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Optimization of Microwave Dielectric Properties of (100-X)
BaBi;Ti4Oq5 — (X)Nb,Os Composites for Microwave

Paulo M. O. Silva, Roterdan F. Abreu,* Francisco E. A. Nogueira,
Jodo P. C. do Nascimento, Daniel B. Freitas, Francisco F. do Carmo, Marcelo A. S. Silva,
José A. Cruz, Rogério R. Pezarini, JoGo Manuel R. S. Tavares, and Anténio S. B. Sombra

This study focuses on experimental investigations and numerical simulations
of microwave dielectric properties and dielectric resonator antenna behavior
based on the BaBi,Ti,Oq5 ceramic matrix. BaBi,Ti,Os is doped with niobium
oxide (Nb,Os) in proportions of 2, 5, and 10%. The ceramic is obtained through
the solid-state reaction method. The resulting structures and dielectric prop-
erties of the samples are analyzed using powder X-ray diffraction, Raman
spectroscopy, and scanning electron microscopy to examine the crystalline
phases present in the ceramics. The Hakki-Coleman method is used to clarify
the properties of permittivity and dielectric loss. The temperature coefficients
of the resonant frequency (7f) range from —396.95 to —181.44 ppm °C ™"
Experimental measurements of the dielectric resonators, serving as antennas,
yielded results such as reflection coefficient, gain, efficiency, bandwidth, and
input impedance. The simulations aligned well with experimental results,
suggesting the potential application of this material as an antenna device in the

1. Introduction

Modern wireless communication and
information systems heavily depend on
radio-frequency waves, making wireless
technology an integral part of contempo-
rary life!"? The rapid growth of fifth-
generation (5G) communication applica-
tions, driven by new lifestyle demands,
has created an urgent need for faster com-
munications and higher data transmission
capacity with wider coverage and lower sig-
nal latency.®! These demands necessitate
the development of novel materials for elec-
tronic circuits, including dielectrics, filters,
oscillators, and other components that
increasingly require miniaturization.*®!

microwave spectrum.
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Electroceramics serve a broad range of
applications, encompassing magnetic,
dielectric, ionically conductive, semicon-
ducting, and superconducting ceramics.

These materials are utilized in electronic devices as mobile
phone applications, antennas for radar systems, wireless broad-
band networks, radio-frequency identification (RFID) devices,
Bluetooth technology, satellite communications, and military
technology.* !

Within the group of electroceramics are ferroelectrics, which
are materials that have excellent dielectric properties and are
characterized by a low resonant frequency temperature coeffi-
cient, high permittivity, and spontaneous polarization, making
them well-suited for various technological applications.*™**!
They also demonstrate high resistance to polarization fatigue,
making them suitable for pressure sensors and non-volatile
dynamic memory applications.!****

There has been a marked increase in the production of these
materials for wireless communication systems operating in the
microwave range using dielectric resonator antennas (DRAs).
DRAs offer the distinct advantages of lower conductive losses
and greater variety in shapes and materials.l'® The increasing
demand for smaller, more efficient, and cost-effective devices
is paramount for electronic devices operating in the lower
frequency band (below 1GHz), the high-frequency band
(1-6 GHz), and the very high-frequency band (greater than 6 GHz).

