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Abstract. This paper presents a measurement-based 

analysis of the complex relative permittivity in typical 

construction walls in Southeast Asia, such as hollow clay 

brick and lightweight concrete, using the insertion transfer 

function methodology. A vector network analyzer performs 

the measurements between 1.12 GHz and 1.7 GHz, based on 

the standard rectangular waveguide WR-650 and the radar 

frequency in the L band at 1.3 GHz, to identify the 

construction frequency material's frequency and 

polarization dependence characteristics. The estimated 

complex relative permittivity in each polarization state (hh, 

hv, vh, vv) can be used to analyze further the wall type and 

the object detection behind the wall. 
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1. Introduction 

Significant problems in communication technology 

and through the wall radar systems are related to building 

material properties. Therefore, there is an essential demand 

for an investigation on the materials used in modern and 

traditional construction. The Authors in [1, 2] reviewed the 

characteristics of the common materials used in structuring, 

such as brick, concrete, glass, and wood, in terms of 

measurement procedures and frequency-dependent 

response.  

Because electromagnetic wave propagation and 

material properties are linked, it is crucial to investigate the 

material properties according to a specific frequency band 

and application. For instance, in determining propagation 

losses in the extended-spectrum band from 800 MHz to 8 

GHz [3], research narrowed to the range of the 60 GHz band, 

which is required in each study depending on the common 

goal of employment [4], and focusing on the time delay 

estimation of backscattered signals from a wall [5]. 

Diverse processes and techniques applied to estimate 

the dielectric characteristics of distinct samples are the 

following: free space, two-terminal, time-domain, 

frequency-domain, closed cavity, dielectric probe, and 

waveguide techniques, for example, the measured the 

complex relative permittivity of substances in indoor 

conditions by practicing two open-ended coaxial probes [6]. 

Unfortunately, the bricks and concrete samples have to be 

sliced due to the equipment's limited dimension. [7, 8] 

performed a free-space measurement scheme suitable for 

nondestructive and contactless dielectric estimation of 

composite substance. The samples have not to be 

manufactured to match the measuring setup. They can be 

implemented to inhomogeneous elements and without 

contacting or damaging the structure. The analysis 

procedures typically commit to the time-domain strategy 

and the frequency-domain approach. Thus, for example, the 

narrowband frequency-domain measurement is derived 

from continuous-wave power estimation. On the other hand, 

the wideband frequency-domain measurement is 

accustomed to achieving the electromagnetic properties of 

construction material by sweeping toward the aspired 

frequency band. Time-domain-based determinations are 

based on the objective evaluation of reflected or refracted 

wave radiating from the material plate, depending on 

whether the measurement setup is organized in a reflection, 

as demonstrated by [9], or transmission geometry, as shown 

by [10]. Electromagnetic waves that interact with 

construction will provide losses that depend on the electrical 

characteristics of the building structure and material 

composition [11]. The methods used in the measurement are 

associated with the theory of transverse electromagnetic 

mode in lossy media and the theory of material electrical 

properties, which consist of attenuation constant, phase 

constant, wavelength, velocity, and skin depth [12]. Another 

essential variable is the orientation of the electric field 

intensity vector and the magnetic field intensity vector, or 

polarization, [13]. Furthermore, the complex permittivity of 

a material, its thickness, surface roughness, and the 

polarization and incident angle of electromagnetic waves 

determine the quantity of energy reflected and transmitted 

through it. The wall attenuation can be determined by 

measuring the received power, as demonstrated by [14-16], 

or by using the Fresnel reflection coefficients, as shown by 

[17, 18]. One successful approach is the characterization of 

the object based on the measured insertion transfer function, 

which is a widely used method for noncontact 

electromagnetic characterization of materials, as presented 

by [19-21].  This function defines the proportion of two 

phaser signals measured in the presence and absence of the 

material under inspection, as shown by [22]. In addition, 

several experimental characterizations based on free-space 
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techniques have been done recently by several authors. Still, 

the results are varied and depend on both experiment 

conditions and the composition of considered materials, 

[23].  

The construction of walls is usually based on 

architectural and structural considerations. Even if the 

component’s nature is known, their impact on 

electromagnetic waves is challenging to forecast. Therefore, 

it is crucial to investigate the properties of construction 

materials in each sector of the world. [24] performed the 

reflection coefficient measurement of the house flooring 

materials for North American House. The Authors in [25] 

have examined the experience of the behavior of radio 

propagation in the historic Italian town. Finally, [26] 

investigated the radio wave propagation of the brick wall in 

southern European construction.  

