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Abstract: For different wall thicknesses, the effect of varying angle of incidence on
wireless signal propagation through concrete walls is presented in this paper. In
indoor and outdoor built sites RF signal attenuations are caused by losses due to
reflected wave among other causes for example multipath, and non-line of sight
blockage. The effects of varying angle of incidence on signal strength at 2.457 GHz
were determined by using a Hameg HM8135 signal generator and a spectrum
analyzer Tektronix RSA3303B. Results showed that signal attenuation levels reduced
with an increase of angles of incidences. It was found that there were no significant
differences between the model and measured values with 95% confidence for all
tests. Results also showed that the Friis model for wireless link need to be
modification depending on what type of site conditions and equipment used.
Keywords: Incidence, wireless propagation, transmission coefficient.

1. Introduction:
A wireless system in an indoor concrete structure environment is affected by signal shielding
or multipath effects as the signal is propagated through the concrete walls, causing a major
interference to Received Signal Strength Indication (RSSI) precision [4];[11]. Multipath
interference is caused by constructive, destructive, and phase shifting components of radio
signals when receiver combines multipath signals from direct and reflected paths [1];[6]. The
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interaction between these signals causes strengths of the waves decrease as the distance
between the transmitter and receiver is increased [13].
Two types of walls are commonly found in modern buildings namely concrete walls and
reinforced concrete ones. Concrete is a porous, heterogeneous material which is strong in
compressive strength but weak in tensile strength. Reinforced concrete is concrete embedded
with steel to improve on tensile strength [7].
Both types of walls tend to affect the signal propagation due to absorption and reflection of
the concrete wall [9]. Theoretical and numerical analysis have been used to study the
propagation of electromagnetic waves through concrete slabs. In the studies, concrete has
been considered as a dielectric material having both the real part of the complex permittivity
and the effective conductivity [3]. For the two types of walls, multipath reflections and
transmissions are usually modeled by Fresnel coefficients, which is a rough approximation of
the propagation when ray-tracing method is used [5].
A perfectly transparent medium permits the passage of a beam of radio wave without any
change in intensity other than that caused by the spread or convergence of the beam, and the
total radiant energy emergent from such a medium equals that which entered it. Emergent
energy from an absorbing medium is less than that which enters and in the case of highly
opaque medium the wave intensity is reduced practically to zero.
Based on Lambert-Bouguer law, the effect of the thickness of the absorbing medium on the
absorption is expressed by the equation;
I = I o e −σt

(1)

where ,
I is the intensity to which the electromagnetic wave is attenuated,
Io is the intensity of the wave at the surface incidence,
α is the absorption coefficient for the medium, and
t is the thickness of the medium the wave traverses.
The above exponential relation can be expressed in an equivalent logarithmic form as;
I   α 
log10  o  = 
t = kt
 I   2.303 

(2)

where
k is called the extinction coefficient for radiation of the wavelength considered.
The quantity is often called the optical density or the absorbance of the medium [10]. The
Snell’s law of refraction relates the angle of incidence to the angle of refraction as shown in
Fig. 2.3 and can be expressed by the equation[10];[8].
sin θi nr
=
sin θ r ni
where
θi is the angle of incidence of the penetrating wave,
θr is the angle of refraction of the wave,
nr is the refractive index of the refractive media, and
ni is the refractive index of the surface media.

(3)
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If the original medium is denser than the refracting medium, that means ni greater than nr,
then sin θr will be greater than sin θi and therefore there will be some acute angle less than
90° for the incident ray corresponding to an angle of refraction of 90°. This angle of incidence
is known as the critical angle. For angles of incidence greater than the critical angle,
refraction cannot take place and the incident ray is instead reflected back into the original
medium according to the law of reflection [10].
In an indoor concrete wall environment, the refractive index causes the path of the signal to
curve. This changes the geometry of the signal propagation within the medium. Although the
signal does pass through objects within which refraction will occur, the signal will come out
at a different position than expected as shown in figure 2.3[8];[2]. Thus, obstructions change
the path of the radiation by an offset distance (d) calculated based on Snell’s law of refraction
and expressed by the equation;
d=

t
sin(θi − θ r )
cosθ r

(4)

