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A high gain and high directive microstrip patch array antenna formed from dielectric layer stacked on bismuth titanate (BiT)
ceramics have been investigated, fabricated, and measured. The antennas are designed and constructed with a combination of two-,
four-, and six-BiT elements in an array form application on microwave substrate. For gain and directivity enhancement, a layer of
dielectric was stacked on the BiT antenna array. We measured the gain and directivity of BiT array antennas with and without the
dielectric layer and found that the gain of BiT array antenna with the dielectric layer was enhanced by about 1.4 dBi of directivity
and 1.3 dB of gain over the one without the dielectric layer at 2.3 GHz. The impedance bandwidth of the BiT array antenna both
with and without the dielectric layer is about 500 MHz and 350 MHz, respectively, which is suitable for the application of the
WiIiMAX 2.3 GHz system. The utilization of BiT ceramics that covers about 90% of antenna led to high radiation efficiency, and
small-size antennas were produced. In order to validate the proposed design, theoretical and measured results are provided and

discussed.

1. Introduction

Currently, microstrip antennas with attractive features, such
as low profile, light weight, and easy fabrication, are being
widely used. Microstrip antennas also possess major short-
comings, such as narrow impedance bandwidth and low effi-
ciency and gain, which seriously limit their application [1-3].

A recent pull for microwave components made of
ceramic has drawn attention, especially antennas, due to
their particular advantages for some applications, including
zero conductor loss and low profile [4-9]. It has been shown
experimentally that this kind of element can be an efficient
radiator [1]. Experimental and theoretical evaluations of the
ceramic antenna (CA) have been reported by many investi-
gators [1-9].

In the search for new types of ceramic materials that
achieve high permittivity and low loss, bismuth titanate
(BiT), a new type of ceramic material, has been constantly
developed, characterized, and implemented into the working
electrical microwave model with the help of microwave

simulator software and measurement hardware. In this study,
we propose a novel CA with a new branching structure that
uses ceramic material. This CA was designed with a rectangu-
lar cross-sectional area, referred to as “rectangular CA,” and
was executed with ceramic material that exhibits a permit-
tivity value of 21. The study of the BiT array antenna was
designed for a target resonant frequency at 2.3 GHz. The
design goal is to achieve an antenna reflectivity of less than
—10 dB to accommodate an efficient antenna feed with high
radiation efficiency as well as a miniaturized antenna.
Increasing the gain of an antenna can be done in different
ways. For example, one could use two or more evenly dis-
tributed antenna elements to put together an antenna array.
Arrays have been successfully used for many years, but they
still suffer from some fundamental drawbacks; the attached
100% copper plate is inevitably lossy and large in size [7, 8].
On the other hand, arrays can provide useful features such
as beam-steering capability, introduction of nulls in specific
directions, and secondary lobe suppression by adjusting the
phase and/or amplitude of signals feeding the individual
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FIGURE 1: The XRD pattern of BiT powders at different calcination
temperatures for 3 hours: (a) 900°C, (b) 1000°C, and (c) 1100°C.

elements. Thus, the antenna presented in this paper is based
on the increasing number of patch elements that utilize BiT
ceramic materials instead of copper plate as the conventional
antenna uses. The analysis of BiT fabrication and outcome
are thus addressed.

2. Bulk Bismuth Titanate (BiT) Analysis

2.1. Sample Preparation. In the present study, the raw mate-
rials used consist of bismuth pentahydrate and titanium (IV)
isopropoxide. Both raw materials were dissolved separately
into a mixture of 2-methoxyethanol and acetylacetone. Ti
solution and Bi solution were then formed from the raw
material of bismuth pentahydrate and titanium (IV) iso-
propoxide, respectively. Both solutions were mixed and
heated at 80°C to form a sticky gel and combusted to produce
combusted powder. The calcination process was performed
with high temperature and pressure of 750°C and 100 MPa,
respectively to form a green body. Sintering was carried out
at 1100°C for densification purposes.

