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ABSTRACT This paper presents a simple calculation method for predicting the propagation path loss of
a radio wave passing through a dielectric obstruction between a transmitter (Tx) and receiver (Rx). In this
paper, the propagation characteristics of a radio that is obstructed by a concrete beam on a ceiling in a large
indoor environment, such as those seen in factories and warehouses, are investigated. The radio frequency
is the 920-MHz band, used for Internet-of-Things (IoT) wireless communications in Japan. The proposed
calculation method is based on forbidden region (FR) theory, with the radius defined as 0.6 times that
of the first Fresnel zone. In our proposed method, a three-wave model in the FR area at an obstructing
object between Tx and Rx is considered for predicting the propagation path loss. The model consists of a
wave propagating through the air, a wave penetrating the concrete beams, and a wave traveling inside the
concrete ceiling. The path losses using the proposed calculation method are in good agreement with those of
a Finite Difference Time Domain (FDTD) simulation and the measured data. We conclude that the proposed
calculation method effectively predicts the path loss characteristics of radio waves obstructed by a dielectric
material, such as a concrete beam on a concrete ceiling.

INDEX TERMS Indoor communication, Internet of Things (IoT), finite difference time domain (FDTD),
prediction methods, radio propagation.

I. INTRODUCTION
With the recent growth of the Internet-of-Things (IoT) mar-
ket, smart homes and smart factories are expected to be
realized through machine-to-machine (M2M) and device-to-
device (D2D) wireless communications [1], [2].

Indoor wireless communications encounter a number of
obstructions between transmitter (Tx) and receiver (Rx)
that create non-line-of-sight (NLoS) conditions. This makes
the prediction of propagation path loss a key area of
interest when designing systems. A number of predic-
tion methods have therefore been studied to address this
issue.

The associate editor coordinating the review of this manuscript and

approving it for publication was Kegen Yu .

One well-known strategy for predicting the effects of
obstructions along a propagation path loss is Fresnel zone
theory [3], [4], which is obtained as an obstruction area
ratio of the first Fresnel zone. There are also several the-
oretical approaches to predicting path loss, such as the
knife-edge diffractionmodel (KEDM) [5], geometrical optics
approximation (GO) [6], the geometrical theory of diffraction
(GTD) [7], [8], uniform theory of diffraction (UTD) [9], [10],
and slope-UTD [11], all of which have been used in terrestrial
wireless communications.

In actual indoor situations, most obstructions, such as walls
and pillars, are made of concrete. Radio waves are able to
penetrate concrete objects, which have a relatively low dielec-
tric constant [12]. However, in all of the abovementioned
methods for predicting obstruction effects, the obstruction
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is assumed to block all radio waves passing through the
dielectric material.

Ray tracing is also widely used to predict propaga-
tion in indoor environments. This method takes account of
waves passing through different materials. However, due to
plane wave approximation, ray tracing calculations do not
accurately predict the reflection, diffraction, or transmis-
sion coefficients of radio waves [13], [14]. The finite-
difference time-domain (FDTD) method, which directly
solves Maxwell’s equations using a numerical approach,
is increasingly being used for propagation prediction in
indoor environments, assisted by recent advancements in
high-performance computing [15], [16], [17], [18]. However,
this method requires considerable computational resources to
ensure calculation accuracy.

The purpose of this study is to propose a prediction method
for propagation path loss that considers waves penetrating a
dielectric material as an alternative to methods using sophis-
ticated computer calculations, such as FDTD simulation. Our
proposed prediction method takes advantage of forbidden
region (FR) theory [19]. We evaluate here the propagation
path loss in the 920-MHz band, used for IoT communica-
tion in Japan, caused by a concrete beam on a ceiling [20].
In the proposed method, we examine a three-wave model in
the FR area at an obstructing object between Tx and Rx. The
model consists of a wave propagating through the air, a wave
penetrating the concrete beams, and a wave traveling inside
the concrete ceiling. The propagation path loss is calculated
using receiving power, which is obtained as the sum of the
three waves with the amplitude obtained by the area ratio
of the FR and the phase calculated using complex relative
permittivity and traveling distance.

