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This article examines the dispersion phenomenon and the influence of silicon dioxide 

(SiO2) on the complex permittivity of binary composites made of epoxy resin (RE) and 

barium titanate (BaTiO₃). Using Time-Domain Spectroscopy (TDS), the samples were 

characterized over a frequency range from DC to 30 GHz. The volume fraction-

dependent relative permittivity of these composites was modeled using the modified 

Lichtenecker mixing law (MLL). Numerical optimization was employed to refine the 

model parameters, offering predictive insights into dielectric permittivity and shape 

factor coefficients for ternary composites. Comparative analysis confirms the model's 

suitability for binary and ternary composites, with an efficiency estimated at an average 

error of less than 2%. A Lorentzian resonance model is proposed to characterize the 

frequency-dependent behavior of the complex permittivity. The frequency dispersion 

profile of this ternary composite permittivity, exhibiting both relaxation and resonance 

spectra, shows a clear evolution with increasing BaTiO₃ content. Our empirical model 

provides a robust description of the resonance-type complex permittivity for BaTiO₃ and 

silica composites. The inclusion of SiO2 in the binary composite produced remarkable 

effects on the composite permittivity and loss tangent (tan δ) values, as these dropped 

drastically by 60%. These materials are promising for the miniaturization of electronic 

components in microelectronics and telecommunications applications. 
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1. INTRODUCTION

Composite materials offer a strategic advantage in 

microwave applications due to properties unattainable by 

single materials alone [1, 2]. Through precise blending of 

constituents, composite materials with tailored properties can 

be achieved to meet specific performance requirements. 

Polymer-ceramic composites with high dielectric permittivity 

have seen widespread use in structural applications, 

particularly in mobile and satellite communication systems, 

antennas, oscillators, filters, capacitors, wireless 

communications, and sensors [3]. However, the direct 

experimental determination of complex dielectric permittivity 

in both solid and liquid states remains challenging. 

In recent years, the advancement of microwave applications 

has been intricately linked to the dielectric properties of 

composite materials. The deployment of electromagnetic 

wave energy has expanded across various fields, including 

wireless communication, local area networks, and radar 

systems [4, 5].  

Microwave-absorbing materials are employed in radiometer 

target calibration, electromagnetic shielding, and antenna 

design, necessitating a thorough characterization of 

frequency-dependent complex permittivity across wide 

frequency ranges. Accurate measurement and understanding 

of these dielectric properties are essential to comprehend 

microwave interactions with materials, as they influence both 

fundamental studies of composite structures and practical 

applications as wave absorbers. The dielectric relaxation 

behavior, dependent on the composite composition, provides 

crucial information on the relaxation processes and phase 

structures within these materials. 

Various empirical theories and mixing laws are utilized to 

predict composite permittivity based on component 

measurements [6, 7]. The approach based on the modified 

Lichtenecker law (MLL) extends the application of shape 

factors to ternary mixtures, addressing limitations in 

traditional models. Our study further contributes to the field 

by examining the dielectric behavior of multiphase 

composites, comparing the effects of additives such as barium 

titanate (BaTiO₃) and silicon dioxide (SiO2) to determine their 

influence on dielectric and electrical properties. Using the 
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MLL model with nonlinear optimization, this work 

corroborates experimental findings and offers insights into the 

design of materials suited for advanced microwave electronic 

applications [8, 9]. 

Owing to the importance of frequency dispersion in 

complex permittivity, understanding characterization 

techniques is necessary. Time Domain Spectroscopy (TDS) is 

particularly valuable due to its broad frequency coverage [10], 

positioning dielectric spectroscopy as a robust tool for 

investigating solid and liquid materials at multiple scales. In 

this work [10], experimental data are compared with 

theoretical predictions from proposed empirical models to 

assess the complex permittivity of resonance-type composites. 

The TDS technique, known for its extensive frequency range 

and analytical capabilities, has therefore emerged as a key 

method for investigating dielectric properties across diverse 

applications in industry, medicine, and agriculture. 

The absorption characteristics of a material are determined 

by its complex permittivity and permeability: the real parts 

represent the material’s ability to store electromagnetic 

energy, whereas the imaginary parts correspond to energy 

dissipation or loss. Composite properties are influenced by the 

dielectric permittivity and magnetic permeability of the fillers, 

as well as the matrix's inherent loss characteristics. 

In this investigation, epoxy resin (RE) composites 

incorporating BaTiO₃ along with SiO2 are characterized using 

TDS within the frequency range of DC–30 GHz. This allows 

for the evaluation of their dielectric permittivity. The modified 

Lichtenecker law, having demonstrated its efficiency in prior 

research work [11] and being enhanced by nonlinear 

regression optimization, is employed to model dielectric and 

magnetic behavior while accounting for the impact of grain 

morphology on composite properties. 

This article investigates the influence of silica and BaTiO₃ 

on the dielectric behavior of ternary composites made of RE. 

