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Abstract

A circularly polarised (CP) antenna with highly symmetrical radiation patterns and wide
operating bandwidth is presented for millimetre-wave (mm-wave) applications. By loading
four parasitic inverted-F components around a SIW-fed S-dipole antenna, better axial
ratio (AR) performance and higher gain performance are realised. Furthermore, the
proposed antenna can achieve highly symmetrical radiation patterns in different elevation
planes within a wide operating band. This unique feature makes it advantageous to more
uniform signal coverage. To verify the effectiveness of the antenna, a prototype is
fabricated and measured. The experimental results validate that the antenna covers the
impedance bandwidth of 49.1% (21.2-35 GHz) and the AR bandwidth of 51.3%
(20-33.8 GHz). Besides, the antenna peak gain can reach 10.42 dBic at 28.5 GHz. More
importantly, the antenna can radiate extremely symmetrical and uniform waves in
different elevation planes within a wide operating band (21-29 GHz). Attributed to these
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1 | INTRODUCTION

With the rapid rise of emerging wireless systems, higher re-
quirements are put forward for high-speed data transmission.
Compared with the sub-6 GHz band, the spectrum resources at
millimetre-wave (mm-wave) bands are more abundant, which
drives the research and development of low-cost wideband mm-
wave antennas [1, 2]. Due to the effectiveness in mitigating
multipath interference and fading, the circularly polarised (CP)
antennas have aroused great interest in wireless communication
systems [3, 4]. For these reasons, wideband mm-wave CP an-
tennas attract increasing interests in recent years.

Considering that the dielectric loss and radiation loss are
no longer negligible at mm-wave frequencies, the substrate
integrated waveguide (SIW) is thus extensively deployed in
designing mm-wave antennas due to its low loss, easy

merits, the presented antenna shows great potential in various mm-wave systems.

circularly polarised antenna, millimetre-wave antenna, substrate integrated waveguide, wideband antenna

integration, and high power handling capability characteristics
[5, 6]. To date, a variety of mm-wave wideband SIW CP an-
tennas were proposed, including the horn antennas [7-9],
dielectric resonator antennas (DRA) [10-12], slot antennas
[13—17], magneto-electric dipole antennas [18, 19], parasitic
patches loaded antenna [20], patch antennas [21-23], L-probe
antenna [24], and spiral antenna [5, 25]. In ref. [7], an SIW horn
antenna loaded with an inhomogeneous polariser was pre-
sented. The wide impedance bandwidth is obtained by intro-
ducing an extended substrate and additional dielectric plates
around the horn radiation aperture, and the broadband CP
radiation is realised by applying a putre dielectric polariser.
However, it's broadband characteristic of the antenna is ach-
ieved at the expense of high antenna profile. In ref. [10], a
wideband CP substrate integrated DRA was introduced. The
basic mode of the internal dielectric resonator and the higher
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order mode of the whole dielectric resonator can be excited
simultaneously at adjacent frequencies, thus improving the
impedance and axial ratio (AR) bandwidth. In ref. [19], the
bowtie dipole and isosceles triangular grooves were utilised to
realise better CP performance of the antenna.

Although the aforementioned antennas have broad band-
width, most of these studies pay little attention to the symmetry
and stability of the radiation patterns. Maintaining symmetrical
and stable radiation patterns is extremely challenging and
appealing to various applications, such as the positioning sys-
tems, the cognitive radio application [20], phased arrays [27] and
base stations [28]. To this end, this paper aims to design a
wideband mm-wave CP antenna with stable and symmetrical
radiation patterns.

In this paper, a parasitic inverted-F components (PIFCs)
loaded SIW S-dipole antenna with both broadband and high-
gain merits is proposed for mm-wave applications. Although
the SIW-fed S-dipole antenna has been proposed in ref. [1],
there are several drawbacks for this antenna. Firstly, the AR
bandwidth is narrower than its impedance bandwidth, leading to
a reduced operating bandwidth. In addition, the peak gain is just
7.5 dBic, which needs to be improved to combat with the free-
space loss at mm-wave bands. Most importantly, the radiation
pattern of this antenna is quite asymmetrical in different eleva-
tion planes, which limits its applications. To solve these issues,
four PIFCs are placed sequentially rotated around the SIW-fed
S-dipole. As four PIFCs are loaded, the aperture size of the
antenna is increased, thus effectively improving the antenna
gain. Moreover, another new AR resonance occurs with the
presence of the PIFCs, which broadens the AR bandwidth and
the overall bandwidth. Furthermore, the coupling between the
S-dipole and PIFCs helps maintain more uniform and stable E-
fields distribution in different elevation planes. As a conse-
quence, a highly symmetrical radiation pattern in different
elevation planes can be obtained, which is verified by the
simulation and experiment results. On the whole, the merits
above makes the presented antenna very competitive in appli-
cations where a highly symmetrical radiation pattern is required.

