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ABSTRACT A wideband hybrid dielectric resonator antenna (DRA) consisting of a rectangular slot patch
and a perforated stacked cylindrical dielectric resonator (DR) is proposed. A rectangular slot was etched on
the grounding side of a microwave laminate (εs = 3.38) to excite the hybrid resonator at a high frequency.
The stacked DR used consists of three different layers of permittivity, in which air-cavity was introduced
internally to form a perforated structure. With a proper stacking arrangement of the perforated DRs on top
of the rectangular slot, their operating frequencies were merged together to produce a wideband hybrid
DRA. It was found that the combination of the stacked DR with perforated structure in the hybrid element
had yielded an impedance bandwidth of as wide as 75.8% (12.2 GHz - 27.1 GHz). Huge improvement
in bandwidth was successfully achieved in this study in comparison to that without a perforated structure
of only 48.9%. Simulation of the antenna was performed in time domain using Computer Simulation
Technology (CST) and was subsequently verified with the measurement results. The average simulated and
measured directivity of the antenna were recorded to be 6.05 dBi and 5.65 dBi, respectively, with a stable
broadside radiation throughout the operating range of frequency. The radiation characteristics were seen to
be broadside in both the E-plane and H-plane.

INDEX TERMS Wideband, hybrid dielectric resonator, perforated structure, Ku band, K band, cylindrical
DR, rectangular slot patch.

I. INTRODUCTION
Dielectric resonator antenna (DRA) had been developed and
introduced by Long et al. [1]. Following this, DRA is receiv-
ing an extensive attention owing to its intrinsic advantages.
These include its compact size, high radiation efficiency, light
weight and variety of feeding mechanisms [2], [3]. Band-
width enhancement in a DRA design is a major consideration
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for many practical applications. Various techniques had been
proposed to improve the bandwidth of DRAs, for instance,
the uses of dielectric resonators (DRs) with different layers
of dielectric material [4], parasitic slot [5] and special DR
geometries [6]. Besides, modification in the structure of DRs
can also be exploited to improve the impedance bandwidth of
DRA [7]. Perforation technique through a combination of a
number of holes and diameter was applied by [8] to improve
the bandwidth of a cylindrical DRA to 26.7%.More consider-
able improvement in bandwidth of 56% was achieved by [9]
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FIGURE 1. Geometry of the hybrid DRA (a) Front view (b) Back view (c) Side view (d) Isometric view.

through the use of a perforated rectangular DRA integrating
with radiating probe feeder. Another proposed technique to
broaden the bandwidth of an antenna represents the use of
hybrid structure which can be considered as the combina-
tion of two different radiating resonator elements [10]–[18].
Ultra-wideband characteristics of a high-frequency antenna
were obtained in the study by [10] by creating a high-profile
antenna with a monopole protruding from the ring-shaped
resonators.Most of the previous studies on the hybrid antenna
involved either altering the structure of the ground plane
or the feeding mechanism to generate additional resonance
modes and circularly polarized antenna. As a matter of fact,
this method involves a complex feeding design as shown
by [11] with a modified cross-slot and trapezoidal patch
line as studied by [13]. Dual C-shaped microstrip line was
used in the studies by [14] to excite DR and simultaneously
perform as the radiating source. Tri-band hybrid antenna with
circular shape and cylindrical DR incorporationwas proposed
by [16] for MIMO application with a maximum bandwidth
of 51.21%. The same author reported on the use of a ring DR
with a stepped slot to achieve 85.21% impedance bandwidth
for similar application [17]. In addition, a study utilizing
water as DR for a hybrid antenna operating at a very low fre-
quency ranging from 69 to 171 MHz was also reported [18].

Several studies have been carried out in depth for the
dielectric resonator antennas. However, as of today, there is
still a lack of significant studies conducted on the wideband
characteristic of a hybrid antenna. This includes an optimiza-
tion on stacked DR configuration with different dielectric
substrates incorporation as well as the perforated structure.
In the studies by [9], similar work on the wideband hybrid
antenna was reported which was using perforated rectangu-
lar DR with probe coupling which simultaneously acted as
an antenna. However, the stacked rectangular DR became
bulky when using a single dielectric material of a permittiv-
ity of 10.2. Similar bulky issues arose in studies conducted
by [14] in which two identical solid DRswith two-layer struc-
ture were used. Stacked DR was also used in the work done
by [13] using layers of similar dielectric substrate without
stacked optimization.

