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ABSTRACT: In this paper, a broadband circularly polarized (CP) magneto-electric (ME) dipole antenna based on a microstrip line aperture-
coupled feeding structure is proposed. The antenna is fed by the microstrip line, which is utilized to couple the energy to the antenna
through the slot etched on the ground plane. Based on a linearly polarized (LP) ME dipole antenna, two centrosymmetric L-shaped strips
are loaded to the patches located at the +45° diagonal position, and the patches located at the —45° diagonal position are truncated.
As a result, the current direction is changed to be parallel to the equivalent magnetic current to radiate CP wave. To improve the axial-
ratio (AR) bandwidth of the antenna, the rectangular slot initially etched on the ground plane is modified to an asymmetric cross slot,
which can generate a minimum AR point at high frequency. In this way, the AR bandwidth is increased from 32.4% to 51.7%. On this
basis, to further extend the AR bandwidth, the metal columns are introduced at both ends of the antenna, and another additional AR
minimum point is generated at the low frequency. The measured results indicate that the impedance bandwidth (|.S1;| < —10dB)is 57%
(2.40-4.33 GHz), and the 3 dB AR bandwidth is 63% (2.39-4.57 GHz). Moreover, the proposed antenna exhibits flat gain and stable

unidirectional radiation pattern across the operational frequency region.

1. INTRODUCTION

n the past decade, circularly polarized (CP) antennas have

been widely investigated [1-11] due to the advantages of sup-
pressing multipath loss and reducing polarization mismatch.
With the rapid development of modern wireless communication
systems, higher requirements for antenna stability and reliabil-
ity are presented, so CP antennas need wider impedance band-
width, axial-ratio (AR) bandwidth, and stable gain [12]. Based
on the concept of complementary antenna, Luk and Wong first
proposed a magneto-electric (ME) dipole antenna in 2006 [13].
The antenna is composed of a pair of orthogonally placed elec-
tric dipole and magnetic dipole. By combining orthogonal
dipoles, excellent antenna characteristics can be achieved such
as wide impedance bandwidth, low back radiation, high gain,
and stable radiation pattern [14—16].

Due to above excellent properties, various types of CP ME
dipoles have been proposed in recent years [17-26]. The typi-
cal design methods of CP ME dipoles can be divided into single
feed and dual feed. The antenna with single feed is generally
simple in structure, but the AR bandwidth is narrow [17, 18],
while the antenna with dual feed can achieve wider AR band-
width at the expense of a complex feeding network [19,20].
Therefore, the design of a CP ME dipole antenna with a sim-
ple structure and wide AR bandwidth is very challenging to the
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communication system. In [21], by changing the shape and size
of a linearly polarized (LP) antenna, a broadband CP antenna
fed by an L-shaped probe is designed, and finally a 47.7% wide
AR bandwidth can be achieved. However, this feed has high
requirements for processing and measurement. The microstrip
line aperture-coupled feeding method is used in [22] to replace
the traditional probe feed to excite the CP ME dipole antenna,
which reduced the feed complexity. In addition, a metal strip
is introduced at diagonal position to connect the two patches
of the antenna, which can excite another ME dipole mode in
the orthogonal direction to generate CP radiation, but the AR
bandwidth is only 22.5%. In order to expand the AR band-
width while maintaining the simplicity of antenna structure, it
is a common method to change the shape of the electric dipole.
In [23], by loading an F-shaped strip on the electric dipole to
change the current direction and truncating the partial patch to
further improve the AR performance, a 3 dB AR bandwidth of
32% is finally achieved. A bow-tie patch is used as the radi-
ator in [24] instead of the traditional rectangular patch, so that
the radiation field amplitude of the electric dipole and magnetic
dipole is balanced to obtain good CP performance (36.6%).
Loading a resonant structure is also an effective way to expand
AR bandwidth. By loading two rows of arc-shaped vias at both
ends of the magnetic dipole in [25], the direction of the mag-
netic current can be changed to compensate the deviation of
the current direction with the frequency. The AR bandwidth
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FIGURE 1. Structure of proposed ME dipole antenna. (a) Perspective view. (b) Zoomed-in top view. (c) Side view. (d) Zoomed-in view of feeding
structure. (G =90,hy =1, H =185,L1 = 18, Lo, = 20, Ls = 29, Ly = 14, Ls = 6.5, L¢ = 50, L7 = 19, Lf =50, W1 =4, Wy =5,

Ws=18W;=19,5=28,r =7, R =38 inmm).

