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ABSTRACT This research proposes a compact quadri-cluster broadband circularly polarized (CP)
sequentially-rotated metasurface-based (MTS) antenna array for the C-band frequency spectrum. One cluster
of the quadri-cluster MTS-based antenna array consisted of 4 x 4 S-shaped periodically-arranged MTS
elements. The sequentially-rotated feed network was utilized to realize circular polarization and improve the
impedance bandwidth (IBW), 3-dB axial ratio bandwidth (ARBW) and 3-dB boresight gain bandwidth of
the quadri-cluster MTS-based antenna array. Simulations were performed and results were compared with
experiments. The measured IBW and ARBW were 84.74% (4.0-9.0 GHz) and 57.6% (4.2-7.6 GHz) at
the center frequency of 5.9 GHz, rendering the proposed quadri-cluster MTS-based antenna array suitable
for satellite communication applications. In addition, the quadri-cluster MTS-based antenna array achieved
the measured 3-dB boresight gain bandwidth of 81.3% (3.9-8.7 GHz), the maximum gain of 10.04 dBic
at 5.6 GHz, and low radar cross-section. Specifically, the novelty of this research lies in the use of the
sequentially-rotated feed network with the S-shaped MTS elements to effectively enhance ARBW of the
quadri-cluster MTS-based antenna array for the C-band frequency spectrum.

INDEX TERMS Antenna array, C-band, circular polarization, metasurface, sequentially-rotated feed

network.

I. INTRODUCTION

Circularly polarized (CP) metasurface-based (MTS) patch
antennas are commonly used in modern wireless communi-
cations, including millimeter wave mobile communications,
wireless local area network (WLAN), global navigation satel-
lite systems, satellite communications, and radio frequency
identification [1]-[5]. The advantages of CP MTS-based
patch antennas include low profile, high gain, and wide band-
width, vis-a-vis conventional CP patch antennas [6]-[8].

In [9], a dual-microstrip line antenna with 4 x 4
square-shaped MTS elements and cross-slot coupling for
WLAN spectrum could achieve an impedance band-
width (IBW) of 52.5% (1.78-3.05 GHz) and 3-dB axial
ratio bandwidth (ARBW) of 31.3% (2.15-2.95 GHz).

The associate editor coordinating the review of this manuscript and

approving it for publication was Lu Guo

VOLUME 9, 2021

In [10], a microstrip antenna scheme with MTS struc-
ture above asterisk-shaped slot for the L-band spectrum
achieved an IBW of 17% (1.4-1.66 GHz) and 3-dB ARBW
of 14.5% (1.4-1.62 GHz). A single-fed CP corner-truncated
square-shaped MTS-based patch antenna for C-band spec-
trum achieved an IBW of 45.6% (4.7-7.48 GHz) and 3-dB
ARBW of 23.4% (4.9-6.2 GHz) [11]. In [12], a circular
patch with slanted-square-slot underneath MTS for C-band
spectrum achieved an IBW of 19.7% (6.05-7.33 GHz) and
3-dB ARBW of 16.15% (6-7.05 GHz).

In [13], a planar slot antenna with circular-shaped ground
plane underneath corner-truncated square MTS for WLAN
spectrum achieved an IBW of 25.7% (3.3-4.2 GHz) and
3-dB ARBW of 11.4% (3.3-3.7 GHz). In [14], a double-slot
antenna scheme with 8 x 8 serrated corners-truncated
MTS achieved an IBW of 33.33% (8-11.2 GHz) and 3-dB
ARBW of 33.33% (8-11.2 GHz). A CP slot antenna with
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through-hole MTS for C-band spectrum achieved an IBW
of 19.5% (5.1-6.25 GHz) and 3-dB ARBW of 14.9%
(5.37-6.25 GHz) [15].

To further enhance CP bandwidths (i.e., IBW and
ARBW), antenna arrays have been adopted in the realiza-
tion of broadband CP MTS-based patch antennas. In [16],
8 x 8 MTS-based antenna array with 16 multi-cascaded split-
ring resonators as the feed network for X-band spectrum
achieved an IBW of 16% (9.5-10.5 GHz) and 3-dB ARBW
of 12% (9.5-10.5 GHz).

In [17], 2 x 2 MTS-based multi-layered antenna array
with H-shaped feed network based on substrate inte-
grated waveguide for Q-band spectrum achieved an IBW
of 32% (37.4-52.2GHz) and 3-dB ARBW of 25.8%
(39.2-51.5 GHz). In [18], 2 x 2 MTS-based antenna
array using 90° branch-line dual-couplers and 180° rat-race
single-coupler as the feed network for C-band spectrum
achieved an IBW of 49.55% (4.22—-7 GHz) and 3-dB ARBW
of 28.5% (4.71-6.28 GHz). To simplify the feed network
and do away with bulkiness, the sequentially-rotated feed
networks were integrated with CP MTS-based antenna
arrays to efficiently enhance the IBW, ARBW, and radiation
performance [19], [20].

