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The first part of this paper presents a survey of the most famous
outdoor propagation models suitable for Wireless Sensor
Networks (WSNs) for smart city applications. Then, we propose
an intelligent method to associate these models with spatial zones
according to the electromagnetic interactions. Finally, we present
how to integrate this method in a WSN simulation platform called
CupCarbon [1], and a methodology to associate these models.

This paper is organized as follows: in section 2, the most famous
outdoor physical and empirical propagation models, for WSNs,
are presented in detail. Section 3 focuses on space partitioning
using the visibility tree technique. Section 4 presents how to
combine and integrate these two approaches into the simulation
platform CupCarbon to get more accurate estimations for the
received signal level.

CCS Concepts

2. RADIO PROPAGATION MODELS FOR
WSNs

• Networks→Network types→Ad hoc networks→Mobile ad
hoc networks •Computing methodologies→Modeling and
simulation→Model development and analysis→Modeling
methodologies.

WSNs for smart city applications have some constraints imposed
by the nature of WSN in terms of radio aspects, these constraints
can be summarized as follows [3], [4], [5]:
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1. INTRODUCTION

CupCarbon is a Smart City and Internet of Things Wireless
Sensor Network (SCI-WSN) simulator [1]. Its objective is to
design, visualize, debug and validate distributed algorithms for
monitoring, for example, the collection of the environmental data.
CupCarbon can explain visually the basic concepts of sensor
networks and how it works; it may also help
engineers/developers/scientists to test new wireless protocols.
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ABSTRACT

WSNs are networks formed by a large number of sensor nodes
where each node is equipped with a sensor to detect
environmental or physical phenomena. WSNs will become the
key technology of Internet of Things (IoT) to create smart city
applications such as intelligent transportation, smart parking,
smart water networks, smart homes, etc. [2]. Simulators are
fundamental tools for designing and simulating WSNs. Among
the challenges in this field is the accuracy of the radio propagation
models, which in turn has a great impact on the overall
performance of the simulator.
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Low transmit power: the energy consumption is one of
restricting factors in WSNs. For this reason, the transmission
power is very low compared to other communication systems.
The nominal transmit power defined by the IEEE 802.15.4
physical layer - 2003 is 1 mW (0 dBm) [6], giving a radio
range of at most a few hundred meters.

-

Low antenna heights: in most of the WSN scenarios in smart
cities, the nodes are relatively close to the ground level.

-

Directivity of antennas: perfect omnidirectional antennas are
usually assumed in WSNs. However, the assumption of
perfect omnidirectional radiation is not very accurate, so we
have to consider the antenna pattern irregularity for more
realistic propagation models.
These constraints should be taken into account when modeling the
propagation models in such scenarios.

2.1 Free Space Model
The fundamental reference path loss model is the free space
model. The free space model is one of the most widely used
propagation models for WSN. This model calculates the
attenuation of an electromagnetic wave in free space for the lineof-sight path (LOS), taking account of the distance and the
frequency, with no obstacles nearby to cause reflections or
diffractions. Free space path loss is usually expressed in dB, and
given by:
(1)
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where,
L : is the path loss in dB.
d : is the distance between the transmitter and the receiver.
f : is the frequency.
: is the wavelength.
Gt, Gr: are the transmitter and receiver antenna gains respectively
in dBi.

0.3 . Simulation results show that the
heights
maximum radio range for this configuration is about 55 m, which
is confirmed and validated in [9], by using a real test platform.

Despite the fact that this model considers only the direct path, it is
still commonly used in direct visibility scenarios because the
direct path is the predominant one.

2.2 Adapted Free Space Model
Path loss exponent in the free space model equals 2 (α = 2), but
the adapted free space model makes it possible to use an empirical
value for the path loss exponent according to the propagation
environment. For example, in [7], for an urban unobstructed
scenario, it was found that the measurements match the model if a
path loss exponent of α = 2.2 is assumed.
10 log
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Figure 2. Simulation results for the simplified two-ray model.

