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ABSTRACT This research proposes omnidirectional circularly polarized monopole antennas (OCPA) with
single-annular (SA-AMC) and dual-annular artificial magnetic conductor (DA-AMC) ground planes. The
aim of the proposed antenna scheme is to circumvent the design rigidity of conventional OCPA whose
inherent shortcoming is fixed bottom ground plane size. The OCPA with SA-AMC ground plane consists of
a monopole element, four diagonally adjoined parasitic elements to convert linear to circular polarizations,
and an SA-AMC ground plane. The OCPA with DA-AMC ground plane consists of a monopole element, four
diagonally adjoined parasitic elements, and a DA-AMC ground plane. Unlike the conventional OCPA, the
bottom ground plane radius (R) of the OCPA with SA- and DA-AMC ground planes can be varied between
18.4 - 188.4 mm; and 29.2 — 119.2 mm, respectively, without affecting the omnidirectionality and impedance
and axial ratio (AR) bandwidths of the OCPA. Furthermore, the SA- and DA-AMC ground planes effectively
improve the impedance (|S11| < — 10 dB) and AR bandwidths (AR < 3 dB) while reducing leakage current
on the coaxial feeder cable. The measured |Si;| and AR bandwidths of the OCPA with SA-AMC ground
plane, given the optimal R, of 18.4 mm, are 8.08% (5.34 —5.79 GHz) and 4.38% (5.36 — 5.60 GHz), while
those of the OCPA with DA-AMC ground plane, given the optimal Ry of 29.2 mm, are 14.37% (5.10 —
5.89 GHz) and 19.85% (4.90 — 5.98 GHz). The novelty of this research lies in the use of SA- and DA-AMC
structures to circumvent the design rigidity of the conventional OCPA. Essentially, the integration of the
AMC structures offers design flexibility in the realization of OCPA.

INDEX TERMS Artificial magnetic conductor, circular polarization, monopole antenna, omnidirectional
pattern.

I. INTRODUCTION

Unlike linearly polarized antennas, circularly polarized (CP)
antennas contribute to reducing the effects of multipath fad-
ing and polarization mismatch loss in the radio link. As a
result, CP antennas are widely used in wireless commu-
nication devices. Modern wireless communication devices
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require CP antennas with omnidirectionality for a variety of
applications, such as wireless local area network (WLAN),
sensor network, mobile satellite, and 5G mobile technology.
A large number of studies have focused on omnidirectional
circularly polarized antennas (OCPAs) [1], [2], [3], [4], [5],
(61, [71, [81, [91, [10], [11], [12], [13], [14], [15], [16], [17],
[18], [19], [20], [21], [22], [23].

A typical OCPA consists of horizontal radiating elements
on the ground plane and vertical elements [1], [4], [5], [6],
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(71, [81, [91, (101, [11], [12], [14], [15], [16], [17], [18], [19],
[20]. The phase difference between the electric current of
the horizontal elements (i.e., horizontal component) and the
vertical elements (vertical component) must be 90° to gener-
ate circular polarization. Previous studies demonstrated that
the ground plane size or radius largely affects the horizontal
component of circular polarization [1], [4], [5], [6], [7], [8],
(91, [10], [11], [12], [14], [15], [16], [17], [18], [19], [20].
Specifically, in [2], [3], [13], [21], [22], and [23], OCPAs with
polarizer-like parasitic elements were proposed to convert
linear polarization (LP) to circular polarization. However, the
existing research studies attach little emphasis to the effect
of variable ground plane sizes or radii on the impedance and
axial ratio bandwidths, radiation pattern, and leakage current.

The ground plane size plays an important role in the design
and performance of OCPA [1], [3], [15]. Excessive OCPA
ground plane sizes result in non-circular polarization or non-
omnidirectional CP radiation. Meanwhile, if the ground plane
size is too small, an external balun is required to reduce
leakage current on the coaxial cable and achieve omnidirec-
tionality [11], [14], [15].

To the best of the authors’ knowledge, very limited
attempts have been made to address the shortcomings of the
conventional OCPAs. In [16], a low-profile wideband CP
circular patch antenna with two monopolar modes connected
to a modified ground plane by conductive vias could achieve
omnidirectional CP but failed to reduce the leakage current
on the coaxial cable. In [17], a patch antenna with vortex
slots and shorting vias could achieve omnidirectional CP but
narrow impedance and AR bandwidths.

In this research, two artificial magnetic conductor (AMC)
structures are utilized to circumvent the design rigidity of the
ground plane size while improving the impedance and AR
bandwidths and reducing the leakage current. The proposed
AMC structures include the single-annular (SA-AMC) and
dual-annular AMC (DA-AMC) structures, which are used as
the OCPA ground plane. The SA-AMC ground plane has
an annular containing eight circularly arrayed fan-shaped
unit cells without vias, and the DA-AMC ground plane has
two annuli (inner and outer annuli). The inner and outer
annuli of the DA-AMC contain eight and fifteen circularly
arrayed fan-shaped unit cells without vias. The AMC tech-
nology has been used in antenna development to achieve
bandwidth enhancement, low-profile design, and radiation
improvement [24], [25], [26], [27], [28], [29], [30], [31].
Unlike in [31] whose similar annular AMC structure requires
vias, the proposed SA- and DA-AMC ground planes are
realized without vias.

Specifically, this research proposes omnidirectional cir-
cularly polarized monopole antennas with SA-AMC and
DA-AMC ground planes for Internet of Things (IoT) appli-
cations, such as intelligent transport systems and vehicle-
to-vehicle communication. The SA- and DA-AMC ground
planes improve the impedance (|S1;] < —10 dB) and
AR bandwidths (AR < 3 dB) of the OCPA while reduc-
ing the leakage current on the bottom ground plane and
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FIGURE 1. Geometry of the omnidirectional circularly polarized
monopole antennas under study: (a) Structure A, (b) Structure B,
(c) Structure C, (d) diagonally-adjoined parasitic element,

(e) cross-sectional view of Structure C.

coaxial feeder cable. The reduced leakage current could be
attributed to high impedance on the surface of the SA- and
DA-AMC structures. Unlike the conventional OCPA which
suffers the design rigidity (i.e., the fixed ground plane size;
39.2 mm), the integration of SA-AMC or DA-AMC ground
plane with the OCPA affords the antenna developers with
design flexibility (i.e., the adjustable AMC ground plane
sizes; 18.4 — 188.4 mm for the SA-AMC ground plane; and
29.2 — 119.2 mm for the DA-AMC ground plane).

