” =

anm

Research Article

“ it

v A

Dielectric properties of epoxy—barium titanate composite for 5 GHz

microstrip antenna design

Nurulfadzilah Hasan' - Nurul Hazlina Noordin' - Mohamad Shaiful Abdul Karim' - Mohd Ruzaimi Mat Rejab? -

Quan Jin Ma?

Received: 29 August 2019 / Accepted: 26 November 2019 / Published online: 10 December 2019

© Springer Nature Switzerland AG 2019

Abstract

To fulfill the demands for robust, compact microstrip antenna for wireless communication, miniaturization is necessary.
To achieve this, conventional dielectric microstrip antenna substrate can be replaced with high-permittivity composite
dielectric material. Epoxy—barium titanate composite has potential to be used as antenna substrate. This paper focuses
on fabrication of epoxy-barium titanate composite at different filler loadings. Then, the permittivity of the composite at
G-band frequencies (4-6 GHz) is measured using waveguide technique. The effect of filler concentration to permittivity
is observed at 5 GHz, the intended resonant frequency of the antenna. Waveguide technique determines the complex
permittivity by analyzing only the measured transmission coefficient of the material, and easily noise affected reflection
coefficient is not used. The experimental results show that the permittivity of epoxy-barium titanate increases steadily
as the filler volume increases. At the highest filler volume (20%), the permittivity of the composite at 5 GHz is at 6.67. The
results obtained are in good agreement with theoretically predicted values.
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1 Introduction

Wireless communication systems today are mostly com-
pact, portable and multi-functional. These communica-
tion devices require small, lightweight and robust anten-
nas to support fast and secure data transmission between
devices. Microstrip antennas meet these requirements as
they are robust, lightweight and have low profile. Since its
discoveries in the late 1970s, microstrip antenna technol-
ogy has been critically studied to improve its performance
to suit the evolution of wireless communication technol-
ogy, including studies on miniaturize microstrip antenna.
There are several ways to meet the current demands for
miniaturized microstrip antenna, and one effective way is
by using high-permittivity dielectric material as antenna

substrate [1-3]. The substrates’ permittivity controls the
physical size, the radiation, the efficiency and the band-
width of the antenna [4]. Commonly used dielectric sub-
strates are FR-4 and RT-Duroid, which have permittivity
of 4.4 and 2.2, respectively [4]. Thus, by substituting com-
mon antenna substrate with a higher-permittivity dielec-
tric, the overall size of the antenna can be reduced. This
can be achieved by using composite material as dielectric
substrate.

Composite materials are developed by adding fillers
into base materials such as polymer and epoxy resin [5].
Common fillers include ceramic powders, carbon fibers,
glass fibers, hollow microspheres, graphene and carbon
nanotubes. The permittivity €, of composite material
depends on the volume of filler material added to it. By
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varying the ratio of filler substance volume, permittivity
€, can be tailored to the desired value. High-permittivity
materials have long been used in electronic devices. But
some of these materials are unsuitable to be used as
antenna substrate. Ceramics, for example, has high per-
mittivity and widely used in microwave. However, they
are fragile and need high sintering temperature, making
the processing difficult and costly [6]. One solution to
this problem is by mixing the high-permittivity material
with low-permittivity base material and developing a bal-
anced new composite material. This method allows the
adjustment of the permittivity value of the new material,
resulting to the antenna miniaturization with optimum
potential.

In this paper, composite substrates consisting of epoxy
resin—barium titanate is formulated at different filler con-
centrations. Epoxy resin is commonly used as based mate-
rial for polymer-ceramic composite and has low-permit-
tivity value of from 2 to 5 [7]. The permittivity of cured
epoxy resin in G-Band has been measured in the previous
work [8]. The value is around 2.7-3. Barium titanate on the
other hand is a ferroelectric oxide material and is widely
used in many electronic components [9, 10]. It could be in
different shapes of crystals, cubic, tetragonal, orthorhom-
bic and rhombohedral. The permittivity of barium titanate
is usually very high depending on shape and size of the
crystals, impurities and its processing techniques [9]. At
room temperature, the permittivity for nanosized barium
titanate particles is between 3500 and 6000 [7]. According
to Ertug [10], the permittivity for nanosized barium titan-
ate is 3279. The main factor that affects the permittivity
of epoxy-barium titanate composite is the concentration
of barium titanate filler [11-13]. However, the permittivity
value can also be affected by other factors such as filler
grain size, impurities of the filler material and the compos-
ite fabrication technique used [14-16]. This paper focuses
on the effect of filler concentration to the permittivity of
epoxy resin—barium titanate composite at 5 GHz.

