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a  b  s  t  r  a  c  t

Present  investigation  provides  experimental  studies  on  cylindrical  dielectric  resonator  antennas  (CDRAs)
fabricated  from  (Zn1−xMgx)TiO3 (ZMT)  ceramic  material  with  different  substitution  of  Mg  in place  of  Zn
(x  =  0.1,  0.2,  0.3, 0.4  and  0.5)  along  with  measurement  of material  permittivity  in C-band  of  microwave
frequencies.  The  dielectric  properties  of  the  ZMT  ceramic  materials  with  different  x values  (x =  0.1–0.5)
have  been  measured  at microwave  frequencies  using  Hakki–Coleman  method  modified  by  Courtney.  The
value of dielectric  constant  and  loss  tangent  decreases  with  the  increase  in  Mg  content.  The dielectric
constant  is  minimum  for x = 0.3  and  loss  tangent  is  minimum  for x = 0.5.  The  variations  of  return  loss
RA
ermittivity
adiation pattern

and  input  impedance  versus  frequency  and  radiation  patterns  of  CDRAs  at  their  respective  resonant
frequencies  are  studied  experimentally.  The  measured  results  for resonant  frequency  and  return  loss
bandwidth  of the  CDRAs  are  also  compared  with  theoretical  ones.  The  measured  resonant  frequencies
of  all  the  four  CDRAs  are  nearly  in agreement  with  respective  theoretical  values  and  the  values  of  input
resistance  at  respective  resonant  frequencies  of the  CDRAs  match  well  with  the  coaxial  feed  impedance
of  50  �. The  designed  CDRAs  have  broad  beam,  low  side  lobe  and  cross-polarized  lobe  levels.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

With the rapid development of global microwave communi-
ation in recent years, the demand for high-quality microwave
evices has increased. Dielectric resonators (DRs) have been exten-
ively used in microwave circuits, such as oscillators, filters and
avity resonators. In present decade, the antennas in microwave
nd millimeter wave band employing these types of resonators
ave been extensively studied [1–4]. These antennas have several
dvantages such as small size, low profile, high radiation effi-
iency, large bandwidth, flexible feed arrangement, wide range of
aterial dielectric constants, ease of excitation, easily controlled

haracteristics and ease of integration with other active or pas-
ive microwave integrated circuit (MIC) components [5–9]. DRAs
re available in various basic classical shapes such as rectangular,
ylindrical, spherical and hemispherical geometries. Two dielectric

roperties of materials must be considered for DRA use. The first
roperty is dielectric constant and the second one is quality factor.

∗ Corresponding author. Tel.: +91 542 6701258; fax: +91 542 2366758.
E-mail address: ravi.gangwar.ece07@itbhu.ac.in (R.K. Gangwar).
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The size of DRA is inversely proportional to dielectric constant of
material and losses in the DRA to quality factor of material.

Several dielectric materials have been developed for DRA appli-
cations. Zinc containing ceramics such as (Zn,Mg)TiO3 are good
aspirants for microwave dielectric devices owing to their high qual-
ity factor and relatively low loss. Recently, many investigators have
focused attention on the substitution of the Zn site with Mg  to form
solid solutions and improve the dielectric properties of microwave
materials [10–12]. The addition of V2O5 significantly improved the
densification of (Zn,Mg)TiO3 and the addition of glass additives
in (Zn1−xMgx)TiO3 (ZMT) ceramics lowered the sintering temper-
ature and improved the microwave dielectric properties [13,14].
Additionally, the increased amount of magnesium raised both
the sintering temperature and the decomposition temperature
of (Zn,Mg)TiO3. Dielectric properties of microwave (Zn,Mg)TiO3
ceramics depend on the densification and phase structure. As the
amount of magnesium content is increased, relative permittivity
of (Zn,Mg)TiO3 dielectrics decreased which is accompanied with
increase in Q × f value.
In this paper, the synthesis and characterization of
(Zn1−xMgx)TiO3 (ZMT) ceramic materials with different x val-
ues (x = 0.1, 0.2, 0.3 and 0.4) and radiation characteristics of
cylindrical dielectric resonator antennas (CDRAs) fabricated using

dx.doi.org/10.1016/j.jallcom.2011.08.028
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Experimental density of ZMT  ceramic materials.

Compositions with x Density (gm/cm3)

0.1 4.62615
0.2 4.23734
0.3 3.96533
0196 R.K. Gangwar et al. / Journal of Alloys

hese materials are reported at microwave frequencies. The dielec-
ric properties of ZMT ceramic materials synthesized with different

 values (x = 0.1, 0.2, 0.3, 0.4 and 0.5) are characterized. The radi-
tion characteristics of the fabricated CDRAs at their respective
esonant frequencies are investigated experimentally. Measured
esults for resonant frequency and bandwidth are compared with
heoretical ones.