The structure of this paper is as follows. Chapter II
describes the indoor scenario treated in this paper, and the
path loss characteristics close to a concrete beam by FDTD
simulation and by actual measurements. Chapter III gives the
details of the proposed calculation method. In Chapter IV, the
effectiveness of the proposed calculation method is verified
by comparing with FDTD simulation results and measured
data. In Chapter V, the path loss predictions are performed
using the structural and material conditions of the con-
crete beam, assuming its application to real-world situations.
Chapter VI concludes this study, lays out the limitation of this
method, and suggests future work.

Table 1 summarizes the main abbreviations and symbols
used in this paper.

II. INDOOR SCENARIOS OF CEILING WITH CONCRETE
BEAMS
This chapter describes the indoor scenario addressed in this
study. The FDTD simulation results and measurement data
are also presented to clarify the path loss characteristics close
to a ceiling with a concrete beam.

A. FDTD SIMULATION MODEL
Figure 1 shows a ceiling with concrete beams in a concrete
building. As shown in Fig. 1, the concrete pillars and beams

TABLE 1. Abbreviations and symbols used in this paper.

FIGURE 1. Indoor scenario of the ceiling with concrete beams.

on the ceiling are assembled in a grid pattern with no concrete
walls near the Tx and Rx antennas. It was reported in [18] that
the FDTD simulation results depicted in Fig. 2 are in good
agreement with the measured data. The simulation results
obtained by the simulation model in Fig. 2 are therefore used
in this paper to investigate the propagation path loss.

A beam with a height of HB = 0.7 m, width of
WB = 0.4 m, and length of LB = 10.0 m was used for
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FIGURE 2. FDTD simulation model.

the simulation. Vertically oriented half-wave dipole antennas
were employed as the Tx and Rx antennas. The frequency
was 928 MHz. The Tx antenna was set at a distance of
d ′

= 1.0 m from the surface of the beam in the –x direction,
as shown in Fig. 2(a). The Rx antenna was moved along the
observation line.

The height h of the Tx and Rx antennas is defined as 0 at
the bottom of the beam, h > 0 (NLoS) in the +z direction,
and h < 0 (LoS: line-of-sight situation) in the –z direction.

The path loss L is calculated within the range of
d = 1.5 - 10 m from the observation line shown in Fig. 2(b)
and is defined as follows.

L [dB]=Pt [dBm]−Pr [dBm]+Gt [dBi] + Gr [dBi] , (1)

where Pt is transmitted power, Pr is received power, Gt is
Tx antenna gain, and Gr is Rx antenna gain. In this study,

TABLE 2. FDTD simulation parameters [18].

a maximum gain of 2.15 dBi for the dipole antenna was used
for Gt and Gr .

B. SIMULATION CONDITIONS
The simulation conditions are summarized in Table 2. The
cell size is λ/10, where λ is the wavelength of 928 MHz.
The boundary condition is the perfectly matched layer
(PML) with eight layers, and the boundary surfaces are
set at a position of 5λ from the simulation model to the
outside. The complex relative permittivity of the concrete
is εr = 5.31 – j0.59 [12].

C. SIMULATION AND MEASUREMENT RESULTS
Figures 3(a)-(c) show the FDTD simulation results and mea-
surement data at h = +0.1 m, +0.35 m, and +0.6 m for
shallow, middle, and deep NLoS cases, respectively. It is
observed from Fig. 3 that the FDTD results are in good agree-
ment with the measurement data. The FDTD simulations are
therefore used to investigate the propagation characteristics
near the ceiling beam.

According to [18], the path loss can be approximately
expressed by the following equation,

L (d) = α · 10 log10 d + β [dB] , (2)

where d is the distance between the Tx and the Rx antennas,
α is the path loss exponent, and β is the path loss when
d = 1 m.
The FDTD simulation results in Fig. 3 show an increase

of almost α = 2 with respect to distance d . The path loss
can therefore be approximated as a regression line by using
the least-squares method when α is fixed at 2 in Eq. (2). The
regression line and free space path loss are also shown in
Fig. 3. It can also be seen in Fig. 3 that β is a function of h.
We will discuss this in the next chapter.

III. PROPOSED CALCULATION METHOD
To obtain the path loss closest to the ceiling with the beam,
as described in Chapter II, we consider β when α = 2
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FIGURE 3. FDTD simulation results, regression line where α = 2, and
measurement data.

in Eq. (1). β is expressed by the following equation,

β = β0 + βex [dB], (3)

where β0 is the free space path loss at d = 1 m in Eq. (2)
and βex is the excess loss, which is defined as the difference
between β and β0 in dB.