Many papers on microwave dielectric ceramics (MWDCs)
applications have recently been published. For example,
Zhou et al."”) reported Ce,Zr3(MoO4)o—(Mgy,3Sb, /3)‘”, calcined
at 700°C for 2h, obtained permittivity & =10.37,
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Oxf=71748GHz, and resonant frequency  tr=
—13.6 ppm °C L. Alzakree et al.l® reported (NagsBigs)MoO,—
BaMoOy, solid-state, calcined at 550 °C for 4 h, obtained permit-
tivity &, =19.02, Q x f=15164 GHz, and 7= —0.2 ppm °C"".
Zhang et al.lt?! reported (MgTip.95S10,0503—%CaggSro,Ti0O3),
solid-state, calcined at 1200°C for 5h, obtained permittivity
£=204, Qxf=63770GHz, and 7r=-1.8ppm°C ' and
MTS-0.06CST-Q with & =184, Q x f=74740 GHz,
7r=—43ppm°C"". Bao et alP” reported Ndy(Zr;_Tiy)3
(M0QOy)o, calcined at 700°C for 2h, obtained permittivity
£=1094, Qxf=82525GHz, and 7r=-12.99ppm°C™"
Abreu et al.®V reported SrBi,Nb,0o-Bi,Q;, solid-state, calcined
at  900°C for 2h, obtained permittivity between
1535<¢,<153.90, 240x10 *<tan §6<1.86x107% and
—322.46 < 7r<-235.02ppm°C~". Azevedo et all®? reported
LaFe,05;—CaTi0s, solid-state, calcined at 1000 °C for 4 h, obtained
permittivity  between  9.16 <¢, <9.04, 0.85x 1073 <tan
§<210x 1073, and 130.05 <7;<-53.42ppm°C™'. Tian
et al.l? reported Pry(Zr;_,Ti,)3(MoOy)e, calcined at 700 °C for
2h, obtained permittivity &, =10.72, Q x f=64200GHz, and
7r=-13.0ppm°C~". Abreu et al*¥ reported YNbO,-TiO,,
solid-state, calcined at 1200°C for 4h, obtained permittivity
between 9.16 <&, < 153.90, 2.40 x 107> <tan §<1.86x 1072,
and —322.46 <7;<-235.02 ppm °C™!, Vasconcelos et al?
reported ZnNb,Os—ZnTiNb,Os, solid-state, calcined at 1050 °C
for 4h, obtained permittivity between 24.80 <e, <26.19,
132x10*<tan 5<072x10% and -97.64<7<-
8451 ppm°C™'. Bao et all®® reported CaO-MoO;-La,O5—
Calay(MoOy,), and CazMoOg calcined at 700 and 1100 °C,
respectively, for 2h, obtained permittivity e, =10.11,
Q x f="75162 GHz, and 7¢ = —36.34 ppm °C ' for CaLa,(MoO,),
and e, =11.26, Q x f=23801 GHz, and 7r= —28.26 ppm °C "
for CazMoOg. Abreu et all?”] reported Ba,TiSi,0s-TiO,, solid-
state, calcined at 1100 °C for 6 h, obtained permittivity between
1264<e <2184, 1.69x107°<tan 5<031x10* and
-37.98 <7<21.03ppm°C'. Nogueira et al®® reported
CaMo00,-TiO,, solid-state, calcined at 900 °C for 4h, obtained
permittivity ~ between 1.28 <, <19.0, 7.8 x 107* < tan
5<73%x107* and —6.0 <7r<166.0ppm°C". Tian et al*
reported  Ge*T-substituted  cordierite Mg, Al4(Si;_,Ge,)sO1s,
calcined at 1350°C for 2h, obtained permittivity &, =4.90,
Q x f=128200 GHz, and zy= —21.01 ppm °C™". Barros et al.*”
reported ZnNb,Os—CaTiOs3, solid-state, calcined at 1050 °C for 4 h,
obtained permittivity between 22.45 <eg, <22.73, 0.09 x 1073
<tan 6<1.36 x 10 >, and -74.93 < 7;<-8.16 ppm °C"". Sales
et alBY reported Mg,Nb,04-TiO,, solid-state, calcined at
1100 °C for 6 h, obtained permittivity between 13.95 < ¢, < 14.08,
592 x 107* <tan 6 < 5.06 x 107, and —43.0 < 7 < —47.0 ppm °C™~.

Therefore due to its electric properties, BaBi,Ti4Oqs (BBT) is a
promising candidate for applications in electronic devices
operating in the microwave range.'*'*) BBT is a dielectric, fer-
roelectric, and piezoelectric ceramic belonging to the Aurivillius
family, formed by intercalated layers of bismuth block and
pseudo-perovskite. BBT has a perovskite structure with a tetrag-
onal structure and space group (Laue group) I4/mm, with a
Curie temperature ranging from 390 to 440°C. Due to its
low sintering temperature, this ceramic is considered a low-
temperature co-fired ceramic material.[*”!
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Thus, aiming to improve the electrical properties and thermal
stability of the BaBi;Ti4O;s ceramic matrix, niobium oxide
(ND,Os) was selected as an additive in the new composites.
Nb,Os has several technological applications across a wide
frequency range from microwave to radio frequencies.”? It
presents an orthorhombic phase at temperatures below
900 °C, changing its phase only when subjected to temperatures
above 1000 °C.1*?

Structural characterization of the BBT-Nb,Os composites was
conducted using X-ray diffraction (XRD). Additionally, the dielec-
tric properties within the microwave region (MW) were explored,
and the performance of these materials as DRAs was evaluated
through numerical simulations. The analyzed ceramics emerged
as compelling candidates for applications in devices operating in
the S-band.

