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Abstract: A new maltese cross-shaped dielectric resonator (DR) antenna is presented and analysed as a wideband
radiator. The antenna comprises of maltese cross-shaped DR, arranged in a stacked configuration and centrally fed by
a coaxial probe. The proposed antenna radiates such as an electric monopole, generating omnidirectional linearly
polarised fields. Three modes: namely, TM01δ, TM02δ, and TM03δ are simultaneously excited and merged in the
composite structure to obtain a wide bandwidth of 59.5% [for voltage standing wave ratio≤2], covering frequency
range from 3.15 to 5.82 GHz. The radiation pattern of the proposed antenna is fairly stable throughout the operating
band with the measured peak gain varies from 3.27 to 6.09 dBi. A prototype of the proposed antenna is built and
tested. Both the simulations and experimental results are presented and discussed. The proposed antenna is suitable
candidate for worldwide interoperability for microwave access (3.5 GHz) and wireless local area network (3.65 GHz/4.9
GHz/5 GHz) applications. Moreover, it can also be used for lower European ultra-wideband frequency band (3.4–5 GHz)
applications.
1 Introduction

Dielectric resonator antennas (DRAs) have been investigated
extensively over the past few decades since their inception in 1983 by
Long et. al. [1]. Unlike conventional microstrip antennas, DRA offers
several advantages such as compact size, low loss, wide bandwidth,
minimal conductor loss, absence of surface waves [2] etc. In 1989,
Kishk et al. [3] have experimentally studied the broadband DRA for
the first time, where the two DRAs were stacked over one another to
get the broadband characteristics. Since then, a considerable amount
of research on DRA has been focused on exploring the techniques for
bandwidth enhancement. Various methods which include stacking
[4–6], mode merging [7, 8], composite, and hybrid structures [9–12],
conformal feed DRAs [13, 14] have been reported in the past.
However, the DRA under investigation in the above referred designs
radiates in broadside direction.

The cylindrical DR fed centrally by a coaxial probe generates
transverse magnetic (TM)01δ mode which results in
omnidirectional radiation. To the best of our knowledge, a handful
of wideband designs having omnidirectional radiation pattern were
reported. For instance, two variants of stacked annular ring [15,
16] have been proposed for wideband operation. An impedance
bandwidth of 45% has been achieved using disc-ring DRA antenna
in [17]. In an another work [18], a truncated annular conical DRA
with wide bandwidth and monopole-type pattern has been
investigated for body area network applications. In [19, 20], four
cylindrical DR were arranged in circular fashion and each element
was excited in hybrid mode (HE)11δ mode and composite field
patterns result in wideband monopole-type radiation. A half
hemispherical DRA [21] and a segmented DRA [22] having
impedance bandwidth of 35 and 30%, respectively, have been
reported for broadband monopole-type radiation. A wideband
annular column loaded cylindrical DRA having conical radiation
has been proposed in [23]. Zou and Pan [24] have investigated
resonant modes in a wideband hybrid omnidirectional rectangular
DRA and showed that the omnidirectional mode of the rectangular
DR is a combination of the higher-order transverse electric (TE)x121
and TEy

211 modes. Some ultra-wideband (UWB) DRAs having
omnidirectional radiation have also been investigated [25–27].
However, these designs are high profile in nature.
In this paper, a novel shape of DR is conceived through
geometrical modifications of cylindrical DR which is investigated
as a non-conventional shape that will generate omnidirectional
radiation over the wide bandwidth. In the proposed design, mode
merging technique is exploited where three resonant modes
(TM01δ, TM02δ, and TM03δ) are simultaneously excited in the
composite structure to achieve wide continuous bandwidth. All
these modes are radiating in similar manner such as short electric
monopole. The initial design parameters are determined using
analytical formula and then subsequently optimised through
simulations using Ansoft high-frequency structure simulator which
is based on finite element method.
2 Antenna configuration and design

The geometry of the proposed antenna is schematically shown in
Fig. 1. It constitutes two maltese-shaped DR of different dimension
stacked over one another. The lower DR has the dimensions: radius
Rl and height hl and the upper DR has the dimensions: radius Ru

and height hu. The antenna rests on a square metallic ground plane
of length L = 130 mm and thickness t = 1 mm. A coaxial probe of
length ph (above the ground plane) is introduced at the centre to
excite the antenna. The antenna is designed in four stages as
depicted in Fig. 2 to realise wideband characteristics. The steps are
as follows: (a) a cylindrical DRA with ɛr = 10.2 is designed at 3.6
GHz and is referred as Ant 1. (b) Ant 2 is designed by stacking
larger cylindrical DR of same permittivity over the smaller DR. (c)
To realise the Ant 3, the cylindrical geometry is perturbed such
that it transforms into the maltese cross shape. (d) Furthermore,
four circular holes of radius Rs (see Fig. 1b) are made in lower DR
of Ant 3 to realise the proposed antenna.
2.1 Design analysis

