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ABSTRACT A novel design approach for broadening 3-dB axial ratio beamwidth (ARBW) of circular
polarization (CP) patch antenna is herein introduced. A patch structure consisting of three pairs of slots and
four coupled strips is firstly proposed and examined. In such a compact size of 0.216 A9 x 0.216 Ay x 0.013
Ao (Ag is the free-space wavelength at the 2.42 GHz). By carefully studying the evolution and related impact
of the patch structure, the ARBW broadening mechanism is thoroughly revealed. The far-zone fields are
further studied by the theory of equivalent magnetic currents (EMCs), and two polarized degenerate modes
TM10 and TMO1 are generated to excite CP radiation. To better understand the working mechanism of the
proposed parasitic structures, an equivalent circuit consisting of three networks is given. Finally, to validate
the performance, the proposed antenna is fabricated and measured, the simulated and measured results of
impedance bandwidth for |S11| < —10 dB is from 2.36 GHz to 2.48 GHz, and the measured 3-dB ARBW is
244° at plane ¢ = 0°. Both simulated and measured results show that the proposed antenna is very promising
for high elevation angle wireless applications.

INDEX TERMS 3-dB axial ratio beamwidth (ARBW), circular polarization (CP), coupled strips, compact
size, equivalent magnetic currents (EMCs), degenerate modes.

I. INTRODUCTION

Circularly polarized (CP) antennas play an important role
in many wireless applications, such as the radio frequency
identification (RFID), global positioning systems (GPS), and
wireless power transmission systems. Because the CP anten-
nas do not require strict alignment between transmitting and
receiving antennas, they can also combat the multipath fading
and are immune to the ‘Faraday rotation’ effect due to iono-
sphere [1]. In addition, microstrip patch antennas (MPAs) [2]
own unique characteristics: low profile, small size, light
weight, easy to fabricate, etc.. Therefore, MPAs with CP
characteristic would be a good candidate for the application
scenarios that require low-cost, easiness to mount, and high
robustness to polarization mismatch [3].
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For CP antenna with high beam, it is valuable for GNSS
applications [4], such as navigation, positioning, public
safety/surveillance, geographic surveys, time standards, map-
ping, weather, and atmospheric information. Under this
background, a low-profile circularly polarized microstrip
antenna is exceedingly demanded. However, the traditional
CP antennas suffer from a relatively narrow 3-dB ARBW [5].

Several methods were introduced to widen the 3-dB
ARBW in the past two decades. Those methods can be clas-
sified into four typical approaches. The first approach was
implemented by utilizing three-dimensional stacked struc-
tures, such as tapered elliptical cavity [6] and other reflector
structures [7]. The 3-dB ARBWs were mainly affected by
the reflected waves from the metallic wall of the cavity or
reflector surface.

The second way was employing distinct dipoles to adjust
electrical current component to better achieve CP radiation.
In [8], a CP antenna with two pairs of folded dipoles in
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a square contour was reported. The antenna had the 3-dB
ARBW at the central frequency of 1.6 GHz, and the 3-dB
ARBW was extended to 135° at ¢ = 0° and 142° at ¢ = 90°,
respectively. In addition, the crossed-dipole CP antenna was
proposed in [9] and [10], and the 3-dB ARBW was more than
120°.

The third method was realized by adding special meta-
surface structure or high-permittivity substrate to reduce
dielectric loss and improve the CP radiation performance.
In addition, the p-negative transmission lines with metama-
terials were used in [11], and the 3-dB ARBW varied from
175° to 190°.

Finally, the fourth approach was realized by introducing
additional parasitic structures to change the flow-path of sur-
face current to excite CP radiation. Such additional parasitic
structures include rectangular slots [12], [13], rectangular
strips [14], [15], unequal circular-patches [4], integrated
asymmetric/symmetric-stubs [16] and metallic vias [17].
Two-pair of parallel slots were orthogonally etched on a
circular patch antenna [18], which was operated at LHCP
radiation with wide 3-dB ARBW of 228° and 214° at ¢ = 0°
and ¢ = 90°, respectively.

