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In this article, a novel design approach to wideband dual-mode resonant circularly polarized (CP) antenna is advanced. An
analytical design approach with low complexity as supported by a set of closed-form formulas is presented. Thus, the
wideband dual-mode CP characteristics can be forward predicted and simply realized by incorporating stub asymmetry-
enabled self-phase-shift dipoles and unequal feeding branches. At first, stubs are employed to broaden the impedance
bandwidth by simultaneously exciting dual resonant modes. Then, the phase quadrature and equal magnitude conditions for
wideband CP can be automatically realized by incorporating unequal Y-shaped microstrip branches and asymmetric slotline
stubs. Finally, the coincidence between the simulated and measured results of the fabricated prototype antenna further
confirms the feasibility of the design approach. It is shown that the presented antenna can exhibit an impedance bandwidth of

20.1% and a 3 dB axial ratio bandwidth of 16.3% in the boresight direction.

1. Introduction

Basically, there are two distinctive ways to introduce 90°
phase quadrature in circularly polarized (CP) antenna
designs [1-4]: One is the single-port fed, self-phase quadra-
ture technique [1-3], which uses the current path difference
of a pair of orthogonal, equal amplitude excited dipoles to
yield 90° phase quadrature. Another one is the dual-port
fed [4] technique which relies on an external directional cou-
pler with equal amplitude and 90° phase quadrature. Inher-
ently, both design approaches may yield narrowband
characteristics, with impedance bandwidth of about 4% and
3 dB axial ratio (AR) bandwidth of about 3%, respectively.
Recent years, a considerable number of wideband broad-
ening design approaches have been proposed. On the basis
of their distinctive operation mechanisms, these wideband
CP antennas can be classified into five different categories.
As is well known, traveling-wave and leaky-wave antennas
can naturally yield wide bandwidths owing to their radiation
characteristics [5-8]. Alternatively, complementary dipole
[9-11] configurations can also be used to yield broadband

designs. By introducing several orthogonal placed perturbed
elements, i.e., strips [9], stubs [10], or external pins [11],
multiple resonant modes have been excited to effectively
expand the CP bandwidths. Sequentially rotated dipole con-
figurations are known as the third type of broadband CP
antennas [12-17]. In those ways, the 90° phase differences
have been satisfied by utilizing two paired perpendicular
crossed dipoles to yield wide CP bandwidths. Broadband
CP antennas have been developed based upon dielectric res-
onator configurations [18, 19] and ring slot configurations
[20, 21] in recent years. The wideband CP radiation charac-
teristics with equal magnitude and phase-in-quadrature con-
ditions can be realized by combining external complicated
feed networks [19] or parasitic elements [21]. In general,
most of the aforementioned CP antennas exhibit wide
impedance bandwidths, while their AR bandwidths are rela-
tively narrower than the impedance ones. Among them, it is
necessary to introduce additional several parasitic radiators
[11, 20, 21] or incorporate external 90-degree phase shifters
[15], thereby increasing the design complexity. Wideband
CP antennas with multimode resonant AR bandwidths
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[22-25] have recently drawn more and more attentions. Fil-
tering feeding networks can be codesigned with CP patch
antennas [26, 27] at the cost of enlarged area or more occu-
pied footprint. Incorporating a multimode resonant dipole
[28] can also simultaneously broaden the impedance as well
as the AR bandwidths of planar end-fire CP antennas (PEC-
PAs) [29, 30]. Therefore, it is always a challenging task to
design wideband CP antennas while simultaneously attain-
ing wide impedance and 3dB AR bandwidths, simple
configuration.

In this article, an analytical design approach to wideband
dual-mode resonant open-end CP slotline antenna is
advanced. Unlike traditional design approaches which rely
on external phase shift networks/parasitic elements [22-30],
the prototype antenna with enhanced impedance and 3 dB
AR bandwidths can be forward predicted and simply imple-
mented by incorporating stub asymmetry-enabled self-
phase-shift dipoles and unequal feeding branches. In this
case, equal magnitude and phase-in-quadrature conditions
can be automatically satisfied to yield dual-mode resonant
CP bandwidths. As fabricated and measured, the proposed
CP antenna with nearly equal broadband impedance and
3dB AR bandwidths (meaning 20.1% and 16.3%) can be
obtained while maintaining a simplest wideband design with
equal length, straight-line configuration of the orthogonal
principal slotline radiators.

