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Abstract: Wireless communication very often causes problems due to its quality. Problems with the
network are very important when installing wireless networks inside buildings. The reason is the
effects created during the propagation of electromagnetic waves inside rooms due to, among other
factors, the construction of the walls and the building materials used. At the stage of network design,
it is possible to use numerical methods, which allow for multivariate and fast analysis. This article
presents a multivariate analysis of the impact of the variability in the electrical parameters of concrete
and reinforced concrete on the propagation of electromagnetic waves and the value of the electric
field intensity. The subject of the analysis was a wall composed of a homogeneous material (concrete)
or non-homogeneous material (concrete with reinforcement). In the case of the homogeneous wall,
the analysis was performed taking into account four electric permittivity values and a wide range of
conductivity values. The analysis was performed at two frequencies used in wireless communication
(2.4 GHz and 5 GHz). The analysis was performed using the time method based on Maxwell’s
equations—the finite difference time domain method (FDTD). The results of the numerical analysis
were compared with the results obtained from the presented analytical relationships. In the next step,
four models and calculations were obtained for systems with a reinforced concrete wall, taking into
account the variability in the spacing between the bars, the diameter of the reinforcement and the
number of rows of reinforcement. The analysis of complex systems was performed at a frequency
of 2.4 GHz. The aim of the presented analysis was to check how the change in the value of the
electric permittivity of concrete affects the values of the field intensity and its effect on the analysis of
systems composed of concrete with reinforcement. In the case of concrete, it was observed that, for
conductivity above 0.9 S/m, regardless of the electric permittivity, all characteristics had a similar
course. For low concrete loss, the greatest differences in the electric field intensity were observed
at a frequency of 2.4 GHz rather than at 5 GHz. On the other hand, the analysis of systems with
reinforced concrete showed, among other aspects, that models with two rows of bars and spacing of
0.15 m, regardless of the reinforcement diameter, were characterized by lower values of the electric
field intensity compared to the variants with one row of bars.

Keywords: electromagnetic wave propagation; building materials; reinforced concrete; FDTD;
wireless communication systems

1. Introduction

Thanks to Wi-Fi technology, it is possible to use wireless Internet. Data transfer
takes place via electromagnetic waves, which have a specific frequency. Modern routers
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offer many network standards, including transferring information in two bands—2.4 and
5 GHz [1,2]. The 2.4 GHz frequency, in ideal conditions, allows transfer at a speed of up
to 450 or 600 Mbps, while the 5 GHz band reaches up to 1300 Mbps. The maximum data
transfer speed also depends on the Wi-Fi standard used by the router.

The 2.4 GHz band works flawlessly in ideal conditions. A problem that affects many
users is interference occurring at this frequency. Many home devices use this band, such as
wireless devices, Bluetooth tools, or microwave ovens. Wi-Fi connectivity is so common that
there are often several private networks in a small area that interfere with each other. The
2.4 GHz frequency has been very common for many years—it is supported by all computers,
laptops, and smartphones, including older ones [2]. Due to such great popularity, the band
can be heavily loaded. Users using the 2.4 GHz Internet complain about delays, which make
it difficult to watch movies in full HD quality, among other issues. Delays are particularly
troublesome in apartment blocks, where many people usually use Wi-Fi channels at the
same time. On the other hand, in single-family homes, there is much less interference due
to the lack of neighbors.

The quality of wireless communication inside rooms is most influenced by the struc-
ture of the building, especially the walls. Due to the complex nature of the occurring
physical phenomena (e.g., interference, reflections) and the variability in the geometry and
composition of the material, it is necessary to consider models individually. The greatest
problem is posed by walls composed of non-homogeneous materials such as hollow bricks
or reinforced concrete. Wave propagation then has a changed wave front and multiple
reflections occur. In the available literature, mainly homogeneous walls composed of solid
bricks, concrete, and aerated concrete are analyzed [3,4]. In these publications, it can be
noticed that the authors mainly focus on discussing material data and the values of the
electrical parameters of the building materials, as well as the analysis of the attenuation
coefficients of a given structure [3,5–8]. These are often theoretical rather than practical
cases [7–9]. Table 1 presents the most significant studies related to the homogeneous ma-
terial, i.e., concrete. On the other hand, Table 2 describes a complex material—reinforced
concrete. Among others, based on these data and an additional review of the literature,
information on the electrical parameters of concrete was collected (Table 3). As the results
showed, there is large variability in the parameter values, which certainly affects the field
values and wave propagation. However, many authors do not consider this and assume
standard values, regardless of the frequency, type of concrete, w/c ratio, or concrete com-
position. In this study, a multivariate analysis was performed to check the extent to which
changes in the values of the electrical parameters (i.e., electrical permittivity and conduc-
tivity) affect the values of the electric field. A very important element that determines
the correct performance of calculations is the correct assignment of electrical parameter
values to building materials. In the available publications, the authors analyze different
thicknesses of concrete walls; they also check the effect of the angle of the wall in relation
to the transmitter and determine coefficients, e.g., attenuation, but with arbitrarily entered
material data.

More difficult in terms of application and more interesting due to the occurring field
phenomena are issues related to structural elements containing reinforcements. The intro-
duction of a metal into the wall causes the distortion of the propagating electromagnetic
wave, which affects, among other aspects, the quality of wireless communication. The
signal in a room behind a wall composed of a homogeneous material (e.g., concrete, brick)
may have a value of three-quarters of the signal. On the other hand, walls composed
of reinforced concrete may even result in a reduction in the signal to zero. The cause is
steel rods, which reflect the signal; for this reason, there may be temporary signal loss or
amplification. For this reason, research is being conducted on fiber concrete, which has
metal particles and may meet construction requirements. Depending on the density of the
metal particles used, effects that may be comparable to shielding are certainly possible.
While maintaining the security of data capture, such a solution would be very welcome,
but, from the point of view of Wi-Fi users, this would not be a suitable solution. For this
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reason, detailed analyses of the impact of the amount of reinforcement and its diameter in
the walls on the quality of communication are necessary in order to collect many data. This
information could be a valuable source of knowledge when planning the positioning of the
router and other elements included in the wireless network.

Table 1. Review of the latest important research related to concrete.

Frequency Description Literature

7–13 GHz

Analysis of the effect of the water/cement ratio in concrete on the values of the electrical
permittivity of concrete. Samples of thickness 10.5–16.8 mm were tested for dry and wet
concrete after 1 and 3 days from the time of production. The effect of the frequency of these
samples on the attenuation was investigated. It was noticed that, at higher frequencies, the
attenuation of the concrete layer increased rapidly. However, at lower frequencies (e.g., 5G
technology), wetting the outer layer of a concrete wall caused additional signal attenuation
of 6–12 dB. The relative permittivity was in the range of 4.89–10.25, while the thickness of
the concrete plates was 10.5–16.8 mm.

[3]

2–62.4 GHz
A literature review on the applied values of electrical permittivity, including concrete. For
example, for concrete at a frequency of 2 GHz, εr

′ is 5.81, and, at 5 GHz, εr
′ = 5.5. Very large

discrepancies in this value at different frequencies were indicated.
[4]

33 GHz
A complex model of building materials was proposed to simulate the propagation of radio
waves. The model was composed of multilayer plates (e.g., a 309-mm-thick concrete plate
was tested, where the relative permittivity was 5.62).

[5]

1–6 GHz An analysis of the dependence of the electrical permittivity of concrete on the thickness of
the plate. [10]

2–62 GHz Testing the values of the electrical permittivity and conductivity without taking into
account the variation in concrete thickness. [11]

30–36 GHz An analysis of the dependence of the electrical permittivity and conductivity on the plate
thickness was performed. [5]

0.2–67 GHz Testing the values of the electrical permittivity and conductivity without taking into
account the variation in concrete thickness. [12]

200–500 GHz Testing the values of the electrical permittivity and conductivity without taking into
account the variation in concrete thickness. [13]

Table 2. Review of conducted research related to reinforced concrete.

