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Abstract

This paper presents the design of a cylindrical dielectric resonator antenna (DRA) using a nearly temperature stable dielectric composite
material. By the combination of compounds with positive and negative temperature coefficient, a dielectric composite series
(1 — x)(Mgg.95Zng 95)TiO5 — x(Cag gSro»)TiO3 has been developed. The structural and morphological properties of the grown samples have
been characterized by means of X-ray diffraction (XRD), scanning electron microscope (SEM) and energy dispersive X-ray (EDX) spectroscopy
analysis. Microwave dielectric properties of the composite samples have been investigated using the TE,; s dielectric resonator method. Relative
permittivity (g,) of 21.9, dielectric loss tan § of 0.0002 and temperature coefficient of resonant frequency (z;) of —0.15 ppm/°C have been obtained
for the x = 0.08 sample, which was used for designing the DRA. The DRA resonates at 4.6 GHz frequency and offers the bandwidth of 315 MHz.
The characteristics of proposed DRA have been simulated using the Ansoft high frequency structure simulator (HFSS). Comparison between the
simulated and measured results shows a reasonably good agreement.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The dielectric resonators (DRs) have potential applications in
microwave devices such as filters, duplexers, oscillators and
patch antennas useful for cellular phones and global positioning
systems capable of operating in the GHz range [1-7]. A DR
consists of a block of dielectric material and can be of various
geometrical shapes, e.g. cylindrical, rectangular, spherical and
conical. The physical dimensions and permittivity of the
dielectric block determine its resonant frequency. When a DR
is not entirely enclosed by a conducting boundary, it can radiate
and so it becomes an antenna, called dielectric resonator antenna
(DRA). Although open DRs were found to radiate many years
ago [3], in recent years the frequency range of interest has
gradually progressed to the 3-30 GHz band. The DRAs are
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increasingly becoming attractive for many applications in
wireless communication due to their interesting features like
high radiation efficiency, compact size, low cost, compatibility
with monolithic microwave integrated circuits (MMICs) and
ability to obtain different radiation patterns by exciting different
modes with different feeding mechanisms [1,2]. As the main
body of the DRA is not made of metal, the loss would be greatly
reduced when compared with some antenna designs consisting of
mainly metallic structure, such as the patch antennas. The only
loss for a DRA is that due to the imperfect dielectric material,
which can be very small in practice. Thus DRA has found
potential applications in the microwave, millimeter wave band
and above.

For this type of applications, the dielectric materials must
have the combined dielectric properties of a high permittivity
(¢,), a low dielectric loss (tan ), a high quality factor (Q X f)
and a very small (~0) temperature coefficient of the resonant
frequency (7). The 7, value is a measure of the drift in the
resonant frequency with respect to temperature. Material
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having a large 7 is not useful in a microwave circuit as it is
difficult to maintain its resonant frequency with changes in
the operating temperature [8], therefore its 7 value should be
close to zero for the thermal stability of the device [9,10].
Recently the use of dielectric composites has been proposed
for controlling these properties. It has been observed that the
mixing of two or more compounds with negative and positive
temperature coefficients is the most promising method for
obtaining a zero 7, value [7,9]. The MgTiO3-based ceramics
are widely applied as dielectrics in resonators, filters and
antennas for communication at microwave frequencies [7,11].
The MgTiO3 ceramics show good dielectric properties:
&~ 17, 0 x f ~ 160,000 GHz and a negative 7, ~ —51 ppm/
°C [12]. The CaTiO5 ceramics also show good dielectric
properties: ¢, ~ 170, Q x f ~ 3600 GHz and a large positive
7, ~ 800 ppm/°C [13]. From previous reports it was found
that the 0.95MgTiO5-0.05CaTiO; ceramic exhibits the
dielectric properties of ¢, ~21, Q X f~ 56,00 GHz, and
7, ~ 0 ppm/°C [14]. However, it required sintering tempera-
tures as high as 1400-1500 °C. Many researchers made
efforts to study the microstructures and the microwave
dielectric properties of these ceramics by adding various
additives, varying synthesis processes or by replacing Mg and
Ca with suitable dopants [15-17]. Recently the MgTiO;—
CaTiOj3 ceramic composites with the partial replacement of
Mg and Ca are found to show better microwave dielectric
properties useful for dielectric resonators [16,17] and these
can be synthesized at a lower sintering temperature
(~1300 °C). The (Mggp.95Zng 5)TiO3 (MZTO) ceramic was
investigated to possess excellent dielectric properties with
&~ 16.21, O xf~240,000GHz and a negative
7, ~ —60 ppm/°C [18,19]. Another ceramic (Cag gSr)TiO3
(CSTO), having dielectric properties of ¢, ~ 181,
O x f~ 8300 GHz and a large positive 7y~ 991 ppm/°C
[20], can be chosen as a 7 compensator for MZTO.