Our study utilizes TDS data to model frequency-dependent 

behavior up. Moreover, it involves a simultaneous analysis 

aiming to determine the frequency limit up to which the 

composite provides a constant dielectric permittivity with a 

low dielectric loss factor. These dielectric parameters (𝜀′ and 

𝜀′′ ) provide valuable insights into the energy storage and 

dissipation characteristics of composites, which are essential 

for advanced applications in antenna design and other 

electronic components. 

In addition, the exploration of multiphase composites over 

a broad frequency range reveals resonance effects, which are 

investigated in the presence of SiO2 to assess its impact on the 

dielectric properties compared to other oxide inclusions [12].  

These findings hold promise for future applications in 

electronic devices, including positive temperature coefficient 

(PTC) devices, pulse generators, infrared detectors, tunable 

microwave devices, multilayer ceramic capacitors, actuators, 

lead-free piezoelectric transducers, and charge storage 

devices. 

Dielectric materials with enhanced permittivity and low 

dielectric loss are crucial for microwave electronics. 

Innovative requirements for miniaturization and cost reduction 

drive the development of high-performance materials. In some 

dielectrics, high permittivity with low loss has significant 

technical utility in high-frequency devices [13]. Dielectric 

oxide ceramics have transformed the microwave wireless 

communications industry by reducing size and cost for filters, 

oscillators, and antennas, fulfilling low-loss and permittivity 

requirements in devices such as satellite communication 

systems.  

The outcomes of these research areas [14, 15] contribute to 

the development of materials that can miniaturize and 

optimize microwave microelectronic devices for 

telecommunications, including antennas, resonators, filters, 

and wave absorbers. 

 

 

2. THEORETICAL FOUNDATIONS 

 

2.1 Static dielectric study of composite 

 

In this section, the permittivity is shown to be independent 

of frequency, but rather strongly related to the inclusion 

quantities. This state of dependence is effectively modeled by 

mixing laws, which approximately predict the dielectric 

behavior of these composites. 

Several mixing laws have been used to describe the 

characteristics of a heterogeneous dielectric medium, such as 

the Wakino [7] and Maxwell-Garnett laws [16]. These models 

confirm that most of these laws are valid only for specific 

domains and certain types of composites. However, they do 

not yield accurate results for composites with grains of varying 

geometric shapes [17]. Another alternative, based on the 

Lichtenecker law, suggests a solution to the problems of 

mixture behavior; it is called the Modified Lichtenecker Law 

(MLL). 

The MLL provides answers to the problem of material 

behavior in both binary and ternary compositions. 

Furthermore, it evaluates the dielectric permittivity and 

extends the complex permittivity modeling to the high-

frequency range, reaching up to several GHz. The effective 

dielectric constant of the mixture is determined from the 

following relationship: 

 

𝑙𝑛(𝜀eff) = 𝑝1 𝑙𝑛 𝜀1 + 𝑝2 𝑙𝑛 𝜀2        𝑝1 + 𝑝2 = 1 (1) 

 

The Modified Lichtenecker Law adds a new parameter Al, 

it represents a shape factor in this equation: 

 

𝜀𝑒𝑓𝑓 = 𝐴𝑙 . ∏ 𝜀𝑛
𝛼𝑛          𝑤𝑖𝑡ℎ   ∑ 𝛼𝑛

𝑁

𝑛=1
= 1

𝑁

𝑛=1

 (2) 

 

For binary composite, the equation will be as follows: 

 

𝜀𝑒𝑓𝑓 = 𝐴𝑙 . 𝜀𝐶1
𝑥 . 𝜀𝐶2

𝑦
 (3) 

 

εC1
x , εC2

y
 are the dielectric constants of the mixture 

constituents; x and y are their respective volume fractions. For 

a ternary mixture, a third component dielectric parameter, 𝜀𝑧
𝑐3 

must be added. 

The Wiener limits are fundamental theoretical bounds used 

to estimate the effective dielectric constant of a composite 

material. They provide the upper and lower limits for the 

effective property based on the volume fractions and 

properties of the individual components. The equations are 

given as follows: 

 
1

𝜀𝑙𝑜𝑤𝑒𝑟

=
𝑓

𝜀𝑖

+
(1 − 𝑓)

𝜀𝑚

 (4) 

 

𝜀𝑢𝑝𝑝𝑒𝑟 =  𝑓. 𝜀𝑖 + (1 − 𝑓). 𝜀𝑚 (5) 
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2.2 Dynamic dielectric study of composite 

 

This theoretical analysis focuses on identifying the 

relaxation and resonance phenomena that the dielectric 

composite can exhibit across a wide frequency dispersion 

spectrum. This is made possible by the practical results 

revealed by the TDS measurement bench for the complex 

permittivity over a frequency range of up to 30 GHz. 

In general, the examination of the dielectric parameters of a 

composite is carried out over this frequency band in order to 

observe the presence of relaxation and resonance phenomena. 