A novel CP patch antenna with wide 3-dB ARBW is
herein introduced. It offers wide 3-dB ARBW. The polarized
degenerate modes TMjg and TMy; are used to excite the
CP radiation. This antenna operates in right-handed circular
polarization (RHCP) at broadside radiation. The equiva-
lent circuit, which is in good agreement with the full-wave
electromagnetic simulation, is constructed for this antenna.
Section II illustrates the geometry and operating principles of
the proposed CP antenna. The simulated and measured results
of the proposed CP antenna are shown in Sections III. Finally,
conclusions are given in Section IV.

Il. CIRCULAR POLARIZATION PATCH ANTENNA

The geometry of the proposed CP patch antenna is illustrated
in Fig. 1. Its dielectric substrate FR4 has relative permittivity
of & = 4.4, loss tangent of 0.02 and thickness of 1.575 mm.
The ground plane and radiating patch, which mainly serve
to achieve directional radiation, are printed on the bottom
and top surface of substrate, respectively. Its overall size is
60 x 60 mm? and fed by a 50-2 coaxial feed. In addition,
the radiation patch is symmetric about its center and consists
of three pairs of 45° rotated slots and four strips with shorted
metallic vias closely coupled to the patch. Table 1 lists the
detailed antenna parameters.

A. ANTENNA EVOLUTION

Fig. 2 is the structural evolution process of the proposed
antenna. The four antennas are named as antenna 1 (Ant 1),
antenna 2 (Ant 2), antenna 3 (Ant 3), and antenna 4 (Ant 4),
respectively. From the operating principle of typical diagonal
slot antennas [19], the narrow diagonal slot can be equivalent
to an ideal magnetic wall, which can control the surface cur-
rent of the patch to excite two polarization degenerate modes

VOLUME 11, 2023

4 S

[

L1

Ij_atch

I I _
lk Coaxial Feed Ground

FIGURE 1. Geometry of the proposed antenna.

TABLE 1. Parameters of the CP antenna (mm).

DL P L1 L2 L3 L4
27 12 4.2 5 6.5 4.9
LS L6 Rs Ws Wi w2

5 6 0.25 1.5 2.6 2.4
w3 W4 W5 Ls WL Wg
2.1 2 1.4 4 0.51 60

with phase difference of 90°, so CP radiation can be realized.
Ant 1 is evolved from a typical slot MPA, in which a narrow
slot with 45° inclination is etched inside a square patch [13].
Ant 1 can generate two electric field components that differ
90° in phase and are equal in amplitude over a certain angular
range. Similar to Ant 1, a pair of slots with 45° inclination is
etched inside a square patch [12]. In general, the slot length
in Ant 2 is different from that in Ant 1. In Ant 3, two pairs
of additional symmetrical inclined slots are etched around
the aforementioned slots in Ant 2 and all of the slots are
parallel and symmetric about the center of the patch. At last,
Ant 4 is the final form of the evolution antenna, in which
four coupled strips with metallic vias are inserted around the
patch from Ant 3. In these four antennas, all the slots have the
same width, and all the radiation patches (except Ant 4) have
the same size. In the following, the improvements of antenna

77649



IEEE Access

B.-W. Zheng et al.: Design and Analysis of Patch Antenna With 244° 3-dB Axial Ratio Beamwidth

Ant 1 Ant 2 Ant 3

FIGURE 2. Evolution of the CP antenna from antenna 1 to 4.
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FIGURE 3. Simulated results of |S;;| for antennas 1-4.

characteristics due to the added structures will be examined.
In order to make meaningful performance comparisons, the
lengths of slots are used for tuning these four antennas to
operate at the same frequency, i.e., 2.42 GHz. Hence, the
performance of each individual antenna may not be optimal.