Moreover, in this research, the OCPAs with SA- and
DA-AMC ground plane are experimented with an aluminum
installation base of different radii (119.2 and 188.4 mm) to
investigate the effect of the installation base on the omnidi-
rectionality of OCPA, given the bottom ground plane radius
(Rg) of 18.4 mm and 29.2 mm for the SA- and DA-AMC
structures, respectively.

The organization of this paper is as follows: Section I is
the introduction. Section II details the antenna configura-
tion. Section III describes the characteristics of OCPAs with
conventional ground plane, and Section IV deals with the
characteristics of OCPA with AMC ground planes. Section V
discusses the effect of the AMC on CP waves and leakage
current. The concluding remarks are provided in Section VI.

1. ANTENNA CONFIGURATION AND EFFECTS ON
LEAKAGE CURRENT

Fig. 1(a) shows the conventional OCPA (i.e., Structure A).
Figs. 1(b) and (c) show the proposed OCPAs with
SA-AMC (Structure B) and DA-AMC ground plane
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TABLE 1. Optimal dimensions of structure B (Unit: mm).

L, R, &p Wi w2 Spb
16.20 3.90 1.00 7.20 7.20 1.00
0.297 A, 0.071A, | 0.0182. | 0.132 0.132A. | 0.018 A,

v Ry b Iob Ru Ry
0.50 11.50 11.50 0.5 9.00 7.40
0.0092A. | 0211X. | 0.211 A, | 0.0092 A, 0.165\. | 0.1352,
Su Rg hs tc Rcoax
1.00 18.40 3.20 0.018 1.80
0.018 A, 0.337A. | 0.058A. | 0.0003A. 0.033 A
TABLE 2. Optimal dimensions of structure C (Unit: mm).

L, R, &p w1 W Spb
15.5 3.4 1.00 7.40 7.40 1.50
0.284A, 0.062A, 0.018A, 0.135A, 0.135A, 0.027A,
v Ry I 1o Rui R
0.50 12.50 11.50 0.5 9.00 9.20
0.0092), | 0.2292, 0.211A, 0.00922, 0.165A, 0.168A,
Ry f R, hy 1 Reoax
8.00 1.00 29.20 3.20 0.018 1.80
0.146) 0.018A, 0.535M, 0.058A, 0.0003%, | 0.033%,

AMC
Unit Cell

FR4
Substrate

Bottom
Ground
Plane

FIGURE 2. Geometry of AMC model to simulate the reflection phase.

(Structure C). Figs. 1(d) and (e) illustrate the geometry of a
diagonally-adjoined parasitic element and the cross-sectional
view of Structure C, respectively.

The structural parameters of Structure A are as follows:
L, =169 mm, Ry = 3.9 mm, Ryt = 7.4 mm, Ry = 39.2 mm,
gp=1mm, hy =3.2mm, w; =wy =7.2mm, v = 0.5 mm,
hpp = 11.5 mm, and spp = 1.0 mm. The top ground plane (Ry)
of Structure A sits on a substrate (turquoise color) and a large
bottom ground plane (Ry) of perfect electric conductor (PEC)
underneath the substrate, as shown in Fig. 1(a). In addition,
four diagonally adjoined parasitic elements to convert LP to
CP encircle the monopole element.

Structure B consists of a monopole element with a radius
of Ry, four diagonally adjoined parasitic elements suspended
over the top ground plane (with a radius of Rgy) at a height of
hpb to covert linear to circular polarization, and an SA-AMC
ground plane. Structure C consists of a monopole element,
four diagonally adjoined parasitic elements, and a DA-AMC
ground plane. Tables 1 and 2 tabulate the optimal dimensions
of Structures B and C, where A is the free-space wavelength
at 5.5 GHz.
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FIGURE 3. Surface current distribution given the top ground plane radius
(Rp) of 3 mm at 5.5 GHz: (a) a typical monopole antenna with a ground
plane radius (Rg) of 18 mm (0.33)¢), (b) Structure A with Rg =29.2 mm
(0.544¢), (c) Structure B with Rg = 18.4 mm (0.341¢), (d) Structure C with
Rg =29.2 mm (0.54)c), (e) cross-sectional view of Structure C,

(f) Structure A with Rg = 18.4 mm (0.34Ac).

The SA-AMC ground plane has one annular containing
8 circularly arrayed fan-shaped unit cells with equal spac-
ing (gu), and the DA-AMC ground plane has two annuli
(inner and outer annuli). The inner and outer annuli of the
DA-AMC contain 8 and 15 circularly arrayed fan-shaped
unit cells with equal spacing (g,), respectively. The AMC
fan-shaped unit cells are 18um in thickness, arrayed on top
of the substrate with a radius (R,) of 18.4 mm (for Structure
B) and 29.2 mm (for Structure C). The dielectric substrate
(turquoise color) is of Chukoh CGP-500A substrate (e =
2.6 and tan § = 0.0025). The top ground plane is connected to
the bottom ground plane by the coaxial feeder cable through
a through-hole.

Fig. 2 shows the geometry of the AMC model (i.e., Struc-
ture C) to simulate the reflection phase. In the design, the
parameters of AMC ground plane are optimized using the
analysis model technique. In [29], analysis modeling was
used to optimize the parameters of the proposed circular high
impedance surface (HIS). The simulation is carried out using
CST Microwave Studio with perpendicular incident wave at
6 = 0°, and the entire AMC structure is enclosed in the
absorbing boundaries of perfectly matched layer (PML). The
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simulated reflection phase of 0° is achieved near the target
frequency of 5.5 GHz.

Figs. 3(a)-(d) show the surface current distribution at
5.5 GHz of a typical monopole antenna, the conventional
OCPA (Structure A), the OCPA with SA-AMC ground
plane (Structure B), and the OCPA with DA-AMC ground
plane (Structure C). Meanwhile, Figs. 3(e) and (f) show
the surface current distribution between the top and bottom
ground planes of Structure C; and the current distribution
of Structure A given R = 18.4 mm (to compare with
Structure B in Fig. 3(c)).