Hence for achieving an effective compensation in its
temperature coefficients, in present work CSTO has been added
to MZTO with different percentages and a systematic study on
the properties of a ceramic composite system (1 —x)
MZTO — (x)CSTO, with x=0.02-0.08 have been carried
out. It has been observed that CSTO addition increases the ¢,,
decreases the quality factor (Q x f value), and compensates 7,
of MZTO. A cylindrical DRA has been designed using one of
the compositions of this series which has a relatively high
permittivity and a near-zero 7y The characteristic of designed
antenna has been simulated using high frequency structure
simulator (HFSS) based upon the finite element method (FEM),
which characterizes the 3D designs. The variation of return loss
versus frequency, the input impedance at resonant frequency
and far field radiation patterns of the DRA are determined
experimentally and compared with the simulated results.

2. Experimental
The (1 — x)MZTO — (x)CSTO, where x = 0.02, 0.03, 0.04,

0.05,0.06 and 0.08 ceramic composites were prepared using the
conventional solid state reaction method. At first MZTO and

CSTO were separately synthesized from the raw materials
MgO/CaCO;, ZnO/SrCO;5; and TiO, powders by taking the
stoichiometric amount of these as per requirement. The raw
materials were accurately weighed and mixed with distilled
water for 24 h in a ball mill using zirconia balls. The dried
powder was calcined at 1100 °C for 4 h [15,17]. To get the
composite samples of MZTO-CSTO series, the calcined
powders of MZTO and CSTO were then mixed in desired ratio
and remilled for 24 h. Polyvinyl alcohol (PVA) solution of
3 wt.% was added to the remilled product and pressed in the
form of cylindrical pellets of diameter 8§ mm and height 5 mm.
These pellets were sintered at 1300 °C for 4 h in air. The
apparent density of grown samples was measured by the
Archimedes method. The crystalline structure of the samples
were characterized by the X-ray diffraction (XRD; Philips,
CuK,, radiation) with a step size of 0.02 in the range of
20° <26° < 80° and scanning electron microscope (SEM,;
JEOL, Model: JSM-6390LV) equipped with energy dispersive
X-ray (EDX) spectrometer (Oxford INCA, Model: DCL-7673).

Microwave dielectric properties of the composites were
measured using the TE;5 resonance mode of the cylindrical
pallets inserted in a shielding cavity by Agilent PNA
E8364B network analyzer in the transmission setup with a
weak or moderate coupling [21,22]. The cavity with DR
was placed in the Janis close-circle He cryostat, which
allows temperature measurements in the interval of 10—
380 K. Numerical calculations of the dielectric parameters
from the measured resonance frequencies and Q-factors were
based on the electrodynamic analysis [21,22]. For the study
of antenna characteristics of the DRA, an Agilent PNA
E8364B vector network analyzer (10 MHz-50 GHz, coaxial
output 2.4 mm), signal generator (Rhode and Schwarz) and
spectrum analyzer (Rhode and Schwarz) were used. The
Ansoft HFSS software has been employed to simulate the
DRA characteristic.