Description Literature

Phenomena of electromagnetic field scattering by a metal grid placed in a perfect dielectric. [7,14]

Analysis of a one-dimensional periodic row of conductive rods embedded inside a plate with dielectric properties,
considering different angles of incidence of the electromagnetic wave. Single walls composed of reinforced
concrete were analyzed.

[7,9,14]

Analysis of the impact of a reinforced concrete slab on radio communication; despite the wide frequency range of
0.1–6 GHz, it assumed constant homogenous material parameters of concrete determined at a frequency of 1 GHz. [7]

The authors presented an analysis of a one-dimensional periodic row of conducting rods embedded inside a plate
with dielectric properties, considering different angles of incidence of the electromagnetic wave. [15]

A theoretical approach to metal meshes and their influence on the shielding efficiency is proposed. [16]

Based on [16], single walls composed of reinforced concrete were modeled. [7,9,14]

Analysis of concrete columns with reinforcement. Considered only for entire building structures. [17]

Studies on the shielding properties of concrete doped with steel fibers. A non-destructive method was used,
which eliminates the need to prepare samples with precise dimensions. A concrete slab with a reinforcing bar was
also analyzed.

[18]

Analysis of non-destructive electromagnetic methods used in France to assess the condition of concrete and the
durability of reinforced concrete structures. [19]



Energies 2024, 17, 6252 4 of 29

Table 2. Cont.

Description Literature

Modeling of the reflection and transmission of reinforced concrete using the Green’s Moment and Function
(MoM/GF) method for a wire mesh embedded in a dissipative dielectric plate. The angular dependence of the
reflected and transmitted fields was investigated.

[20]

The calculation of the scattered wave through reinforced concrete walls modeled with a wire mesh is described.
The MoM was used to find the wire currents. [21]

The shielding properties of conductive concrete were studied in the 0–4 GHz range. An EM pulse in the form of a
uniform plane wave was used. [22]

At 2.5 GHz, an 80 mm × 80 mm model with one steel rod was analyzed. The steps and issues to be considered in
3D high-frequency simulation were presented. [23]

Using FDTD, the UWB pulse propagation generated from a conical antenna through reinforced concrete building
walls was checked. Analysis area 2.2 m × 2.2 m. [24]

Using EM wave radar, an evaluation of the reinforcement and nodes between the crossings of bars was performed.
Thanks to this method, it was possible to measure the diameters of the bars. [25]

It should also be noted that the choice of numerical method imposes certain limitations,
e.g., model size, simplifications with structure representation, homogenization of complex
materials [26–30]. When using the ray tracing (RT) method, whole buildings are taken for
analysis and often the electrical parameters of the materials have the same values regardless
of the building materials and wall layering [2,30]. When using methods based on Maxwell’s
equations and model discretization, the problem is the size of the model [30,31]. Then,
there must be a compromise between the exact representation of the model and the size of
the analysis area. In this case, the authors apply the homogenization of the materials, e.g.,
they treat walls composed of bricks with hollows as full bricks [26].

As can be seen, homogeneous structures (concrete) have been analyzed by other
authors. However, this concerned the determination of the reflection and attenuation
coefficients and measurements of the electrical parameters of different types of concrete.
There were no comparisons of the influence of the electrical parameters’ variability on
the electric field values. On this basis, it would be possible to determine how important
arbitrary parameter assignment is in the analysis for, for example, concrete. This will be the
basis for the further analysis of non-homogeneous materials (reinforced concrete). Knowing
the influence of the variability—for example, in the electric permittivity of concrete—on
the electric field, it would be possible to isolate the influence of the reinforcement layout
and diameter on the quality of communication.

In the previous articles, systems with reinforcement were analyzed as single wall cases,
without analyzing the variation in the number of reinforcement rows. The authors mainly
considered non-invasive methods of reinforcement detection. In the case of checking the
influence of steel bars on the transmission and reflection coefficients, grids with vertical and
horizontal bars were rather considered. In these analyses, the influence of the substituted
values of the electrical parameters of the concrete on the field values was not checked. A
plate with an exemplary reinforcement grid arrangement was considered.

This article presents an analysis of the influence of the variability in the electrical
parameters of concrete on the propagation of electromagnetic (EM) waves and the values
of the electric field intensity. A 0.24 m-thick wall model was used for the analysis. In the
case of concrete, two frequencies commonly used in wireless communication (2.4 GHz and
5 GHz) were used. A summary table reflecting the divergence of the electrical parameters
of the concrete was also presented. The aim of this article is to demonstrate the influence of
the variability in the electrical parameters for both concrete and reinforced concrete on the
results. In the case of the analysis of composite materials (reinforced concrete), the article
presents a multivariate analysis of the influence of the diameter of the bars (fi), the spacing
between them (L) and the number of rows. In the case of this analysis, the frequency of
2.4 GHz was used. For selected cases, the instantaneous distributions of the electric field
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are shown to observe the physical phenomena occurring in the considered systems with a
wall composed of the considered building materials.

Section 2 describes the building materials used for the analysis (concrete and reinforced
concrete). A summary table with the values of the electrical parameters describing concrete,
which were used in the available publications, is also included. Section 3 briefly discusses
other methods that are used to analyze the issues discussed in this article. The advantages
and disadvantages of these methods are discussed. On this basis, the analysis methods
that are also described (FDTD and analytical) are selected. Section 4 describes the analyzed
models with a homogeneous material (concrete) and with a complex material (reinforced
concrete). Section 5 presents the results and a discussion of the calculations performed.
The propagation of the EM wave and the maximum values of the field intensity are
presented. The influence of the variability in the electrical parameters on the field values
in the case of concrete and reinforced concrete is checked. Section 6 highlights the most
important conclusions from the analysis of EM wave propagation through a wall composed
of concrete and reinforced concrete. The general conclusions from the detailed analysis of
the considered building wall variants are provided at the end of this article.

2. Analyzed Building Materials
2.1. Concrete

Concrete is a heterogeneous and multiphase composite, mainly composed of cement,
aggregates and water, which, after mixing, become a viscoelastic–solid body. This mix-
ture, thanks to the hydration of the cement, changes into a solid body, whose properties
constantly change during maturation. It is one of the most common building materials
in modern construction. A concrete mix is a mixture of cement, aggregates, water and
possible additives (up to 20% in relation to the mass of the binder) and admixtures (up to
5% in relation to the mass of the binder). The composition of the concrete mix is selected
based on laboratory analyses and calculations (concrete formula), in order to obtain con-
crete with, e.g., appropriate abrasion, water resistance, acid resistance, heat resistance, and
thermal insulation.

Most often, the quality of the concrete and the related changes in the values of the
electrical parameters are reported in the literature. The authors in [32] showed that the
real component of the electric permittivity of concrete (εr

′) reached a constant value after a
month from the time of pouring, and the component value εr

′′ only did so after 14 months.
Depending on the frequency, it is possible to find εr

′ in the range of 3–13 and conductivity
from 0.0001 to 0.988 S/m. The typical electrical parameters of concrete are presented in
Table 3.

Table 3. Electrical properties of concrete.

Frequency [GHz] εr
′ εr

′′ Conductivity
[S/m] Literature Additional Information

10−6–0.1 13 - 0.0001–0.02 [33] Analysis of a slab composed
of concrete and reinforcement

0.15–0.6 6 - - [34]
Analysis of different
reinforcement densities in
the slab

0.3–35.0 4.0–7.5 0.38–1.4 - [35] Analysis of the w/c
coefficient variability

0.4–4.0 3 - - [36] -



Energies 2024, 17, 6252 6 of 29

Table 3. Cont.

