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ABSTRACT In this paper, a slots-coupled omnidirectional circularly polarized (CP) cylindrical dielectric
resonator antenna (DRA) is proposed. The TMy;5 and TE(114+s modes of the cylindrical DRA are simulta-
neously excited by four printed slots placed at 45 degrees to the radial direction. Omnidirectional CP fields
are obtained when the fields of the two modes have the same amplitude and 90 degrees phase difference.
Compared with the traditional probe-fed method, the structure of the proposed slots-coupled DRA is very
simple, without introducing any groove, patch, choke or shorting pins. For the demonstration, a slots-coupled
omnidirectional CP cylindrical glass DRA is designed for 5.8-GHz WLAN application. It is found that the
proposed DRA can provide an AR bandwidth of ~8 % (5.62-6.09 GHz) and a gain of ~5.6 dBic, with a
height of ~0.1271¢. This performance is competitive with other reported omnidirectional CP DRAs.

INDEX TERMS Cylindrical dielectric resonator antenna, slots-coupled, omnidirectional, circularly

polarized.

I. INTRODUCTION

In the last three decades, dielectric resonator antenna (DRA)
[1]-[4] has been widely investigated owning to its small vol-
ume, easy excitation and controllable bandwidth. Recently,
DRA fabricated using K9 glass [5]—[7] has received more and
more attention. Compared with the traditional DRA, glass
DRA has a transparent appearance, which makes it possible
to be a multifunctional microwave devices. Related work
such as glass DRA used as a mirror [5], socket [6] and light
cover [7] have been reported.

For indoor communication, an omnidirectional antenna is
usually preferred since it can cover a larger area. On the other
hand, circularly polarized (CP) antenna is very popular since
it allows more flexible orientation between the transmitter
and receiver. Also, it can suppress multi-path interference.
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Consequently, some omnidirectional CP DRAs [8]-[14] have
been studied. For example, an omnidirectional CP rectan-
gular DRA [8] was successfully achieved by introducing
inclined grooves to the sidewalls of the DRA. In this example,
the inclined grooves are used to excite a degenerate mode
for the generation of CP fields. In [9], an omnidirectional
CP cylindrical DRA loading with an Alford-loop patch is
investigated. By combining electrical-dipole TM-mode of
the DRA and magnetic-dipole mode of the conducting loop,
CP fields can be obtained. Similarly, another omnidirectional
CP cylindrical DRA [10] is achieved by using TM-mode of
the DR and slotted ground plane. In this example, a choke
is needed to reduce the back radiation of the slots. All the
above work on omnidirectional CP DRAs [8]-[14] is using
axial probe feeding. However, this method has several disad-
vantages. Firstly, it is required to drill a hole into the DRA for
accommodating the probe, and thus it increases the difficulty
of the DRA fabrication. Secondly, supplementary technique
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like grooves [8], patch [9] or choke [10] is required for gen-
erating an omnidirectional CP fields, which would increase
the complexity of the design. Finally, probe-fed method is
relatively difficult to excite the low-height DRA (please refer
to Fig.21).

To avoid hole-drilling in DRA, planar-fed method is stud-
ied. For example, an omnidirectional CP DRA fed by a planar
microstrip cross is proposed in [15]. In this method, the
TMy;s and TEg;4+s modes of the cylindrical DRA are used
to design the CP DRA. The former one is excited by a patch
placed at center of the DRA, while the latter one is excited by
four microstrip arcs. The disadvantage is that it requires the
shorting pins to reduce the size of the planar microstrip cross.

The slot-coupled method has been widely employed
to design the CP DRA with broadside radiation pat-
tern [16]-[20], but rarely used to excite the omnidirectional
CP DRA. In this article, this method is applied to design
the omnidirectional CP cylindrical DRA. The TMpis and
TEo11+s modes of the cylindrical DRA are excited by four
printed slots, which are placed at 45 degrees to the radial
direction. Omnidirectional CP fields are achieved as the fields
of the two modes have same amplitude and 90° phase dif-
ference. With this method, omnidirectional CP DRA can
be achieved without the need to introduce inclined groove,
patch, planar choke or shorting pin, making the design very
simple. In addition, no hole drilling in the DR is needed. This
feature is very suitable for designing glass DRA since drilling
hole is easy to make the glass brittle. For the demonstration,
an omnidirectional CP cylindrical glass DRA is designed for
5.8-GHz WLAN application. The reflection coefficient, axial
ratio (AR), radiation pattern and antenna gain are studied
by ANSYS HFSS. A prototype is fabricated and measure-
ments were carried out for verification. Reasonable agree-
ment between the simulation and measurement is obtained.

