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Abstract — A novel low-profile circularly polarized (CP)
quasi-Yagi antenna with a wide 3-dB axial ratio (AR)
bandwidth is proposed, which generates the endfire beam
by combining magnetic microstrip cavity and folded
electric dipoles with a 90° phase difference. The pro-
posed antenna includes two shorting pins, which are
employed to attain wider impedance bandwidth. Then,
a phase delay line is added to connects two pairs of
folded dipoles and a magnetic microstrip cavity to real-
ize righthanded circularly polarized (RHCP). After opti-
mization, a prototype with an overall size of 1.17 x
0.91x 0.0387&8 is designed. Simulated results demon-
strate that the final model has 18.1% (5.01-6.01 GHz) 3-
dB AR bandwidth and —10 dB impedance bandwidth of
5.2%(5.67—5.97 GHz), respectively. In addition, exper-
imental results demonstrate that the designed antenna is
very applicable to the RFID system.

Index Terms — circularly polarized, endfire, folded
dipoles, quasi-Yagi, RFID.

L. INTRODUCTION

Research on CP antennas can be traced back to the
1940s [[1]]. It can not only reduce the multipath effect,
but also mitigate the polarization mismatch between
receivers and transmitters [2H4]. Therefore, CP anten-
nas are widely used in RFID systems [5], wireless
communication [6] and satellite navigation receiving
systems. Recently, endfire CP antennas have attracted
much attention because of their two characteristics:
strong directivity and high radiation efficiency. Accord-
ing to the difference in antenna structure, conventional
endfire CP antennas can be roughly divided into two cat-
egories: helical antenna [7, |8] and Yagi-Uda antenna.
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However, not all of them can realize the required perfor-
mance, where the main beam is parallel to the antenna
plane and the carrier can be invisible [9]. In [10], a
typical planar endfire CP antenna is introduced, which
is based on the combination of orthogonal magnetic
dipole and the electric dipole. Nevertheless, the designed
antenna exhibits exceptionally narrow impedance band-
width and AR bandwidth (i.e., only 2.4% and 9.24%
approximately). Recently, some efforts have been made
to change this situation [11H16]. A wide impedance
bandwidth has been explored through assembling mag-
netic dipoles and a V-shaped open loop in [11]. Refer-
ence [12] also demonstrates that a wide AR bandwidth
can also be acquired by increasing electric dipole width.
In [13], by using the concentric annular sector, a low-
complexity antenna with wide AR bandwidth has been
presented. So far, some novel CP endfire antennas are
well-known for obtaining better radiation capacity. How-
ever, the gain is still relatively low as studied in [14H16].

Planar endfire CP quasi-Yagi antennas, carrying a
parasitic strip in front of driven elements, are adopted
to improve the antenna gain [17, [18]. Unsatisfactorily,
most of the reported antennas may suffer from a dete-
rioration in AR bandwidth or impedance bandwidth. In
[19], a complex vertically polarized structure and hor-
izontally polarized Yagi arrays are introduced to obtain
good performance. Therefore, it is challenging and desir-
able to design a high gain, wide bandwidth planar endfire
CP quasi-Yagi antenna.

A new complementary CP quasi-Yagi antenna is
discussed in this communication. Two pairs of folded
dipoles are used to expand the AR bandwidth, which
are printed on the upper and lower layers of the dielec-
tric substrate, respectively. A parasitic strip serves as the
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director to improve the gain. The folded dipole and the
magnetic microstrip cavity are connected by the phase
delay line, and the 90° phase difference can be intro-
duced by changing the length of the phase delay line.
Finally, a CP quasi-Yagi antenna has been achieved,
which generates a peak gain of 5.1 dBic. The designed
antenna has approximately 4.3% measured impedance
bandwidth and 14.1% AR bandwidth with an extremely
low profile of 0.0387 A.