Where,
t is the thickness of the obstructive medium, and
d is the offset distance.
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Figure 1. Signal Propagation Refraction Geometry [10]
The transmission coefficient Tvp (vertical polarization), Thp (horizontal polarization) and
attenuation factor (α), can be expressed as a function of relative permittivity ( ε γ ), the
conductivity of medium (σ e) and the incident angle (θ i) as follows:
Tvp Vertical (Perpendicular) polarization =

4 cos θ i ε r − sin 2 θ i

(cosθ +
i

ε r − sin θ i
2

)

2

(5)
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4ε r cos θ i ε r − sin 2 θ i
2
r cos θ i + ε r − sin θ i

)

(6)

2

The equivalent medium attenuation coefficient α in Siemens per meter (Sm-1) is given by

α = ω µ 0ε 0ε r


 σe
1
1 + 
2
 ωε oε r






2


− 1



(7)

[12].
where

µ0 = 4π × 10−7 henry m −1 ( Hm −1 ) is

the

permeability

of

free

space;

ε 0 = 8.85 × 10−12 Farads m −1 ( Fm −1 ) is the permittivity of free space;
ε r is the relative permittivity;
σ e is the electrical conductivity; and
ω = 2πf is the angular frequency of radiated and f is the frequency in Hz.

2. Materials and Methods/Definitions and Preliminaries:
The calculated angles of incidence were verified practically by carrying out measurements
using the experimental setup shown in Figure 2. The walls of thicknesses 15.5cm, 18cm,
25.5cm, 27cm, 28cm and 30cm were subjected to a signal transmission from the transmitter
and signal received by spectrum analyzer as shown in Figure 1.
In this test, the horn antenna on the receiver side was mounted on fixed tripod, while the horn
antenna on the transmitter side was mounted on a platform which could be rotated at 100
intervals up to a maximum angle of 900. The received signal strengths, for signals transmitted
at different angles of incidence at the penetration face were monitored using the spectrum
analyzer and the readings recorded.
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Figure 1. Signal Generator HM8135, Horn antennas and Spectrum Analyzer Tektronix
RSA3303B Equipments Setup.
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Figure 2. Experimental Setup for Angle of Incidence Tests
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3. Results and Discussion:
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Scrutinizing graphical responses it can be seen that the signal attenuation levels are lower as
the angle of incidence approaches 900 and higher as the angle of incidences are at lower
values for all the wall thicknesses. Results obtained for tests done in Test Site 2 as shown in
graphs of Figures 4 show some attenuation level dips compared to the readings in Test Site 1
shown in Figure 3. These dips observed could have been attributed to heavy reinforcement in
Test Site 2 comparative to the walls in Test Site 1.
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Figure 3. Effects of Angle of Incidence on Signal Strength through 15cm to 28cm Thick
Walls in Test Site 1.
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Figure 4. Effects of Angle of Incidence on Signal Strength through 25.5cm and 27 Thick
Walls Test Site 2.
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4. Testing of Theoretical Model and Measured Signal Strengths:
The Friis free space wireless link modified equation is given by
Pr = Pt + Gt + Gr + 20 log10 T − 20 log10 f − 20 log10 r − Lr − Lt + 27.6

(8)

therefore 2 model values for transmission coefficient vertical polarization Tvp (model values
1) and horizontal polarization Thp (model values 2) were tested.
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The results were obtained when the constant value in the model was changed so the model
equation modified to
Pr = Pt + Gt + Gr + 20 log10 T − 20 log10 f − 20 log10 r − Lr − Lt + 13.0
for a better prediction between the model and measured values.

(9)

5. Conclusions:
When experiments were carried out to find the effects of angles of incidence on signal
strengths it was found that the orientation of the transmitting and receiving antennas was of
perpendicular polarization to the wall surfaces and therefore a strong correlation coefficient
realized for all wall thicknesses tested. The errors were found to have varied values
depending with the concrete wall tested and the statistical analysis showed there were no
significance difference between the model and measured values.
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