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Abstract

A compact circularly polarized (CP) patch antenna is presented for modern communication
systems. The prospective antenna consists of a microstrip-line inset-fed rectangular patch and
a defected ground plane. A rotated rectangular slot and a modified electric-inductive-
capacitive (m-ELC) resonator are introduced in the patch and the ground plane to achieve
multiband behaviour. A corner of the radiating patch is truncated and an arrow-shaped
stub is introduced for generating circular polarization. The physical area of the substrate is
0.261 x 0.224¢, and the radiator size is 0.164, x 0.144,, where A, is the free-space wavelength
estimated at the lowest frequency. The measured (S;;<-10 dB) bandwidths of the antenna are
80 MHz (3.58%) at 2.23 GHz, 75 MHz (2.64%) at 2.84 GHz, 80 MHz (2.50%) at 3.19 GHz, and
70 MHz (1.82%) at 3.83 GHz. The measured 3-dB axial ratio bandwidths are 40 MHz (1.41%),
100 MHz (3.12%), and 60 MHz (1.57%) at 2.84, 3.20 and 3.82 GHz, respectively. The pro-
posed planar antenna design does not need dual-feed or multi-layered patches for achieving
multiple CP bands. It offers easy integration with the printed circuits of the communication
systems.

Introduction

Multi-antennas are widely used in modern communication devices to improve performance of
the wireless systems. As compared to the multi-antenna system, the multiband operation scale
down the number of resonating elements, hardware complexity, design time, and overall cost.
A multiband behaviour can be obtained by introducing slots on the radiator or ground surface.
Recently, circularly polarized (CP) antennas received considerable attention from designers as
they encounter multipath fading effects and polarization mismatch losses. In the literature,
various CP antenna designs have been suggested for multiband function [1-24]. In [1], a dual-
band CP antenna was developed with two imbricating patches. However, the alignment of the
two patches is difficult in this antenna design. Dual-band stacked patch antennas with probe
feed [2] and hybrid feed [3] were presented for circular polarization. But, the dual-band per-
formance was achieved at the cost of design complexity. Single-layered dual-band CP antenna
with concentric annular rings [4] and capacitively coupled annular-ring slot antenna [5] were
reported. A patch antenna with a truncated corner was presented [6], where an arrow-shaped
triangular stub was loaded on the patch for polarization agility. An L-shaped slot antenna was
proposed with metasurface [7]. However, the extra layer changed the profile of the antenna.

A probe-fed dual-band CP antenna with four sequentially rotated shorted monopoles and a
U-slot was presented [8]. Since the antenna employed vias, drilling is needed, therefore, it
could be difficult to integrate on the printed circuit board (PCB). A dual-band dual-polarized
antenna with D-shaped complementary split-ring resonator (CSRR) engraved on the ground
surface was proposed [9]. A tapered microstrip line-fed hexagonal slot antenna was proposed
with three L-shaped slits for wireless and satellite applications [10]. A trident-shaped dipole
antenna was presented for 2.4/5.2/5.8 GHz WLAN applications [11], where the antenna was
backed with high impedance surface (HIS). A triple-band CP antenna was proposed with
two electromagnetically coupled radiating elements [12]. Planar triple-band CP monopole
antenna designs with different slots were reported in [13, 14]. A tri-band monopole antenna
was proposed with a Y-shaped radiator for WLAN and Wi-MAX [15]. The antennas were
loaded with the split-ring resonator (SRR) for obtaining multiple CP bands [16-18]. A dual-
band slot antenna was presented with extended corners and an array of inclined strips [19]. A
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Table 1. Prospective antenna design parameters.
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Fig. 1. Layout of the prospective CP antenna: (a) front view, (b) back view, (c) front view of the prototype, (d) back view of the prototype.

Parameter Wsup Lty Ly Ly Ls Lg Ls Ws Lsy Ws1
Value (mm) 30 35 9.6 20 15.6 15.9 16 11 75 1.2
Parameter Ws, Wss Wsa Wss W, W, A g t 4
Value (mm) 42 4.2 3.6 3.6 1.25 0.75 3 5.5 0.85 2.125
Parameter Y, P p h a

Value (mm) 2.225 13.75 13.45 1.6 55°

coplanar waveguide (CPW)-fed broadband CP antenna was devel-
oped in [20], where rectangular, L-, and spiral slots were embed-
ded in the antenna for circular polarization. A multi-polarized
triple-band antenna was developed in [21], where asymmetric
slots were loaded on the patch for achieving circular polarization.
Dual-band single-layered antennas loaded with inverted L- and
U-shaped strips were reported [22,23]. In [24], a 2 x 2 array of
CP antenna elements was presented for IoT systems. However,
the array used a complex sequential feeding mechanism. The
antennas in [2, 3, 10, 11, 12] showed complex multi-layered
geometry, therefore integration of such antennas into the PCB
is difficult. The antenna sizes were relatively larger in [5, 8, 12,
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Fig. 2. Simulation set-up of an m-ELC resonator.
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Fig. 3. Simulated outcomes of the prospective m-ELC (a) magnitude, (b) phase.