Therefore, to acquire a wideband response, stacked cylin-
drical DR using various dielectric substrates and perforation
technique was emphasized. A stacked structure consists of a
combination of three distinct layers of cylindrical DR placed
on a resonating slot of a grounded dielectric substrate. The
antenna was designed to resonate with a wide impedance
bandwidth by optimizing the stack order of DRs, the per-
mittivity of DRs and the dimension of the resonating slot.
The slot coupling is used as a feeder to suit high-frequency
applications and to prevent any radiating effect of microstrip
line to DR [3]. The impedance bandwidth of the antenna was
further improved by perforating the stacked DRs. By per-
forming a comprehensive parametric analysis on different
parameters, the resonances obtained from the three stacked
layers and the slot were merged together. For comparison, the
proposed antenna was compared with the currently published
state of the art designs. A summary of wideband hybrid DRAs
is listed in Table 1, in which the antennas are compared in
terms of electrical size, impedance bandwidth and radiation
efficiency. Following this, the antenna design and its details
are described in Section 2 while the experimental results and
analysis are provided in Sections 3 and 4, respectively.

II. ANTENNA DESIGN
The structure of the proposedwideband hybrid DRA is shown
in Figure 1. This antenna consists of three stackedDRs loaded
on top of a resonating slot etched on the ground plane of
RT/Duroid RO4003C substrate (εr = 3.38) with a thick-
ness of 0.813 mm. The width W, length, L and thickness of
the dielectric substrate are 20 mm, 30 mm and 0.813 mm,
respectively. In this design, three different dielectric sub-
strates which are RO4003C (εr = 3.38) with a thickness
of 0.813 mm, FR-4 (εr = 4.55) with a thickness of 1.6 mm
and RT/Duriod 6010 (εr = 10.2) with a thickness of 1.27 mm
were used as the resonating elements. Each resonator has
a radius, Rdr of 5.5 mm. With respect to the resonating
rectangular slot on the ground plane, the resonators were
stacked in an increasing value of permittivity from bottom
to top. In order to isolate the resonators from any unwanted
coupling or spurious radiation from the feeder, the resonators
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were placed on a slot that was etched on the ground plane.
The microstrip transmission line excites the slot (aperture) by
forming a standing-wave with its maximum current located at
the end of the microstrip line and also at the center of the slot.
Simulation of the antenna was performed using the Computer
Simulation Technology (CST) in time domain and the results
were then validated experimentally.

A. ESTIMATION OF APERTURE SLOT LENGTH AND WIDTH
The slot length and width affect the coupling level [23], band-
width [24] and the back-radiation level [25]. In order to have
maximum coupling, the dielectric should be centered over the
slot. Whereas, the open end of feed line is positioned at the
center of the slot which have strongest current distribution
and have strong magnetic coupling. In this configuration,
the dominant mechanism for this coupling is magnetic polar-
ization. In order to have a good front to back ratio (F/B ratio),
the size of the rectangular slot should be chosen precisely as
the slot dimensions control the value of coupling between the
feed line and the resonator. With a small area of rectangular
slot, the efficiency of the antenna is improved due to lower
back radiation level [26]. The length of rectangular slot, La
can be determined by Equation (1) while the widthWa of the
slot is calculated by Equation (3) [27],

La = λg (1)

λg =
λo
√
εeff

(2)

Wa =
λo

4
(3)

where, λo is the wavelength of center frequency at 18 GHz,
and εeff is the effective permittivity of the stacked resonator
and the substrate.