2 | ANTENNA DESIGN AND
OPERATING PRINCIPLE
21 | Antenna design
Figure 1 demonstrates the configuration of the proposed an-
tenna. As shown, an S-dipole is printed on the top surface of
substrate 1, which is surrounded by four PIFCs. The electro-
magnetic coupling between the SIW and the S-dipole is realised
by the coupling slot. By adjusting the width and length of the
slot, the antenna performance can be effectively improved. A
coaxial probe is applied to feed the antenna directly, and it also
helps obtain good impedance matching. Detailed geometry
parameters of the antenna is listed in Table 1.

Figure 2 shows the magnitude of surface current on the
antenna at three different resonant frequencies, indicating that
the antenna operates in a quasi-0.754, quasi-14 and quasi-1.251
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FIGURE 1 Configuration of the proposed antenna. (a) Exploded view,
(b) top view and (c) side view.

TABLE 1 Antenna parameters (unit: mm)

L L,
6 12.3 4.4 6 1 12.3 1.4 1.6 0.3 0.7

Ly L w, W, W; D D, D

R R Ry, Ry H H S5 S S5

0.6 08 26 208 157 157 245 44 15 3

mode at these three frequencies respectively. In this manner,
the proposed antenna can operate over a wide bandwidth.
Moreovert, the stable and symmetrical radiation is obtained by
the coupling between the S-dipole and PIFCs.

It is worth mentioning that the simulation software used in
this paper is HFSS 2020 and the adaptive mesh property is
adopted.

22 |
study

Operating principle and parametric

The CP operating principle of the SIW-fed S-dipole can be
found in ref. [1], and thus is not explained here for brevity. One
drawback of the SIW-fed S-dipole antenna is the narrower AR
bandwidth compared to its impedance bandwidth, and the
relatively low antenna gain. Another big issue for this antenna
is that the radiation pattern is quite asymmetrical in two di-
agonal planes, leading to much different beamwidth in
different elevation planes. It is worth mentioning that an
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FIGURE 2 Magnitude of surface current on the S-dipole and PIFCs.
(a) 23.25 GHz, (b) 26.75 GHz, and (c) 32 GHz. PIFCs, parasitic inverted-F

components

antenna loaded with two parasitic components has been pre-
sented in ref. [29]. The difference between the antenna pro-
posed in this paper and the antenna in ref. [29] mainly lies in
the simplification of feeding method and the improvement of
performance. Although the antenna loaded with two parasitic
components improves the AR bandwidth and gain of the S-
dipole antenna, it also causes the distortion of radiation
pattern and excessive fluctuation of the gain curve. To solve
these issues, four PIFCs are positioned sequentially rotated
around the SIW-fed S-dipole, as depicted by Figure 1. With the
presence of the four PIFCs, the radiation aperture becomes
larger than that with two PIFCs, so the gain is higher, and the
gain curve becomes more stable and smooth. Moreover,
the coupling between the four PIFCs and the S-dipole makes
the electric field distribution more uniform, forming a more
stable and symmetrical radiation patterns in different elevation
planes, which cannot be achieved with two PIFCs. In addition,
the antenna is fed by a coaxial probe directly without any
matching post, which simplifies the feeding structure
compared to the antenna in ref. [29]. Moreover, the AR
bandwidth of the proposed antenna is further improved due to
the additional AR resonance introduced by the four PIFCs.
It is worth pointing out that the initial reason for using
sequentially rotated parasitic components is to expand the
antenna bandwidth, as demonstrated in ref. [20]. However, it is
found that more uniform electric field distribution is formed
by loading four PIFCs, thus generating symmetrical and stable
radiation in different elevation planes. Moreover, the band-
width and antenna gain are also improved by loading four
PIFCs. In order to interpret the function of the PIFCs, the
antenna performances with different geometry dimensions are
studied and discussed in detail subsequently, which provides
necessary explanation of the antenna operating principle.
Figure 3 examines the effect of the PIFCs on the antenna
gain. As is shown in Figure 3, the gain increases as the number

Realized Gain (dBic)

[ Eeeeee without parasitic elements
4 ——— with two parasitic elements
F —— with four parasitic elements

3 1 1
20 22 24 26 28 30 32 34 36
Frequency (GHz)

FIGURE 3 Effect of the PIFCs on the antenna gain. PIFCs, parasitic
inverted-F components

of PIFCs increases throughout the operating frequency band,
which indicates that the gain improvement of the antenna by
using PIFCs is effective. The gain improvement is mainly due
to the enlarged radiation aperture of the antenna by applying
the PIFCs around the S-dipole.

