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A B S T R A C T

Li2O-(2-3x)MgO-(x)Al2O3-P2O5 (LMAP) (x¼ 0.00–0.08) ceramic systemwas prepared through solid state synthesis
route at different sintering temperatures (800–925 �C). A small addition of Al2O3 (x ¼ 0.02) in LMAP ceramics
lowers the sintering temperature by more than 100 �C with good relative density of 94.13%. The sintered samples
were characterized in terms of density, apparent porosity, water absorption, crystal structure, micro-structure and
microwave dielectric properties. Silver compatibility test is also performed for its use as electrode material in low
temperature co-fired ceramic (LTCC) application. To check the performance of the prepared LTCC as substrate, a
microstrip-fed aperture-coupled dual segment cylindrical dielectric resonator antenna (DS-CDRA) is designed using
LMAP (x¼ 0.02) ceramic as substrate material and Barium Strontium Titanate with 10 wt% of PbO-BaO-B2O3-SiO2

glass (BSTG) and Teflon as the components of resonating material. The simulation study of the DS-CDRA is per-
formed using the Ansys High Frequency Structure Simulator (HFSS) software. A conductive coating of silver is used
on the substrate. The simulated and measured �10 dB reflection coefficient bandwidths of 910 MHz
(9.07–9.98 GHz at resonant frequency of 9.49 GHz) and 1080 MHz (8.68–9.76 GHz at resonant frequency of
9.36 GHz), respectively are achieved. The measured results of the fabricated antenna are found in good agreement
with the simulation results. The prepared material can find potential applications in radar and radio navigation as
well as radio astronomy and military satellite communication.
1. Introduction

Ceramic materials find application as substrates in integrated circuits,
thermally stable resonators, filters, oscillators, phase shifters, isolators,
circulators and dielectric resonator antennas in microwave and milli-
meter wave communication and radar systems. Low dielectric constant,
low loss tangent and good thermal stability are primary requirements for
substrate materials to achieve efficient signal transmission. Low loss
ceramic materials used in the circuit improve its overall quality factor by
reducing the power dissipation and the insertion loss, which suppresses
the electrical noise in oscillators and can produce highly selective filters,
low loss phase shifters and non-reciprocal devices [1]. Further, by
selecting a low loss ceramic material for realizing a dielectric resonator
antenna (DRA), the radiation efficiency can be enhanced due to low
conductor and dielectric losses as well as absence of surface waves
associated with DRA. Different manufacturers produce similar compo-
nents for specific applications, however, there are subtle differences in
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their circuit designs, construction and packaging.
The material requirements for substrate applications are: low

dielectric constant (εr < 20), Qf > 1000, low temperature variation of
dielectric constant (Tk), high thermal conductivity, preferably low
thermal expansion, chemical compatibility with the electrode material.
Low sintering temperatures <950 �Cwith good densification are required
to avoid melting metallic conductors like silver or gold in the fabrication
of ceramic devices. Low temperature co-fired ceramics (LTCC) technol-
ogy enables the fabrication of three dimensional ceramic modules with
embedded silver or gold electrodes [2].

There aremany ceramicmaterialswith excellentmicrowave dielectric
properties. However, these materials generally have high sintering tem-
peratures [2]. Low sintering temperature is required for co-firing the
ceramic with the electrode material e.g. silver or copper. In recent years,
many researchers have found various materials with low sintering tem-
perature (<1000 �C) and matching coefficient of thermal expansion with
other co-firing materials for integration with miniaturized microwave
(Banaras Hindu University), Varanasi, 221005, India. Tel.: þ91 9621405467 (mobile).
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Fig. 1. (a) TG plot and (b) DTA plot of LMAP ceramics.
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devices [3]. Also, only a handful of ultra-low temperature co-fired ceramic
(ULTTC) materials with sintering temperatures less than 700 �C are
developed [4–7]. Recently, Sebastian et al. reported a broad review on the
current status of theLTCC[1,2] andULTCC[8]materials developed so far.