Frequency [GHz] εr
′ εr

′′ Conductivity
[S/m] Literature Additional Information

0.5–2.0 6 0.01 - [37] -

0.5, 0.9, 1.0, 2.5 5.0–12.0 - - [38] Data depending on concrete
composition and frequency

0.8 7.1–7.5 - - [39] Measurements for
reinforced slab

0.9 6.26 - 0.037 [26] Homogeneous concrete slab

0.948 5 - 0.004 [17] Reinforced plate

1.0–2.0 6.07–5.87 - 0.0684–0.083 [40] -

1.0–2.0 6 - 0.1 [40] Data for concrete ceilings

1.0–3.0 3.0–6.0 - 1.95·10−3 [41] Concrete wall analysis

0.1–6.0 6 - 1.95·10−3 [7] -

1.5 6.398 - 0.182 [42] -

1.5 5.113 - 0.031 [42] -

1.5 6 - 0.01
(0.05 ÷ 0.25) [42] Tests with variability σ = 0.05

÷ 0.25 S/m

1.8 6 - 1.95·10−3 [43] -

1.8 7 0.3 - [44]
Data for reinforced concrete,
where, for steel, σ = 1.11·106

S/m

1.8 6 - 1.95·10−3 [20] Concrete with reinforcement
referring to [1]

1.8 7 0.35 - [14] Homogeneous plate

1.865
2.14 5 - 0.004 [17] Reinforced concrete

2.4 6 - 1.95·10−3 [45] -

2.4 8 - 0.01 [45] -

3 3 0.03 - [44] Concrete plate with holes

3.1–10.6 6 - - [34] Reinforced concrete slab

5 5.5 - 0.0501 [4] A wall composed of
one-year-old concrete

5 4.6 - 0.0668 [46] A wall composed of
40-year-old concrete

10 5.1 0.4 - [4] Dry concrete

10 6 1 - [4] Wet concrete

10.38 - - - [47] Graphs for ε′ and εr
′′

57.5 2.55 0.081 - [48] Dry concrete

57.5 6.5 0.43 - [48] -

60 6.4954 - 1.43 [46] One-year-old concrete

60 11.47 - 0.988 [46] Concrete slab

2.2. Structural Elements Composed of Reinforced Concrete

In reinforced concrete, stresses are transferred to the reinforcing bars, while the con-
crete supports the load induced in the entire structural element. Thanks to this, reinforced
concrete is resistant to vibration and shock and can create a thin structure with a smaller
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cross-section of the surface to support loads. The overall strength of concrete is increased
by using various types of additives and reinforcements in the form of meshes, steel bars,
and wires, which are embedded in the concrete before setting. Concrete reinforcement is
commonly called reinforcement. The combination of these two materials creates a strong
bond that is able to resist the action of both compressive and tensile forces. The nominal
diameter of the steel bars (fi) is in the range of 0.005–0.04 m.

Reinforced concrete allows for the construction of a building structure of any shape
and high durability. It is characterized by fire resistance and shows significant resistance to
permanent and variable loads. Reinforced concrete is a structural composite that allows
for the best use of the properties of the materials that constitute its composition: concrete
is responsible for transferring compressive forces, while steel is responsible for tensile
forces. Elements in the form of rods, ropes, strings, cables, and meshes are used to reinforce
concrete, which allows for the transfer of much greater loads. However, it is not an ideal
material, because reinforced concrete structures are heavy and, in practice, there is little
possibility of changing the shape once it has been formed.

3. Analysis Methods Used

In the practice of engineers specializing in electronics, electrical engineering, telecom-
munications, or optics, knowledge of phenomena related to the propagation of electromag-
netic waves plays an important role. It is important to master the mathematical apparatus
that allows the completion of design tasks, as well as to intuitively understand electrody-
namic phenomena and the operation of devices based on them. To achieve this goal, in
addition to a theoretical description, the visualization of electromagnetic wave propagation
in various conditions can be helpful.

In the generally available literature on radio wave propagation modeling methods, a
number of solutions can be found, differing in terms of

• The modeled propagation environment (free space, urbanized area, building interiors);
• The dimensionality (two-dimensional, three-dimensional);
• The achievable calculation accuracy.

Only a few of them can be used to model radio wave propagation in anechoic cham-
bers. Despite the development of numerical methods for the solution of electromagnetic
problems, the creation of a software application to implement specific radio wave propaga-
tion models is still very difficult. A group of radio wave propagation modeling methods can
be distinguished; with these, after certain simplifications, it is possible to obtain simulation
results with acceptable accuracy in an acceptable duration. This group includes the ray
tracing (RT) method. The phenomena of the transmission and reflection of radio waves
cause significant difficulties in the unambiguous determination of the optical paths of the
traced rays. Depending on the implementation, this method is based on the analysis of
either only those rays that hit the receiving antenna directly or the additional analysis of
reflected and refracted rays (adaptive method). Calculating the field intensity distribution
using the RT method does not require the implementation of complex numerical methods.
The use of ray tracing allows for a compromise between the speed of the algorithm and the
accuracy of calculations.

The direct observation of many wave phenomena often requires expensive laboratory
facilities and, in some cases, may be impossible. However, properly prepared simulations
can supplement real experiments. Of particular interest is the method of solving Maxwell’s
equations in the time domain using finite differences—FDTD. It allows the visualization
of the course of electromagnetic wave propagation in time, which makes it attractive as
a scientific aid. The FDTD method is based on Maxwell’s equations, which include the
rotation of the electric and magnetic fields.

Wireless communication technologies consist of solutions that are differentiated in
terms of their frequency or range of operation. Mobile radio communication systems
can be distinguished, in which the range of base stations reaches kilometers, as well as
local wireless communication systems, the task of which is to connect various parts of
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the IT infrastructure within a building or room. From the point of view of modeling
electromagnetic phenomena in these systems, the direct, relative measure of the size of
the analyzed model should reflect the linear dimensions of the system in relation to the
length of the propagating electromagnetic wave. The choice of the calculation method is
largely dictated by the relative size of the model and the resulting approximations in the
representation of physical phenomena.

The choice of a computational algorithm requires consideration of the needs and con-
straints related to the specificity of the analysis of field phenomena in wireless transmission
systems. The fundamental factors determining the application of numerical simulation
methods remain interdependent and are largely opposed in nature.

Physical conditions:

• The size of the modeled area in relation to the EM wavelength;
• The boundary conditions used in open-area mapping;
• The heterogeneity of the structures of building materials;
• The differentiation of material data (e.g., reinforcement);
• The operating ranges of base stations;
• The complexity of the geometry and terrain;
• Maintaining tolerances in building structures.

Numerical conditions:

• Errors in approximating the field distribution resulting from simplifications in the
description of physical phenomena;

• The fidelity of geometric detail reproduction;
• No data for substitute parameters characterizing composite materials;
• The cost of performing calculations resulting from the complexity of the algorithm;
• The requirements of the calculation method due to the size of the data;
• The choice of a time or frequency method;
• The choice of an explicit or implicit method.

A classic example is the contradiction between increasing the size of the model and
maintaining the expected precision of the material structure representation and the accuracy
in modeling real systems. The contradictions of the indicated factors are emphasized when
trying to analyze larger systems. The factor related to the numerical cost of the calculations
also becomes important. The considered issues of EM wave propagation belong to the
group of open problems. Despite the relatively small range of operation of local wireless
communication systems (e.g., within buildings), the representation of field phenomena is
associated with the reproduction of wave propagation phenomena in an open, theoretically
infinite area. In local wireless communication systems, the boundaries of wave propagation
are not limited to the building area; hence, the complexity and size of the considered area
should be taken into account, and the boundary conditions that best reflect the modeled
system should be adopted.

