IEEE Open Journal of

Antennas and Propagation

Received 5 January 2022; revised 30 January 2022; accepted 31 January 2022. Date of publication 9 February 2022; date of current version 21 February 2022.

Digital Object Identifier 10.1109/0JAP.2022.3150094

Broadband Circularly Polarized Microstrip Patch
Antenna With Diamond-Shaped Artificial
Ground Structure

UUGANBAYAR PUREVDORJ

(Graduate Student Member, IEEE), RYUJI KUSE (Member, IEEE),

AND TAKESHI FUKUSAKO™ (Senior Member, IEEE)

Department of Computer Science and Electrical Engineering, Kumamoto University, Kumamoto 860-8555, Japan

CORRESPONDING AUTHOR: U. PUREVDORJ (e-mail: p.uuganbayar@must.edu.mn)

This work was supported by the Mongolia—Japan Higher Engineering Education Development (MJEED) Project (research profile code: J23A16).

ABSTRACT This paper presents a broadband circularly polarized patch antenna with an artificial ground
structure (AGS), which has rotated rectangular unit cells with respect to the sides of the rectangular
ground plane, as a polarizer. A two-element (2x 1) array configuration of the antenna is also presented.
The rectangular unit cells are rotated by 45° with respect to the sides of a square dielectric substrate,
named a diamond-shaped AGS (DAGS). The overall dimensions of the AGS are smaller than those of the
ground plane. The rotated unit cells and the smaller AGS patch dimensions effectively suppress surface
wave resonance on the AGS. The proposed antenna achieves a wide 3-dB axial ratio bandwidth in the
boresight direction. The proposed design has a flatter gain curve in the operating frequency band compared
to that for conventional designs. It is found that the array configuration outperforms the single-element
structure.

INDEX TERMS Artificial ground structure (AGS), artificial magnetic conductor (AMC), broadband

antenna, circular polarization, meta-surface, microstrip patch antenna, microstrip patch array antenna.

. INTRODUCTION

HE DESIGN of circularly polarized broadband antennas

has received a lot of research attention [1]. Patch
antennas, which can be circularly polarized using vari-
ous techniques, have several advantages, such as low cost,
low profile, ease of fabrication [2] and many applica-
tions such as satellite communications, radars, GNSS and
WLAN. However, microstrip patch antennas have relatively
narrow impedance and 3-dB axial ratio (AR) bandwidths.
Atrtificial ground structures (AGSs), which act as an artifi-
cial magnetic conductor and a polarizer, have been proposed
for achieving broadband circular polarization (CP) and
impedance for patch antennas [3]-[17]. In conventional
AGSs, rectangular unit cells are arrayed periodically so that
their sides are parallel to the sides of a grounded rectangular
substrate. However, based on an analysis of magnetic cur-
rents between unit cells, unwanted resonances related to the
paths with various lengths of the magnetic current between
the unit-cell array or a side of the ground plane disturbs the

relationship for the CP of the two orthogonal components
|Ex| = |Ey| with a 90° phase difference, limiting wideband
3-dB AR. Thus, the dependence of the AGS characteristics
on the geometry of the ground plane and the dimension of
the unit-cell array should be taken into account. A modified
rotated AGS, where the rectangular unit cells are rotated by
45° with respect to the sides of the rectangular ground plane,
named a diamond-shaped AGS (DAGS), was developed to
reduce the unwanted resonances that affect the broadband
CP characteristics [7], [19]. The unwanted resonances in a
DAGS are weak because the resonance of the magnetic cur-
rent, which depends on the rows and columns, is spread over
several frequencies.

In this paper, a DAGS is installed in a circularly polar-
ized patch antenna. First, the characteristics of a DAGS
are compared with those of an AGS, for which the sides
of the unit cell are parallel to those of the rectangular
ground plane. Then, improvements in patch antennas for
achieving wider bandwidths and stable gain characteristics
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FIGURE 1. (a) Top and side views of proposed antenna with SDAGS. (b) Structures
used for comparison (LDAGS and AGS). (c) Unit cell configuration for (a) and (b).

are discussed. A patch array antenna on a common ground
plane and a substrate with a DAGS are proposed and dis-
cussed. Simulation results are verified by experiments. The
mechanisms responsible for the observed improvement are
discussed.

