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Abstract — A miniaturized, wideband circularly polar-
ized (CP) antenna based on coupled triangular patches is
presented. Initially, two identical triangular patches with
shorting pins are placed close to each other in a perpen-
dicular orientation. Hence, a pair of orthogonal modes
can be produced based on the coupled resonators. Under
the characteristic mode analysis (CMA), it can be found
that the 90° phase difference is achieved by modulating
gap distance and shorting pins numbers. Both the shape
of triangle patches and shorting pins contribute to the
miniaturization. To further improve the AR bandwidth,
a third patch is added to form a new mode. Thanks to
the triple modes produced by the three patch elements,
two AR minima are constructed to broaden the AR band-
width. With this compact arrangement and shorting pins,
a miniaturized wideband CP patch antenna with a 5.2%
AR bandwidth is successfully implemented. The overall
size of the antenna is merely 0.344x0.339x0.0461.

Index Terms — Antenna miniaturization, characteristic
mode analysis, circularly polarized patch antennas, tri-
angular patches, wideband patch antennas.

I. INTRODUCTION

Wideband circularly polarized (CP) patch antennas
play an important role in wireless communication and
sensing systems. They are also capable of consistent
polarized orientation between transmitter and receiver,
reduction of Faraday rotation effects, and mitigating
multi-path distortion [[1]. CP antennas with compact
structures and low profiles are highly needed in size-
limited devices, such as satellite communications, wire-
less sensors, and unmanned aerial vehicles.

Traditional CP antennas have a relatively narrow
axial-ratio (AR) band because a pair of degenerate
modes as orthogonal components are not able to support
equal amplitude and stable 90° phase difference in wide-
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band. To extend AR bandwidths, three kinds of tech-
niques have been proposed: multi-ports feeding networks
[2H7]], lower quality factor [8H15]], and multi-mode tech-
niques [16H25].

The first technique, using dual-ports [2H4]] and
sequential-phase [SH7] feed networks, can introduce
additional AR bandwidth. However, the extraordinar-
ily coupled resonators would inevitably increase the
patch antenna’s profile [2] and occupy more space [3-
4]]. Power divider [5]] also decreases antennas’ total effi-
ciency, and shorting strips [6H7] between antennas make
the system not suitable for integration. The second tech-
nique is to decrease the quality factor of antennas, which
can be realized by a thicker substrate [8H15]. To com-
pensate inductance of the probe and realize impedance
matching, the capacitive coupling feed [8-9, [13H15]] and
slot-loaded patch [10-13] are proposed. However, the
increased AR bandwidths are still limited, and antennas
are relatively thick. The third technique, based on the
multi-mode technique, can introduce more AR minima
and increase AR bandwidths. For instance, metasurface
[LL7]], stacked patches [[16L|18]], and parasitic patches [20-
21]] are introduced above or around the driven patch as
parasitic elements. Fewer numbers of parasitic patch ele-
ments can also be realized if a 90° phase difference is
introduced between adjacent elements [22H23]] or modes
[24525]. In [22], a quantitative design method based
on the equivalent circuit model is proposed. With this
method, multiple minima in the axial ratio response are
produced by employing several adjacent coupled radia-
tors, resulting in wideband CP radiation. In general, half-
wavelength resonators or high-order modes are usually
utilized to design wideband CP antennas, whereas there
is little consideration for miniaturization.

In this paper, miniaturized wideband CP patch
antennas using coupled radiators are proposed. To begin
with, a narrow band CP antenna is designed based on
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a pair of closely spaced triangular patch antennas with
shorting fences, as shown in Fig. E] (a). A 90° phase
difference is achieved between two orthogonal patches
due to the electromagnetic coupling for fringing fields.
It can be flexibly adjusted by different gap dimensions
and pin numbers. After that, the third patch is coupled
with the former ones to produce triple modes in gen-
eral. The whole of them can generate two AR minima
and extend CP bandwidth, as shown in Fig. (1] (b). Dif-
ferent from traditional wideband CP antennas, the pro-
posed one is based on multi-modes generated by multi-
radiators instead of two adjacent elements. Besides, both
the quarter-wavelength triangle patches and sequentially
close arrangement in a counterclockwise direction con-
tribute to a more compact and miniaturized antenna pro-
totype.
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Fig. 1. Process of the evolution of the proposed CP
antenna: (a) CP antenna I with single AR minimum and
(b) wideband CP antenna II with two AR minima.