2.2. Characterization. The X-ray diffraction (XRD) pattern
in Figure 1 shows that crystallization of BiT was present as
the temperature increased from 900°C to 1100°C.

The peak in Figure 1 is centered at 26 of 30°, which is the
stable phase of pure BiT at high sintering temperature. This
peak shows that the precursor had completely converted into
the desired BiT compound.

The field emission scanning electron micrograph
(FESEM) of BiT powder and the sintered pellet are shown
in Figure 2, which shows that extensive grain growth has
occurred, leading to platelet formation of the order of
200 nm to 10 ym. The platelets of BiT form a brick-wall-like
structure by aligning on top of each other, as expected with
less platelets damaged during sample preparation.

In our research, we also investigated the new aspect of
the development and utilization of the Agilent 85070B
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FIGURE 2: FESEM image of BiT: (a) calcined powder at 750°C for 3
hours and (b) sintered bulk ceramic at 1100°C for 3 hours.

high-temperature dielectric probe kit in measuring the
permittivity of the BiT ceramic material. The frequency
dependence of permittivity for BiT ceramic, ¢’, is shown in
Figure 3. As can be seen, the parameter has a strong depen-
dence on frequency, with the permittivity decreasing as
frequency increases; however, for the frequency range of 2
to 3 GHz, the permittivity of BiT was on average 21, as shown
in Table 1.

3. BiT Array Antenna Design and Structures

The proposed BiT array antennas have two layers, which
are shown in Figure 4. The first layer is a transmission line,
seen in Figure 4(a). Its optimal dimension is also presented
in Figure 5. The transmission line uses copper, which is
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FIGURE 3: Permittivity of BiT ceramic at 1 to 10 GHz.
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FiGure 4: Configuration of the multilayers and its optimized
dimensions, (a) first layer, (b) second layer.

TaBLE 1: Permittivity of BiT at frequency 2 to 3 GHz.

Frequency, GHz Permittivity, &’

2.0800 21.0469
2.2600 21.0233
2.4400 21.0447
2.6200 21.0761
2.8000 21.1385
2.9800 21.2498

a conducting material, in order to function as a feeding
channel.

For the second layer of this investigation, the effectiveness
of BiT was determined as a radiating element itself. The nov-
elty of this design is the BiT ceramics with high permittivity
and low loss. The attenuation due to the conductor can be
simplified as:

v 8.68 R,
T Wz

(dB/cm), (1)
where R; is the surface resistivity and is given by:

who
R = Y
s 20,

_ 868 [amm
= 7 20, (dB/cm).

The attenuation due to dielectric material can be given by the
following formula [2]:

w
%= (po€oer) tan 6, (3)
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The reflection loss of BiT is much smaller compared to
that of conventional copper, which is often used in antenna
application. At 2.30 GHz, reflection loss for BiT is 0.060 dB/
cm, while for copper, the reflection loss achieves up to
1.028 dB/cm. The proper sizes, positions, and shapes were
added to the second layer of antenna as shown in Figure 4(b).

Three types of BiT array antenna designs had been
carried out in this study. There are two, four, and six elements
of BiT ceramic in array antenna that had different respective
dimensions. The geometry of the proposed BiT array
antennas is shown in Figure 5, which presents both the front
and side views. The antenna is realized on a low-loss RT/
Duroid 5880 commercial microwave substrate from Roger
Corporation (http://www.rogerscorp.com/), with a permit-
tivity of 2.20, where the BiT branching strips and patches are
of 21 in permittivity value. The transmission line width is
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FIGURE 5: Geometry layout of proposed BiT array antenna (a) front (b) side views (c) stacked dielectric layer.

optimized to K = 4.6 mm in order to achieve the best 50 Q
input impedance matching.