Il. SINGLE ANTENNA STRUCTURE
A DAGS is designed to have £90° reflection phase shifts
of the x and y components of the electric field, E, and E,,
respectively, at around 6 GHz to convert elliptical polariza-
tion to CP in the off-band of the 3-dB AR [14]. The geometry
of the proposed antenna structure with the DAGS is shown
in Fig. 1(a), where the DAGS patch dimension is reduced
from the ground plane to be a smaller DAGS(SDAGS). This
area reduction of the DAGS patch layer leads to stable CP
characteristics, as discussed later.

The proposed antenna consists of three stacked sub-
strates, namely an upper substrate with a radiating patch, a
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middle substrate with DAGS patches, and a lower grounded
substrate.

The patch antenna is fed with a meandering feed
probe [20], [21] to reduce cross-polarization. The rectan-
gular unit cells are rotated by 45° with respect to the
sides of the ground plane. The lower and middle sub-
strates and the ground plane have overall dimensions
D, x Dy = 40 mm x 39.4 mm. The SDAGS has reduced
dimensions of D¢ x D, = 31 mm x 30.4 mm. The upper
substrate underneath the radiating patch has dimensions
of 18 mm x 17.4 mm for obtaining stable antenna gain
characteristics. The radiating patch has a rectangular shape
with dimensions of 14.5 mm x 14.5 mm and two trun-
cated corners with dimensions of 7.8 mm x 7.8 mm for
radiating CP.

The antenna is fed by a single meandered feed line. Two
of the unit cells around the center of the DAGS are par-
tially drilled, and two other unit cells near the feed line
are fully removed to prevent the meandering probe from
coupling with the unit cells. The diameter of the vias is
1.27 mm. The feeding point of the radiating patch is 5 mm
from the center of the truncated patch along the x axis for
sufficient impedance matching and AR over a broad band-
width. Furthermore, the unit cells are partially (some are
mostly) cut around the edges of the DAGS to be along the
rectangular contour. Here, the optimized size of the DAGS
patch is smaller than those of the dielectric substrates and
the ground plane.

The characteristics of the antenna are compared with those
of reference structures, namely the larger DAGS (LDAGS)
and AGS shown in Fig. 1(b). The spatial relationship between
the radiation patch and the rectangular AGS patches is the
same. In the DAGS (LDAGS and SDAGS), only the relation-
ship between the DAGS outer contour and each rectangular
patch has been changed compared to the AGS. The optimized
dimensions of the unit cell are shown in Fig. 1(c). The unit
cell is 5.00 mm x 9.85 mm on the substrate, and the patch
of the unit cell is 4.20 mm x 9.25 mm. A 1.6-mm-thick
RT/Duroid 5880 substrate is used for all three substrates in
the proposed antenna.

Fig. 2 shows the phase shift characteristics of the rect-
angular unit cell of the DAGS shown in Fig. 1(c), where
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FIGURE 3. Photograph of fabricated antenna with proposed SDAGS.
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FIGURE 4. Simulated reflection coefficients for structures with AGS and LDAGS,
respectively, compared to simulated and measured Sy for proposed antenna with
SDAGS.

periodic boundary conditions are applied to each unit cell in
ANSYS High Frequency Structure Simulator (HFSS). The
structure converts linear polarization to CP with +90° and
—90° reflection phases for Ex and E, around 6 GHz [14].
A deviation of up to 20° from a phase difference of 180°
between E, and Ey is observed at 5.50-8.50 GHz; however,
this is acceptable for AR < 3 dB if |E,| = |E)| is assumed.

lll. EFFECT OF DAGS

A. ANTENNA CHARACTERISTICS

The performance of the antenna with an SDAGS
(31 mm x 30.4 mm) is compared with that of an antenna
with an LDAGS (40 mm x 39.4 mm) with the unit cell
dimensions shown in Figs. 1(a) and 1(b), respectively. The
performance obtained with an SDAGS is also compared with
that obtained with an AGS, where the sides of the unit cells
are parallel to those of the substrates and ground plane,
as shown in Fig. 1(b). The proposed antenna structure was
fabricated and tested to verify the simulation results. Its
characteristics and radiation pattern were measured.

All metallic patterns were fabricated by the RT/Duroid
5880 dielectric substrate material using etching technique.
Fig. 3 shows a photograph of the fabricated antenna.