I1. NARROW BAND CP PATCH ANTENNA
WITH ONE AR MINIMUM

A miniaturized narrow band CP patch antenna is
proposed in this section, as shown in Fig. [2| A pair of
triangular patches are printed on the top of the 0.813
mm-thick dielectric substrate Rogers4003 (e, = 3.55,
tand = 0.003). They are arranged orthogonally, and
both are closely spaced to be coupled with each other.
A row of shorting pins is inserted at the right-angle
edge of each patch. Hence the patches can operate at
quarter-wavelength modes. The hypotenuse of triangu-
lar patches can also contribute to miniaturization. A
coaxial probe is soldered on the finite ground to excite
two orthogonal modes simultaneously, which will be
demonstrated in the following using characteristic mode
analysis.

A. CMA of two coupled triangular patches

Characteristic mode theory is full of physical mean-
ing, and it is effective in antenna design to reveal the
operating modes. Following the theory of characteris-
tic modes (CMs) for PEC objects [26H27]], a generalized
eigenvalue equation can be written as
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Fig. 2. Geometry of the proposed CP patch antenna L.
Dimensions are W, = 120,a = 38.5, gap = 0.8,D, =
8, D, =16,di =d» =3.65,R, = 1.2,H = 8.813 (unit:
mm), pin number Ny = Ny = 10.

XJ, = lnRJna (D
where A, is the eigenvalue associated with each charac-
teristic current and J,. R, and X are the real and imagi-
nary Hermitian parts of the matrix Z, respectively. Model
significance (MS) and characteristic angle (CA) are other
two helpful indicators, and they are defined as

1
MS,= —, 2

T 4 jA| @

CA, = 180° — tan"'A,. 3)

The associated modes are resonant modes when A,
=0, MS, =1, and CA,, = 180°. In characteristic mode
analysis (CMA), a pair of orthogonal modes with equal
amplitude and 90° phase difference can be used to pro-
duce CP waves [28]]. The difference in the two modes’
characteristic angles is related to the phase difference of
their radiated far fields. If the port is placed where the
two modes have equal characteristic current amplitude,
modal significance can reflect the amplitude of CMs. In
this work, the CST Studio Suite 2021 will be used to ana-
lyze the CMs of antennas.

To reveal the working principle of the proposed nar-
row band CP patch antenna I in Fig. [2] CMA is con-
ducted with an infinite substrate and ground plane. Its
modal significance and characteristic angle are shown
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Fig. 3. MS and CA of CP patch antenna I.

in Fig. 3] There are two potential CMs in the operat-
ing band of antenna I. CM1 and CM2 are resonant at
1.586 GHz and 1.686 GHz, respectively. Note that the
90° phase difference between the two CMs is achieved
because of electromagnetic coupling between two iden-
tical antennas [29]. Besides, both share the same magni-
tude of modal significance (MS) at 1.603 GHz. To excite
the two modes with the same amplitude, shown in Fig. 2]
the probe is fed the right patch #1 where the current mag-
nitude of the two modes is approximately equal.

Characteristic currents as well as modal patterns are
also depicted in Fig. [} It can be found that the two modes
have orthogonal characteristic currents in Figs. [4] (a) and
(b). For CM1, the total equivalent currents mainly flow in
—45° direction, while for CM2 the total equivalent cur-
rents mainly flow in +45° direction. Figs. ] (c) and (d)
show the modal radiation patterns of the CMs. It shows
that both modes have broadside radiation patterns.

B. Parametric study

Coupling strength between two adjacent resonators
is of great importance in designing bandpass filters. In
the same way, it is also the key to designing CP anten-
nas based on coupled resonators. To achieve the required
90° phase difference between the two modes, a paramet-
ric study of the proposed antennas is conducted. In brief,
both the coupling gap between the two patches and the
number of loaded pins are the key parameters to modu-
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(d)

Fig. 4. Characteristic currents and modal radiation pat-
terns of the antenna I: (a) and (¢c) CM1 at 1.586 GHz, (b)
and (d) CM2 at 1.686 GHz.

lating the coupling strength.

Increasing the number of loaded pins in the patch #1
(Np1) can dramatically raise CM1’s resonant frequency.
For example, in Fig. E] (a), increasing N, from 3 to
10 leads to an increase in the resonant frequency of
CMI1 from 1.53 to 1.68 GHz when gap = 2 mm, N,;
= 10. However, the resonant frequency of CM2 remains
approximately constant at 1.703 GHz.