2. Antenna Configuration and
Design Procedure

The design process of wideband open-end slotline antenna
under dual-mode resonance stems from the simplest, straight
narrowband slotline dipole, as illustrated in Figure 1. By
employing a set of closed-form formulas, the bandwidth
broadening mechanism of the proposed antenna can be for-
ward theoretically predicted. Accordingly, stub asymmetry-
enabled self-phase-shift dipoles and unequal microstrip line
(MSL) branches are combined perpendicularly in design for
the wideband dual-mode resonant CP characteristics. The
consequent key parameters are then analyzed in detail. A
two-step design process is presented to illustrate the opera-
tional principle as well as design approach. Herein, the pro-
posed antenna is designed on a substrate with relative
permittivity of &, = 2.65 and thickness of & = 1 mm.

2.1. Dual-Mode Resonant Design Approach. The first step is
to excite and perturb the 1.5-wavelength resonant mode by
incorporating a slotline stub at its surface E-field’s node of
the open-end slotline antenna (W < <L), as illustrated in
Figure 1(a). As is revealed in [31-33], the 1.5-wavelength
resonant mode can be tuned downward its fundamental
counterpart to yield wideband operation with two reso-
nances. For further verification, two identical half-
wavelength slotline dipoles with perturbed stubs, namely,
dipole 1 and dipole 2, are both etched out on the metallic
ground, as shown in Figure 1(b). The length L, ,), the width
W, and the offset distance Dj,,) of the slotline stubs are

empirically determined by using

A
Ls:Zg’
A
Wszz—g, (1)
Dz&
N 3’

where Ag is the guided wavelength in the substrate [31].
Then, the values of these sizes can be readily chosen as
Liy)=20.5mm, W,=3.0mm, and D, =29.5mm.
Herein, the microstrip lines of the dipoles are designed to ter-
minate to be short-circuited (S.C.) as shown in the left side of
Figure 1(b) and open-circuited (O.C.) with a 1/4-wavelength
extension as shown in the right side of Figure 1(b), respec-
tively. As presented in previously research [22, 34], the
microstrip lines should be placed near the short end of slo-
tlines with the dimension of D;=3.5mm. Ideally, each
dipole should exhibit an input impedance of 100Q (i.e.,
W, =0.8mm) [35], so that the in-parallel input impedance

at the microstrip T-junction would be 50 Q that could be
directly matched to the instrument.

In order to intuitively observe the impendence band-
width broadening mechanism, the impedance frequency
response curves on the Smith chart of the slotline dipoles
with unloaded/loaded stubs are illustrated in Figure 1(c).
Compared to the unloaded case, when a pair of the bilateral
stubs is incorporated, the resultant trace of the circled
impedance can be concentrated into a circle on the Smith
chart. The resultant results indicate that dual resonant
modes can be indeed simultaneously excited by employing
the slotline stubs, thereby further broadening the impedance
bandwidth. In addition, both two orthogonal dipoles with
different forms of microstrip line terminals exhibit quite
similar, average input impedance of about 75 to 100.
Therefore, for the sake of design simplification and more
degrees of freedom, each branch of the microstrip lines is
employed open-circuited stubs.

Hence, as shown in Figure 1(d), the geometry of the
open-end slotline CP antenna can be obtained by connecting
two orthogonal dipoles in parallel, with key parameters indi-
cated. As can be observed, the proposed antenna consists of a
ground plane etched with a pair of the orthogonal, identical
half-wavelength open-end stub-loaded slotline radiators, a
dielectric substrate, and a Y-shaped centre-fed microstrip
line. The width of the main feedline, i.e, W;=2.8mm, is
calculated by employing the microstrip line design formula
presented in the classical antenna handbook [34]. In this
case, the proposed wideband CP antenna can be realized by
combining the two stub-loaded slotlines and a microstrip-
fed line with unequal branches: equal magnitude and
phase-in-quadrature conditions can be realized by incorpo-
rating identical radiating dipoles and unequal Y-shaped
MSL branches.