Permittivity of epoxy resin-barium titanate composite
varies at different frequencies. Singha and Thomas [17]
describe that permittivity and loss tangent of a polymer
system depend on the number of orientable dipoles in
the molecular chains and their ability to orient under an
applied electric field of certain frequency. In general, like
other different types of polymer-based composite, the
permittivity of epoxy resin-barium titanate composite
decreases with frequency. The dipoles’ ability to orient
according to applied electric field is better at low fre-
quencies compared to high frequencies [18]. This applies
for both composites fabricated with micro-sized and
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nanosized barium titanate filler [11, 15, 18, 19]. Hyun et al.
[19] discovered that the permittivity of epoxy resin-bar-
ium titanate composite embedded capacitor films (ECFs)
decreases when measured across frequency span between
1 MHz and 0.5 GHz. Similar findings are presented by Patsi-
dis and Psarras [20] which concluded that the permittivity
of epoxy resin-barium titanate composite decreases when
measured across frequencies between 107" and 107 Hz.
Most of the open literatures are focused on measuring
epoxy resin-BaTiO; permittivity at up to 1 GHz. Not many
researchers are investigating the permittivity at microwave
band. This paper investigates the permittivity of the epoxy
resin-barium titanate composite at G-band frequencies
(4-6 GHz). For this study, measurement was kept at room
temperature, the size of filler particle was kept constant,
and the influence of particles distribution and interfacial
interactions between matrix and filler are not considered.

There are several ways to measure permittivity and loss
tangent of materials, such as open-ended coaxial probe
method, resonance method and waveguide method
among others. Each technique has their own advantages
and disadvantages such as limited frequency span for
measurements and the type of material that can be meas-
ured [21]. The selection of which method to use depends
on the types of material to be measured and the intended
operating frequency. Permittivity of a dielectric material is
expressed using complex number:

_ "
6_6r+6r

The real part represents the quantity of stored energy
in the dielectric material from the external electrical field,
while the imaginary part represents the amount of energy
loss from the material due to an external electric field [21,
22]. Energy loss in a dielectric material is more commonly
represented using loss tangent (also known as dissipation
factor or loss factor). Mathematically, loss tangent (tan 6)
is the ratio of the imaginary part to the real part of the
complex relative permittivity. In this paper, the complex
permittivity of epoxy resin-BaTiO; composite is measured
using rectangular waveguide technique. This technique
was previously used to measure the complex permittivity
of pure cured epoxy resin [8]. The advantages of using this
technique are that the material under test (MUT) is less
complex, where it does not need to perfectly fit the cross
section of the waveguide. Moreover, this technique only
utilizes the transmission coefficient, S,;, thus eliminating
the use of reflection coefficient, S;;. Using S;, to obtain
complex permittivity is prone to error, since S, is too small
and easily affected by measurement noise. Therefore,
using S, is the better alternative.
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2 Methodology
2.1 Material

Commercially available epoxy resin and nanosized barium
titanate powder were used in this study. The epoxy resin
used is EpoxAmite™ epoxy system, with medium hardener.
The weight ratio of 100:29 (100 g of epoxy resin and 29 g
of hardening agent) is applied for the epoxy resin system,
as suggested by the manufacturer. The filler used is nano-
sized barium titanate, with particle size of <3 uym and
98.0% purity. The density of epoxy resin and nanosized
barium titanate powder is 1.25 and 6 g/cm?, respectively.