In this chapter, we will attempt to obtain βex using the
forbidden region (FR) technique [19]. The radius rfr of the
FR is obtained as 0.6 times that of the first Fresnel zone.

rfr = 0.6 r1, (4)

rn =

√
nλd1d2
d1 + d2

, (5)

where r1 is the radius of the first Fresnel zone and λ is
the wavelength of the radio wave. d1 and d2, respectively,
are the distances from the obstruction to the Tx and Rx
antennas. Described in detail below are four cases, shown in
Figs. 4(a)-(d), with regard to obstruction of the FR by the
concrete beam and the concrete ceiling.

Case i: FR is not obstructed by the concrete beam
(h < −rfr)

In this case, as shown in Fig. 4(a), there are no obstacles
in the FR with radius rfr . S0 and P0 shown in Fig. 4(a) are
the area and radio wave power propagating through the FR.
βex is simply expressed as follows.

βex = 0 [dB] . (6)

This means that the path loss is equivalent to the free space
path loss.

Case ii: FR is partially obstructed by the concrete beam
(−rfr ≤ h < rfr)

In this case, the radio power can be calculated as a com-
bination of two radio waves, one propagating through the
air and the other penetrating the concrete beam. Therefore,
βex is expressed as:

βex = 10 log10
P0∣∣√P1 exp (jφ1) +

√
P2 exp (jφ2)

∣∣2 [dB],

(7)

where P0 is the power of the radio wave described in Case i,
P1 and φ1 are the power and the phase of the radio wave
propagating through the air, respectively, and P2 and φ2
are the power and phase of the radio wave penetrating the
concrete beam. S1 and S2 in Fig. 4(b) are areas of the FR of
the air and the obstruction of the beams; thus, S1+ S2 = S0.
P1 and P2 are expressed by Eqs. (8) and (9), respectively:

P1 =

(
S1

S1 + S2

)2

× P0, (8)

P2 =

(
S2

S1 + S2

)2

×
1

Lconcrete
× P0, (9)

where Lconcrete is the transmission loss through the concrete
beam.
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FIGURE 4. The positional relationship between the FR and the ceiling
with the concrete beam.

φ1 and φ2 in Eq. (7) are obtained by the following
equations:

φ1 = 2π
WB

λ1
[rad], (10)

φ2 = 2π
WB

λ2
[rad], (11)

where WB is the width of the beam, and λ1 and λ2, respec-
tively, are the wavelength of radio waves propagating through

the air and the concrete beam. βex can then be obtained by
substituting Eqs. (8)-(11) into Eq. (7).

Case iii: The entire FR is obstructed by the concrete
beam (rfr ≤ h ≤ HB − rfr) In this case, a radio wave
penetrates a concrete beam of width WB.βex is therefore
expressed by the following equation using the transmission
loss Lconcrete through the concrete beam:

βex = 10 log10 Lconcrete [dB]. (12)

Case iv: FR is obstructed by concrete beams and ceiling
(HB − rfr < h)
Here, rfr is assumed to be less than the thickness δ of the

ceiling. P2 and P3 in Fig. 4(d) are respectively the power of
the radio wave transmitted through the concrete beam and the
concrete ceiling. P3 is assumed to be negligible because the
radio wave traveling through the ceiling experiences signifi-
cant path loss. It can therefore be approximated that P3 = 0.
βex can thus be expressed as:

βex = 10 log10
P0
P2

[dB]. (13)

P2 is expressed by Eq. (14):

P2 =

(
S2

S2 + S3

)2

×
1

Lconcrete
× P0, (14)

where S2 and S3 are respectively the area of the concrete beam
and the concrete ceiling in the FR.