3. Results and discussion

3.1. Structural and dielectric properties

The XRD patterns of MZTO, CSTO and (1 —x)
MZTO — (x)CSTO, where x = 0.02-0.08 ceramics are shown
in Fig. 1. It is seen from the figure that in the composite
samples, MZTO presents as the main crystalline phase in
association with minor phase of CSTO. With the increase in x,
CSTO phase appeared gradually enhanced, and a two-phase
system was clearly observed. The XRD peak indicated by ‘+’
corresponds to the (Mg 95Zng o5)Ti,05 compound, which is
difficult to completely eliminate from the sample prepared by
mixed oxide route although it might affect the microwave
dielectric properties of samples [12]. Other than this spurious
peak, the diffraction peaks caused by the individual phases are
distinguishable from each other indicating almost no chance of
interdiffusion. By employing ‘Checkcell’ software it is
observed that MZTO has a rhombohedral structure with lattice
constants a = 5.152(1) Aandc= 13.856(1) A having R3 space
group whereas the pure CSTO has an orthorhombic structure
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Fig. 1. XRD patterns of MZTO, CSTO and (I — x)MZTO — (x)CSTO where
x=0.02, 0.03, 0.04, 0.05, 0.06 and 0.08 ceramic composites. [(+)
Mgo.95Zn.05Ti20s, (*) CaggSro2TiO3].

with lattice constants a =15.416(1) A, b= 5.439(1) A, and
c=7.6842) A having Pbnm space group.

The surface microstructural images of (1 —x)
MZTO — (x)CSTO, where x=0.02-0.06 composites are
shown in Fig. 2(a)-(e). The figures show compact distribution
of grains of different shapes. All specimens show a similar
surface morphology since the variation in their compositional
ratio is small. Fig. 3(a)—(d) shows the SEM and EDX results of
x=0.08, i.e. 0.92MZTO-0.08CSTO sample. Fig. 3(b) explains
the existence of elemental peaks corresponding to both the
phases, which are found when we take EDX for entire sample
area as shown in Fig. 3(a). Fig. 3(c) and (d) provides the EDX
results corresponding to the spots ‘A’ and ‘B’ where the
elemental peaks are found mainly of CSTO and MZTO phases,
respectively. The peaks for Au have appeared because of the
fact that the samples were coated by gold to avoid charging.
From combined study of SEM and EDX, it has been understood
that in this sample grains of both the phases are clearly
distinguishable from each other and the CSTO grains are
distributed randomly beside the MZTO grains.

Fig. 4 represents the relative permittivity (¢,) and dielectric
loss (tan ) of (1 — x)MZTO — (x)CSTO composite samples in
the microwave frequency range. From this figure it is evident
that ¢, increases from 18.6 to 21.9 and tan § also increases from
0.00009 to 0.0002, when the amount of CSTO addition
increases from 0.02 to 0.08. This is because of the fact that
CSTO has higher permittivity and loss compared to those of
MZTO, hence samples of this series show a combined
behaviour. From this figure it may be noticed that the loss of
the x = 0.03 sample is relatively high which may be due to a
higher part of some extrinsic losses compared to other samples.
The QO x f and 71, values of (1 —x)MZTO — (x)CSTO

composites with the variation of CSTO percentage are
demonstrated in Fig. 5. The Q x f value decreases with the
CSTO addition because it is smaller for CSTO compared to that
for MZTO. The 1, values of the samples mainly depend on the
composition(s) of the material and the spurious compound if
any. It can be defined as follows:

T = f 2 f 1 (1)
fo(T2 = Th)

where f; and f, represent the resonant frequencies at two
different temperatures 7, and T», respectively. It is observed
from the figure that the 7y of (1 —x)MZTO — (x)CSTO ce-
ramics rapidly changes with increasing x value due to a large
positive 7y of CSTO (1 ~ 991 ppm/°C). It varies from —49.96
to —0.15 ppm/°C as the amount of CSTO addition increases
from 0.02 to 0.08. A nearly zero 7, (~0.15 ppm/°C) has been
achieved for the 0.92MZTO-0.08CSTO sample. The values of
¢, tan 8, O X f, trand density of these samples have been listed
in Table 1.

Temperature dependence of the relative permittivity changes
gradually on increasing CSTO concentration (Fig. 6a) from the
MgTOs-like one with decreasing permittivity on cooling
(x =0.02 composition) to the CaTiOs-like one with increasing
permittivity on cooling (x = 0.08 composition). The competi-
tion of MZTO and CSTO component influence is better seen in
the normalized &(7) plots (Fig. 6b). The “‘compensation point”’,
corresponding to the ¢(7) minimum, shifts from 70 K to 330 K
on increasing the CSTO component. For 0.92MZTO-
0.08CSTO sample this point is close to the room temperature,
consequently this composition is characterized by the best
stability of the microwave dielectric parameters at working
temperatures.