2.2 Sample preparation

Four different epoxy resin—barium titanate composite sam-
ples were fabricated, at the following volume ratio: 5 vol%,
10 vol%, 15 vol% and 20 vol%. The weight ratio (wt%) for
base matrix and filler is then calculated based on the filler
volume ratio. Fabrication process starts with mixing the
appropriate amount of both epoxy resin and barium titan-
ate nanosized powder in a container. Next, the mixture
was stirred thoroughly using an overhead stirrer (WiseStir
HS-30D) for 2 min. The stirrer speed was kept constant at
500 rpm throughout the process. Stirring was carried out
at high speed, to allow the materials to mix well and mini-
mize the agglomeration of the filler particles. Agglomera-
tion would form large filler particles in the composite. This
would eventually reduce the filler surface area to volume
ratio, which would compromise the unique nanoparticle
properties in the polymer [17]. The stirring process was
kept at a short time, to reduce entrapment of air bubbles
in the mixture [23]. Trapped air bubbles would affect the

Epoxy resin, barium titanate

and hardening agent are mix

according to predetermined
volume ratio.

Mixture is then placed
inside vacuum chamber (30
in.-Hg) for 2 minutes to
remove trapped air bubbles

1 2 3

The mixture is stirred
thoroughly (500 rpm
for two minutes) mold.

mechanical properties of the composite [24]. To remove
trapped air bubbles in the mixture, vacuum degassing
technique is used. In this process, the mixture is placed
inside a vacuum chamber (30 in.-Hg) for 2 min. This allows
the air that is trapped within the mixture escape. The mix-
ture is then carefully poured into a mold which has dimen-
sion of 47.55%22.15 mm and thickness of 22.10 mm. This
size is chosen as it is the same size of the waveguide that is
used to measure the permittivity. The composite mixture
is then let to cure inside vacuum oven at 60 °C for 30 min.
The epoxy resin system manufacturer suggests that curing
time can be reduced by applying mild heat. High curing
temperature also increases the heat deflection tempera-
ture of the composite. Curing at higher temperature also
improves the mechanical properties of composite [25]. The
composite mixture is further cured at room temperature
for 24 h. The fabrication process was repeated for each
different filler volume. Composite preparation process is
depicted in Fig. 1.

2.3 Permittivity measurement

The waveguide used in this study is a G-band waveguide,
which supports frequencies between 4 and 6 GHz. The
measurement of S,, is taken using Agilent Vector Network
Analyzer (VNA), which is connected to the waveguide by
using coaxial cables and coax-waveguide adapters. The
temperature during measurement was kept at room tem-
perature. Before measurement can take place, the VNA
is first calibrated using a full two-port Short-Open-Load-
Thru (SOLT) calibration. This step is important to ensure
accurate measurements. Then, the MUT with dimension
of approximately 22.10x 21.44 mm is placed in the cavity
of a waveguide as shown in Fig. 2.

Epoxy-Barium titanate
composite with different
volume ratic

Then it is cured inside
vacuum oven at 60°C for 30
minutes and at room
temperature for 24 hours

The mixture is then
carefully poured into

The cured
composite is taken
out of the mold.

Fig. 1 Material preparation process
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; waveguide
Material under test

Fig.2 MUT inside the cavity of G-band waveguide

Fig.3 Complete measurement setup

Figure 3 shows the complete measurement setup. Then,
the transmission coefficient, S,,, is measured across the
waveguide. Both the magnitude and phase are measured
in order to determine the real and imaginary part of com-
plex permittivity. The complex permittivity is calculated
by applying an EM field analytical method proposed by
Miyagawa et al. [26, 27] and further improved by [28].

2.4 Mixing model/prediction

In order to estimate the permittivity of a composite mix-
ture, theoretical models can be used. Some models are
simple and straight forward, such as volume fraction
model, in which the permittivity of the new composite
material can be predicted using:

Ec = VEm T ViEs (M

where g, and v, are permittivity and volume fraction of
polymer matrix, respectively, while are & and v are permit-
tivity and volume fraction of ceramic filler, respectively.