. Materials, synthesis and characterization

The (Zn1−xMgx)TiO3 (ZMT) materials in powder form with x values varying from
.1  to 0.5 using step interval of 0.1 were prepared using solid state ceramic route.
nO  [99.5%, S.D. Fine Chemical Ltd], MgO  [96%, Thomas Baker (Chemicals) Pvt. Ltd]
nd  TiO2 [99.5%, Reidal (India) Chemicals] were used as starting materials. Stoichio-
etric amounts of all the compounds were taken and mixed thoroughly in an agate
ortar with pestle for 2 h using acetone as mixing media. The mixed powders were

hen transferred into zirconia jar and ball milled with the help of zirconia grinding
edia for 4 h using acetone as mixing medium. The mixed powders were dried in

ir and calcined in an alumina crucible at 1200 ◦C using an electrical furnace. The
alcined powders were ground and mixed uniformly with a few drops of 2 wt% solu-
ion of polyvinyl alcohol (PVA) acting as a binder. Binder mixed powders were then
ressed into pellets under optimum load of 70 kN in cylindrical shape with radius-
o-height ratio of 2:1 using a uniaxial hydraulic press. These pellets were sintered
t  1300 ◦C for 4 h in air. For sintering, pellets were kept on alumina plate, heated
lowly up to 500 ◦C and kept at this temperature for about 2 h to burn off the binder
ompletely. Thereafter, the temperature was raised to required sintering tempera-
ure  at a rate of 5 ◦C/min, soaked at this temperature for 4 h and then cooled to room

◦
emperature at a rate of 5 C/min.
Density of the sintered pellets was measured using Archimedes Principle. The

intered pellets were ground and powder X-ray diffraction patterns were recorded
sing Seifert X-ray Diffractometer employing Cu-K�I radiation using a Ni filter. Sin-
ered pellets were polished using emery papers of grade 1/0, 2/0, 3/0, 4/0 and 5/0

ig. 1. X-ray diffraction patterns of (Zn1−xMgx)TiO3 with (a) x = 0.1, (b) x = 0.2, (c)
 = 0.3, (d) x = 0.4 and (e) x = 0.5 (where *(Mg,Zn)TiO3, #(Mg,Zn)Ti2O5 and $TiO2).
0.4 3.93987
0.5 3.85424

(Sia, Switzerland) successively followed by polishing on a velvet cloth with dia-
mond paste of grade 1/4-OS-475 (HIFIN). Then, they were etched chemically using a
solution containing 10% of acetic acid. Chemically etched pellets were washed in dis-
tilled water and coated with gold by sputtering technique. The micrographs were
recorded using ZEISS scanning electron microscope (FE-SEM, Model No. SUPRA-
40,  USA). Phases of solid solutions were confirmed by powder XRD. XRD patterns
for  solid solution of different compositions of system (Zn1−xMgx)TiO3 (ZMT) with
x  = 0.1–0.5 are shown in Fig. 1(a)–(e). Phases of different compounds were identi-
fied using standard JCPDS files of possible compounds which can be formed during
reactions. Identified phases of different compounds are indexed in Fig. 1(a)–(e). This
shows that all the compositions have (Mg,Zn)TiO3, (Mg,Zn)Ti2O5 and TiO2 phases.
The proportions of different phases depend on composition. It is observed that
increasing the content of Mg suppresses the phase of un-reacted TiO2 and promotes
the formation of (Mg,Zn)Ti2O5 phase. The experimental density of the sintered pel-
lets  determined using Archimedes principle is given in Table 1. It can be seen from
Table 1 that the density of the sintered ZMT  ceramic decreases with increase in Mg
content. The decrease in density may be due to the precipitation of MgTi2O5. Fig. 2
shows the SEM of the compositions with x values varying from 0.1 to 0.5. From Fig. 2
it  can be observed that all compositions have agglomerated nano grains with dense
structure. It is also observed that size of the grains increases with increasing Mg
content.

3. Measurement of dielectric constant of ZMT ceramic
material

Microwave dielectric properties of ZMT  ceramic materials in
the frequency range of 2–10 GHz were measured using an Agi-
lent PNA series Vector Network Analyzer (Model No.: 8722ES).
The values of dielectric constant (εr) and loss tangent (tan ı) are
obtained using TE011 resonance mode of the end-shorted sample
placed between two  conducting plates, using the method of Hakki
and Coleman [15] and modified by Courtney (Fig. 3(a)). The reflec-
tion method was used for measuring the Q-factor, in which the
sample was  placed at the center of a cylindrical resonant cavity
having dimensions three times greater than the sample dimensions
(Fig. 3(b)). The measurement was  done using TE011 mode of the
under coupled resonator and the correction for the coupling coef-
ficient was  applied [16]. The experimentally determined values of
dielectric constant and loss tangent of the ceramic materials are
given in Table 2.