To lower the sintering temperature, generally glass with low soft-
ening temperature is added to the ceramic systems. However, the addi-
tion of glass increases the loss tangent of the composite due to presence of
network formers in the glasses. The microwave energy is possibly
absorbed by the network formers [8]. There are two approaches to
develop glass based LTCCmaterials i.e. glass-ceramic and glassþ ceramic
routes. The densification is achieved through controlled crystallization in
glass ceramics [1,2,9]and liquid phase sintering in glassþ ceramic routes
[10–13] respectively. The commercially available LTCC materials are
generally glass-ceramic or glass þ ceramic materials. Recently, emphasis
is given for the development of glass free ceramic systems to achieve
good microwave dielectric properties with low loss and a small number
of investigations has been reported for glass free ceramic systems with
low sintering temperature [4,6,14–20].

The LiMgPO4 ceramic system has been reported previously as a
suitable LTCC material. Many researchers have studied this system by
replacing Mg2þ with various transition metal elements like Zn, Cu, Ni, Co
in different proportions [17–19,21,22]. Investigations on LiMg(1-x)AxPO4
ceramic (with A ¼ Znþ2, Coþ2, Niþ2) shows good microwave dielectric
properties and chemical compatibility with electrode material silver.
Dong et al. [23]. have studied Ba3(VO4)2-LiMgPO4 composite ceramics
with good microwave dielectric properties and low sinterability tem-
perature down to 850 �C.

Low sintering temperature material with good microwave dielectric
properties can be utilized for microwave device applications like filters,
couplers, diplexers, microstrip antennas and dielectric resonator an-
tennas [24–30]. We believe that utilizing the prepared material is a
viable approach for substrate application in microwave devices.

Initial part of this paper focuses on the study of the effect of Al2O3
addition in Li2O-(2-3x)MgO-(x)Al2O3-P2O5 (LMAP) ceramics on their
structural and dielectric properties. It is also important to study the
design and development of microwave components and DRAs using
LTCC substrates. Therefore, the second part of paper describes the study
of a DS-CDRA designed using the prepared LMAP (x ¼ 0.02) LTCC
ceramic material. The simulation study on the proposed antenna was
performed using Ansys HFSS software [31] and the simulation results for
the DS-CDRA are compared with the respective measured results.

2. Experiments

2.1. Material synthesis and characterisation techniques

A series of samples having formula in Li2O-(2-3x)MgO-(x)Al2O3-
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P2O5(LMAP), where x ¼ 0, x ¼ 0.02, x ¼ 0.04, x ¼ 0.06 and x ¼ 0.08,
were synthesized by conventional solid state route. High purity Li2CO3

(99%, Sigma Aldrich), MgO (99%, Sigma-Aldrich), Al2O3 (99.5%, Sigma
Aldrich) and NH4H2PO4 (99%, Alfa Aesar) were used as starting raw
materials. Stoichiometric amount of raw materials were mixed thor-
oughly in ethanol medium for 8 h at 300 rpm using a Fritsch Planetary
mill (Pulverisette 5/4). The ball milled batches were dried in oven at
50 �C for 16 h. Thermal reaction and decomposition behaviour of
different batch compositions were studied using a Mettler Toledo (STAR
system) TGA/DTA machine within the temperature range 30–1000 �C
using a heating rate of 5 �C/min in argon atmosphere. The mixed pow-
ders were primarily calcined in air at 500 �C for 4 h followed by second
calcination at 800 �C for 4 h with intermediate grinding. Calcined
powder was ground into fine powder. Powder X-Ray diffraction patterns
of the calcined sample were recorded using Rigaku X-ray diffraction with
Cu K-Alpha radiation employing a Ni filter with scan rate of 2� per
minute. The powders were pressed uniaxially to form cylindrical
(diameter ¼ 12 mm, thickness ¼ 2 mm) and rectangular
(length ¼ 23 mm, width ¼ 11 mm, height ¼ 2–3 mm) pellets applying a
load of 15 MPa. All pellets were sintered in the temperature range
825–925 �C with the heating and cooling rate of 2 �C per minute. The
bulk density, water absorption and apparent porosity of the sintered
pellets were determined by Archimedes principle. Maximum densifica-
tion occurs at 825 �C for the LMAP samples with x¼ 0.02 to 0.08. For the
pure sample (x ¼ 0), the densification increases with the increase in
sintering temperature up to 925 �C. It was also reported in the previous
study that the maximum density for LiMgPO4 ceramic is achieved at
950 �C and above this temperature; the densification decreases further
[17]. All the pellets were sintered at optimized sintering temperature of
825 �C for 6 h. The surface morphology and energy dispersive spectra of
all the sintered samples were carried out using Scanning Electron Mi-
croscope (ZEISS Instruments). High frequency dielectric measurements
were carried out through transmission/reflection method within the
frequency range 8.2–12.4 GHz using ENA E5071C Keysight Technologies
make Network Analyser.