15, 18, 20], therefore occupy more space, and this may also limit
their integration with modern portable devices. The radiator
designs in [19-21] were complex as they required an array of
inclined strips and symmetric/asymmetric slots.

Antenna 1

(a) (b)

Antenna 5

(e)

Antenna 4

Fig. 6. Design steps of the prospective antenna.
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Fig. 4. Equivalent circuit of the proposed m-ELC.
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Fig. 5. Material parameters (€,,_gc and pm,_g ) of the prospective m-ELC.

In this paper, a miniaturized, low-profile, single-feed multi-
band design composed of a microstrip-line inset-fed rectangular
patch and a defected ground plane is presented. The multiband
behaviour is obtained by introducing a modified electric—induct-
ive—capacitive (m-ELC) resonator in the ground surface and a
rotated rectangular groove in the patch. The antenna resonates
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C
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Fig. 7. Response of the design stages (a) Si;, (b) axial ratio.

at 2.2, 2.78, 3.18 and 3.82 GHz. For obtaining circular polariza-
tion, two square-shaped slots are engraved from the ground
plane, and an arrow-shaped stub is introduced on the truncated
patch of the antenna. Manufacturing of the prospective quad-
band radiator is easy as it does not engage multiple feeds or spe-
cial type of feeding method, vias, or stacked patches. The main
contributions of the presented work are:

The proposed antenna is a single-layered planar design, which
offers easy integration with the PCB of the communication
system.

In the proposed multiband antenna, three CP bands are
obtained without using a dual-feed or feeding network, there-
fore simplifying the antenna design procedure.

The total area occupied by the prospective multiband antenna is
comparatively small, and it can be easily integrated into port-
able RF devices.

Most of the CP antenna designs reported in the open literature
had the corner truncations for generating two orthogonal
modes of the same magnitude and 90  phase difference,
whereas the proposed design uses an arrow-shaped stub to
achieve circular polarization.
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Antenna configuration

The physical layout of the prospective antenna is demonstrated in
Fig. 1. The presented CP planar antenna is simulated using
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Fig. 8. Effect of Ws, on axial ratio.
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Fig. 9. Effect of slit parameters on axial ratio (a) Ws,, (b) Lsy, (c) Ys.

ANSYS HFSS, and its prototype is printed on the FR-4 substrate
(with relative permittivity (g,) of 4.4 and loss tangent (tan 6) of
0.02) of size 35 x 30 x 1.6 mm>. The physical parameters of the
proposed antenna are presented in Table 1. The antenna consists
of an inset-fed rectangular patch with truncated corner as shown
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Fig. 11. Effect of diagonal slot parameters on axial ratio (a) Ls, (b) Ws.

in Fig. 1(a). The resonating patch is loaded with a rectangular slot
for obtaining an additional resonance. A triangular-shaped stub is
introduced at the corner of the patch for achieving circular
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Fig. 12. Surface current circulation at different resonance frequencies (a) 2.2 GHz, (b) 2.78 GHz, (c) 3.18 GHz, (d) 3.82 GHz.
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polarization. Also, a rectangular slit is etched from the patch to
shift the resonant band towards the lower frequency, thus decreas-
ing the antenna size [25]. An m-ELC resonator and two square-
shaped slots are engraved on the bottom side of the substrate
for achieving CP multiband behaviour as shown in Fig. 1(b).
The front view and back view of the fabricated prototype are por-
trayed in Figs 1(c) and 1(d), respectively.

Modified electric—inductive—capacitive (m-ELC) resonator

The physical parameters of the proposed m-ELC resonator are
shown in Fig. 1(b). To analyze its operating behavior, the
m-ELC resonator unit cell is simulated with a 50-Q transmission
line. The orientation and boundary conditions of the m-ELC unit
cell are illustrated in Fig. 2. Figure 3 exhibits the reflection and
transmission coefficients of the presented m-ELC.