Specifically, this research proposes a compact quadri-
cluster broadband CP sequentially-rotated MTS-based
antenna array for C-band satellite communications. One
cluster of the proposed quadri-cluster CP MTS-based antenna
array consisted of 4 x 4 periodically-arranged S-shaped
MTS elements [21], and the four clusters of the MTS ele-
ments were fed by a sequentially-rotated feed network. Sim-
ulations were performed to determine the optimal parameter
dimensions, and an antenna prototype was fabricated and
experiments carried out to verify the simulation results.
In this research, the performance metrics included the IBW,
ARBW, 3-dB boresight gain bandwidth, radiation pattern,
and radiation efficiency.

The organization of the research is as follows: Section I
is the introduction. Section II describes the antenna design,
including a single cluster of 4 x 4 S-shaped MTS elements,
the sequentially-rotated feed network, and the quadri-cluster
MTS-based antenna array scheme. Section III describes the
characteristics of the radar cross-section. Section IV details
the parametric study and simulation results. Section V dis-
cusses the experimental results, and conclusions are provided
in Section VI.

Il. ANTENNA DESIGN

A. SINGLE CLUSTER OF THE PROPOSED MTS-BASED
ANTENNA ARRAY

Figure 1 illustrates the geometry of a single cluster
of 4 x 4 S-shaped MTS elements of the quadri-cluster broad-
band CP sequentially-rotated MTS-based antenna array. The
single cluster was fabricated using three layers of FR-4 sub-
strates (upper, middle, and lower) without air gap between
substrates. The thickness of the upper (1), middle (47) and
lower substrates (h3) were 1.6, 1.6, and 0.8 mm. The dielectric
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FIGURE 1. Configuration of one single cluster of 4 x 4 S-shaped MTS
elements: (a) front view, (b) side view, (c) rear view.

constant (¢,) and loss tangent (fand) of the substrates were
4.3 and 0.025, respectively.

A single cluster consisted of 4 x 4 S-shaped MTS elements
periodically arranged on the upper FR-4 substrate. The ver-
tical length of one S-shaped MTS element was 7 mm (a),
while the length of the MTS element including voids and the
void between two S-shaped MTS elements were 7.4 (p) and
0.4 mm, respectively.

The middle substrate with a rectangular-shaped slot on
copper plate functioned as the ground plane. The copper plate
was on the rear of the middle substrate. The ground plane and
the rectangular-shaped slot were 34 mm x 34 mm (G x G)
and 2 mm x 25 mm (W, x L) in dimension. The lower
substrate consisted of a coplanar waveguide (CPW) with a
microstrip line and ground. The dimensions of the microstrip
line, ground, and gap between the microstrip line and the
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TABLE 1. Parameters and optimal dimensions of the quadri-cluster broadband CP sequentially-rotated MTS-based antenna array.

Parameters W\'ub Lsub hs] hsg hsj Wf Lf L,, R W\- Ls[
Values (mm) 68 68 1.6 1.6 0.8 1.8 34 15 3.5 1.8 13.8
Parameters LSZ W1 Wz W3 W4 W5 Wg W7 Ws Wgﬂ[ Lg,,,]_
Values (mm) 7.4 1.8 0.4 1.4 0.4 0.6 0.7 0.4 0.7 8 10

ground were 1.8 mm x 24 mm (W7 x L1), 8 mm x 12.5 mm
(Wg X Lg), and 1.1 mm (gr), respectively. Simulations were
performed using CST Studio Suite.

A single cluster of 4 x 4 S-shaped MTS elements
of the quadri-cluster broadband CP sequentially-rotated
MTS-based antenna array has been presented in [21]. The
parameters and optimal dimensions of a single cluster
of 4 x 4 S-shaped MTS elements were optimized by a para-
metric study under several key antenna variables (i.e., the sub-
strate dimension, thickness of the upper substrate, length of
the rectangular-shaped slot, width of the rectangular-shaped
slot, the length of S-shaped MTS element, and the length
of S-shaped MTS element including voids between two
S-shaped MTS elements) to achieve the wide IBW and
ARBW, as followed in [21]: p = 7.4 mm, a = 7 mm, ¢; =
1.8 mm, c; =35mm, c3 =25 mm, G =34 mm, h; =
1.6 mm, A = 1.6 mm, h3 = 0.8 mm, W, = 8 mm, L, =
125 mm, Wi = 1.8 mm, gr = 1.1 mm, L; = 24 mm, W, =
2 mm, and L, = 25 mm.
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FIGURE 2. Simulated results of a single cluster of 4 x 4 S-shaped MTS
elements: (a) IBW, (b) ARBW.

Figures 2(a)-(b) respectively illustrate the simulated IBW
and ARBW of one single cluster of 4 x 4 S-shaped MTS
elements, given |S11| < —10 dB and AR < 3 dB. At the
center frequency of 5.9 GHz, the simulated IBW of the
single cluster of 4 x 4 S-shaped MTS elements was 38.98%
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(4.2-6.5 GHz), with two resonance frequencies at 4.9 GHz
and 6.2 GH. The simulated ARBW was 22% (5.5-6.8 GHz),
with two AR troughs of 0.33 dB and 0.8 dB at 5.9 GHz and
6.6 GHz, respectively.

