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Abstract

This article explores the possibilities of incorporating a defected ground structure (DGS) for
widening the 3 dB axial ratio beamwidth (ARBW) of a simple low-profile planar circularly
polarized (CP) antenna. Two pairs of DGSs are etched symmetrically along the diagonals
of the ground plane to overcome the limited 3dB ARBW performance of a crossed-slotted
circular-shaped planar CP antenna. Here, one pair of DGSs is orthogonal to another pair
of DGSs. The distance between the pairs of DGSs plays a key role in enhancing the 3 dB
ARBW by 40.62%. A gap of 0.181, is considered between the DGSs to maintain the symmet-
rical electric field distribution in the substrate. It also helps to reduce orthogonal current com-
ponents and provides uniformly distributed patch surface currents. These phenomena
collectively help the proposed CP antenna to exhibit right-handed circular polarization radi-
ation with the 3dB ARBW of 186° and 188° in the E-plane and H-plane, respectively. The
measured results yield impedance bandwidth (S;; <—-10dB) of 2.6% (2.283-2.342 GHz),
CP bandwidth of 0.9% (2.294-2.315 GHz), gain higher than 4.8 dBic, and total antenna effi-
ciency more than 64% across the entire CP band.

Introduction

For the reduction of undesirable losses produced by polarization mismatches and imperfect
orientation between transmitting and receiving antennas, wide 3 dB axial ratio beamwidth
(ARBW) circularly polarized (CP) antennas are highly demanded to up surging the signal
tracking capability in different wireless communication applications. For example, the CP char-
acteristics of an antenna in a global positioning system entails the 3dB ARBW of more than
120° [1] for accurate reception of the wireless signal at any point on the earth. A radio frequency
identification system requires a CP antenna [2] to detect and track the tags associated with an
object. A wireless local area network system using a CP antenna [3] enhances the efficiency of
the connectivity of an electronic device. Therefore, the wide beamwidth feature of a CP antenna
with various technologies is extensively investigated for navigational systems and space
communications. The beamwidth of the CP antenna related to a reflector-based technique is
investigated with boxed [4], cylindrical [5], and pyramidal [6] shaped metallic backed cavity.
The reflection from the cavity reduces the backward radiation of the antenna significantly
that enhances the beamwidth. The ground-shaping technique is introduced with 3D conical
[7], slots embedded-boxed [8], and pyramidal [9] shaped ground structure to regain the beam-
width of the CP antenna. The height of 3D ground is effectively used to augment the surface
current distribution, which boosts the beamwidth of CP radiation. The structure-rotational
technique with wide beamwidth characteristics is reported in [10, 11]. The sequential placement
of the radiating elements [10] and quadruple inverted-F/L structures [11] tune the coupled field
between them, which helps to improve the CP beamwidth. As reported in [12, 13] the radiation
pattern can control the beamwidth of the CP antenna. The dipole technique is used widely with
curved-crossed dipoles [14], complementary parallel dipoles [15], bowtie dipoles [16], asym-
metric S-shaped dipole [17], and parallel magnetic dipoles [18] antennas for beamwidth enrich-
ment. The beamwidth of these antennas mainly depends on either surpluses orthogonal electric
fields or identical E-plane and H-plane radiation patterns. The use of parasitic components
[19-21] is another common technique for the beamwidth enhancement of CP antennas.
The benefit of raised electric fields on the main radiator using parasitic components contributes
to an extension in the beamwidth of antenna radiation.

A common feature of the majority of CP antennas developed using the aforementioned
techniques is geometrical complexity. Consequently, a planar form of a CP antenna with a
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simple structure is preferable in practice due to easy implementa-
tion. The slotted patches, shorting posts, and suspended-substrate
layers are widely used tools to realize planar CP antennas with
wide beamwidth. The enhancement of mutually coupled fields
using slotted structures on the patches efficiently leads to a
wide 3 dB ARBW in antennas [22]. The concept of frequency tun-
ing ratio for 3 dB ARBW is experimentally verified using shorting
posts in antennas [23]. By placing the patch on suspended-
substrate layers, identical radiation patterns of two far-field com-
ponents can be produced across a wide angular range that turns
the CP antenna into a wide beamwidth characteristic [24].
Further, the ground plane of the antenna can be engineered by
incorporating defected ground structure (DGS) to design planar
CP antennas [25-27]. In [25], open slotted-DGS and fractal-
shaped DGS in [26] are used for broadening the CP beamwidth.
In [27], a ring-shaped DGS is incorporated with a corner-
truncated CP antenna to widen its CP bandwidth (CPBW). It is
found that the engineered ground plane technique has the poten-
tial to control the performances of the CP antenna. However, this
technique is not explored explicitly for the wide-beam CP antenna
design.