In the simulation set-up, the feeding points are positioned
along the Y-axis while the periodic boundaries (perfect electric
conductor and perfect magnetic conductor) are positioned in
the Z- and X-axes, respectively. A microstrip line is placed orthog-
onal to the feeding ports, and the input signal propagates from
port-1 to port-2. The microstrip line responds to in-plane mag-
netic fields while the m-ELC resonator responds to orthogonal
electric fields. Since m-ELC is working as a single negative meta-
material, the stop bands occur at 1.95 and 4.25 GHz, as illustrated
in Fig. 3.

Furthermore, the prospective m-ELC resonator is studied with
the help of circuit theory. In the past, various SRR/CSRR designs
with 50-Q microstrip line loading were investigated by many
researchers [26-28]. The equivalent circuit of the prospective
m-ELC is depicted in Fig. 4. Here, the m-ELC resonator is mod-
eled as a parallel tank circuit while the microstrip line is modeled
as an inductance L, The coupling between the microstrip line
and the parallel tank circuit is modeled as C.. Cgrc, represents
the capacitance of two outer rings, while Lgc and Lgic
represent the inductance of outer and inner finger loops,
respectively.

In the literature, several techniques have been reported to
extract material parameters of the unit cell [29-33]. The para-
meters (€ and u) of the proposed m-ELC are computed using
Nicolson—Ross—Weir (NRW) method. Complex S;;, Sz Sa1
and S, are used for computing (£,,_grc and 1,,,_grc) parameters.
The refractive index (#,,_g ) of m-ELC is calculated using the
following bianisotropic medium formula [32].

1 11— 818 + 84
_pICc = 1
Nm—ELC kd, pic cos ( 25, (D

It is evident that if S;;=35,,, then Eq. (1) will be the same
standard retrieval equation given in [29]. During the computation
of n,,_prc, Eq. (1) has many possible solutions as discussed in
references [29, 31]. For passive medium

Im (nu—grc) =0 2

In comparison to the isotropic medium, the bianisotropic
medium has different characteristic impedance in different propa-
gation directions (+y in the presented case).

+ . Mm—ELC

Mm—ELC
b4 = — (3
m—ELC .
fm—grc + iéo

and z,_ =
m—ELC .
Npm—prc — ié0
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For a passive medium, the impedances z,_p; - and z,_ -
must follow the given criteria

Re (zfn_ELC) >0, and Re(z,,_g ) =0 (7)

where &, is the magneto-electric coupling coefficient, k is the free
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Fig. 14. Surface current circulation at (a) 2.78 GHz, (b) 3.18 GHz, (c) 3.82 GHz.

space wave number, and d,,,_gc is the largest dimension of the
m-ELC unit cell.
The fundamental resonant frequency of an m-ELC is calcu-

lated as
1
wy = |——
0 LprcCrrc

where Lg;c and Cggc represent the total inductance and capaci-
tance of the m-ELC, respectively. The parameters of the proposed
m-ELC are plotted in Fig. 5, which shows negative metamaterial
behavior at two resonant bands.

®)

Development of the prospective antenna

The development stages of the prospective CP multiband antenna
are demonstrated in Fig. 6. As shown in Fig. 6(a), the design pro-
cess starts with Antenna-1, which is an inset-fed rectangular

https://doi.org/10.1017/51759078721000106 Published online by Cambridge University Press

microstrip patch antenna operating at 3.35 GHz. The radiator
size of the antenna-1 is 22 x 20 mm”. The antenna is modified by
introducing a wide slot and a rectangular slot (rotated by 55°) in
the ground plane and the resonating patch, respectively, as demon-
strated in Fig. 6(b). Antenna-2 exhibits dual-band linearly polarized
attributes. As displayed in Fig. 6(c), the antenna-3 is realized by
loading an m-ELC unit cell in the wide slot of the antenna-2.

In step 4, two square-shaped slots are etched from the ground
of the antenna-3 as portrayed in Fig. 6(d). The square-shaped
slots introduce a quadrature-phase difference between the two
current vectors and also improve the impedance matching.
Further, the rectangular patch is truncated and an arrow-shaped
stub is introduced at the corner of the radiator to induce circular
polarization (antenna-5) as illustrated in Fig. 6(e). In Fig. 6(f), a
slit is cut along the top edge of the radiator for better impedance
matching in the two upper bands. The return loss and axial ratio
variations of the design steps are demonstrated in Figs 7(a) and
7(b), respectively.


https://doi.org/10.1017/S1759078721000106

International Journal of Microwave and Wireless Technologies

1S111(dB)

21 —— (Measured)
24 s -
2.0 25 3.0 35 4.0
Frequency(GHz)

(a)

Fig. 15. Simulated and experimental outcomes (a) S;, (b) axial ratio.