2. Experimental Section
2.1. Synthesis of BaBi,Ti,O45 Perovskite

BaBi,Ti4Oy5 ceramic was prepared using the conventional
ceramic method, where precursor oxides BaO (99%, Aldrich),
Bi, 03 (99.9%, Aldrich), and TiO, (99.9%, Vetec) were ground
for 6h at 360 rpm using the Fritsch Pulverisette 5 mill. The
powder was calcined in a resistive oven at 850 °C for 3 h.

The composites were fabricated by simple mixing of Nb,Os
(99%, Aldrich) with BBT, with Nb,Os concentrations varying
from 0, 2, 5, and 10 wt%, and were designated BBT, BBTND2,
BBTNDS5, and BBTNb10, respectively. Samples were compacted
via uniaxial pressure of 12 MPa in the bulk format, using 5%
polyvinyl alcohol (PVA) as a binder, and were sintered at
950°C for 3h in air.

2.2. X-Ray Diffraction

The powder X-ray diffraction (PXRD) patterns were recorded at
room temperature (300 K) using an X'Pert MPD (PANalytical)
diffractometer. The X-ray tube emitted CoK, radiation
(Koo1: 1.788965 A, Kooz 1.792850 A) and operated at 40kV and
30mA. Diffraction patterns were acquired with Bragg—
Brentano geometry in continuous mode at a scan speed of 1°/
min over an angular range of 20°<26<80°. The phases
in BBT and BBT-NDb,Os ceramics were identified during
calcination and sintering using diffraction peak analysis.
The Rietveld refinement method was effectively employed to
determine the quantitative phase abundances in the sintered
samples.

2.3. Scanning Electron Microscopy

The microstructures of BBT samples were examined.
Micrographs of pellet samples were captured at various magni-
fications employing a scanning electron microscope (SEM,
VEGA II XMU) at room temperature. The objective was to
discern the densification of BBT with the inclusion of Nb,Os
and to characterize the morphology of the grains.
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2.4. Raman Spectroscopy

A high-resolution LabRam HR Horiba 800 spectrometer was
used to obtain the active Raman spectrum of BBT and additions.
The instrument is equipped with a CCD detector and a grating of
1800 lines mm™". A 785 nm infrared laser was used as the exci-
tation source, and the beam was focused onto the sample using a
100x/0.90 long working distance microscope objective.

2.5. Dielectric Measurements at Microwave Frequencies

The dielectric properties at microwave frequencies were exam-
ined using the Hakki-Coleman technique,?*?**! which utilizes
the resonant TEg;; mode. An Agilent N5230C network analyzer
was employed for the measurements. The dielectric permittivity
(&:) and dielectric loss (tan ) were determined from the resonant
frequency of the TEq;; mode at room temperature. The Li et al.*®
method was used to measure the resonant frequency tempera-
ture coefficient (zr). The 7¢ value can be calculated using
Equation (1):

¢ :flo.i_J; - 10° ppm.°C~1 (1)
where fj is the resonant frequency of the HE(;;5 mode measured
at 25 °C, and df ; and dT are the variations in resonant frequency
and temperature (25-85 °C), respectively.

2.6. Resonator Configuration Employing in the Numerical
Simulation

The measurements were performed using the transmission/
reflection network analyzer, Agilent N5230C. The dielectric
resonator antennas (DRAs) were stimulated by a wire antenna
positioned above a ground plane. The configuration of the cylin-
drical DRASs is depicted in Figure 1. The experimental setup con-
sisted of a ceramic cylinder with a height (h), diameter (D), and
radius (a). The sample was situated on a copper ground plane
(355 x 300 x 2.14 mm) and was placed as close as possible to
the probe, which was connected to the analyzer via a 50Q
SMA connector.

In this configuration, the dominant mode of this dielectric res-
onator is the HE; 5, where the characteristics of this mode, such
as resonance frequency (fyggi1s) and quality factor (Q), can be
approximated using the following equations (see Supporting
Information):>”!

