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ABSTRACT In this paper, a wideband and bandwidth-controllable hybrid-glass dielectric resonator antenna
(DRA) excited by a probe platform is proposed. The proposed hybrid-glass DRA simply consists of a probe
platform and a solid cylindrical glass DRA unit, making the fabrication easier. The probe mode and the
TMp1s mode of the cylindrical glass DRA are employed to design the wideband antenna. It is found that the
impedance bandwidth of this hybrid-DRA can be controlled by the height of the glass DRA in a wide range
of ~23%-70%, without changing the size of the feeding. Engineering formula considering the bandwidth
has been given to facilitate the design. To demonstrate the idea, three wideband hybrid-glass DRAs with
their measured impedance bandwidths of 39.5%, 56.6% and 74% have been designed. To upgrade the three
hybrid-glass DRAs as the artistic antennas, laser-engraving patterned glass is employed to do the fabrication
again. The measured results show that the performance of the hybrid-glass DRAs with and without patterns

are basically the same.

INDEX TERMS Hybrid-glass dielectric resonator antenna, wideband, bandwidth-controllable.

I. INTRODUCTION
Because of low loss and ease of excitation, the dielectric res-
onator antenna (DRA) [1]-[3] has been widely studied in the
past three decades. Different kinds of materials can be used
to fabricate a DRA, such as composite material, ceramics,
and K9-glass. Among them the K9-glass is most interest-
ing because of its transparent characteristics and beautiful
appearance. In recent years, much work on the glass DRA has
been reported, such as lens DRA [4], mirror DRA [5], socket
DRA [6], light cover-DRA [7], [8] and artistic DRA [9], [10].
The radiation of DRA can be mainly divided into two
types: directional and omnidirectional. For indoor commu-
nication, the omnidirectional DRA [11]-[13] is preferable
to the directional one because it can cover a larger area.
Generally, the impedance bandwidth of the fundamental TM
mode of a solid DRA is less than 15% (e, = 6.85) [13].
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There are mainly two methods to widen the bandwidth of
the omnidirectional DRA. The first method is to employ
the higher-order modes. For instance, a cylindrical DRA
loaded with an annular column was studied in [14]. This
work successfully merges a fundamental and three higher-
order TM modes of the cylindrical DRA, which provides
an impedance bandwidth of 56 %. The second method is to
apply the hybrid-DRA [15]-[23], which often combines the
ring DRAs and the monopole antennas to achieve a wide-
band antenna. Unfortunately, both methods employ annular
dielectric blocks inevitably, which are suitable for designing
the DRA made of the composite material but not the glass.
This is because glass is a typical brittle material that does
not have ductility and plasticity at room temperature. It can
not bear relatively large external forces or it will be crack
easily. In other words, fabricating an annular glass is very
difficult.

On the other hand, bandwidth-controllable antenna is more
popular since it can help people to design the appropriate
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FIGURE 1. The configuration of the wideband and

bandwidth-controllable hybrid-glass DRA. (a) The configuration of the
proposed DRA. (b) The probe platform. (c) The cylindrical glass DRA unit.
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FIGURE 2. Simulated reflection coefficients of the proposed configuration
with and without glass DRA unit: Rg = 100 mm, ¢, = 6.85, ers = 2.5,

ry =7.5mm, ry =15 mm, ts =2 mm, tm =1 mm, [p = 12 mm,

R =20 mm and H = 8 mm.

bandwidth according to their own needs. However, relatively
little work on the bandwidth-controllable DRA has been
reported. In [15], the bandwidth of a cylindrical ring DRA
is controlled by using metal loading, in which the metal is
used to suppress the radiation at high frequency band. But
this method is also not suitable for designing the glass DRA,
because the introduction of the metal on the top or outside sur-
face of the DRA will destroy the transparency and aesthetics
of the glass.

In this paper, a wideband and bandwidth-controllable
hybrid-glass DRA for indoor communication is firstly pro-
posed. The proposed DRA is made of a solid cylindrical
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FIGURE 3. Simulated E/H-fields inside the glass DRA. (a) E-field of the
TMg; ; mode at 5.92 GHz. (b) H-field of the TMy,; ; mode at 5.92 GHz.
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FIGURE 4. Simulated reflection coefficient of the proposed hybrid-DRA
with acrylic-plastic supporter of different shapes: rectangle, cylinder and
curved cylinder. The parameters are the same as in Fig. 2.

glass, which makes the fabrication easily. A probe plat-
form is used to excite the DRA. By merging the probe and
the TMp1s mode of the cylindrical glass DRA, a wideband
hybrid-DRA can be achieved. It is found that the impedance
bandwidth of the antenna can be controlled by the height of
the cylindrical glass in a wide frequency range. To facilitate
the design, engineering formula considering the impedance
bandwidth is derived using the covariance matrix adapta-
tion evolutionary strategy (CMA-ES) [24], [25]. And three
wideband hybrid-glass DRAs with impedance bandwidths
of 39.5%, 56.6% and 74% were designed for the purpose
of the demonstration. In addition, laser-engraving patterned
glass is employed to update the hybrid-glass DRAs as the
artistic antenna. It is found that the performance of the
hybrid-glass DRAs with and without patterns are basically
the same.