The number of elements and the wavelength of the
ceramic array antenna, A, were approximated using:

o
Vne”’
where A, is the guided wavelength in CA, Ay is the freespace

wavelength, ¢’ is the dielectric constant of the ceramic, and
n denotes the number of ceramic elements. Hence, (5) shows

Ag = (5)

that the higher the number of ceramic elements, the smaller
the size of the array antenna obtained. In addition, optimiza-
tion was also carried out for the BiT ceramic dimensions in
order to gain the best antenna performance.

The optimal antenna size for the quantity of two elements
BiTis A; = 30 mm, B; = 33 mm, and C; = 1.6 mm. The pa-
rameter of BiT branching strip and patches are H; = 2.5 mm,
L, =27mm,T) = lmmandh; = 2.5mm,[; = 4.5 mm, and
f; = 0.8 mm, respectively. Next, four elements of BiT were
attached on the RT/Duroid 5880 substrate board with each
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FIGURE 6: Photograph of fabricated BiT array antennas (a) two BiT ceramic elements (b) four BiT ceramic elements (c) six BiT ceramic

elements (d) dielectric layer (i) front view (ii) perspective view.

edge of the BiT patch size being h, = 2.5mm, L, = 3.5mm,
and t, = 0.8 mm; the length, l;, had been reduced 33% from
the two elements of BiT antenna, while the BiT array antenna
sizes for the four elements are A, = 27 mm, B, = 29 mm,
and C, = 1.6 mm, which are on average 3 mm smaller than
the two elements of BiT antenna. Branching strip dimensions
were optimized to H, = 2.5mm, L, = 25mm, and T, =
1 mm to obtain good radiation properties. Lastly, the size of
the six-element BiT antenna can be observed as the smallest
compared to both the two- and four-BiT elements of the BiT
array antenna, which are A3 = 22mm, B; = 25mm, and
Cs = 1.6 mm, and each of the BiT patch element sizes is h3 =
2.5mm, I3 = 3mm, t3 = 0.8 mm, while the BiT branching
strip is H3 = 2.5mm, L3 = 20 mm, and T5 = 1 mm. Besides
the modeling design, the prototype of the BiT array antennas
were fabricated and measured, as can be seen in Figure 6.

This aimed to ensure a good agreement in performance
between them.

In designing the BiT array antenna and the dielectric
layer stacked as well, one must consider the possibility of
high loss performed by the antenna. Numerical simulation
shows high levels of the conduction loss and power loss
with the utilization of the metallic structure on the antenna.
Therefore, BiT array antennas were designed with low-loss
BiT elements present with negligible metallic loss in antenna
structure to reduce the loss factor that will lead to low
antenna performance.

4. Dielectric Layer Design

To overcome the disadvantages of low gain and directivity,
some papers have proposed gain enhancement methods
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FiGcure 8: Radiation pattern of BiT in 3D view (a) simulated (b) measured.

using multiple dielectrics [7-9]. It has been reported that
high gain and high directivity can be achieved if the substrate
and dielectric layer are used appropriately [9].

In order to obtain high gain and directivity of this
antenna, a suitable dielectric layer of appropriate thickness
and loss tangent is chosen. Thinner dielectrics which help to
reduce weight also able to reduce the surface wave losses. The
dielectric’s dielectric constant, €', plays an important role
similar to that of the dielectric’s thickness. A low value of ¢’

for the dielectric will increase the fringing field of the patch
and thus the radiated power. A low-loss tangent reduces the
dielectric loss and therefore increases the antenna efficiency.
Thus, the dielectric parameters so chosen are Tarconic CER-
10, with a thickness of 0.5 mm, permittivity of ¢’ = 10, and a
loss tangent tan § = 0.0004.

The dielectric with dimensions of R = 25mm, A =
20mm, and C = 0.5mm as in Figure 5(c) is placed above
the radiating patch BiT elements at a distance of d = 5 mm,
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TABLE 2: Gain, directivity, and radiation efficiency of BiT Array Antennas.

