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Abstract—With the increase in traffic and in the complexity of
mobile networks, there is a need for their technological advancement, by creating more efficient solutions for their management
and planning, in order to provide the desired Quality of Service
(QoS) to the network users. The Fifth Generation (5G) of Mobile
Communications is being designed to address these challenges.
However, the development of this technology is still in its early
stages, and operators must continue working with the Forth
Generation (4G) in order to handle the current demand. In this
sense, this work aims to propose a tool capable of planning the
network Base Stations (BSs) distribution, through the projection
of their coverage area. For more realistic results, the tool
features a calibration module based on field measurements, called
Drive Tests (DTs). Firstly, all the necessary validations and
optimizations for the tool development were done, mainly for the
propagation model and its calibration. Then, a propagation model
was implemented for frequencies between 0.5 and 100 GHz, so
that it can be used for current and future mobile communications
technologies. The tool was tested using the BSs of two Radio
Access Networks (RAN), in order to evaluate its performance in
different propagation environments. The first encompasses the
whole area of Lisbon center, to cover a test in urban environment,
and the second, in Vila Franca de Xira, to cover a test in a
suburban environment. Comparisons were made regarding the
level of received power between the results of the algorithm and
a set of DTs not used in the calibration. For Lisbon center,
values for the Mean Absolute Errors (MAEs) of 4.63 dB, 5.09
dB and 3.78 dB for the frequencies 800 MHz, 1800 MHz and
2600 MHz respectively, were obtained. In Vila Franca de Xira,
values of 6.26 dB and 6.67 dB were obtained for the MAEs,
in the 800 MHz and 2100 MHz frequencies, respectively. After
the platform validation, the coverage prediction for the same
networks was performed, using the frequency bands of 800 MHz
and 3.5 GHz. In both networks, a coverage percentage of almost
100% for both frequencies were acquired, allowing to conclude
that these networks have enough BSs, in order to ensure the
minimum requirements of QoS, mainly in terms of coverage.

Keywords: Traffic, QoS, Mobile Communications, Planning,
Coverage, DT.

its initial deployment is expected by 2020. This technology
promises to have characteristics such as higher transmission
rates for download and upload, low latency, higher capacity,
and more granularity in the management of the network. All
of this, without significantly augmenting the end users costs.
However, the development of this technology is still in its
early stages, and the operators will also have to work with the
Fourth Generation (4G) in order to handle the current traffic
growth, and the requirements for the services associated with
it.
This work aims to fulfill two main objectives: The first is to
propose, validate and optimize a C# tool, capable of showing
the coverage planning of the mobile network, using Radio
Frequency (RF) propagation models, and Drive Tests (DTs)
for the models calibration. The second is to implement a
propagation model for frequencies between 0.5 and 100 GHz
(where all mobile technologies are included, such as Second
Generation (2G) / Third Generation (3G) / 4G / 5G), allowing
the coverage prediction of the mobile network in an urban and
suburban/rural area, for the frequencies which will be part of
the future network deployments.
Applications like this, represent a step towards the concept
of Self-organized Network (SON), i.e., networks capable of
autonomously change the network configuration, in order to
improve its performance.
This paper is organized as follows: in Section II a literature
review is presented; In Section III the RF Footprint Simulator
is described; Section IV focus on the tool validation and
implementations; In Section V the main results are presented;
Section VI provides the conclusions of this work.
II. S TATE OF THE A RT

I. I NTRODUCTION
A. Long Term Evolution
With the increasing number of users and complexity of the
mobile networks, its management is becoming much more
difficult for the operators. Therefore, the technological improvement of these networks is necessary, and also its good
planning and optimization.
In order to face this problem, the Fifth Generation (5G) of
mobile communications is being designed and developed, and

This section is based on [1], [2], [3].
The Long Term Evolution (LTE) is a standard for high-speed
4G wireless communication for mobile devices and data terminals, based on the Global System for Mobile Communications
(GSM) Enhanced Data rates for GSM Evolution (EDGE)
and Universal Mobile Telecommunications System (UMTS)
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High-Speed Packet Access (HSPA) technologies, which was
developed by the Third Generation Partnership Project (3GPP).
The LTE refers to the access part of the Evolved Packet System
(EPS) and its main goal is to provide high spectral efficiency,
high peak data rates, short round trip time as well as flexibility
in frequency and bandwidth [4].
1) LTE Architecture: The architecture of an LTE network
consists of three main components, the User Equipment (UE),
the Evolved Packet Core (EPC) and the Evolved UMTS
Terrestrial Radio Network (E-UTRAN) [5], as shown in Figure
1.

•

•

•
•

Radio Resource Management (RRM) - This module covers all the functions related with the radio bearers, such
as radio bearer control, radio admission control, radio
mobility control, scheduling and dynamic allocation of
resources to UEs, in both uplink and downlink.
Header Compression – It helps to ensure efficient use of
the radio interface by compressing the IP packet headers
that could, otherwise, represent a significant overhead,
especially for small packets such as Voice over IP (VoIP).
Security – All data sent over the radio interface is
encrypted.
Connectivity to the EPC – It encompasses the signaling
towards the MME and the bearer path through the S-GW.