As the four PIFCs are sequentially rotated around the S-
dipole, the coupling fields on the PIFCs can also realise CP
radiation. By appropriately choosing the distance between the
S-dipole and the PIFCs, the coupling fields radiate as CP waves
at another frequency, which contribute to the AR bandwidth
improvement. Figure 4 shows the AR comparison between the
proposed antenna and the antenna without PIFCs. For a fair
comparison, the parameters of the antenna without PIFCs are
also optimised to obtain a good AR performance. As shown in
Figure 4, the four PIFCs help improve the AR performance by
introducing a new AR resonance at 23.25 GHz and reducing
the AR value of another AR resonance at 32 GHz. The
improvement of the AR performance is mainly attributed to
the additional AR resonance introduced by the PIFCs and the
fields coupling between the S-dipole and PIFCs. Figure 5
shows the influence of the distance between the S-dipole and
the PIFCs (Dy) on the AR and the reflection coefficient of the
proposed antenna. As shown in Figure 5, the parameter D;
plays an essential role in the AR improvement of the antenna.
In addition, D; has little effect on the reflection coefficient and
gain of the antenna. As can be seen from Figures 6 and 7, the
length (L;) and width (W) of the PIFCs also affect the an-
tenna's AR performance but do not impact the impedance
matching;

Therefore, in the design process of the proposed antenna,
Dy, L, and W] can be reasonably selected to improve the
antenna AR bandwidth, and these parameters will not have a
great impact on the |S;;| and gain of the antenna. To achieve a
maximum ovetlap between the antenna's AR and impedance
bandwidth, D,, W, L, are selected as 3.7, 1 and 6 mm
respectively. Besides, the design of the S-dipole antenna could
refer to [1], but its dimensions also need to be optimised due to
the presence of four PIFCs. Figures 8 and 9 shows the effect
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FIGURE 4 Effect of the PIFCs on the antenna AR. AR, axial ratio;
PIFCs, parasitic inverted-F components
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FIGURE 5 Effect of the distance between the S-dipole and the PIFCs
on the AR and the reflection coefficient of the proposed antenna. AR, axial
ratio; PIFCs, parasitic inverted-F components

of the radius (R;) and rotation angle (@) of the S-dipole
respectively. To ensure the antenna to achieve better CP per-
formance with good impedance matching, R; and @ ate
selected to be 2.6 mm and 35° simultaneously. Figure 10
shows the influence of the coaxial probe position (D) on the
reflection coefficient of the proposed antenna. As can be seen
from Figure 10, a good impedance matching can be achieved
when D, equals to 1.6 mm.

Figure 11 shows the E-fields distribution of the proposed
antenna and the antenna without the PIFCs in four different
elevation planes at 26 GHz. The dashed boxes A-D contain
the PIFCs, while the boxes A’-D’ indicate the corresponding
area of the antenna without PIFCs. It can be observed from
Figure 11 that the proposed antenna exhibits more uniform
and stable E-fields distribution in different elevation planes
than that of the antenna without four PIFCs. Especially notice
from Figure 1la,e that the radiation area of the antenna is

----L; =5.8mm
gl —L,=6.0mm
---L,=6.2mm 4 40

Axial Ratio(dB)
[=]

Frequency (GHz)

FIGURE 6 Effect of the length of the PIFC on the AR and the
reflection coefficient of the proposed antenna. AR, axial ratio; PIFC,
patasitic inverted-F' component
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® o