B. DESIGN OF STACKED PERFORATED DIELECTRIC
RESONATOR ANTENNA (SPDRA)
In this design, three layers stacked dielectric materials with
different permittivity were used. In theory, DRA must be
fabricated from a high dielectric constant material to achieve
a strong electromagnetic coupling between the source and
the resonator. On the other hand, to operate the DRAs over
a wide bandwidth, the DRAs must have a low dielectric con-
stant. These three different permittivity cylindrical dielectric
resonators were stacked in the order of their permittivity to
achieve wide bandwidth antenna is proposed. The lowest
permittivity, εr1 = 3.38 (DR1) dielectric pellet was loaded
directly on top of resonating slot, followed by medium per-
mittivity, εr2 = 4.55 (DR2) and high permittivity dielectric
resonators, εr3 = 10.2 (DR3). However, the input impedance
of the structure does not match enough and need to be
improved further to enhance the bandwidth of the antenna.
The cylindrical stacked DRs is drilled using CNC machine
to introduce air inside the DRs as shown in Figure 2. The
existence of air will reduce the effective permittivity of the
DRs and improve the bandwidth of the antenna.

FIGURE 2. Isometric view. (a) Solid cylindrical stacked DRs (b) Perforated
stacked DRs.

C. DETERMINATION OF THE DIAMETER OF STACKED
CYLINDRICAL DRS
The diameter, d of stacked DRs can be determined using
Equation (4). The stacked DRs are made from the stan-
dard dielectric material of available substrates in, RT/Duroid
4003 with the permittivity εr1 = 3.38 and thickness
Hd1 = 0.813 mm, FR4 with permittivity εr2 = 4.55 and
thickness Hd2 = 1.6 mm and RT/Duroid 6010 with the
permittivity εr3 = 10.2 and thickness Hd1 = 1.27 mm. The
calculation of the diameter also considers the permittivity of
substrate εs = 3.38 with the thickness Hs = 0.813 mm.
Hence, the diameter of DRs obtained using Equation (4) is
around 11mmwith desired resonant frequency, f0 = 18 GHz.

fo =
2.208× c

2πh
√
εeff + 1

[x] (4)

x =

[
1+ 0.7013

(
r
Heff

)
− 0.002713

(
r
Heff

)2
]

(5)

Heff = Hd1 + Hd2 + Hd3 + Hs (6)

D. PERFORATED STACKED CYLINDRICAL DRS STRUCTURE
Referring to (7), as the value of permittivity increases, the
quality factor, Q− factor also increases [28]. This results in
more electrical and magnetic energies being confined inside
the DRs. In the proposed design, the total effective permit-
tivity of DR, εeff was reduced by creating air cavities inside
the resonator. Consequently, more electrical and magnetic
energies will quickly dissipate in the form of resonance.
Instead of storing energy, DR tends to radiate more power,
thus improving the impedance bandwidth at the expense of
decreasing Q− factor .

Q = 2ωeff
Stored Energy
Radiated Power

α2ωo
(
εeff

)p (Volume
Surface

)s
with; p > s ≥ 1 (7)

The creation of holes in DRs is generally known as per-
foration, which is one of the techniques used to reduce the
Q− factor of a DR [8], [29], [30]. Holes were drilled through
the DR in a uniform lattice arrangement. The presence of
these holes in turn introduced air permittivity into the res-
onator. For a uniform effective permittivity of the DR to be
achieved, the lattice spacing and hole diameter were kept
under one half of the guided wavelength at 18 GHz. The
effective permittivity, εeff of DR is approximately determined
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TABLE 1. Summary of various wideband DRAs.

by the average volumetric of air present inside the holes and
the dielectric material.

FIGURE 3. Perforated DR with square lattice (a) Full unit cells of lattices
(b) A unit cell of lattice.

In this proposed design, εs was calculated using a modified
form of static capacitance model, in which the filling factor,
α of the perforated DR was also considered. The lattice
was arranged in a square form as shown in Fig. 3(b). The
calculation of α is given in (8),

α =
Ao
2A

(8)

where, Ao is the area of the hole and A is area of the unit cell.
After simplification, of α a square lattice is determined

from (9):

α =
πd2

/
4

s2
=
π

4

(
d
s

)2

(9)

where, s is the distance between two holes (2 mm). Given
the diameter of the hole, d to be 1 mm, the calculated α
was 0.1963. To predict the εperf of the perforated stacked
DR, the following (10) was used, where εsol is the effective
permittivity of the solid stacked DR (without holes) which
can be calculated using the original static capacitance model
shown in (11).

