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ABSTRACT This paper mainly discusses the design of wideband and low-height omnidirectional cylindrical
dielectric resonator antenna (DRA). It was theoretically found that the TM-mode category of the cylindrical
DRA is suitable for the wideband and low-height design using mode-merging method (TMgs and TMqas
mode). An improved apertures-fed technique is proposed to excite the TM-mode DRA. The feeding consists
of four arc-shaped apertures, and each aperture was fed by the in-phase signal. Based on the E-field
distribution, the higher-order TMgzs mode of the cylindrical DRA can be excited by adjusting the position
of the apertures, and it fuses together with the fundamental TM;s mode to achieve a wideband antenna.
Besides, the aperture mode further widen its impedance bandwidth. To demonstrate the idea, a wideband
and low-height omnidirectional cylindrical glass DRA was designed for WLAN 5.2-GHz and 5.8-GHz
applications. The experimental results show that the proposed low-height DRA (& = 0.1081¢) can achieve
an impedance bandwidth of 25.2 % (without aperture mode) and 34 % (with aperture mode), respectively.
The bandwidth enhancement of the proposed design is significant, compared to other reported low-height
TM-mode DRAs.

INDEX TERMS Cylindrical DRA, TM-mode, low-height, wideband.

I. INTRODUCTION Nowadays, there are various types of portable electronic
For indoor communication, omnidirectional antenna has devices for wireless communication application, and these
gained in popularity because it is able to provide a relatively  devices are usually very small in thickness. Hence, antennas
wide coverage. In the past three decades, a large number with low-height feature are urgently required [10], [11], [12],
of studies have shown that the dielectric resonator antenna [13]. For example, in [11], an omnidirectional DRA with a
(DRA) [11], [2], [3], [4], [5] owns the merits of low loss, high height of h = 0.08% was excited by a probe, but it only
radiation efficiency and controllable bandwidth. In addition, has an impedance bandwidth of ~ 3 %. Some effort has

the elecFri.c diPOIG mod-e .(TM—mode? of the DRA provid.ing been paid on the design of the wideband and low-height
the omnidirectional rgdla.tlon patternis very easy to 'be §x01ted omnidirectional DRAs [12], [13]. For instance, by using the
(6], [7], [8], [9], making it a good candidate for designing the  metal-via technique, the higher-order mode of the low-height

omnidirectional antenna. DRA (h = 0.094¢) can be excited and merged with the
fundamental mode to achieve an impedance bandwidth of

The associate editor coordinating the review of this manuscript and ~ 9 % [12]. By increasing the radius of the probe in the
approving it for publication was Tutku Karacolak . DRA, the impedance bandwidth of the low-height DRA
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(h = 0.11A¢) can be increased to ~ 17 % [13], but the cost
is that a large air region is required to dig. In general, the
impedance bandwidth of a low-height omnidirectional DRA
is relatively limited when the probe-fed method is employed.

The DRA can be fed by using many planar-fed techniques
such as microstrip line [14], [15], aperture [16], [17] and
coplanar waveguide [18], [19], but they are mainly applied
to design the broadside DRA. Recently, several planar-fed
methods have been proposed to excite the omnidirectional
DRA, which can be divided into two kinds. The first one is to
use the TE-mode DRA [20], [21]. For this method, two DRA
elements are always needed, and one of the DRA elements
is required to be inserted into the substrate, making the fab-
rication relatively complex. The second method is to employ
the TM-mode DRA. For example, in [22], a microstrip end-
shorted cross patch forming an equivalent vertical electric
monopole is adopted to excite the TMps-mode of the cylin-
drical DRA. Its disadvantage is that shorting pins are needed
for the design. In [23], the TMgs-mode of the cylindrical
DRA is excited by an annular aperture. This is a pin-free
method, but it requires mender lines to optimize the DRA.
In [24], the author uses four inclined apertures to excite
a circularly polarized omnidirectional DRA. In this way,
no shorting pins or meander lines are required.

