, and an antenna prototype was
fabricated and experiments undertaken. The simulated IBW
(IS11] < —10dB) and ARBW (AR <3 dB) are 91.25% (1.83
—4.02 GHz) and 85% (1.96 — 4 GHz), with the maximum
gain of 7.89 dBic at 3.4 GHz. Meanwhile, the measured IBW,
ARBW, and maximum gain are 91.6% (1.8 —4 GHz), 84.5%
(1.97 — 4 GHz), and 7.8 dBic at 3.3 GHz. Besides, the sim-
ulated and measured RHCP and LHCP radiation patterns are
in good agreement. Essentially, the proposed antenna scheme
is operationally suitable for S-band satellite applications.
In addition, this work is the first to characterize the circular
polarization of the octagonal-ring slot antenna array using
CMA; and to enhance the IBW, ARBW, and antenna gain
using the sequentially-rotated feed network. The proposed
antenna scheme is also of lower profile, vis-a-vis the existing
CP antenna arrays for the S-band spectrum.
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