εperf = εsol (1− α)+ α (10)

εsol =

[
Hstack(

Hd1
/
εr1
)
+
(
Hd2

/
εr2
)
+
(
Hd3

/
εr3
)] (11)

Hd1, Hd2, Hd3, and Hstack are the heights of DR1, DR2,
DR3 and the stacked DRs, respectively. The value of εsol
was 5.14 and reduced to 4.33 for εperf . In order to include
the effect of dielectric substrate on DRA, the original static
capacitance model was again applied to calculate the εeff
of the overall DRA. From (12), the value of εeff was 4.12,

whereHeff is the total height of DRA (dielectric substrate and
stacked), and Hs and εs are the height and permittivity of the
substrate, respectively.

εeff =

[
Heff(

Hs
/
εs
)
+
(
Hstack

/
εperf

)] (12)

Equation (10) shows that by introducing perforation,
the value of permittivity of DR reduced from 5.14 to 4.33.
From (7), it was proven that via perforation, the Q − factor
was reduced and thus enhancing the bandwidth of the DRA.

III. ANTENNA ANALYSIS
In this section, a detailed analysis on the parameters influenc-
ing the performance of the proposed hybrid antenna in terms
of impedance bandwidth, compactness and electromagnetic
coupling to the source are discussed. The analysis focused
on several parameters including stack order, slot dimensions
and number of holes drilled in the dielectric resonator. All the
parametric analyses were performed using CST.

A. DIELECTRIC RESONATORS ARRANGEMENT
In order to optimize the proposed design of hybrid DRA,
different stack orders of the cylindrical DR with constant
radius were simulated. Three dielectric resonators of different
materials with permittivity of ε1 = 3.38, ε2 = 4.55 and
ε3 = 10.2 were properly stacked, producing a wideband
operation. The simulated reflection coefficient with different
stack order is presented in Fig. 4. The bottom layer of the
stacked DR was fixed while the other layers on top were var-
ied. It can be observed that the bandwidth of the hybrid DRA
was greatly influenced by the DR arrangement. Table 2 gives
the overview on the bandwidth of the DRA for different stack
arrangements. All the DR arrangements depicted a dual band
operation with the highest bandwidth of 48.4%was generated
when ε1 was placed at the bottom followed by ε2 and ε3. Thus,
in order to merge all the frequency resonances and to form a
wideband antenna, the most appropriate stack arrangement of
the DR from bottom to top was in the order of ε1, ε2 and ε3.

B. SLOT DIMENSIONS
As stated in the previous section, the proposed DRA was
made excited using a rectangular slot etched on the ground
plane. A microstrip line which was placed on top of the
grounded substrate was used to excite the aperture acting as
the resonating slot. The DR was placed on top of the slot in
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FIGURE 4. Simulated reflection coefficient of wideband DRA (a) Fixed
bottom placement of DR layer, ε3 (RO4003C) (b) ε2 (FR4) (c) ε1 (Duriod
6010).

TABLE 2. Bandwidth comparison between different stack arrangements
of the dielectric resonator.

a way that maximum energy was coupled from the slot to
the dielectric resonator. The slot width, Wa and length, La
are the important parameters to be considered to achieve an
impedance matching over a wide bandwidth.

Fig. 5 shows the simulated reflection coefficient of DRA
with different slot lengths, La ranging from 9 mm to 17 mm
with 2 mm step size. It was clearly indicated that La affected

FIGURE 5. Simulated reflection coefficient of the wideband DRA with
different values of slot length.

the resonant frequency and impedance matching of the
antenna. Referring to the response of the reflection coeffi-
cient, it is also exhibited that the optimal dimension of the
rectangular slot should be kept at λ

/
4 of 18 GHz where

Wa = 5 mm and La = 13 mm. This is to maintain a wide
impedance bandwidth in the desired frequency range. There
were four resonances in the frequency response of the DRA
emerging from the combination of a stacked resonator and
a resonating slot. These resonances were merged together
to form a wideband DRA. The first three resonances were
not affected by the variation of the slot dimension except
for the impedance matching across the operating band. This
indicated that the resonances were specifically sensitive to the
stacked DR with permittivity of 3.38, followed by 4.55 and
10.2. However, the last resonance started to move downward
when the slot size was increased. This indicated that the
highest excited frequency resonance wasmainly generated by
the slot. Together with lower modes generated from stacked
DRA, wideband DRA was formed.