Parametric study of the prospective antenna

The parametric study of the prospective multiband CP antenna is
demonstrated in Figs 8-11. The parametric analysis is divided
into four stages. In stage 1, the effect of the ground plane slots
(Ws,, Wss3) is studied. The values of Ws, and Wss are varied
and their effect on the axial ratio is observed. It is clear from
Fig. 8 that Ws, affects the 3.8 GHz band significantly whereas a
small influence is seen on the other bands. A similar effect is
seen in the case of Wss.

In stage 2, the effect of slit dimensions (Ls;, Ws;, Ys) is pre-
sented in Fig. 9. The slit dimensions are optimized to shift 3-dB
axial ratio bands at 3.18 and 3.82 GHz. The optimized dimensions
of the slit are selected as Ws; =1.2mm, Ls; =7.5mm, and Ys=
4.6 mm. In stage 3, the length (g) of the arrow-shaped patch is
varied and its effect on the axial ratio band is presented. It is
depicted in Fig. 10 that g influences the 3.18 GHz band signifi-
cantly, and its value is chosen as 5.5 mm.

In stage 4, the effect of rectangular slot (Ls, Ws) is presented. It
is depicted in Fig. 11 that Ls and Ws affect the 2.78 GHz band
considerably, and their dimensions are chosen as 16 and 1.1
mm, respectively.

Results and analyses

The prospective antenna physical size is 0.264¢ % 0.2240, and the
radiator size is 0.161¢ % 0.144,, where free-space wavelength (1)
is calculated at the first resonant frequency. In comparison to con-
ventional antenna design, the loaded m-ELC saves space of ~62%.
The quad-band resonances are obtained due to the slotted patch
and m-ELC resonator. The etched slit/slot shifts resonant fre-
quency towards the lower side, thus decreasing the size of the
antenna [25]. The CP bands are obtained by means of the trun-
cated corner, arrow-shaped stub, and square-shaped slots etched
from the antenna ground.

The surface current circulation at 2.2, 2.78, 3.18 and 3.82 GHz
is demonstrated in Fig. 12. It can be noticed in Fig. 12(a) that (at
2.2 GHz) the current concentration is high around the fingers of
m-ELC. Whereas, at 2.78 GHz, the current concentration is high
across the rectangular slot of the patch and wide slot of the
ground, as demonstrated in Fig. 12(b). At 3.18 GHz, the current
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Fig. 16. Gain of the prospective antenna.

concentration is high around the square-shaped slots of the
ground and slit of the patch as shown in Fig. 12(c). While, at
3.82 GHz, the current concentration is high around the periphery
of the m-ELC resonator as displayed in Fig. 12(d).

For obtaining circular polarization, the two electric field com-
ponents (E, and E,) must have an equal magnitude (|E,| = |E,|)
and quadrature-phase difference (+90°) between them. To get a
better understanding of the polarization, the current vectors are
examined at 2.78, 3.18 and 3.82 GHz. It is demonstrated in
Fig. 13(a) that magnitude of the electric field components (in
X-direction (E,) and Y-direction (E,)) is almost equal at 2.78,
3.18 and 3.82 GHz. The phase variation of two electric field com-
ponents is illustrated in Fig. 13(b), which clearly illustrates that
phase difference between the two fields is 90

To check the sense of polarization, the surface current vectors
are plotted at 2.78, 3.18 and 3.82 GHz. It is clear from Fig. 14(a)
that the resultant current vector rotates in a clockwise direction,
which illustrates left-hand circularly polarized (LHCP) operation
at 2.78 GHz. Similarly, at 3.18 GHz, the resultant current vector
rotates in a clockwise direction, thus illustrating LHCP operation
of the antenna, shown in Fig. 14(b). While, at 3.82 GHz, the
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Fig. 17. Simulated and experimental patterns of the prospective antenna at (a) 2.2 GHz, (b) 2.78 GHz, (c) 3.18 GHz, (d) 3.82 GHz.