This work employs the DGS integration technique to widen
the 3dB ARBW of a low-profile planar CP antenna. An orthog-
onal set of two pairs of DGSs are symmetrically inserted along
the diagonals of the squared-shaped ground plane. The design
strategy of the proposed CP antenna is established by a compre-
hensive analysis along with physical insight. In this work, the con-
cept of DGS integration is revealed for the first time to address the
issue of achieving wide 3 dB ARBW (>186°) in a low-cost, simple
planar CP antenna design. The wide CP beamwidth of this pro-
posed antenna is realized by appropriately tuning the distance
between two pairs of DGSs instead of adjusting the position of
the crossed-dipole element. Hence, the limited 3 dB ARBW
issue of the low-profile planar CP antenna has been solved by
the proposed DGS incorporation technique without hampering
the planar and low-profile features of the CP antenna. All the
simulations are accomplished using the FEM-based Ansys®
HESS™ EM solver.

Design strategies and working principle of the proposed CP
antenna

This section describes the design strategy and the principle of
operation of the proposed CP antenna. The relevance of the
DGS-based approach is demonstrated both numerically and
experimentally (in section “Experimental results”). All results in
subsequent sections are presented for the principal plane of
¢ =0°, otherwise the plane is mentioned accordingly.

Initially, a conventional approach involving a crossed-shaped
slot [28] at the center of the patch is conceived to design a planar
circular-shaped CP antenna, as shown in Fig. 1(a). The circular
patch of radius 21.5mm with 1.85% cross-shaped slotted area
exhibits impedance bandwidth (IBW) of 2.7% (2.354-2.418 GHz),
CPBW of 0.63% (2.374-2.389 GHz), and 3 dB ARBW of 128° across
the angular range —68° to +60° at 2.385 GHz, as shown in Fig. 2.
The antenna size is reduced by 0.174, (0.5-0.334;) due to the
crossed-shaped slot at the center of the patch [29].

Now, to overcome the beamwidth hurdle, two narrow slots (a
and a’) of only 0.4% fractional area of the ground plane are etched
along the diagonal line of the ground plane. Here, the narrow
slots are the small defects on the ground plane and presented
as a pair of DGSs with an optimum gap of 20.2 mm, as shown
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in Fig. 1(b). This antenna offers IBW of 2.8% (2.3-2.367 GHz),
CPBW of 0.6% (2.325-2.339 GHz), and 3dB ARBW of 154°
across the angular range —76° to +78° at 2.332 GHz, as shown
in Fig. 2 and the achieved 3 dB ARBW is only 26° incremental
concerning the initial design (Fig. 1(a)). To review the roots of
poor 3dB ARBW, the electric field distribution in the substrate
and the patch surface currents are investigated, as shown in
Fig. 3(a). The asymmetric electric field in the substrate (Fig. 3
(a)) restricts the higher magnitude current components across
the limited area on the patch lead to a narrower 3 dB ARBW in
the antenna.

Similar behavior is perceived in a CP antenna (Fig. 1(c)) with
one pair of DGSs (b and b') along the other diagonal line, which
exhibits IBW of 2.5% (2.299-2.356 GHz), CPBW of 0.5% (2.317-
2.328 GHz), and 3dB ARBW of 156° across the angular range
—80° to +76° at 2.323 GHz, as shown in Fig. 2. To enrich the 3
dB ARBW further, the orthogonal arrangement of DGS pairs
(a—d and b-V'), along the two diagonals of the ground
plane, is conceived, as shown in Fig. 1(d). This structure is con-
sidered as the proposed planar CP antenna offering IBW of
2.4% (2.29-2.344 GHz), CPBW of 0.65% (2.303-2.318 GHz),
and the 3dB ARBW of 180° across the angular range —88° to
+92° at 2.312 GHz, as shown in Fig. 2. The dimension of each
DGS is finalized as (Lg x Ws). The distance parameter (S) between
the paired-DGSs is finalized at 0.184, after analyzing Fig. 3(b-d).
The collective performance of the enhanced current distribution
across the patch surface and a reduction of orthogonal compo-
nents solve the lower 3 dB ARBW issue of the two primary anten-
nas (Figs 1(b) and 1(c)). For § = 0.014, (Fig. 3(c)), the asymmetric
substrate field distribution concentrates only along the x-axis, and
subsequent higher magnitude current components are also con-
centrated across a limited area along x-axis of the patch with a sig-
nificant amount of orthogonal current components (x-directed).
For §=0.27A, the substrate field distribution is not symmetric
about the centerline of the patch, and the higher magnitude cur-
rent components are decreasing across the patch, as shown in
Fig. 3(d). However, for $=0.181, (the proposed position of
DGS pairs, Fig. 3(b)), it displays symmetric substrate field distri-
butions with reduced x-directed current components, which col-
lectively uplift the 3dB ARBW by 40.62% in comparison to the
basic CP antenna (Fig. 1(a)), as illustrated in Fig. 2. When S=0
(crossed-shaped DGS), the antenna losses its CP property and
show an AR above 3 dB.