The mixing laws discussed in the previous section are only 

suitable for the quasi-static effective permittivity in this 

frequency range. This has led us to resort to the use of wide-

band frequency dispersion models of complex permittivity, 

describing a dielectric behavior that can account for the above-

mentioned phenomena. 

To model this complex permittivity, numerical methods are 

used; they provide a predictive and accurate behavioral model 

of both relaxation and resonance phenomena. The Debye 

model, widely regarded as a foundational modeling approach 

from which others are derived; thus, the complex dielectric 

constant is given as: 

 

𝜀∗(𝜔) = 𝜀∞ +
𝜀𝑠 − 𝜀∞

1 + 𝑗𝜔𝜏
− 𝑗

𝜎𝑠

𝜔𝜀0

 (6) 

 

where, σs is the static conductivity, τ is the relaxation time, 

ε0 represents the vacuum permittivity, while εs, ε∞ denote the 

static (low-frequency) and high-frequency limit permittivity, 

respectively. 

At a condition of εs =  ε∞ and low frequency the imaginary 

part of dielectric permittivity will be as follows: 

 

𝜀′′ =
𝜎𝑠

𝜔. 𝜀0

 (7) 

 

Numerous frequency-domain models that provide an 

insightful description of the resonance effects. The scope of 

this work is confined to the most recent modeling approaches, 

as highlighted in this work [18]. One of the most effective 

models for describing this resonance behavior is the Lorentz 

model, whose equation is: 

 

𝜀∗ = 𝜀∞ +
𝜀𝑠 −  𝜀∞

1 + 𝑗𝛾
𝑓
𝑓𝑟

−  (
𝑓
𝑓𝑟

)
2 

(8) 

 

A derivative of this approach, known as the Choi model 

[19], introduces specific modifications to enhance the 

prediction of frequency-dispersive resonance behavior. The 

equation, deduced from the previous one is: 

 

𝜀∗ = 𝜀∞ +
𝜀𝑠 −  𝜀∞

(1 + 𝑗𝛾
𝑓
𝑓𝑟

−  (
𝑓
𝑓𝑟

)
2

)

𝛽
 

(9) 

 

The proposed model for this study is inspired by Choi’s 

modified model, incorporating a more optimal choice of the 

damping factor in order to align the experimental and 

theoretical results more closely. A comparison of the resulting 

data shows that the proposed model, when applied to ternary 

combinations, led to high accuracy [18]. 

 

3. PROTOCOL OF USE 

 

3.1 The experimental procedure 

 

The method used to measure the dielectric permittivity of 

the samples is Time Domain Reflectometry (TDR) as shown 

in Figure 1, which is based on the multiple reflection 

technique. 

 

 
 

Figure 1. Time domain spectroscopy measurement 

 

The experimental bench used for this measuring technique 

is set up using a step generator (HP54121 model) producing a 

200 mV amplitude level with a rise time of 35 ps, a signal 

sampling head, and an oscilloscope mainframe (HP4120B 

model). 

The step generator signal propagates along an APC-7mm 

precision-type standard coaxial guide with a characteristic 

impedance equal to 50 . This line ends with a sample holder 

and a matched load to eliminate unwanted reflections. 

The measurements are carried out over a wide frequency 

range of up to 30 GHz. The ratio of the reflected signal 𝑉−(𝜔) 

to the incident signal 𝑉+(𝜔) yields the reflection coefficient 

𝛤∗(𝜔), which is the first variable to be calculated by applying 

a Fourier transform to the experimental data as follows: 

 

𝛤∗(𝜔) =
𝑉−(𝜔)

𝑉+(𝜔)
 (10) 

 

Another important parameter to be determined is the 

complex dielectric permittivity, which describes the dielectric 

and conductive aspects of the mixture through its real and 

imaginary parts. This is calculated from the admittance ratio 

and is expressed as follows: 

 

𝑌𝑖𝑛

𝑌0

=
√𝜀∗. 𝑡𝑎𝑛ℎ(𝑠) + 1

1 + 𝑗
𝜔𝑑 𝑡𝑎𝑛ℎ(𝑠)

𝑐. 𝑠

 (11) 

 

where, Yin, Y0 are respectively the input admittance and the 

characteristic admittance; the value of S is represented by this 

relation: 

 

𝑠 = 𝑗
𝜔𝑑

𝑐
. √𝜀 (12) 

 

where, 𝜔 is the angular frequency, 𝑑 is the thickness of the 

sample and 𝑐 is the light speed in the vacuum. In order to solve 

this equation in the complex plane, numerical methods are 

employed, and many solutions can be found. The Debye model 

is considered to be one of the most effective, as discussed 

previously in the theoretical section. 

 

3.2 Preparing samples 

 

A series of samples were prepared for this study, including 
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both binary and ternary composite types. The materials used 

to synthesize these composites were BaTiO3 and SiO2. The 

first component, a perovskite structure, was chosen for its very 

high dielectric constant and low dielectric loss. These 

characteristics are highly valued in telecommunications 

systems and microelectronics. This material is used in the form 

of a white powder with a purity of 99%. 