In this paper, design of the wideband and low-height
TM-mode cylindrical DRA is discussed. The proposed low-
height TM-mode DRA is excited by an improved aperture-fed
method, which consists of four arced apertures perpendicular
to the radial direction. Observing the E-field distribution, the
higher-order TMpys modes of the cylindrical DRA can be
excited by adjusting the position of the aperture, and it merges
with the TMp;s mode to form a wideband antenna. The
feasibility of this idea is proved theoretically and practically.
Also, the effect of the apertures on the performance of the
DRA is discussed in detail. ANSYS HFSS was employed to
simulate the proposed DRA and experiment was carried out
to verify it. The antenna performance, including the VSWR,
radiation pattern and antenna gain were studied. It turns out
that the proposed low-height DRA (h = 0.108Ag) provides
an impedance bandwidth of ~ 34 %, completely covering
WLAN 5.2-GHz and 5.8-GHz bands.

Il. THEORY, EXCITATION, AND ANTENNA
CONFIGURATION

A. FEASIBILITY

Figure 1 shows a cylindrical DRA locating on a circular
ground plane, which has a permittivity of &,, a radius of a
and a height of A. In this paper, the TMp(s and TMgs modes
of the cylindrical DRA are employed. Its feasibility is proved
theoretically in this part. Figure 2 shows the frequency ratio
Sfcrmo2s) / fitmots) changes with h/a, which is calculated by
using the formula (A1) in the Appendix. To achieve a wide-
band DRA, fitmo2s) / f(TMo15) are required to be small enough
so that the two modes can be merged together. Referring
to the figure, decreasing firmo2s) / fitmo1s) would decrease
h. with the radius a kept unchanged. This result shows it
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FIGURE 1. Cylindrical DRA locating on a circular ground plane.
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FIGURE 2. Resonant frequency ratio fiza1025) / f(rmo15) as a function of
h/a (er = 10).

is possible to use the mode-merging method to achieve a
wideband cylindrical DRA when its height is low.

B. EXCITATION

In this paper, arced apertures are proposed to feed the
TM-mode DRA. Figure 3 shows the simplified structure of
the proposed cylindrical DRA fed by different number of
the arced apertures. The cylindrical DRA has a permittivity
of & = 6.85 (K9-glass), a radius of a = 25 mm and a
height of 2 = 5.5 mm (0.108A¢). Using the formula (A1) in
Appendix I, the estimated resonance frequency of the TMo;;
mode is calculated as 5.91 GHz. In the design, each arced
aperture equivalent to a magnetic current unit were placed
perpendicular to the radial direction. They were fed by a 50
microstrip line terminated by the in-phase excitation port with
the same input power amplitude. In this way, the H-field of
the apertures form a circular shape on the horizontal plane,
which can be equivalent to a vertical electric dipole. The
effect of the aperture number on the performance of the DRA
is investigated in Figure 3, with the aperture number N equal
to 2, 4 and 8. For a fair comparison, the aperture lengths of the
three cases are setas Lj =2L, =4L3 (L3 = 6.8 mm). The cor-
responding simulated H-plane radiation patterns of the TMg;
mode of the DRA at 5.91 GHz are presented in Figure 4.
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FIGURE 3. Cylindrical DRA fed by different number of the apertures
(Ly =2L, =4Ls). (a) Two apertures. (b) Four apertures. (c) Eight apertures.
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FIGURE 4. Simulated radiation pattern at H-plane of the TMy; ; mode of
the cylindrical DRA shown in Figure 3. (a) Two apertures. (b) Four
apertures. (c) Eight apertures.

Referring to the figure, the DRA shows omnidirectional char-
acteristics for the three cases, as expected. When N = 2, the
col-pol fields at ® = =+ 90 © are relatively weak, resulting
in a bad omnidirectivity for the DRA. As the number of the
apertures increases, the omnidirectivity of the DRA becomes
better. Good omnidirectional radiation can be obtained when
N > 4 (eg. N = 4, 8). However, more apertures mean more
complex feeding network. Therefore, N = 4 is chosen in our
design. It should be mentioned that the length of apertures
would not obviously affect the omnidirectivity of the DRA.