2.2. 3dB AR Bandwidth Enhancement. The second step is
to incorporate unequal Y-shaped microstrip branches (L,

Ly,) and asymmetric bilateral stubs (Lgj, Dy; Ly, Dy) to
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FiGUure 1: Open-end slotline dipoles: (a) E-field distributions, (b) the microstrip line terminals to be short-circuited (S.C.) and open-
circuited (O.C.) with a 1/4-wavelength extension, (¢) Smith chart with unloaded/loaded stubs (L =50.5mm, W =5mm, D, =29.5 mm,
L;=25.5mm, W, =3mm, D; =3.5mm, W, =0.8mm, and L;, =47 mm), and (d) geometry of the proposed CP antenna.

automatically meet equal magnitude and phase-in-quadrature
conditions for wideband CP radiation. Ideally, suppose that
two identical dipoles be effectively excited with equal magni-
tude. If the 90° phase difference can be satisfied by incorpo-
rating a suitable length difference AL; =L, - Ly, the CP
characteristic will be implemented in the boresight direction.
As illustrated in [29] and [36], Ly, Ly, and AL, can be
approximately estimated and determined to be 5.0mm,
25.5mm, and 20.5 mm by using the following equations:

A
Ly=~-2,
1720
A (2a)
L= —g,
27 4

A
_ ~ 9
Aly=Lp-Ly =2 (2b)

In the case of loading symmetric slotline stubs, i.e.,
Ly =18.5mm, W =3.0mm, and D, =29.5mm, the
effects of L, on the reflection coefficient and 3dB AR are
plotted in Figures 2(a) and 2(b), respectively. Under those
circumstances, the proposed antenna has a wide impedance
bandwidth but a narrow 3dB AR bandwidth. Fortunately, it
should be potential to yield a wide 3dB AR bandwidth. For
better illustration, the first two odd-order resonant modes
are named as mode 1 and mode 2, respectively. As can be seen,
with the increase of Ly, a better impedance matching of the
proposed antenna is achieved while the tendency of wider
3dB AR bandwidth is deteriorated. Furthermore, when Lf1
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FIGURE 2: Parametric studies and comparisons of Ly, by loading symmetric slotline stubs: (a) [S;;| and (b) AR (L =50.5mm, W = 5.0 mm,
W, =3mm, D, =29.5mm, L, =18.5mm, Lfy =47.0 mm, sz =25.5mm, Wf =2.8mm, Wf), =0.8mm, Df =3.5mm, and Lf =22.7mm).

increases, the resonant frequencies of mode 1 of 3dB AR are
progressively moved down while the ones of mode 2 have
barely any influence. The resultant phenomenon also applies
to the cases of |S;,| frequency responses. In particular, when
L¢y =9.5mm, which is about 1/10 wavelength, a new reso-
nant frequency appears near the third-order mode [36]. As
is indicated, the better CP performance can be obtained
when Ly =5mm (AL; =20.5mm), which falls precisely

within the predicted range by Equations (2a) and (2b).
According to the above-mentioned analysis, asymmetric
bilateral stubs are additionally introduced to achieve dual-
mode resonant CP bandwidths. Simultaneously, a set of
closed-form formulas are employed to predict the band-
width broadening mechanism through forward modelling.
Here, we will elaborate on the operating principle in detail:
for two asymmetrically perturbed stubs, if the length differ-
ence AL =L, — L, can satisfy the condition in Equations
(3a) and (3b), the discontinuities along the stubs’ direction
will be compensated. Similarly, the discontinuities along
the dipoles™ direction can be compensated by AD,=D,, —
D,, using Equations (4a) and (4b). As a result, equal magni-
tude and phase-in-quadrature conditions can be automati-
cally satisfied to vyield dual-mode resonance on AR
frequency response towards broadening the AR and imped-
ance bandwidths in final. Drawing support from Equations
(3a), (3b), (4a), and (4b) and defined variables, the initial
dimensions of these sensitive parameters can be derived as
L,=21.5mm, L,=20.0mm, AL ,=15mm, D, =27.0

mm, Dy, =30.0 mm, and AD, = 3.0 mm, respectively.

A, AL
le = ! + : >
6 2
A, AL (3a)
Ly~-2 - ==,
276 2

A
ALsstl _Lsz": 4_8’ (Sb)
DSI:& - ADS’
3 2 (42)
4a
A
Dzz_g + ADS)
s 3 2
AD :DZ—Dlzﬁ. (4b)
S S. N 20

Both compensated and uncompensated magnitude and
phase unbalances of asymmetric stubs (Ly, D,; Ly, Dy,)
and symmetric stubs (L, D) in the boresight direction have
been numerically studied in Figure 3. As is compared and
indicated, incorporating the asymmetric stubs may yield
both wideband equal magnitude and phase-in-quadrature
frequency responses: the magnitude unbalance has been sat-
isfactorily compensated to less than 1 dB, against the uncom-
pensated case of 4.5dB within the impedance bandwidth
(i.e., 2.35-2.65GHz). Simultaneously, the phase difference
can be compensated from +30° to less than —10” accordingly,
whereupon D =27.0mm, L, =21.5mm, Dy, =29.5mm,
and L, =20.5mm. As is observed, LHCP radiation can be
attained in the boresight direction. If right-handed CP
(RHCP) is required, the positions of the unequal branches
and asymmetric stubs should be interchanged.