Il. ANTENNA GEOMETRY, WORKING PRINCIPLE AND
PARAMETRIC STUDY

A. ANTENNA GEOMETRY

The geometry of the slots-coupled omnidirectional CP glass
cylindrical DRA is shown in Fig. 1. The cylindrical DRA has
a dielectric constant of ¢, = 6.85, aradius of R = 20 mm and
a height of H = 6.5 mm (H /R = 0.325). Using the formulas
(A1) and (A2) in Appendix, the resonance frequencies of
the TMg1s and TE(;14+5 modes of the DRA are estimated as
5.63 GHz and 5.91 GHz, respectively. To excite an omnidi-
rectional CP DRA, the slots having an angle of w = 45° with
respective to the radial direction are needed. Each slot has a
length of L = 19 mm and a width of W = 2.2 mm, with a
distance of d = 9 mm from the origin. The slots are printed on
a ground plane of a circular substrate, which has a dielectric
constant of g,, = 2.94, a thickness of i, = 0.762 mm and
a diameter of 130 mm. To provide in-phased signals for the
slots, a 4-way power divider (Wy = 1.94 mm, Ly = 5 mm)
operating around 5.8 GHz was designed on the bottom side
of the substrate.
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FIGURE 1. The geometry of the slots-coupled omnidirectional CP
cylindrical DRA. (a) Top view. (b) Side view. ¢ = 6.85, R = 20 mm,
H=65mm,L=19mm, W =2.2mm,d =9 mm, &s = 2.94,

hs = 0.762 mm, W¢ = 1.94 mm and Ls = 5 mm.
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FIGURE 2. Simplified configuration of the slots-coupled cylindrical DRA.
(@) w = 90°. (b) ® = 45°.

B. WORKING PRINCIPLE
1. The working principle of the proposed DRA is studied here.
Two cases of w = 90° and w = 45° are discussed, with their
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FIGURE 3. Simulated E-and H-fields inside the cylindrical DRA at 5.8 GHz
when o = 90°. (a) E field (x-z plane); (b) H field (x-y plane). The
configuration is the same as in Fig. 2 (a).
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FIGURE 4. Simulated E-and H-fields inside the cylindrical DRA at 5.8 GHz
when o = 45°. (a) E field (x-z plane) at t = 0; (b) E field (x-y plane) at

t = T/4; (c) H field (x-y plane) at t = 7/4; (d) H field (x-z plane) att =T7/2,
in which T denotes the period of time. The configuration is the same as
in Fig. 2 (b).

simplified configuration shown in Fig. 2 (a) and Fig. 2 (b),
respectively. Fig. 3 shows the simulated E-and H-fields inside
the cylindrical DRA at 5.8 GHz when @ = 90°. As can
be seen from the figure, typical TMp;s-mode of the cylin-
drical DRA is observed. In this case, only omnidirectional
linearly polarized (LP) fields are obtained. Fig. 4 presents
the simulated E-and H-fields inside the cylindrical DRA at
5.8 GHz when w = 45°. The fields in (a) and (c) are caused
by the TMy15 mode of the DR, while those in (b) and (d) are
due to the TEp;1+s mode of the DR. With reference to
Fig. 4 (a) and (b), the two E fields att = O and t = T/4
are orthogonal and in phase quadrature, which can pro-
duce omnidirectional CP fields. Similarly, as can be seen
from Fig. 4 (c) and (d), two H fields at t = T/4 and
T/2 are orthogonal and have a 90° phase difference. As a
result, omnidirectional CP fields can be generated. Some
design experience is given here. When 0° < w < 90°,
the E-field of the slots can be decomposed into the Ey and Ep.
The Ey component is responsible for exciting the TMy;s
mode, while the E¢ component is used to excite the TEqp11+s
mode. Since w can be used to control these two components,
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FIGURE 5. Simulated reflection coefficients and ARs of the
omnidirectional CP DRA for different R. (a) reflection coefficient.
(b) AR (¢ = 45° and ¢ = 0°).

and thus indirectly adjust the amplitude and phase of the
TMpy1s and TEq1+s modes. More design experience will be
presented in Fig. 8. In addition, the resonance frequencies
of the TMy;s and TEp14+s modes should be close enough to
generate the CP fields in the design.