Feeding probe

. “Air gap

A

. Ground plane (copper)

Air gap .-

Figure 1. Schematic illustration of the setup used for DRA measurements.
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6.324c¢ a a\2
HE =——10.2 36— 02(— 2
f(HE5) 2ma\/e, + 2 (0 7403657 +00 (2L> ) @)
and,

0 = 0.01007(¢!?) % {1 + IOOexp[—Z.OS (2% ~0.0125 (%)2)} }
3)

The far-field parameters were obtained using Ansoft high-
frequency structure simulator (HFSS). HFSS uses the finite
element method to simulate electromagnetic fields and design
high-frequency components.”"?”*”) The effect of an air gap
around the coaxial probe exciting a cylindrical dielectric resonator
antenna was also considered.*®*? In this way, the parameters
obtained included directivity, gain, and a radiation pattern.

2.7. S Parameter

The feed port’s input impedance (Z=R+jX) produces a
frequency response due to the resonant behavior of each mode
of the highly resonant structure of the DRA. At the resonant
frequency f, the resistance R reaches its maximum and the reac-
tance X becomes zero, as shown in Figure 1 illustrating the
reflection coefficient (Sy4). It is important to note that the devia-
tion of resonant frequencies from the minimum of the reflection
coefficient Sy is determined by the equation relating to Z:

(4)

with z = Z/R¢, where Rc is the characteristic impedance of the
feeder. Equation (4) clearly shows that S;; depends on Rc: using
Rc=50Q feeder, it can be seen that the power transmission to
the antenna is high (S;; # 0) at the resonant frequency of the
DRA.

3. Results and Discussion
3.1. X-Ray Diffraction

Figure 2 shows the refinements of the BBT matrix and compo-
sites. All peaks of BBT align precisely with the ICSD pattern,
with no additional peaks observed from other phases. To corrob-
orate the structure of the chosen tetragonal BBT, quantitative
phase analysis was executed using the Rietveld refinement
method?>***! with GSAS/EXPGUI software.*

The study confirmed the crystal structure, revealing lattice
parameters: a=3.856 A, b=3.856A, and c=41.958A; with
angles, a = b =c=90°, and a calculated p = 7.48 g cm ™ and unit
cell volume equal to 623.166 A® for the pure phase. Table 1
details the impurity phases found using the Rietveld refinement
performed on the BBT-Nb,Os composites to determine the
crystalline phases present (see Figure 3). It was observed
that BBT and Nb,Os reacted, leading to the formation of the
Bi; 74Ti;06.624 phase. Bismuth titanates, along with the pyro-
chlore phase associated with the cubic Bi;74Ti,06624 phase
[PDF 089-4732], contain mixtures of the tetragonal Bi Ti3O4,
[PDF 047-0398] and tetragonal Bi,O; [PDF 071-0465] phases.[*?!
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Figure 2. a) Rietveld refinement for the BBT matrix and b) composites.

Table 1. Parameters from Rietveld refinement for BBT-Nb,Os system.

Samples Parameters Mass fraction [%]
7 Rup Regs ~ BBT  NbOs  Bi1zTizOge24
[%] [%] (pyrochlore)
BBT 1.28 13.83 8.36 100 - -
BBTNb2 1.58 13.72 14.40 78.12 - 21.82
BBTNbS 1.47 14.79 14.60 56.28 - 34.03
BBTNb10 1.49 14.62 11.20 19.09 31.38 49.53
0.8
/\ o
o
2 0.7 1
‘2
=
7}
=
o
=
N
<
3
& 0.6 -
o
o—
0.5 T T T T T
0 2 4 6 8 10

% (NbyOs)

Figure 3. Relative density variation % Nb,Os.

Makovec et al. and Pribosic et al. confirmed the presence of the
BaBi,Ti40;5 phases and the pyrochlore phase when doped with
5% Nb,0s. Additionally, when doped with 10% ND,Os, the three
phases observed were the BaBi Ti O;5 matrix, the pyrochlore
phase, and Nb,Os.[444]
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Table 1 presents the statistical parameter values derived
from the Rietveld refinement and the percentage of phases in
the composites. The parameters, including reduced chi-square
("), weighted-profile reliability factor (Ryy), and Bragg intensity
reliability factor (Rpyage), demonstrate a robust agreement
between the observed and calculated XRD patterns. This
affirmation underscores the reliability of the accomplished
refinement.

The experimental density for all samples was determined
through pycnometry. The theoretical densities of BBT and
Nb,Os were derived via Rietveld refinement, yielding
p="7.48gcm > for BBT and p=4.36gcm > for Nb,Os. The
results for both absolute density (p) and relative density (p,)
are detailed in Table 2 and depicted in Figure 3.
Subsequently, the p, was calculated according to Equation (5):

Pe
pr=t2 5
Pt G)

where p. and p; are the experimental and theoretical densities,
respectively. It is noteworthy that these p, values are lower than
the corresponding theoretical densities. Specifically, the BBT
ceramic’s relative density is notably low compared to reported
literature values for the same phase under different sintering
conditions.*%!  However, the BBTNb2, BBTNDb5, and
BBTNDb10 ceramics exhibited a substantial increase in densifica-
tion during the process.