2.4 Free Space and Simplified Two-Ray
Hybrid Model

2.3 Simplified Two-Ray Ground Reflection
Model
Free space model does not consider any obstacle. When the nodes
are placed close to the ground, we have an unavoidable obstacle,
which is the ground. Wireless sensors are usually placed near to
the ground, thus we have to take into account the ground reflected
ray because it carries significant power. Two-ray model estimates
the path loss of the received signal considering the two
predominant paths in near-ground scenarios, which are the direct
path (LOS) and the ground reflected rays as shown in figure 1.

As mentioned earlier, the simplified two ray ground model was
simplified for large d with respect to the antenna heights. The
simplified two-ray model does not give accurate results for short
distances due to the oscillation caused by the constructive and
destructive combination of the two rays. For this reason, the
authors in [8] and [5] propose to use the free space model until a
certain distance, which is called the cross-over distance
and is
given by the equation in (6), after this distance the simplified tworay ground reflection model is used as follows:
(5)

Simplified two ray ground
(6)
α

2.5 Two-Ray Ground Reflection Model

Figure 1. Two-Ray Ground Reflection Model.
The calculation of the interaction or the interference between the
direct path and the reflected path is simplified [8], by assuming a
large distance d between the transmitter and the receiver, and
1 ). Thus, the
perfect reflection (so, the reflection coefficient,
simplified Two-Ray Ground equation is given by:
20log

(4)

As mentioned above, the two-ray model considers the two
predominant paths in near-ground scenarios, which are the direct
and the ground reflected rays. The simplified version assumes
some simplifying hypotheses such as perfect reflection coefficient
which is not really true because the ground is not a perfect
conductor, for this reason we have to consider the ground
reflection coefficient. The receiver side sees the sum of all the
existing signal paths. Considering only the direct and the reflected
rays, we obtain the following equation [10]:
2
4

where,
:are the transmitter and receiver antenna heights respectively.
This equation depends only on the antenna heights and on the
distance. Whenever, d≫
, phase difference becomes very
small and cancels out, which makes the expression frequency
independent.
Figure 2 shows the simulation results of this model using the
IEEE 802.15.4 default parameters, such as: transmit power = 0
dBm, receiver sensitivity = – 90 dB, frequency = 2.4 GHz, at
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where,
: is the received power.
: is the transmit power.
: is the distance between the transmitter and the receiver.
: is the wavelength.
: is the ground reflection coefficient.
2 / : is the wavenumber.
, : are the direct and reflected path lengths.
α : is the angle of incidence of the ground ray.
The reflection coefficient is given by:

(7)
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: is the relative dielectric permittivity
Although this model is more accurate than the simplified version,
it does not include some relatively important factors such as the
antenna radiation pattern and the uncertainty of the received
signal due to other less significant paths that are not considered.
These parameters or factors will be taken into consideration in the
next propagation model, thus simulation results will be shown for
the next model because it is more comprehensive.

This model was validated in [3] through actual measurements for
some test scenarios.
To address the problem of the deep fades, which is called “energy
holes” (caused when the two rays are completely out of phase),
we traced - in figure 4 - the relationship between the height and
. Figure 4 shows
the distance at frequency = 2.4 GHz and
the attenuation in function of the distance (between the transmitter
node and the receiver node) and in function of the heights of the
nodes, it shows also the energy holes areas (the cyan blue and the
blue areas). Ideally, sensors should not be placed neither in an
area of potential energy hole, nor at very low heights [4].