The second material, SiO2, is a fine white powder with the 

same high purity as the first; however, it has a very low 

dielectric permittivity. As a robust insulator, it is highly valued 

in microelectronics, particularly in the manufacture of CMOS 

components. The addition of these components aims to tailor 

the dielectric properties; the composites are produced by 

immersing the fillers in a resin (RE) that acts as a binder, 

ensuring the adhesion of the particles. 

RE was employed as the matrix in all samples to incorporate 

the various constituents. The volume fraction of the ternary 

mixture, as suggested in recent research [11], was distributed 

in a complementary manner between the resin and the fillers. 

To avoid the viscosity problems faced in most previous 

research [11, 18, 20], the volume of RE was fixed at 70% 

during the mixing process. The two other loading elements of 

the mixture, BaTiO3 and SiO2, share the remaining 30% of the 

volume, with each varying from 0% to 30% in steps of 2.5%. 

It is important to clarify that the results obtained are related to 

this specific composition window. 

On the other hand, two binary composites were prepared. 

The first is composed of RE, with a volume fraction varying 

from 100% to 55%, mixed with BaTiO₃ varying from 0% to 

45% in steps of 5%. This same compositional range was 

applied to the second binary mixture based on RE and SiO2. 

After hardening, the samples were machined to a toroidal 

shape to fit the size of the coaxial cell; measurements were 

made at room temperature and atmospheric pressure. 

 

 

4. RESULTS AND DISCUSSION 

 

4.1 Study of the dielectric behavior of RE-BaTiO₃ 

composites 

 

It is observed that the effective permittivity values of this 

binary composite are almost constant over a frequency 

spectrum up to 10 GHz for all BaTiO₃ concentrations, as 

shown in Figure 2. 

The theoretical curve was calculated using the Lichtenecker 

law and then compared to the experimental curve. A good 

agreement is achieved between them for low BaTiO₃ 

concentrations; however, the two curves start to diverge 

rapidly at higher concentrations. This indicates that the 

traditional Lichtenecker law approach does not adequately 

model high filler concentrations, as it assumes that the filler 

particles have identical shapes, whereas they are actually 

asymmetric and randomly oriented. 

Consequently, recent research [11, 18] has suggested using 

a new approach, the MLL, which incorporates a shape factor 

𝐴𝑙. The value of this shape factor can be calculated as follows: 

 

𝐴𝑙 =
𝜀𝑒𝑓𝑓

𝜀𝑅𝑒
𝑥 . 𝜀𝑇𝑏𝑎

𝑦  (13) 

 

where, 𝜀𝑅𝑒
𝑥 , 𝜀𝑇𝑏𝑎

𝑦
 are the permittivity of resin and BaTiO₃ 

respectively, and x, y are the volume fractions of these two 

composite constituents.  

Different approximations were evaluated in this new 

approach: linear, constant, and polynomial. The polynomial 

approximation provided the best fit for the experimental data; 

as a result, the MLL model is demonstrated to be valid for 

predicting the dielectric behavior of the RE-BaTiO₃ binary 

composite. 

 

 
 

Figure 2. Frequency dependence of (ε′) for RE-BaTiO₃ 

binary composites 

 

4.2 Study of the dielectric behavior of RE-SiO2 composites 

 

For this binary composite consisting of SiO2 mixed with RE, 

Figure 3 displays the experimental and theoretical curves. The 

effective permittivity increases from 2.4 to 2.96 with 

increasing SiO2 concentration. The theoretical real permittivity 

curve was calculated using the Modified Lichtenecker Law 

(MLL) approach. 

 

 
 

Figure 3. The real permittivity of RE-SiO2 as a function of 

SiO2 concentration 

 

The model obtained shows good concordance with the 

experimental results, as demonstrated by the inclusion of the 

Wiener limits in Figure 4. 

The MLL curve lies between the upper and lower bounds of 

the Wiener limits; thus, the MLL model again accurately 
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predicts the dielectric behavior of our binary composite. 

 

 
 

Figure 4. Comparing experimental and MLL model results 

with Wiener limits for RE-SiO2 binary composite 

 

4.3 Study of the dielectric behavior of RE-BaTiO₃-SiO2 

composites 

 

This composite is composed of BaTiO₃, SiO2, and RE, 

which is used as a matrix to bind the two elements together. 

The volume fraction of the RE was fixed at 70%. The 

remaining 30% of the mixture is complementarily divided 

between SiO2 and BaTiO₃, with each varying in steps of 2.5%. 

This yielded 12 samples; however, one sample (5%SiO2-

25%BaTiO₃-70%RE) failed during the machining phase. The 

remaining samples were sufficient for this dielectric study of 

the ternary composite. Figure 5 illustrates the real permittivity 

curve for our ternary composite. 