The two far-field components Ey and E,, define the axial ratio
of CP characteristics in the antenna radiation. It can be observed
that the 3dB ARBW is progressively improved from CP antenna
with crossed slot to one pair of DGSs and two pairs of DGSs.
Therefore, it is important to notice the beamwidth variation of
Ey and E, across elevation angle () for different structures of
the CP antenna shown in Fig. 2(d)-(f). For the proposed struc-
ture, better matching between Ey and E, is observed across a
wide angular range, leading to higher ARBW.

From discussions on Fig. 3, it is traced that the electric field in
the substrate and the surface current on the patch can be con-
trolled effectively with the appropriate placement of the
paired-DGSs. Further, the principle of wider 3dB ARBW can
be explicated in the following analysis. When the slot width
Ws < Ay, the electric field varies as a cosine function along the
slot length (Lg) [30]. Based on this theory, the magnitude of the
two far-field components (Ey and E,) in the XZ-plane varies
with the gap (S) between the DGSs pairs as a function of elevation
angle theta (6), along with their corresponding AR at the
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Fig. 1. Evolution of the proposed CP antenna: (a) CP antenna with crossed-slot, (b) CP antenna with crossed-slot and one pair of DGSs (a and d’), (c) CP antenna
with crossed-slot and one pair of DGSs (b and b'), and (d) proposed CP antenna with crossed-slot and two pairs of DGSs [parameters dimension: Ws=65.2 mm
(0.54¢), h=1.575mm (0.0124,), 2R =43 mm (0.334), L =13.4 mm (0.14,), W=1 mm (0.00764,), Ls=14 mm (0.114¢), Ws=1 mm (0.00762,), S=24 mm (0.184¢)] [Ao=

free space wavelength corresponding to the CP frequency 2.306 GHz].
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Fig. 2. Analysis of different antenna structures: (a) Sy, versus frequency, (b) AR versus frequency, and (c) 3 dB ARBW versus theta (6); the £ and E,, components for
(d) CP antenna with crossed-slot (e) CP antenna with crossed-slot and one pair of DGSs, and (f) proposed CP antenna [¢=0° plane].

principal plane ¢ = 0°, as shown in Figs 4 and 5, respectively. It is
observed that the magnitude of Ey is almost unchanged irrespect-
ive of S, as Ey is not a function of S variations. Therefore, only for
the proposed S value (S=0.181, at 2.312 GHz), the Ey plot (plot
in red color) is included. However, the magnitude of E,, gradually
falls as S is incremented from 0.014, to 0.071, and 0.184,.
Specifically, for $=0.014,, wider flatness in E, plot across 6=
0° is observed, which is far away from E,. When S =0.181,, the
magnitude of E, dramatically drops and it becomes nearly
equal to Egy across a wide range of 6. As a consequence, the 3
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dB ARBW of the proposed CP antenna is extended to 180° at
¢ =0° plane. For other values of S (§>0.184,), magnitude of E,
again continues to increase and appear far away from Ej.
Hence, a continuance of lower 3dB ARBW is detected.
Therefore, the above investigation shows that the position of the
pairs of the DGSs plays a crucial role in uplifting the 3 dB
ARBW of the proposed CP antenna. A summary of all quantita-
tively exemplified 3 dB ARBW for different values of S is tabulated
in Table 1. From the realization of maximum 3 dB ARBW, S =24
mm (0.184,) is selected for the final design.
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Fig. 3. Electric field distributions in substrate (upper) and surface current on the patch (lower) for different structures: (a) crossed-slot with one pair of DGSs (a and
a’') at 2.332 GHz; crossed-slot with two pairs of DGSs with (b) S=0.184, at 2.312 GHz (proposed), (c) $=0.014, at 2.222 GHz, and (d) $=0.274, at 2.371 GHz [all

distributions are taken under the same scale].
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Fig. 4. Simulated £y and E,, for different choices of S in the XZ-plane.