Table 2. Relative density values of BBT-Nb,O5 composites.

3

Density [gem™]
Samples Theoretical Experimental Relative [%]
BBT 7.48 4.17 55.74
BBTNb2 7.7 4.29 59.83
BBTNbS 6.38 5.38 84.32
BBTNb10 6.36 5.59 87.89
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Figure 4. Comparison of the Raman modes for the BTT, BTTNb2,
BTTNb5, and BTTNb15 at room temperature.

3.2. Raman Spectroscopy

To elucidate the vibrational modes of the crystalline phases,
Raman spectroscopy was employed to analyze the ceramics.
As depicted in Figure 4, the Raman spectra exhibit seven distinct
peaks within the 0-1000 cm ™' range, attributed to the BBT and

Www.pss-a.com

Nb,Os phases. These findings align well with reported data.!**~**!

The Raman spectrum of BaBi, Ti40;5 reveals three peaks around
160, 280, and 880 cm ™ at room temperature, Literature indicates
that Nb,Os modes closely resembling the BBT phase spectrum
are observed at 120, 555, 755, and 900 cm™".** A prominent
peak at 886.86cm ™' corresponds to the Aj, (1) mode.
Additionally, strong peaks at 556.96, 277.42, and 57.63 cm™!
are clearly visible and align with the modes (v3), (v4), and (vy),
respectively. The peaks 753.83cm™" (Big (1)) and the less
intense 118.23 cm™" (A (vg)) are associated with the vibrational
modes of the Nb,Os phase. The vibrational modes corresponding
to the BBT phase are represented by peaks at 886.86 cm™"
(Aig (1)), 556. 96cm71 A1 (v3)), 277.42cm™" (Byg/Bsg (va)),
and 158.10cm™ A1 Fs] Moreover, the high-intensity v,
peak at 888.86 cm ™ is attrlbuted to the BBT and Nb,Os phases.
These results unequivocally corroborate the findings from the
XRD measurements.

In the case of BaBi,Ti40¢5 ceramics doped with Nb,Os, the
decrease in the intensity of the Raman spectrum occurs due
to the incorporation of the Nb>" ion into the Ti*" ion site in
the crystal lattice of the BBT crystals, generating an increase
in the concentration of barium (Ba®*) and a decrease in the con-
centration of bismuth (Bi*™). Since Nb>" has an ionic radius of
0.64 A, it is incorporated exclusively into the Ti*" site, which has
an ionic radius of 0.61 A. However, Nb>* cannot substitute for
Ba*" (1.35A) or Bi*" (1.17 A) because its ionic radius is smaller.
This fact is attributed to the structural disorder associated
with chemical changes and compositional fluctuations.

Figure 5. SEM micrographs at room temperature with a magnification factor of 5000x for: a) BBT, b) BBTNb2, c) BBTNb5, and d) BBTNb10.
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These fluctuations give rise to microdomains with different
levels of structural distortion that become visible with the
increase in the concentration of Nb,0s.*!

3.3. Scanning Electron Microscopy

The microstructure of the surfaces was investigated through
SEM analysis, as presented in Figure 5. Micrographs captured
at a magnification of 5000x revealed a consistent microstructure
across the sintered BBT, BBTNb2, BBTNbS5, and BBTNb10
ceramics. These samples exhibited a combination of grains
and pores in specific regions, accompanied by a nonuniform
distribution of grain sizes. In this way, the addition of oxides
is beneficial and favors grain packing.

Figure 5a shows a significant amount of space in most
areas with particulate structures that did not have a clearly
defined shape. This was confirmed by a low density of ~56%.
However, most areas exhibited well-defined grains, grain bound-
aries, and minimal void space compared to the BBT ceramic, as
illustrated in Figure 5b—d. These findings indicate that adding
niobium oxide to the BBTNb2, BBTND5, and BBTNb10 ceramics
substantially improved the densification of the material.