II. ANTENNA DESIGN

The configuration of the proposed antenna with
endfire CP characteristic is illustrated in Fig. [I] which
is designed on a rectangular dielectric substrate F4B
(tand = 0.001), a relative permittivity of &, = 2.65, and
a thickness of 7 =2 mm. As seen, the proposed antenna
mainly comprises a magnetic microstrip cavity, phase
delay line, director and two pairs of folded dipoles. The
magnetic microstrip cavity, connecting with two pairs of
folded dipoles by phase delay line, is composed of three
short edges and an open aperture. In addition, two short-
ing pins are placed in the magnetic microstrip cavity to
excite the disturbance field and broaden the impedance
bandwidth [20]. The antenna has the same top and
bottom layout. A coaxial connector with a characteristic
impedance of 50 Q in which the inner conductor is
connected to the upper layer and the outer conductor is
welded to the lower layer. The director is added in the
endfire direction to enhance the gain and radiation effi-
ciency. All actual dimensions of the proposed antenna
are as follows: L; = 60.5 mm,W; = 47.1 mm,L, =
1425 mm,W, = 82mm,L; = 54 mm,W; = 0.34
mm,Ls = 9.9 mm,W; = 3.8 mm,L; = 7.6 mm,Lg =
4mm, Ly =7.6 mm,Lx = 12.1 mm,Wx = 2.1 mm,d =
03mm, d; = 0.7mm,g = 4.2mm,Ws = 3.2 mm,
o = 85°.
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Fig. 1. Geometry for the proposed antenna. (a) 3-D struc-
ture; (b) Top view.
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A. Design procedure
The simple model of antenna is mainly composed
of a magnetic dipole, electric dipole and phase delay

line. The 90° phase difference is mainly provided by
the length d of the phase shift line between them, as
shown in Fig. 2] Among them, the magnetic dipole pro-
duces an “eight” shaped radiation pattern in the azimuth
plane (xoy-plane) and an “O” shaped radiation pattern
in the elevation plane (xoz-plane). The result proves that
the antenna resonates as a vertically polarized electro-
magnetic wave. The electric dipole has a complementary
orthogonal mode with respect to the magnetic dipole.

Phase shift line

=—pp Magnetic dipole === Electric dipole

Fig. 2. Schematic diagram of the proposed antenna.

To clarify the design criteria of the proposed
antenna, the design processes are present in Fig. 3] from
ANT 1 to ANT 4, and corresponding simulation results
are displayed in Fig. d] ANT 1 has an original printed
electric dipole without shorting pins. In ANT 2, electric
dipoles have been folded and two shorting pins are added
based on ANT 1. As for ANT 3, an additional folded
printed electric dipole is introduced compared with ANT
2. The final structure can be obtained by adding a director
above ANT 3.

By properly designing the antenna structure, the
simulated |S1;|, AR and gain results of these antennas
are presented in Fig.[d] First, by adding shorting pins and
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Fig. 3. Evolution processes for the quasi-Yagi antenna.
(a) ANT 1; (b) ANT 2; (c) ANT 3; (d) ANT 4.

(b)

———

L[
- —

202



203

folded dipoles, the axial ratio and reflection coefficient
are greatly reduced (For ease of comparison, the same
resonant frequency is used for each antenna). Second, it
can be observed from Fig. E| (b) that 3 dB AR bandwidth
is greatly improved, and two resonance points appear at
5.4 GHz and 6.05 GHz by properly introducing a pair of
folded dipoles. Finally, after adding the director, the gain
of the designed antenna is up to 4.9 dBic.
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Fig. 4. Results of the process of the cp quasi-Yagi
antenna. (a) |S1]; (b) AR; (c) Realized gain.

B. Operating mechanism

A circular polarization wave could be generated
with two electric field vectors of the same amplitude and
90° phase difference. The working principle of the pro-
posed antenna is shown in Fig. [5] where Fig.[5] (a) refers
to the equivalent model of the magnetic microstrip cavity
[12]. The equivalent magnetic current source is parallel
to the y-axis, the included angle between the x and y-axis
is @, and the included angle between y and z axis is 0.
It can be known from the literature that the normalized
electric field generated by the aperture at any point in
free space in Fig.[] (a) is:

Eapmure =Ey +E(p =0cos@+PcosHsing. (1)