In Fig. 3(a), strong leakage current is visible on the coax-
ial feeder cable and the monopole radiator (given Ry =
18 mm (0.33A.)), resulting in impedance mismatch and non-
omnidirectionality. In Fig. 3(b) (Structure A), given Ry =
29.2 mm (0.54A.), the leakage current on the coaxial feeder
cable is substantially reduced, vis-a-vis the typical monopole
antenna (Fig. 3(a)). The weaker leakage current is attributable
to the larger ground plane of Structure A.

In Fig. 3(c) (Structure B), given Ry = 18.4 mm (0.34A.),
the leakage current on the coaxial feeder cable of Structure
B is further reduced, vis-a-vis the typical monopole antenna
(Fig. 3(a)) and Structure A (Fig. 3(b)). Besides, strong cur-
rent resonance is visible around the center of the SA-AMC
ground plane. In Fig. 3(d) (Structure C), given Ry = 29.2 mm
(0.54A;), the leakage current on the coaxial cable is signif-
icantly reduced. The current resonance is strong around the
center of the DA-AMC ground plane. The significantly lower
leakage current could be attributed to the double annuli of the
AMC structure of Structure C.

Fig. 3(e) shows the surface current between the top and
bottom ground planes of Structure C. The top ground plane
is connected to the bottom ground plane by the coaxial feeder
cable through a through-hole. The surface currents are con-
centrated around the center of the top and bottom ground
planes as well as on the coaxial feeder cable.

In the SA- and DA-AMC ground planes, the through-hole
at the center serves as inductance (L), the circularly arrayed
fan-shaped unit cells as inductance (L,,Ly), the space
between unit cells as capacitance (C,,Cy), and the space
between unit cells and the bottom ground plane as capaci-
tance (Cg), where the subscripts r and ¢ indicate the radial
and circumferential components in the AMC. The current res-
onance on Structures B and C in the radial and circumferential
directions are attributable to the parallel resonators of Lg, L,
and Cg; and Ly, Cy and C, [32]. The lower leakage current is
attributable to high impedance on the surface of Structures B
and C.

Ill. CHARACTERISTICS OF OCPAS WITH CONVENTIONAL

GROUND PLANES (STRUCTURE A)
Fig. 4(a) show the simulated impedance bandwidth (|S1{| <

— 10 dB) of Structure A under various Ry: 9.4, 39.2, 54.0,
75.0, and 100.0 mm. Given the target center frequency of
5.5 GHz, the bottom ground plane radius (R;) > 39.2 mm
could achieve satisfactory impedance matching.
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FIGURE 4. Simulated |S;; | of Structure A under different bottom ground

plane radii (Rg) and the corresponding AR given Rg = 9.4 mm at (9, ¢) =
(90°, 0°) and Rg = 39.2 - 100.0 mm at (9, ¢) = (75°, 0°): a) |Sy; |, b) AR.
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FIGURE 5. Simulated radiation patterns of Structure A under different
bottom ground plane radii (Rg): (a) xy-, (b) xz-plane.

Fig. 4(b) also shows the simulated AR of Structure A
under various Rg, given that the minimum AR are achieved
at the elevation and azimuth angles (0, ¢) of 90°, 0° for
Ry = 9.4 mm and at (0, ¢) = (75°, 0°) for Ry = 39.2 —
100.0 mm. The optimal Rg is 39.2 mm. As R, becomes
smaller (< 39.2 mm), the leakage current is generated on
the coaxial feeder cable (as shown in Fig. 3(f)), resulting in
higher AR. Meanwhile, as Ry becomes larger (> 39.2 mm),
the cross-polarization levels (XPL) increase, resulting in AR
deterioration. Essentially, the AR of Structure A (i.e., the
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FIGURE 6. Prototype of Structure B: (a) Perspective view, (b) Top view.

conventional OCPA) is sensitive to the bottom ground plane
size or radius (Ry). As a result, the optimal Ry of Struc-
ture A is 39.2 mm (0.72A.), achieving the |Si| and 3-dB
AR bandwidths of 4.49% (5.380 —5.638 GHz) and 4.68%
(5.390 -5.638 GHz), respectively.

Figs. 5 (a)-(b) show the simulated xy- and xz-plane radia-
tion patterns of Structure A under different R, (9.4, 39.2, 54.0,
75.0, and 100.0 mm), given the target center frequency of
5.5 GHz. The xy- and xz-plane radiation patterns of Structure
A are near-circular polarization, given that Rg < 39.2 mm.
(Note: The radiation pattern is not circular polarization if
R, > 39.2 mm.) Given the optimal Ry of 39.2 mm, the
xz-plane half power beamwidth (HPBW) is 56° and the
xy- and xz-plane XPL, in relation to the left-hand circular
polarization (LHCP), are both —12.7 dB. The maximum gain
of Structure A antenna is 2.85 dBic. The larger ground plane
(Rg > 39.2 mm) underneath the substrate of Structure A
significantly tilts the elevation angle (6) of the main beam
direction upward from 90° to 75°.

In Structure A (i.e., the conventional OCPA), given R, <
39.2 mm and 5.5 GHz, the XPL is < — 15 dB, resulting in
AR < 3 dB, but AR exceeds 3 dB if R > 39.2 mm. As R,
decreases (Rg < 39.2 mm), the leakage current is generated
on the coaxial feeder cable, adversely affecting the impedance
matching.

Since the optimal bottom ground plane radius (Rg) of
Structure A must be 39.2 mm (Ry = 39.2 mm) to achieve
the near-omnidirectional CP radiation pattern, the conven-
tional OCPA (or Structure A) suffers from the design rigidity.
In other words, antenna developers are limited to the fixed
ground plane size (i.e., Ry = 39.2 mm). If R, < 39.2 mm,
the AR deviates from the target frequency; and if Ry >
39.2 mm, the radiation pattern shows high AR. To overcome
the shortcoming of the conventional OCPA (Structure A),
the subsequent section discusses the OCPA with SA- and
DA-AMC ground planes.