The software Image] was used to analyze the average grain
size. A conversion scale between the number of pixels in the
image and the actual size was assigned through the software,
and then, on average, 35 distinct and random grains distributed
throughout the entire image (SEM) were selected. A grain size of
around 1.3 pm was observed in the pure sample. The grain size
of the doped samples was between 1 and 1.3 pm. The grain size
of the BBT-Nb,Os specimens became more homogeneous with
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Table 3. Weight percent and atomic percent of elements obtained from
EDS analysis.

Sample Ba Bi Ti (0] Nb
BaBi,TisO15 Weight % 7.44 60.29 16.17 16.09 -
Atomic % 3.21 17.11 20.03 59.65 -
BBTNb2 Weight % 6.98 71.62 19.32 - 2.10
Atomic % 6.21 41.83 49.20 - 2.76
BBTNb5 Weight % 9.63 67,08 19.32 - 3.97
Atomic % 8.37 3833 48.19 - 5.11
BBTNb10 Weight % 8.59 60.74 23.89 - 6.78
Atomic % 6.76 31.42 53.94 - 7.89

Table 4. Dielectric properties in the microwave region obtained for all
samples evaluated.

Samples a h fo & tans 5 o xf
[mm] [mm] [GHZ] 0?3  [ppm°C [GHZz]
BBT 884 879 464 5240 835 —420.31 91.63

BBTNb2 9.20 9.34 477 5037 6.38
BBTNbS 9.19 9.16 433  51.40 4.56
BBTNb10  9.20 9.40 4.09 52.65 4.59

—396.95 86.27
—302.18 142.33
—181.43 127.65

the increase in niobium content, favoring better packing of the

grains and improving the density of the Nb-doped samples.
The EDS spectrum (see Figure 6) confirmed the presence of

anionic and cationic elements (Ba, Bi, Ti, O, and Nb ions).

—_
T
~

Intensity (a.u)

i (o

Energy (KeV)

—
o
-

Intensity (a.u)

Energy (KeV)

Figure 6. Elemental mapping from EDS for all samples. a) BaBi,Ti4Os (BBT); b) BBTNb2; c) BBTNbS5; d) BBTNb10.
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Table 3 presents the elemental weights provided by the

EDS analysis. The recorded EDS spectra show that all the

elements of the studied samples are present. These results
corroborate the XRD and Rietveld refinement analyses presented

Www.pss-a.com

3.4. Dielectric Measurements at Microwave Frequency

The dielectric properties within the microwave range of the BBT—
Nb,Os systems were assessed through the Hakki-Coleman tech-

earlier. nique. As indicated in Table 4 and illustrated in Figure 7a, all
(@) 56 90  (®) 150
o
s s
o s ©
W w g -300 - o
q teo g =
52
<«
©
<« 0\_/ 4.5 D/
50 T T T T T T '450 T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10

% (Nb,0,)

% (Nb,0,)

Figure 7. a) Dielectric permittivity (¢,) and dielectric losses (tan ) and b) resonant frequency temperature coefficient (z¢) variation with Nb,Os.
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Figure 8. Experimental and theoretical HFSS reflection coefficient (Sq17) from a) BBT, b) BBTNb2, c) BBTNbS5, and d) BBTNb10.
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Table 5. Experimental and simulated values of resonant frequency (f,),
reflection coefficient (Sy7), and percent bandwidth (% BW) for samples.

Parameter BBT BBTNb2 BBTNbS BBTNbH10
Sexperimental [GHZ] 2.26 2.16 2.19 2.10
fuimulated [GHZ] 2.26 2.16 2.19 2.10
Error [%] 0.00 0.00 0.00 0.00
Zexperimental [$] 49.13 52.61 50.11 54.77
Zeimulated [2] 48.34 52.79 50.84 54.50
Error [%] 1.61 0.34 1.46 0.49
Stiexperimental [dB] —29.58 —33.03 —32.35 —35.20
St1simulated [dB] —29.58 —33.53 —32.01 —35.72
Error [%] 0.00 1.51 1.05 1.47

samples exhibited resonant frequencies (f;) ranging from
4.09 to 4.77 GHz. Notably, the highest dielectric permittivity
was observed in the BBTND10 sample (&, = 52.65), while concur-
rently displaying a lower dielectric loss (tan &=4.56 x 1072).
This enhancement in ¢, is attributed to the increased density
resulting from adding Nb,Os, as detailed in Table 4.5%>%

© Z" experimental ©

—~
[V)
~

60

Impedance (2)

2,0 2,1 2,2 23 24 2,5 2,6

—
(2)
~
Y
S

Impedance (Q)