[+2]
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FIGURE 7 Effect of the width of the PIFC on the AR and the
reflection coefficient of the proposed antenna. AR, axial ratio; PIFC,
parasitic inverted-F component

increased with the existence of the four PIFCs, which com-
pensates for non-identical radiation area in different elevation
planes. Similarly, observing from the regions B and D in
Figure 11b,d, the coupling fields between the PIFCs and the S-
dipole also contributes to the increased radiation aperture. In
this manner, the proposed antenna can maintain similar radi-
ation area in different elevation planes, resulting in a highly
symmetric radiation pattern in different elevation planes.
Figure 12 demonstrates the simulated radiation patterns of
the antenna with and without PIFCs at 26 GHz. As revealed by
the figure, the radiation patterns of the antenna without PIFCs
are rather asymmetrical in different elevation planes. On the
contrary, the radiation patterns of the proposed antenna main-
tain good symmetry and stability in different elevation planes. In
conclusion, by loading four PIFCs, the antenna can not only
achieve higher gain and wider AR bandwidth, but also ensure

ASUADIT] SUOWIOY) 2ANEAIY) d[qearjdde ayy Aq PauIdA0F aIe Sa[oNIE YO (2SN JO SA[NI 10§ KIRIQIT AUI[UQ AS[IAY UO (SUONIPUOD-PUB-SULIA) WO K[ 1m’ KIeIqIjaul[uo//:sdpy) SUonIipuoy) pue swa ], oyl 228 *[7z0z/11/2z] uo Areiqry aurjuQ £[ipy ‘ANsIoATU() uayzuays Aq SOET [ TRIW/6H0 [ ()] /10p/Wod" Kaim  AIRIqI[RuI[uo yaIeasanal//:sdiy woiy papeojumod ‘S| ‘2207 ‘€€L8ISLT



915

Axial Ratio (dB)

20 22 24 26 28 30 32 34 36
Frequency (GHz)

FIGURE 8 Effect of the radius of the S-dipole (R3) on the AR and the
reflection coefficient of the proposed antenna. AR, axial ratio
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FIGURE 9 Effect of the rotation angle of the S-dipole (a) on the AR
and the reflection coefficient of the proposed antenna. AR, axial ratio
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FIGURE 10 Effect of the position of the coaxial probe (D;) on the
reflection coefficient of the proposed antenna.
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FIGURE 11 E-fields distribution of the antenna with and without
PIFCs in four elevation planes at 26 GHz. (a—d) The antenna with PIFCs and
(e—h) the antenna without PIFCs. PIFCs, parasitic inverted-F components
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FIGURE 12 Simulated normalised RHCP radiation patterns of the
antenna with and without the PIFCs respectively at 26 GHz (a) antenna
with PIFCs and (b) antenna without PIFCs. PIFCs, parasitic inverted-F
components; RHCP, right-handed circularly polarised

high symmetry and stability of radiation patterns in different
elevation planes, so as to realise more uniform signal coverage.
Figure 13 displays the simulated normalised radiation pat-
terns of the proposed antenna at four different frequency points.
It is clear that the antenna radiates right-handed circularly
polarised waves and its radiation patterns are highly symmetrical
in different elevation planes over a wide frequency band, which
verifies that the proposed method did work in realising sym-
metrical radiation patterns by using loaded components.

3 | RESULTS AND DISCUSSION

As shown in Figure 14, an antenna prototype is fabricated and
measured to validate the design concept. In the prototype, the
S-dipole and four PIFCs are etched on the top surface of a
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FIGURE 13 Simulated normalised radiation patterns of the proposed
antenna at four different frequency points. (a) 22 GHz, (b) 24 GHz,
(c) 26 GHz, and (d) 28 GHz
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FIGURE 14 The prototype of the proposed antenna.
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FIGURE 15 Simulated and measured reflection coefficients and ARs
of the proposed antenna. AR, axial ratios

antenna.
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FIGURE 17 Measured normalised radiation patterns of the proposed
antenna at four different frequency points. (a) 22 GHz, (b) 24 GHz,
(¢) 26 GHz, and (d) 28 GHz.

Rogers RO5880 substrate with a thickness of 1.57 mm. A
2.92 mm connector is applied to feed the antenna.