C. NUMBER OF HOLES
Having optimized the antenna through the slot dimension,
further bandwidth improvement was done by introducing
holes in the resonators. By drilling a hole on the dielectric
resonator, the electromagnetic field confined inside the DR
are perturbed and the Q− factor is degraded. The parametric
studies on the number of holes inside the resonator was car-
ried out and subsequently, its impedance bandwidth response
was studied.

Fig. 6 shows the reflection coefficient of wideband hybrid
DRA with different number of holes. It was found that by
increasing the number of holes from 1 to 21, a slight upward
shift in the frequency with an obvious enhancement in the
impedance bandwidth were achieved. Significant increment
on the antenna bandwidth is observed from 48.4% (without
holes) to 75.8% (with holes) reflected the strength of the
proposed method. According to (1), bandwidth enhancement
can be explained from the volume reduction as theQ− factor
decreases. The presence of holes had introduced air permittiv-
ity inside the resonator structure, resulting in lower effective
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FIGURE 6. Simulated reflection coefficient of the wideband DRA with
different number of holes.

permittivity of DR. Therefore, the whole frequency band
shifted upward since the operational frequency is inversely
proportional to the permittivity.

FIGURE 7. Fabricated hybrid stacked DRA (a) Back view (b) Front view.

IV. RESULTS AND DISCUSSIONS
From the conducted parametric studies, the optimal design
parameters for the proposed DRA are listed in Table 3.
A prototype of hybrid DRA as illustrated in Fig. 7 was
later fabricated and tested to validate the simulation results
experimentally. PNA-X Network Analyzer (N5245A) was
used to measure the reflection coefficient. Radiation pattern
characterization of the antenna was performed in an anechoic
chamber.

Figure 8 shows themeasured and simulated reflection coef-
ficients of the proposed hybrid DRA. It can be observed that
a good agreement between the simulation and measurement
results were achieved. The simulated -10 dB return loss band-
width ranging from 12.4 GHz to 26.7 GHz corresponded to
a percentage bandwidth of approximately 73.1%. Whereas,

TABLE 3. Optimized parameters for the proposed design in mm.

FIGURE 8. Simulated and measured reflection coefficients of the DRA.

the fabricated antenna promoted an impedance bandwidth of
up to 75.8% (12.2 to 27.1 GHz), which shows an increment
of about 2.7% in comparison with the simulation results.
This difference in the simulated and measured impedance
bandwidth attributes to the possible air-gaps remained present
in the prototype of the proposed DRA. It can be clearly
seen from Table 2 that the proposed antenna offered a wide
impedance bandwidth as well as compact antenna structures
by introducing air cavity inside the dielectric structure.

FIGURE 9. Electrical distribution of the resonant modes (a) 14.08 GHz,
(b) 22.68 GHz.

Mode analysis on the wideband response of the DRA
is presented in Figure 9 which shows the top view of the
electrical field distribution at 14.08 GHz and 22.68 GHz.
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With respect to the generated mode pattern, a wideband
response of DRA was contributed by the multiple modes.
All the resonances have a resonance pattern similar to that
of the hybrid mode of HE but with variation in azimuth,
radial and axial direction. The hybrid mode with the lowest
resonance frequency of 14.08 GHz was HE11. As frequency
was increased to 22.68 GHz, the higher order mode of the
HE12 became excited. As shown by Figure 9 (b), the two
electric field loops on the face of resonator indicated an
increment in radial variation. From the field visualization,
it can be seen that the three layers stacked DRA operated as
a whole resonator with different modes.