B. SEQUENTIALLY-ROTATED FEED NETWORK

Figure 3(a) shows that the geometry of the proposed
sequentially-rotated feed network consisted of seven
quarter-wavelength (A /4) transformers [22], [23] with differ-
ent characteristic impedances (Z; wherei = 1,2, ..., 7). The
geometrical parameters of the proposed sequentially-rotated
feed network were shown in Figure 5(d), with corresponding
to Table 1. The impedance of the input port (Port-In; Zy) and
four output ports (Ports 1, 2, 3, 4; Z.,) were 50 2. The output
ports were symmetrically aligned and sequentially perpen-
dicular to one another. The sequentially-rotated feed network
could achieve phase quadrature with equal magnitude [24].

Figure 3(b) shows the equivalent circuit of the sequentially-
rotated feed network [25]. Py represents the input power
via the feed line, and P, x(k = 1,2,3,4) represent the
power-flow at the output ports. Piy4, Pinp, and Pj,c represent
the total power-flow between junctions I and 2, between
Jjunctions 2 and 3, and subsequent to junction 3, respectively.
Zin.m(m = 1, 2,3, 4) represent the impedances at the output
ports (Ports 1, 2, 3, 4). Zina, Zing, and Zj,c represent the
impedance between junctions 1 and 2, between junctions 2
and 3, and subsequent to junction 3, respectively.

Based on the equivalent circuit of the sequentially-rotated
feed network (Figure 3(b)), the power delivered to each single
cluster of 4 x 4 S-shaped MTS elements of the quadri-cluster
broadband CP sequentially-rotated MTS-based antenna array
can be calculated by (1)-(3) [26].

1
Piy1 = Piyp = Pip3 = Piyy = ZPO» or

1
Pinc = Pipg = ZPOa ()
1
Pipp = Pipz + Pipc = EP07 )
Pina = Pinp + Pinp. 3)

A quarter-wavelength of transmission line [27] was
used to determine the characteristic impedances of the
sequentially-rotated feed network, following (4)—(10),
respectively [28].

% z 4

Zin4 = ’ ZinC = ’ Zin3 = I (4)
Zcp Zin3 Zcp

ZinC = Zin3v (5)
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FIGURE 3. The proposed sequentially-rotated feed network: (a) geometry,
(b) equivalent circuit.

Z zi z Z Ly (©6)
inB = = , Zing = = Zin2,
" Zins||Zins %Z,'ng, " 27
z
Zip = ==, @)
Zcp
72 72
Zipp = ——— = —2—, ®)
Y ZiolZins 1 Zio
2
_ _Z
Zint = 3Zina, Zim = 7 9)
cp
1
Zy = Zin || Zina = ZZinL (10)

The sequentially-rotated feed network was optimized by
Advanced Design System (ADS) simulation software at the
center frequency of 5.9 GHz. The optimal characteristic
impedances were as follows: Z; = 100 2, Z, =80 Q, Z3 =
120,724 =62 Q,7Zs =120 2, Zg =52 Q, and Z7 =52 Q.

Figures 4(a)-(b) show the magnitude |S11| of the input port
(Port-In) and the |S12|, |S13], |S14], and |S;5| of the output
ports (Ports 1,2,3,4), respectively and the phase difference of
S-parameters between output ports. In Figure 4(a), the |S;1]
of the input port was far below —10 dB over 4-9.2 GHz,
while those of the output ports were between —5 dB and
—10 dB over 4-9 GHz. In Figure 4(b), the phase differences
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FIGURE 4. Simulated results of the sequentially-rotated feed network:
(a) 1Sj; . (b) phase difference of Sij-

between output ports were approximately 90° over the fre-
quency range of 4-8 GHz.

C. QUADRI-CLUSTER BROADBAND CP
SEQUENTIALLY-ROTATED MTS-BASED

ANTENNA ARRAY

Figure 5 illustrates the geometry of the quadri-cluster broad-
band CP sequentially-rotated MTS-based antenna array. The
proposed quadri-cluster broadband CP sequentially-rotated
MTS-based antenna array was realized by using three layers
of FR-4 substrates without air gap between substrates. The
upper (hsy), middle (hs2), and lower (hs3) substrates were
1.6 mm, 1.6 mm, and 0.8 mm in thickness. The overall
dimension of the substrate was 68 mm x 68 mm (W, X Lg,p).

The proposed quadri-cluster broadband CP sequentially-
rotated MTS-based antenna array consisted of four clus-
ters of 4 x 4 S-shaped MTS elements: Clusters I, I, III,
and IV. The arrangement of the clusters corresponded to
the sequentially-rotated feed network. Table 1 tabulates the
parameters and optimal dimensions of the quadri-cluster
broadband CP sequentially-rotated MTS-based antenna
array.

The sense of rotation can be determined by observing the
direction of the rotation of the electric field vector as the
wave is viewed along the direction of wave propagation.
Figure 6 shows the 0°, 90°, 180°, and 270°-phase surface
current distribution on partial sections of the quadri-cluster
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FIGURE 5. Geometry of the quadri-cluster broadband CP
sequentially-rotated MTS-based antenna array: (a) schematic view,
(b) front view, (c) side view, (d) rear view (reverse side).

broadband CP sequentially-rotated MTS-based antenna array
at 5.9 GHz (the center frequency). The electric field vectors
moved in the 4z direction, resulting in the left-hand circular
polarization (LHCP) with counterclockwise rotation.
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FIGURE 6. Surface current distribution of the quadri-cluster broadband
CP sequentially-rotated MTS-based antenna array at 5.9 GHz.
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Ill. RADAR CROSS-SECTION CHARACTERISTICS

Radar cross-section (RCS) is the metric of the reflective or
detectable object (target) by radar [29]. The RCS was used in
military aircraft, missiles, unmanned aerial vehicles (UAVs),
ships, and other military vehicles. For example, a stealth air-
craft [30] was designed with a low detectability, so alow RCS
characteristic [15] was required for radar detectors. The RCS
reduction techniques of the antenna arrays were presented
in [31], [32] to achieve a low RCS.