Fig. 4 shows a wider —10-dB S11 bandwidth of 74.39%
(from 4.12 to 9.00 GHz) for the SDAGS in the simulation;
it is almost identical to that obtained with the LDAGS. The
—10-dB bandwidth for both DAGSs is considerably wider
than that for the AGS.
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As shown in Fig. 4, the simulated and measured
impedance bandwidths for the proposed antenna with an
SDAGS (|S11] < —10 dB) are 79.71% and 76.57% in the
frequency ranges of 4.21-9.79 GHz and 4.15-9.30 GHz,
respectively, with good agreement.

The far-field simulations performed by radiation boundary
in open region boundary conditions in HFSS.

Fig. 5(a) shows the simulated AR characteristics in the
+z direction for antennas with a conventional ground plane
(without AGS, where unit cells are removed from the
AGS), AGS, LDAGS, and SDAGS, and the measured AR
characteristics of the proposed antenna with SDAGS. For
the AGS, the 3-dB AR bandwidth of more than 20% is
wider than the bandwidth for the structure with a ground
plane [1], [14]-[15]. However, the extra resonances of the
TMx) mode with Dy = 40.0 mm in Fig. 1(b), which is along
the x-direction in the AGS, limit the expansion of the 3-
dB AR bandwidth around 7 GHz [16]. When an LDAGS or
SDAGS is used, the strong resonance at 7 GHz is decreased.
Therefore, the 3-dB AR bandwidths in the boresight direc-
tion are broadened in the antennas with the LDAGS and
SDAGS. Simulated 3-dB AR bandwidths of 40.7% (from
5.40 to 8.16 GHz) and 37.3% (from 5.00 to 7.30 GHz) are
obtained for the SDAGS and LDAGS, respectively. The sim-
ulated and measured 3-dB AR bandwidths for SDAGS show
good agreement, with (AR < 3 dB) 3-dB AR bandwidths
of 40.7% and 41.2% for 5.40-8.16 and 5.45-8.28 GHz,
respectively, as shown in Fig. 5(a). In Figs. 5(b) and 5(c),
the amplitude ratio and phase difference do not satisfy the
condition for a CP of 0 dB and 90° simultaneously at 6.25,
7.00, and 7.71 GHz for the structures with the AGS and
LDAGS. The mechanism producing the resonances at these
three frequencies (deterioration frequencies) is discussed in
the following subsection.

Furthermore, as shown in Fig. 6, the gain of the SDAGS
is stable over the 3-dB AR band and is improved compared
to that of the AGS, especially at high frequency. The mech-
anism responsible for this improvement is discussed in the
next subsection.

In the figure, the simulated and measured results show
good agreement in the 3-dB AR band, with maximum gains
of 8.82 and 8.75 dBic, respectively, at around 6.85 GHz.
The simulated and measured bandwidths of the 3-dB gain
variation are 4.3-10.2 GHz (81.37%) and 4.9-10.4 GHz
(71.89%), respectively.

B. ANALYSIS OF RESONANCE IN DAGS

In the AGS or DAGS, linear polarization (LP) or high-AR
polarization can be potentially converted to circular polar-
ization in the frequency where the difference of reflection
phase shift between x- and y-components in Fig. 2 is close
to 180° [14]. As the effect of the extra resonances has
become weak, the x- and y-components can be balanced
for CP generation. The weaken resonance is due to that
the electromagnetic energy in the DAGS has been spread
in several resonances with various path lengths of magnetic
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FIGURE 5. Simulated (a) AR characteristics (along with measurement results) in +z
direction of structures, (b) amplitude characteristics of |Ex|/|Ey|, and (c) phase
difference characteristics for Arg Ex-Arg Ey for structures without AGS (unit cells
removed) and with AGS, LDAGS, and SDAGS.

current resulting in the low energy density at each resonance
frequency. To analyze the resonance mechanism, the disper-
sion characteristics for an infinite unit cell of an AGS were
calculated.

Fig. 7 shows dispersion diagrams for the unit cell in
Fig. 1(c) for transverse electric (TE) and (transverse mag-
netic) TM modes in the x and y directions calculated based on
an eigenmode analysis using periodic boundary conditions
for the HFSS [18]. These diagrams show the relationship
between the propagation constant and the frequency for
the I'=X and I'-Y directions of the first Brillouin zone
in wavenumber space. For resonance along x and y, the
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FIGURE 7. Dispersion diagrams. Ux and Uy are unit cell sizes along x and y
directions, respectively.

propagation constants k; (i = x or y) satisfy the following
condition:

kiD; = n x 180° (1)

where n is an integer that indicates the resonance order.