SN Applied Sciences

A SPRINGERNATURE journal

This model, however, is inaccurate [7, 29] compared to

more complex models listed as follows [11, 13, 19, 30-33]:

i. Maxwell-Garnett model:

Ef—€m

=V —
e+ 2e, 2)

Ec—E&np

EcT €
ii. Lichtenecker model:
loge, = Velog ¢ + (1 — Vp)loge,, (3)

iii. Jayasundere-Smith model

3 3V (g€
Em(1 = Vo) + £y x 2o x [1 + %}
o= 3Vee 3Vi(er—em)
1— V4 Km i [1 4
£+2€, £+2e,,
(4)
iv. Wiener upper limit:
g = Vier + (1 = Ve, (5)
v. Wiener lower limit:
e = ffm 6
T Vier + (1= Ve, (6)

vi. Symmetric Bruggeman model

g = éll [3Vf(6f —en) + 26, — &

+ \/(1 —3V))%e2 4 2(2 4+ 9V, — IV2)ege,, + BV, — 2262,
(7)

Permittivity obtained from the measurements is then
compared to mixing model value, to observe the accuracy.

3 Results
3.1 SEM micrographs

Figure 4a-d shows the cross-sectional SEM of the epoxy
resin—BaTiO; composites with varying filler content. Dis-
persions of barium titanate nanopowder can be clearly
seen in the SEM micrographs, where light-colored dots
represent barium titanate nanopowders and the dark
background is epoxy resin matrix. In general, it can be seen
that for all filler concentrations, filler particles were dis-
persed well within epoxy resin matrix, with only small trails
of clusters and pores found. However, more clusters of filler
particles can be found in composite with 15 vol% and 20
vol% filler volume ratios, compared to 5 vol% and 10 vol%.
This is expected because of the higher concentration of
filler particles in the composite. As the concentration of
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Fig.4 SEM micrographs of
epoxy resin—barium titanate
composite at various filler
contents

(c) 15% BaTiO; filler

nanofiller increases, the concentration of epoxy resin
decreases, thus causing the nanosized filler particles to
cluster together.

The images of composites with higher filler loading
show more bright dots. The particle sizes of the filler are
among a few micrometers. With the increase of ceramic
filler, slight aggregation appears in certain areas, which
illustrates that the volume fraction of filler could not
be larger, because that might lead to poor mechanical
properties as a result of the agglomeration of the fillers
(Homogenous).

3.2 Electrical properties: permittivity, loss tangent
and permeability

Figure 5 shows the real and imaginary values of permittiv-
ity for epoxy resin—-barium titanate composite, measured
between 4 and 6 GHz. At 5 vol% filler, the permittivity is
around 3.5-4. As the filler volume ratio is increased, the
permittivity of the composite material increases steadily.
At the highest filler concentration (20 vol%), the permit-
tivity is around 7-7.5. For all filler volume ratio, the permit-
tivity remains stable throughout the G-Band frequencies.

[ ooum———

(a) 5% BaTiO; filler

(d) 20% BaTiO:; filler

—5% Vf

—10% Vf|
—15% Vf
—20% Vf
—5% Vf

—10% VAf|
—15% Vf
" —20% Vf

Permittivity
S
T
1

Frequency (GHz)

Fig.5 Permittivity versus frequency

The imaginary values for all composite samples exhibit the
same pattern except for 10 vol%. The imaginary permittiv-
ity value for 10 vol% shows significant drop at frequencies
around 5.4 GHz. Therefore, the loss tangent also follows
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Fig. 6 Loss tangent versus frequency
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B— Permittivity (real)
Tr — Permittivity (imaginary)

Permittivity
N
T
1

filler volume ratio (%)

Fig. 7 Permittivity versus filler volume (vol%)

this pattern as shown in Fig. 6. This may be caused by error
in measurement or with sample preparation. However, the
loss tangent values for all the composites are still consid-
ered low and acceptable.