The simulation results of |S;| and axial ratio (AR) for
the above four antennas are shown in Fig. 3 and Fig. 4,
respectively. The simulation results are obtained by using
a full-wave electromagnetic simulator (e.g., HFSS). From
Fig. 3 and Fig. 4, the impedance bandwidth (IBW) of Ant
1 is the narrowest with one resonant frequency, and its 3-dB
ARBW is exceedingly narrow, which is only 72°. In Ant 2,
by adding an extra slot, the IBW is improved and the 3-dB
ARBW is around 110° of 6. For Ant 3, the CP performance
also depends on the orthogonal electric field component
excited by the slots. Comparing to the Ant 1 and Ant 2,
the extra slots can optimize amplitude difference and phase
difference of two electric field components in a wider range
angle, and the 3-dB ARBW is widen as 209° from —103° to
106° with CP radiation.

Finally, it can be observed that the IBW of Ant 4 is
near 120 MHz, which is the largest one among the four anten-
nas. In Ant 4, the gaps between the two pairs of strips and the
radiation patch result in parasitic capacitances, whereas the
metallized vias can introduce parasitic inductances. Equiv-
alently, an extra LC resonant circuit is added, which can
expand the impedance bandwidth. The reactance introduced
in the x-axis and y-axis can increase the electric length of the
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FIGURE 4. Simulated results of AR beamwidth for antennas 1-4.
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FIGURE 5. Simulated AR of the proposed antenna with different WL.
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FIGURE 6. Simulated AR of the proposed antenna with different L6.

corresponding axis, and thus reduce the proposed antenna.
In addition, its 3-dB ARBW can reach to 241°. That is,
the CP radiation coverage of wide angle can be realized in
Ant 4. The reason for the wide ARBW is that the shorted pins
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provide vertical polarization whereas the slots can generate
horizontal polarization with capability of better adjusting
CP performance [20]. By the way, the CP performance will
be deteriorated with the number of metal biases decreased,
because the phase and amplitude differences of electric field
components are deviated 90° and 0 dB, respectively. More-
over, the three pair of narrow slots are placed to serve as
magnetic dipoles with quarter wavelength separation, forcing
the amplitude of the orthogonal electric field components to
be equal across a wide angle [12].

The 3-dB ARBW of the CP antenna is a strong function of
the mutual magnetic field, which can be tuned with the slot
parameters. To understand influences of the slot parameters
(i.e., slot width, slot length and so on), a set of studies on
the slot parameters is carried out while keeping the dimen-
sions and location of the strips and metallic vias unchanged.
In Fig. 5, the ARBW can achieve the optimum performance
when WL = 0.51 mm, in which a wide ARBW about 241° is
obtained. The effect of different L6 on AR is shown in Fig. 6,
with respect to its optimized value of 241° at L6 = 6 mm.
In principle, the subtle adjustment of a slot size can affect
the characteristics of the magnetic dipole generated by the
corresponding slot and changes the current distribution and
intensity around the slot, which affect the amplitude and
phase of the orthogonal electric components, resulting in a
change on ARBW. With increasing L6, the ARBW becomes
narrower. Specifically, the beamwidth turns to be sharply
reduced when the effective patch width exceeds the critical
value. Therefore, by properly adjusting the slot parameters,
a better AR performance can be achieved in the proposed
antenna.

B. TM MODEL ANALYSIS
According to the radiation principle of CP antenna, when the
phase and amplitude differences of electric field components
are near 90° and around O dB, respectively, two polarized
degenerate modes of TMjg and TMy; can be generated to
excite CP radiation. Since the thickness of the proposed
single-fed MPA is much smaller than Ag(where Ay is the
guided wavelength at 2.42 GHz), the electric field of the
antenna can be analyzed by virtue of cavity model theo-
rem [21], and its far-zone radiated fields can be theoretically
studied by using equivalent magnetic currents (EMCs) [19].
In Fig. 7 (a), the electric field distribution and equivalent
magnetic currents (EMCs) of the antenna under operation
are presented. It can be seen that the electric field, which
is normal to the patch, changes alternately in one half of
the wavelength travelling on the side of the patch along the
x-axis. In the y-axis, the direction of electric field remains
unchanged. Thus, one can conclude that the antenna operates
in TM;o mode. Also, it can be seen that its electric field
changes once along the x-axis, resulting in reverse EMCs
along the x-axis (marked in the green color), and the EMCs
are offset due to the opposite direction along the x-axis.
From the perspective of the surface current and based on
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FIGURE 7. Electric field distributions underneath the radiating patch of
the proposed CP antenna. (a) TM10 at 2.4 GHz, and (b) TMO1 at 2.44 GHz.