2.3. Parametric Studies. For more details, a series of para-
metric studies on AL, AD,, Ly, Ly, Dy, Dy, Lg,, and Dy
are in progress to validate the precision of the prediction
Equations (3a), (3b), (4a), and (4b) by employing the HFSS
simulator. For convenience, the sensitive antenna parame-
ters are distinctively investigated under the condition that
all other parameters keep unchanged. Figure 4 illustrates
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FiGure 3: Compensated and uncompensated E-field magnitude and phase unbalance conditions with asymmetrical and symmetrical stubs.

the parametric studies and comparisons of asymmetric stubs
on the reflection coefficients and axial ratios. As is seen in
Figures 4(a) and 4(b), changing the asymmetry in just one
direction, i.e., AL;=0mm or AD, = 0 mm, cannot automati-
cally excite the conditions of equal magnitude and phase-
in-quadrature. As shown in Figures 4(c) and 4(d), it is appar-
ent that increasing D, can significantly widen the bandwidth
of AR < 3dB. To be more explicit, the left minima in the AR
response is consequently controlled by D;: larger D, may
yield lower left minima AR frequency point. The change in
D, has little impact on the right minima one. It is the exact
opposite of the relationship between D, and two minima AR
frequency points: smaller D, may cause the right minima
frequency point to shift towards higher frequency but rarely
affect the left one, thus leading to a wider 3 dB bandwidth.
These conclusions are also applicable in the cases of |S,;| fre-
quency responses. Figures 4(e) and 4(f) indicate that the
dual-resonant wideband performance is sensitive to the
length of L,, while less sensitive to the length of L. As such,
the values of L, and L, accurately fall within the range as
predicted by Equations (4a) and (4b). According to the sim-
ulated results, as graphically illustrated in Figures 4(c), 4(d),
4(e), and 4(f), it can be concluded from the procedure above
that when D, =27.0mm and D, =29.5mm as well as
Ly =21.5mm and L, =20.5mm, ie, AD;=2.5mm and
AL, = 1.0 mm, nearly equal broad bandwidths of impedance
and AR characteristics can be achieved. Hence, the numer-
ically simulated results are consistent with the ones pre-
dicted by Equations (3a), (3b), (4a), and (4b), with the
discrepancies less than 10%.

For better impedance and 3 dB AR bandwidths simulta-
neously in the broadside direction, the effects of Ly, and Dy

are further studied and shown in Figures 4(g) and 4(h). It
can be observed that slightly smaller L, and larger D, can
obtain wider impedance and 3dB AR bandwidths; thus,
Ly, and Dy are numerically determined as 25.5mm and
3.5mm, respectively. As is shown, the enhanced wideband

3dB AR and impedance bandwidths can be achieved by
incorporating asymmetric slotline stubs and unequal Y-
shaped microstrip branches. So far, all of the key parameters
of the proposed antenna have been determined and studied
in a step-by-step manner. The initial and simulated param-
eters are tabulated in Table 1. By comparing the empirical
formulas as well as parametric studies, a modified formula
of Equation (5) for yielding 90° phase quadrature condition
for wideband 3 dB AR performance can be attained.

ALy + AL+ AD + — = L. (5)

3. Numerical and Experimental Validations

For further validating the generality of the proposed design
approach, the prototype antenna is fabricated, and the
experimental results are compared with the simulated ones
in this section. Herein, Figure 5 shows the printed prototype
on a modified Teflon substrate with & = 1 mm, ¢, =2.65, and
loss tangent tan § = 0.002. Figure 6 plots the surface current
distributions at 2.68 GHz. At wt=0°, the predominant
surface current flows in 8 = 90° and ¢ = 45° direction. When
wt =90°, a dominant current flowing in 0 = 90° and ¢ = —45°
direction is observed. It can be observed that the surface cur-
rent distribution at wt =180° (270°) is equal in magnitude
and opposite in phase of that of wt =0 (90°). As the time
changes, the surface currents located at the azimuth angle
turn in the clockwise direction. It is clearly seen that the pro-
posed antenna can generate a LHCP wave in +z-direction.
Interchanged dipoles may yield RHCP in +z-direction. The
prototype antenna’s reflection coefficient and radiation char-
acteristics are measured by serving Agilent’s N5230A vector
network analyzer and Satimo’s StarLab near-field antenna
measurement system, respectively.