IV. CHARACTERIZATION OF ANTENNAS WITH GROUND
PLANES

A. OMNIDIRECTIONAL CIRCULARLY POLARIZED
MONOPOLE ANTENNA WITH SA-AMC (STRUCTURE B)

As previously discussed, the bottom ground plane radius (Ry)
affects the |S11| and AR bandwidths and radiation patterns of
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FIGURE 8. Simulated and measured |Sy; | of Structure B under variable
bottom ground plane radii (Rg): (a) the optimal Rg of 18.4 mm,
(b) variable Rg.

the conventional OCPA. To overcome the shortcomings of the
conventional OCPA, SA-AMC with the unit-cell radius of Ry
is incorporated into the antenna structure. To verify the simu-
lation results, a prototype of Structure B (i.e., the OCPA with
SA-AMC ground plane) was fabricated, and experiments
were subsequently carried out and results compared. Fig. 6
shows the prototype of Structure B based on the structural
parameters in Table 1.

In the prototype, Styrofoam is used to prop up the diago-
nally adjoined parasitic elements. The dieletric constants of
air (¢; = 1.00059) and Styrofoam (1.1) are almost identical,

81571



IEEE Access

P. Janpangngern et al.: OCPA on Atrtificial Magnetic Conductor Ground Plane

xy-plane

xz-plane
¢=0°

e LHCP R, =18.4 mm (Sim.)
® @ oo LHCP R,=18.4 mm (Meas.) -eeceae RHCP R,=18.4 mm (Meas.)
(@ (b)

e xy-plane
o 0=90°

RHCP R,=18.4 mm (Sim.)

e LHCP R, =18.4 mm (Sim.) RHCP R, =18.4 mm (Sim.)
----- LHCP R, =109.0 mm (Sim.) ~ ======== RHCP R, =109.0 mm (Sim.)

(c) (d)

P

xy-plane xz-plane

em— | HCP R, =119.2 mm (Sim.)
..... LHCP R, =119.2 mm (Meas.)

RHCP R, =119.2 mm (Sim.)
-------- RHCP R, =119.2 mm (Meas.)

© ®

Xy-plane xz-plane

e LHCP R, =188.4 mm (Sim.) RHCP R, =188.4 mm (Sim.)
..... LHCP R, =188.4 mm (Meas.) =--eeees RHCP R, =188.4 mm (Meas.)

(& (h)
FIGURE 9. Simulated and measured radiation patterns of Structure B at
5.5 GHz: (a) xy-plane for Rg= 18.4 mm (0.34)c), (b) xz-plane for Rg =
18.4 mm (0.34¢), (c) xy-plane for Rg = 109.0 mm (=21c), (d) xz-plane for
Rg = 109.0 mm (=21c), (e) xy-plane for Rg = 119.2 mm (=2.151¢),
(f) xz-plane for Rg = 119.2 mm (=2.15)), (g) xy-plane for Rg = 188.4 mm,
(h) xz-plane for Rg = 188.4 mm (=3.501¢).

resulting in a negligible effect on the antenna performance.
The monopole element is constructed from a copper rod,
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and the radius of the monopole element (R},) primarily influ-
ences the impedance matching. Additionally, the length of
the monopole element (L) significantly affects the resonance
frequency.

In Fig. 7, at 5.5 GHz, the simulated reflection phase in
both x- and y- polarizations of the SA-AMC ground plane
(Structure B) approach zero, with the reflection phase band-
width (AMC band) between —90° (upper frequency limit)
and +90° (lower frequency limit), covering 5.1 — 6.5 GHz
(24.13%).

Fig. 8(a) shows the simulated and measured |S11| of Struc-
ture B, given the optimal R, = 18.4 mm (Table 1). The
simulated and measured minimum impedance matching of
Structure B are —41.17 dB and —23.46 dB at 5.49 GHz. The
simulated and measured results are agreeable.

Fig. 8(b) shows the simulated and measured reflection
coefficients (|S11] < — 10 dB) of Structure B under different
Rg, whereby only the bottom ground plane (underneath the
substrate) is enlarged while the SA-AMC (i.e., the number
of unit cells and annular size) remains constant. The results
indicate that the impedance bandwidth (|S11| < — 10 dB)
of Structure B remains relatively constant at around 6.34%,
covering 5.34 — 5.69 GHz, despite the enlargement of R,
from 18.4 to 188.4 mm. For Ry > 188.4 mm, the simulated
and measured impedance bandwidths (|Sj;| < — 10 dB)
remain relatively unchanged. (Note: The simulated and mea-
sured |S11| for Ry > 188.4 mm are not included in the
manuscript.)

Figs. 9(a)-(b) respectively show the simulated and mea-
sured xy- and xz-plane radiation patterns of Structure B at
5.5 GHz, given Ry = 18.4 mm. The xy- and xz-plane radiation
patterns are omnidirectional. In Fig. 9(b), the HPBW is 73°;
and the XPL in the azimuth and elevation angles, relative
to the LHCP, are less than —15 dB. Figs. 9(c)-(d) show the
simulated radiation patterns of Structure B in the xy- and
xz-plane. The simulations were performed with two different
ground plane sizes: 109.0 mm (=2.0A. and 18.4 mm (optimal
size). The results indicate that the radiation patterns in xy- and
xz-plane are omnidirectional, with XPL of less than —15 dB.
The size of the ground plane (Rg) exerts minimal impact on
the radiation pattern.

Figs. 9(e)-(f) show the simulated and measured xy- and
xz-plane radiation patterns, given Ry = 119.2 mm
(=2.15Axy- and xz-plane radiation patterns (R; = 119.2 mm)
are omnidirectional with XPL < — 15 dB.

Figs. 9(g)-(h) show the simulated and measured xy- and
xz-plane radiation patterns, given Ry = 188.4 mm. The sim-
ulation and measured results are in good agreement. The
xy- and xz-plane radiation patterns are near-omnidirectional
with XPL < — 10 dB.