To the author’s best knowledge, there is no 

investigation of building material used in the South East 

Asian region. Moreover, the climate in this area is hot and 

humid, making the layout of the building structure and 

materials used in construction distinctive and have specific 

features. Therefore, this paper aims to empirically study the 

material properties of common constructive material in 

South East Asia at the L-Band frequency. The L-band 

frequencies are attractive because they are low and can 

travel through obstacles better than higher frequencies. It is 

furthermore widely used in radar systems. We utilize the 

insertion transfers functional and free-space techniques to 

determine the electromagnetic characteristics of hollow clay 

bricks (br) and lightweight concrete (lc).  

The rest of this paper is organized as follows. First, 

Section 2 presents the system model and problem 

formulation. Then, the Experiment setup and the 

measurement procedures are described in Section 3. Next, 

Section 4 summarizes the estimation results for all 

frequencies in the 1.12-1.7 GHz (L-Band). Finally, Section 

5 declares the conclusions.  

2. System Model and Problem Formulation   

     The complex relative permittivity, symbolized by 

𝜀𝑟 =  𝜀𝑟
′ − 𝑗𝜀𝑟

′′ characterizes the material properties and is 

the basis for estimating the attenuation and dispersion of 

signal through the wall. The determination of complex 

relative permittivity consists of two steps. The first step is 

measuring of the insertion transfer function using the time-

domain or frequency-domain techniques. This function 

compares the voltage signal in the free-space measurement 

condition, expressed by 𝑣𝑓(𝑡), and the voltage signal from 

the measurement through the material slab, symbolized by 

𝑣𝑚(𝑡). The formulation of the insertion transfer function, 

denoted as 𝐻(𝑗𝜔), is defined as:  

                       𝐻(𝑗𝜔) =
FFT(𝑣𝑚(𝑡))

FFT(𝑣𝑓(𝑡))
=

𝑉𝑚(𝑗𝜔)

𝑉𝑓(𝑗𝜔)
            (1) 

where 𝜔 = 2𝜋𝑓 is the angular frequency, FFT denotes the 

Fast Fourier Transform used to convert the sampled time-

domain signals to the frequency domain data, represented by 

𝑉𝑓(𝑗𝜔) and 𝑉𝑚(𝑗𝜔) for the free-space measurement and the 

measurement through material slab, respectively. 

     The second step is the evaluation of complex relative 

permittivity using the measured signal from equation (1). 

Under assuming that the wall and the antennas are adjusted, 

the direction of the incident plane wave is perpendicular to 

the wall. In the scattering terminology, the transmission 

coefficient T is analogous to the parameter 𝑆21, which can 

be measured using a vector network analyzer. Based on the 

boundary conditions for electromagnetic fields at the slab-

air interfaces, the estimation of the transmission coefficient 

T straightforwardly through the wall with thickness 𝑑 is 

𝐻(𝑗𝜔) = 𝑇𝑒𝑗𝛽0𝑑. According to [19], the insertion transfer 

function can be obtained as:  

𝐻(𝑗𝜔) =
4𝑒𝑗𝛽0𝑑

𝑒𝛾𝑑(2+
𝜂0
𝜂

+
𝜂

𝜂0
)+𝑒−𝛾𝑑(2−

𝜂0
𝜂

−
𝜂

𝜂0
)
              (2) 

where 𝛽0 = 𝜔√𝜇0𝜀0 , 𝛾 = 𝛼 + 𝑗𝛽 = 𝑗𝜔√𝜇0𝜀0(𝜀𝑟
′ − 𝑗𝜀𝑟

′′), 𝜂0 =

√𝜇0 𝜀0⁄  , and 𝜂 = 𝜂0 √𝜀𝑟
′ − 𝑗𝜀𝑟

′′⁄ . 