Issues related to the functioning of wireless networks and the distribution of the
electromagnetic field require the consideration of many phenomena occurring during wave
propagation in complex systems. For this purpose, in addition to empirical methods, the fol-
lowing methods can be used: analytical methods, using geometrical optics approximation
(e.g., ray tracing techniques), and various numerical methods based on the solution of wave
physics problems (e.g., FDTD, FDFD). The necessary approximations introduced during
model construction and the errors introduced during the calculations are the main factors
determining the choice of the calculation algorithm. The use of analytical methods leads to
solutions that are fully based on the mathematical model and burdened with the smallest
error. However, their use is only possible in systems with simple geometries [49,50]. The
limitations of analytical methods do not allow the consideration of issues related to the
propagation of electromagnetic waves in complex real building structures. Their use is
limited to checking and comparing the approximate solution obtained using numerical
methods, in the case of simple test models.
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3.1. Methods of Geometrical Optics

Due to the considerable relative size of the models under consideration (reaching
hundreds to thousands of wavelengths), geometrical optics methods have been widely
used [6–8,30,31,44]. Assuming the rectilinear propagation of waves from the base station
point, area coverage maps are determined, taking into account multiple reflections, partial
wave refractions, and their attenuation. Virtual maps of the analyzed area, based on a
vector representation of the terrain, buildings, and other obstacles, create the initial model
for calculations. The analysis performed takes into account the multipath nature of the
signal, which is subject to multiple reflections. However, the method of describing physical
phenomena does not allow the consideration of wave interference. Limiting the error using
this method requires the use of a large number of numerically modeled rays (even up
to 40,000).

The main disadvantage of the RT method is the fact that the analysis of a complex,
extensive area or complex geometry requires a large amount of computational time. This is
caused by the increase in the number of interactions between rays and objects, which results
in an exponential increase in the computational time. The formulations of other geometrical
optics methods aim to extend the scope of their application, limit the disadvantages
of the classical RT algorithm, or take into account additional phenomena in order to
reduce the errors. Hence, modified geometrical optics algorithms are also discussed in the
literature, including the energy method, uniform geometrical theory of diffraction (UTD)
method, shooting and bouncing ray (SBR) method, and method of mirror images (image
method) [8,30,31].

The RT method is suitable for modeling large areas, including urban environments [30].
To determine the wave reflection coefficient, authors often assume general electrical pa-
rameters for all types of building structures, e.g., εr

′ = 5, σ = 0.01 [S/m] [51]. RT-based
methods are also used in the analysis of wave propagation in buildings, but within one
floor inside the building. In [40], an extended two-story model was presented, taking into
account walls and ceilings, as well as windows. In the case of non-homogeneous walls
(including structures containing reinforcing bars or those composed of materials where
the size of non-homogeneous spaces is comparable to the length of the electromagnetic
wave), the above methods are unreliable and they require detailed analysis based on precise
modeling [7].

3.2. Methods of Wave Physics

Wave physics methods are based on solving a model of a system described by
Maxwell’s equations. The most popular methods include FDTD and FEM. The essence
of the indicated method is to create a discrete grid model of the tested object, consisting
of elementary cells (called Yee cells), and to calculate instantaneous field distributions
assuming the linear approximation of changes. This method is widespread, mainly due to
the simplicity and accessibility of the formulation and the intuitive approach to solving
Maxwell’s equations [52–54]. In [42], the authors confirmed the agreement of the results
obtained by the FDTD method with the values obtained using measurements. The au-
thors’ goal was to analyze a concrete slab depending on its roughness and the quality of
the workmanship.

The finite element method (FEM) is also commonly used to analyze the discussed
issues. Its advantage is the ability to create complex models of the systems under consider-
ation by using adaptive meshes, which, among other aspects, allows for the representation
of non-homogeneous materials, e.g., those containing cross-reinforcement. An example of
the FEM method’s application is presented in [14]. A concrete slab with a single layer of
cross-reinforcement was analyzed. The authors determined the reflection and transmission
coefficients for different angles of electromagnetic wave incidence as a function of the wall
thickness (0.02–0.2 m), for both homogeneous concrete slabs and those containing a metal
mesh inside the structure.
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A separate group consists of hybrid methods, which combine analytical and numerical
methods or various numerical methods. The proposed solutions aim to consider models
with complex geometries or increase the area subject to modeling [43,55]. This paper
presents a hybrid algorithm based on MoM, which allowed for the analysis of reinforcement
bar systems forming cages. The properties of the base material, i.e., the surrounding
concrete, were omitted. An increasingly frequently used method to develop new hybrid
methods is FDTD. For example, in [30], a method equivalent to the ray tracing method
(multiple-ray method) using the FDTD algorithm was presented. The aim of adopting such
a method was to integrate the calculation of propagation models based on geometrical
optics, in both large open models covering several buildings and inside buildings. In [26],
the authors used a hybrid method based on RT to analyze the shielding effectiveness.
They showed that the proposed method was less time-consuming compared to FEM and
allowed for the estimation of the transmission coefficient value. Hybrid methods are not
without their drawbacks, and modifications and combinations of different methods for the
calculation of field distributions inside complex rooms are still being examined.

In [27,30,31,56,57], the effectiveness and usefulness of such methods regarding the
discussed issues are discussed. An example is [30], in which the results obtained by the
FDTD and RT methods were compared. The results were convergent only when the number
of rays used in RT was in the order of 181 and when the distance from the window was at
least fifteen times greater than the wavelength. The calculation results showed that methods
based on wave physics are characterized by greater flexibility in modeling structures and
realistically reflect the phenomena occurring inside building structures. Moreover, in [31],
the authors proved the convergence of the results between the method based on ray tracing
and FDTD using the example of simple models of homogeneous walls. On the other hand,
it was found that the FDTD method allowed for a more accurate analysis of various types
of walls (e.g., reinforced concrete).

In the case of the frequency-based method (FDFD), the resulting description of the
model under consideration is obtained by combining differential dependencies created
for each grid node. In the final notation, a matrix equation is obtained, where A denotes
the complex matrix of coefficients. In the general case, the matrix A is non-singular (det
A ̸= 0) and asymmetric. The size of the matrix, depending on the number of degrees of
freedom (NDOF) dim A = NDOF · NDOF, excludes its full description within the algorithm.
The constructed matrix is sparse, with the number of non-zero factors being at least 5 NDOF.
Due to the properties of the A and NDOF matrices describing the model, special iterative
methods and matrix packing, e.g., using the compressed row storage (CRS) technique, are
necessary to determine the solution.

Due to its formulation, the frequency algorithm (FDFD) leads to the direct determina-
tion of the field distribution in the steady state. This algorithm is an implicit scheme but is
unconditionally stable. The main limitation in its implementation is the construction and
execution of calculations for models described in the domain of complex numbers. On the
other hand, the time algorithm (FDTD) is an explicit scheme in which the representation of
the model is reduced to a matrix description of the distribution of the materials in the model
area. This set is sequentially searched in each step of the time scheme. The calculated field
value is a linear combination of the appropriate factors, determined in earlier iterations over
time. The determination of the field value using the FDTD scheme requires the calculation
of the unsteady state at the beginning. To determine the distribution of the field intensity
amplitude (the so-called envelope), it is also necessary to perform a sequence of calculations
in the time domain after reaching the steady state.