Figure 7 plots the frequency responses of the measured
and simulated -10 dB reflection coefficients and axial ratios.
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FIGURE 4: Parametric studies and comparisons of asymmetric stubs: (a) AD (AL, =0 mm, Ly 5, = 18.5mm, and Dy, 5y =29.5mm), (b) AL,
(AD,=0mm, L,=18.5mm, and D,=29.5mm), (¢) Dy (D, =30.0mm, L, =21.5mm, L, =20.0mm, and AL,=1.5mm), (d) D,
(D,; =27.0mm, L, =21.5mm, L, =20.0mm, and AL, =1.5mm), (e) L, (L, =20.0mm, D, =27.0mm, D, =29.5mm, and AD,=2.5
mm), (f) Ly, (L, =21.5mm, Dy =27.0mm, D, =29.5mm, and AD, =2.5mm), (g) Ly, (L=50.5mm, W =5.0mm, W =2.5mm, D, =
27.0mm, Ly =21.5mm, Dy, =29.5mm, L, =20.5mm, Lfl =5.0mm, Df =3.5mm, Lfy =47.0 mm, Wf}, =0.8 mm, Lf =22.7mm, and
Wf =2.8mm), and (h) Df (L=50.5mm, W=5.0mm, W,=25mm, D, =27.0mm, L, =21.5mm, D,

i =29.5mm, L, =20.5mm, Ly, =
5.0 mm, sz =25.5mm, Lf}, =47.0 mm, ny =0.8 mm, Lf =22.7mm, and Wf =2.8mm).

TaBLE 1: Antenna parameters (unit: mm).

Parameters L w Ly, L, AL, W, L Wy
Initial 50.5 5.0 21.5 20.0 1.5 2.5 22.7 2.8
Simulated 50.5 5.0 21.5 20.5 1.0 2.5 22.7 2.8
Parameters Dy D, AD, Dy Ly, Wy, L/Ly, AD;
Initial 27.0 30.0 3.0 3.5 47.0 0.8 5.0/25.5 20.5

Simulated 27.0 29.5 2.5 3.5 47.0 0.8 5.0/25.5 20.5
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FiGURe 5: Photographs of the fabricated prototype: (a) top view and (b) bottom view.
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F1GURE 6: The surface current distributions at 2.68 GHz: (a) wt = 0°, (b) wt =90°, (c) wt =180°, and (d) wt = 270°.
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As is seen, the experimental results have been reasonably  dual-mode resonant performances as predicted in the theory
well with the numerical ones. Especially, both measured  before, respectively. The measured fundamental resonant
and simulated reflection coefficients and axial ratios appear ~ frequency is 2.40 GHz, which is very in agreement with the
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FIGURE 8: Measured and simulated radiation patterns in zy-plane at (a) 2.40 GHz, (b) 2.52 GHz, (c) 2.60 GHz, and (d) 2.68 GHz.

simulated one. The same situation also applies at another
reflection zero resonated at 2.7 GHz, with a discrepancy less
than 0.1%. The experimental |S;;| < —10dB covers a range
from 2.35 to 2.79 GHz, i.e., about 20.1% in fraction, which
is extremely consistent with the simulated one (2.35-
2.78 GHz, 19.6% in fraction). This implies that a wide dual-
mode resonant impedance bandwidth of the proposed slot
antenna has been successfully achieved by incorporating a
slotline stub. It also can be observed that the measured two
minima frequency points of the 3dB AR response are at
2.44GHz and 2.68 GHz, with discrepancies less than 1.4%
and 0.7%, respectively. More importantly, the tendency
resultants of the reflection coefficients and 3 dB AR responses