As seen in Figs. 9(a)-(h), the xy- and xz-plane
radiation patterns are omnidirectional, independent of
R,(18.4 —188.4 mm). Meanwhile, in Figs. 9(e)-(h), the eleva-
tion angle (6 ) of the main beam direction and the minimum
XPL tilt upward to 75° from originally 90°. To achieve
XPL < — 15 dB and the elevation angle (6) of or close to 90°,
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FIGURE 10. Simulated and measured AR of Structure B: (a) Rg = 18.4 mm
at (9, ¢) = (90°, 0°), (b) Rg = 18.4 mm at (¢, ¢) = (90°, 0°) and Rg =
109.0 to 188.4 mm at (6, ¢) = (75°, 0°).

Ry is between 18.4 —188.4 mm. With Ry = 18.4 —188.4 mm,
the radiation pattern of Structure B is circularly polarized.

Fig. 10(a) shows the simulated and measured AR of Struc-
ture B at (6, ¢) = (90°, 0°), given Ry, = 18.4 mm. The
simulated and measured AR bandwidth (AR < 3 dB) cover
5.38 = 5.62 GHz and 5.36 — 5.60 GHz, respectively. The sim-
ulated and measured results are in good agreement. Fig. 10(b)
shows the simulated and measured AR at (6, ¢) = (90°, 0°)
given Ry = 18.4 mm; and at (6, ¢) = (75°, 0°) under variable
R, (109.0 - 188.4 mm). (Note: the minimum AR are achieved
at the elevation and azimuth angles (0, ¢) of 90°, 0° for
Ry = 18.4 mm and at (0, ¢) = (75°, 0°) for R; = 109.0 -
188.4 mm.)

In Fig. 10(b), the AR frequency, given AR < 3 dB, shifts
from 5.5 to 5.6 GHz as R increases from 18.4 to 188.4 mm.
The enlargement of Ry shifts the AR frequency higher (devi-
ating from the target frequency of 5.5 GHz) although the
AR level is generally below 3 dB. The enlarged ground
plane size (R,) has an effect on the AR frequency and AR
level. The simulated and measured results are in reasonable
agreement (Fig. 10(b)). To achieve AR < 3 dB and the
omnidirectional radiation pattern, R, of Structure B must be
between 18.4(0.34A.) — 188.4 mm (3.5A;). Evidently, the
ground plane size (Rg) of Structure B is more flexible than
Structure A (i.e., Ry of Structure A remains fixed at 39.2 mm).

In Fig. 10(b), the AR frequency remains relatively
unchanged as R, increases from 109.0 mm to 188.4 mm.
On the other hand, the minimum AR vary, depending on Rg.
The results indicate that the enlarged bottom ground plane

VOLUME 12, 2024

/| e Simulated

Maximum Gain (dBic)

b L =eem=-- Measured

'
[

50 51 52 53 54 55 56 57 58 59 6.0
Frequency (GHz)

FIGURE 11. Simulated and measured maximum antenna gains of
Structure B at (9, ¢) = (80°, 0°), given Rg = 18.4 mm.

size (R = 109.0 — 188.4 mm) has a negligible effect on
the AR frequency. For R, > 188.4 mm, AR deteriorates
(i.e., AR > 3 dB) as the ground plane enlargement signif-
icantly magnifies the magnitude of the horizontal component
of circular polarization, resulting in disproportionate magni-
tudes between the horizontal and vertical components. For
very large Ry (> 188.4 mm), multi-ring structures (e.g.,
triple- or quadruple-ring) could be used to overcome the AR
deterioration.

Fig. 11 shows the simulated and measured maximum
antenna gains of Structure B at (6, ¢) = (80°, 0°), given Ry =
18.4 mm. (Note: The maximum antenna gain is achieved at
the elevation and azimuth angles of 80° and 0°, respectively.)
The simulated and measured results are in good agreement,
with the simulated and measured maximum antenna gains at
5.5 GHz of 2.0 and 1.96 dBic, respectively.

In essence, the OCPA with SA-AMC ground plane (Struc-
ture B) circumvents the design rigidity as the bottom ground
plane size (R) could be varied between 18.4 — 188.4 mm,
without affecting the impedance and AR bandwidths and
omnidirectionality of the antenna scheme. Besides, the exper-
imental results of Structure B with aluminum installation base
(corresponding to an expanded bottom ground plane) of dif-
ferent radii (119.2 and 188.4 mm), given the bottom ground
plane radius (R,) of 18.4 mm, show that the installation base
has no effect on the impedance and AR bandwidths and
omnidirectionality of OCPA. However, the measured |Syq|
(8.08%) and AR bandwidths (4.38%) of Structure B (without
the aluminum installation base) are still unsatisfactory. As a
result, the subsequent sub-section proposes the OCPA with
DA-AMC ground plane (Structure C).

B. CIRCULARLY POLARIZED OMNIDIRECTIONAL
MONOPOLE ANTENNA WITH DA-AMC (STRUCTURE C)
To further enhance the |S;;| and AR bandwidths, the
SA-AMC (Structure BC. Fig. 12 shows the prototype of
Structure C (i.e., the OCPA with DA-AMC ground plane).
Fig. 13 shows the simulated reflection phase of the
DA-AMC ground plane of Structure C. Fig 13(a) shows the
simulated reflection phases in the x- and y-polarizations.
Both reflection phases are almost identical. The substitution
of the SA-AMC with DA-AMC ground plane enhances the
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FIGURE 12. Prototype of Structure C: (a) Perspective view, (b) Top view,
(d) Bottom view.
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FIGURE 13. Simulated reflection phase of the DA-AMC ground plane of
Structure C : (a) in the x- and y-polarizations, (b) the effect of gap
width (gu) on the AMC reflection phase.

reflection phase bandwidth (AMC band) by 51.37%, from
24.13% (Structure B) to 75.50% (Structure C), covering
4.7-10.4 GHz.

Fig. 13(b) shows the effect of gap width (g,) on the
AMC reflection phase: g, = 0.5, 1.0, 1.5, 2.0, and 2.5 mm.
As g, increases, the center frequency (where the reflection
phase = 0°) shifts to higher frequency, deviating from the
target frequency of 5.5 GHz. Besides, the reflection phase
bandwidth fails to cover the lower frequency band as g,
becomes larger [33].