For the fabrication of DS-CDRA, Barium Strontium Titanate (BST)
with 10 wt% of PbO-BaO-B2O3-SiO2 glass (BSTG) [32] and teflon were
used as the components of resonating material. The square substrate of
LMAP (x ¼ 0.02) ceramic having dimensions 42 mm � 42 mm � 1.5 mm
was prepared by uniaxially pressing the calcined powder under hydraulic
press. After sintering at 825 �C for 6 h, the obtained substrate is polished
and made to the dimension of 40 mm � 40 mm � 1.2 mm.

2.2. Design of antenna on LTCC substrate

In order to check the suitability of the prepared material for appli-
cation in microwave devices, a DS-CDRA antenna was designed and



Fig. 2. Variation of percent relative density of LMAP ceramics at different sintering
temperatures.

Fig. 3. Graphs of bulk density, percent apparent porosity and percent water absorption of
LMAP ceramic with varying x content.
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fabricated on single layer of LTCC substrate made from the low loss
LMAP (x ¼ 0.02) material. The antenna was designed using HFSS soft-
ware and the parametric study was performed in order to optimize the
dimensions of the DS-CDRA. The simulation results for the antenna pa-
rameters are compared with the respective measured results.

The CDRA is characterized by its height, radius and material dielec-
tric constant. The LMAP (with x ¼ 0.02) ceramic having maximum
density when compared with the other compositions at low temperature
of 825 �C is used as a substrate material with εr ¼ 6.2 and tanδ ¼ 0.0006.
Silver coating was done on the substrate for making the conductive
ground plane and the microstrip line for excitation of antenna through
slot coupling. Silver coated substrate was first heated in oven for drying
and then maturing of silver was done at 500 �C for 10 min. The upper
segment of the proposed CDRA is made of high dielectric constant
ceramic material (BSTG with εr ¼ 27 and tanδ ¼ 0.121) [32] and the
lower segment is of low dielectric constant material (Teflon with εr ¼ 2.1
and tanδ ¼ 0.001).
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3. Results and discussion

3.1. 1Analysis of material properties

3.1.1. TGA /DTA analysis
Thermo-gravimetric (TG) and Differential thermal analysis (DTA) of

LMAP ceramics were done with heating rate of 5 �C/min. Fig. 1(a) and
(b) show respectively the TGA and DTA of all samples. In Fig. 1(b), an
endothermic peak is observed at 200 �C indicating the decomposition of
lithium carbonate. Initially, a rapid weight loss of about 13% was
observed up to 200 �C followed by weight loss of 15–18% up to 450 �C
(Fig. 2(a)). The decomposition of lithium carbonate occurs at 157 �C
[33], and the melting point of ammonium orthophosphate is 190 �C [34]
after which its decomposition starts. Thus, the major weight loss
observed up to 200 �C is due to decomposition of ammonium ortho-
phosphate and carbonate, which produces ammonia and carbon dioxide.