From the surface current distributions on the patch (Fig. 3), it
is found that the higher magnitude current component symmet-
rically increases across the patch surface as S is increased from
0.014¢, to 0.184,. This phenomenon of higher magnitude current
components further relates to the beamwidth principle of the E,
component. The magnitude of E, across theta () is decreasing
with the increase of S from 0.014¢ to 0.181, and it approaches
to the Ey component, as demonstrated in Fig. 4. It also confirms
the insensitive property of Eg to S. The higher magnitude current
component does not influence the magnitude of Ey. For a further
increment of S (>0.184,), the magnitude of E, across theta (6) is
increasing (Fig. 4), as symmetries of higher magnitude current
components across the patch surface are reduced (Fig. 3(d)).
Hence, the beamwidth of E, across theta (6) is noticed to appear
far away from E,. Therefore, a linear relationship has been
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Fig. 5. Simulated AR for different choices of S at the plane of ¢=0°.

observed between the symmetries in higher magnitude current
components across the patch surface and the magnitude of E, far-
field component. It is observed in Fig. 6 that across 86.6% of the
entire CP band, the 3dB ARBW is more than 100°, which
strongly validates the practicality of the proposed CP antenna.
Intrinsically, the metallic ground plane takes the role of a
backed reflector for the antenna. Therefore, the influence of the
ground plane on the 3dB ARBW of the proposed CP antenna
needs to be analyzed, and these are summarized in Fig. 7. It is
found that the 3dB ARBW reaches to its maximum value of
180° for the proposed size (Wg =65.2 mm) of the ground plane.
Finally, to observe the impact of DGSs pairs on the back radi-
ation performance, the radiation pattern of the proposed CP
antenna (Fig. 1(d)) has been compared with a conventional CP
antenna without DGS (Fig. 1(a)), as shown in Fig. 8. It is observed
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Table 1. 3 dB ARBW for different selections of S
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Fig. 7. The 3 dB ARBW for several width (W) of ground plane.

that narrow slotted DGSs pairs do not affect the back radiation and
the front-to-back ratio of the proposed CP antenna. Additionally,
the cross-polarization discrimination (XPD) of the proposed CP
antenna is significantly increased with this proposed DGS tech-
nique by 5dB in comparison to the conventional CP antenna.
Further analysis of the DGSs performance on the proposed CP
antenna exhibits a 0.17 dBic gain enhancement compared to a con-
ventional CP antenna without DGS, as shown in Fig. 9.

Experimental results

Based on the optimized dimensions obtained from above design
principle, the final proposed design (Fig. 1(d)) was fabricated
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Fig. 8. The simulated radiation pattern of the conventional CP antenna without DGS
and proposed CP antenna (¢ =0° plane).

Frequency (GHz)
2.376 2.380 2.384 2.388
1 == Proposed CP antenna

7 =« = Conventional CP antenna (without DGS) -

5:%_._._._._.——"’-

Peak gain (dBic)
P

2296 2300 2.304 2308 2312 2.316
Frequency (GHz)

Fig. 9. The simulated peak gain of the conventional CP antenna without DGS and
proposed CP antenna across their entire CPBW.

on a 65.2 mm X 65.2 mm Taconic TLP-3 substrate, with dielectric
constant (€,) =2.33, loss tangent (tand)=0.0009, and thickness
(h) =1.575 mm.

The photographs of the fabricated prototype and its experi-
mental setup are shown in Fig. 10. Reasonably good matching
between the simulation and measurement results is observed.
The measurements indicate IBW (S;; <—10dB) of 2.6%
(2.283-2.342 GHz), CPBW of 0.9% (2.294-2.315 GHz), the rea-
lized peak gain higher than 4.8 dBic, and the total antenna effi-
ciency more than 64% across the entire CP band, as
summarized in Fig. 11. The measured 3 dB ARBW of the pro-
posed CP antenna extends up to 186° and 188° at ¢ =0° and
¢@=90° planes, respectively, as shown in Fig. 12. It is observed
that the antenna features a good CP purity (AR <1 dB) across a
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Fig. 11. Plots of simulated and measured (a) reflection coefficients (S;;), (b) AR, and (c) gain and the total efficiency of proposed CP antenna.
wide-angle of theta (6) —48° to +46° at ¢ =0° plane. The mea- 9 —r——t—a—————t———
sured and simulated radiation patterns are in the broadside direc- Simulated Measured
tion for ¢ =0° and ¢ = 90° planes, as shown in Fig. 13. From these 8 (2.312 GHz) (2.306 GHz)
radiation patterns, the estimated half power beamwidth is 88° and 7 0=0° O N
82° at the plane of ¢=0° and ¢=90° respectively, which are
widely recommended for low-profile planar CP antennas in prac- 6 C