The following factors affect the errors in calculations using the differential method:

• The mesh size of the grid discretizing the region where the solution is approximated
by linear functions;

• The construction of the mesh discretizing the area, including possible local changes in
its distribution related to the change in the mesh size;
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• The limitations of the method resulting from the requirement for a cuboid (rectangu-
lar) mesh, which leads to the less accurate representation of irregular surfaces, e.g.,
rounded surfaces;

• The simplification of the representation of the real model;
• Imperfect spatial confinement by absorption boundary conditions, which, in the case of

Mur’s boundary conditions, requires the use of first-order differential approximations;
therefore, the resultant order of approximations in the model is subject to local changes.

Taking into account the above method descriptions, the FDTD method was used for a
multivariate analysis. In order to verify the results, the analytical method and FEM were
also used.

3.3. FDTD Method Description

The FDTD method was used to determine the electromagnetic field distribution in
the analyzed model [52]. It is useful in calculating time-varying electromagnetic fields for
high-frequency and broadband signals. Maxwell’s curl equations in time and space are the
basis of the FDTD method [52,53]:

∇× E = −∂B
∂t

, (1)

∇× H = σE +
∂D
∂t

+ JI , (2)

where E—the electric field, H—the magnetic field, JI—the current density vector. The
description of the problems using Equations (1) and (2) permits us to determine the field
distribution in the unsteady state, as well as in the steady state. After applying decomposi-
tion, Equations (1) and (2) are introduced as six coupled first-order differential equations
that describe the components of E and H:

∂Ex

∂t
=

1
ε

(
∂Hz

∂y
−

∂Hy

∂z
− σEx

)
, (3)

∂Ey

∂t
=

1
ε

(
∂Hx

∂z
− ∂Hz

∂x
− σEy

)
, (4)

∂Ez

∂t
=

1
ε

(
∂Hy

∂x
− ∂Hx

∂y
− σEz

)
, (5)

∂Hx

∂t
=

1
µ

(
∂Ey

∂z
− ∂Ez

∂y

)
, (6)

∂Hy

∂t
=

1
µ

(
∂Ez

∂x
− ∂Ex

∂z

)
, (7)

∂Hz

∂t
=

1
µ

(
∂Ex

∂y
−

∂Ey

∂x

)
. (8)

In the developed formulation of the differential method in the frequency domain, a
construction with a shifted grid for the electric and magnetic field components was adopted.
The grid structure reflects the physical interpretation of electromagnetic phenomena and
is consistent with the concept proposed by K. S. Yee in the formulation of the differential
method in the time domain [52]. The construction of Yee’s elementary cell takes the form
presented in Figure 1a. The determined spatial distributions of the physical quantities {Ex,
Ey, Ez, Hx, Hy, Hz} are assigned at selected points in the area (x, y, z), taking into account a
discrete, finite size for the integration step over the area (∆x, ∆y, ∆z). Each component of
the electric field intensity vector is surrounded by the corresponding components of the
magnetic field intensity vector rotating around it. In the case of the H vector components,
the notation is analogous. In the two-dimensional model, however, the development of
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the scheme is based on the construction of a rectangular grid with a shifted E and H
(Figure 1b). In a two-dimensional system, for example, the description TMz means that the
magnetic field components Hx and Hy are described in the model plane, and the Ez vector
is perpendicular to the distinguished direction.
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Figure 1. Discretization of Maxwell’s equations for the region: (a) three-dimensional, (b) two-
dimensional (TMz variant) with consideration of a shifted differential grid.

The components of the EM field are calculated at different points in space. The iterative
integration of Maxwell’s equations is based on the use of a two-step scheme. In choosing
steps n, the electric field distribution is determined, while the values of the components
of H are calculated from the displacement at the moment ∆t. Applying Euler’s scheme of
central differences to the approximation of the partial derivatives, Equations (3)–(8) take
the following structure:

n+1
i,j,k Ex − n

i,j,kEx

∆t
=

1
εi,j,k


n+ 1

2
i,j+ 1

2 ,k
Hz −

n+ 1
2

i,j− 1
2 ,k

Hz

∆y
−

n+ 1
2

i,j,k+ 1
2

Hy −
n+ 1

2
i,j,k− 1

2
Hy

∆z
− σi,j,k

n+ 1
2

i,j,k Ex

, (9)

n+1
i,j,k Ey − n

i,j,kEy

∆t
=

1
εi,j,k


n+ 1

2
i,j,k+ 1

2
Hx − n+ 1

2
i,j,k− 1

2
Hx

∆z
−

n+ 1
2

i+ 1
2 ,j,k

Hz −
n+ 1

2
i− 1

2 ,j,k
Hz

∆x
− σi,j,k

n+ 1
2

i,j,k Ey

, (10)

n+1
i,j,k Ez − n

i,j,kEz

∆t
=

1
εi,j,k


n+ 1

2
i+ 1

2 ,j,k
Hy −

n+ 1
2

i− 1
2 ,j,k

Hy

∆x
−

n+ 1
2

i,j+ 1
2 ,k

Hx − n+ 1
2

i,j− 1
2 ,k

Hx

∆y
− σi,j,k

n+ 1
2

i,j,k Ez

, (11)
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n+ 1
2

i,j,k Hx − n− 1
2

i,j,k Hx

∆t
=

1
µi,j,k

( n
i,j,k+ 1

2
Ey − n

i,j,k− 1
2
Ey

∆z
−

n
i,j+ 1

2 ,k
Ez − n

i,j− 1
2 ,k

Ez

∆y

)
, (12)

n+ 1
2

i,j,k Hy −
n− 1

2
i,j,k Hy

∆t
=

1
µi,j,k

( n
i+ 1

2 ,j,k
Ez − n

i− 1
2 ,j,k

Ez

∆x
−

n
i,j,k+ 1

2
Ex − n

i,j,k− 1
2
Ex

∆z

)
, (13)

n+ 1
2

i,j,k Hz −
n− 1

2
i,j,k Hz

∆t
=

1
µi,j,k

( n
i,j+ 1

2 ,k
Ex − n

i,j− 1
2 ,k

Ex

∆y
−

n
i+ 1

2 ,j,k
Ey − n

i− 1
2 ,j,k

Ey

∆x

)
. (14)

The values n+ 1
2

i,j,k E are approximated:

n+ 1
2

i,j,k Ez =

n+1
i,j,k Ez + n

i,j,kEz

2
(15)

By substituting Equation (15) into Equation (11), we obtain Equation (16). In order to
illustrate the determination of the Ez component, a graphical interpretation of the equation
is presented in Figure 2. To find the n+1

i,j,k Ez at step n + 1, it is essential to refer to the value of
H (Hx, Hy) at time n +1/2 and to the n

i,j,kEz .

n+1
i,j,k Ez =

1 − σi,j,k ∆t
2 εi,j,k

1 +
σi,j,k ∆t

2 εi,j,k

· n
i,j,kEz +

∆t
εi,j,k

1 +
σi,j,k ∆t

2 εi,j,k

·


n+ 1

2
i+ 1

2 ,j,k
Hy −

n+ 1
2

i− 1
2 ,j,k

Hy

∆x
−

n+ 1
2

i,j+ 1
2 ,k

Hx − n+ 1
2

i,j− 1
2 ,k

Hx

∆y

, (16)

where
n+1
i,j,k Ez—the calculated value of the component along the Oz axis of the electric field in-
tensity (Ez) at the observation point (i,j,k) in time (n + 1) based on the knowledge of the
electromagnetic field components at the preceding moments ∆t, at the appropriate points
in space;
n+ 1

2
i+ 1

2 ,j,k
Hx —the value of the component along the Ox axis of the magnetic field (Hx) at the

observation point (i + 1/2,j,k) in time (n + 1/2);
n+ 1

2
i− 1

2 ,j,k
Hx —the value of the component along the Ox axis of the magnetic field (Hx) at the

observation point (i − 1/2,j,k) in time (n + 1/2);
n+ 1

2
i,j+ 1

2 ,k
Hy—the value of the component along the Oy axis of the magnetic field (Hy) at the

observation point (i, j + 1/2,k) in time (n + 1/2);
n+ 1

2
i,j− 1

2 ,k
Hy—the value of the component along the Oy axis of the magnetic field (Hy) at the

observation point (i, j − 1/2,k) in time (n + 1/2);
∆x—the discrete integration step size along the axis Ox;
∆y—the discrete integration step size along the axis Oy;
σi,j,k—the conductivity value at point (i, j, k);
εi,j,k—the value of the electrical permittivity at point (i, j, k).