The calculated resonance frequencies are summarized in
Table 1. It is known that the TM mode plays a dominant
role in an AGS [6]. According to Table 1, the resonance
frequencies for the TM mode for an AGS (Dy x Dy, =
40 mm x 39.4 mm) are at 6.25 and 7.71 GHz in the x
direction and at 7.00 GHz in the y direction in the 3-dB
AR band.

Fig. 5(a)—(c) shows the effect of resonance. The AR
obtained with an AGS exceeds 3 dB and leads to a peak
at high values for deterioration frequencies of 6.25, 7.00,
and 7.71 GHz in TM(, mode with D, = 40 mm, as
indicated by the vertical dashed lines. Therefore, a narrow
AR bandwidth (~23%) is observed for an antenna with an
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TABLE 1. TM and TE mode resonance frequencies for AGS in X and Y directions.

x-direction y-direction
Direction (D=40mm) (D,=39.4mm)
Modes TE ™ TE ™
4.55 3.62 5.86 3.68
7.26 6.25 8.04 7.00
Resonant Frequency (GHz) 10.15 7 11.39 8.65
8.54 12.09 9.65
9.1
9.45
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FIGURE 8. Simulated magnetic current distributions for AGS at (a) 6.25, (b) 7.0,
and (c) 7.71 GHz.

AGS [1], [14]—[15]. In terms of the bandwidth, the phase
differences at the deterioration frequencies are not close to
90°, the condition required for generating CP, as shown in
Fig. 5(b).

The peaks of ~15 dB and ~10 dB are observed at reso-
nance frequencies of 6.25 and 7.00 GHz in amplitude ratio
response. These high amplitude ratios exceed the condi-
tion for CP of 0 dB. At 7.71 GHz, the amplitude ratio
satisfies this condition; however, the only phase difference
is far from the condition, as shown in Fig. 5(c). For the
proposed structure with an SDAGS, such resonances at the
deterioration frequencies are not observed. According to
Fig. 5(a)—(c), the 3-dB AR bandwidth is expanded up to
40.7% (5.40—8.16 GHz).

As described above, the AR is deteriorated in an AGS due
to resonances at some frequencies; however, a DAGS can
suppress these extra resonances. To determine the mechanism
involved, simulated magnetic current distributions between
the unit cells (copper) on the substrate surface of the AGS,
LDAGS, and SDAGS were observed [7], [22], [23] at the
deterioration frequencies.

As shown in Fig. 8 for the AGS, the magnetic current
along the y direction is stronger than that along the x direc-
tion for all deterioration frequencies. This indicates that E is
stronger than Ey, and explains the behavior shown in Fig. 5(c).
Therefore, the 3-dB AR bandwidth is limited to ~23%, and
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FIGURE 9. Simulated magnetic current distributions for LDAGS at (a) 6.25, (b) 7.0,
and (c) 7.71 GHz.

FIGURE 10. Simulated magnetic current distributions for SDAGS at (a) 6.25, (b) 7.0,
and (c) 7.71 GHz.

TABLE 2. Amplitude ratio and phase difference for magnetic current.

Deterioration points 6.25 GHz 7 GHz 7.71 GHz
AGS [Ex//|Ey| [dB] -15.23 -5.25 -3.13
PD [°] 175.16 -127.46 -62.38
LDAGS [Ex//|Ey| [dB] -2.16 0.56 11.44
PD [°] 57.67 105.05 19.91
SDAGS [Ex[/|Ey| [dB] -2.60 -0.44 -0.93
PD [°] 89.49 119.47 80.02

the AR increases at the deterioration frequencies, as shown
in Fig. 5(a).

At the same time, a strong magnetic current is observed
around the center and along the edge of the AGS.

The use of a DAGS can balance the magnetic currents
between the x and y directions to satisfy the condition
required for CP. The magnetic current distributions at the
deterioration frequencies for the LDAGS and SDAGS are
shown in Figs. 9 and 10, respectively.

In both structures, the strength of the magnetic current is
balanced in the x and y directions. Moreover, strong magnetic
currents are mitigated along the edges due to the effect of the
partially cut unit cells along the contours of the DAGSs [7].