Fig. 14 shows the effect of variable bottom ground plane
radii (Rg) on the impedance bandwidth (|S11] < — 10 dB) of
Structure C. Specifically, Fig. 14(a) shows the simulated and
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FIGURE 14. Simulated and measured |S; | of Structure C under variable
bottom ground plane radii (Rg): (a) the optimal Rg of 29.2 mm,
(b) variable Rg.

measured |S7| bandwidths, given the optimal Ry = 29.2 mm.
The simulated and measured |S;;| bandwidth cover 5.08 —
5.95 GHz (15.77%) and 5.11 — 5.89 GHz (14.36%), respec-
tively. The DA-AMC structure enhances the |S11| bandwidth
of OCPA, vis-a-vis the SA-AMC (Fig. 8) and the conven-
tional OCPA (Fig. 4).

Fig. 14(b) shows the simulated and measured impedance
bandwidths (|S1;] < — 10 dB) of Structure C under variable
Rg. The results indicate that the enlargement of Ry has a
minimal effect on the impedance bandwidth. The finding
could be attributed to the reduced leakage current on the
coaxial feeder cable due to the DA-AMC structure.

Figs. 15(a)-(b) show the simulated and measured radiation
patterns of Structure C in xy- and xz-planes, given the optimal
Ry = 29.2 mm (Table 2). The xy- and xz-plane radiation pat-
terns are omnidirectional. In Fig. 15(b), HPBW of Structure
C is 82°, and the minimal XPL in the azimuth and elevation
angles, relative to the LHCP, are less than —15 dB.

Figs. 15(c)-(d) show, as an example, the simulated radi-
ation patterns in xy- and xz-planes of Structure C, given
Rg = 29.2 and 109.0 mm (=2.04). The results show that
the radiation patterns vary, depending on the bottom ground
plane size (Rg). The xy- and xz-plane radiation patterns are
omnidirectional with XPL < — 15 dB at = 80°, given Ry =
109.0 mm (=2.01).

Figs. 15(e)-(f) show the simulated and measured xy- and
xz-plane radiation patterns, given R; = 119.2 mm (=2.15A¢).
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FIGURE 15. Simulated and measured radiation patterns of Structure C
given the target center frequency of 5.5 GHz: (a) xy-plane for Rg=

29.2 mm (0.54Ac), (b) xz-plane for Rg =29.2 mm (0.54/), (c) xy-plane for
Rg =29.2 mm (0.54c) and 109.0 mm (Z21¢), (d) xz-plane for Rg =

29.2 mm (0.54/.c) and 109.0 mm (=2)c), (e) xy-plane for Rg = 119.2 mm
(22.15A¢), () xz-plane for Rg = 119.2 mm (Z2.15A¢).

The simulated and measured results are in reasonable
agreement. The xy- and xz-plane radiation patterns are
near-omnidirectional with XPL < — 15 dB at 6 = 65°.

As shown Figs. 15(a)-(f), the xy and xz-plane radiation
patterns of Structure C are omnidirectional, given that Ry =
29.2 —119.2 mm (0.54A; — 2.15A;). The elevation angle (9)
of the main beam direction and the minimum XPL in the xz
plane tilt upward from 80° to 65° as R, increases. To achieve
XPL < — 15 dB and the elevation angle (6) of or close to
90°, Ry of Structure C must be between 29.2 —119.2 mm
(0.54A; — 2.154.).
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FIGURE 16. Simulated and measured AR of Structure C: (a) Rg =29.2 mm
at (6, ¢) = (90°, 0°), (b) Rg = 109.0 - 119.2 mm at (4, ¢) = (65°, 0°). (Note:
the minimum AR are achieved at the elevation and azimuth angles (0, ¢)
of 90°, 0° for Rg = 29.2 mm and at (6, ¢) = (65°, 0°) for Rg = 109.0 -
119.2 mm.)

Fig. 16(a) shows the simulated and measured AR of Struc-
ture C at (6, ¢) = (90°, 0°), given the optimal Ry = 29.2 mm.
The simulated and measured AR bandwidth (AR < 3 dB)
cover 5.12 — 6.01 GHz and 4.90 — 5.98 GHz, respectively.
The simulated and measured results are in reasonable agree-
ment. Compared to Structures A and B, Structure C achieves
wider simulated and measured AR bandwidths of 15.87% and
16.24%, respectively. The enhanced AR bandwidth could be
attributed the DA-AMC ground plane.

Fig. 16(b) shows the simulated and measured AR of Struc-
ture C at (0, ¢) = (65°, 0°) under variable Ry (between
29.2 and 119.2 mm). The AR frequency (AR < 3 dB)
shifts to higher frequency as R, increases from 29.2 to
119.2 mm. Specifically, the enlargement of the ground plane
has an effect on the AR level and AR frequency. To achieve
AR < 3 dB and omnidirectionality, R, must be less than
or equal to 2A.(109.0 mm). In the figure, the measured AR,
given Ry = 119.2 mm, has the similar pattern to that of
the simulated AR despite the deteriorating measured AR
(AR > 3 dB). The AR deterioration could be attributed to the
antenna fabrication and discrepancy between the simulation
and measurement angles. In comparison, Structure C, given
Ry = 29.2-119.2 mm (2.15A¢), could achieve wider AR
bandwidth (AR < 3 dB) than Structures A and B.

Meanwhile, the experimental results of Structure C with
aluminum installation base of different radii (119.2 and
188.4 mm), given the bottom ground plane radius (Rg) of
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FIGURE 17. Simulated and measured maximum antenna gains of
Structure C at (6, ¢) = (80°, 0°), given Rg =29.2 mm.
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FIGURE 18. Electric field distribution of Structure B at: (a) t =0, (b) t =
T/4,(c)t =T/2,(d) t =3T/4, where T is the period of oscillation at
5.5 GHz.

29.2 mm, demonstrate that the installation base has no effect
on the impedance and AR bandwidths and omnidirectionality
of OCPA.