Www.pss-a.com

In particular, the sintering temperature employed in this study
was 950 °C, a notable departure from the literature where sinter-
ing temperatures typically exceed 1000 °C. The dielectric proper-
ties analyzed in this study showed ¢, lower than those reported
in the literature due to the influence of the lower densification
acquired (Table 2). A higher sintering temperature promotes
higher densification, contributing to grain growth. Grain size
is a determining factor for the electrical properties of the
material, that is, the larger the grains, the smaller the vacancies
within the sample, improving its dielectric properties, and
consequently &,.5%>*

The lower density is the result of our choice to study BBT at
low sintering temperatures (<1000 °C), which opens the possi-
bility of using this material in low-temperature co-fired ceramics
(LTCC).

Regarding dielectric losses (tan §), no substantial variation was
noted, with all materials exhibiting tan & values on the order of
1072, This consistency arises from the similar tangent loss values
of the BBT and Nb,Os phases (tan Sypaos = 3.65 X 1072).[54]
Thermal stability analysis, conducted using the Li et al
method,?®) revealed a negative temperature coefficient of the
resonant frequency (zr) for all samples, as depicted in
Figure 8b and detailed in Table 4.

Z' experimental Simulated

(b) 60

504

40

301

20 1

Impedance (QQ)

2,0 2,1 2,2 23 24 2,5 2,6

Impedance (Q)

Frequency (GHz)

Figure 9. Real and imaginary impedances (experimental and simulated) for a) BBT, b) BBTNb2, c) BBTNbS5, and d) BBTNb10.
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The BBTNb10 sample exhibited a lower 7y value
(-181.43 ppm °C™Y), which is attributed to the negative z¢ values
inherent in both the BBT and Nb,Os phases.[ss‘%] Extensive
efforts have been undertaken to empirically control zr values
in dielectric materials, forming solid solutions and homoge-
neous phases by combining two or more components with both
negative and positive values. This pursuit aims to achieve coef-
ficients close to zero, a crucial requirement for commercial
microwave applications.®”>®!

3.5. Numerical Simulation of the BBT-Nb,Os Composites

Numerical simulations were conducted using Ansoft (HFSS)
high-frequency structure simulator software to analyze the
behavior of BBT-NDb,Os composites functioning as DRAs.
Figure 8a—d show the experimental and simulated reflection
coefficient (S;;) for the materials, where the experimental and
simulated S;; profiles are well adjusted. As presented in
Table 5, the error in simulated frequency is less than 0.02%
for all samples. For the value of the reflection coefficient,
the error is higher for BBTNb2 (1.51%), whereas BBTNbS
and BBTND10 presented errors close to 1.05 and 1.47%,

* $=90°
—¢:00

Ny .
\‘ﬂﬂl‘\"’

A

Www.pss-a.com

respectively. Moreover, all systems analyzed presented
S11 <-10dB, demonstrating that the ceramics analyzed can
operate as an antenna.l'"**%" The resonance frequency of the
samples was between 2 and 4 GHz, and according to the classi-
fication given by the Institute of Electrical and Electronic
Engineers (IEEE), these composites can operate as S-band
electronic devices.

The comparison between real (Z’) and imaginary (Z”)
impedances was also performed to demonstrate that the
simulation performed for materials is reliable (Figure 9a-d).
Z' and Z"” demonstrated a good approximation between
simulated and experimental results, while the difference
observed could be explained by the fact that the theoretical
model does not consider the ground plane imperfections of
the DRA.

Figure 10a—d present the simulated radiation pattern of gain,
describing how the DRA radiated into free space at 6 and ¢
angles. The analyzed samples present quite similar radiation pat-
terns. The simulated radiation patterns for the E-plane (¢ = 0°)
and H-plane (¢ =90°) show that the symmetry of the lobes
demonstrates a good coupling. The profile demonstrates a typical
diagram of a cylindrical DRA, with the maximum radiation at
6=0°, i.e., at the top of the cylinder.”*>*

(b)

Figure 10. Simulated radiation pattern of £y (¢ =0°), Ey (¢ =90°), and E, (0 =0°) of a) BBT, b) BBTNb2, c) BBTNbS5, and d) BBTNb10.
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Table 6. DRA operating parameters determined by the simulation in the
HFSS.