2.6 Free Outdoor Model (FOM)
This model combines the four most significant path loss factors
for WSN [3]. These factors are: free space path loss, ground
reflection path loss, it adds a Gaussian random variable to
represent the uncertainty of the estimated received signal level
due to multiple less significant paths, and finally it includes two
factors
to represent the antenna radiation pattern gains
along the direct and reflected paths respectively. The received
power (taking all the mentioned factors into account) is, therefore,
given by the final equation as:
2
(9)
where,
: is the path difference between direct and reflected paths,
: are coefficients to represent the difference in the antennas’
gain, along the direct and reflected paths respectively, due to the
antennas’ radiation pattern.
: is a Gaussian distribution with a mean of
and a
variance of [3].
Figure 3 shows the simulation results of this model. The blue
curve shows the path loss using this model. It shows that the
direct and the reflected rays add up constructively or destructively
giving the fast fading effect. When the two rays are out of phase,
they add up in a destructive manner, but on the other hand, when
they are in phase they add up in a constructive manner [11]. The
red points around the free outdoor model represent the uncertainty
range or the margin of error that was introduced by the Gaussian
distribution. The green curve in figure 3 shows the path loss of the
direct ray without considering the reflected ray.

Figure 4. Distance-Height relationship for FOM

2.7 Log Normal Model Shadowing Model
Log-Normal shadowing model is a general extension to the free
space model. It estimates the path loss for a wide range of
environments, whereas, the free space is restricted to unobstructed
path. The log-normal shadowing model consists of two parts; the
first one is the adapted free model that uses a path loss exponent
determined by filed measurements. The second part is the
shadowing model to reflect the variation of the received power.
Some typical values of path loss exponent and shadowing
deviation are given in table 1. The overall relation between the
path loss and the distance is expressed as follows:
10

(10)

Where,
: is the path loss in dB at a distance ,
.
: is the path loss in dB at a distance
.
n : is the path loss exponent.
: is a zero-mean Gaussian random variable with a standard
deviation of .
Table 1. Some typical values of path loss exponent and
shadowing deviation

Figure 3. Simulation results for Free Outdoor Model.

Environment

n

Free Space

2

Urban area

2.7-3.5

Shadowed urban area

3-5

[dB]

3-12

In [12], the authors proposed to use the log-normal model with
two different slopes and deviation values. The breakpoint distance
separates the two slopes of this model. It was proved in [12]
that prediction accuracy of a two-slope log normal model is
superior to that of the one-slope model in near ground scenarios.
The two-slope model is expressed as follows:
10

X
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X
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Table 2. Two-slope Log-normal Model parameters
Environ
ment

m

m

Plaza

1

1

1,52

3,74

1
dB

dB

m

2,49

1,85

32

Table 2 shows the parameters for a plaza side in [12]. The
simulation results are given in figure 5, which shows the two
slopes of this model separated at the breakpoint distance = 32 m.
The red points represent the variations of the received power of
the first piece of the model and the black points represent the
variations of the received power of the second piece of the model.

Figure 5. Simulation results for the two-slope lognormal model.
To see clearly the two slopes, we traced this model in a
logarithmic scale in figure 6.

Figure 6 shows the same results as figure 5 but here we can see
clearly two linear slopes, the first slope value is 15.2 dB/decade,
while the second slope value is 37.4 dB/decade.

3. VISIBILITY TREE
3.1 General Principal

The definition of the visibility tree1 could vary according to the
context. In this context, the visibility algorithm is a recursive
geometrical method that takes a specific form of the Geographic
Data Files (in 3D or in 2D) that contains the geometric
information of the propagation environment. Then, from this file,
the visibility algorithm determines a set of geometric zones that
are visible from a given view-point which is the transmitter node
in our case. After that, for each visible zone we will determine the
successive reflected, diffracted zones that could be generated from
these visible zones. Then, the algorithm continues generating the
successive reflected, diffracted zones resulting from the previous
steps until we reach a given number of reflections and diffractions
determined by the user (refraction could be neglected for outdoor
environments). At the end of this algorithm, we obtain the
visibility tree from which we can determine all the possible paths
between a transmitter and a receiver and also the nature of these
paths.
To understand the concept of the visibility tree, let’s consider the
propagation environment in figure 7, which is a top-view of a
propagation scene containing one building B1. In figure 7 the
propagation environment is divided according to the transmitter
position (Tx), according to a given number of electromagnetic
interactions (here, we consider 1 reflection and 1 diffraction), and
according to the obstacles in the propagation scene. The blue
receiver (Rx) is located in visible + reflected + diffracted zones,
so all the possible paths from the transmitter can be found easily
with the nature of these paths. Furthermore, it was proven that the
variations of an electromagnetic signal are homogeneous for a
given combination of interactions, i.e. homogeneous in terms of
the nature and the number of the received paths, so the received
level does not vary significantly for small zones [13]. That means
that the signal variations are homogeneous in each color of the
figure 7. Thus, in order to get advantage of this proven fact, we
will use the visibility tree for partitioning the space and then we
will treat each zone independently. This is core principle of
associating one of the presented models with a specific zone. This
will be discussed in section 4.
Visible + Diffraction
Diffraction