Four clusters of 4 x 4 S-shaped MTS elements on
the upper substrate of the proposed quadri-cluster broad-
band CP sequentially-rotated MTS-based antenna array func-
tioned as the chessboard polarization conversion metasurface
(CPCM) [33]. The CPCM was utilized to realize a low
RCS by phase cancellation [34] of the reflected wave
between adjacent MTS clusters (Figure 5(b)). The co- and
cross-polarizations of the reflected wave of the S-shaped
MTS element were used to characterize the polarization con-
version of the RCS. The co- and cross-polarization can be
determined from (11)—(12) [35], respectively

Ry = |ET/EL], (co — polarization), (1D
Ry = |Ey’/Ef;|, (cross — polarization), (12)

where E)’C is the incident wave of the linearly polarized electric

field in the x-direction and E;, E! are the reflected wave of

the linearly polarized electric field in the x- and y-directions,

respectively. The polarization conversion ratio (PCR) of the

PCS is the ratio of polarization conversion characteristic of

the S-shaped MTS element. The PCR can be calculated by
(13) as [36]

2
PCR = 1%' (13)
VX XX

Figure 7 shows the reflection coefficient (co- and cross-

polarizations) and PCR of the S-shaped MTS element.

The cross-polarization (|Ryx| > —5dB) was the major
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RCS component between 4-8.1 GHz, while co-polarization
(|Rxx| < —5 dB) was failed between 4.1-7.9 GHz. The PCR
was over 0.7 with occurred orthogonal electric field at the
frequency range of 4.1 —8 GHz, the S-shaped MTS element
is suitable for the polarization conversion.
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FIGURE 8. 3D bistatic scattered fields at 5.3 GHz under normal incidence
wave: (a) the antenna array without four clusters of 4 x 4 S-shaped MTS
elements, (b) the proposed quadri-cluster broadband CP
sequentially-rotated MTS-based antenna array.

Figures 8(a)-(b) show the 3D bistatic scattered fields at
5.3 GHz under normal incidence wave of the antenna array
without four clusters of 4 x 4 S-shaped MTS elements and the
proposed quadri-cluster broadband CP sequentially-rotated
MTS-based antenna array, respectively. In Figure 8(a),
the scattered energy of the antenna array without four clusters
of 4 x 4 S-shaped MTS elements was distributed in main
lobe along the +z direction. The scattered energy of the
proposed quadri-cluster broadband CP sequentially-rotated
MTS-based antenna array was slightly decreased in main
lobe, while the energy was increased in the four grating
lobes (¢,0) = (45°,52°), (135°,52°), (225°,52°), and
(315°, 52°) along the +z direction, as shown in Figure 8(b).

In Figure 9, the monostatic RCS (x- and y-polarizations)
of the antenna array without four clusters of 4 x 4 S-shaped
MTS elements was above than —13 dBsm. The monostatic
RCS of the proposed quadri-cluster broadband CP
sequentially-rotated MTS-based antenna array was far
below —13.25 dBsm between 4-8.6 GHz. The minimums
of the monostatic RCS were —28.84 dBsm (x-pol) and
—26 dBsm (y-pol) at 6.6 and 6.3 GHz, respectively. Spe-
cially, four clusters of 4 x 4 S-shaped MTS elements of the
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proposed quadri-cluster broadband CP sequentially-rotated
MTS-based antenna array can be reduced the RCS of the
antenna array. In addition, the PCR of the S-shaped MTS ele-
ment achieved a broadband circular-polarization conversion
(Figure 7), which is consistent with the RCS reduction of the
antenna array (Figure 9) between 4-8 GHz.

IV. PARAMETRIC STUDY

The parametric study was conducted to determine the effects
of key parameters of the sequentially-rotated feed network
on the IBW and ARBW of the quadri-cluster broadband CP
sequentially-rotated MTS-based antenna array. Specifically,
the parametric study was consistent with the characteris-
tic impedance variables of the proposed sequentially-rotated
feed network. The key parameters under study included the
feed line length (Ly: Zy), the slanted line length (L,: Z1, Z3,
Zs, Z7), the width of the ring-shaped section between Clusters
Tand IT (W3: Z,), the width of the ring-shaped section between
Clusters II and IIT (Ws: Z4), the width of the ring-shaped
section between Clusters II and IIT (W7: Zg), the width of the
slanted line of Cluster I (W»: Z1, Wy: Z3), and the width of the
slanted line of Cluster III (Ws: Zs, Wg: Z7). (Note: Wi = Wy,
Wy = Wy and Wg = Wy).