Figure 7 shows the permittivity of epoxy resin-barium
titanate composite at 5 GHz. The real value of permittiv-
ity increases almost linearly with the filler volume, while
the imaginary value only increases slightly. The resultant
loss tangent of epoxy resin-barium titanate composite at
5 GHz is shown in Fig. 8. The loss tangent shows increas-
ing trend at the beginning, with the highest at 10% filler
volume. Then, the value decreases, with the lowest value
of 0.043 at 20% filler volume.
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Fig.8 Loss tangent versus filler volume (vol%)
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Fig.9 Permittivity prediction and experimental value comparison

3.3 Comparison with models for effective
permittivity

Figure 9 shows the comparison of experimental meas-
ured permittivity at 5 GHz with theoretical value. It is
observed that the experimentally measured permittivity
shows the same trends with all the predictions except for
Weiner lower limit and Lichtenecker. Based on the results,
the measured permittivity can be considered as the valid
results. Therefore, the composite process is considered
successful. Of all the theoretical predictions, Jayasun-
dere-Smith and Maxwell Garnet models show minimal
discrepancies to the measured value.

3.4 Comparison with other materials

Table 1 shows comparisons of proposed epoxy resin-bar-
ium titanate composite’s permittivity and loss tangent
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Table 1 Comparison of permittivity with other materials

Material Frequency Permittivity Loss tangent References

Proposed material: (20% filler vol. ratio) 5GHz 7.039186 0.044609 This work

Filler particle size 300 nm

FR-406 5GHz 3.92 0.0172 Datasheet [34]

RT/Duroid 5870 1 MHz-10 GHz 2.33+0.02 0.0012 Datasheet [35]

RT/Duroid 5880 1 MHz-10 GHz 2.20+0.02 0.0009 Datasheet

PDMS-BaSrTiO; (26% filler vol.ratio) 4 GHz 11.69 0.0380 Castro et al. [36]

Epoxy-BaTiO; (40% filler vol. ratio) 5GHz ~11 ~0.04 Yang et al. [13]

Filler particle size 100 nm

Epoxy-BaTiO; (40% filler vol.ratio) 5GHz ~15 ~0.06 Yang et al. [13]

Filler particle size 200 nm

Polyethylene (HDPE)-polystyrene-coated BaO- 1 GHz ~4 Not mentioned Zhang et al. [6]
Nd,05-TiO, (BNT) (20% filler vol. ratio)

PLA 1-10 GHz 3.549 —-0.001 Huber et al. [37]

Epoxy resin 5GHz 2.71652 0.047607 Karim et al. [8]

with other materials. The composite materials in this
work have higher dielectric permittivity compared to PLA,
FR-406 and RT/Duroid substrates. The loss tangent of the
proposed composite, however, is higher. The table also
compared the permittivity and loss tangent of the com-
posite material with cured epoxy resin. In this case, the
permittivity is higher compared to cured epoxy resin, and
the loss tangent has the same value. Finally, the proposed
composite properties are on par with the other types of
composites listed in Table 1.

4 Conclusion

High-permittivity substrate is desired to achieve antenna
miniaturization. This can be achieved with epoxy
resin-barium titanate composite. The results show the per-
mittivity of epoxy resin is increased when barium titanate
nanopowder is added to it. Higher concentration of filler
leads to higher value of permittivity. However, composite
with high content filler volume is more prone to agglomer-
ation and degrade the performance of the material. Accu-
rate and reliable permittivity measurement is a crucial step
that needs to be done before a dielectric material can be
used as antenna substrate; thus, waveguide technique is
suitable since it is accurate and reliable.

Acknowledgements Appreciation is given to Research and Innova-
tion Department, Universiti Malaysia Pahang (RDU1703154) and
Fundamental Research Grant Scheme (FRGS) by Malaysia Ministry
of Science, Technology and Innovation (RDU190179) for funding this
research study.

Compliance with ethical standards

Conflict of interest On behalf of all authors, the corresponding au-
thor states that there is no conflict of interest.