—» ¢lectric current

LP ME-dipole

J
T

5 )

Ant.1 Ant.2

'

—» magnetic current

Ant.3 Ant.4

FIGURE 2. Design process of the proposed CP antenna element.

of the antenna is extended to 40.9%. In [26], by introducing a
parasitic ring that is coplanar with the horizontal patches, dif-
ferent CP modes are combined to increase the AR bandwidth
by 42.1%.

In this paper, a broadband CP ME dipole antenna with sim-
ple feed is proposed. In order to improve the AR bandwidth
without increasing the size and complexity of antenna struc-
ture, an asymmetric cross slot structure loaded on the ground is
first used to widen the AR bandwidth at high frequency. Then,
the metal columns on both sides of the antenna are designed
to further expand the AR bandwidth at low frequencies. The
measured results show that the proposed antenna owns a wide
impedance bandwidth of 57% (2.40—4.33 GHz) and a 3dB AR
bandwidth of 63% (2.39—4.57 GHz). Besides, the antenna is
simple in structure and easy to fabricate. For verifying, the
design details, fabrication, and measurement results of the an-
tenna are given.

2. ANTENNA DESIGNS AND ANALYSIS

2.1. Antenna Structure

The geometric structure of the proposed antenna is shown in
Figure 1. It is composed of two pairs of vertically placed ME
dipoles, two pairs of metal columns, and a ground plane etched
with a slot. A 1 mm thick FR4 substrate with ¢, = 4.4 and
tan d = 0.02 is used. The upper surface of the substrate is cov-
ered with a ground plane, and an asymmetric cross slot is etched
on it. A microstrip feedline is printed at the bottom to couple the
energy to the antenna. For the radiation part, the electric dipole
is composed of four square patches on the horizontal plane. L-
shaped strips and truncated parts are loaded at the diagonal of
the two pairs of patches to complete the transformation of the

antenna from LP to CP. Each patch is connected to the ground
plane by a metal column, so the equivalent magnetic dipole is
realized by the aperture between the patches. The whole radi-
ator is rotated by 45° in order to avoid direct contact with the
slot. Finally, a pair of metal columns is introduced at the left
and right sides of the antenna along the y-axis.

2.2. Design Process

In order to understand the CP mechanism, the design process of
the proposed antenna is plotted in Figure 2. Figure 3 shows the
simulated |S1;| and AR of Ant. 1-Ant. 4. There are four steps
in total.

Step 1: an LP ME dipole antenna with a center frequency of
3.75 GHz is first designed where the horizontal patches act as
the electric dipole, while the aperture between shorted patches
is equivalent to the magnetic dipole. According to the design
principle of [13], the initial patch length L; and height H are
Ao/4 for the best resonance characteristic () is the free-space
wavelength at 3.75 GHz). At this time, the current on the elec-
tric dipole is along the z-axis direction, and the equivalent mag-
netic current introduced by the magnetic dipole is along the y-
axis direction. Therefore, the LP radiation is excited. The |.Sy |
of the designed LP ME dipole is shown in Figure 3.

Step 2: To realize CP radiation, the current J must be parallel
to the equivalent magnetic current M. On the basis of Ant. 1,
two centrosymmetric L-shaped strips are loaded to the patches
located at the +45° diagonal position and the patches located at
the —45° diagonal position are truncated. By the superposition
of current perturbations, the current will be deflected, which
can be parallel to the magnetic current. Due to the same excita-
tion amplitude, CP waves are generated. The optimized Ant. 2
can generate two minimum AR points, and a 32.4% AR band-
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FIGURE 3. Simulated results of different evolution antennas. (a) Reflection coefficient. (b) Axial ratio. (c) Radiation patterns of Ant. 2 at 3.5 GHz.