Fig. 17 shows the simulated and measured antenna gains
of Structure C at (8, ¢) = (80°, 0°) given Ry = 29.2 mm
(optimal). (Note: The maximum antenna gain is achieved at
the elevation and azimuth angles of 80° and 0°, respectively.)
The simulated and measured results are in good agreement.
By comparison, the maximum antenna gain of Structure C
(2.18 dBic) is higher than Structure B (1.96 dBic). This could
be attributed to the broader impedance (|S1;| < — 10 dB) and
AR (< 3 dB) bandwidths of Structure C.

V. EFFECT OF AMC ON CIRCULAR POLARIZATION AND
COMPARISON BETWEEN PROPOSED AMC STRUCTURES
AND CONVENTIONAL OCPA

To investigate the effects of different AMC ground planes
on the CP characteristics and leakage current, this section

81576

PSRV RNRUUNNNNRNR DY § § Y C e rryd b
E a3 3R R R RS RSN N {{rr«q—q—q—««—a—r#i} 40
] v ::r*«m‘-":i e
J ar a-arar
| Iy el iy 327
4 [T T, o oKy 29.1
dd e ra g o0
e :
% A Y déése vl 28
% Ye¥bbddsssewnrundiy 182
: “ubhdoosdssuudddy G
AUNRNBOOOS 646 b :
P RS R RRERNE KX N XS NI 10.9
°4r aunyt 727
a 3.64
v 0
t=0 t=T/4
(a) (b
CELERAARKRERK KRN & ; PAARNN OB PP R)
CERRRRR KRR KKK E Ko A AA TN NP4
CERRR KA W § f AA NSNS b v AP P
euw ik A 1A Ay AP
ewn kA4 A2 N AP
enn kX4 ppuan eZ 2 E}
ov.:lk,k_ . [RYE i F R
& o wWRHK ¥ R S —-—_————
feuRRK X A Ry LA
$renRR X XK LES z
’ 3 "X & &

FIGURE 19. Electric field distribution of Structure C at: (a) ¢t =0, (b) t =
T/4,(c)t=T/2,(d) t =3T/4, where T is the period of oscillation at
5.5 GHz.

(a) 5.05 GHz (c) 6.0 GHz

(b) 5.5 GHz

FIGURE 20. Electric field distribution in TM,; mode of Structure B: a
5.05 GHz, b) 5.5 GHz, ¢) 6.0 GHz.

~

investigates the electric field distribution in the reactive
near-field region of the OCPAs with SA- (Structure B) and
DA-AMC ground planes (Structure C).

Figs. 18(a)-(d) show the electric field distribution of
Structure B at four different time points in one cycle of
T, where T is the period of oscillation at 5.5 GHz. The
electric field rotates clockwise with constant electric field
magnitude, resulting in circular polarization. Likewise, in
Figs. 19(a)-(d), the electric field of Structure C rotates clock-
wise with constant electric field magnitude, giving rise to
circular polarization.

As shown in Figs. 18 and 19, the electric field surrounding
the SA- and DA-AMC ground planes is of vertical ( = 0 and
t =T /2) and horizontal (t =T /4 and t = 3T /4) components,
resulting in circular polarization. Essentially, the SA- and
DA-AMC ground planes enhance the AR bandwidth, result-
ing in wider CP radiation, vis-a-vis Structure A. The wider
CP radiation could be attributed to the horizontal electric
field on the surface of the AMC ground planes. Specifically,
the reflection phase bandwidth of the DA-AMC structure
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FIGURE 21. Electric field distribution in TM3; and TM;; modes of
Structure C: (a) TM3; mode at 5.05 GHz, (b) TM3; mode at 5.5 GHz,
(c) TM;; mode at 5.65 GHz, (d) TM3; mode at 6.0 GHz.
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FIGURE 22. Simulated radiation efficiency of Structures A, B and C, given
the optimal Rg = 39.2, 18.4 and 29.2 mm for Structures A, B and C,
respectively.

is wider than that of the SA-AMC, resulting in wider AR
bandwidth and wider CP radiation. However, in the absence
of the SA-AMC or DA-AMC structures (i.e., Structure A),
there exists only the vertical electric field on the conductor
ground plane, giving rise to narrow circular polarization and
AR deterioration.

Figs. 20 (a)-(c) show the electric field distribution of Struc-
ture B in TM»; mode at 5.05, 5.5, and 6.0 GHz. At 5.5 GHz,
strong electric fields are observed on almost all sides of the
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TABLE 3. Simulated results of the conventional OCPA (Structure A) and
the proposed OCPA with AMC (Structure B and C).

structu-|, Bul | Agpw [ XPL(@B) | Elevation | = | 5 pojius
res bandwidth (%) xy- | xz- of 6 for | Gain for CP
(%) ° plane | plane | min. AR

A 4.68 449 |-1270[-12.70] 900 | 2¥ 0.72

dBic <
196
B 5.99 438 |34733457)  90° | 00| 0342, 352,
c 1577 | 1599 (20362062 80° | 218 losan. 2152,

AMC structure. At 5.05 GHz, the electric fields around the
AMC structure become less strong. At 6.0 GHz, the electric
field strength is significantly reduced. As a result, Struc-
ture B resonates in TMj; mode [34], resulting in narrower
impedance and AR bandwidths, compared to Structure C.

Figs. 21(a)-(d) show the electric field distribution of Struc-
ture C in TM3; and TM;; modes. The TM3; mode exhibits
a wideband resonance, with strong electric fields propa-
gating on the AMC structure at 5.05 GHz, 5.5 GHz, and
6.0 GHz. On the other hand, the TM; mode resonates at
5.65 GHz, where strong electric fields are observed on both
sides of the AMC structure. The concurrent presence of both
TM3; and TM; modes [34] in Structure C contributes to
broader impedance and AR bandwidths, in comparison with
Structure B.
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TABLE 4. Comparison between the performance of the existing OCPAs and the proposed antennas.