Gap distance can also dramatically affect CM1°s res-
onant frequency. In Fig. [§| (b), by increasing gap dis-
tance between patches, the resonant frequency of CM2
is almost unchanged while that of CM1 rises under the
condition of fixed pins N1 and N,

To obtain further insight into how the pin number
and gap width impact the CP performance, the full-wave
simulation is carried out. The magnitude and phase dif-
ference of Eg and E, at broadside with different pin
numbers, and gap dimensions are shown in Figs. [|and[7]
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Fig. 5. Modes’ resonant frequencies of proposed antenna
I as a function of (a) varied N, and (b) varied gap.



respectively. In Fig. @ (a), although N, varies from 4
to 10, the frequency with |Eg| = |Ey| is maintained at
1.58 GHz. However, the phase difference has decreased
with increased N, 1. In Fig. @ (b), the AR responses with
respect to different values of N, show that the AR min-
imum occurs at 1.58 GHz. The sole AR minimum will
degenerate with fewer pins, as a result of phase change.
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Fig. 6. Simulated results of antenna I with respect to dif-
ferent values of N;: (a) magnitude and phase difference
of Eg and E, at broadside and (b) AR responses at broad-
side.

In Fig.[/| (a), as the gap varies from 0.4 to 1.2 mm,
the frequency with |Eg| = |E¢| rises from 1.465 to 1.645
GHz. The phase difference decreases at the same time.
The frequency of the AR minimum also varies from
1.465 to 1.645 GHz. When the gap equals 0.8 mm, both
the same amplitude and a 90° phase difference are satis-
fied simultaneously. As a result, the best CP performance
with a minimum AR value of 0.15 dB is successfully
achieved at 1.58 GHz. The 3dB-AR bandwidth is from
1.57 to 1.59 GHz (1.3%), as shown in the black curve in
Fig.[/|(b).
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Fig. 7. Simulated results of antenna I with respect to dif-
ferent values of gap: (a) Magnitude and phase difference
of Eg and Ey at broadside and (b) AR responses at broad-
side.
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II1. WIDEBAND CP PATCH ANTENNA
WITH TWO AR MINIMA

To further improve the AR bandwidth, the third
patch is coupled with the former two patches to intro-
duce the second AR minimum. The wideband CP tri-
angle patch antenna II with detailed dimensions is pro-
posed as shown in Fig. [8| Each patch element has the
same dimension, and they are printed on the 0.813 mm-
thick dielectric substrate Rogers4003 (&, = 3.55, tand =
0.003). Three isosceles right-triangular patches are posi-
tioned sequentially along a counter-clockwise path to
be orthogonal with each other. All of them are closely
placed to be strongly coupled with each element by fring-
ing fields. There is also different gap distance between
two adjacent elements. To further miniaturize the over-
all size, each patch is loaded with a different number
of shorting pins. Thanks to the constructed short circuit
boundary, this enables the patch to operate in quarter
wavelength mode.

A. Characteristic mode analysis and design of three
coupled triangular patches

Characteristic mode analysis is conducted to reveal
the working principle of the proposed wideband CP
antenna shown in Fig.|8| The substrate and ground plane
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Fig. 8. Geometry of the proposed wideband CP patch
antenna II. Dimensions are W, = 120,a = 42.5, gap| =
2.6, gapy = 3.5,D, = 8,D, = 16,d\ = 13.43,dr, =
4.03,d3 = 3.65,R, = 1.2,H = 8.813 (unit: mm), pin
number Ny = 3,Np2 = 10,N,3 = 5.
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Fig. 9. MS and CA of CP patch antenna II.

are set infinite in the multilayer solver of CST. In Fig. [0
modal significance and characteristic angle show that
there are three potential CMs in the working band for
antenna II. Three modes respectively resonate at 1.554,
1.612, and 1.82 GHz. Hence, they can be recognized as
two pairs of adjacent modes (CM1 and CM2, CM2 and
CM3). It can be found that there is a 90° phase difference
and equal MS occurring at 1.575 and 1.663 GHz. Mean-
while, the phase of CM1 delays behind CM2, and that
of CM2 delays behind CM3. Thanks to the same phase
delay between two pairs of adjacent modes, the two pairs
of modes can produce the same sense of CP waves to
enhance the CP bandwidth.

Figure [T0] shows the associated characteristic cur-
rents and modal radiation patterns of the CMs at their
resonant frequencies. The currents of each two adjacent
modes are orthogonal to each other. The total equivalent
surface currents of CM1 and CM3 are in opposite direc-
tions, and both are orthogonal to that of CM2. Besides,
all the CMs can generate broadside radiation patterns. To
excite the three CMs, a coaxial probe is placed beneath
the patch #1, where the current magnitude of each CMs
is almost the same.