 In the case of low loss material, with 𝜀𝑟
′′ 𝜀𝑟

′⁄ ≪ 1, the 

simplified solution of the equation based on one dimension 

root search techniques can be determined by numerically 

solving the following equation, as proved by [22]: 

tan[𝛽0𝑑 − ∠𝐻(𝑗𝜔)] +
1−𝑄𝑋

1+𝑄𝑋
tan(𝛽𝑑) = 0        (3) 

where  

𝛽 = 𝛽0√𝜀𝑟
′                                  (4) 

𝑄 = (
√𝜀𝑟

′ −1

√𝜀𝑟
′ +1

)

2

                               (5) 

𝑋 = 𝑒−2𝛼𝑑 =
𝐾−√𝐾2−(𝜀𝑟

′ −1)
4

(√𝜀𝑟
′ −1)

4                    (6) 

and 

𝐾 =  cos(2𝛽𝑑)(𝜀𝑟
′ − 1)2 + 8

𝜀𝑟
′

|𝐻(𝑗𝜔)|2          (7) 

  After 𝜀𝑟
′  has been resolved, the imaginary part of the 

complex permittivity, 𝜀𝑟
′′ and the loss tangent can be 

determined from: 

𝜀𝑟
′′ =  

2𝑐𝛼√𝜀𝑟
′

𝜔
                                   (8) 

where 𝑐 is the velocity of light in free-space. 

3. Experimental Description 

  The measurement campaign was performed at the 

Department of Electrical Engineering of Chulachomklao 

Royal Military Academy, Thailand. An anechoic chamber 

was not available when performing these measurements. 

Instead, directional antennas with small beamwidth are 
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utilized to guarantee that only the distinct signal through the 

material was being measured and to withdraw or 

significantly decrease any diffraction effects nearby the 

edges of the material under study. 

      Fig, 1 represents the experimental setup for this study. 

The Keysight FieldFox RF Analyzer N9913A module, as 

shown in Fig. 1(a), was adapted to perform measurements 

by a sweeping signal in the frequency range from 1.12 GHz 

to 1.7 GHz (L-Band) with Δ𝑓 = 1.25 MHz in each 

measurement step. A PC can be connected to the N9913A 

through LAN for real-time data processing. In this work, the 

pyramidal horn antennas are designed with a gain of 12 dBi. 

They are specified for use with the frequency range from 

1.12 GHz to 1.7 GHz based on the standard rectangular 

waveguide WR-650 configuration and are utilized for 

transmitting and receiving purposes. The Port 1 (RF Output) 

is fed through a 1.5 m cable (model: MHD142 RADIALL) 

to the transmitter (Tx) antenna mounted on a tripod. On 

another site of the measurement setup, an identical antenna 

mounted on a similar tripod is employed as the receiver (Rx) 

antenna. It is coupled to Port 2 (RF Input) through a 1.5 m 

cable, as depicted in Fig. 1(b) and (c), respectively. 

 

Fig. 1 Measurement system setup. 

This study considers two representations of the typical 

construction wall in Southeast Asia, such as hollow clay 

brick (br) and light-weighted concrete (lc), for the 

complex relative permittivity estimations. We employed 

the standardized hollow clay brick with 130 mm x 25 mm 

x 50 mm (length x height x thick). The dimension of each 

light-weighted concrete block is 600 mm x 200 mm x 75 

mm (length x height x thick). All hollow clay bricks and 

light-weighted concrete blocks are laying in conventional 

horizontal orientation. The material can be assumed to be 

low loss and the singgle-pass techniques can be 

performed. The sample wall material is 2x2 m large 

suitable to cover the beam footprint of the incident wave, 

as shown in Fig. 1(d) and (e), respectively. The wall 

material is deposited precisely halfway within the 

antennas at 0.5 m from the antenna. Thus, the wall is in 

the far-field zone of the individual antenna, and the 

electromagnetic field on the surface is a plane wave. 

Applying this setting, we consider the hh, hv, vh, and vv 

polarization. The first letter in hh, hv, vh, and vv 

subscripts is the polarization of the transmitted wave. The 

second letter is of the polarization of the received wave. 

The indices h and v stand for horizontal and vertical 

polarization, which depends on the electric field's 

orientation to the plane of incidence, perpendicular, and 

parallel, respectively 

4. Results and Discussion 

  The relative permittivity determinations were 

carried out for a couple of sample substances, i.e., a clay 

brick wall and a lightweight concrete wall. The properties 

of two different materials were determined using the data 

processing process earlier described. For particular 

materials, the measurements were accomplished in a 

transmission arrangement. The mean real part of complex 

relative permittivity and the loss tangent, including a 

confident standard deviation from the measurement data 

and the complex equations in the frequency range 

between 1.12 and 1.7 GHz, are analyzed and summarized 

in Table 1. Fig. 2 presents the magnitude of 𝑆21 obtained 

from the measurements, Fig. 3 illustrates the comparison 

of the calculated real part of complex relative permittivity 

ε𝑟
′ , Fig. 4 displays the comparison of the estimated 

imaginary part of complex relative permittivity ε𝑟
′′, of 

each sample wall depending on polarization.  