Microwave dielectric losses increase on increasing CSTO
concentration (Fig. 7) at all studied temperatures (Fig. 7). A
tan 8(7) maximum is observed near 100 K for all the
compositions, which indicates a weak dielectric relaxation
passing through the GHz range at this temperature. The value of
tan §(7) maximum increases monotonically with the CSTO
concentration which means that it is due to this component. It
should be considered that CSTO, as well as CTO is
orthorhombic and ferroelastic [23,24]. Presence of the possible
ferroelastic domains could result in weak relaxation processes
producing additional dielectric losses. But due to its weakness,
no measurable contribution to permittivity was observed. The
microwave losses remain still very low at all the temperatures
and bring no limitations for the tentative applications of the
MZTO-CSTO composites.

3.2. Properties of designed DRA

We have designed a cylindrical DRA using the 0.92MZTO-
0.08CSTO sample, because a nearly zero value of 7, ensures the
stability of the microwave components at different working
temperatures. The cylindrical DRA offers greater design
flexibility compared to different other shapes of DRA, as in
this case the ratio of radius to height (a/h) controls the resonant
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20kV X2, SDD

Fig. 2. SEM micrographs of the (1 — x)MZTO —
x=0.06.

frequency and the Q factor. Fabrication is also simpler than for
others. In order to determine the bandwidth and the radiation
patterns of the designed DRA, the properties of this DRA has
been studied by performing experiment as well as simulation.
The DRA is placed above a conducting ground plane made of
copper plate and excited by a coaxial probe feed with varying
probe length of SMA connector. The outer conductor of
subminiature version A (SMA) connector is connected to the
ground plane and the inner conductor (probe) is connected to
the DRA as shown in Fig. 8(a) and (b). The ground plane often
affects the radiation properties of the antenna and it is important
to be able to predict such variation. When a DRA is excited with
a coaxial probe feed, the electric field (E) lines terminate
usually to the surface of the feed probe. Since the normal
component of E is discontinuous across a surface separating
two media of different permittivites, the introduction of a thin
air gap between the feed probe and a dielectric resonator is

10pm

20kV X2 500 10um 0001

14 50 SEI

0001 165 60 SEI

(x)CSTO ceramic composites sintered for 4 h at 1300 °C, (a) x = 0.02, (b) x = 0.03, (¢) x = 0.04, (d) x = 0.05 and (e)

considered in the DRA configuration [25]. The parameters that
affect the overall performance of the antenna include the probe
length of SMA connector, permittivity of the DRA, dimensions
of the DRA, air gap between the probe and dielectric resonator
and size of the ground plane. The length and width of the
ground plane is optimized for maximum bandwidth operation
of the antenna. The position of DRA on the ground plane is
adjusted to obtain maximum bandwidth and better impedance
matching. The simulation is repeatedly performed for different
probe lengths of coaxial probe and also for its different
positions. After thorough studies with the help of simulations as
well as experiment, it is observed that the probe length 0.65 cm
and ground plane of dimensions 10cm x 10cm x 0.2 cm
offers reasonably good agreement between the simulated and
measured results. The cylindrical DRA, designed for this work
has a radius @ = 0.645 cm, height 4 = 0.729 cm and ¢, = 21.9 as
shown in Fig. 8(b). The frequency at which the return loss of a
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Fig. 3. (a) SEM image of 0.92MZTO-0.08CSTO sample, (b—d) EDX results of 0.92MZTO-0.08CSTO sample for entire area and positions ‘A’ and ‘B’, respectively.

DRA becomes minimum is called resonant frequency of the
structure. The cylindrical DRA is worked at the HEM ;5 mode

and its resonant frequency f, can be approximated by the
following equation [3,26,27]:

2.997 a a\?2
= 102740365+ 0.02(~ 2
fo 20m/2+s,[ OO (2h> ] @

where ¢, is the relative permittivity, a and & are the radius and
thickness of the DRA.
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Fig. 4. Relative permittivity and loss factor of MZTO-CSTO composites as a
function of CSTO addition.