 

 
 

Figure 5. Frequency dependence of (ε′) for RE-BaTiO₃-SiO2 

ternary composites 

 

The results show the variation of the permittivity as a 

function of SiO2 concentration; the dielectric parameter value 

remains constant over a frequency range from DC to 10 GHz. 

The experimental results for the permittivity of our ternary 

RE-BaTiO₃-SiO2 composite are shown in Figure 6. While the 

theoretical curve was calculated using the Lichtenecker law, it 

is observed that this law does not provide precise results for 

this ternary system. 

 

 
 

Figure 6. Experimental and theoretical permittivity of RE-

BaTiO₃-SiO2 composites as a function of SiO2 content 

 

For this reason, the MLL approach was introduced, and the 

shape factor 𝐴𝑙  was calculated according to Eq. (13), as 

previously described. However, as this composite is a ternary 

system, the parameters for the third constituent must be 

incorporated, the equation will be as follows: 

 

𝐴𝑙 =
𝜀′𝑒𝑓𝑓

𝜀′𝑅𝑒
𝑥  .  𝜀′𝑇𝐵𝑎 

𝑦
.  𝜀′𝑆𝑖𝑂2

𝑧
 (14) 

 

The curve for 𝐴𝑙 is presented in Figure 7. There are three 

methods to fit the curve to match the trend of the experimental 

data, namely: linear, constant value, and polynomial fitting. 

 

 
 

Figure 7. Shape factor for polynomial fitting 

 

Considering the results obtained in prior work [11], the 

polynomial approach has proved to be the most convincing; 

therefore, it was chosen for the current work. The 

mathematical software used for this purpose allowed us to 
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determine the polynomial coefficients M0, M1 and M2 to 

ensure optimal smoothing. The effective permittivity of the 

ternary composite was then calculated using the MLL, and the 

resulting curve was plotted. 

Figure 8 shows the experimental curve compared to both 

theoretical models: the basic Lichtenecker law and the 

Modified Lichtenecker Law (MLL). 

 

 
 

Figure 8. MLL model predictions against the experimental 

and theoretical results 

 

The MLL has yielded superior results compared to the 

simple Lichtenecker law, confirming the same conclusion 

reached for binary composites. The MLL approach accurately 

predicts the behavior of both binary and ternary composites; 

moreover, its validity is confirmed by its location between the 

upper and lower Wiener bounds, as depicted in Figure 9. 

 

 
 

Figure 9. Validation of MLL model results against Wiener 

theoretical bounds 

 

Calculating the real permittivity error using the 

optimization method provides insight into the accuracy of this 

model; this is achieved using the following equation: 

 

𝑄 = |
𝜀′𝑒𝑥𝑝 − 𝜀′𝑡ℎ𝑒

𝜀′𝑡ℎ𝑒

| 𝑥 100 (15) 

 

The error values in Table 1 range from approximately 1% 

to 2.5% and do not exceed 3% for any of the concentrations 

studied. Therefore, the modified Lichtenecker model remains 

highly relevant, providing a tolerable uncertainty margin for 

ternary composites [20]. 

 

Table 1. Statistical validation and accuracy of the MLL 

model for ternary composites 

 
% 

SiO2 
0 2.5 7.5 10 12.5 15 

Q 1.145 1.69 1.033 0.721 0.601 0.563 

       

% 

SiO2 
17.5 20 22.5 25 27.5 30 

Q 2.369 1.608 2.482 0.5457 0.346 1.488 

 

4.4 modeling of broad-spectrum ternary composites 

 

According to the exploration of dielectric behavior carried 

out over the specified frequency range, it was found that the 

real and imaginary permittivity for both types of composites 

are largely frequency-independent. Moreover, the predictive 

modeling based on the aforementioned mixing laws is 

conclusive regarding the influence of BaTiO₃ and SiO2 

inclusions.  

On the other hand, the alteration of dielectric parameters as 

the working frequency exceeds the upper limits of the 

dispersion spectrum is characterized as a resonance 

phenomenon [18, 21]. One of the effective models for 

describing such resonance behavior is the Choi model, which 

was developed from the Lorentzian equation to achieve more 

precise results. Further modifications were made to the 

equation in a previous study [17], increasing the power of the 

frequency term (f
fr

⁄ ) from 2 to 4 to achieve better modeling 

of the resonance peaks in both the real and imaginary parts of 

the permittivity, the equation will be as follows: 

 

𝜀∗ = 𝜀∞ +
𝜀𝑠 − 𝜀∞

(1 + 𝑗𝛾 (
𝑓
𝑓𝑟

)
2

− (
𝑓
𝑓𝑟

)
4

)

𝛽
 

(16) 

 

It is suggested to introduce further modifications by 

increasing the power of the imaginary term (f
fr

⁄ ) from 2 to 4, 

and the power of the real term (f
fr

⁄ ) from 4 to 8, as presented 

in this equation: 

 

𝜀∗ = 𝜀∞ +
𝜀𝑠 − 𝜀∞

(1 + 𝑗𝛾 (
𝑓
𝑓𝑟

)
4

− (
𝑓
𝑓𝑟

)
8

)

𝛽
 

(17) 

 

A concentration of 10% SiO2 has been taken as an example; 

the curves for the experimental complex permittivity and the 

Lorentzian approach using Eq. (16) and Eq. (17) are shown in 

Figure 10. 