The burnout process is completed at 450 �C. Total weight loss of
about 18% was observed within the temperature range 30–450 �C. There
was no further weight loss above 450 �C in the TG curve. It may be
associated with the solid reaction process forming the crystal phase of
LiMgPO4 [33]. Thus, the primary calcination temperature is taken as
500 �C followed by second calcination at 800 �C for 4 h. Second calci-
nation was done because there is a possibility of lithium escape at higher
temperature. So, if the compound is formed, this escape can be
decreased. Moreover, double calcination makes the powder more
homogeneous.

Addition of Al2O3 affects the thermal behaviour of these ceramic
compositions. It can be seen from the DTA/TG plots that with initial
addition of Al2O3, the reactivity between the constituent materials in-
creases. It reflects in faster decomposition of Li2CO3 at lower tempera-
tures. With addition of Al2O3 more than x ¼ 0.04, the reaction
temperature increases again.

3.1.2. Sintering and densification behaviour
Pellets of different batches were sintered at different temperatures

ranging from 800 to 925 �C for 6 h. The plot of percent relative density
with sintering temperature is given in Fig. 2. At 800 �C, with the addition
of small amount of Al2O3 (x¼ 0.02), an increase in the relative density by
around 9% (from 83.00 to 92.39%) is observed. When the densification
behaviour is seen at different sintering temperatures, maximum density
is achieved at the sintering temperature of 825 �C for the different
compositions (x ¼ 0.02–0.08). Maximum relative density of 94.13% is
achieved for the composition with x ¼ 0.02 at the sintering temperature
of 825 �C. For the LMP (x ¼ 0) sample, the densification increases with
increase in sintering temperature. It is also reported by Dong et al. that
pure LiMgPO4 ceramic attains its maximum relative density at 950 �C,
which is around 95% of the theoretical density [22].

Thus, the optimized sintering temperature is 825 �C and all the in-
vestigations and material characterizations were performed for the
samples sintered at this temperature.

The plots of bulk density, percent apparent porosity and water ab-
sorption are shown in Fig. 3. The water absorption, apparent porosity and
bulk density were calculated by using the following relation [35]:

Water absorption ð%Þ ¼ W � D
D

� 100

Apparent porosity ð%Þ ¼ W � D
W � S

� 100

Bulk density
�
g:cm�3

� ¼ D
W � S

where, D is the dry weight of test sample, W is the saturated weight or
soaked weight and S is the suspendedweight in water after boiling for 2 h
and then cooled test sample. The maximum bulk density of 2.77 and



Fig. 4. XRD patterns of LMAP ceramics.
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minimum apparent porosity of 0.18% were observed in case of compo-
sition with x ¼ 0.02. There is a significant decrease in apparent porosity
when Al2O3 is introduced. Apparent porosity corresponds to the volume
of the open pores to its exterior volume [35]. The composition with x¼ 0
does not densify properly at 825 �C showing maximum apparent porosity
of 2.47% but for the composition with x¼ 0.02, density increases and the
percent apparent porosity decreases to 0.18%. Beyond x ¼ 0.02, the
values of apparent porosity are in the range 0.36–1.43%. Thus, it can be
concluded from the above discussion that the addition of small amount of
Al2O3 (x ¼ 0.02) improves the densification at lower sintering temper-
ature of 825 �C.