A. EFFECT OF FEED LINE LENGTH (Lg)

Figures 10(a)-(b) show the simulated IBW and ARBW
under different feed line lengths (Ly): 32, 34, and 36 mm,
given |S;;] < —10 dB and AR < 3 dB. As shown
in Figure 10(a), the IBW covered 4-8.6 GHz and 4-8.5 GHz
for Ly = 32 and 34 mm, respectively. For Ly = 36 mm,
an impedance mismatch (|S11| > —10 dB) occurred between
5.8-6.6 GHz. In Figure 10(b), AR was greater than 3 dB
between 6.9-7.1 GHz for Ly = 32 mm. The ARBW covered
4.3-7.63 GHz and 4.3-6.7 GHz for Ly = 34 and 36 mm,
respectively. The optimal Ly was 34 mm since the ARBW of
Ly =34 mm was wider than that of Ly = 36 mm. The relation
between Ly and Zy was as follows: 32, 34, 36 mm, and 48,
50, 41 €, respectively. The optimal Ly was 34 mm, which
is consistent with the input impedance Zy of 50 €2, since the
ARBW of Ly = 34 mm was wider than that of Ly = 36 mm.
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FIGURE 10. Simulated results of the quadri-cluster broadband CP
sequentially-rotated MTS-based antenna array under variable Ly: (a) IBW,
(b) ARBW.

B. EFFECT OF SLANTED LINE LENGTH (L,)

Figures 11(a)-(b) show the simulated IBW and ARBW under
different slanted line lengths (L,): 13, 15, and 17 mm, given
|S11] < —10 dB and AR < 3 dB. As shown in Figure 11(a),
an impedance mismatch occurred at 6.8 GHz for L, =
13 mm. The IBW were between 4-8.5 GHz for L, = 15 and
17 mm. In Figure 11(b), AR was greater than 3 dB between
3.9-5.2 GHz and 7-7.4 GHz for L, = 13 mm; and at 7 GHz
and between 7.2-7.4 GHz for L, = 17 mm. For L, = 15 mm,
the ARBW (AR < 3 dB) covered 4.3-7.63 GHz. The relation
between L, and Z;, Z3, Zs, Z7 shows in Table 2. Specially,
as L, increased, Z7 was increased. As a result, the optimal L,
was 15 mm, which is consistent with Zy, Z3, Zs, Z7 of 100,
120, 120, 52 €2, respectively.

TABLE 2. Relation between Lq and Z,, Z5, Z5, Z;.

L, (mm) Zi () Z; () Z5 () Z; ()
13 83 97 82 34
15 100 120 120 52
17 97 116 114 71

C. EFFECT OF WIDTH OF RING-SHAPED SECTION
BETWEEN CLUSTERS 1 AND Il (W5)

Figures 12(a)-(b) illustrate the simulated IBW and ARBW
under variable widths of the ring-shaped section between
Clusters I and II (W3): 1.2, 1.4, and 1.6 mm. As W3
increased from 1.2 to 1.6 mm, |S{| of the first and third
resonances deteriorated (from —28.5 dB to —18 dB and
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FIGURE 11. Simulated results of the quadri-cluster broadband CP
sequentially-rotated MTS-based antenna array under variable L;:
(a) IBW, (b) ARBW.

—39 dB to —23 dB, respectively), while that of the second
resonance improved. The AR was larger than 3 dB at 7 and
7.4 GHz for W3 = 1.2 and 1.6 mm, respectively. The ARBW
(AR < 3 dB) covered 4.3-7.63 GHz for W3 = 1.4 mm. The
relation between W3 and Z, was as follows: 1.2, 1.4, 1.6 mm,
and 97, 80, 68 €2, respectively. As W3 increased, Z, was
decreased. As a result, the optimal W3 was 1.4 mm, which
is consistent with Z, of 80 .

D. EFFECT OF WIDTH OF RING-SHAPED SECTION
BETWEEN CLUSTERS 11 AND 11l (Ws)

Figures 13(a)-(b) illustrate the simulated IBW and ARBW
under variable widths of the ring-shaped section between
Clusters II and III (Ws): 0.4, 0.6, and 0.8 mm. As Ws
increased from 0.4 to 0.8 mm, |S;;| of the first and third
resonances improved (from —20 dB to —26 dB and —22.5 dB
to —32.5 dB, respectively), while that of the second reso-
nance deteriorated. The AR was larger than 3 dB between
7.3-7.4 GHz and 6.9-7.2 GHz for W5 = 0.4 and 0.8 mm,
respectively. The relation between Ws and Z4 was as follows:
0.4, 0.6, 0.8 mm, and 68, 62, 59 2, respectively. As Ws
increased, Z4 was decreased. For W5 = 0.6 mm, the ARBW
(AR < 3 dB) was between 4.3—7.63 GHz, which is consistent
with Z4 of 62 Q.

E. EFFECT OF WIDTH OF RING-SHAPED SECTION
BETWEEN CLUSTERS 111 AND IV (W)
Figures 14(a)-(b) illustrate the simulated IBW and ARBW

under variable widths of the ring-shaped section between
Clusters IIT and IV (W7): 0.2, 0.4, and 0.6 mm. As Wy
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Frequency (GHz)
(b)
FIGURE 12. Simulated results of the quadri-cluster broadband CP

sequentially-rotated MTS-based antenna array under variable Ws:
(a) IBW, (b) ARBW.