B1

Nonvisible

Rx
Visible
+
Reflection
+
Diffraction

Tx

Diffraction

Visible + Diffraction
Figure 7. A 2D-horizontally partitioned propagation
environment

1

Figure 6. Simulation results for the two-slope lognormal model (logarithmic scale).

It is also called partitioning tree.

The visibility tree for the receiver Rx of the configuration
presented in figure 7 will identify 4 paths (the blue arrows) from
the transmitter to the receiver, namely visible direct path, reflected
path, and two diffracted paths (from the two corners of the
building B1). Also it will contain information about the previous
zones (from which they were generated).

R.9.1

R.6.1

R.6.4

3.2 Horizontal 2D visibility Tree
The constraints presented in section 2, are mainly low transmit
power and low antenna heights with respect to the average level
of building heights. These constraints justify the choice of the
horizontal two-dimensional plane. As a matter of fact, in the
scenarios restricted by these constraints, almost all of the
significant paths are found in the horizontal plane (except for the
ground reflected path), while the vertical plane contains
insignificant double-diffracted paths over the roof-tops of the
buildings.

R.6.2

R.5.1

Figure 9. Visible and Reflected Zones (1R,0D)
-

While the principle of the horizontal visibility tree is quite easy,
its implementation in an efficient and optimized way demands
specific techniques that cannot be explained in few lines in this
paper. For this reason, we only present the general procedure.
Still, if you are interested in the technical details, you can consult
[14] and [15].
The general structure of the implemented algorithm is as follows:
Input: Geographic data file, transmitter position, number of
interactions
Output: Spatial data structure (visibility trees), that contains all
the geometric zones, the nature of these zones (visible, reflected,
or diffracted), their ancestors till the transmitter.
Procedure: Let’s consider one reflection and one diffraction:
From the transmitter position (Tx), we want to create all
the visible zones from this view-point. Figure 8 is a topview of a sample propagation environment with five
buildings (the white blocks), and by using this algorithm
we identify nine visible zones (the blue triangles).

For each visible zone, if it finds a diffracting edge, the
zones of diffraction will be generated. Figure 10 shows
the diffracted zones for only one diffracting point (P),
which are :
Diffracted zones D.5.1, D.5.2, …, and D.5.7 from V.5.

D.5.1

D.5.2

D.5.7

P
D.5.6 D.5.5
D.5.3

D.5.4

Figure 10. Diffraction Zones at point P

V.2
Tx
V.3

V.1
V.9 V.8

Figure 11 shows the visibility graph for the configuration shown
in figure 9 (1R, 0D), the diffraction was not considered in this
graph for the sake of brevity.
Tx

V.6

V.5
V.4
V.7

Figure 8. Visible Zones (0R,0D)
-

R.8.1

R.6.3

For each visible zone, we will generate the reflected
zones from each face in the propagation scene. Figure 9
shows all the reflected zones (red zones), which are:
A reflected zone R.5.1 from V.5
A reflected zone R.8.1 from V.8
A reflected zone R.9.1 from V.9
Reflected zones R.6.1, R.6.2, R.6.3, and R.6.4 from V.6

V.1
V.2
V.3
V.4
V.5
V.6
V.7
V.8
V.9

R.5.1
R.8.1
R.9.1

R.6.1
R.6.2
R.6.3
R.6.4

Figure 11. 2-D Visibility Tree (1R, 0D)
Given all the paths, execution time can be reduced considerably
for the deterministic radio models such as ray-tracing model (will
not be discussed here, because it is not the main objective of this
paper).