(d) Radiation patterns of Ant. 4 at 3.5 GHz.
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FIGURE 4. Simulated surface current distribution. (a) Inner side of the metal columns. (b) Outer side of the metal columns. (c) The patch without

metal columns at 2.5 GHz. (d) The patch with metal columns at 2.5 GHz.

width is achieved. However, the AR bandwidth of Ant. 2 is still
narrow.

Step 3: To improve the CP performance of Ant. 2, a com-
posite CP method is used. The rectangular slot etched on the
ground plane is changed to an asymmetric cross slot. For wide-
band operation, slot length L~ is initially \¢/2 to ensure efficient
energy coupling. Subsequently, it is optimized to 19 mm to im-
prove the CP performance at high frequencies. The structure
of Ant. 2 is capable of radiating CP waves, and the feeding slot
can also be excited with two degenerate modes to radiate CP
waves. Combining these two methods, the AR bandwidth of
the antenna is significantly improved. As shown in Figure 3,
the AR bandwidth of Ant. 3 is broadened to 51.7%.

Step 4: To further extend the AR bandwidth, a pair of metal
column is introduced on both sides of the antenna. Figures 3(c)
and (d) show radiation patterns of the antenna before and after
introducing the slot and metal columns at 3.5 GHz. The pat-
terns exhibit only minor differences in cross-polarization levels,
phase center and front-to-back ratio, demonstrating that the pro-
posed antenna can effectively maintain stable radiation charac-
teristics while enhancing bandwidth.

In order to illustrate the function of the metal columns, the
surface current distributions on the inner side and outer side of
the metal columns is shown in Figures 4(a) and (b). Due to the
centrosymmetric of antenna structure, only those on one side

are given. It can be seen that the current on the inner surface of
the metal column is along the —z-axis direction while that on
the outer surface is along the +z-axis direction. The opposite
directions of the surface currents on two sides of the same metal
column will cause them to offset each other, so the electrical
current will not be generated to affect the electric dipole. The
change in the direction of the magnetic current caused by the
metal column can compensate the deviation of electrical cur-
rent direction with frequency, so that the direction of the total
magnetic current can be parallel to the total electrical current in
a lower frequency. Therefore, the AR bandwidth is extended to
a lower frequency. To further solidify the mechanism, the vec-
tor current distributions on the patch with and without metal
columns at 2.5 GHz are shown in Figures 4(c) and (d). Without
metal columns, the electric current J deviates from the equiva-
lent magnetic current which is combined with My, M3 to form
a total magnetic current M, reducing the angle between J and
M. This restores the CP condition, generating an additional AR
minimum point at low frequencies.

2.3. Principle of Operation

To illustrate the working principle of the proposed antenna,
Figure 5 shows current distribution of the antenna at t =
0,7/4,T/2 and 3T /4, where T is the period of oscillation at
2.6 GHz. Since Ant. 3 rotates on the basis of Ant. 2, a new

WWwWw.jpier.org



PIER C

Xu et al.

g g
o _ o
25 S Li=17mm W -
3 L1=18mm ||
30 — = Li-bmm H
(a) — — - L1=20mm | i (c) ' — — - L7=20mm / Y/
Sy 25 3 35 4 a5 5 07 35 3 35 4 45 5 5 35 3 35 4 45 5 2 25 3 35 4 45 3
Frequency(GHz) Frequency(GHz) Frequency(GHz) Frequency(GHz)
0 15 15
-5
-10
5 B L Y O g
=20 -~ L
«n 28 L
I} S | F— Ho17 5mm 25 J— W3=l 4mm \’
PN ——
- — - — H=19.5mm - _— =1.
(e) © — — - H=20.5mm [/ 30 (g) T Wiom e \ ;
- 0 - =
3y 25 3 35 4 45 5 Y2 25 3 35 4 45 s 35725 3 35 4 45 5 2 25 3 35 4 45 5
Frequency(GHz) Frequency(GHz) Frequency(GHz) Frequency(GHz)
15

o

S

@2 | LAREESE L4=12mm

-25 Jo— = Lasimm
—— L4=14mm

-30 (I) \‘ — — - L4=15mm P g

325 3 35 4 45 5 Y2 25 3 35 4 45 5
Frequency(GHz) Frequency(GHz)