The simulated and measured variations of return loss versus
frequency for the DRA are shown in Fig. 9. The resonant
frequency of DRA has been measured at 4.6 GHz as compared
to 4.55 GHz in the computations; i.e., a marginal difference of
1.1% has been observed between the two sets of results.
However, some deviations are observed in the simulated and
measured values of return loss bandwidth. The resonant
frequency of proposed DRA offers a bandwidth of 315 MHz
(4.45-4.77 GHz) while 100 MHz bandwidth has been observed
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Fig.5. Q x fvalues and 7y values of MZTO-CSTO composites as a function of
CSTO addition.
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Table 1

The values of ¢, tan §, Q x f, 7 and density of MZTO-CSTO composites.
%CSTO &, Tan § oxf 7 Density (gm/cm®)
2 18.6 9E—5 94711.76 —49.96  3.73

3 19.65 1.77E—4  48736.8 —41.54  3.70

4 19.9 1.23E—4  68889.6 —-37.83 3.73

5 20 1.38E—4 60711 —-31.82 3.74

6 20.6 1.64E—4 52086 -20.18  3.77

8 21.9 2E—4 42080 -0.15  3.79

in the simulation. The difference may be due to the
consideration of the finite size of ground plane during
experiment and the edge diffraction effects [2,28,29]. The
corresponding Smith chart representation of the S;; from 4.48
to 4.63 GHz is shown in Fig. 10. To obtain a low return loss at
resonant frequency, the impedance locus should be shifted as
near as possible to the center of the Smith chart. As seen
from the measurement results, the input impedance is
47.85 — j29.99 Q) at the frequency of 4.55 GHz. A matching
point is near the point of 4.6 GHz, which is very close to the
center of the Smith chart.

The far field radiation patterns of the DRA for @ =0° (E-
plane) and @ =90° (H-plane) have been measured at the
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20 T
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Fig. 6. Temperature dependences of the relative dielectric permittivity ¢, (a)
and normalized permittivity ¢, (b) of (I — x)MZTO — (x)CSTO MZTO-CSTO
composites for x =0.02, 0.04, 0.06, and 0.08.
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Fig. 7. Temperature dependences of the loss factor of composites for x = 0.02,
0.04, 0.06, and 0.08.

respective resonant frequency of the antenna and compared
with the simulated results; the results are presented in Fig. 11.
The simulated and measured far field radiation patterns of the
DRA for @ =0° (E-plane) are in good agreement and show
almost omni—directional characteristic. However, the simulated
and measured results of radiation patterns for @ =90° (H-
plane) are not very similar. The difference between the results
might have occurred because of the experimental errors
associated with the positioning of feed cable with respect to
orientation of the DRA. From the above studies it is observed
that the expected resonant frequency can be obtained by

(2)

Fig. 8. (a) The geometry of the cylindrical DRA and (b) original DRA
fabricated in lab.
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Fig. 11. Simulated and measured far field radiation patterns of the DRA for (a) @ =0°, (b) @ =90° at 4.6 GHz.

choosing the dielectrics of suitable permittivity and size, and
also having a near zero temperature coefficient of the resonant
frequency. The results obtained here are encouraging and carry
message that these types of DRAs can have practical
applications in the radar communication field.

4. Conclusions

In this paper we report the microwave dielectric properties
of (1 — x)MZTO — (x)CSTO dielectric composite series. The
0.92MZTO-0.08CSTO sample of this series is found to
possess microwave dielectric parameters suitable for
designing an antenna; its ¢,, tan$ and 7, are 21.9, 0.0002,
and —0.15 ppm/°C, respectively. We have designed a
cylindrical DRA using this material, which shows resonant
frequency at 4.6 GHz with a bandwidth of 315 MHz. The

characteristics of the proposed DRA have been simulated
using the HFSS software and also studied through experi-
ment. The agreement between the simulated and measured
results is reasonably good. The results of the present report
lead to the conclusion that such DRAs can be used as suitable
candidates for the C-band (4-8 GHz) of radar frequency
range.
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