References

1. Mulla S, Deshpande SS (2016) Miniaturization of micro strip
antenna: a review. In: Proceedings of IEEE international confer-
ence on information processing (ICIP 2015), No. 4, pp 372-377

2. Rothwell EJ, Ouedraogo RO (2014) Antenna miniaturization:
definitions, concepts, and a review with emphasis on metama-
terials. J Electromagn Waves Appl 28(17):2089-2123

3. ZhouY (2009) Polymer-ceramic composites for conformal mul-
tilayer antenna and RF systems (Order No. 3375870). Available
from ProQuest Dissertations & Theses Global (304988196)

4. Balanis CA (2012) Antenna theory: analysis and design, vol 28.
Wiley, New York

5. Chandra Paul L (2015) The effect of changing substrate material
and thickness on the performance of inset feed microstrip patch
antenna. Am J Netw Commun 4(3):54

6. Zhang L, Zhang J, Yue Z, Li L (2016) Thermally stable polymer-
ceramic composites for microwave antenna applications. J Adv
Ceram 5(4):269-276

7. Barber P et al (2009) Polymer composite and nanocomposite
dielectric materials for pulse power energy storage. Matreials
2(4):1697-1733

8. Karim A, Hasan N, Shahira N, Hussain M, Afif A, Faudzi M (2019)
Cured epoxy resin dielectric characterization based on accu-
rate waveguide technique. In: AIP conference proceedings, vol
020080, July 2019

9. Babar AA, Bhagavati VA, Ukkonen L, Elsherbeni AZ, Kallio P,
Syddnheimo L (2012) Performance of high-permittivity ceramic-
polymer composite as a substrate for UHF RFID tag antennas.
Int J Antennas Propag 2012:905409

10. Ertug B (2013) The overview of the electrical properties of bar-
ium titanate. Am J Eng Res 08:1-7

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:62 | https://doi.org/10.1007/s42452-019-1801-9

11.

20.

21.

22.

23.

24,

Cheng K-C, Lin C-M, Wang S-F, Lin S-T, Yang C-F (2007) Dielectric
properties of epoxy resin-barium titanate composites at high
frequency. Mater Lett 61(3):757-760

Lévéque L, Diaham S, Valdez-Nava Z, Laudebat L, Lebey T (2015)
Effects of filler content on dielectric properties of epoxy/SrTiO;
and epoxy/BaTiO; composites. In: Annual report—conference
on electrical insulation and dielectric phenomena, CEIDP, vol
2015, December, pp 701-704

. YangW,YuS, Luo S, Sun R, Liao WH, Wong CP (2015) A systematic

study on electrical properties of the BaTiO;—epoxy composite
with different sized BaTiO; as fillers. J Alloys Compd 620:315-323
Kasprzak W, Nadolny Z, Walczak K, Siodta K, Sikorski W, J6zwiak
K, Pasciak G, Moron L (2009) The influence of barium titanate as
afiller in impregnating epoxy resin on chosen electrical param-
eters of obtained material. Mater Sci Pol 27(4/2):1219-1227
Dang ZM, Yu YF, Xu HP, Bai J (2008) Study on microstructure and
dielectric property of the BaTiO,/epoxy resin composites. Com-
pos Sci Technol 68(1):171-177

KobayashiY, Kurosawa A, Nagao D, Konno M (2010) Fabrication
of barium titanate nanoparticles—epoxy resin composite films
and their dielectric properties. Polym Compos 31:1179-1183
Singha S, Thomas MJ (2008) Permittivity and tan delta char-
acteristics of epoxy nano composites. IEEE Trans Electr Insul
15(1):2-11

Phan TTM, Chu NC, Luu VB, Nguyen Xuan H, Martin |, Carriere
P (2016) The role of epoxy matrix occlusions within BaTiO;
nanoparticles on the dielectric properties of functionalized
BaTiOs/epoxy nanocomposites. Compos Part A Appl Sci Manuf
90:528-535

Hyun J-G, Lee S, Cho S-D, Paik K-W (2005) Frequency and tem-
perature dependence of dielectric constant of epoxy/BaTiO;
composite embedded capacitor films (ECFs) for organic sub-
strate. In: Proceedings electronic components and technology,
2005. ECTC'05, pp 1241-1247

Patsidis AC, Psarras GC (2013) Structural transition, dielectric
properties and functionality in epoxy resin-barium titanate
nanocomposites. Smart Mater Struct 22(11):115006