Il. ANTENNA CONFIGURATION, RESONANT MIODE AND
BANDWIDTH

A. ANTENNA CONFIGURATION

The configuration of the proposed hybrid-glass DRA is
shown in Fig. 1 (a). It consists of an aluminum groundplane
of radius R, = 100 mm, a probe platform and a solid
cylindrical DRA unit made of K9-glass (¢, = 6.85). In the
section D, we will discuss that the impedance bandwidth of
the antenna can be controlled by the height of the cylindrical
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FIGURE 5. Simulated reflection coefficient of the proposed hybrid-DRA as
a function of frequency: without and with magnet patches. The
parameters are the same as in Fig. 2.
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FIGURE 6. Simulated reflection coefficients of the proposed hybrid-glass
DRA versus frequency: Ip = 11, 11.5, and 12 mm. Other parameters are
the same as in Fig. 2.

glass. Therefore, N is used to represent the number of cylin-
drical glass DRAs of different heights. The probe platform
unit is composed of a probe of length [, = 12 mm and a
curved-cylinder supporter made of transparent acrylic plastic
(ers = 2.5), as shown in Fig. 1 (b). The supporter is mainly
composed of two parts: i) the upper part is a curved cylinder of
radius r; = 7.5 mm; ii) the lower part is a flat disc of a radius
r3 = 15 mm and thickness #;, = 2 mm, which is used to fix
with the groundplane. Each DRA unit has a radius of R and
a height of H, as shown in Fig. 1(c). Two circular conducting
magnet patches (NdFe30) with a thickness of #,, = 1 mm are
centrally pasted at the bottom of the glass DRA and the top
of the supporter, respectively. In this way, the DRA can be
removed and replaced very easily.

B. RESONANT MIODE

This part will investigate the resonant mode of the hybrid-
glass DRA. To begin with, a solid cylindrical glass DRA of
R = 20 mm and H = 8 mm was used in the simulation.
Fig. 2 shows the simulated reflection coefficient without and
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FIGURE 7. Simulated reflection coefficients of the proposed hybrid-glass
DRA versus frequency: H = 8, 12, and 16 mm. Other parameters are the
same as in Fig. 2.

DRAI DRAII DRAIII
[ N
=

_.‘
—

© (d)

FIGURE 8. Prototype of the proposed hybrid-glass DRAs. (a) Overview of
the hybrid-DRAs. (b) Upturned view of the hybrid-DRA. (c) Side view of
the three glass DRAs. (d) Top face of the three glass DRAs.

with the glass DRA unit. With reference to the curve without
the glass DRA unit, only one resonant mode observed at
4.27 GHz. This was due to the probe mode since its estimated
resonance frequency f, = 3.96 GHz (f, = c¢/4l,./¢5, where
¢ denotes the velocity of light in vacuum) is close to the
simulated one f; = 4.27 GHz. With the glass DRA unit,
the probe mode shifts downward and one more resonance
mode was found around 5.9 GHz, which is due to the DRA
mode. To further verify the DRA mode, the E-field and
H-field around 5.9 GHz were studied in Fig. 3. With reference
to the figure, its E-field is vertical and strongest along the
z-axis whereas the H-field is circular around the z-axis in
the region of the DR, showing it is the TMp;s mode of the
cylindrical glass DRA.

C. EFFECT OF THE ACRYLIC-PLASTIC SUPPORTER AND
THE MAGNET PATCHES

In this part, the effects of the acrylic-plastic supporter and
the magnet patches on the hybrid-glass DRA are studied.
Fig. 4 shows the simulated reflection coefficient of the pro-
posed hybrid-DRA with acrylic-plastic supporter of different
shapes: rectangle, cylinder and curved cylinder. The heights
and volumes of the three shapes are the same. As can be seen
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TABLE 1. Summary of the designed, simulated and measured impedance bandwidths and application bands of the proposed hybrid-DRAs.