The amplitude ratio and phase difference for the magnetic
currents in the x and y directions were evaluated numeri-
cally at the resonance frequencies for the AGS, LDAGS,
and SDAGS.

The amplitude ratio (X/Y) and phase difference (PD) were
calculated using surface integration in HFSS. The results are
shown in Table 2. For the AGS, the amplitude ratio and phase
difference are not close to the condition, i.e., |Ex|/|Ey]| is
0 dB and PD = 90°, required for CP at any frequency.
Therefore, the phenomenon in AGS as shown in Fig. 8 is
proved.

For the LDAGS, the conditions are almost satisfied at 6.25
and 7.00 GHz but not at 7.71 GHz, resulting in a 3-dB AR
bandwidth of up to 37.3%. For the SDAGS, the amplitude
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and (c) 7.71 GHz.

TABLE 3. TM mode resonance frequencies for possible paths of LDAGS and SDAGS
around deterioration point at 7.71 GHZ and amplitude ratio for magnetic current.

Structure LDAGS SDAGS
Axis X X Y X Y
Length [mm] | 16.9 56.16 16.16 42.73 32.73
n 1 4 1 3 2
Frequency 7.4 GHz| 7.71 GHz | 7.70 GHz | 7.72 GHz | 7.70 GHz
|Ex|/|Ey| [dB] -14.22 -1.74

ratio and phase difference are close to those required at
all three frequencies. Accordingly, the DAGSs can balance
magnetic currents in the x and y directions as a same to
explanations in Figs. 9 and 10.

The behavior of the resonance at 7.71 GHz in both the
LDAGS and SDAGS was analyzed along the paths with var-
ious lengths of the magnetic current in the x and y directions.
The results are shown in Fig. 11; Table 3 shows the resonance
frequencies for various lengths and corresponding orders n.
In the LDAGS, the resonances are at 7.4 and 7.71 GHz in
the x direction for magnetic current paths with lengths of
16.9 mm (n = 1) around two corners (top and bottom) and
56.16 mm (n = 4) along the horizontal diagonal. Similarly,
in the y direction, the resonance is at 7.7 GHz for a path with
length of 16.16 mm (n = 1) around the other two corners.
In the SDAGS, the resonance is at around 7.7 GHz in both
the x and y directions for paths with lengths of 42.73 mm
(n = 3) and 32.73 mm (n = 2), respectively.

For the LDAGS, with increasing frequency, the magnetic
current tends to be distributed mainly around the feed probe
structure, as shown in Fig. 9, resulting in a biased magnetic
current distribution. Resonance was expected at 7.71 GHz
with n = 4, as shown in Fig. 11(a); however, resonance for
the long length was not confirmed, as shown in Fig. 9(c). In
addition, the resonance with n = 1 is very weak. The ampli-
tude ratio for the magnetic current at 7.71 GHz along the
possible paths with resonance in the x and y directions were
evaluated numerically using surface integration in HFSS. The
calculated amplitude ratio between the fourth-order reso-
nance in the x direction and the first-order resonance in the
y direction at 7.71 GHz is not satisfied for a CP wave by
—14.22 dB, as shown in Table 3.
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For the SDAGS, according to Table 3, the amplitude ratio
for the magnetic current at 7.71 GHz is balanced to an
acceptable level of —1.74 dB for CP radiation in the proposed
antenna. This leads to an expansion of the 3-dB AR band-
width to 40.7% with the SDAGS. This is partly due to the
resonance can occurs with the paths in Fig. 11(b). In addi-
tion, the distribution is more uniform because the area of the
unit-cell array is limited compared to that for the LDAGS.

The gain for antennas with both DAGSs (LDAGS and
SDAGS) was relatively stable and higher than that for
the antenna with an AGS, as shown in Fig. 6. The gain
obtained with an AGS significantly drops around 7.0 and
7.71 GHz. The gain is improved via resonance suppression
for both DAGSs.

These stable characteristics can be explained by the uni-
form magnetic current distribution between unit cells, as
shown in Figs. 8—10, where a very small amplitude of the
magnetic current can be observed underneath the copper
patches of the unit cell. Among the three structures, the
most uniform distribution of the magnetic current between
the unit cells in the x and y directions is obtained with the
SDAGS at deterioration frequencies of 7.0 and 7.71 GHz,
as shown in Figs. 8 and 9, respectively.