1S}, 1 (dB)

Frequency (GHz)
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- — W0.4mm
—— W=0.6mm

Frequency (GHz)
(b)

FIGURE 13. Simulated results of the quadri-cluster broadband CP
sequentially-rotated MTS-based antenna array under variable Ws:
(a) IBW, (b) ARBW.

increased from 0.2 to 0.6 mm, |Sq;| of the first and third
resonance deteriorated (from —24 dB to —22 dB and —34 dB
to —22.5 dB, respectively), while that of the second resonance
improved. The AR was larger than 3 dB at 7 GHz and
7.2-7.4 GHz for W7 = 0.2 and 0.6 mm, respectively.
The widest ARBW (4.3-7.63 GHz) was achieved with
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FIGURE 14. Simulated results of the quadri-cluster broadband CP
sequentially-rotated MTS-based antenna array under variable W;:
(a) IBW, (b) ARBW.

W7 = 0.4 mm. The relation between W7 and Zs was as
follows: 0.2, 0.4, 0.6 mm, and 56, 52, 43 €, respectively.
As Wy increased, Zg was decreased. As a result, the optimal
W7 was 0.4 mm, which is consistent with Zg of 52 €.

F. EFFECT OF WIDTH OF SLANTED LINE OF

CLUSTER I (W)

Figures 15(a)-(b) illustrate the simulated IBW and ARBW
under variable widths of the slanted line of Cluster I (W5):
0.2, 0.4, and 0.6 mm. As W, increased from 0.2 to 0.6 mm,
|S11] of the first and third resonances deteriorated (from
—30.5dB to —19 dB and —29 dB to —25 dB, respectively),
while that of the second resonance improved. The ARBW
(AR < 3 dB) were between 4.2-7.3 GHz and 4.2-7.63 GHz
for W3 = 0.2 and 0.4 mm, respectively. Meanwhile, the AR
was larger than 3 dB at 7 GHz for W, = 0.6 mm. The ARBW
of W3 = 0.4 mm was slightly wider than that of W3 = 0.2,
so W3 = 0.4 mm was selected, which is consistent with Z;, Z3
of 100, 120 €2, respectively. The relation between Wr, = Wy
and Z1, Z3 shows in Table 3. As W, = W increased, both Z;
and Z3 were increased.

TABLE 3. Relation between W, = W, and Z,, Z5.

W;= W, (mm) Z; () Z; ()
0.2 97 118
0.4 100 120
0.6 105 123

G. EFFECT OF WIDTH OF SLANTED LINE OF
CLUSTER IIl (W)

Figures 16(a)-(b) illustrate the simulated IBW and ARBW
under variable widths of the slanted line of Cluster III
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Frequency (GHz)
(b)

FIGURE 15. Simulated results of the quadri-cluster broadband CP
sequentially-rotated MTS-based antenna array under variable W,:
(a) IBW, (b) ARBW.

TABLE 4. Relation between Wg = Wg and Z5, Z;.

Ws=Ws (mm) Zs () Z;(Q)
0.5 115 49
0.7 120 52
09 122 55

(We):0.5,0.7, and 0.9 mm. An impedance mismatch occurred
at 5 GHz for Wg = 0.5 mm, while |S1;| was between
4-8.5 GHz for Wg = 0.7 and 0.9 mm. The variation in Wg had
a minimal effect on the ARBW of the quadri-cluster broad-
band CP sequentially-rotated MTS-based antenna array,
as shown in Figure 16(b). The relation between Wg = Wy
and Zs, Z7 shows in Table 4. As Wy = Wy increased, both Zs
and Z7 were increased. The optimal Wg = Wg was 0.7 mm,
which is consistent with Zs, Z7 of 120, 52 €2, respectively.

V. EXPERIMENTAL RESULTS

To validate the simulation results, a prototype antenna was
fabricated by the PCB fabrication technology and exper-
iments were carried out. Figure 17 depicts the front and
rear of the quadri-cluster broadband CP sequentially-rotated
MTS-based antenna array prototype for C-band satellite com-
munications. In the antenna fabrication, the left and right
sides of the substrates of the prototype antenna were 3 mm
wider than the antenna schematic (Figure 5) so as to mount
the three substrate layers together.

Figure 18 shows the measurement setup in an ane-
choic chamber, where the prototype antenna was used as
the receiving antenna and the standard CP spiral anten-
nas (ETS-Lindgren Model 3102 Series Conical Log Spiral
antennas [37]) was used as the transmitting antenna. A pair
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Frequency (GHz)
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FIGURE 16. Simulated results of the quadri-cluster broadband CP
sequentially-rotated MTS-based antenna array under
variable Wg: (a) IBW, (b) ARBW.

of ETS-Lindgren Model 3102 Series Conical Log Spiral
antennas was used to verify the LHCP and RHCP radiations
of the prototype antenna, as shown in Figure 19.

The far-field region is the distance requirement between
the transmitting antenna and receiving antenna. The distance
was more than R meters that can be determined by (14)

R > 2_D2 (14)
- A
where R is the distance between the transmitting antenna
and receiving antenna, D is the largest dimension of the
antenna under test, and A is the shortest wavelength along the
operating frequency. In this case, the distance of 4 meters was
used.