Figure 15 treveals the simulated and measured |Si;|s and
ARs of the proposed antenna. The simulated AR and the
impedance bandwidth of the proposed antenna are 48.71%
(21.18-34.82 GHz) and 48.23% (21.32-34.87 GHz) respec-
tively. The measured AR and the impedance bandwidth of the
antenna are 51.3% (20-33.8 GHz) and 49.1% (21.2-35 GHz)
respectively. As shown, the AR bandwidth overlaps well with
the impedance bandwidth. The difference between the simu-
lated and measured reflection coefficients mainly come from
the manufacturing error of the diameter of the coaxial probe
hole and the length of the coaxial probe pin. As shown in
Figure 15, the whole AR curve moves slightly to the low
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TABLE 2 Comparison of different wideband SIW CP antennas

Reference Impedance bandwidth Axial ratio bandwidth Peak gain (dBic) Size (\%) Pattern symmetry FBR (dB)
[1] 43% (24.1-37.3 GHz) 36.1% (26.1-37.6 GHz) 7.5 at 33 GHz 0.87 x 0.87 x 0.274  Asymmetrical >14
[7] 40% (22-34 GHz) 30% (22-29.8 GHz) 7.8 at 29 GHz 378 x 2.87 x 1.23 Asymmetrical N.G.
[10] 33.5% (20.1-28.2 GHz) 26.3% (20.3-26.45 GHz) 8.15 at 25 GHz 0.89 x 0.89 x 0.1 Asymmetrical >14
[13] 31.5% (80.1-110 GHz) 34.7% (76-108 GHz) 9.6 at 106 GHz 2.84 x 2.53 x 0.2 Asymmetrical >15
[17] 22.6% (37.5-47 GHz) 9.5% (40-44 GHz) 7.8 at 41.5 GHz N.G. Asymmetrical >20
[19] 49.6% (36.2-60 GHz) 36.6% (39.8-57.6 GHz) 9.3 at 48 GHz 0.69 x 0.86 x 0.2 Asymmetrical N.G.
[20] 27.1% (27.1-35.6 GHz) 16.3% (29.3-34.3 GHz) 9 at 34 GHz 0.93 x 0.93 x 0.13 Asymmetrical >20
[25] 24.9% (51-65.5 GHz) 19.3% (54.4-66 GHz) 9.5 at 63 GHz 1.81 x 1.74 x 0.43 Asymmetrical >10
[29] 51% (23.8-39.1 GHz) 48% (23.9-38.4 GHz) 8.6 at 38.7 GHz 0.80 x 0.80 x 0.25 Asymmetrical >20
This work 49.1% (21.2-35 GHz) 51.3% (20-33.8 GHz) 10.42 at 285 GHz ~ 0.82 x 0.82 x 0.21 Symmetrical >20

Note: 4 is the wavelength at the lowest frequency of the CP band.

Abbreviations: CP, circularly polarised; FBR, front-to-back ratio; SIW, substrate integrated waveguide.

frequency, which may be caused by fabrication and measure-
ment errors of the proposed antenna.

As can be seen from Figure 16, the simulated and measured
peak gain of the proposed antenna can reach 10.78 dBic at
29 GHz and 10.42 dBic at 28.5 GHz respectively. Figure 17
exhibits the measured radiation patterns of the proposed an-
tenna at four different frequency points. This figure well con-
firms that the antenna has stable and symmetrical radiation
patterns in different elevation planes over a wide frequency band
(21-29 GHz). It is also noticed that the half-power beamwidth
of the proposed antenna keeps nearly unchanged in different
elevation planes. Moreover, the front-to-back ratio is >20 dB at
all frequencies, which is another merit of the proposed antenna.
In addition, the measured total efficiency of the proposed an-
tenna is larger than 90% over the whole working band.

To demonstrate the merits of the presented antenna, Table 2
lists the comparison of different wideband SIW CP antennas. Itis
evident from the table, the proposed antenna can obtain wider
impedance and AR bandwidth compared to other reported SIW
CP antennas. In addition, the proposed antenna achieves the
highest gain with a relatively compact size. Moreover, the pro-
posed antenna shows great advantages in terms of the radiation
pattern symmetry in different elevation planes. From this table,
the superiority of the proposed antenna over other reported
wideband SIW CP antennas can be observed, making it more
advantageous for mm-wave applications.

4 | CONCLUSION

In this paper, a four PIFCs loaded mm-wave antenna has been
presented. With the loaded parasitic components, great
improvement on both the gain and bandwidth performance of
the S-dipole antenna can be realised. Moreover, the radiation
patterns can keep stable and highly symmetrical in different
elevation planes over a wide operating band, which provides
more uniform signal coverage than other mm-wave CP an-
tennas. A prototype is fabricated and measured to validate the

effectiveness of the design. With the merits of wide bandwidth,
high gain, low profile, and highly symmetrical radiation pat-
terns, the proposed antenna is promising for various mm-wave
applications.
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