Figure[5](b) put forward an equivalent source model
of two pairs of folded dipoles. To simplify the analy-
sis and reveal the radiation characteristics of the folded
dipole antenna, it is assumed that all equivalent current
sources or current sheets are ideal short dipoles [[11]. It
can be seen from Fig. |§| (b) that the current components
in the x-direction cancel each other, while the current
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components in the y-direction are linearly superposed.
Consequently, the main radiation characteristics of the
folded dipole should be determined by the y-direction
components of the eight current sheets. Therefore, we
can get the normalized electric field intensity superim-
posed by the folded dipole vector as follows:

Edipole = Ey —I—E"q, =0cosOsinQ+ Pcos.  (2)

Figure [3] (c) shows the entire operating mechanism
of the proposed antenna. The magnetic microstrip cavity
and the folded dipoles are excited with equal amplitudes
and 90° phase difference, and no additional time phase
difference (& = 0) is introduced. The total far-field of
the combined geometry will be:

Etotal = Eapenure + efj(kdsinecos (p+60>ﬁdipole )

By substituting equation (2) into equation (3),
the normalized electric field in the x-direction
(6 =90°, ¢ = 0°) can be obtained as:

E,=0+¢j. )

It can be seen from equation (4) that the amplitude is
equal and the phase difference is 90° in the +x direction,
and the ideal circular polarization radiation characteristic
can be obtained [21]].

aperture
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(a)

Phase delay line

(©

Fig. 5. Operating principle of this antenna. (a) Equivalent
model of aperture element; (b) Equivalent source model
of two-element folded dipole; (c) Working principle of
the proposed antenna.

A 90° phase difference is necessary to generate cir-
cularly polarized waves. There are many ways to intro-
duce a 90° phase difference, such as adding EZR-MZR
resonances [22], dual-feed and phase delay line. How-
ever, it is mainly produced by adjusting the length of the
phase delay line in this paper.



To further demonstrate the mechanism of the circu-
lar polarization radiation, the simulated vector surface
current distributions of the short magnetic wall and direc-
tor at different times t = 0, T/4, T/2,3 T/4 are exhib-
ited from Figs. |§| (a) to (d) at 5.8 GHz, respectively. The
director current can be obtained by coupling the current
on the folded dipoles. Note that a solid red thick arrow
in the upper right corner of each plot represents the syn-
thetic short magnetic wall current and director current.
By analyzing the trajectory of the synthetic current, the
polarization mode of the proposed antenna can be clearly
understood.

As demonstrated in Fig. |§| (a), the vector current
of the short magnetic wall is toward the +z-axis, while
the vector current of the director is toward the +y-axis.
Therefore, the total current /; can be synthesized at t =
OT. As shown in Fig. [f] (b), the new vector total cur-
rent (I;) can be obtained at t = T/4 with the change of
director current. According to the analysis, this change is
mainly caused by the current change on the longer folded
dipole. Regarding Fig. [f (c), it is clearly shown that the
synthetic current /3 can be acquired due to the transfor-
mation of the current direction on the short magnetic
wall. Similarly, /4 can be attained with similar method.
From the above description, it can be inferred that a
clockwise polarization wave is formed on the yoz-plane.
Utilizing the right-hand spiral criterion, it can be con-
cluded that the antenna has realized the RHCP radiation
in +x direction.

C. Operating mechanism

The performance of the proposed antenna shows
greater sensitivity for variation in some parameters, such
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Fig. 6. The current distribution diagram is at 5.8 GHz.
@t=0T;(b)t=1/4T;(c)t=1/2T;(d) t=3/4T.
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as the length (L;) and width (W,) of the magnetic
microstrip cavity. As depicted in Fig.[/|(a), L has a sig-
nificant impact on the AR of the designed antenna. With
the increase of L, the magnetic dipole current compo-
nent is strengthened, and the AR is well improved. How-
ever, when L; increases to a certain extent, the AR per-
formance deteriorates because the vertical electric field
component is larger than the horizontal electric field
component and the amplitude is not equal. It can be seen
that when L; is equal to 60.5 mm, the optimal results of
AR performance can be obtained.