the right-hand rule, the magnetic field in the substrate is
continuous, so almost no current passes through the metallic
vias. In contrast, the electric field of EMCs along the y-axis
(marked in the red color) has no transverse phase reversal, and
the parallel EMCs along the y-axis are in the same direction.

Similarly, the TMp; mode and corresponding EMCs are
shown in Fig. 7 (b). According to the above results, one can
draw a conclusion that the broadside radiation mainly owes to
the alternatively EMCs along the y-axis in Fig. 7 (a). On the
other hand, the EMCs along the x-axis mainly contributes to
the CP radiation in Fig. 7 (b).

To further investigate the CP resonant mode of the struc-
ture, the simulated current and magnetic field distributions
on the patch at 2.42 GHz is plotted in Fig. 8, where T
denotes the period. It can be observed that the current dis-
tribution is time-dependent and rotating, and the dominant
surface current is along the y-axis at t = 0 and corresponding
to the conventional TMp; mode, as shown in Fig. 7 (b).
In addition, the structure is symmetric and the surface current
is mainly concentrated around the slots. The directions of
electric current at t = T/4, t = T/2, and t = 3T/4 are all kept
along the positive x-, negative y-, and negative x-axes, respec-
tively. By changing the time, the current direction rotates in
the counterclockwise direction, so it exhibits right-handed
circular polarization (RHCP) radiation.

Moreover, a slot on a metallic patch serves as a magnetic
dipole. It can be seen that the magnetic field at both ends of
each slot is stronger than that in the middle of the slot. Due to
the symmetry of its structure, the magnetic field distribution
is perfectly symmetrical. The parasitic structures can generate
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FIGURE 8. Simulated current and magnetic field distributions of the
proposed CP antenna at 2.42 GHz. (a) t=0, (b) t =T/4, (c) t =T/2, and
(d) t =3T/4.

two orthogonal electric field components, whereas the mag-
netic field mode of the radiation patch itself can be optimized
to achieve CP performance over a wide angular range.

From [14], the ARBW is mainly determined by the phase
differences between E6 and E¢ rather than their ampli-
tude ratios. In general, the axial ratio can be expressed as
follows [22]:

1+ 02 +/p* +2p2cos2Ag) + 1
1+ 02— V/p*+2p2cos2Ad) + 1

AR =

where p is ratio of the electric field amplitudes of TMjq
and TMy;, and ¢ represents the phase difference between
the TMj9p and TMy; signals. Then, the simulated results
of phase difference and magnitude difference of |Ef| and
|[Eg| are shown in Fig. 9. It can be observed that the phase
difference of E6 and E¢ is near 90° (i.e., the dashed line),
and the amplitude difference between E6 and Eg is close to
0 dB (i.e., the solid line) over a wide-angle range. Note that
AR from (1) is dimensionless and shown in dB in Fig. 9.
The above results indicate that a wide ARBW about 241°
(i.e., from —117° to 124°) is obtained.