This work aims to determine the factor (𝛽) by solving the 

equations mentioned above. To evaluate the accuracy of our 

proposed model, we compared it with experimental results 
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using an approximate mathematical optimization algorithm 

based on the FminSearch function implemented in MATLAB. 

The results of the proposed model are convincing, as Eq. (17) 

provides a superior fit compared to Eq. (16), particularly for 

the imaginary part of the effective permittivity, aligning more 

closely with the experimental values. Specific concentrations 

were selected as study examples to calculate the value of (𝛽), 

as shown in Table 2. 

 

 
(a) 

 
(b) 

 

Figure 10. Experimental dielectric data and corresponding 

Lorentzian model fitting (a) Calculation from Eq. (16) (b) 

Calculation from Eq. (17) 

 

Table 2. Evaluation of the factor 𝛽 

 
SiO2% 𝛃 (eq 16) 𝛃 (eq 17) 

0 0.6729 0.6615 

2.5 0.6828 0.6321 

7.5 0.5808 0.555 

22.5 0.6225 0.5743 

4.5 Effect of SiO2 on the dielectric RE-BaTiO₃ composites 

 

The objective of this part of this section is to establish a way 

to analyze the effect of the SiO2 on the dielectric of RE-BaTiO₃ 

binary composite across a wide frequency spectrum.  
 

4.5.1 Frequency domain analysis 

The experimental values for the real effective permittivity 

of the RE-BaTiO₃-SiO2, RE-SiO2 and RE-BaTiO₃ composites 

were recorded. The influence of the inclusion volume fraction 

on the permittivity is quantifiable. A comprehensive analysis 

of the collected data yields the following observations: 

The data provided by the RE-SiO2 composite shows 

minimal variation in the real permittivity of the binary 

mixture, despite the gradual inclusion of SiO2 concentrations. 

The recorded difference in 𝜀′ is approximately 0.56 between 

the minimum and maximum volume fractions. This is 

explained by the oxide dielectric behavior of the 𝜀′ = 3,8 

being relatively close to that of the resin 𝜀′ = 2,4 ; 

consequently, this binary composite exhibits limited tunability 

in terms of dielectric permittivity. 

Conversely, this binary composite allows for a significant 

shift in real dielectric permittivity, increasing from 2.40 to 

10.84. This evolution is attributed to the high permittivity of 

BaTiO₃ (𝜀′=120) compared to the RE matrix. This highlights 

the substantial impact that high-permittivity fillers have on the 

overall mixture.  

For the ternary RE-BaTiO₃-SiO2 composite, the resin 

content was maintained at 70%. The dielectric behavior shows 

a clear improvement in permittivity, ranging from 2.84 to 7.38 

(a difference of 4.54). This change occurs as BaTiO₃ is 

incrementally replaced by SiO2. Consequently, it can be 

concluded that incorporating SiO2 into the RE-BaTiO₃ 

composite effectively reduces the overall real permittivity 𝜀′. 

 

4.5.2 Time domain analysis 

The variation in the pulse peak and width is directly related 

to the permittivity values. For the RE-BaTiO₃ binary 

composite in Figure 11, as BaTiO₃ content increases, the 

normalized voltage dip becomes deeper and wider. This 

indicates a stronger and more prolonged interaction of the 

pulse with the high-permittivity composite. 

 

 
 

Figure 11. Normalized voltage of RE-BaTiO₃ composites as 

a function of BaTiO₃ in temporal domain 
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The RE-BaTiO₃-SiO2 ternary composite further confirms 

this observation in Figure 12. A 0% SiO2 concentration 

(representing 30% BaTiO₃) results in high permittivity. As 

BaTiO₃ is replaced by SiO2, the permittivity decreases, 

causing the reflected pulse to become faster and weaker; thus, 

the normalized voltage dip becomes shallower and narrower. 

 

 
 

Figure 12. Normalized voltage of RE-BaTiO₃-SiO2 

composites as a function of SiO2 in temporal domain 

 

The physical interpretation of these results is as follows: a 

higher permittivity indicates that the material can store more 

electrical energy. This increased energy storage results in 

slower pulse propagation through the material because the 

electric field interacts more intensely with the dielectric 

medium. 

As the pulse slows down in a dispersive medium, it spreads 

out; this temporal broadening reduces the peak amplitude 

because the pulse energy is distributed over a longer duration. 