Samplesa) D H Direc. Gain r I'pwr Tpwr BWexp
[mm] [mm] [dBi] [dBi] [MHZz]
BBT 15.910 7.60 3.45 112 0.0331 0.00110 0.9988  89.48

BBTNb2 17.443 8.44 3.30 1.12  0.0223 0.00049 0.9995  89.43
BBTNb5  17.256 8.03 3.39 1.41  0.0241 0.00058 0.9994 68.93
BBTNb10 17.045 8.49 3.21 1.15 0.0173 0.00030 0.9996  59.45

ADiameter; Height; Directivity; Gain; Reflection coefficient (I'); Energy reflection
coefficient (I'pwr); Energy transmission coefficient (Tpwr); Bandwidth (BWg,p).

The far-field parameters for BBT-Nb,Os composites are
detailed in Table 5, showcasing directivity exceeding 3.00 dBi
and bandwidth ranging from 59.45 to 89.48 MHz. These results
suggest that the evaluated materials hold significant potential
for applications in electronic devices operating in the S-band,
including Wi-Fi devices and satellite communication
transmissions.l*”

The impact of dielectric loss on the radiation characteristics of
the samples, when functioning as DRAs or cylindrical antennas,
is noteworthy. The enhanced densification resulting from nio-
bium oxide doping contributed to increased permittivity and
reduced dielectric loss. In this context, niobium oxide doping
enabled the exploration of the influence of different addition per-
centages on key parameters such as bandwidth, efficiency, and
antenna gain. It is worth noting that these characteristics can be
further optimized by modifying the symmetry or dimensions of
the DRA. Table 6 presents the directivity, gain, reflection coeffi-
cient (I'), energy reflection coefficient (I'pwr), and energy trans-
mission coefficient (Tpwr) of the analyzed DRAs.

Furthermore, it is possible to observe that the samples dem-
onstrated directivity below 3.50 dBi and gain less than 1.50 dBi,
with the bandwidth decreasing throughout the series. However,
an I' value close to zero in all samples suggests that most of the
energy was being transmitted and that some of this energy was
lost through reflection with the energy reflection coefficient
(I'pwr) indicating how much energy was lost by reflection. It
is observed that all samples have values very close to zero,
between 10~ and 10 The power transmission coefficient
(Tpwr) indicates how much power is transmitted as a function
of transmission line mismatch, that is, the closer this value is
to 1, the higher the energy transmission and the lower the loss
due to impedance mismatch. All samples show good results with
values very close to 1.°%%%

4. Conclusion

This study delved into the microwave properties of the BBT-
Nb,Os composites. XRD was used to analyze the materials,
and it was observed that the addition did not result in the
formation of new phases. Raman spectroscopy revealed peaks
886.86cm " (Ayg (1)), 556.96cm " (A (v3), 277.42cm
(B2g/B3g (v4), and 158.10cm ™" (A;q (vs)) corresponding to the
BBT phase, while the peaks 753.83 cm™" (By, (v,)) and the less
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intense 118.23 cm ™" (A1 (vg)) are associated with the vibrational
modes of the Nb,Os phase. A decrease in the intensity of the
Raman spectrum was also observed due to the incorporation
of the Nb5* ion into the Ti4" ion site in the crystal lattice of
BBT crystals, this fact is attributed to the structural disorder asso-
ciated with chemical changes and compositional fluctuations.
The microstructure of the surfaces was investigated through
SEM analysis. Micrographs revealed a consistent microstructure
across the sintered BBT, BBTNb2, BBTND5, and BBTNDb10
ceramics. The samples showed a non-uniform distribution for
grain sizes. The EDS spectrum confirmed the presence of
anionic and cationic elements (Ba, Bi, Ti, O, and Nb ions).
Analysis of dielectric measurements indicated that the inclusion
of Nb,Os led to an increase in permittivity and a reduction in
dielectric loss tangent. The dielectric properties analyzed in this
work revealed &, variations between 50.37 and 52.65, with tan §
values ranging from 6.01 x 10™% to 4.59 x 10~ 2, whereas the
addition of Nb,Os resulted in the zr of BBT closer to zero.
Numerical simulations were employed to evaluate the perfor-
mance of the investigated composites as a DRA. The experimen-
tal and simulated curves exhibited a robust alignment, with all
samples displaying reflection coefficient (S;;) values lower than
-10dB, indicating their suitability for operation as antennas.
Furthermore, the far-field parameters of the ceramics demon-
strated a bandwidth ranging from 59.45 to 89.48 MHz, showcas-
ing the potential applicability of these materials in electronic
devices operating within the S-band.
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