Defining the coefficients, e.g., (17)–(19), allows for a simpler means of writing the
difference equations:

cee
i,j,k =

εi,j,k − σi,j,k ∆t

εi, j, k + σi,j,k ∆t
, (17)

cehy
i,j,k =

2 ∆t

2 εi,j,k + σi,j,k ∆t
· 1

∆x
, (18)

cehx
i,j,k =

2 ∆t

2 εi,j,k + σi,j,k ∆t
· 1

∆y
. (19)



Energies 2024, 17, 6252 14 of 29

Energies 2024, 17, x FOR PEER REVIEW 14 of 33 

kji ,,ε —the value of the electrical permittivity at point (i, j, k). 

Figure 2. Determination of the values of the Ez components in step n +1 for the Yee cell with indices 
i, j, k. 

Defining the coefficients, e.g., (17)–(19), allows for a simpler means of writing the 
difference equations: 

,
,,,,

,,,,
,,

tkjikji

tkjikjiee
kjic Δ+

Δ−
=

σε
σε  (17)

,1
2

2
,,,,

,,
xtkjikji

tehy
kjic Δ

⋅
Δ+

Δ=
σε (18)

.1
2

2
,,,,

,,
ytkjikji

tehx
kjic Δ

⋅
Δ+

Δ=
σε (19)

Replacement coefficients are also introduced to depict the equations of the magnetic 
field components: 

,
2
2

,,

,,
,,

tkji

tkjihh
kjic Δ+

Δ−
=

μ
μ  (20)

,1
,,

,,
xkji

they
kjic Δ

⋅Δ=
μ (21)

ykji

thex
kjic Δ

⋅Δ= 1
,,

,, μ
. (22)

Assuming that Δ = Δx = Δy = Δz, we obtain 
ehz

kji
ehy

kji
ehx

kji
eh

kji cccc ,,,,,,,, === , (23)

hez
kji

hey
kji

hex
kji

he
kji cccc ,,,,,,,, === . (24)

The applied coefficients allow for the easier notation of differential equations: 

Figure 2. Determination of the values of the Ez components in step n +1 for the Yee cell with indices i,
j, k.

Replacement coefficients are also introduced to depict the equations of the magnetic
field components:

chh
i,j,k =

2 µi,j,k − ∆t

2 µi,j,k + ∆t
, (20)

chey
i,j,k =

∆t

µi,j,k
· 1

∆x
, (21)

chex
i,j,k =

∆t

µi,j,k
· 1

∆y
. (22)

Assuming that ∆ = ∆x = ∆y = ∆z, we obtain

ceh
i,j,k = cehx

i,j,k = cehy
i,j,k = cehz

i,j,k, (23)

che
i,j,k = chex

i,j,k = chey
i,j,k = chez

i,j,k. (24)

The applied coefficients allow for the easier notation of differential equations:

n+1
i,j,k Ex = cee

i,j,k ·
n
i,j,kEx + ceh

i,j,k ·
(

n+ 1
2

i,j+ 1
2 ,k

Hz −
n+ 1

2
i,j− 1

2 ,k
Hz −

n+ 1
2

i,j,k+ 1
2

Hy +
n+ 1

2
i,j,k− 1

2
Hy

)
, (25)

n+1
i,j,k Ey = cee

i,j,k ·
n
i,j,kEy + ceh

i,j,k ·
(

n+ 1
2

i,j,k+ 1
2

Hx − n+ 1
2

i,j,k− 1
2

Hx − n+ 1
2

i+ 1
2 ,j,k

Hz +
n+ 1

2
i− 1

2 ,j,k
Hz

)
, (26)

n+1
i,j,k Ez = cee

i,j,k ·
n
i,j,kEz + ceh

i,j,k ·
(

n+ 1
2

i+ 1
2 ,j,k

Hy −
n+ 1

2
i− 1

2 ,j,k
Hy −

n+ 1
2

i,j+ 1
2 ,k

Hx +
n+ 1

2
i,j− 1

2 ,k
Hx

)
, (27)

n+ 1
2

i,j,k Hx = chh
i,j,k ·

n− 1
2

i,j,k Hx + che
i,j,k ·

(
n
i,j,k+ 1

2
Ey − n

i,j,k− 1
2
Ey − n

i,j+ 1
2 ,kEz +

n
i,j− 1

2 ,kEz

)
, (28)

n+ 1
2

i,j,k Hy = chh
i,j,k ·

n− 1
2

i,j,k Hy + che
i,j,k ·

(
n
i+ 1

2 ,j,kEz − n
i− 1

2 ,j,kEz − n
i,j,k+ 1

2
Ex + n

i,j,k− 1
2
Ex

)
, (29)

n+ 1
2

i,j,k Hz = chh
i,j,k ·

n− 1
2

i,j,k Hz + che
i,j,k ·

(
n
i,j+ 1

2 ,kEx − n
i,j− 1

2 ,kEx − n
i+ 1

2 ,j,kEy +
n
i− 1

2 ,j,kEy

)
. (30)
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The final equations show that the description of the algorithm leads to an explicit
scheme. In this case, the matrix A is not built. Only by creating the table with {cee

i,j,k, cehx
i,j,k,

cehy
i,j,k, cehz

i,j,k, chh
i,j,k, chex

i,j,k, chey
i,j,k, chez

i,j,k} can we describe the individual Yee cells.

3.4. Analytical Solution

In order to verify the results, the analytical method described in [49,50] was used. The
dependencies apply to homogeneous materials. The perpendicular incidence of the wave
on the wall was taken into account. This corresponds to the problem of the propagation of a
plane wave in an open space and its interaction with a plate composed of a dielectric [49,50].
Due to the harmonic dependence of the fields on time, the electric field vectors of the
incident wave E1+, the transmitted E1+

′, and the reflected E1− are written in complex form.
The test system from Figure 3, in which the wall is a homogeneous material, is reduced
to a one-dimensional layered model, in which the region of a homogeneous, isotropic
dissipative dielectric Ωcon of the width b is surrounded by air.
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The characteristics of the surrounding air (1 and 2) are described by the wave impedance:

Z1 = Z2 = Z0 =

√
µ0

ε0
≈ 377 Ω· (31)

The homogeneous building materials under consideration are categorized as non-
ideal, low-loss dielectrics. Taking into account the effective permittivity of the dissipative
dielectric, its wave impedance is represented by

Zcon =

√
µ

ε
=

√
µ

εr′ − j
(

σ
ω + εr ′′

) =

√
µ0 µr

ε0 εr′
·
(

1 + j
(

σ + 2π f · (ε0 εr ′′ )

2 · (2π f · (ε0 εr′))

))
. (32)

At the perpendicular incidence of a wave on the material boundary, the transmission
coefficient of the electric field behind the dielectric is represented by Equation (32), where k
is the wave number and Te1 and Te2 are the field coefficients in the first and second regions,
respectively, where the values of air are assigned as

Te = |Te| =
∣∣∣∣E′

2+
E1+

∣∣∣∣ =
∣∣∣∣∣ Te1 · Te2 · e−j kb

1 + Γ1 · Γ2 · e−2j kb

∣∣∣∣∣ (33)

The dependence in (32) allows for the verification of the results obtained during
numerical calculations using the FDTD method. The obtained maximum values of the field
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intensity behind the concrete are the basis for the determination of the field transmission
coefficient directly, based on the definition in Equation (32).