FIGURE 6. Simulated results of the proposed antenna with different values. (a) Effects of L; on |Si1|. (b) Effects of L; on AR. (c) Effects of L7 on

|S11]. (d) Effects of L7 on AR. (e) Effects of H on |Si|. (f) Effects of H on AR. (g) Effects of W3 on |S11|. (h) Effects of W3 on AR. (i) Effects of
L4 on |Si|. (j) Effects of Ly on AR.

coordinate axis with the counterclockwise rotation of 45° is +45° and —45° directions. This makes it difficult to visually
established. After optimizing Ant. 2 to Ant. 3, the current J distinguish the direction relationship between J and M in the
and equivalent magnetic current M of the antenna are along the original coordinate system. In the new coordinate system with a
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FIGURE 8. Simulated and measured results of the proposed antenna. (a) |.S1|

rotation of 45°, the y axis is parallel to the directions of J and M,
which makes it more intuitive to observe whether the antenna
meets the CP radiation conditions. At¢ = 0 and T'/2, the cur-
rents on the edge of the planar electric dipole reach maximum
and are in opposite directions for the two times, which means
that the electric dipole along the y-axis direction is strongly ex-
cited. When ¢ = T'/4 and 3T'/4, the currents on the aperture
reaches maximum and are in opposite directions, indicating that
the equivalent magnetic current from the patch aperture is also
along the y-axis. Therefore, the electric dipole and magnetic
dipole are excited in parallel with a phase difference of 90°, and
CP radiation is achieved. It can be seen that as the time varies,
the electrical current on the electric dipole rotates in counter-
clockwise direction. Therefore, a right-hand CP (RHCP) wave
is generated.

In order to further study the working principle of the pro-
posed antenna, a parametric analysis is conducted by using An-
sys HFSS based on finite element method (FEM). The influ-
ence of the patch length L; on the simulated |S};| and AR is

. (b) AR. (c) Gain. (d) Radiation Efficiency. (e) AR at different angles.

analyzed first. By analyzing Figures 6(a) and (b), it can be seen
that the change of L; has little effect on the impedance match-
ing of the antenna. The resonant frequency at high frequency
moves toward the low frequency as L, increases. At the same
time, the CP performance first becomes better and then worse.
The influence of the slot length L; on the simulated |S;| and
AR is also shown in Figures 6(c) and (d). It can be seen that
the change of L; has a great influence on the high frequency
resonance point. The current path will be extended as L7 in-
creases, and the impedance matching of the high frequency be-
gins to deteriorate. For AR, the minimum AR point at 4.4 GHz
is generated by the slot etched on the ground plane, so the high
frequency is also sensitive to the change of L;. The influence
of the metal column height H on the simulated |S};| and AR is
shown in Figures 6(e) and (f). When H increases, the |\S;;| and
AR curves move to the low frequency as a whole. Although a
wider AR can be obtained, the impedance matching becomes
worse. Figures 6(g) and (h) show the influence of asymmetric
cross-slot width W3 on the simulated |S);| and AR. It can be
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FIGURE 9. Simulated and measured radiation patterns at (a) 3, (b) 3.5, and (c) 4 GHz.
TABLE 1. Comparison with other circularly polarized ME dipole antennas.
Ref. Size (A3) Feed structure Impedance Axial-ratio Overlapped Average
bandwidth bandwidth bandwidth gain (dBi)
[14] 0.39 x 0.39 x 0.16 SIW 28.8% 25.9% 25.9% 7.7
[21] 1.02 x 0.47 x 0.29 L-shaped probe 73.3% 47.7% 47.7% 6.8
[22] 0.4 x 0.4 x0.25 Microstrip Line 58.2% 22.5% 22.5% 9.0
[24] 0.35 x 0.4 x 0.25 SIW 50.0% 36.6% 36.6% 7.7
[26] 0.82 x 0.82 x 0.28 Microstrip Line 55.3% 42.1% 42.1% /
Prop. 0.68 X 0.48 X 0.21  Microstrip Line 57.0% 63.0% 57.0% 7.2

