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Abstract ─ This article describes the measurement of 

the complex dielectric constant of pure concrete and a 

brick wall, in the frequency range up to 2 MHz, with a 

view towards more accurate material description in 

electromagnetic simulations. The measurement system 

is based on the use of the materials under test as the 

dielectric material placed inside a parallel plate 

capacitor, in series with an external known fixed resistor. 

The theory behind the measurement is covered, and the 

results of both real and imaginary relative dielectric 

constants for both materials are presented. Finally, 

an electromagnetic simulation showing the shielding 

effectiveness of a hollow box made of a brick wall is 

presented, using the measured data in comparison with 

data from a commercial simulator database. 

Index Terms ─ Electromagnetic compatibility, materials 

testing, numerical simulation, shielding. 

I. INTRODUCTION
The importance of correctly addressing the lightning 

effect on buildings and structures increases with the 

number of sensitive electronic systems inside [1-3]. Real 

world tests of lightning strikes on buildings and structures 

are complicated, therefore computer simulations are 

attractive, and permit evaluation of a first order effect of 

the induced fields inside. Lightning simulators that 

generate equivalent currents and resultant electromagnetic 

field waveforms are still large and complex. Existing 

regulations and literature present some analytical 

waveforms that represent typical lightning strikes. 

Correct material characterization ensures more reliable 

computer simulations. Not only lightning studies benefit 

from the correct material description, also applications 

where the electromagnetic shielding of a room or closed 

area is important, such as when dealing with secure 

communications, resistant against Tempest (NATO and 

NSA - National Security Agency given name for spying 

activities based on unintended electromagnetic emissions) 

or other similar eavesdrop methods [4, 5]. Walls made of 

reinforced concrete with an internal metallic frame could 

help isolate and contain the major part of the fields outside 

the volume, preventing undesired field configuration 

inside the structure based on unintended emissions. 

Several papers cover the measurement of the 

electrical permittivity of concrete. However, most of 

these studies aim to electrically characterize the concrete 

in the range of the microwave and RF frequencies, from 

a few hundred to a few thousand Megahertz. 

The reflection and transmission of a CW (Continuous 

Wave) signal incident on a concrete block are used to 

compute the material complex dielectric constant [6]. 

A cylindrical coaxial transmission line was built using 

concrete poles as the dielectric core, whose water content 

was varied and used to measure the complex dielectric 

constant from 50 MHz to 1.6 GHz using two different 

methods [7]. Other technique measured several materials 

used in construction by fitting measured time domain 

reflection and transmission signals to the Kirkwood-

Fuoss equation, the measured data obtained from two 

antennas connected to a vector network analyzer 

(frequency range from 1 GHz to 6 GHz), with the sample 

material as an obstacle [8]. GPR (Ground Penetration 

Radar) has been used to address material parameters 

measurements, such as asphalt, for frequencies between 

900 MHz and 1.5 GHz [9] and also concrete, for 

frequencies on the range of 500 MHz and 5 GHz [10]. 

Time-Domain Reflectometry (TDR) was also employed 
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to determine the electrical parameter of concrete, in  

the range of 100 MHz to 1 GHz [11]. Measurements of 

complex dielectric constants at lower frequencies employ 

the step voltage [12, 13] with variants of Wheatstone 

bridges in capacitors built with guard electrodes, as to 

diminish fringing fields. 

Since most of the studies focus on the VHF and 

UHF range, to address losses associated with indoor 

wireless communication, this work presents a simple and 

low-cost method based in a material-filled parallel plate 

capacitor, focusing on frequencies that are present in 

lightning strikes and other emission and susceptibility 

analyses, up to 2 MHz. The instrumentation is based on 

a signal generator, oscilloscope and the test capacitor is 

built considering the characteristics and size of the 

concrete material. 

 

II. MEASUREMENT THEORY 
In the electrical model presented in Fig. 1 the 

external reference resistor R is placed in series with the 

capacitor, symbolized by the lumped element C and its 

loss resistor RL, also known as the capacitor Equivalent 

Series Resistance, or ESR. The loss resistor is considered 

to be in series in cases where the leakage current is low, 

other than that it is presented as a shunt element [12]. It 

is worth mentioning that the ESR value typically varies 

with frequency [14]. From the capacitor C it is possible 

to extract the real value of the permittivity (’) whereas 

the loss resistor will relate to the imaginary part (’’). V1 

and V2 are the nodes whose voltages are measured, using 

two channels of the oscilloscope. Since the two elements 

that represent the capacitor cannot be accessed 

individually, the two physical quantities need to be 

indirectly found. 