tice. The radiation patterns in both of the principal planes, as
shown in Fig. 13, are confirming the right-handed circular polar-
ization (RHCP) behavior of the proposed CP antenna. An
adequate amount of cross-polarization discrimination (XPD =
28 dB) between RHCP and left-handed circular polarization
(LHCP) is observed in both the principal planes. This level of per-
formance is acceptable for the CP antenna’s practical
implementation.

The measured results of the proposed CP antenna are bench-
marked against other wide beamwidth CP antenna designs
reported in literature, as summarized in Table 2. The comparison
encompasses some significant parameters such as overall dimen-
sion, 3dB ARBW, and XPD. In both the principal planes, the
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Fig. 12. The 3dB ARBW of proposed CP antenna at ¢=0° and ¢ =90° planes.


https://doi.org/10.1017/S1759078723000168

1440

dBic
03

RHCP RHCP

60 300

270 90 270

240 120 240

= Simulated (2.312 GHz)
= =+ Measured (2.306 GHz)

Mrityunjoy Kumar Ray et al.

120

Fig. 13. The simulated and measured RHCP and LHCP
patterns at (a) ¢=0°, and (b) ¢=90° planes.

Table 2. Compared measured results of proposed CP antenna with other related works

3dB ARBW (deg)

Antenna technique Overall size (/\3) CPBW (%) XPD (dB) ¢=0° ®=90°
Reflector-based [5] rx0.18x0.18x 0.1 at 1.575 GHz NG# NG# 173 173
Ground-shaping [9] 0.52x0.52%0.12 at 1.575 GHz 1.0 NG# 130 132
Structure-rotational [12] 7x0.1%0.1%0.46 at 1.615 GHz 0.9 NG# 180 NG#
Dipole [15] 0.4x0.4%0.0043 at 1.6 GHz 8.2 22 126 NG#
Slotted [18] 7x0.35x0.35%0.013 at 2.421 GHz 0.9 18 228 214
Parasitic-component [21] 0.3x0.3x0.065 at 1.556 GHz 5.4 NG# 147 NG#
Shorted-post [23] 0.4x0.4x0.02 at 2.451 GHz 1.2 31 140 143
Dielectric-based [24] 0.4x0.4x%0.03 at 2.28 GHz 1.7 20 120 NG#
DGS [25] 0.7x 0.7 x0.019 at 3.536 GHz 5.7 30 119 93
Paired-DGS [this work] x0.5%0.5%0.012 at 2.306 GHz 0.9 28 186 188

#NG: The data were not provided in the respective reference.

proposed CP antenna shows the highest 3dB ARBW except the
work in [18], along with acceptable CPBW (0.9%) and better
XPD (28 dB) values. It is found that the proposed DGS integra-
tion technique provides 10dB better XPD than the previous
work [18]. Hence, the strategically placed narrow DGSs can con-
vert a conventional CP antenna to a wide-beamwidth CP antenna
along with better XPD. The realized CPBW is comparable with
major related works and has sufficient quality for wide beam-
width narrowband applications. Overall, the proposed antenna
exhibits superior CP performance while retaining a compact
and geometrically simple structure.

Conclusion

The incorporation of customized DGSs for beamwidth enhance-
ment of slot-loaded planar CP antenna is demonstrated success-
fully. The presented methodology leads to a low-profile CP
structure featuring a wide 3 dB ARBW, which offers considerable

https://doi.org/10.1017/51759078723000168 Published online by Cambridge University Press

performance improvements over similar designs reported in the
literature so far. In the proposed design, the surface current distri-
bution and its orthogonal components on the patch can be con-
trolled easily with the proper placement of paired-DGSs. The
enhancement of higher magnitude current and reduction of
orthogonal current components across the patch surface promises
a 3dB ARBW across a wide angular range. Relationships between
physical parameters, electric fields, surface currents, and the 3 dB
ARBW are established based on the comprehensive design ana-
lysis. The proposed CP antenna, with its competitive features,
can be employed in navigational systems and also for space
communications.
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