seen that W3 has a great influence on the high frequency reso-
nance point, while the AR performance stays stable in the whole
band. The effect of L-shaped strip length L, is also studied in
Figures 6(i) and (j). When L, varies, the impedance matching
is slightly affected. For AR, the CP performance of the antenna
becomes better, but the AR bandwidth becomes narrower.

3. EXPERIMENTAL RESULTS

To verify the simulated results of the proposed broadband CP
ME dipole antenna, it is fabricated as shown in Figure 7. The
measured and simulated |S1;| of the proposed antenna are plot-
ted in Figure 8(a). It can be seen that the antenna has good
impedance matching. And the antenna operates from 2.40 to
4.33 GHz (57%) for |S11| < —10dB, which agrees well with
simulated results. The measured and simulated ARs of the pro-
posed antenna are plotted in Figure 8(b). The AR bandwidth
of the antenna reaches 63%, and the operating frequency band

is 2.39 GHz to 4.57 GHz. Figure 8(c) shows the measured and
simulated gains at the broadside direction. It can be seen that
the antenna gain gradually increases in 2.4-3.6 GHz, and the
maximum gain of 7.9 dBi is obtained at 3.6 GHz. In the whole
working band, the gain is relatively stable, and the average gain
of the antenna is 7.2 dBi.

The simulated and measured radiation efficiencies are given
in Figure 8(d). As shown in Figure 8(d), the simulated and mea-
sured antenna radiation efficiencies are both better than 77%
across the operational frequency region. In the following, the
simulated different angle AR of the proposed antenna at key
frequencies is provided in Figure 8(e). It can be seen that the
CP performance at off-broadside angles and key frequencies re-
mains good, confirming reliable polarization stability in practi-
cal scenarios.

Figure 9 shows the E-plane and H-plane radiation patterns
of the antenna at 3 GHz, 3.5 GHz, and 4 GHz. It can be seen
that the radiation patterns are symmetrical and stable at differ-
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ent frequencies over the whole operating band, which demon-
strates the superiority of the ME dipole antenna. The RHCP
gains of the proposed antenna are 16 dB larger than the left-
hand CP (LHCP) gains at broadside direction, which shows that
a good RHCP radiation performance is achieved. The measured
results are in good agreement with the simulated ones.

A comparison between the proposed design with other exist-
ing CP ME dipole antenna elements is listed in Table 1. Com-
pared with other antennas, a wider impedance bandwidth and
AR bandwidth is achieved without using a broadband feed net-
work to increase the complexity of the antenna structure [20].
The proposed antenna also has a relatively stable radiation pat-
tern, which is suitable for high-quality wireless communica-
tions.

4. CONCLUSION

In this paper, a broadband CP ME dipole antenna with a simple
structure is proposed. First, the CP radiation is generated based
on the change of the shape and size of the LP antenna. By using
the metal column to generate a new magnetic current compo-
nent and changing the shape of slot etched on the ground plane,
the working bandwidth of the antenna at low frequency and
high frequency can be expanded respectively. The measured
results show that the antenna owns an impedance bandwidth
of 57% (2.40—4.33 GHz) and an AR bandwidth of 63% (2.39-
4.57 GHz). The antenna could be a good choice for broadband
wireless communication system due to the advantage of wide
bandwidth, flat gain, and simple structure.
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