C. EQUIVALENT CIRCUIT

To better understand the working mechanism of the proposed
parasitic structures, an equivalent circuit consisting of three
networks A, B and C is given in Fig. 10 (a). In addition, the
equivalent circuit model is constructed based on the inherent
characteristics of antennas and the parasitic structure. Based
on [22], the traditional MPAs without extra parasitic structure
can be seen as a parallel circuit of RLC as Network A,
which can excite a resonant frequency and generate a linearly
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FIGURE 10. Equivalent circuit of proposed CP antenna. (a) three
networks, and (b) complete circuit.

polarized (LP) with TMp; mode [23]. Next, three pairs of 45°
rotated slots and 50-$2 coaxial feed are modeled as Network
B, in which C4 represents equivalent capacitor of the three
pairs of diagonal slots, and C3 and L3 denote parasitic capac-
itor and inductor of the coaxial feed respectively. In principle,
a slot within the metallic boundary behaves as a magnetic
dipole [12]. Therefore, three pairs of slots at the center of
the patch, which have 45° inclination with respect to the
feeding axis, simultaneously excite two orthogonal modes by
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FIGURE 11. Comparison of |S;;| between the proposed CP antenna and
its equivalent circuit model in HFSS and ADS.

increasing the frequency of one mode without distracting the
other that originates the CP radiation. In addition, the dimen-
sion and perturbation gap between the slots are manipulated
to regulate the beamwidth of CP radiation.

Network C is an LC resonant circuit, which is aiming to
widen the working bandwidth and optimize the amplitude and
phase difference of two electric field components to achieve
a wider CP radiation range. C2 and L2 are used to represent
equivalent capacitor of the four narrow gaps and equivalent
inductor of the four shorted metallic vias, respectively.

To further investigate the proposed antenna, the structure
parameters have been extracted and studied. Also, the com-
plete equivalent circuit is shown in Fig. 10 (b). The following
is specific parameters: C1 = 1100 pF, C2 = 50 pF, C3 =7 pF,
C4=10.2 pF, R1 =0.88 2,L1 =3.7 pH, L2 = 100 nH, and
L3 =1nH.

The simulated results of HFSS and Advance Design Sys-
tem (ADS) are shown in Fig. 11. It is obvious that the results
are in a good agreement within the impedance bandwidth of
—10 dB, which indicates that the equivalent circuit is a para-
metric expression of the antenna, and has intuitively modeled
the antenna structure as a lumped circuit. Consequently,
during the design process, modifying circuit topology param-
eters to adjust the parasitic is helpful in achieving circular
polarization.

IIl. RESULTS AND DISCUSSION

The antenna is fabricated for testing. The simulated and mea-
sured results of AR and |S;;| are shown in Fig. 12. In addition,
|S11] of the proposed antenna is measured by using a Vector
Network Analyzer, and the radiation pattern is obtained in
the anechoic chamber. The simulated and measured results of
impedance bandwidth for |S11| < —10 dB is from 2.36 GHz
to 2.48 GHz, the discrepancy is mainly caused by the fab-
rication errors in the location of the metallic vias and the
size of etched slots. Moreover, the relative permittivity of
the actually processed substrate also affects the impedance
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FIGURE 13. Simulated and measured AR at plane ¢ = 90° of the
proposed CP antenna.
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FIGURE 14. Simulated and measured LHCP and RHCP patterns at planes
(a) ¢ = 0° and (b) ¢ = 90°.

property. The simulated and measured results of 3-dB ARBW
are 241° and 244° at plane ¢ = 0°, respectively. Also, the
measured minimum AR is 0.4 dB. In addition, the simulated
and measured results of 3-dB ARBW are 239° and 235° at
plane ¢ = 90° are shown in Fig. 13. Despite the antenna
structure exhibiting mirror symmetry about the origin, the
placement of the feed along the x-axis causes the current
intensity to be non-completely symmetric, result in the AR
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TABLE 2. Performance comparison between our proposed CP antenna and other previous works.