For a larger number of interactions (reflections and diffractions),
this algorithm applies in the same way until we reach the wanted
number interactions.

4. ASSOCIATION METHODOLOGY
WSNs simulators use physical and/or empirical propagation
models without considering the propagation environment. This
blind use of the propagation models, gives false estimations with
an unacceptable margin of error for the received power levels.
Thus, the idea here is to use the visibility tree algorithm to define
the nature of the zone before using the propagation model.

4.1 Integration of the Visibility Algorithm in
CupCarbon
The first step was to integrate the visibility tree algorithm (which
was implemented independently elsewhere) in the simulation
platform CupCarbon. Figure 12 shows four sensor nodes placed
arbitrarily in the city of Brest - France. The maps are taken from
OpenStreetMap. This figure shows the zones of visibility for each
node of the four sensor nodes (the orange zones around each
node). At this moment, there is no propagation model
implemented, just to show that the zones of visibility respect the
propagation environment. For the sake of simplicity, the reflected
and diffracted zones were not displayed in this figure.

Figure 13. Free Space Model for the Visible Zones (1)
In figure 14, we traced all the possible links between the nodes
using the nominal values defined by the IEEE 802.15.4-2003
standard. All the possible connections are represented by the
arrows between the nodes. It shows also that there exist several
possible connections for some nodes.

Another important point is that the execution time of this
algorithm is very fast that it can support the mobility of the sensor
nodes. The reader can refer to this video [16] to see how the
moving nodes can instantly adapt their visible zones according to
their positions and according to the propagation environment.

Figure 14. Free Space Model for the Visible Zones (2)

Figure 12. Visible Zones in CupCarbon (4 nodes)

4.2 Model Association
The second step was to associate a propagation model with the
zones according to their nature. A simple example is to associate
the visible zones with the free space model. This model is
applicable in this scenario, even if it is not the most accurate
model in urban areas. Figure 13 shows the association of the free
space model with the visible zones. The received power is
represented by the degradation of the red color. This figure shows
also that none of the six nodes can communicate with any of the
other nodes.

We insist here that we are not interested neither in evaluating the
performance of these models nor in comparing them, but rather in
the methodology of how to associate them according to the nature
of zones. In visible zones, free space model, two-ray ground
reflection, model free outdoor model, or two-slope log-normal
model could be used. In non-visible zones (reflected and
diffracted zones in the absence of a direct path), we can use the
log-normal shadowing model. Another important point is that the
accuracy of some of the models presented in section 2 such as the
log-normal shadowing model depends strongly on the calibration
of the model, for example, the calibration parameters for reflected
zones are not the same as for diffracted zones. If there are
different zones for a given position, we could consider the most
significant interaction, and the remaining interactions could be
modeled by a random variable to encapsulate the variations
around the significant path.

5. Conclusion and Future Work
In this paper we presented a survey of the most commonly used
propagation models for WSNs with the simulation results for
some of them. Then we presented the visibility technique to
partition the propagation environment for a given transmitter
position. We integrated the visibility algorithm in the simulation
platform CupCarbon. Finally we showed the methodology of how

to use the nature of the zone to associate that zone with the most
appropriate propagation model.
Our next step is to propose a wide range of applications for the
visibility tree with different tradeoffs between precision and
execution time. Finally we will use the visibility tree to reduce the
execution time for the deterministic radio models such as those
based on the ray-tracing technique.
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