In Figs. 12 and 13, the phase varies from —180° to 4180°
in the AGS at both frequencies. Therefore, cancellation via
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TABLE 4. Simulated and measured radiation characteristics of proposed CP microstrip patch antenna.

Frequency XPL [dB] FB ratio [dB] HPBW/|Deg]
GH:
[GHz] XZ-plane YZ- plane XZ-plane YZ- plane XZ-plane YZ- plane
Sim. Meas. Sim. Meas. Sim Meas. Sim. Meas. Sim Meas. Sim Meas.
5.5 -13.57 -16.33 -13.57 -22.74 24.15 22.27 25.77 24.29 67.5 75 65 72.5
6.0 -15.94 -18.75 -15.94 -20.59 25.47 27.4 25.29 25.68 65 63 62.5 70
6.5 -15.80 -22.36 -15.80 -16.68 20.33 29.39 20.33 20.92 67.5 85 60 80
7.25 -24.47 -22.14 -24.47 -22.49 19.17 17.83 21.06 15.31 60 60 60 50
8.0 -14.91 -18.94 -14.91 -17.59 18.84 18.18 19.05 22.67 57.5 55 57.5 57.5
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FIGURE 15. Two-element array structure of proposed CP antenna.
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FIGURE 14. Simulated and measured co- and cross-polarization radiation patterns
in x-z and y-z planes for proposed antenna at (a) 6.0, (b) 7.25, and (c) 8.0 GHz.

phase variation explains the gain reduction at the deteri-
oration frequencies. The LDAGS shows a smaller phase
variation than that of the AGS, whereas the SDAGS shows
a 90° phase difference between the x and y directions with
a more uniform distribution. than those for the LDAGS and
AGS at the two frequencies.

This also explains the stable gain characteristics of the
antenna with the SDAGS. It was also observed that cross-
polarization was sufficiently suppressed.

Fig. 14 shows that the simulated and measured radia-
tion patterns have good agreement in the x-z and y-z planes
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pattern is a composite result from the patch elements and
the DAGS.

Table 4 summarizes the simulated and measured radiation
characteristics of the proposed CP microstrip patch antenna
with the SDAGS.

Table 5 compares the overall performance of the proposed
CP antenna with that of existing metasurface-based single-
fed CP microstrip antennas in terms of the -10-dB impedance
bandwidth, 3-dB AR bandwidth, 3-dB gain bandwidth, max-
imum gain, and overall antenna dimensions. The proposed
antenna with the SDAGS has the widest fractional band-
widths of |[S11| < —10 dB (76.57%) and 3-dB gain variation
(71.89%).

The proposed antenna also achieves comparable results
in terms of the bandwidth of AR < 3 dB (42.75%) and
maximum gain (8.75 dBic) while having a lower profile and
more compact dimensions.

In addition, the 3-dB AR band is included in the
bandwidths of the 3-dB gain and —10-dB |S11].
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FIGURE 17. Simulated and measured S11 characteristics of array antenna and
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IV. ARRAY CONFIGURATION

Patch antennas are often arrayed on a substrate and a ground
plane [4], [5]. Because the characteristics of the AGS are
affected by the size of the ground plane and the AGS patch,
an array structure with a DAGS on a shared substrate and
a ground plane was investigated.

A patch antenna with a two-element array structure based
on SDAGSs was examined, as shown in Fig. 15, where an
additional substrate layer of the Wilkinson power divider
is used for a branched feeding line underneath the ground
plane. The simulation results for the array design were val-
idated by measurements of the prototype antenna shown in
Fig. 16 using the same substrate (RT/Duroid 5880) as that
in the single-element structure.

Fig. 17 shows the simulated and measured |S11| character-
istics for the proposed array antenna compared to those for a
single-element structure. The simulated —10-dB [S11| band-
width is 68% ranging from 4.18 to 8.5 GHz. Fig. 18(a) shows
the AR characteristics in the boresight direction for several
values of d. When d < 39.4 mm, a small AR peak at around
7.5 GHz is observed. This is due to the effect of coupling
between the two DAGSs. When d > 39.4 mm, the peak is
less than 3 dB, and the 3-dB AR bandwidth for the array
is almost the same as that for the single-element structure,
as shown in Fig. 18(b). We can conclude that only a small
effect of the coupling is observed.
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FIGURE 18. AR characteristics in +z direction for array structure. (a) Results of
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FIGURE 19. Simulated and measured gain characteristics of array antenna and
simulated gain characteristic of single-element structure in +z direction.