The experiments were measured by using a vector net-
work analyzer (ZVB 20 model). The measurement procedure
consisted of two steps. The first step was to calibrate the
vector network analyzer using a calibration kit (ZV-Z235).
The second step was the measurement. The antenna perfor-
mance metrics included the magnitude of reflection coeffi-
cient (|S11]), AR, radiation pattern, and gain.

The AR was carried out by measurement of the electric
field from LHCP and RHCP radiations of the transmitting
antenna. The co-polarization (co-pol) and cross-polarization
(x-pol) of the electric field between the transmitting and
receiving antennas were corresponding to the same sense
(IE¢co—pot 1) and opposite sense (Ex_po;), respectively. The pro-
totype antenna radiates LHCP (Figure 6). The co-polarization
and cross-polarization are consistent with LHCP and RHCP
radiations, respectively. The AR can be determined from
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FIGURE 17. Prototype of the quadri-cluster broadband CP
sequentially-rotated MTS-based antenna array: (a) front view, (b) rear
view.

\\\\

> \ tenna Under Test Sy

~ D - \\\

FIGURE 19. ETS-lindgren model 3102 series conical log spiral antennas.

equation (15) as [38]

’Ecofpul| + ‘Exfpol‘
AR(dB) = 20! , 15
@5 o8 < \Eco—pal| - |Ex—pol| )

where |E¢o_por| and |E;_p| are the electric field magnitude
of the co-polarization and cross-polarization respectively,
between the transmitting and receiving antennas.

Figures 20(a)-(b) compare the simulated and measured
IBW and ARBW of the quadri-cluster broadband CP
sequentially-rotated MTS-based antenna array at 5.9 GHz
(the center frequency), given |S11| < —10dB and AR <3 dB.
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FIGURE 20. Simulated and measured results of the quadri-cluster
broadband CP sequentially-rotated MTS-based antenna array: (a) IBW,
(b) ARBW.

The simulated IBW and ARBW were 74.57% (4-8.4 GHz)
and 56.4% (4.3-7.63 GHz, respectively), and the measured
IBW and ARBW were 87.74% (4-9 GHz) and 57.6%
(4.2-7.6 GHz, respectively). The simulated and measured
results were agreeable.

Figures 21(a)-(c) show the simulated and measured LHCP
and right-hand circular polarization (RHCP) radiation pat-
terns of the quadri-cluster broadband CP sequentially-rotated
MTS-based antenna array in the xz- and yz-planes at 4.3,
5.9, and 7.6 GHz, respectively. The simulated and mea-
sured LHCP were in good agreement, while those of RHCP
were satisfactorily agreeable. Since the upper measured
ARBW (AR < 3 dB) of the quadri-cluster broadband
CP sequentially-rotated MTS-based antenna array was at
7.63 GHz (Figure 20(b)), the LHCP and RHCP radiation
patterns were thus simulated and measured at 7.6 GHz
(Figure 16(c)).

Figures 22(a)-(b) compare the simulated and mea-
sured boresight gain bandwidth and radiation efficiency
of the quadri-cluster broadband CP sequentially-rotated
MTS-based antenna array. The simulated and measured
3-dB boresight gain bandwidths were 55.9% (3.9-7.2 GHz)
and 81.3% (3.9-8.7 GHz), respectively. The relatively large
differences between the simulated and measured 3-dB
boresight gain bandwidth and radiation efficiency were
attributable to the wider measured IBW (4-9 GHz), vis-a-vis
the simulated IBW (4-8.4 GHz), as shown in Figure 20(a).
Also, the measured radiation efficiency beyond 8 GHz was
improved with the same reason. The simulated and measured
maximum gains were 10.34 dBic at 5.7 GHz and 10.04 dBic
at 5.6 GHz, respectively.

Overall, the measured radiation efficiency over the C-band
frequency spectrum (4-8 GHz) was more than 60%.
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TABLE 5. Comparison between existing CP MTS-based antenna arrays and the quadri-cluster broadband CP sequentially-rotated MTS-based antenna

array.
References fo -10-dB IBW 3-dB ARBW 3-dB boresight gain BW  Maximum gain Electrical dimension
(GHz) (%) (%) (%) (dBic)

[19] 6.4 32.60 26.35 Not given 13.50 2.06 49 x 2.06 19 % 0.080 4,
[20] 5.9 58.06 41.67 37.30 12.08 1.26 29 % 1.26 29 % 0.046 4,
[33] 9.0 13.80 21.11 Not given 11.20 1.81 29 x 1.81 29 x 4.280 4
[36] 52 34.60 34.60 23.90 12.15 1.34 4y x 1.34 2, % 0.006 2,
[39] 5.0 38.60 32.00 Not given 11.18 1.40 2y x 1.40 19 x 0.069 4,
[40] 9.6 54.68 40.00 30.70 12.20 1.45 29 x 1.45 29 % 0.072 49

This work 5.9 84.74 57.60 81.30 10.04 0.90 4 x 0.90 4, x 0.053 4,

Ao: the free-space wavelength at the lowest operating frequency of the CP MTS-based antenna arrays

fo: the center frequency of the CP MTS-based antenna arrays

90270
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—— Simulated LHCP —— Simulated RHCP
—o— Measured LHCP — =— Measured RHCP

180 180
XZ-plane YZ-plane

—— Simulated LHCP —— Simulated RHCP
—o— Measured LHCP — =— Measured RHCP

180 180
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Simulated LHCP —— Simulated RHCP
—o— Measured LHCP — >— Measured RHCP
(c)

FIGURE 21. Simulated and measured LHCP (co-polarized) and RHCP
(cross-polarized) radiation patterns at: (a) 4.3 GHz, (b) 5.9 GHz,
(c) 7.6 GHz.