In summary, analyzing the width and shape of the reflected 

pulse provides valuable quantitative information regarding the 

material's permittivity  

 

4.5.3 Analysis of dissipated energy 

Another parameter is the loss tangent (tan δ), which is used 

to highlight changes in the dielectric properties of a mixture or 

to compare differences between mixtures. Also known as the 

dissipation factor, it characterizes the amount of 

electromagnetic energy transformed into heat within the 

material. It is defined as the ratio of the imaginary part ε′′(w) 

to the real part ε′(w) of the permittivity at a given frequency, 

expressed as follows: 

 

𝛿(𝑤) =
𝜀′′(𝑤)

𝜀′(𝑤)
 (18) 

 

A high loss tangent indicates that the material has 

significant dielectric absorption and substantial power loss 

during transmission. For instance, the radiation efficiency of 

an antenna is inversely related to the loss factor; a large loss 

tangent results in significantly reduced radiation efficiency. 

The objective of this analysis is to determine the role of SiO2 

in improving this parameter. Table 3 presents the values of tan 

δ as a function of real permittivity for both binary and ternary 

composites. The permittivity values were recorded at 450 

MHz, a frequency selected due to the observed stability of the 

imaginary permittivity in this range. Previous study [22] has 

noted instabilities at frequencies above 1 GHz; therefore, 450 

MHz was identified as the optimal frequency for ensuring 

consistent and reliable measurements. 

 

Table 3. Dielectric loss (tan δ) as a function of ɛ’ for RE-

BaTiO₃-SiO₂ mixtures 

 
RE-BaTiO₃  RE-BaTiO₃-SiO2 

𝜺′ 𝒕𝒂𝒏 𝜹 (𝜺′′/𝜺′)  𝜺′ 𝒕𝒂𝒏 𝜹 (𝜺′′/𝜺′) 

7.4826 0.1686  7.384 0.073 

5.8376 0.1893  5.811 0.056 

3.3367 0.2433  3.441 0.0986 

 

In this comparison, a binary BaTiO₃ composite is evaluated 

against a ternary composite incorporating SiO2. By selecting 

samples with real permittivity values in the same range (3 to 

7), a direct comparison is possible: 

For a permittivity 𝜀′ = 3.3367 in the RE-BaTiO₃ binary 

composite, the loss tangent is δ = 0.2433.  

The closest ternary RE-BaTiO₃-SiO2 sample (𝜀′= 3.441) 

exhibits a loss tangent tan δ = 0.0986. In this case, the 

dissipated energy in the binary composite is more than twice 

that of the ternary composite. A similar trend is observed for 

permittivity values (𝜀′) near 5.8 and 7.3. 

In electronic applications, high dielectric losses convert 

electrical energy into heat, which can damage sensitive 

components, reduce device lifespan, and necessitate complex 

cooling mechanisms. Consequently, combining SiO2 with 

BaTiO₃ effectively reduces dielectric loss, offering a distinct 

advantage for its use as a practical dielectric composite in 

modern electronic devices. 

 

 
 

Figure 13. Comparison of resonance frequencies across 

various concentrations of the RE-BaTiO₃-SiO2 composites 

 

4.5.4 Dielectric relaxation and resonance phenomena 

This part of the study focuses on two fundamental 

phenomena: relaxation and resonance. The imaginary part of 

the permittivity (ε′′) is directly related to the resonance 
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frequency of the composite material. At these resonant 

frequencies, the material’s response is dominated by energy 

dissipation mechanisms, causing ε′′ to increase significantly. 

This frequency region corresponds to the maximum 

absorption of electromagnetic waves and the highest dielectric 

losses. As illustrated in Figure 13, the RE-BaTiO₃-SiO2 

ternary composite served as the central subject of this 

investigation. 

It is observed that the ε′′ values remain constant, near zero, 

for all concentrations at frequencies up to 10 GHz. However, 

from 10 GHz to 30 GHz, a distinct change in the curve profile 

occurs: it rises sharply to reach a maximum peak before falling 

abruptly to its lowest level. For each specific concentration, 

the curve begins to ascend at a unique point, identified as the 

resonance frequency (f
r
). 

Similarly, the real part of the permittivity (ε′) remains 

constant for all concentrations of the constituents (SiO2 in this 

case) up to 10 GHz. As the frequency increases further, the 

curve exhibits a slight rise followed by a considerable drop to 

a minimum value. For each concentration, this reduction in 

value occurs at a distinct frequency, as shown in Figure 14, it 

is known as the relaxation frequency. 

 

 
 

Figure 14. Dielectric relaxation behavior of RE-BaTiO₃-SiO2 

ternary composite at various filler concentrations 

 

Resonance frequency refers to the frequency at which a 

system or material exhibits maximum response to an external 

driving force. In the context of dielectric materials, this often 

involves the frequency at which the material’s response to an 

electric field is the strongest, leading to significant absorption 

or reflection of electromagnetic waves.  