Next, the shape of the aperture on the radiation perfor-
mance of the antenna is discussed. Figure 5 presents the
simplified configuration of the proposed cylindrical DRA
fed by the rectangular, U-shaped and arc-shaped apertures,
respectively. Their corresponding simulated antenna gain in
the azimuth plane are given in Figure 6. As can be found
from the figure, the gain fluctuations (|max.|-|min.|) for the
rectangular, U-shaped and arc-shaped apertures are 1.44,
1.29 and 1.18 dB, respectively, showing using arc-shaped
aperture can have the best omnidirectivity. This is expected
since the arced aperture is mostly closed to the shape of
the omnidirectional radiation pattern. Based on the above
analysis, arced apertures with N = 4 are chosen in our final
design.

C. ANTENNA CONFIGURATION
Figure 7 shows the final configuration of the proposed
apertures-fed low-height TM-mode cylindrical DRA. Four
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FIGURE 5. Cylindrical DRA fed by the apertures with different shapes.
(a) Rectangular. (b) U-shaped. (c) Arc-shaped.
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FIGURE 6. Simulated antenna gains in the azimuth plane of the
cylindrical DRA fed by different aperture shapes: rectangular, U-shaped
and arc-shaped.

arced apertures were printed on the top face of a circular
substrate, which has a permittivity of &, = 2.94, a height of
hg = 0.762 mm and a diameter of d, = 130 mm. Each arced
aperture has a length of L = 13.6 mm and a width of W =
1.6 mm, with a distance of d=10.5 mm from the middle of
the DRA. A power divider for providing the 4-way in-phase
signals was printed at the bottom face of the substrate, with
its center frequency designed at ~5.8 GHz. It should be men-
tioned that the power divider here can improve the impedance
matching of the DRA, which can be regarded as a matching
network. 50-Q microstrip feedline (Wy = 1.94 mm) was
employed to supply the power for the apertures, with a stub
length of Ly = 7.2 mm and a stub width of Wy = 0.97 mm
for the matching.

D. MODE ANALYSIS

Mode analysis is carried out in this section. The effect of
the aperture position d on the performance of the DRA is
investigated first. Figure 8 presents the simulated VSWRs of
the proposed DRA for different d. Referring to the figure,
the DRA is not well excited when d is relatively small (eg.
d = 5mm). As d increases, the matching of the TMy;;s
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FIGURE 7. The configuration of the apertures-fed low-height and
wideband cylindrical DRA: ¢ = 6.85,a =25 mm, h=5.5mm, L =

13.6 mm, W = 1.6 mm, &rs = 2.94, hs = 0.762 mm, Ws = 1.94 mm, d =
10.5 mm, Ls = 7.2 mm and Ws = 0.97 mm. (a) 3D view. (b) Top view of the
cylindrical DRA and apertures.

mode becomes better. Figure 9 shows the simulated input
impedance of the proposed DRA when d = 10.5 mm.
Referring to the figure, the TMp;s and TMgys modes of
the cylindrical DRA are simultaneously excited at 5.86 GHz
and 6.64 GHz, respectively, with their estimated resonance
frequencies calculated using the formula (A1) (Appendix) as
5.91 GHz (0.8 % error) and 6.91 GHz (3.9 % error). The error
of the simulated TM,s-mode resonance frequency is rela-
tively large, which is due to the loading effect. From the result
of VSWR in Figure 8, one more resonant mode at 5.2 GHz is
observed, which is dominated by the apertures, with the esti-
mated resonance frequency of each aperture equal to 5.0 GHz
(3.8 % error) using f; = 0.5¢/(L/(¢,s + €)/2).