In addition, the quadri-cluster broadband CP sequentially-
rotated MTS-based antenna array could achieve IBW and
ARBW of 87.74% (4-9 GHz) and 57.6% (4.2-7.6 GHz),

VOLUME 9, 2021

z 100
—— Simulated gain
244 — — Measured gain
~-> . .
BN — - —Simulated efficiency| | go
L ,\.M-"\.ﬁ\j;\ —-=:-Measured efficiency §
. 7 . S
18477 - N =
! . - ~ 9
2
I
£
£
=
S
E=]
R}
E

Frequency (GHz)

FIGURE 22. Simulated and measured boresight gain bandwidth and
radiation efficiency of the quadri-cluster broadband CP
sequentially-rotated MTS-based antenna array.

respectively. The wide IBW and ARBW thus render
the quadri-cluster sequentially-rotated MTS-based antenna
scheme suitable for satellite communication applications.

Table 5 compares the existing CP MTS-based antenna
arrays with the proposed quadri-cluster broadband CP
sequentially-rotated MTS-based antenna array with respect
to IBW, 3-dB ARBW, 3-dB boresight gain bandwidth, maxi-
mum gain, and electrical dimension. In [19], the 2 x 2 MTS-
based antenna array with sequentially-rotated feed network
achieved high gain but suffered from narrow IBW and
ARBW. Besides, the antenna design was very complex since
through-holes had to be drilled between M TS and the ground
plane substrate.

In [20], the MTS-based antenna array using sequentially-
rotated series-parallel feed network achieved wide IBW and
ARBW but suffered from bulkiness. In [33], the 2 x 2 multi-
layered MTS slot antenna array achieved high gain but narrow
IBW and ARBW. The antenna was very bulky due to the
large air gap between the MTS substrate and the slot antenna
substrate. In [36], the 2 x 2 MTS-based slot antenna array
using sequentially-rotated feed network achieved high gain
but narrow IBW and ARBW, apart from bulkiness.

In [39], the dual-feeding MTS-based antenna array suf-
fered from bulkiness and the IBW and ARBW were narrow.
In addition, the antenna feed network design was complex.
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In [40], the antenna achieved wide IBW and ARBW but
suffered from bulkiness.

In addition, the quadri-cluster of S-shaped MTS ele-
ments performed as circularly polarized (CP) antenna arrays.
In order to achieve a perfectly circular polarization, it required
four-ports of the feed network to provide the phase quadra-
ture with equal magnitude. The sequentially-rotated feed
network was proposed to serve that requirement. Also,
the sequentially-rotated feed network was fed by a single-fed
of the coplanar waveguide functioning as an input port.
The quadri-cluster of S-shaped MTS elements CP antenna
arrays with sequentially-rotated feed network can enhance
the performance of the single-cluster of S-shaped MTS ele-
ments, in terms of the IBW (84.74%, 4-9 GHz), 3-dB
ARBW (57.6%, 4.2-7.6 GHz), as well as 3-dB bore-
sight gain bandwidth (81.3%, 3.9-8.7 GHz). The wideband
and low RCS of the proposed quadri-cluster broadband
CP sequentially-rotated MTS-based antenna array was far
below —13.25 dBsm, consistent with the CP conversion
at the operating frequency. The wide IBW, ARBW, and
low RCS thus render the quadri-cluster sequentially-rotated
MTS-based antenna scheme suitable for satellite communi-
cation applications.

VI. CONCLUSION

This research proposed a compact quadri-cluster broadband
CP sequentially-rotated MTS-based antenna array for C-
band satellite communications. One cluster of the quadri-
cluster antenna array consisted of 4 x 4 periodically-arranged
S-shaped MTS elements. In the study, simulations were
first carried out for the optimal parameter dimensions, and
an antenna prototype was fabricated and experiments were
undertaken. The simulated IBW and ARBW at the center
frequency (5.9 GHz) were 74.57% (4-8.4 GHz) and 56.4%
(4.3-7.63 GHz), given |S11| < —10 dB and AR < 3 dB, with
the 3-dB boresight gain bandwidth of 55.9% (3.9-7.2 GHz),
and low radar cross-section. The measured IBW, ARBW,
and 3-dB boresight gain bandwidth were 87.74% (4-9 GHz),
57.6% (4.2-7.6 GHz), and 81.3% (3.9-8.7 GHz), respec-
tively. Besides, the measured maximum gain and radiation
efficiency were 10.04 dBic at 5.6 GHz and over 60% in the
C-band frequency spectrum. The results also showed that
the simulated and measured LHCP radiation patterns were
in good agreement. Essentially, the wide IBW and ARBW
of the quadri-cluster broadband CP sequentially-rotated
MTS-based antenna array of 87.74% (4-9 GHz) and 57.6%
(4.2-7.6 GHz) render the proposed antenna scheme opera-
tionally suitable for satellite communications into CP wave
by the S-shaped MTS elements.
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