IV. PATH LOSS PREDICTION USING OUR PROPOSED
CALCULATION METHOD
In this chapter, the proposed calculation method is evaluated
by comparison with the path loss obtained by the FDTD
simulation for the indoor scenario shown in Figure 2.
The evaluation is performed under the conditions of radio

frequency of 928 MHz, d ′
= 1 m, HB = 0.7 m, and

δ = 0.35 m, as in Figure 2(a).
The radius of FR rfrs of d = 1.5 m, 0.2 m, 5 m are

respectively 0.2 m, 0.31 m, and 0.32 m, and are obtained
using the approximation that a concrete sheet with no width
is positioned at the Tx-side surface of the concrete beam.
Therefore, a fixed value of rfr = 0.3 m, which represents an
average value of rfr , is used in this evaluation. The complex
relative permittivity of the concrete beams and the ceiling is
set at 5.31–j0.59 [12].
The transmission loss of concrete beam Lconcrete is calcu-

lated using FDTD simulations. Figure 5 illustrates the FDTD
simulationmodel of the concretewall for calculatingLconcrete.
In themodel, the length and height of the wall are 10m, which
is sufficiently large with regard to rfr of 0.3 m. The Tx and
Rx antennas are placed 1 m from the surface of the wall. The
antennas are half-wavelength dipole antennas with vertical
polarization.

The boundary surfaces are set at 10λ from the simulation
model to the outside. The other simulation conditions are the
same as in Table 2. Lconcrete is obtained by the ratio of the path
loss with the wall to that without the wall.
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FIGURE 5. FDTD simulation model for calculating Lconcrete.

TABLE 3. Calculated and theoretical values of transmission loss for the
thickness of concrete with complex relative permittivity of 5.31-j 0.59 [12].

The calculated results of Lconcrete in dB for changing WB
are listed in Table 3. Table 3 also includes theoretical values
of Lconcrete [6] when plane waves are incident perpendicular
to the concrete wall. It is clear that the calculated results agree
closelywith the theoretical values, thereby confirming by the-
oretical calculation the effectiveness of the calculation model
for Lconcrete shown in Figure 5. The Lconcrete calculated by
the FDTD simulation was therefore used for the calculation
of βex .
In the next step, β in Eq. (3) is investigated at α = 2 by

calculating βex using the proposed calculation method laid
out in Chapter III.

Figure 6 shows comparisons of β among the proposed
method, FDTD simulation, and measurement data when
h = +0.1 m, +0.35 m, and +0.6 m. In Figure 6, the βs of
the FDTD simulation and the measurement were obtained as
a value at 1 m on a regression line of the data, shown in Fig. 3,
when α = 2 in Eq. (2).
It is found from Fig. 6 that the maximum difference of

β between the FDTD simulation and the measurement is
only 1.1 dB. Moreover, the maximum difference of the β

between the measurement and the proposedmethod is 2.4 dB.
Thus, the values estimated by the proposed method have an
accuracy of this order under these conditions.

Figure 7 shows β as a function of h obtained by FDTD
simulation and our proposed calculation method. The figure
also shows the regions of Cases i - iv used for the proposed
calculationmethod. Figure 7 shows that the β values obtained
by the proposed calculation method are in good agreement
with those acquired by FDTD simulation. The difference
is within 2.8 dB, indicating that our proposed calculation

FIGURE 6. Comparison of β among the proposed method, FDTD
simulation, and measurement data.

FIGURE 7. β as a function of h obtained by FDTD simulation and the
proposed method.

method effectively predicts the path loss close to the ceiling
with the concrete beam.

The variation of β in Fig. 7 can be explained using the
proposed calculation method. In the Case i region, where the
FR is not obstructed by the concrete beam, β is obtained
as β0 = 31.8 dB at 928 MHz using the Friis Transmission
Formula.

In the Case ii region, β is greater than β0 since the area of
the obstruction of the FR by the concrete beam is increased
by an increment of h. Moreover, β peaks at h = 0.14 m. The
concrete beam withWB = 0.4 m and εr = 5.31– j0.59 results
in a phase difference of 1.6 ×2π radian with respect to air.
This means that the radio wave through the air and that
through the concrete beam are combined at almost opposite
phases. In addition, the amplitudes of P1 and P2 in Eqs. (8)
and (9) are almost the same at h= 0.14m. β therefore reaches
its largest value due to interference between the two waves.

In the Case iii region, where all of the FR is obstructed
by the concrete beam, β is a constant value calculated as
31.8 + 9.6 = 41.4 dB from Eqs. (3) and (12). In the Case
iv region, the path loss gradually increases as h increases due
to increments in energy loss caused by the obstruction of the
ceiling.
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FIGURE 8. Comparison of β of the concrete beam obtained by FDTD
simulation and the proposed calculation method for WB = 0.3 m, 0.5 m,
and εr = 5.31 – j0.59.