The relaxation frequency is the point at which the material's 

dielectric response transitions due to its internal polarization 

mechanisms. It is associated with the relaxation time required 

for dipoles or other polarizable entities to realign in response 

to an alternating electric field. Below the relaxation frequency, 

the material primarily stores energy. Above this frequency, 

dissipation mechanisms become dominant, leading to an 

increase in ε′′. The relaxation frequency serves as the critical 

transition point between these two regimes. 

In the RE-BaTiO₃-SiO2 ternary composite, the highest 

permittivity (𝜀𝑒𝑓𝑓
′  =7.38) occurs in the absence of SiO2. This 

high permittivity corresponds to a slower relaxation time, 

shifting the relaxation frequency to a lower value (16 GHz). 

Because high-permittivity materials are capable of storing 

more energy, the peak of the imaginary part of the permittivity 

is at its maximum in this state. 

Conversely, the inclusion of SiO2 reduces the dielectric 

nature of the composite, decreasing the real permittivity to 

(𝜀𝑒𝑓𝑓
′  =2.84). This reduction generally results in an increase in 

the resonance frequency, reaching approximately 25 GHz. A 

lower permittivity implies reduced energy storage, which 

alters the material's interaction with the electromagnetic field 

and shifts the resonance toward higher frequency values. 

In conclusion, the addition of SiO2 to the binary composite 

has a measurable impact on the resonance frequency, causing 

it to shift upward. This enhancement provides a significant 

advantage for the ternary composite, making it highly suitable 

for high-frequency applications where improved efficiency 

and broader bandwidth are required. 

 

 

5. CONCLUSIONS 

 

In this paper, heterogeneous binary and ternary composites 

(comprising RE-SiO2, RE-BaTiO₃ and RE-SiO2-BaTiO₃) were 

investigated to characterize their dielectric properties and 

evaluate the enhancements provided by each filler (SiO2 and 

BaTiO₃). The analysis focused on the influence of inclusion 

concentrations and a wide frequency spectrum ranging from 

DC to 30 GHz. 

The experimental results indicated that while the RE-SiO2 

binary composite reached a maximum permittivity of only 

2.94, the RE-BaTiO₃ binary composite exhibited a 

significantly higher effective permittivity, peaking at 10.84. 

The transition to the RE-SiO2-BaTiO₃ ternary system yielded 

compelling dielectric characteristics. Although the maximum 

permittivity decreased to 7.38 compared to the RE-BaTiO₃ 

binary system, the ternary composite achieved a vastly 

superior loss tangent (tan δ). For instance, at a matched 

permittivity of approximately 3.44, the loss tangent dropped 

from 0.24 in the binary system to 0.098 in the ternary system. 

This confirms that SiO2 inclusion significantly minimizes 

energy dissipation, offering a critical advantage for high-

efficiency electronic devices. 

The MLL approach proved to be a highly effective tool for 

predicting the dielectric behavior of both binary and ternary 

mixtures. By modeling the grain shape factor as a second-

order polynomial, a superior fit between theoretical and 

experimental data was achieved, a validation further supported 

by the Wiener limit bounds. 

Furthermore, our study established that the relaxation and 

resonance frequencies are inherently linked to the composite's 

permittivity. Higher permittivity in the mixture results in a 

slower relaxation time and increased energy storage, which 

shifts the resonance frequency toward the lower end of the 

spectrum (16 GHz). Conversely, increasing the volume 

fraction of SiO2 reduces the permittivity and shifts the 

resonance toward higher frequencies. 

Finally, the Lorentz and Choi models were successfully 

utilized to establish the relationship between resonance 

frequency and the SiO2 volume fraction. The empirical 

modifications described in this work proved essential for 

accurately modeling the dispersive behavior of ternary 

composites. Optimization using MATLAB algorithms yielded 

theoretical curves that align closely with experimental 
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observations, confirming the robustness of the proposed 

modeling framework. 
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NOMENCLATURE 

 

C Speed of light in the vacuum, m. s-1 

D The sample thickness, m 

Ω The angular frequency, rad. s-1 

 

Greek symbols 

 

𝜀 The permittivity, F. m-1 

𝜎 The conductivity, Ω-1. m-1 

β The relative error for a given composite 

Q The asymmetric factor 

Τ The relaxation time, s 

𝛤∗ Reflexion coefecient 

Ƴ The admittance, S 

γ The damping factor 

 

Subscripts 

 

Al The shape factor from the MLL 

ɛeff The effective permittivity of a mixture 

𝜀∞ The high frequency permittivity 

𝜀0 The vacuum permittivity, F. m-1 

𝜀′ The real permittivity, F. m-1 
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𝜀′′ The imaginary permittivity, F. m-1 

ɛ  𝑡ℎ𝑒
′  The theoretical dielectric permittivity 

ɛ  𝐸𝑥𝑝
′  The experimental dielectric permittivity 

𝜎𝑠 The static conductivity, Ω-1. m-1 

Ƴin The input admittance, S 

Ƴ0 The characteristic admittance, S 
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