From Table 2 it can be observed that the value of dielectric con-
stant and loss tangent decreases with increase in Mg content. The
dielectric constant is minimum for x = 0.3 and loss tangent is mini-
mum  for x = 0.5. This shows that increasing amount of Mg  content
improves the loss property of the ZMT  material. The high value
of dielectric constant as well as loss tangent of material for the
compositions x = 0.1 and 0.2 may  be due to the presence of more
un-reacted TiO2 and the lower value of rest of the compositions
may  be attributed to less amount of un-reacted TiO2 and decreasing
density. Variation in the value of dielectric constant of material for
compositions with x = 0.3, 0.4 and 0.5 may  be due to different pro-
portion of phases (Mg,Zn)TiO3 and (Mg,Zn)Ti2O5 present in these
compositions. The decrease in the value of dielectric constant in the
later compositions may  be attributed to increase of grain size i.e.
decrease in overall area of grain boundaries.
4. Antenna design

The configuration of CDRAs fabricated from (Zn1−xMgx)TiO3
(ZMT) (x = 0.1–0.4) ceramic materials sintered at 1300 ◦C is shown
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Fig. 2. SEM of ZMT ceramic 
n Fig. 4. Each DRA is placed on a conducting ground plane (cop-
er conductor of size 60 mm × 60 mm × 4 mm is used as ground
lane). The DRAs fabricated from ZMT  ceramic materials are excited
y 50 � coaxial probes of same diameter (=1.3 mm)  but different

able 2
ielectric properties of ZMT  ceramic material.

Material Diameter
(mm)

Height
(mm)

Resonant
frequency (GH

ZMT-0.1 14.81 6.83 4.4675 

ZMT-0.2 14.66 6.28 5.3025 

ZMT-0.3 14.67 7.85 5.74 

ZMT-0.4 14.27 9.01 5.3361 

ZMT-0.5 13.87 8.18 5.535 
ials with different x-values.
lengths which were optimized to provide minimum return loss at
the corresponding resonant frequencies. In Fig. 4 the radius, height
and dielectric constant of the DRA are denoted by a, h and εr. The
probe is located on x-axis at x = a and  ̊ = 0.

z)
Dielectric
constant

tan ı Q

26.221 1.25E−03 7.98E+02
19.452 4.56E−04 2.19E+03
15.698 4.54E−04 2.20E+03
17.799 8.07E−04 1.24E+03
17.736 4.26E−04 2.35E+03
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shown in Fig. 5. From Fig. 5 the resonant frequency and percentage
bandwidth of the proposed CDRAs are extracted and the results are
shown in Table 3.
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Fig. 3. Setup for (a) εr measurement and (b) Q-factor measurement.

The resonant frequency of single segment CDRA excited in
EM11� mode can be written as [5,17]

 = 6.324c

2�a
√

2 + εr

{
0.27 + 0.36

a

2h
+ 0.02

(
a

2h

)2
}

(1)

here a = D/2, D is the diameter of CDRA, h is the height of the CDRA
bove ground plane, c is the velocity of microwave in free space
=3 × 108 m/s), and εr is the relative permittivity of CDRA material.

Eq. (1) has been obtained through curve fitting and numerical
imulations based on the method of moments [5,18].

Radiation Q-factor of isolated CDRA can be written as [5,17]

 = 0.01007(εr)1.3
(

a

h

)
[1 + 100e−[2.05(a/2h)−(1/80(a/h)2)]] (2)

he percentage bandwidth of isolated CDRA is given by [5,17].

BW = S  − 1

Q
√

S
× 100 (3)

here S is the VSWR of isolated CDRA.
The resonant frequency, Q-factor and bandwidth of the four

RAs are computed using Eqs. (1)–(3),  assuming that εr value
emains constant in 3.6–5.8 GHz frequency range and using mea-
ured εr values in computation of the parameters.

. Experimental results and discussion
.1. Return loss versus frequency characteristics

Measurement of return loss of CDRAs with coaxial probe feed
as carried out over 3–5 GHz frequency range using Agilent PNA
Fig. 4. Antenna geometry (a) layout and (b) fabricated structure.

series Vector Network Analyzer (Model No.: E8364 B). The mea-
sured variations of return loss with frequency for the CDRAs are
-30.00

Fig. 5. Variation of return loss with frequency.
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Table 3
Resonant frequency and return loss performance of ZMT  CDRAs.