Antenna Antenna Size IBW | Substrate / CP. 3-dB ARBW XPD (dB)
Tanc 03) (%) Efficiency Bandwidth HPBW
P (%) O =0° ® =90° O =0° O =90°
unequal circular- Rogers - o o
patches [4] 0.373 x 0.373 x 0.016 | 3.47 2003/ — 1.5 180 180
2 x 2 folded dipole Rogers o o o o -
array [8] 0.43 x 0.43 x 0.004 24 4003 7 85% 5.6 84 135 142
Vertical cross 13 111° 211° 228° 30 30
. . . Rogers
dipole with cavity 0.57 x 0.57 x 0.296 46.3
3006/ 82%
[10] 30.2 103° 202° 213° 20 20
Diagonal slot [12] | 0.289 x 0.289 x 0.013 | 3.4 5§§§7ri 0.93 — 226° 198° 17.7 153
Slots + Ring [13] 0.27 x 0.27 x 0.01 4.6 FR4/— 1.02 — 160° — — —
Coupled strips [14] 0.21 x0.21 x 0.016 1.7 F4B/— 0.63 — 188° — —
mx 0.35%x0.35 x Rogers o ° o
Slotted [18] 0.013 26 | se70, 0.9 92 228 214 18 18
Pin_loaded [23] 0.41 x 0.41 x 0.02 271 | F4B/— 0.65 — 140° 143° — —
The proposed CP 1 164 0216 % 0.013 | 5 | FR4/60% 1.08 90° 244° 235° 27.7 27.7
antenna
T T T T 1.0 to be carefully compromised so that the antenna is miniatur-
s g = 5 e~ — A——e——an ized on the premise pf ensuring .the. rac.hatlon performance.
' TR 108 Also, the cross-polarization discriminations (XPD) are both
g, '\ 27.7 dB at planes ¢ = 0° and ¢ = 90°, respectively.
'% = o _ The realized gains of the simulated and measured results
'g i __‘_‘T;_—H—...t‘h’——ﬂ‘-kd e T ] 0 2 are shown in Fig. 15, in which the inserted small figure shows
o (5] . .
3 2 actual photograph of the fabricated CP antenna. From Fig. 15,
= 0 104 35 the measured realized gain varies from 3.12 dBic to 3.42 dBic
2 and the efficiency is around 60% at the operational band. The
] . 1oz dielectric substrate used in the antenna is FR4, which has a
l { | —— Simulated pitfall of high loss. In addition, to obtain higher efficiency,
R - * ~ Measured . the dielectric substrate with lower loss angle tangent can be
= 0.

236 238 240 242 244 246 248 250
Frequency (GHz)

FIGURE 15. Simulated and measured results of gain and efficiency of the
proposed CP antenna.

beamwidth patterns in Fig. 12 and 13 are not symmetrical
wrt. theta axis. The simulated and measured radiation patterns
for the two principal planes ¢ = 0° and ¢ = 90° are in the
broadside direction, as shown in Fig. 14, in which a good
agreement is observed between the simulated and measured
results. It is obvious that the proposed antenna is operating
in RHCP radiation. It is worth mentioning that the LHCP
pattern has a larger back lobe while the RHCP has a better
front-to-back ratio, because there is a finite ground [11], [24]
and an antenna with a small ground plane inherently results in
large back-radiation. For the proposed dual antenna, the size
of ground plane can be increased to reduce the unfavorable
back-radiation. However, the FBR and size of antenna have
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used to design the antenna. The performance comparison
is tabulated in Table 2, the simulated HPBW is only 90°,
by adjusting the embedded distance of the strips, the per-
formance of the HPBW can be optimized [25]. It is worth
mentioning that the 3-dB ARBW is exceedingly wide with
compact size compare to the previous works. It shows that the
proposed antenna is, to the best of our knowledge, the first of
its type to achieve wide 3-dB ARBW of 241°.

IV. CONCLUSION

In this work, a CP antenna with wide 3-dB ARBW was firstly
introduced. Its overall size is 60 x 60 mm?, and it is fed by
a 50-€2 coaxial feed. By studying the structure evolution, the
CP characteristics were preliminarily analyzed. The antenna
operates in RHCP radiation as illustrated by virtue of the
surface current distribution on the patch, in which the two
polarized degenerate modes TM10 and TMO1 are generated
to excite CP radiation. An equivalent circuit was utilized to
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further study the working principle of the proposed antenna.
Both the simulated and measured results show that the
proposed antenna is promising for high elevation wireless
application.
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