3.1.3. Crystal structure
Fig. 4 illustrates the X-ray diffraction patterns of Li2O-(2-3x)MgO-(x)

Al2O3-P2O5(x ¼ 0–0.08) ceramics sintered at 825 �C for 6 h. Since opti-
mized sintering temperature is 825 �C therefore it can be useful for LTCC
application. All samples show an orthorhombic olivine type phase of
LiMgPO4 (JCPDS file no. 32-0574) along with AlPO4 as a minor phase
(JCPDS file no. 10-0423). AlPO4 (α-Berlinite) possesses a hexagonal
structure (JCPDS file no. 10-0423) [36]. The diffraction peaks of
LiMgPO4 are indexed for composition x ¼ 0 in Fig. 4. Peak due to basic
LiMgPO4 are common in all the compositions up to x¼ 0.08. A diffraction
Fig. 5. The SEM microstructure of LMAP ceramics (a) x ¼ 0, (b) x ¼ 0.02, (c) x ¼ 0.04, (d) x
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peak due to the maximum intensity of secondary AlPO4 has been
observed in composition x ¼ 0.04 to 0.08 beside the common peaks of
LiMgPO4 and indexed.When x concentration increases from 0.02 to 0.08,
the intensity of AlPO4 peak increases and diphasic composite of LiMgPO4
and AlPO4 forms. It may be due to the large difference in the ionic radii of
Al3þ and Mg2þ. The different crystal structures of LiMgPO4 and AlPO4
having different linkages of polyhedral units and the different valencies
of Al3þ andMg2þ limit the formation of solid solutions between LiMgPO4
and AlPO4.

3.1.4. Microstructure
Fig. 5 shows the SEMmicrostructure of all samples at magnification of

5 K. The SEM micrograph of the composition with x ¼ 0 (Fig. 5 (a)),
shows lower densification on sintering at 825 �C. Addition of small
amount of Al2O3 (x¼ 0.02–0.04) results in the bimodal grain distribution
as shown in Fig. 5(b) and (c). As a result of this bimodal grain distribu-
tion, the density has increased. But, by further increasing its content
(x > 0.06), it results in exaggerated grain growth of some LiMgPO4
crystal, which results in higher porosity in the specimen. The oversized
grain can be clearly seen in Fig. 5(d) and (e). The presence of secondary
AlPO4 crystal in the ceramic matrix, marked in Fig. 5(e), is clearly visible
for the LMAP (x¼ 0.08) sample. The SEMmicrograph of LMAP (x¼ 0.02)
ceramic with 20 wt% Ag is shown in Fig. 5(f). It confirms that silver is not
reacting with the prepared ceramic and thus, it can be utilised as the
electrode material in device applications.

In Fig. 6, EDS analysis and mapping of Al, P, O and Mg ions in the
LMAP (x ¼ 0.08) is shown. Fig. 6(a) shows the SEM microstructure of
LMAP composition with x¼ 0.08 at magnification of 10 K. Lithium, being
the light element does not get detected in the EDS spectrum while the
presence of magnesium, phosphorus, aluminium and oxygen is visible in
the EDS spectrum (Fig. 6(b)). The elemental mapping of oxygen and
phosphorus is homogeneous at all the places in the sample as shown in
Fig. 6(c) and (d) respectively. In AlPO4, magnesium is absent and in
LiMgPO4, aluminium is absent. So, when the elemental distribution of
aluminium and magnesium are recorded as in Fig. 6(e) and (f) respec-
tively, elemental mapping shows the absence of magnesium where small
crystallites of AlPO4 are visible. The presence of AlPO4 in the ceramic
matrix is confirmed by XRD, but the AlPO4 crystallites are not very
clearly seen at lower x values (up to 0.06) in SEM micrographs. It is
clearly seen in Fig. 6(a) that a chain or cluster of AlPO4 crystals (1–2 μm)
form along with the large LiMgPO4 grains in LMAP (x ¼ 0.08) ceramics.
Thus, it can be concluded that small addition of Al2O3 (x ¼ 0.02–0.04),
enhances the density of the ceramic matrix because of the partial
¼ 0.06, (e) x ¼ 0.08 and, (f) back scattered image of LMAP (x ¼ 0.02) with 20 wt% Ag.



Fig. 6. SEM/EDS spectra and elemental mapping of Li2O-(1.76)MgO-(0.08)Al2O3-P2O5ceramics sintered at 825 �C, showing the presence of AlPO4 crystals.