C. PARAMETRIC STUDY

The proposed design is target for the WLAN-5.8 GHz
application. In general, its minimum requirements include:
1). The frequency band covers 5.725-5.85GHz; 2). The
antenna gain is greater than 5dBic; 3). The radiation pattern
of the antenna is omnidirectional. Parametric study is carried
out to study and optimize the proposed DRA in this section.
Fig. 5 (a) shows the simulated reflection coefficients versus
frequency with R = 18 mm, 20 mm and 22 mm. As can be
found from the figure, the two resonant modes are excited
at 5.85 GHz and 6.21 GHz when R = 20 mm, respectively,
which are due to the TMqs and TEg;14+5 modes, with their
estimated values of 5.63 GHz (3.9% error) and 5.91 GHz (5 %
error) mentioned in section A. It can be found that changing R
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FIGURE 6. Simulated reflection coefficients and ARs of the
omnidirectional CP DRA for different H. (a) reflection coefficient.
(b) AR (9 = 45° and ¢ = 0°).

has a relatively large effect on the reflection coefficient of the
DRA. Fig. 5 (b) shows the corresponding ARs (6 = 45° and
¢ = 0°) versus frequency. Similarly, altering R will affect the
AR obviously. Fig. 6 (a) and (b) show the simulated reflection
coefficients and ARs versus frequency with H = 6.5 mm,
7 mm and 7.5 mm, respectively. It can be found from the
figures that changing H would shift the resonance modes
obviously, verifying the resonance modes are dominated by
the DRA. Fig. 7 (a) and (b) show the simulated reflection
coefficients and corresponding ARs versus frequency with
the slot length L = 19 mm, 19.5 mm and 20 mm. Referring
to the figure, changing L has a relatively small effect on the
reflection coefficient and AR of the DRA. The above results
show that the excited resonant modes are dominated by the
DRA but not slots.

Fig. 8 (a) and (b) show the simulated reflection coefficients
and corresponding ARs versus frequency with @ = 30°,
45° and 60°, respectively. Referring to Fig. 8, the levels of
the reflection coefficient and AR are significantly changed
by altering the angle w. Fig. 9 (a) and (b) show the simu-
lated reflection coefficients and corresponding ARs versus

VOLUME 8, 2020

Reflection coefficient |S, | (dB)

---L=19mm
——L=19.5mm
............ L = 20 mm

230 s 1 s 1 s 1 s 1 s

5.5 5.7 5.9 6.1 6.3 6.5
Frequency (GHz)
(@
12

Axial Ratio (dB)

5.5 5.7 59 6.1 6.3 6.5
Frequency (GHz)
(b)

FIGURE 7. Simulated reflection coefficients and ARs of the
omnidirectional CP DRA for different L. (a) reflection coefficient.
(b) AR (¢ = 45° and ¢ = 0°).

frequency with different d. Referring to the figure, changing
d can change the AR without affecting the matching obvi-
ously. This provides an optimization direction. The matching
of the DRA can be adjusted firstly by the angle w, then a good
AR can be obtained by adjusting d.

D. POWER DIVIDER

It is interesting to study the effect of the resistor (r) of the
power divider. Fig. 10 presents the simulated reflection coef-
ficients and corresponding ARs when r = 50 €2, 100 2 and
left open. With reference to the figure, the results without and
with resistor are almost the same. The radiation pattern
and antenna gain have also been studied for the two cases,
and the results are almost the same. This shows that the
resistor has little impact on the performance of the DRA.
It is reasonable because the potentials at both ends of the
isolation resistors are equal when port 2, 3,4 and 5 (Figure 11)
are matched. This indicates no current flows through the
resistors, and therefore the resistors can be ignored.

204721



IEEE Access

X. S. Fang et al.: Slots-Coupled Omnidirectional CP Cylindrical Glass DRA

Reflection coefficient |S, | (dB)

— w=30°
30+ --- w=45°
............ w= 600
5.5 5.7 5.9 6.1 6.3 6.5
Frequency (GHz)
(@

Axial Ratio (dB)

55 5.7 59 6.1 6.3 6.5
Frequency (GHz)
(b)

FIGURE 8. Simulated reflection coefficients and ARs of the
omnidirectional CP DRA for different w. (a) reflection coefficient.
(b) AR (9 = 45° and ¢ = 0°).