Number of BiT element

Parameters (2.3 GHz)

BiT array antenna with dielectric layer

2 elements 4 elements 6 elements
Gain (dB) 6.559 7.188 7.514 8.920
Directivity (dBi) 7.174 7.697 7913 9.230
Radiation Efficiency (%) 91.4 93.4 95.0 96.6
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FiGure 9: Simulated and measured 2D radiation plot for a six-BiT element array antenna at 2.30 GHz (a) horizontal plane (b) vertical plane.

which is the optimum distance at which to obtain high gain
and high directivity. This paper experimentally investigates
the effect of a dielectric layer as the superstrate layer for high
gain and high directivity on the six elements of BiT array
antenna and the comparison between BiT array antenna with
and without the dielectric layer.

5. Results and Discussion

The performance of the simulated BiT array antennas with
and without the dielectric layer is analysed using Computer
Simulation Technology (CST) Microwave Studio, while the
fabricated BiT array antennas with and without the dielectric
layer were tested using a network analyser and a near-field
test facility. Figure 7(a) shows a graph of reflectivity of two-,
four-, and six-element BiT array antenna, which had been
converted into log magnitude in dB.

The simulation and measurement results show that the
reflectivity is the lowest at —27 dB at the centre frequency of
2.40 GHz for BiT array antenna without the dielectric layer.
However, with the stackedness of the dielectric layer on BiT

array antennas, the frequency had been shifted to a lower
frequency of 2.30 GHz. The frequency shift is also occurring
when the number of BiT elements increases from a two-
element to a six-element array antenna, as can be seen in
Figure 7(b). This condition occurs due to the capacitive
effects of placing the dielectric over the antenna.

The operating bandwidth of the proposed BiT array
antennas for both with and without the dielectric layer
was found to be about 350 MHz and 500 MHz, respectively,
which is compatible with the specification of the WiMAX
system. Overall, good agreements were found between the
simulation and measurement results, although there was
slight discrepancy between them, believed to be due to the
environmental effect and mechanical tolerance, which were
neglected in our simulations.

The simulated and measured radiation patterns in 3D
view are observed in Figure 8. There were no top and bottom
lobes at the rear end of the radiation pattern whilst the main
directivity was directed at the vertical plane, which formed
an omnidirectional signal level in the H-plane. The H-
plane plays an important role as this parameter determines



the point of strongest signal, thus avoiding signal redundancy
and interference with other antennae radiating at the same
plane.

Figure 9 shows the radiation pattern of a six-element BiT
array antenna in 2D view, which was analyzed in vertical
plane (XZ, YZ) and in horizontal plane (XY) at 2.30 GHz.
This antenna provides a 360-degree coverage signal, which is
in all directions (horizontally) for two-way communication.

From Table 2, the gain of the six-element BiT array
antenna, in radiation patterns, with dielectric layer does
exhibit 8.920dB and 9.230dBi of gain and directivity,
respectively. The simulation results show that the gain of the
4-element BiT array antenna has improved greatly compared
to the common antenna.

6. Conclusions

In this paper, the application of rectangular bismuth titanate
(BiT) material as a ceramic antenna (CA) in array form,
which composed of two-, four-, and six-element BiT as well
as a stacked dielectric layer, were investigated and successfully
carried out. The antenna exhibited acceptable bandwidths,
reflectivity, and radiation characteristics for WiMAX applica-
tion. As a result, we find that BiT array antennas are attractive
and can be practical for various systems. By taking into
account all of the details of each component, including the
dimensions and permittivity value, the antennas did perform
up to expectation when the number of BiT element increased
at the WIMAX band. In future work, bismuth titanate (BiT)
can be investigated for other types of antenna in order to
determine the level of performance improvement in term of
bandwidth particularly in an optimized radiation pattern. In
addition, antenna enhancement can be done by adjusting the
distance d, and the resonance condition for high gain as well
as high directivity can be obtained.
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