Occurrence of
non-
References bandvl\;siv(]lltlh (%) bandei(Ii{th (%) Ma;i‘?‘l‘um fr(e:‘;:‘t:‘rcy req]z:‘rl::lent OITYH:’IV?:'?:’:M Ovﬁf.ﬂle'ni?ﬁff;"a
(dBic) (GHz2) direct contact
with installation
base
U | soramons | aamamcas | 375 | 2490Hz | yes ves 0054 o227 Gt
Bl | 2aazercus | 2a6281GH | M2 | 238GHe | yes ves 01364 2,34 Gtz
[t 2.32?;.);):A)GHZ 2,321-12..76610/2}1-12 1.20 2:43 GHz no yes 8.' ?g giiaxt gg;s(;ﬁ{xz
(121 2.404-‘;.‘;g I/O GHz 2.4652.;? GHz 1.90 2.47 GHz yes yes (()).'gjgj.f :t 31238()55{2
031 | pa00aGis | 230n37Grz | 091 | 248GHe | yes yes 02334 12,30 Gtz
[14] 2.371-%2%3& 2.362?2&?) GHz 1.56 247 GHz yes yes 8:?;& aXt g:‘;;géilxz
(23] 234997 GHz | 2.40260GHz 207 2:48 GHz yes yes 8:32&& (2)143127&;2
Structure B* 5.34?5(.)3;A)GHz 5.36‘-126800A)GHZ 1.96 548 GHz no no gfgggt at gigiséhxz
Sructure C** | o0 0GRy | 490598 Gy | 218 | S0GHZ | no o 03334 ¢ 5.08 Gt

Note:

* In Structure B, the minimum AR is achieved at (6, ¢) = (90°, 0°), and the optimal bottom ground plane (Rg) = 18.4 mm.

** In Structure C, the minimum AR is achieved at (6, ¢) = (90°, 0°), and the optimal bottom ground plane (Rg) = 29.2 mm.
Av: the free-space wavelength corresponding to the lowest operating frequency of the antenna.

Fig. 22 compares the simulated radiation efficiency of
Structures A, B and C at their respective optimal R (i.e., the
optimal Ry = 39.2, 18.4, and 29.2 mm for Structures A, B,
and C). The radiation efficiency of Structure A is poorer than
that of Structures B and C. The poorer radiation efficiency
of Structure A is attributable to larger non-AMC ground
plane size (R, ). Essentially, the AMC structures stabilize and
enhance the radiation efficiency of OCPA.

Figure 23 shows the simulated minimum AR and the cor-
responding elevation angles () of Structures A, B, and C
relative to Ry. In Structure A, the minimum AR is less than
3dB (AR < 3 dB)if 15 < R; < 45 mm, with the
corresponding 6 of 65° — 75°. In Structure B (the OCPA
with SA-AMC), the enlargement of R, results in non-circular
polarization as the minimum AR > 3 dB, with the elevation
angle () tilting upward from 90° to 75°. In Structure C, the
enlargement of Ry also results in non-circular polarization as
the minimum AR > 3 dB, with 0 tilting upward from 90°
to 65°. Essentially, the integration of the AMC structure with
OCPA circumvents the design rigidity as the bottom ground
plane radius (Rg) can be varied between 18.4 — 188.4 mm for
Structure B and between 29.2 — 119.2 mm for Structure C
(without affecting the omnidirectionality and the impedance
and AR bandwidths), vis-a-vis the fixed Ry of Structure A
(39.2 mm).

Figure 24 shows the simulated gains and elevation angles
(0) of Structures A, B, and C relative to R, at 5.5 GHz.
In Structure A, the gain is less than 2.0 dBic when
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Rg < 20 mm and between 55 — 80 mm, with 6 of 37° — 78°.
In structure B, the enlargement of R, increases the gain
(> 2.0 dBic) when R; > 20 mm, with 6 tilting upward
from 80° to 65°. In Structure C, the enlargement of R, also
enhances the gain (> 2.0 dBic) when Ry > 29.2 mm, with
6 tilting upward from 70° to 64°. In relation to Structure A
(without the AMC), the antenna gains of Structures B and C
(with the AMC structures) become more stable.

Table 3 summarizes the characteristics and simulated
performance of Structures A, B and C. By comparison,
the proposed omnidirectional CP antenna with DA-AMC
ground plane (Structure C) outperforms the rest in terms
of the impedance (15.77%) and AR bandwidths (15.99%)
and antenna gain (2.18 dBic). Specifically, the ARBW of
Structures A and B are insignificantly different. Nevertheless,
Structure A encounters the design rigidity as the bottom
ground plane radius (Rg) remains fixed (39.2 mm), while
Structure B possesses the design flexibility as Rg could
be varied between 18.4 — 188.4 mm, without affecting the
omnidirectionality and the impedance and AR bandwidths.
In Structure C, the |S11| and AR bandwidths are substantially
enhanced. Besides, Structure C provides antenna developers
with design flexibility as Ry could be varied between 29.2 —
119.2 mm, with wider |S1;]| and AR bandwidths and omnidi-
rectional radiation pattern.

Table 4 compares the performance of the existing OCPAs
(i.e., conventional OCPAs) and the proposed OCPA with
SA- (Structure B) and DA-AMC ground plane (Structure C).
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VI. CONCLUSION

This research proposes the OCPAs with SA-AMC and
DA-AMC ground planes for IoT applications, such as intel-
ligent transport systems and vehicle-to-vehicle communica-
tion. The OCPA with SA-AMC ground plane (Structure B)
consists of a monopole element, four diagonally adjoined
parasitic elements and an SA-AMC ground plane, while the
OCPA with DA-AMC ground plane (Structure C) consists of
a monopole element, four diagonally adjoined parasitic ele-
ments, and a DA-AMC ground plane. Unlike the conventional
OCPA (Structure A with fixed bottom ground plane radius
(Rg) of 39.2 mm), R, of Structures B and C can be varied
between 18.4 — 188.4 mm; and 29.2 — 119.2 mm, respectively,
without affecting the omnidirectionality and impedance and
AR bandwidths. The measured impedance and AR band-
widths of Structure B, given the optimal R, of 18.4 mm, are
8.08% (5.34 -5.79 GHz) and 4.38% (5.36 —5.60 GHz), while
those of Structure C, given the optimal R ¢ of 29.2 mm, are
14.37% (5.08 —=5.89 GHz) and 19.85% (4.90 -5.98 GHz).
Future work will experimentally implement the proposed
AMC-based OCPA on various conductive installation bases
of actual size to determine their effect of the conductive bases
on the omnidirectionality, impedance and AR bandwidths,
and gain of the antenna scheme.
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