show good agreement. In addition, the measured 3dB AR
bandwidth covers a range from 2.36 to 2.72 GHz (16.3% in
fraction), while the simulated one is 2.30-2.76 GHz (20.9%
in fraction). As is shown, the measured left minima AR fre-
quency point has slightly moved upward compared with
the numerical one, resulting in a 4.6% fall-off in the achiev-
able fractional bandwidth. This is possibly caused by fabrica-
tion tolerance of the left distance Dg: as is illustrated in
Figure 4(c), larger D,; may yield wider 3dB AR bandwidths
where the left minima AR frequency point shifts to lower fre-
quencies. In general, the measured results once again verify
the correctness of the analytical design approach as sup-
ported by a set of closed-form design formulas.
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TaBLE 2: Comparisons of wideband CP antennas.
Ref Number of ~ Number  Measured impedance =~ Measured 3 dB Closed-form External phase shift networks/
’ parameters of ports BW (%) AR BW (%) design formulas parasitic elements
[11] 8 1 36.0 19.0 No Yes
[15] 8 1 6.8 224 No Yes
[18] 14 1 185 9.1 No Yes
[20] 7 1 7.7 32.7 Yes Yes
[21] 15 1 4.9 35.5 No Yes
[22] 13 1 7.4 19.7 Yes Yes
[26] 11 2 8.8 10.3 Yes Yes
[27] 11 2 54 9.3 Yes Yes
This work 14 1 20.1 16.3 Yes No

Figures 8(a), 8(b), 8(c), and 8(d) demonstrate the mea-
sured and simulated normalized radiation patterns in zy-
plane (elevation-plane) at f=2.40, 2.52, 2.60, and
2.68 GHz, respectively. Both measured and simulated nor-
malized radiation patterns match well with each other, and
their discrepancies are inevitably caused by errors in fabrica-
tion and installation. As is expected, the designed antenna
exhibits a left-handed CP radiation pattern in the boresight
direction, while a right-handed one in the opposite direction.
The measured 3 dB AR bandwidths at higher frequencies in
the +z- and —z-directions (i.e., 30°/37° at 2.68 GHz) are
slightly wider than the ones at lower frequencies (i.e., 27°/
30° at 2.40 GHz). As can be observed, the main beam has
been slightly distorted to a tilted one owing to the asymmet-
ric geometry of the proposed antenna. Figure 9 plots the
matched measured and simulated gains and efficiencies
within the corresponding impedance bandwidth, whereas
the measured efficiency is 95% on average. If a high gain per-
formance is required, the ground plane size of the antenna
can be appropriately increased.

Table 2 tabulates the comprehensive comparisons in
terms of number of parameters, number of ports, 3dB AR

bandwidth, impedance bandwidth, external phase shift net-
works/parasitic elements, and closed-form design formulas.
Compared to most of the wideband CP antennas [11, 15,
18, 21] which hardly control the number of resonances in
the |S;, | and axial ratio (AR) frequency responses, the design
approach can solve the issues by supporting by a set of
closed-form design formulas. More importantly, the
advanced antenna should be yielding the simplest, straight-
line configuration without external phase shift networks/
parasitic elements [11, 15, 18, 20-22, 26-27] and maintain
equal length, straight-line configuration of the orthogonal
slotline dipoles. Besides, it retains a relatively simple config-
uration (i.e., single port vs. dual port [26, 27]) and compact
size (i.e., lower profile vs. bulky size [19, 20]) to most of its
CP counterparts. Since the usable resonant modes can be
excited and identified as desired, the resultant antenna
exhibits approximately equal wideband AR and impedance
bandwidths. These good agreements between the measured
and simulated results and the comprehensive comparisons
have further evidently validated that the proposed approach
as supported by a set of closed-form design formulas should
be correct and effective for wideband dual-mode resonant
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CP slotline antenna without using external phase shift
network.

4. Conclusions

Design approach to a wideband dual-mode resonant open-
end slotline antenna is proposed in this article. The resultant
stub asymmetry-enabled self-phase-shift CP antenna under
dual-mode resonance can automatically realize nearly equal
wideband AR bandwidth (up to 16.3%) as wide as impedance
bandwidth (up to 20.1%) by incorporating unequal micro-
strip branches and asymmetrical slotline stubs. The advanced
analytical design approach as supported by a set of closed-
form formulas can indeed forward predict and estimate the
basic configuration and number of usable resonant modes
of the conceptual antenna. Therefore, the advanced antenna
in this work is expected to be employed to design conformal
antennas for vehicular applications [36, 37] while maintain-
ing the simplest, straight-line configuration.
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