The E-fields of the TMg1s and TMg2s modes of the cylin-
drical DRA (d = 10.5 mm) are given in Figure 10. With
reference to the figure, typical E fields of the TMgs and
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FIGURE 8. Simulated VSWRs of the proposed apertures-fed low-height
and wideband cylindrical DRA vs frequency for different d. Other
parameters are the same as in Figure 7.
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FIGURE 9. Simulated input impedance of the proposed DRA vs frequency
as d = 10.5 mm. Other parameters are the same as in Figure 7.

TMgs modes are observed. Besides, it can be seen from
Figure 10 (b) that the E field of the TMgys mode is very
strong around x = =+ 0.5a, indicating the position of the
aperture should be closed to 0.5a for successfully exciting
the TM2s mode. This explains why d =10.5 mm can have a
good matching for the TMgps mode in Figure 8. In addition,
the field at 5.2 GHz formed by the four apertures is similar
to the TMp5 mode, which is important because it ensure the
consistency of radiation pattern in the whole frequency band.

To further verify the resonance modes, the effect of the
DRA dimension on its performance is studied. Figure 11
shows the simulated VSWRs for different height 4. As can
be seen from the figure, increasing # would shift the second
and third resonance modes to the left but have little effect
on the frequency of the first resonance mode, showing the
first resonance mode is due to the apertures and the other two
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FIGURE 10. Simulated E-field in elevation (x-z) plane for the proposed
apertures-fed low-height cylindrical DRA. The parameters are the same as
in Figure 7. (a) 5.86 GHz. (b) 6.64 GHz.
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FIGURE 11. Simulated VSWRs of the proposed apertures-fed low-height
cylindrical DRA vs frequency for different h. Other parameters are the
same as in Figure 7.

modes are due to the DRA. Additionally, increasing 4 would
improve the matching of the DRA, and thus enlarging its
impedance bandwidth. An optimal impedance bandwidth can
be achieved when 2 = 5.5 mm. Figure 12 shows the simulated
VSWRs for different radius a. Similarly, increasing a would
move the second and third resonance modes to the left but
do not affect the first resonance mode too much. Besides, it is
observed that a can be used to tune the matching between two
DRA modes. The effect of the aperture length and width on
the performance of the DRA was also studied. It was found
that these two parameters do not affect the matching and
bandwidth of the DRA too much. For brevity, the result is
not shown here. Besides, the effect of the size of the ground
plane on the reflection coefficient of the proposed antenna is
studied in Figure 13. It is found that changing the diameter of
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FIGURE 12. Simulated VSWRs of the proposed apertures-fed low-height

cylindrical DRA vs frequency for different a. Other parameters are the
same as in Figure 7.
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FIGURE 13. Simulated VSWRs of the proposed apertures-fed low-height
cylindrical DRA vs frequency for different diameters of the ground plane.
Other parameters are the same as in Figure 7.

the ground plane has relatively small effect on the reflection
coefficient.

Ill. EXPERIMENTAL RESULT
Based on the previous results, a wideband and low-height
cylindrical DRA was fabricated by using K9 glass, with
its prototype shown in Figure 14. Referring to the figure,
the DRA has a thin and transparent appearance. Figure 15
displays the VSWRs of the DRA. With reference to the
figure, the measured impedance bandwidth (VSWR < 2)
of the proposed DRA without considering aperture mode is
25.2 % (5.34-6.88 GHz), while the impedance bandwidth of
the proposed DRA is obtained as 34 % (4.88—6.88 GHz) when
taking the aperture mode into account.

Figure 16 (a) and (b) display the radiation patterns of
the TMg1s and TMqps modes of the DRA, respectively. The
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(b)

FIGURE 14. The prototype of the apertures-fed wideband and low-height
cylindrical DRA. (a) Top view. (b) Bottom view. The parameters are the
same as in Figure 7.
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FIGURE 15. Measured and simulated VSWRs of the proposed
apertures-fed wideband and low-height cylindrical DRA vs frequency.

TABLE 1. Comparison of the different low-height tm-mode DRAS.