Fig. 3 shows the simulated voltage standing wave ratio (VSWR) and
input impedance response of the reference antennas and the proposed
antenna. From this figure, it is observed that two adjacent resonances
exist in Ant 1 which is excited centrally by a coaxial probe. The
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Fig. 1 Geometry of the proposed antenna

a Isometric view
b Lower DR
c Upper DR

Fig. 3 Simulated response of reference antennas and the proposed antenna

a VSWR
b Input impedance
lowest-order mode is TM01δ and its resonant frequency can be
determined by [2]

fr(TM01d) =
4.7713
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14.66+ (pa/2h)
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�������
er + 2

√ (1)

where a, h, and er are the radius, height, and relative permittivity of
cylindrical DR, respectively. The theoretical resonant frequency of
fundamental TM01δ mode is 3.6 GHz and match well with the
simulated value (3.58 GHz, indicated by the first peak of the real
part of input impedance curve after de-embedding the port). The
magnetic field distribution in Ant 1 at two different frequencies is
shown in Fig. 4a, which confirms the excitation of fundamental
TM01δ mode at 3.58 GHz and next higher-order TM02δ mode at
5.30 GHz.

When a cylindrical DR of radius Ru > Rl is placed on the top of
lower DR (see Fig. 2b), the previously existed resonances at 3.58
and 5.30 GHz are now shifted to 3.34 and 4.21 GHz due to the
loading effect of the larger DR. Additionally, an extra resonance
becomes notable at 5.04 GHz. It is evident from Fig. 3 that, the
Fig. 2 Geometry of reference and proposed antennas

a Cylindrical DRA (Ant 1)
b Stacked cylindrical DRA (Ant 2)
c Stacked maltese cross-shaped DRA (Ant 3)
d Proposed antenna
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good matching in lower frequency band results in wider bandwidth
as compared with Ant 1. The magnetic field distribution in Ant 2
at three different resonant frequencies corresponding to TM01δ,
TM02δ, and TM03δ modes are illustrated in Fig. 4b.

To further improve the performance, the geometry is perturbed by
removing some portion from both the cylindrical DR which
transform the geometry into maltese cross shape. The perturbation
lowers the effective permittivity which in turn reduces the Q-factor
(Q/ ePeff , P > 1 [2]) and enhances the antenna bandwidth. Owing
to the decrease in the value of effective permittivity, the resonant
frequency of all three modes shifts upwards from 3.34, 4.21, and
5.04 GHz to 3.61, 4.76, and 5.55 GHz as shown in Fig. 3b.
Though, the bandwidth of Ant 3 is wider than Ant 2 but the
higher side of frequency band is still not matched which result in
discontinuous bandwidth as depicted in Fig. 3a.

Finally, to further enhance the bandwidth, circular holes of radius Rs
are introduced in the lower DR. The perforations (circular holes) in the
DR further reduces the quality factor by lowering down the effective
permittivity as well as match the higher side of frequency band,
leading to wide bandwidth of 59.6% (for VSWR≤ 2), covering the
frequency range from 3.15 to 5.83 GHz. Alike the previous case,
here also the resonant frequency of all the modes increases from
3.61, 4.76, and 5.55 GHz to 3.625, 5.06, and 5.81 GHz because of
reduction in effective permittivity. Figs. 4c and d depict the magnetic
field distribution in Ant 3 and proposed antenna, respectively.
3 Parametric analysis

The judicious selection of size and position of perforations (circular
holes) should be made in order to get the broad bandwidth. In this
section, parametric analysis is carried out to scrutinise the effect of
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Fig. 4 Magnetic field distribution of

a Ant 1
b Ant 2
c Ant 3
d Proposed antenna
circular hole position and size. Moreover, the effect of probe height
ph and radius of upper DR Ru are also critically examined.
3.1 Effect of circular hole position (d)

Fig. 5 shows the simulated VSWR for different values of d keeping
the other parameters constant. It is observed that as d increases from
10.5 to 13.5 mm, the matching becomes better in the desired
frequency range. For d = 13.5 mm, the circular holes touch the
periphery of DR and makes the fabrication difficult. Therefore, for
the present paper the value of d is chosen as 12.5 mm.
3.2 Effect of circular hole radius (Rs)

The simulated VSWR for different values of RS keeping the other
parameters constant is presented in Fig. 6. On increasing the
radius of circular hole, the effective permittivity decreases which
IET Microw. Antennas Propag., 2017, Vol. 11, Iss. 2, pp. 247–252
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in turn reduces Q-factor leading to wide bandwidth. Though the
bandwidth is wider for the case when Rs = 5 mm but for this value
the circular hole touches the periphery of the DR which makes the
fabrication burdensome. Thus, the value of radius is chosen as 4 mm.
3.3 Effect of probe height (ph)

In Fig. 7, the simulated VSWR of the proposed antenna with different
probe length ph is presented and pronounce effect of ph is revealed. It
is found that the better matching occurs in the desired frequency band
when the probe length is 8 mm above the ground plane.
3.4 Effect of upper DR radius (Ru)