resultant current vector rotates in a counter-clockwise direction, The experimental testing of the fabricated prototype is done
thus illustrating right-hand circularly polarized (RHCP) operation  using the Agilent N5230A PNA-L series vector network analyzer.
of the antenna as illustrated in Fig. 14(b). Comparative outcomes of simulated and experimental return loss
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Table 2. Comparison of the prospective antenna with published multiband antennas.
Ref. Bands (GHz) Size of the antenna (1o % A) Peak gain (dB) Impedance bandwidth (%) Polarization
Prop. 2.23, 2.84, 3.19, 3.83 0.26 x 0.22 2.05, 1.3, 0.76, 0.3 3.58, 2.64, 2.50, 1.82 LP, CP, CP, CP
(5] 1.61, 2.74 0.35x0.30 25,27 227,223 CP, CP
(8] 1.575, 2.45 0.26 % 0.26 0.91, 6.8 0.7, 5.5 CP, CP
[12] 24, 35,57 0.32%x0.32 4.2,55, 4 4.57, 3.37, 7.49 CP, CP, CP
[15] 24,3558 0.36%0.28 2.3,2.25,0.6 9.16, 4.57, 66.37 CP, LP, CP
[18] 4.15, 4.77, 5.1 0.97 x 0.97 2.88, 1.96, 2.96 64.54 CP, CP, CP
[20] 6.99, 11.94 0.47 x 0.47 3.67, 6.36 92.70, 13.70 CP, CP
[21] 1.17645, 1.88, 2.3325 0.20 % 0.20 3,--,65 3.06, 4.36, 3.51 CP, LP, CP

are displayed in Fig. 15(a). The experimental —10 dB bandwidth is
80 MHz (3.58%) at 2.23 GHz, 75 MHz (2.64%) at 2.84 GHz, 80
MHz (2.50%) at 3.19 GHz, and 70 MHz (1.82%) at 3.83 GHz.
The simulated impedance bandwidth is 90 MHz (4.09%) at 2.2
GHz, 70 MHz (2.51%) at 2.78 GHz, 100 MHz (3.14%) at 3.18
GHz, and 50 MHz (1.30%) at 3.82 GHz. The comparison between
the simulated and measured axial ratio is illustrated in Fig. 15(b).
The experimental 3-dB axial ratio bandwidths (in the
+Z-direction) are 40 MHz (1.41%), 100 MHz (3.12%), and 60
MHz (1.57%) at 2.84, 3.20 and 3.82 GHz, respectively. Whereas,
the simulated 3-dB axial ratio bandwidths are 60 MHz (2.15%),
80 MHz (2.51%), and 40 MHz (1.05%) at 2.78, 3.18 and 3.82
GHz. A small mismatch is seen between the simulated and experi-
mental outcomes, which may be due to the fabrication and meas-
urement errors. The comparison between simulated and
measured gain is demonstrated in Fig. 16.

The radiation pattern measurements are conducted in a rever-
beration chamber with the help of an Agilent signal analyser (HP
8563E) and Anritsu (MG3694B) microwave signal generator. A
standard horn antenna is used as a transmitter and the proposed
antenna as a receiver. The physical separation (200 cm) between
the transmitting and receiving antenna is fixed to satisfy the far-
field conditions. The simulated and experimental patterns in
E-(Y-Z) and H-(X-Z) planes are demonstrated in Fig. 17. It can
be noticed in Fig. 17(a) that (at 2.2 GHz) bidirectional pattern
is obtained in the E-plane, while in the H-plane, the pattern is
omnidirectional. The antenna shows LHCP behavior (at 2.78
GHz and 3.18 GHz) in the E- and H-planes and RHCP behavior
at 3.82 GHz as illustrated in Figs 17(b), 17(c), and 17(d).

A comparative study of the prospective design and other pub-
lished CP multiband designs is conferred in Table 2. Most of the
published multiband designs consisted of two/three layers, there-
fore, the alignment of multiple layers is an issue. The antenna
reported in [8] consisted of four vias, therefore, it could be
difficult to integrate on the PCB. In contrast to the previously pub-
lished CP designs, the prospective design is low-profile, compact,
and it does not need any external phase shifter or complex feed
mechanism for introducing circular polarization. A low gain is rea-
lized, which is due to the modified ground plane of the antenna.

Conclusion

In this study, a compact low-profile quad-band antenna is suggested
with three CP bands. The prospective inset-fed antenna comprised
of a rectangular radiator and a modified ground surface. The multi-
band operation is achieved by loading an m-ELC resonator in the
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antenna ground and engraving a rectangular slot on the patch.
The CP operation is achieved by truncating a corner of the patch
and introducing an arrow-shaped stub in it. One more CP band
is obtained by etching the opposite edges of the wide slot by
means of two square-shaped slots. The prospective antenna is fabri-
cated and measurement outcomes demonstrate a close affinity with
the simulated results. The antenna operational frequency bands are
223, 2.84, 3.19, and 3.83 GHz. The prospective design is easy to
manufacture, offers reasonable gain, and CP radiation at three
bands. The antenna can be used for space to earth communication
(2.17-2.2 GHz), airport surveillance radar/aviation services (typically
operate in the 2.7-2.9 GHz range), Wi-MAX (3.3 GHz), and
unmanned aerial vehicle (UAV)/Wi-MAX (3.8 GHz) applications.
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