 

 
 
Fig. 1. Electric model representing the measurement 

system. 

 

Figure 2 shows the quantities effectively measured 

with the oscilloscope, with a bold trace: the voltages  

V1 and V2 and their respective phase. Since the real  

and imaginary parts that model the capacitor cannot  

be physically separated, indirect manipulations will 

eventually provide their results. 

 
 

Fig. 2. Phasor representation of the measured quantities. 

 

From Fig. 2 the vector subtraction between both 

measured voltages is the voltage drop on the external 

resistor R - therefore it is purely real. The current in the 

series circuit is found to be: 

   𝐼 =  
√𝑉1

2+𝑉2
2−2𝑉1𝑉2𝑐𝑜𝑠𝜃

𝑅
. (1) 

The numerator expresses the voltage drop on the 

external resistor (using the law of cosines). The complex 

impedance of the capacitor is given by: 

   𝑍𝐶 =  𝑅𝐿 +
1

𝑗𝜔𝐶
=

𝑉2𝑅

√𝑉1
2+𝑉2

2−2𝑉1𝑉2𝑐𝑜𝑠𝜃

. (2) 

The angle , once found, will permit describe both 

real (the RL voltage drop) and imaginary (due to C) 

voltages in terms of the three measured quantities. The 

following relation is valid for the internal angles of the 

triangle: 

 𝜙 + 𝛿 + 𝜏 =  𝜋, (3) 

, however, is equal to ( -). Therefore, the angle  can 

be written as: 

 𝜙 =   −  . (4) 

The angle  can be written as: 

 𝜏 =  atan (
|𝑉2| sin 𝜃

|𝑉1|−|𝑉2| cos 𝜃
), (5) 

so that it provides: 

 𝜙 =  𝜃 − atan (
|𝑉2| sin 𝜃

|𝑉1|−|𝑉2| cos 𝜃
). (6) 

Figure 3 shows again the real and imaginary phasors 

of V2. It is possible then to isolate both real and 

imaginary parts of the capacitor voltage. 

 

 
 

Fig. 3. Decomposition to extract the V2 components. 
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Using (2) and (6), the complete capacitor model can 

be written as: 

 𝑍𝐶 =  𝑅𝐿 + 
1

𝑗𝜔𝐶
= 𝑍𝐶(cos 𝜙 − 𝑗. sin 𝜙). (7) 

Neglecting the fringing fields of the parallel plate 

capacitor, the real part of the permittivity can be found 

using (8), where d is the distance between both plates; 

A indicates their respective area and o the absolute 

(vacuum) permittivity: 

𝜀𝑟
′ =  

𝐶𝑑

𝐴𝜀𝑜
. (8) 

Considering the loss tangent (tan D) definition as in 

(9): 

tan 𝐷 =  
𝜀′′

𝜀′ =
𝑅𝐿

|𝑋𝐶|
. (9) 

The imaginary part of the permittivity is then found 

after the relation from (10), with  representing the 

angular frequency (recalling that RL physically represents 

the ESR): 

𝜀′′ = 𝑅𝐿𝜔𝐶𝜀′. (10)

The measurement setup needs a signal generator and 

oscilloscope, with at least two channels. The generator 

sets the signal frequency of a sinusoidal wave with 

adequate amplitude, and both oscilloscope channels 

inform the voltage amplitudes and their phase difference, 

in degrees. 

III. MEASUREMENT RESULTS: SOLID

CONCRETE 
A parallel plate capacitor, square (length of 30 cm) 

is filled with concrete (3 cm thick) according to Fig. 4. 

For this specific case, the mixture is pure concrete (water, 

cement, and sand as aggregate, in equal proportions), i.e., 

there are no further elements such as rocks or steel. 

Fig. 4. (Left) Capacitor with its metallic plates and 

(right) its dielectric inner part. 

Two sets of measurements were performed: one 

with a fresh concrete (3 days old) and other one cured or 

dried (3 months old). Results are presented in Fig. 5 and 

also in Table 1. 

(a) 

(b) 

Fig. 5. Measured: (a) r’ and (b) r’’ for pure concrete. 