V. PATH LOSS PREDICTION UNDER DIFFERENT BEAM
CONDITIONS
In this chapter, the path loss β is investigated with different
beam widths and different complex relative permittivity val-
ues of the concrete, assuming real-world scenario.

Figure 8 shows the path loss characteristics of concrete
beams withWB = 0.3 m and 0.5 m, using the calculated value
of Lconcrete in Table 3 for the proposed calculation method.
As shown in Fig. 8, the results of the proposed calculation
method are in good agreement with that of the FDTD simula-
tion, although there is a large difference that exceeds 5 dB at
h = 0.6 m. It appears that the approximation of P3 = 0 in the
proposed calculation method, shown in Fig. 4(d), causes the
difference in path losses in the vicinity of the ceiling surface.

It has been reported that the real and imaginary parts of
complex permittivity are positively correlated with the mois-
ture content of the concrete [21], [22], [23]. We therefore
evaluated path losses for concrete beams with low and high
content with a complex relative permittivity of 3–j0.1 and
7–j1 [21], [22], [23].

The beam width WB is 0.4 m, as shown in Fig. 2(a).
Lconcretes for both cases are also calculated by FDTD sim-
ulation for the model shown in Figure 5. Table 4 lists the

FIGURE 9. Path losses for the dry and moist concrete beams calculated
by FDTD simulation and the proposed calculation method for WB = 0.4 m,
εr = 3–j0.1, and 7–j1.

calculated and theoretical values of Lconcrete. In these cases,
the calculated results are also in good agreement with the
theoretical values.

Figure 9 shows the path loss for the dry and moist concrete
beams calculated by FDTD simulation and the proposed
calculation method as a function of h. It is evident that the
path losses calculated using the proposed method are in good
agreement with those of the FDTD simulation. The differ-
ences between the path losses using the proposed calculation
model and FDTD simulation are also significant at h= 0.6 m
in the dry and moist cases. Moreover, β of the moist concrete
beam is greater than that for dry concrete, especially when h
is greater than 0 m. This is because the transmission loss in
moist concrete is greater than that in dry concrete, as shown in
Table 4. The proposed calculation method is therefore useful
for predicting the propagation path loss of a concrete beam
on a concrete ceiling.

Finally, the limitation of the application of the proposed
method is discussed. The limitation is due to the theory
of FR, which is proportional to the first Fresnel zone. From
Eqs. (4) and (5), the radius rfr of the FR increases in propor-
tion to the square root of the wavelength λ. This indicates that
the rfr increases with decreasing frequency. However, the rfr
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TABLE 4. Transmission loss for complex relative permittivity of concrete
with a width of WB = 0.4 m.

needs to be smaller than the distance d1 and d2 for obtaining
a good approximation to Eq. (5) [19].

In this paper, the minimum values of d1 and d2 are 1 m
and 0.5 m. The wavelength λ is 0.32 m at 928 MHz. Thus,
the radius rfr of the FR is 0.2 m, which is less than d1
and d2.

VI. CONCLUSION
In this paper, we propose a simple calculation method for
predicting radio propagation path loss in environments that
have dielectric obstructions such as a concrete beam between
Tx and Rx.

First, the propagation path loss characteristics near the
concrete ceiling beam at 928 MHz were shown by FDTD
simulation and measurement in an actual concrete building.
The calculation accuracy of the FDTD simulation was also
evaluated in comparison with the measured data. The details
of a simple calculation method based on the theory of the
forbidden region were then explained. The effectiveness of
the proposedmethod was verified by comparison between the
FDTD simulation results and the measurements. The results
indicated the proposed method to be in good agreement
(within 2.8 dB) with the FDTD simulation results. Our pro-
posed method agrees fairly well with the FDTD simulation
results for a variety of structural and material conditions of
concrete beams.

The limitation of application of the proposed method was
also discussed. We concluded that our proposed method can
be used in spite of the frequency limitations caused by the
approximation used to obtain the radius of the FR.

In conclusion, a prediction method of a propagation path
loss with a radio wave passing through a dielectric material
was successfully formulated that is applicable to indoor IoT
wireless communications.

In future work, the applicability of the proposed method at
higher frequencies, such as in the 2.4 GHz, 5 GHz and 6 GHz
bands, will be investigated.
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