To further verify the above viewpoint, the performance of
the 4-way power divider without resistor is studied. Fig. 11
shows the simplified configuration of the power divider,
which consists of two stages of the Wilkinson power divider.
Its input port is labeled as port 1, while its output ports are
labeled as port 2, 3, 4 and 5, respectively. Fig. 12 shows the
simulated S parameters of the 4-way power divider. Referring
to |S11] in the figure, good match is obtained across the
frequency band (5.5- 6.5 GHz). The working frequency of
the power divider is observed as 5.93 GHz, which agrees
well with the designed value of 5.8 GHz (2.24% error).
In addition, the outputs of the power divider (|S21], |S31],
[Sa1] and [Ss1]) satisfy the requirement of (|IS| < 6 £
1dB) across the frequency band, indicating the amplitude of
four output signals are almost the same. Fig. 13 shows the
simulated phase difference between port 2 and port 3, 4, 5,
respectively. The results satisfy the requirement of (0° £ 2°)
over the frequency band (5.5 - 6.5 GHz). The above research
shows that the power divider without resistor can still provide
in-phased output signals with the same amplitude. It should
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FIGURE 9. Simulated reflection coefficients and ARs of the
omnidirectional CP DRA for different d. (a) reflection coefficient.
(b) AR (9 = 45° and ¢ = 0°).

be mentioned that the mutual coupling of the power divider
degrades when the resistors are removed from the power
divider. The analysis of the mutual coupling is required when
the system exists a amount of reflected wave. In our case,
no or very small reflected wave was produced as the output
ports are matched. Therefore, the degrade of the mutual
coupling (without resistor) do not have a large effect on the
performance of the antenna.

E. COMPARISON OF DRA WITH DIFFERENT SHAPES

In this section, the performance of the slots-coupled DRAs
of different shapes is compared. Three common shapes are
chosen, including the cylindrical, rectangular and equilat-
eral triangular. Both the rectangular and triangular DRAs
(e = 6.85) have the same base area and height as the
cylindrical one (Fig. 1). Fig. 14 (a) and (b) show their simu-
lated reflection coefficients and ARs, respectively. Referring
to the figure, three DRAs have a good matching and AR
(6 = 45° and ¢ = 0°) nearby 5.8 GHz, in which the
cylindrical DRA has a largest AR bandwidth. The RHCP
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FIGURE 11. The top view of the 4-way power divider without the resistor.

patterns in azimuth plane of the three DRAs are also stud-
ied in Fig. 15. It can be observed from the figure that the
field fluctuations of the cylindrical, rectangular and triangular
DRAs are 1.26, 1.67 and 12.31 dB, respectively, indicating
the omnidirectional property of the cylindrical one is best.
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The above analysis show that the cylindrical one which has
symmetrically rotational shape in azimuth plane is more suit-
able for the design.

Ill. RESULTS

In this part, the performance of the proposed DRA is shown.
Fig. 16 shows the prototype of the omnidirectional CP cylin-
drical DRA fabricated by using transparent K9 glass. It can
be seen from the figure that the design only consists of a solid
glass cylindrical DRA and a substrate, which is very simple.
Fig. 17 presents the measured and simulated reflection coef-
ficients of the proposed omnidirectional CP cylindrical DRA.
Reasonable agreement between the simulated and measured
results is obtained. The measured impedance bandwidth
(JS11] < —10 dB) is obtained as 13.7 % (5.5-6.31 GHz).
Fig. 18 shows the measured and simulated ARs (8 = 45° and
¢ = 0°) of the proposed DRA. The measured 3-dB AR band-
width is ~8 % (5.62-6.09 GHz), covering the whole 5.8 GHz
WLAN band. It should be mentioned that the measured AR
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surement. Fig. 19 shows the simulated and measured radia-
tion patterns in the elevation plane (x-z plane) and azimuth
passband completely falls within its respective impedance plane (6 = 45°) at 5.8 GHz and 6.05 GHz, respectively. With
passband, therefore the entire AR bandwidth is usable. reference to the figure, omnidirectional pattern dominated by
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FIGURE 19. Measured and simulated radiation patterns of the proposed
slots-coupled omnidirectional CP cylindrical DRA. (a) 5.8 GHz.
(b) 6.05 GHz.

the RHCP fields is observed. The RHCP fields are stronger
than the LHCP fields by more than 18 dB at arbitrary angles
in the azimuth plane. The elevation pattern has a tilting angle
at 0 = 45°, which is caused by the effect of a ground
plane. Radiation patterns at other frequencies have also been
studied, and it was found that the DRA shows a stable omnidi-
rectional CP pattern across the whole frequency band. Fig. 20
presents the measured and simulated antenna gains of the
proposed DRA, with 6 = 45° and ¢ = 0°. Referring to the
figure, the measured peak gain was observed as 5.6 dBic at
5.9 GHz. It is worth mentioning that the higher antenna gain
of the proposed DRA is mainly due to a large ground plane,
which has a diameter of 2.54¢. The performance of the pro-
posed DRA satisfies the minimum requirements mentioned
in Section C of the Part II. The measured efficiency of the
proposed DRA is also given in Fig. 21. With reference to the
figure, It ranges from 0.88 to 0.91 across the usable frequency
band (5.62 - 6.09 GHz).