Fig. 8 depicts the effect of different values of Ru on the VSWR of the
proposed antenna keeping the other dimensions constant. It is
evident from this figure that on increasing the value of Ru from
249
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Fig. 5 Simulated VSWR response of the proposed antenna for different
values of d (Rl = 18 mm , Ru = 27 mm , hl = 10mm, hu = 10 mm , Rs =
4 mm, and ph = 8 mm)

Fig. 6 Simulated VSWR response of the proposed antenna for different
values of circular hole radius Rs (Rl = 18 mm, Ru = 27 mm, hl = 10 mm,
hu = 10 mm, d = 12.5 mm, and ph = 8 mm)

Fig. 7 Simulated VSWR response of the proposed antenna for different
probe length ph (Rl = 18 mm, Ru = 27 mm, hl = 10 mm, hu = 10 mm, Rs = 4
mm, and d = 12.5 mm)

Fig. 8 Simulated VSWR response of the proposed antenna for different
values of Ru (Rl = 18 mm hl = 10 mm, hu = 10 mm, Rs = 4 mm, d = 12.5 mm,
and ph = 8 mm)
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Ru = Rl = 18mm to Ru = 1.5 Rl = 27 mm, the bandwidth increases.
After that bandwidth reduces and VSWR curve becomes worst.
Thus, for the best bandwidth Ru is chosen as 27 mm.
4 Results and discussion

A prototype of the proposed antenna is fabricated out from Rogers
RT/Duroid 6010 of relative permittivity 10.2 and loss tangent
0.0023 for experimental verification. The optimised dimensions of
the antenna are: Rl = 18 mm, Ru = 27 mm, hl = 10 mm, hu = 10 mm,
Rs = 4 mm, d = 12.5 mm, and ph = 8 mm.

The measured and simulated VSWR of the proposed antenna is
shown in Fig. 9. The measured bandwidth of antenna is 59.5%
(3.15–5.82 GHz) and agrees with the simulated bandwidth which
is 59.6% (3.15–5.83 GHz).

Fig. 10 shows the simulated and measured normalised radiation
pattern in the H-plane (xy-plane) and E-plane (xz-plane) of the
proposed antenna at three different frequencies within the band of
interest. It is observed that radiation pattern is quite stable over the
entire spectrum. Both simulated and measured cross-polar level is
below −10 dB in the H-plane. In the E-plane, the simulated and
measured cross-polar level is below −30 and −20 dB, respectively.
The peak gain variation of antenna is depicted in Fig. 11. The
simulated peak gain of antenna varies from 3.90 to 6.17 dBi,
whereas the measured peak gain ranges from 3.27 to 6.09 dBi.
Some discrepancy in the DRA measurement is not unusual which
is owing to fabrication tolerances and inevitable air gap that exist
Fig. 9 Simulated and measured VSWR response of the proposed antenna
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Fig. 10 Normalised radiation pattern in H-plane (XY-plane) and E-plane
(XZ-plane) at

a 3.62 GHz
b 5.00 GHz
c 5.60 GHz

Table 1 Comparison of different wideband DRAs

DRA references Modes BW,% Peak gain,
dBi

[15] TM01δ 18 (5–6 GHz) NA
[16] TM01δ 42 (3.6–5.5 GHz) 5.5
[17] TM01δ 45 (2.2–3.5 GHz) NA
[18] TM01δ 50 (3–5 GHz) NA
[19] HEM11δ 29 (3–4 GHz) 4
[20] HEM11δ 49 (3.48–5.82

GHz)
4–6

[21] HEM11δ, TM101 35 (2.8–4 GHz) 5
[22] HEM11δ, TM101 26 (2.7–3.5 GHz) NA
[23] TM01δ, TM02δ, TM03δ,

TM04δ

56 (3.14–5.56
GHz)

3–8.7

proposed
antenna

TM01δ, TM02δ, TM03δ 59.5 (3.15–5.82
GHz)

3.27–6.09

BW: Bandwidth
between the DRA and the metallic ground plane. The adhesive that is
used to glue the DR with ground plane might affect the performance
as well.
Fig. 11 Simulated and measured peak gain variations of the proposed
antenna
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A comparison of the proposed antenna with some previously
reported literature is given in Table 1.
5 Conclusion

A stacked maltese cross-shaped DRA for wideband applications
has been proposed. Three modes (TM01δ, TM02δ, and TM03δ) are
simultaneously excited and merged in the composite structure to
obtain a wide bandwidth with omnidirectional radiation pattern.
Experimental results show that the proposed antenna exhibits
impedance bandwidth of 59.5%, covering the frequency range
from 3.15 to 5.82 GHz. The radiation pattern of the antenna is
fairly stable throughout the band with the measured cross-polar
level below −10 dB in H-plane and −20 dB in E-plane. The peak
gain of the proposed antenna varies from 3.27 to 6.09 dBi in the
passband. The proposed antenna could be a good candidate for
worldwide interoperability for microwave access (3.5 GHz) and
wireless local area network (3.65 GHz/4.9 GHz/5 GHz) band
applications. Additionally, it could be suitable for lower European
UWB frequency band (3.4–5 GHz) applications.
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