4. Description of the Models Considered

Due to the construction of the walls and their geometry, a separate analysis of the
phenomena was carried out for

• Homogeneous materials, namely concrete;
• Heterogeneous materials, namely concrete with steel bars (reinforced concrete).

The work carried out was aimed at assessing the phenomena occurring inside the
structure. The influence of the electrical parameters of the material and the construction on
the field distribution at the frequencies used in Wi-Fi wireless networks was examined.

The focus of the analysis was a wall composed of a concrete (thickness: 0.24 m). On
both sides of the wall, there was air. Other factors that could interfere with EM wave
propagation were not taken into account. The different percentages of the individual
components of the concrete and the variability in the electrical parameters of the material
meant that many variants were analyzed. The values of εr’∈{5, 6, 7, 8} and σ ∈⟨0, 0.3⟩ S/m
were adopted for analysis. Table 4 lists the dimensions of the structures under consideration
in relation to the wavelength in concrete λc.

Table 4. Electrical dimensions of the considered wall models.

Relative Permittivity εr
′

Wall Thickness

f = 2.4 GHz f = 5 GHz

5 4.29 λc 8.95 λc

6 4.71 λc 9.79 λc

7 5.08 λc 10.57 λc

8 5.43 λc 11.32 λc

After analyzing the influence of the values of the electrical parameters of the concrete
on the propagation of the EM wave and the values of the field intensity, calculations were
performed for the composite material. In this case, a wall composed of concrete with a
thickness of 0.24 m and four reinforcement variants were considered (Figure 4).
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• 1b_L15: one row of reinforcing bars and spacing L = 0.15 m;
• 1b_L20: L = 0.2 m and one row of bars;
• 2b_L15: two rows of reinforcing bars, L = 0.15 m;
• 2b_L20: two rows of bars, L = 0.2 m.

In every model, four values of the reinforcement diameter were considered: fi∈{0.006,
0.008, 0.01, 0.012} m.

Based on the discussion of the walls composed of concrete (Section 2), the analysis also
adopted εr

′ ∈ {5, 6, 7, 8}, as used in the literature. The variation in the electric field value
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was considered depending on the selected conductivity, σ ∈ {0.00195, 0.004, 0.01} S/m. The
dimensions of the considered wall structure, in relation to the wavelength in concrete λc, at
the frequency f = 2.4 GHz, are presented in Table 4.

5. Results of the Analysis

Thanks to the FDTD method, it was possible to obtain momentary images of the field
(e.g., Figure 5). The maximum values of the Ez component (e.g., Figure 6) were obtained
by developing a new algorithm to determine the largest field values from any number of
momentary result files.
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Figure 6. Maximum values of the Ez component behind a wall composed of concrete: (a) 2.4 GHz,
(b) 5 GHz.

5.1. Analysis of the Influence of Concrete’s Electrical Parameters on the Electric Field
Intensity Values

The effect of variations in the electrical parameters of the concrete on the electric field
intensity values is shown in Figure 6. The values of max(Ez) obtained by the numerical
method were also verified using the analytical method (Section 3.2). The results of the
analytical calculations are marked with points on the graphs. In addition, in order to verify
the results, a test model of a concrete wall was performed in the Comsol Multiphysics
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program. This application uses the finite element method (FEM). Therefore, it was possible
to refine the mesh (triangular type) in the wall area. In the case of the FDTD method, the
mesh was uniform in the entire area and the Yee cell size was 0.5 mm. The differences
between the models, using both numerical methods, were up to 2%. The reason could be
the specificity of the methods and the mesh used.

At the frequency f = 2.4 GHz, with low concrete loss, the material with the highest
relative permittivity εr

′ = 8 showed comparable values to concrete εr
′ = 7. However,

at the frequency f = 5 GHz, the highest field values were found for εr
′ = 5. At low–

medium attenuation, the effects of wave interference resulting from wave propagation in
an inhomogeneous medium and the associated partial wave reflection at the air–wall and
wall–air boundaries are of fundamental importance. For 5 GHz, the results for the model
with εr

′ = 7 were similar to the characteristics for εr
′ = 5. For a concrete wall with εr

′ = 7, at
a higher frequency (f = 5 GHz), the field intensity decreased by as much as approximately
40%. Higher values of εr

′ resulted in an increase in max(Ez) at a very low conductivity
value. It can be stated that the electric field intensity values were comparable for each
of the εr

′ values. For concrete with εr
′ = 7, both for 2.4 GHz and 5 GHz, the field values

were similar. In the case of other values of electric permittivity, when comparing both
frequencies, there were small differences only in the conductivity range of 0–0.3 S/m.

When comparing the results, it can be stated that, at conductivity greater than 0.1 S/m,
all characteristics showed a similar course, and the change in frequency did not affect
the relative values of the Ez component. For the considered concrete variants, the field
intensity values reached differences not exceeding 8% at σ > 0.04 S/m. Differences greater
than 8% (up to 27%) in the electric field values occurred for a wall composed of concrete,
as a low-loss material, σ < 0.04 S/m, and with relative electric permittivity εr

′∈{5, 8}. At
2.4 GHz, the models with εr

′ = 7 and σ = 0.03 S/m yielded identical maximum values for
the Ez component as for the values of εr

′ and σ given by other authors [30,36,38]. Moreover,
at this frequency, at εr

′ = 8, none of the considered values of conductivity yielded electric
field intensity results that were analogous, in terms of the nature of the occurring field
phenomena, to the solutions obtained for εr

′∈{5, 6, 7}. At a higher frequency, regardless of
the analyzed value of the relative electric permittivity εr

′∈{5, 6, 7, 8}, the same maximum
values of the Ez component were obtained at σ = 0.04 S/m.

Figure 5 shows a comparison of the instantaneous distributions of the observed field
component for different values of the electric permittivity of concrete. These figures were
obtained for the steady state and at the same value of conductivity. It can be seen that the
wave front is not distorted because the concrete is treated as a homogeneous material. As
εr
′ increases, the wavelength inside the wall decreases. Therefore, more EM wavelengths

occur inside the wall at a higher electric permittivity value. Due to this, it is possible to
increase the number of reflections at the interface of the media, which can result in higher
values of the field intensity in the area behind the wall. This is confirmed in the figures for
a low conductivity value.