Sample εr D (mm)  h (mm) Resonant frequency in GHz Return loss bandwidth in %

Theoretical Experimental Theoretical Experimental

ZMT-0.1 26.221 14.81 6.83 3.61 3.65 2.65 2.47
ZMT-0.2 19.452 14.66 6.28 4.32 4.26 3.93 2.01
ZMT-0.3 15.698 14.67 7.85 4.32 4.26 5.20 2.11
ZMT-0.4 17.799 14.27 9.01 4.17 4.11 4.50 2.67
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Fig. 6. Variation of input impedance with frequency.
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From Fig. 5 and Table 3 it can be observed that the measured
esonant frequency of all the four CDRAs is nearly in agreement
ith respective theoretical values. The measured bandwidth of the

ntennas is lower than the corresponding theoretical ones. The
eviation in the results may  be due to probe coupling, fabrication
olerances, effect of finite ground plane not considered in theoret-
cal computation, and the effect of adhesive used to bind the DRAs
o ground plane during fabrication of antennas.

.2. Input impedance versus frequency characteristics
Measurement of input impedance of the fabricated CDRAs at
ifferent frequencies over 3–5 GHz range with coaxial probe feed
as carried out using Agilent PNA series Vector Network Analyzer
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Fig. 9. Radiation pattern of CDRA fab
ricated from ZMT-0.2 material.

(Model No.: E8364 B). The measured variations of input impedance
with frequency are shown in Fig. 6. It is worth mentioning that the
values of input resistance at respective resonant frequencies of the
CDRAs match well with 50 � coaxial feed.

From Fig. 6 it can also be seen that in each case the input reac-
tance has an upward shift due to the inductive loading of the probe
and consequently the frequency at which the input resistance is
maximum does not coincide with the zero-reactance frequency.

5.3. Far field performance
The co-polar and cross-polar radiation patterns of the fabricated
CDRAs for  ̊ = 0◦ (x–z plane) and  ̊ = 90◦ (y–z plane) were mea-
sured in anechoic chamber at their respective resonant frequencies.
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Po
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ricated from ZMT-0.3 material.
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Table 4
Far field performance of ZMT  CDRAs.

Far field parameters ZMT-0.1 ZMT-0.2 ZMT-0.3 ZMT-0.4

Gain in dB 4.29 6.98 6.40 6.04

HPBW
E-plane 63◦ 56◦ 195◦ 96◦

H-plane 77◦ 75◦ 133◦ 87◦

Ripple E-plane 1.338 dB −0.067 dB 4.642 dB 1.072 dB
 dB 

 dB 

T
p
r
F

s
i
f
r
H
t
t
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f
g
o
o

c
m
r
t
i
a
m

Cross-polarization level
E-plane −21.351
H-plane −20.395

he experimental setup is not shown here for brevity. The far field
atterns (E- and H-planes) of the CDRAs are shown in Figs. 7–10,
espectively. The far field parameters of CDRAs are extracted from
igs. 7–10, and the results are given in Table 4.

From Figs. 7–10 it can be observed that the E-plane patterns are
omewhat asymmetrical. This may  be due to the finite size of coax-
al probe which causes spurious radiation. The spurious radiation
rom the coaxial probe as well as the finite size of ground plane
esult in ripples in the E-plane patterns of up to 4 dB, whereas the
-plane patterns do not reveal ripples and are close to the ideal pat-

ern of the short magnetic dipole model. These figures also show
hat these antennas provide broad beam, low side lobe and cross-
olarized lobe levels.

From Table 4 it can be seen that the gain of the CDRA fabricated
rom ZMT-0.1 is lower than others. This is due to greater loss tan-
ent of the material of composition with x = 0.1 as compared with
thers compositions. It can be also observed that HPBW and ripple
f the CDRA (ZMT-0.2) is the lowest.

The CDRA fabricated from material of composition with x = 0.2
an be used as an element in a phased array for radar and com-
unication application because of its relatively high gain and least

ipple amplitude. The antenna fabricated from material composi-

ion with x = 0.3 can find application in wireless communication
ncluding WLAN and WiMAX  due to its broadest beam and reason-
ble gain. Based on requirement antenna can be fabricated from the
aterial having one of the compositions studied.
−16.709 dB −17.97 dB −18.89 dB
−16.077 dB −9.11 dB −16.211 dB

6.  Conclusion

In this paper design, fabrication and testing of low profile CDRAs
fabricated from ZMT  ceramic materials with x-value varying from
0.1 to 0.4 sintered at 1300 ◦C along with measurement of permit-
tivity of materials with x-values varying from 0.1 to 0.5 in C-band
of microwave frequencies are presented. The CDRAs designed and
fabricated from low loss high dielectric constant ceramic compos-
ites provided broad beam, low side lobe and cross-polarized lobe
levels. The measurements have confirmed the use of high dielectric
constant and low loss ceramic materials for designing CDRAs. The
experimental results presented here may  be utilized to design and
fabricate an appropriate DRA for potential applications in wireless
communication and radar fields.
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