The measured far-field radiation patterns for the E and H
planes at 13 GHz, 15 GHz and 18 GHz are illustrated
in Figure 10. In the E-plane co-polarization, the pattern was
observed from a top view where it is perpendicular to the
z-axis, while for H-plane co-polarization, it was observed
from the side view which is parallel to the z-axis. It can
be observed that the radiation patterns were broadside in
both the E and H-planes and the patterns were almost stable
throughout the entire impedance bandwidth. The measured
E-plane cross polarization level was approximately at least
50 dB lower as compared to the co-polarization at each
frequency. On the other hand, the measured H-plane cross
polarization level was approximately around 20-40 dB lower
as compared to the co-polarization at each frequency. This
shows that the proposed antenna received more power from
the E-plane due to the huge differences in the co- and cross
polarization levels in comparison to the H-plane. Moreover,
the co- and cross polarization levels had also indicated that
the proposed antenna was horizontally linearly polarized.

Figure 11 shows the measured directivity of the proposed
antenna which was obtained using a gain transfer method
where a standard gain horn antenna was used as a reference.
A maximum measured directivity of 6.2 dBi was generated
at 18 GHz with an average directivity of 5.65 dBi from
the entire frequency range. Overall, the directivity of the
proposed antenna was not showing much improvement even
with the introduction of perforated structure since a single
DRA normally has a low directivity of 5 dBi [31]. This can
directly influence the aperture efficiency of the antennawhich
is defined by (13):

α =
λ2G
4π

(13)

where,G is the gain of the proposed antenna [32]. At 13 GHz,
the aperture efficiency was achieved at only 37.4%. The
percentage started to drop to 25.2% and 26.4% at 15 GHz
and 18 GHz, respectively due to the effect of low gain level
and shorter wavelength. Common directional antenna such
as horn or array antennas can have an aperture efficiency of
above 60% [33], [34].

It can also be noted that the gain was slightly dropping
from 20 GHz to 25 GHz even though the reflection coeffi-
cient was good. A good reflection coefficient alone does not
decide a better gain in an antenna since it is also dependent

FIGURE 10. Radiation patterns in the E and H planes at (a) 13 GHz
(b) 15 GHz and (c) 18 GHz.

on its ability to radiate the received power. Some of the
power input may be lost due to dielectric loss, as well as
high frequency transmission. Thus, the total efficiency of
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FIGURE 11. Simulated and measured directivity of the proposed hybrid
DRA.

FIGURE 12. Total efficiency and gain of the proposed hybrid DRA.

the proposed antenna was investigated and is provided in
Figure 12. It can be seen that the antenna efficiency decreased
at higher frequency and the lowest efficiency occurred in
between 24 GHz to 26 GHz. Another factor that contributes
to a gain reduction is directivity. From Figure 12, it can be
seen that the gain of the antenna decreased from 20 GHz
to 25 GHz. The degradation of the gain was due to the
broader coverage power received by the antenna. It can also
be noted that the proposed antenna generated a very good
return loss, S11 at 14 GHz but with a low gain value. Since,
S11 only indicated the energy input accepted by the antenna
in comparison to its reflected energy, there is no guarantee
that all the accepted energy was being radiated to a specific
location. At this particular frequency, the accepted energy fed
to the proposed antenna was likely absorbed either into the
dielectric substrate or dielectric resonator, thus reducing the
radiated power and proportionally affecting the gain level.

V. CONCLUSION
In this study, a perforated stacked hybrid DRA made up of
three multi-permittivity resonators and a resonating slot was
designed and fabricated. These elements were merged and
tightly stacked together to produce multiple modes and a
wide operating bandwidth. A rectangular slot was used as

the feeder which simultaneously acted as the radiator. The
optimal arrangement of the three stacked DRs from bottom
to top was in the order of ε1 (3.38), ε2 (4.55) and ε3 (10.2).
By introducing 21 identical circular holes inside the DRs,
the bandwidth was significantly improved from 48.4% to
75.8% with an average directivity of 5.65 dBi. This hybrid
DRA offers a significant feature of wide band characteristic
while at the same time preserving its low-profile structure.
Thus, from the combination of stacked DR and slot radiator
with circular holes, a low-profile wideband hybrid stacked
DRA can be designed and used for Ku and K bands applica-
tion in the wideband communication systems.
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