Designed . . . L .
bandwidth Simulated bandwidth Measured bandwidth Application bands Measured gain range
35.8% 39.5% .
0, - -
DRA I 34% (3.19-4 58GH7) (3.17.4.73GH2) 5G band-n77 2.68-5.16dBi
55.1% 56.6% ;
0, - - -
DRA II 55% (3.04-5.35GH2) (2.99-5.35GH2) 5G band-n77, WLAN-5.2 GHz 1.97-4.29dBi
DRA III 70% 2% 74% 5G band-n77, WLAN-5.2/5.8GHz 1.99-5.1dBi
(2.98-6.33GHz) (2.96-6.44GHz) ’ < o
from the figure, the probe and the DRA modes merge together where t = H/R, and B denotes the simulated impedance

to form a wideband antenna. The results of the three case
are basically the same, showing the shapes of the supporter
have little effect on the hybrid-DRA. The curved cylinder
is chosen in our final design since it is more aesthetic than
the previous two. It is worth mentioning that acrylic is not
easy to be damaged under external force. Hence, it is allowed
to make different shapes or drill hole for accommodating
the probe. In other words, fabricating the acrylic part is not
difficult. Fig. 5 shows the simulated reflection coefficient of
the proposed hybrid-DRA without and with magnet patches.
With reference to the figure, the magnet patches can improve
the matching of the antenna obviously. This is reasonable
because the diameter of the magnet is larger than that of the
probe, indicating more energy can be transferred to the glass
DRA by the magnet patches.

D. ANALYSIS OF THE BANDWIDTH CONTROL

In this part, the impedance bandwidth of the hybrid-glass
DRA is investigated. Fig. 6 shows the simulated reflection
coefficient of the hybrid-glass DRA as a function of fre-
quency for different [, = 11 mm, 11.5 mm, 12 mm. As can
been see from the figure, the impedance bandwidth of the
proposed antenna can be controlled by the length of the
probe [,, but with a relatively narrow controlled bandwidth
range of ~58%-70% obtained. Fig. 7 shows the simulated
reflection coefficient of the hybrid-glass DRA as a function of
frequency for different H = 8 mm, 12 mm and 16 mm. As can
be seen from the figure, the impedance bandwidth can be
also controlled by the height of the glass DRA independently.
And the controlled bandwidth range can be achieved as
~23%-70%, which is much wider than that of using the probe
length as mention earlier. Therefore, the height of the glass
DRA is chosen to control the bandwidth in this article. The
effect of the radius of the DRA on the reflection coefficient
has also been studied, it was found that the radius is not very
sensitive to the impedance bandwidth of the antenna. For
simplicity, the result is not shown here.

As studied above, the impedance bandwidth of the hybrid-
DRA is inversely proportional to H when [, and R are set.
To facilitate the design, a number of data sets were generated
using the HFSS, and the CMA-ES method [24], [25] was
employed to obtain the following formula:

t = —5.059B> 4+ 7.765B> — 4.918B + 1.772 1)
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bandwidth of the hybrid- glass DRA. The formula is valid
in the range of 22.7 % < B < 70.2 %, with [,/R = 0.6.

E. DESIGN GUIDELINE
The design guideline of the wideband and bandwidth-
controllable hybrid-glass DRA is summarized as follows:

1) Set the required impedance bandwidth B and fy,,in which
f1 denotes the minimum frequency of the antenna in the
working frequency band.

ii) Calculate the length of the probe: [, = c/(4f,\/€x),
where f, ~ 1.28 f1.

iii) Calculate the radius of the glass DRA: R ~ 1.671,,

iv) Calculate the height of the glass DRA using formula (1).

IIl. DESIGN EXAMPLE

In this part, design example of the wideband and bandwidth-
controllable hybrid-glass DRAs is given. We take the
coverage of band-n77 for the China-5G communication
(3.3-4.2 GHz) as the design goal. Hence, f7 is arbitrarily cho-
sen as 3.08 GHz, which is nearby the application band. The
number of the glass DRA units are chosen as N = 3 and their
impedance bandwidths are chosen as 34 %, 55 % and 70 %,
respectively. Following the design guideline (ii) and (iii),
l, = 12 mm and R = 20 mm are obtained. The height of the
DRA I, DRA II and DRA III can be obtained as H = 16 mm,
11.5 mm and 8 mm using the formula (1), respectively. The
prototype of the proposed hybrid-glass DRAs are shown
in Fig. 8. As can be seen from the Fig. 8 (b), the DRA is
firmly connected to the groundplane by the magnet patch and
will not fall down even if it is placed upside down.