  In detail, Table 1 shows the average real part of the 

relative permittivity and the loss tangent over the 1.12 - 

1.7 GHz frequency range, including their standard 

deviation in each polarization state. From the table, the 

difference between the permittivity values of the two 

experimental materials, i.e., clay brick and lightweight 

concrete, is observable, including the effects arising from 

the incidence of the electric field. From the results of this 

experiment, it can be concluded that bricks have a higher 

permittivity than lightweight concrete. Moreover, The hh 

polarization delivers a lower permittivity in clay brick 

with ε𝑟
′  = 4.5323. In lightweight concrete, a lower 

permittivity can be found in vv polarization with ε𝑟
′  = 

2.3869.  

 
Pol. Mat. 𝛆𝒓

′  std. 𝐭𝐚𝐧(𝜹) std. 

hh br 4.5323 0.2583 0.0026 0.0003 

hh lc 2.4504 0.1031 0.0045 0.0005 

hh br 4.9071 0.4352 0.0026 0.0004 

hh lc 2.4066 0.2175 0.0046 0.0007 

vv br 4.8826 0.5453 0.0025 0.0004 

vv lc 2.5276 0.3294 0.0044 0.0008 

vv br 5.0800 0.2359 0.0025 0.0003 

vv lc 2.3869 0.0942 0.0046 0.0006 

Table 1 The Average Relative Permittivity And The Loss Tangent 
Over The Frequency Range 1.12-1.7 GHz. 

  Fig. 2 demonstrates the magnitude of 𝑆21 acquired 

from the experiments in dB compared between the 

measurement in free space (fs-hh, fs-hv, fs-vh, and fs-

vv), the propagation through the brick wall (br-hh, br-hv, 

br-vh, and br-vv), and by using the lightweight concrete 

(lc-hh, lc-hv, lc-vh, and lc-vv) as obstacle medium. From 

the graph, it can be seen that the magnitude of 𝑆21 tends 

72 
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to decrease as the frequency increases, as expected. 

Furthermore, there were significant differences when 

altering the experimental material and the position of the 

electric field. This graph characteristic will lead to 

calculations using Equation (1) correctly based on 

differences of the measurement in free space and by 

using the material slab. It also describes the properties of 

the wall in response to frequency over the 1.12 - 1.7 GHz 

range. 

 

Fig. 2 Frequency and polarization dependence of the measured 𝑆21. 

    Fig. 3 and Fig. 4 display the frequency and 

polarization dependence of the estimated real part, ε𝑟
′ , and 

imaginary part, ε𝑟
′′, of the complex permittivity, respectively. 

However, as shown in Table 1, the average permittivity in 

different polarization states is comparable. The line curves 

are relatively consistent across the frequency range in hh and 

vv polarization, which can be applied to compare and use 

with a wideband signal. But in the frequency range between 

1.4 - 1.7 of hv and vh polarization, it can be seen that the 

character of the graph fluctuates and can affect the signal 

when used in this frequency band. 

 

 

Fig. 3 Frequency and polarization dependence of the estimated real 

part of the complex permittivity, ε𝑟
′ . 

 

Fig. 4 Frequency and polarization dependence of the calculated 

imaginary part of the complex permittivity, ε𝑟
′′. 

5. Conclusions 

  The work demonstrated in this paper deals with the 

complex relative permittivity of typical construction 

walls in Southeast Asia, such as hollow clay brick (br) 

and lightweight concrete (lc). The measurement 

procedure is based on the propagation in free space 

conditions and through a slab of material for radiated 

measurement of an insertion transfer function for hh, hv, 

vh, and vv polarizations. The measurement results were 

reported for the frequency range from 1.12 GHz to 1.7 

GHz, offering material-dependent characteristics and 

frequency dependency. According to the average results, 

the relative permittivity of lightweight concrete is less 

than the relative permittivity of clay brick in both 

polarizations. Furthermore, the curve progression is 

linear at the frequency range between 1.2 - 1.4 GHz. 

These outcomes are informative in the through-wall radar 

application, particularly for Southeast Asia construction 

material. Further work will focus on material 

characterization over a wider frequency band and more 

complex material in an urban environment. 
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