Brodie G, Jacob MV, Farrell P (2015) 6 techniques for measuring
dielectric properties. Microw Radio Freq Technol Agric 52-77
Mallick KK, Shepherd P, Green RJ (2007) Dielectric properties of
M-type barium hexaferrite prepared by co-precipitation. J Eur
Ceram Soc 27:2045-2052

Basri MSM, Mazlan N, Mustapha F (2015) Effects of stirring speed
and time on water absorption performance of silica aerogel/
epoxy nanocomposite. ARPN J Eng Appl Sci 10(21):9982-9991
Bele A, Cazacu M, Stiubianu G, Vlad S, Ignat M (2015) Polydi-
methylsiloxane—barium titanate composites: preparation and
evaluation of the morphology, moisture, thermal, mechanical
and dielectric behavior. Compos Part B Eng 68:237-245

SN Applied Sciences

A SPRINGERNATURE journal

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,
35.
36.

37.

Kumar DS, Shukla MJ, Mahato KK, Rathore DK, Prusty RK, Ray BC
(2015) Effect of post-curing on thermal and mechanical behav-
ior of GFRP composites. In: IOP conference series: materials sci-
ence and engineering, vol 75, No. 1. 10P Publishing, Bristol
Miyagawa H, Hirose K, Nishikawa T, Wakino K, Kitazawa T (2005)
Determination of complex permittivity and permeability of
materials in rectangular waveguide using accurate hybrid
numerical calculation. In: 35th European microwave conference
2005—conference proceedings, vol 1, pp 501-504

Miyagawa H, Wakino K, De Lin Y, Kitazawa T (2009) Simultane-
ous determination of complex permittivity and permeability of
columnar materials with arbitrarily shaped cross section. IEEE
Trans Microw Theory Tech 57(9):2249-2256

Karim MSBA, Konishi Y, Harafuji K, Kitazawa T (2014) Determi-
nation of complex permittivities of layered materials using
waveguide measurements. |IEEE Trans Microw Theory Tech
62(9):2040-2048

Castro J, Rojas-Nastrucci EA, Ross A, Weller TM, Wang J (2017)
Fabrication, modeling, and application of ceramic- thermoplas-
tic composites for fused deposition modeling of microwave
components. [EEE Trans Microw Theory Tech 65(6):1-12

Jin S, Wang L, Wang Z, Huang B, Zhang Q, Fu Z (2015) Dielec-
tric properties of modified SrTiO;/PTFE composites for micro-
wave RF antenna applications. J Mater Sci: Mater Electron
26(10):7431-7437

Maron N, Maron O (2005) On the mixing rules for astrophysical
inhomogeneous grains. Mon Not R Astron Soc 357(3):873-880
Namitha LK, Sebastian MT (2017) High permittivity ceramics
loaded silicone elastomer composites for flexible electronics
applications. Ceram Int 43(3):2994-3003

Bikky R, Badi N, Bansaoula A (2010) Effective medium theory
of nanodielectrics for embedded energy storage capacitors. In:
COMSOL conference, May, pp 1-9

I. Group (2016) “FR406 Data Sheet”, pp 2-3

Avenue SR, “RT/Duroid” 5870/5880;" pp 100-101

Castro J, Weller T, Wang J (2015) An improved fabrication
method of high-k and low-loss polymer composites with sin-
tered ceramic fillers for microwave applications. In: 2015 IEEE
MTT-S International microwave symposium IMS 2015, pp 1-4
Huber E, Mirzaee M, Bjorgaard J, Hoyack M, Noghanian S, Chang
| (2016) Dielectric property measurement of PLA. In: 2016 |EEE
International conference on electro information technology, pp
0788-0792

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Dielectric properties of epoxy–barium titanate composite for 5 GHz microstrip antenna design
	Abstract
	1 Introduction
	2 Methodology
	2.1 Material
	2.2 Sample preparation
	2.3 Permittivity measurement
	2.4 Mixing modelprediction

	3 Results
	3.1 SEM micrographs
	3.2 Electrical properties: permittivity, loss tangent and permeability
	3.3 Comparison with models for effective permittivity
	3.4 Comparison with other materials

	4 Conclusion
	Acknowledgements 
	References