Fig. 7. The variation of relative permittivity εr of LMAP ceramics with frequency.
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dissolution of Al2O3 in the matrix. Further increase in Al2O3 content
(x ¼ 0.06–0.08) results in exaggerated grain growth and also formation
of secondary AlPO4 phase.
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3.1.5. Dielectric characterization
There is a direct correlation of dielectric constant values with the

density of the material. If the density is higher, the dielectric constant
values will also be higher. Therefore, the dielectric constant of around 5
is observed for the LMP (x¼ 0) ceramic sintered at 825 �C, which consists
Fig. 8. Tan delta variation for different LMAP compositions with frequency.



Fig. 9. Geometry of proposed antenna (a) 3-D view and (b) side view.

Table 1
Optimized antenna parameters of proposed DS-CDRA.

Parameters Dimensions
(mm)

Parameters Dimensions
(mm)

Substrate length, x 40 Stripline width,
Sp_w

1.6

Substrate thickness,
z

1.2 Stripline length,
Sp_L

25

Slot length, Ls 8 BSTG height, Dr_h 1
Slot width, Ws 0.9 Teflon height, T_h 2
Radius, R 6

P. Kumari et al. Journal of Physics and Chemistry of Solids 113 (2018) 177–185
of single LiMgPO4 phase. Had it been sintered at 925 �C or above, it
would have shown higher densification and greater dielectric constant
(>6) [19,22]. But in case of composition with x ¼ 0.06 to 0.08, the
dielectric constant value decreases due to the formation of low dielectric
constant AlPO4 and increased porosity. The AlPO4-5 wt% MgF2 com-
posite sintered at 1450 �C shows good microwave dielectric properties
(εr ¼ 3.0 and loss tangent ¼ 7 � 10�3) [2,37]. The values of εr for
different ceramic compositions lie within the range 5.0–6.2 (Fig. 7). It is
to be noted that the value of εr for LMAP ceramic having x¼ 0.02 is found
to be 6.2.

The loss tangent values of these ceramic compositions lie in the order
of 10�4 in X-Band (Fig. 8). Again it is worthwhile to mention here that
LMAP ceramic has loss tangent of 0.0006 for x¼ 0.02. The materials with
low εr and low-loss find several applications in microwave engineering
for reduction in RC signal delay and are in constant demand. Low relative
permittivity also decreases power consumption and reduces cross-talk
[1]. Optimisation in permittivity can be achieved through the control
of density by addition of Al2O3 in the LMAP ceramics, keeping in mind
that the device must possess good mechanical, chemical and thermal
stability. The LMAP ceramic show good dielectric properties in X-Band of
microwave frequencies.
3.2. Design and analysis of DS-CDRA

3.2.1. Antenna design
The geometry of the proposed antenna is shown in Fig. 9. The LMAP
Fig. 10. (a) Substrate image, (b) slot on fabricated antenna, (c)
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(x ¼ 0.02) ceramic (εr ¼ 6.2 and tanδ ¼ 0.0006) having dimensions
40 mm � 40 mm � 1.2 mm is taken as substrate (Fig. 10(a)). The top
surface of the substrate is silver coated, acting as a conducting ground
plane. An aperture (slot) of length 8 mm and width 0.9 mmwas etched in
the conducting ground plane at the centre on the top of the substrate as
shown in Fig. 10(b). The antenna structure having two dielectric cylin-
drical segments is placed in the central region of the conducting ground
plane above the aperture as shown in Fig. 9(a). The stacking of the two
cylindrical dielectric segments, each having 12 mm of diameter, is done
as shown in Fig. 9(b). The heights of the lower segment (made of Teflon
having εr ¼ 2.1 and tanδ ¼ 0.001) and the upper segment (made of BSTG
having εr ¼ 27 and tanδ ¼ 0.121) is 2 mm and 1 mm, respectively. The
active pattern corresponding to the 50Ω microstrip feedline of length
25 mm and width 1.6 mm, is printed at the bottom side of the substrate,
perpendicular to the length (or larger dimension) of the slot as shown in
Fig. 9(a). To excite the DS-CDRA, aperture coupling was used. The size of
the aperture (slot) and extension of microstrip line beyond the slot which
is about one quarter guide wavelength were optimized through simula-
tion. All the optimized antenna parameters are given in Table 1. Aperture
coupling prevents the slot from the spurious feed radiation since the slot
gets isolated from the microstrip feed network located below the ground
plane. The most common method for exciting the CDRA is the probe or
coaxial feed method. However, aperture coupling is selected in order to
get the advantage of less spurious feed radiation, large bandwidth and
ease of fabrication [29]. The top and bottom views of the fabricated
prototype are shown in Fig. 10(c) and (d), respectively.