The simulation and measurement results almost
overlap. A bandwidth of 43.7% is measured at
5.45—8.5 GHz.

Fig. 19 shows the simulated and measured gain character-
istics in the +z direction for the proposed array compared
to those for the single-element structure. The gain of the
array was increased by nearly 3 dB, as expected, compared
to that for the single-element structure.

The simulated and measured maximum gains are 10.68
and 10.77 dBic, respectively, at around 6.00 GHz.
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TABLE 5. Comparison of performance of proposed antenna and existing CP single-FED microstrip antennas with metasurfaces.

References |S11| 3-dB AR 3-dB gain Maximum gain Overall Dimension
BW (%) BW (%) BW (%) (dBic)
[1] 54.6 25.2 48.65 6.52 0.6074 % 0.6234 x 0.0834, at 4.67GHz
[3] 36 28.3 40 7.4 0.68241, % 0.9794 x 0.0504 at 3.32GHz
[10] 36.2 332 34.78 7 0.6054 x 0.5044, % 0.1604. at 5.04GHz
[11] 45.6 23.4 36.36 7-7.6 0.4964. x 0.496A. x 0.0484, at 4.7GHz
[12] 35 22 38.99 7.72 0.8734 % 0.6554L x 0.0524, at 3.28GHz
[13] 40, 49.5 19.3,33.8 66.67 7.4 0.53341. % 0.533/1 % 0.133/; at 2.0GHz
[14] 42 22 32 7.2 0.6064, % 0.6214 x 0.0821 at 4.66GHz
[17] 47.82 43.81 60.47 9.74 1.0684L x 1.0684, x 0.0914. at 5.17GHz
Proposed antenna 76.57 42.75 71.89 8.75 0.623A; x 0.6134; x 0.0831; at 4.67GHz

AL is the free space wavelength of the lowest operating frequency.
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FIGURE 20. Simulated and measured co- and cross-polarization radiation patterns
in x-z and y-z planes for proposed antenna with array at (a) 6.0, (b) 6.5,
and (c) 7.25 GHz.

The simulated and measured bandwidths of the 3-dB gain
variations of the array are 4.2—9.85 GHz (80.42%) and
4.25—-9.80 GHz (79.00%), respectively.

Fig. 20 shows the simulated and measured radiation pat-
terns in the +z direction for the array design of the proposed
CP antenna at the selected frequencies of 6.0, 6.5, and
7.25 GHz in the 3-dB AR band. There is good agreement
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between the simulation and measurement results. The cross-
polarization was suppressed. The results indicate that the
effect of coupling between the elements can be ignored.

V. CONCLUSION

A single-feed circularly polarized patch antenna with a
DAGS was proposed. The diamond-shaped alignment avoids
strong resonances of surface waves on the DAGS. The
proposed structure, whose size is the same as that of an
AGS antenna [1], achieves a 3-dB AR bandwidth of up to
around 40% and stable gain characteristics. To achieve a
broader 3-dB AR bandwidth, the SDAGS unit cell effec-
tively suppressed the extra resonance that enhanced one of
the orthogonal radiation components in the far field region.
Furthermore, the smaller dimensions of the unit-cell array
led to a uniform magnetic current distribution throughout
the operating band with controlled resonance in the x and y
directions at the relatively high frequency of the 3-dB AR
band. This results in stable gain characteristics, especially
at high frequencies. As an additional advantage in DAGS,
we can mention that the AGS consisting of rectangular unit
cells is rotated by 45° and the edges are simply cut diago-
nally and linearly to the sides of the rectangular unit cells,
making it easy for fabrication. In addition, a two-element
array configuration (2 x 1) for the proposed CP antenna
with a SDAGS was presented. This array structure achieved
a 3-dB AR bandwidth of 40% even though the two patch
antennas were fabricated on a common ground plane and
substrate. Coupling between the two DAGS unit-cell arrays
should be avoided to reduce extra resonances.

The results show that the proposed structures are candi-
dates for broadband CP applications. Reducing the coupling
between the DAGS will be considered in a future study.
Discussions using equivalent circuit would be an interesting
future problem.
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