Figures 7–10 show the instantaneous values of the field intensity for a wall composed
of concrete at different values of εr

′ but at a constant σ = 0.00195 S/m. Successive moments
of time from the point at which the plane wave approaches the wall to the passage of the
EM wave through the wall are shown. Based on the figures, it can be seen that, regardless
of the value of the electric permittivity, the field values do not change in the area in front of
the wall, and the wavelength is not changed as a result of reflections inside the wall. The
changes in the image are visible in the wall and after the EM wave has passed through
the wall. The phenomenon described above is also confirmed in these figures. In the area
behind the wall, due to the increase in εr

′ and the extension of the path inside the wall, with
the increase in εr

′ for concrete, a delay in the passage of the wave through the wall is visible.
When comparing the model with εr

′ = 5 and εr
′ = 7, the difference is one wavelength.
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5.2. Analysis of a Wall Composed of Concrete with Reinforcement

In Section 5.1, homogeneous walls composed of concrete only at different electric
permittivity and conductivity values are analyzed in detail. In this section, we analyze not
only the influence of parameters related to the concrete but also the number and diameter
of the reinforced bars, as well as the number of rows and the spacing between the bars,
at a frequency of 2.4 GHz. Due to the construction of the reinforced concrete walls, the
evaluation of the phenomena in these systems was performed using the FDTD method.
Figures 11 and 12 show the instantaneous distributions of the electric field at successive
times for two exemplary models with one row of bars of 0.01 m diameter but with different
bar spacing values, i.e., L = 0.15 m and L = 0.20 m. In both variants, the EM wave front is
distorted after passing through the wall. In the case of the model with L = 0.20 m, these
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distortions are less orderly and less symmetrical than in the model with less frequent bar
spacing. Moreover, the wall model with L = 0.20 m causes larger distortions, with numerous
momentary minima and maxima, both in the wall itself and in front of the wall. Such
significant changes are not visible in the model with smaller spacing among the rods. On
this basis, it is possible to conclude that larger spacing between the rods results in less
predictable effects related to EM wave propagation and may cause momentary problems
with wireless communication.
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Figures 13–16 show the influence of the reinforcement diameter on the max(Ez), with
the three most commonly used conductivity values. Below are the results for the four
models considered, taking into account the change in the number of bar rows and the
spacing between the bars constituting the reinforcement of the structure.

The analysis shows that larger spacing between the bars causes an increase in the
max(Ez) in the area behind the wall; however, this relationship is not fulfilled for the relative
electric permittivity of concrete εr

′ = 5, where, in some areas, model 1b_L15 even shows
5% higher field values than the other variants. It was also noticed that, at εr

′∈{6, 7, 8},
the models containing one row of bars and with L = 0.2 m, for all analyzed reinforcement
diameters, showed higher max(Ez) values—by, at most, 60%—compared to the variants
with two rows of bars, which caused an increase in the number of reflections occurring at
the boundaries of the media and a decrease in the effective area of electromagnetic wave
attenuation. On the other hand, the models with two rows of bars and spacing L = 0.15 m,
regardless of the reinforcement diameter, were characterized by 65% lower values of the
electric field intensity compared to variants with one row of bars. In general, increasing the
reinforcing bars fi in the range used in Europe does not significantly affect the field values;
the differences amount to, at most, 4%.
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Figure 13. Relationship between reinforcement diameter and max(Ez), at different conductivity
values, for model 1b_L15 and concrete with εr

′: (a) 5, (b) 6, (c) 7, (d) 8.
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Figure 14. Relationship between reinforcement diameter and max(Ez), at different conductivity
values, for model 1b_L20 and concrete with εr

′: (a) 5, (b) 6, (c) 7, (d) 8.
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6. Results Summary

Based on the multivariate analysis, it is noted that a small change in the value of
the electric permittivity of concrete above 0.04 S/m has less significance regarding the
correctness of the results. However, with lower losses of concrete, at 2.4 GHz, the differences
are in the order of up to 15%. Greater differences are observed at a higher frequency (up
to 30%).

An analysis of systems with a wall composed of concrete, regardless of the assumed
value of the electric permittivity εr

′ (i.e., 5, 6, 7, 8), showed that, in the case of the frequency
of 2.4 GHz with higher concrete losses (above 0.9 S/m), the characteristics exhibited a
similar course. However, at 5 GHz and above 0.03 S/m, the field intensity values are similar
and differ only by an average of 5%. The largest field discrepancies are observed at 2.4 GHz
and below 0.3 S/m.

When analyzing reinforced concrete walls, the conclusions were more complex. The
reason was the presence of steel rods in the structure, which led to numerous reflections
and interferences due to waves. The effect consisted of momentary disappearances and
amplifications of the field values. When analyzing the maximum values of the field behind
the wall, the following conclusions were obtained.

1. In models with a single row of bars, doubling the distance between the bars results in
higher field values.

# The largest increase is for εr
′ = 7 and σ = 0.00195 S/m and amounts to about 40%.

# However, for εr
′ = 5, the situation is reversed and the field values are higher

for a denser mesh (L = 0.15 m), by a maximum of approximately 5%.
# At εr

′ = 6, the field values are comparable for two distances between the bars.

2. In the models with two rows of bars, doubling the distance between the bars also
results in higher field values, regardless of εr

′. Compared to the model with one row
of bars, the values are significantly higher.

# The highest field strength increases are at εr
′ = 5 and εr

′ = 8 (up to 50%).
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# The lowest field value increases are at εr
′ = 6 (approx. 12%).

3. In most models, the electric field values decrease with the increase in the reinforcement
diameter. The exceptions are models with one row of bars at L = 0.2 m for εr

′ = 6 and
εr
′ = 8.

4. Regardless of the model, reducing the conductivity value, the diameter of the bars,
and the electric permittivity results in a decrease in the electric field value. The greatest
differences are visible for εr

′ = 7 in the model with one bar and larger spacing between
the bars. For example, a tenfold increase in the loss of concrete causes a decrease in
the field by about 15%.

The above conclusions show that models of walls or structures containing reinforced
concrete must be considered individually. Using the above-mentioned main observations
as an example, it can be seen that there are exceptions that indicate the occurrence of
numerous physical phenomena that significantly affect wave propagation and the signal
quality. Figure 17 presents the aggregated results for selected values that are most frequently
used by other authors. It was found that, at the spacing of L = 0.15 m, doubling the number
of reinforcement rows significantly reduces the electric field intensity values by up to 40%.
An exception was the case with εr

′ = 6, σ = 0.00195 S/m, where a 1% increase in the electric
field value was observed.
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Figure 17. Relationship between reinforcement diameter and max(Ez) values for four reinforced
concrete wall models calculated with typical concrete parameters: (a) εr

′ = 5 and σ = 0.004 S/m,
(b) εr

′ = 6 and σ = 0.00195 S/m, (c) εr
′ = 8 and σ = 0.01 S/m.

7. Conclusions

The FDTD method was used in the calculations in this study. During the model
building and tests, limitations of this method were noticed. The most significant ones
included the necessity to build a rectangular grid, which limited the accurate reproduction
of the model. When introducing the reinforcement, it was also necessary to adjust the grid
to the diameter of the bars. Unfortunately, this method does not offer the possibility of using
adaptive grids, which would allow for a significant reduction in the number of unknowns.
In comparison with the frequency method, e.g., FDFD, it is necessary to obtain a steady
state in order to obtain results. However, thanks to the possibility of obtaining momentary
images of the field, it is possible to better understand how the EM wave propagates and
where momentary signal amplifications and decays occur. The best solution would be to
develop a hybrid method, which would allow for time savings during the calculations and
offer the possibility of using adaptive grids.

Based on the analysis performed, it can be stated that routers should not be located
near reinforced concrete walls. A homogeneous material does not cause such large changes
in the EM wave front. Any non-homogeneous material that contains metal inserts, e.g., in
the form of reinforcement, has a negative impact on wireless communication. For example,
in a room behind a reinforced concrete wall, temporary signal loss or even no signal is
possible. This depends on the amount and diameter of the reinforcement. In the case of
ceilings that contain even more reinforcement, it is not advisable to mount routers close
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to these structures. In this case, even greater interference would occur, which could be
observed using numerical methods.

The next goal of the present authors is to investigate the influence of concrete con-
taining metal elements (fiber concrete) and compare the results with those obtained for
reinforced concrete. This new construction technology will appear more often in structures.
It is similar to the modern technique of building with ceramics, where bricks and hollow
blocks are used. This is a heterogeneous material that also contains air hollows and some-
times even metal inserts. Further research will focus on a thorough understanding of the
physical phenomena associated with various structures. The collected database of results
and conclusions will allow for the more precise planning of the locations of access points
or routers. It is not possible change the construction of the wall, but, using the collected
knowledge, we can improve the signal quality.
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