The simulation study of a DS-CDRA designed on LMAP (x ¼ 0.02)
LTCC ceramic substrate for X-band application is described. The simu-
lation study was performed using Ansys HFSS software.

3.2.2. Reflection coefficient-frequency characteristics
From the simulation results, it was observed that the �10 dB reflec-

tion coefficient bandwidth of 910 MHz (9.07–9.98 GHz) is achieved with
resonant frequency of 9.49 GHz for optimized slot size. The reflection
coefficient – frequency characteristics of the proposed DS-CDRA for
different slot size were simulated and the results are shown in Fig. 11(a).
It can be observed from Fig. 11(a) that as the slot length increases, the
resonant frequency decreases. The optimized slot length ‘Ls’ and width
top view and, (d) bottom view of the fabricated antenna.



Fig. 11. (a) Simulated reflection coefficient–frequency plots of the proposed DS-CDRA for different slot length and width combinations; (b) Simulated and measured reflection coef-
ficient–frequency plots of the proposed DS-CDRA for optimized slot dimensions.

Fig. 12. Simulated and measured radiation patterns of proposed DS-dual segment CDRA at 9.36 GHz (a) H-plane (co and x-polar) radiation patterns; (b) E-plane (co and x-polar) ra-
diation patterns.

Fig. 13. Simulated and measured gain-frequency plot of proposed DS-CDRA.

Table 2
Radiation pattern characteristics of DS-CDRA at 9.36 GHz.

Parameters Simulated Measured

�3 dB beam width (degrees) E-plane 130� 134�

H-plane 146� 144�

Front-to-back ratio (dB) E-plane 11.73 11.64
H-plane 12.76 10.78

Table 3
Highest cross-polarised lobe level with corresponding angle at 9.36 GHz for DS-CDRA.

Parameters Simulated Measured

E-plane Highest cross polar level (dB) �11.81 �10.58
Angle (degree) �26� �30�

H-plane Highest cross polar level (dB) �34.14 �34.29
o �
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‘Ws’ are found to be 0.8 mm and 0.9 mm respectively, corresponding to
minimum input reflection coefficient value of �53 dB at the resonant
183
frequency of 9.49 GHz.
The reflection coefficient–frequency characteristics of the fabricated

antenna of the optimized dimensions were measured and the
Angle (degree) 112 �38



Table 4
Comparison of different stacked dielectric resonator antenna operating at different frequencies.

DRA shape εr εs Resonant frequency(GHz) Excitation Peak Gain Physical Dimensions Percent Bandwidth Ref.

a(mm) h(mm)

Stacked CDRA 6.15 3.4 5.8 Aperture 11.6dBi 44.1 22.75 2.6 [38]
Stacked RDRA 2.1/27 4.2 9.1 Aperture 6.63 dB 10 � 8^ 4.1 7.5 [32]
Proposed DS-CDRA 2.1/27 6.2 9.36 Aperture 6.87 dB 12 3 11.71 –

εr and εs: permittivity of DRA material and substrate; a: diameter for cylindrical DRA, :̂ Length and width of rectangular DRA; h: height of DRA.
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measurement results are shown in Fig. 11(b). It can be observed from
Fig. 11(b) that measured input characteristics of the proposed antenna is
nearly in agreement with the simulated characteristic. The measured
�10 dB reflection coefficient bandwidth of the proposed antenna is
found to be 1080 MHz (8.68–9.76 GHz) with resonant frequency
of 9.36 GHz.