It can be seen from Fig. [7] (b) that W, has a signif-
icant effect on the resonant frequency of the designed
antenna. With the change of W5, the resonant frequency
of the antenna is constant change. The change of W, is
equivalent to the movement of the position of the coaxial
feed point. When W, is selected as 8.2 mm, the resonant
frequency works exactly at 5.8 GHz.

Thereby, the designed antenna can be used in the
RFID system.
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Fig. 7. Parameter study of L; and W>. (a) L;. (b) W5.

III. EXPERIMENTAL RESULTS

A prototype, as shown in Fig. [§] was made to ver-
ify the characteristic of the proposed antenna. The mea-
sured results of reflection coefficient are obtained with
the Agilent network analyzer, while the radiation and AR
results are obtained in the anechoic chamber, as depicted
in Fig.[§] (a).

Following Fig. [9] (a), the curves of simulated and
measured reflection coefficients present similar varia-
tion trends. However, some discrepancies and fluctua-
tions exist between the measured and simulation results,
mainly owing to the unavoidable test errors. Finally, the
measured —10 dB bandwidth is from 5.7 to 5.95 GHz,
a reduction of about 50 MHz concerning the simulation
results (5.67 —5.97 GHz).

The results of AR, gain are shown in Fig. 9] (b)
and Fig. [9] (c), respectively. The simulation results with
the measurement results of AR and realized gain are
reasonably inconsistent, which may occur due to coax-
ial connector connection and fabrication errors. The
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Fig. 8. (a) Measurement setup in the anechoic chamber.
(b) The top view; (c) The back view.

—— Measured
—e— Simulated

—e— Measured

Syl (dBy
AR (dB)
-

=~ Simulated

) 81 K4 K6 5B 68 62
Frequency (GHz)

(@) |S11]

6

S4 56 53 ed
Frequeney (GHz)

(b) AR

-

—=— Measured
—*— Simulated

Realized Gain(dBic)

4

50 352 54 56 58 60 62 64
Frequency(GHz)

(c) Realized Gain

Fig. 9. Simulated and measured result for the proposed
antenna. (a) |S1]; (b) AR; (c) Realized gain.

experimental results illustrate that the proposed antenna
achieves bandwidths of 14.1%(5.27 — 6.07 GHz) for AR
< 3 dB and the gain can reach 5.1 dBic in the operating
range. Although the experimental results of AR band-
width and impedance bandwidth are narrow, they can
still be used in RFID systems.

(a) xoy-plane

(b) xoz-plane

Fig. 10. Simulated and measured normalized radiation
patterns at 5.8 GHz for the quasi-Yagi antenna.

ACES JOURNAL, Vol. 38, No. 3, March 2023

The normalized radiation patterns of the two main
radiation planes at 5.8 GHz are shown in Fig.[I0] Obvi-
ously, this antenna has a unidirectional RHCP mode
in the desired operating frequency band. In addition,
Table [I] gives a comparison of this antenna with other
endfire CP antennas to highlight its advantages. It can be
seen that the designed antenna has an appropriate size,
wider AR bandwidth and higher gain. Based on its pla-
nar structure and easy integration, it is suitable for some
terminal devices.

Table 1: Comparison of various endfire CP antennas

Ref BW/%| AR/% Gaiﬂ e(c(;‘Bic) Size /23
10| 24 | 92 2.6 0.59 x 0.73 x 0.053
2] 19 | 145 23 0.99 x 0.87 x 0.053
15| 43 | 43 33 1.74 % 0.72 x 0.0387
7] 1 | 15 72 1.05 x 0.65 x 0.026
8] 52 | 5 78 1.74 % 0.97 x 0.0387
Pro| 43 | 141 51 [1.17x 0911 x0.0387
IV. CONCLUSION

In this letter, A circularly polarized quasi-Yagi
antenna with wide AR bandwidth and high gain is
designed. A circularly polarized beam is formed by a
combination of two pairs of folded electric dipoles and
magnetic dipoles. The folded dipoles are used as driv-
ing elements in this antenna to improve the AR band-
width. Two shorting pins are used to improve antenna
impedance matching. The simulation and actual mea-
surement of the antenna proved that the center frequency
of the antenna was 5.8 GHz, which covers the frequency
range of the RFID systems well.
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