In the previous section, the relationship between AR
responses and different gap dimensions as well as pin
numbers was discussed. It is found that they both can
affect the magnitude and the phase difference of the
CMs to some extent. Considering that the probe posi-
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(d) (e) ®

Fig. 10. Characteristic currents and modal radiation pat-
terns of the antenna II. (a) and (d) CM1 at 1.554GHz. (b)
and (e) CM2 at 1.612 GHz. (c) and (f) CM3 at 1.8GHz.
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Fig. 11. Simulated AR responses of antenna II with
respect to different coupling gap widths of (a) gap; and

(b) gap,.

tion is selected on patch #1, the pin numbers on it (V1)
should not be too large because the input impedance will
become too low to be matched. Thus, it is suggested
to first determine the pin numbers on each patch in the
design. After that, the parametric analysis is conducted
on the gap distance (gap; and gapy).

In this section, a compact and miniaturized wide-
band CP antenna is proposed where two AR minima
are introduced to broaden AR bandwidth. When gap; is
equal to 2.6 mm and gap, is equal to 3.5 mm, the best
CP performance can be realized. On the one hand, the
first AR minimum is sensitive to the value of gap; as
shown in Fig. [TT] (a). When gap; varies from 2.6 to 3.8
mm, the first AR minimum tends to deteriorate at a high
value of 7.9 dB. On the other hand, the second AR min-
imum point is sensitive to the variations in gap>. When
gapy reaches 5.5 mm, the second AR minimum tends



to reach 3.5 dB. Hence it can also affect the CP perfor-
mance. The best CP performance will be achieved if the
coupling gaps are further optimized.

B. Simulated and measured results

To verify the validity of the proposed wideband CP
patch antenna, the prototype of the antenna is simulated,
fabricated, and tested. The S-parameter and radiation
patterns are measured by the R&S ZVA-40 vector net-
work analyzer and the near-field chamber, respectively.

Figure[I2]shows the simulated and measured broad-
side AR and left-handed circular polarized (LHCP) gain
of the proposed antenna. Right-handed CP can also be
realized if the probe is soldered at the second patch. The
measured AR data matches well with the simulated one.
The measured 3 dB-AR bandwidth is from 1.58 to 1.67
GHz (5.5%), and the simulated one is from 1.58 to 1.665
GHz (5.2%). The measured LHCP gain at a higher fre-
quency is slightly lower than the simulated value because
the real material loss is higher than the simulated value.
The average LHCP gain of the measured and simulated
are approximately 5.05 and 5.7 dBic, respectively. The
simulated and measured reflection coefficients and effi-
ciencies are also depicted in Fig. The simulated and
measured —10 dB matching bandwidths are both from
1.58 to 1.665 GHz (5.2%). The measured efficiency is
slightly lower than the simulated one at the higher fre-
quency, which may be because that the tand of the fabri-
cated material is higher than the simulated setting one.
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Fig. 12. Measured and simulated ARs, LHCP gains, S-
parameters, and efficiency of antenna II.
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Fig. 13. Measured and simulated radiation patterns of
Antenna II: (a) 1.59 GHz and (b) 1.64 GHz.

Figure [I3]shows the simulated and measured radia-
tion patterns at two AR minima, 1.59 and 1.64 GHz. At
broadside, the LHCP high cross-polarization ratios are
achieved, which are up to 27 dB and 18 dB at 1.59 GHz
and 1.64 GHz, respectively. The maximum beam direc-
tion at higher frequencies is slightly tilted, and the cross-
polarization rises with increased theta angle because of
the current asymmetry of the three modes.

IV. CONCLUSION

In this paper, a miniaturized wideband CP antenna
has been proposed based on coupled triangular patch
elements. Initially, two perpendicular patch radiators are
closely spaced to be coupled with each other. Two rows
of shorting pins are inserted, and the patch can operate at
quarter-wavelength modes. Hence, the shorting pins and
antenna arrangement contribute to antenna miniaturiza-
tion. By means of CMA, we can find that gap dimen-
sion and pins numbers are key parameters for manipu-
lating the phase difference between CMs and generating
a minimum AR value. Subsequently, the third patch is
introduced, and a widened bandwidth with two AR min-
ima is achieved by allocating its three CMs. The AR
bandwidth is enhanced up to 5.2% in a small overall
size of 0.3449%(.3349%x0.046Ay. Hence, the proposed
CP antenna will be a good candidate in modern wireless
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communication systems to meet miniaturized and wide-
band requirements.
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