3.2.3. Radiation patterns and gain
The co- and cross-polar radiation patterns (2D) of the proposed an-

tenna in E- and H-plane at 9.36 GHz are shown in Fig. 12, whereas
realized gain-frequency characteristics of the antenna are shown in
Fig. 13. It is observed from Fig. 12 that E- and H-plane beamwidths lie in
the range 124 - 154� and 138 - 146�, respectively at the frequency of
interest (see Table 2). The broadside radiation patterns are achieved in
both E- and H- planes over the operating bandwidth of the antenna with
fairly low cross-polarized levels in E-plane. The highest cross-polarized
lobe levels with corresponding angles of the antenna in E- and H-
planes for different frequencies extracted from Fig. 12 are given in
Table 3. The simulated and measured peak gain values are found to be
6.96 and 6.69 dB at frequencies of 9.49 and 9.36 GHz respectively.

Co- and cross-polar radiation patterns of fabricated DS-CDRA in far
field region were measured in anechoic chamber at 9.36 GHz, where a
horn antenna was used as transmitting antenna and the proposed DS-
CDRA was positioned in the far field region at receiving end. It is
observed from Fig. 12 that simulated radiation patterns of the antenna in
both E- & H-planes are similar to the respective measured patterns. The
deviation in the simulation and measured results may be due to human
and fabrication errors.

From these results, it can be concluded that the designed antenna on
the LTCC substrate material provides good impedance bandwidth and
gain, without hampering the antenna performance. Thus, it can be used
to design and develop an antenna providing reasonable bandwidth and
gain. Further, it can be said that low loss LTCC material can be used to
design electronic devices such as filters and phase shifters having
improved characteristics.

Many studies on dielectric resonator antennas (DRAs) using different
εr values of resonator material have been reported at different fre-
quencies [26]. Mrnka et al. [38] reported a stacked cylindrical DRA in
which resonating element is made by stacking of 14 layers of resonator
material with εr value of 6.15. Its overall dimensions and other details is
given in Table 4. It pertains to stacked CDRA but the study was done in
C-Band. Their percent impedance bandwidth is much lower than the
proposed one [see Table 4]. Another study on stacked rectangular DRA
(RDRA) [32] with similar stacking as in proposed DS-CDRA, has also
been reported. Its operating frequency range lies in the same band, i.e.
X-Band. The percent impedance bandwidth of stacked RDRA reported in
literature is lower than the proposed stacked antenna [Table 4]. The
proposed DS-CDRA provides wide impedance bandwidth of 11.7% with
reasonably good gain of 6.87 dB for X-Band application.

4. Conclusions

In the present work, the LMAP ceramic has been found to have good
structural and microwave dielectric characteristics. From the XRD anal-
ysis, it has been observed that LMAP ceramic forms a dibasic composite
184
of LiMgPO4 and AlPO4. The small addition of Al2O3 in LMAP ceramic
decreases the sintering temperature from 950 �C to 825 �C. The AlPO4
crystallites have been observed in case of ceramic composition with
x¼ 0.08. Dielectric constant for LMAP ceramics with different values of x
lies in the range 5.0–6.2 in X-band (8.2–12.4 GHz).

Further, the LMAP ceramic (x ¼ 0.02) has been used as LTCC sub-
strate for simulation and experimental studies of DS-CDRA. The simula-
tion and experimental results show the favourable radiation patterns. It
can be inferred from these results that broadside radiation patterns are
obtained in both E- and H-planes at the resonant frequency of the antenna
with fairly low cross polar levels in E-plane. The measured results of the
fabricated DS-CDRA have been found to be nearly in agreement with
corresponding simulation results. The simulated and measured values of
gain lie in the ranges 6.76–7.02 dB and 6.13–6.87 dB respectively over
the operating bandwidth of antenna. The proposed antenna can find
application in microwave communication, radar and communica-
tion systems.

It is concluded that the proposed material can be used as LTCC sub-
strate material in realization of low loss microwave components and
dielectric resonator antennas for radar, radio navigation, radio astron-
omy and satellite communication.
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