. Peak
Height | BW .
Reference & o gain Mode
(H/0) (%) (dBi)
[10] 9.2 ~0.05 1.7 ~ TMos
[11] 20 ~0.08 2.5 ~ TMos
[12] ~ ~0.09 8.9 1.8 TMo1s, TMo2s
[13] 38 ~0.11 17 0.8 TMois
Pro. (without
considering 6.85 | 0.108 25.2 5.16 TMois, TMo2s
aperture mode)
Pro.(with
considering | 6.85 | 0.108 | 34 | 5.16 TI\:O‘ef’r’gf;ggﬁ’
aperture mode) P

measured and simulated results are in reasonable agreement.
Symmetrical radiation patterns were obtained at E-plane
for both resonant modes. It is worth mentioning that the
maximum radiation field has a 45° tilting angle because a
large ground plane (d, = 2.55X¢) is employed. Additionally,
good omnidirectional radiation patterns were observed at the
azimuth plane of § = 45°. Figure 17 displays the antenna gain
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FIGURE 16. Measured and simulated radiation patterns of the proposed
apertures-fed low-height cylindrical DRA. (a) 5.8 GHz. (b) 6.5 GHz.
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FIGURE 17. Measured and simulated antenna gains of the proposed
apertures-fed low-height cylindrical DRA vs frequency.

(6 = 45° and ¢ = 0°) of the DRA. A relatively large peak
gain was measured as 5.16 dBi at 6.6 GHz, which is due to the
use of high-order TM;s mode. Additionally, a large ground
plane used in the design will also improve the gain level
overall. Undeniably, the large ground plane would increase
the transverse dimension, which is the cost of the proposed
design. The measured efficiency of the proposed DRA is
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FIGURE 18. Measured antenna efficiency of the proposed apertures-fed
low-height cylindrical DRA vs frequency.

shown in Figure 18. Its range is from 0.6 to 0.94 over the
target band.

The impedance bandwidth of the proposed low-height
DRA is evaluated here. Table 1 compares our DRA with
other reported low-height (A < 0.11A19) TM-mode cylindrical
DRAs. As can be seen from the table, the height of the DRA
(0.052 Ap) in [10] is smallest, but its impedance bandwidth
(1.7 %) is narrowest. Increasing the height can enlarge the
impedance bandwidth, which has been verified in [11], [12],
[13], and [14]. For our case, the height of the DRA is about
two times larger than that in [10]. But the impedance band-
widths of the DRA without and with considering the aperture
mode are about 14 and 20 times wider than that in [10],
respectively, which shows the bandwidth enhancement of our
design is significant.

IV. CONCLUSION

In this paper, an apertures-fed wideband and low-height
cylindrical DRA has been investigated. The TMp;s and
TMgzs modes of the cylindrical DRA have been applied to
form the wideband antenna. The DRA was simply excited
by four printed arced apertures. In this way, no hole-drilling,
shorting pins or meander lines are required for the fabri-
cation. The effect of the aperture number and position on
the performance of the DRA have been investigated. The
results show that four apertures are enough for exciting a good
omnidirectional DRA. Also, the impedance bandwidth of the
DRA can be optimized by adjusting the aperture position.
For demonstration, an apertures-fed low-height cylindrical
DRA (h = 0.108 Ag) with an impedance bandwidth of
~ 34 % has been designed. The bandwidth enhancement of
the proposed design is significant by compared with other
low-height TM-mode DRAs. It is worth mentioning that the
proposed DRA is relatively fat. This is reasonable because for
a certain resonant frequency, the lower the height, the greater
the radius (formula (A1)).
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APPENDIX

In [2], using the ‘“magnetic wall” method (MWM), the
TMons -mode resonance frequency (fp) of the cylindrical
DRA can be calculated by using the formula as follows:

2
o (%) + G2
fo= 2ra/e, ) (XOn) =0n=123..)

(AD)

where a, h, and ¢, present the radius, height, and permittivity
of the cylindrical DRA, respectively, and ¢ denotes the speed
of light in vacuum. Jo(X) is zero-order Bessel function of the
first kind and a prime of a function denotes a derivative with
respect to the argument.
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