Table 1: Measured relative dielectric constant 

Fresh Dry 

Frequency [MHz] r’ r’’ r’ r’’

0.10 28.31 0.26 27.27 0.26 

0.20 25.97 0.31 26.50 0.22 

0.74 20.79 0.29 21.74 0.21 

1.02 19.38 0.30 21.74 0.20 

2.00 17.72 0.28 19.74 0.20 

During the measurements, as the frequency was swept, 

the external resistor R was set (using a potentiometer) so 

that the voltage drops on V1 and V2 were kept constant 

(for this case, with a ratio V1/V2  1.67). The results 

showed that the dry concrete has a slightly higher r’ in 

comparison to the fresh – where the water content is still 

high. As for the losses, the fresh concrete showed that 

r’’ was higher than the dried material, indicating the 

water again as the likely responsible for the observed 

higher dielectric losses. A similar study, for the 

frequencies 500 MHz and covering the 1 GHz to 2 GHz 

also showed a substantial variation on the complex 

permittivity due to the moisture content [15]. 
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IV MEASUREMENT RESULTS: SOLID 

CONCRETE 
A real masonry wall was built, with dimensions of 

1.4 x 1.6 x 0.16 meters. It employed concrete bricks 

(shown in Fig. 6) and was covered with a cement mixture 

layer, as to emulate real walls. It was covered with a thin 

aluminum metallic sheet- to work as the contact plates. 

The measurement workflow followed suit the presented 

in the former section, but for safety reasons, the concrete 

cure time was duly observed, so only the dry condition 

was evaluated.  
 

 
 

Fig. 6. (Left) real masonry wall used for concrete 

permittivity characterization and (right) concrete block 

used. 

 

Table 2 provides the permittivity (real and imaginary) 

results and Fig. 7 shows the respective plots.  

 

Table 2: Measured relative dielectric constant 

Frequency [MHz] r’ r’’ 

0.05 32.89 0.29 

0.10 27.67 0.25 

0.15 19.19 0.25 

0.20 19.07 0.37 

0.25 17.25 0.44 

0.30 16.22 0.45 

0.35 15.59 0.43 

0.40 14.45 0.51 

0.50 12.95 0.58 

0.75 10.48 0.48 

1.00 9.16 0.51 

1.21 8.96 0.50 

1.50 8.24 0.46 

1.70 8.15 0.48 

2.00 7.95 0.48 

2.30 7.60 0.45 

 

It can be seen that the wall has smaller values for r’ 

in comparison to the pure concrete, given to the fact there 

is a larger air content on bricks not totally solid. 

 

 
(a) 

 
(b) 

 

Fig. 7. Measured: (a) r’ and (b) r’’ for the wall. 

 

V. APPLICATION: SHIELDING 

SIMULATION 
With the proper material data, one is able to more 

accurately address electromagnetic effects in simulation 

tools. To exemplify it, the electromagnetic shielding 

provided by a brick box (according to Table 2) is 

simulated, against an incident plane wave (Fig. 8). The 

simulation was performed within FEKO, based on the 

Method of Moments (MoM) [16]. The MoM discretizes 

the structure in a tetrahedral mesh so that the integral 

equation is solved in an iterative way. The matrix is 

usually ill-conditioned, and to speed up the solution an 

MLFMM (Multi-Level Fast Multipole Method) can be 

employed, where the coupling among distant elements is 

considered zero [17]. For this specific problem, the pure 

MoM method was used since it is not electrically large. 

The plane wave has a broadband spectrum, covering DC 

to 2.3 MHz, amplitude of 1 V/m. The simulation model 

has a simple box with 4m length and wall thicknesses of 

16 cm. 
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Fig. 8. Model used for the simulation. The plane wave is 

shown at top. 

The electric field is measured by a probe (marked P 

in Fig. 8) placed on the bottom of the box volume. Figure 

9 shows the comparison between the electric field 

attenuation (i.e., comparing the electric field amplitude 

on the point P for the free space and concrete box 

scenarios) inside the box with its material description 

given by the measurements (Table 2) and the available 

material data for “Construction Brick”, inside FEKO 

database. The material data corresponds to the higher 

frequencies, starting from 1 GHz, and the lower range 

of frequencies is obtained after interpolation. It can be 

seen that the attenuation using the electrical material 

characteristics from the measurements resulted in a much 

larger attenuation across a large part of the frequency 

range. 

Fig. 9. Computed attenuation of the Electric Field inside 

the box, for two types of concrete. 

VI. CONCLUSION
The article covered a simple and low-cost method to 

measure the electrical characteristics of concrete, which 

was applied to either a small block and also to a large 

wall. The results provided the material characterization 

in a frequency range where available similar results were 

not found by the authors, and whose importance is vital 

for applications in lower frequencies (down to few MHz), 

like lightning strikes and electromagnetic shielding. 

Comparison to existing data inside the material database 

of commercial numerical field codes also shown that the 

attenuation considering the measured material is larger, 

across the almost entire band up to 2.5 MHz. 
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