Finally, the performance of the proposed slots-coupled
omnidirectional CP cylindrical DRA is assessed. Firstly,
a reference probe-fed cylindrical DRA having the same
dielectric constant and dimension with that in Fig.1 was
investigated, with its simulated reflection coefficient shown
in Fig. 22. With reference to the figure, the cylindrical DRA
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can not be well excited using the probe-fed method. This is
because the limited height of DRA restricts the probe length,
making it difficult to obtain a good matching. In other words,
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TABLE 1. Comparison of the different omnidirectional CP DRAs.

Ref. Shape . Size Height | Radius | Length | Width im}ig((ii?nce bzﬁg;v?(ﬁh I;Z?r]: Feeding

A (H/%0) (R/%0) (a’ho) (b/h0) ban(%;;/)ldth %) (dBic) method
[8] Rectangular 15 1.70 0.276 - 0.326 0.326 24.4 7.3 1.6 probe
[9] Cylindrical 10 0.66 0.18 0.2 - - 8.8 49 1.8 probe
[10] Cylindrical 6.85 0.58 0.162 0.25 - - 8.6 6.2 0.7 probe
[11] Rectangular | 6.85 1.23 0.362 - 0.434 0.434 6.6 6.9 2.11 probe
[12] Rectangular 10 3.92 0.329 - 0.543 0.543 2.5 4 2.13 probe
[13] Cylindrical 6.85 0.68 0.203 0.237 - - 18.0 5.1 1 probe
[14] Rectangular 15 2.30 0.302 - 0.362 0.362 24.5 254 1.48 probe
[15] Cylindrical 10 0.63 0.154 0.204 - - 10.4 8.5 1.56 patch

Proposed | Cylindrical 6.85 1.09 0.127 0.39 - - 13.7 8 5.6 slot

the proposed slots-fed method is not limited by the height of
the DRA, so it is very suitable for exciting the low-height
DRA. Secondly, the proposed DRA is compared with other
omnidirectional CP DRAs in Table 1. Compared with the
reported work [8]-[15], our design enjoys a lower height of
0.127 A and a higher antenna gain of 5.6 dBic. In addition,
the size, impedance bandwidth and AR bandwidth of the pro-
posed design are at a medium level. However, the cost of the
low-height makes our DRA relatively fat, which has a larger
radius of 0.39A¢. In addition, although the proposed DRA
is more easier to fabricate than other work using probe-fed
method [8]-[14], the disadvantage is that a printed 4-way
power divider is needed.

IV. CONCLUSION

This paper has investigated a slots-coupled omnidirectional
CP cylindrical glass DRA. The TMg;s and TE(11+s modes of
the cylindrical DRA have been applied. It has been found that
omnidirectional CP fields are generated as the fields of the
two modes are equal in amplitude and 90 degrees phase differ-
ence. Compared with the reported omnidirectional CP DRAs,
the proposed DRA is easier to fabricate, without introducing
supplemental techniques. Also, no hole-drilling is needed for
the DRA fabrication. For the demonstration, an omnidirec-
tional CP cylindrical glass DRA has been designed to cover
WLAN 5.8-GHz band. It has been found that the proposed
glass DRA has a low height of ~0.127¢, which can provide
an AR bandwidth of ~8 % and a peak gain of ~5.6 dBic. The
cost of the proposed design is that a 4-way power divider is
required.

APPENDIX

In [21], the resonant modes of the cylindrical DRA are stud-
ied. The TMy1s-mode resonance frequency (f1) of the cylin-
drical DRA can be estimated using the following formula:

¢,/ (3.83)% + (382

2nR./[er

fi= (A)

204726

While the TEg;14+5 mode resonance frequency (f>) of the
cylindrical DRA can be estimated using the following
formula:

2.208¢

fo= 2n R/ e +1

1 +0.7013 R 2713><10—3(R)2
' H = H

(A2)

where R, H and &, are the radius, height and dielectric con-
stant of the cylindrical DRA, respectively. ¢ denotes the speed
of light in vacuum.
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