Fig. 9(a)-(c) shows the simulated and measured reflec-
tion coefficient of the three hybrid-glass DRAs, respec-
tively. With reference to the figure, reasonable agreement
between the simulation and the measurement is obtained.
The measured impedance bandwidth of the DRA I, DRA II
and DRA III can be achieved as 39.5% (3.17-4.73GHz),
56.6% (2.99-5.35GHz) and 74% (2.96-6.44GHz), respec-
tively. Table 1 summaries the designed, simulated and
measured impedance bandwidths of the DRAs and their
application bands. As can be seen from the table, the
designed, simulated and measured bandwidths are basically
consistent, verifying the validity of the formula. In addi-
tion, the application frequency bands covered by the pro-
posed hybrid-glass DRAs are optional. The antenna gains
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FIGURE 9. Simulated and measured antenna reflection coefficients of the
proposed DRAs versus frequency: (a) DRA 1. (b) DRA I1. (c) DRA IIL.

(6 = 45°, & = (0°) of the three hybrid-glass DRAs are shown
in Fig. 10(a)-(c), respectively. As can be seen from the figure,
the minimum gain of the hybrid-DRAs is over than 0 dBi,
showing they are the qualified antennas. The gain range of
the three hybrid-glass DRA are also summarized in Table 1.
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FIGURE 10. Simulated and measured antenna gains of the proposed
DRASs versus frequency: (a) DRA 1. (b) DRA II. (c) DRA IIL.

The radiation patterns of the three hybrid-glass DRAs
were also studied. Fig. 11 shows the simulated and measured
radiation patterns of the DRA III at 3.5 GHz and 5.85 GHz,
respectively. With reference to the figure, omnidirectional
radiation pattern was observed, as expected. The radiation
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FIGURE 11. Simulated and Measured radiation patterns of the
hybrid-DRA Ill. (a) Probe mode at 3.5 GHz. (b) DRA mode at 5.85 GHz.

TABLE 2. Comparison of different wideband solid DRAs with
omnidirectional radiation patterns.

Reference | DRAtpe | o | gt | conollable
[11] Solid 36.6 8% No mention
[12] Solid 10 19% No mention
[13] Solid 6.85 14% No mention
[14] Solid+ring 9 56% No mention

Proposed Solid 6.85 | 74% (Max.) Yes

patterns of the DRA I and DRA II are similar to that in Fig. 11.
For simplicity, the result is not shown here.

Table 2 compares our hybrid-glass DRA with other
solid omnidirectional DRAs. With reference to the table,
the maximum impedance bandwidth of the proposed hybrid-
DRA is obviously larger than those designed by the solid
DRA [11]-[13], and competitive with the solid 4 ring struc-
ture in [14]. Also, only our hybrid-glass DRA is mentioned
to be bandwidth-controllable.

To further upgrade the glass DRA as the artistic antenna,
patterns of “Cat”, “Flower” and “Santa Claus” were
engraved inside the DRA I, DRA II and DRA 1III by using
the laser, respectively. Their prototypes are shown in Fig.12.
Fig. 13 shows the measured reflection coefficients of the
three hybrid-DRAs with patterns. For ease of comparison,
the measured results without patterns are also shown in the
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FIGURE 12. Prototype of the proposed hybrid-glass DRAs with patterns.
(a) Top face of the three DRAs. (b) Overview of the hybrid-DRAs.
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FIGURE 13. Measured reflection coefficients of the proposed three
hybrid-DRAs without and with patterns.

same figure. As can be seen from the figure, the results with
and without patterns are basically the same. This is expected
because the feature size of the laser-engraving patterns is
substantially smaller than the wavelength of the antenna.

IV. CONCLUSION

A wideband and bandwidth-controllable hybrid-glass DRA
has been firstly investigated. The antenna configuration sim-
ply consists of a probe platform and a solid cylindrical
glass DRA unit. Comparing to other wideband ring DRAs,
the proposed hybrid-glass DRA is easier to fabricate. Two
magnet patches for improving the antenna matching have
been applied to fix the two units. In this way, the glass
DRA can be removed and replaced easily. It has been found
that the impedance bandwidth of this hybrid-DRA can be
controlled by the height of the glass DRA in a wide fre-
quency range, without changing the size of the feeding.
Design formula and guideline have been given to facilitate
the design. To demonstrate the idea, three wideband hybrid-
glass DRAs with impedance bandwidths of 39.5%, 56.6%
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and 74% have been designed. Therefore, users can choose
the DRAs with appropriate impedance bandwidth at will.
Moreover, laser-engraving patterned glass has been used to
fabricate the hybrid-glass DRAs as the artistic antennas. It has
been found that the performance of the hybrid-glass DRAs
with and without patterns are basically the same. It should be
mentioned that the proposed hybrid-glass DRA structure can
also be applied to other DRAs made of composite material.
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