2) LTE Multiple Access Technologies: The LTE uses two
different access technologies, the Single Carrier Frequency
Division Multiple Access (SC-FDMA) for uplink, and the
Orthogonal Frequency Division Multiple Access (OFDMA)
for downlink, as shown in Figure 2.
Fig. 1: LTE Architecture [5].
The EPC is responsible for the overall control of the UE and
the establishment of the bearers, and its main logical nodes
are the PDN Gateway (P-GW), Serving Gateway (S-GW) and
Mobility Management Entity (MME). The EPC also has other
logical nodes and functions such as the Home Subscriber
Server (HSS) and the Policy and Charging Rules Function
(PCRF):
•
•

•

•

•

The HSS is a central database that contains information
about all the networks operator’s subscribers.
The PCRF is the component that is responsible for policy
control decision-making, as well as for controlling the
flow-based charging functionalities in the Policy Control
Enforcement Function (PCEF), which resides in the PGW.
The P-GW allocates the Internet Protocol (IP) address for
the UE, as well as Quality of Service (QoS) enforcement
and flow-based charging, filtering the downlink user IP
packets into the different QoS-based bearers.
The S-GW behaves as a router and transfers all user IP
packets, working as the local mobility anchor for the data
bearers when the UE moves between the Evolved Node
Base Stations (eNodeBs).
The MME is the main control element in the EPC and
it processes the signaling between the UE and the Core
Network (CN).

Fig. 2: OFDMA and SC-FDMA technologies [4].
In a Single Carrier transmission, the information is modulated
only to one carrier, adjusting the phase and/or amplitude of the
carrier, as well as the frequency. In a digital system, the higher
the data rate, the higher the symbol rate, which increases
the available bandwidth. The number of bits per symbol
of the signal can be adjusted using Quadrature Amplitude
Modulation (QAM).
In the Frequency Division Multiple Access (FDMA), different
users use different carriers or sub-carriers to access the system
simultaneously with their data modulation, around a different
center frequency. The waveform must be created in a way that
there is no excessive interference between the carriers without
using extensive guard bands between users.
In the Multi-Carrier principle, the data is divided in different
sub-carriers for only one transmitter.
B. Drive Tests

The E-UTRAN is the radio component of the LTE and consists
in a network of multiple eNodeBs. For normal traffic there
is no centralized controller so this architecture is said to be
flat. They can cover one or more cells and handle all the
radio related protocols (e.g., handover). The E-UTRAN main
functions are:

The DTs are a method to collect network data, that consists
in a test performed in a cellular network, by collecting data
while in a moving vehicle. The DTs provide real-world capture
of the RF environment under a particular set of network and
environmental conditions. The collected data can be relative
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to voice or other types of communications, and relative to
coverage analysis and RF metrics.

delay spread is less than the symbol period it is called flat
fading.

In order to proceed with a DT, the required hardware is a
notebook with specific installed software, at least one mobile
phone and a Global Positioning System (GPS) device. The
environment must be chosen accordingly to the DT type. Its
factors are the area type, which can be urban, suburban or
rural, the route and the day time.

If there is time variance of the channel, due to Doppler effect,
the channel can be considered as a fast-fading or slow-fading
channel. If the channel impulse response changes at a rate
much faster than the transmitted signal, it is assumed as a
fast-fading channel [11]. Otherwise, the channel is assumed
to be slow-fading.

The main types of DTs are [6]: network performance analysis,
integration of new sites, changes on sites parameters, marketing, and Benchmarking.

2) Path Loss: The Path Loss, Lp , is the average RF attenuation that a transmitted signal suffers through the path between
the transmitter and the receiver. It is defined as:

C. Propagation Models
This section is mainly based on [7], [8], [9].
The growth of wireless mobile communications brought the
need for engineers, to understand and predict the radiopropagation characteristics in various urban and suburban
areas, and even inside buildings, so that the capability to
determine the optimum Base Stations (BSs) location become
possible. As site measurements are costly, propagation models
have been developed as a low-cost and suitable alternative in
order to provide guidelines for mobile systems.
These propagation models represent the mathematical formulation for the characteristics of the radio wave propagation, and
they are based on factors as frequency, distance, terrain undulation or environment. They are used to evaluate specific cases of
network performance and they produce results, mainly, relative
to the received power signal, making use of data related with
the environment characteristics and accounting for its influence
on channel characteristics.
For the study of propagation models, we must consider two
main radio channel characteristics: fading and path loss.
1) Fading: In free-space, a signal follows one path and arrives
at the receiver without encountering any obstacles, leading to
a small attenuation of the signal. Although these are the ideal
characteristics of the path, this is normally not the case, as
all the buildings, hills, forests and other obstacles, in the path,
will cause fading. This fading is characterized by changes in
the intensity of the transmitted signal while travelling through
the propagation path, from the transmitter to the receiver.
The fading effect has many types and it depends on the nature
of the transmitted signal, and the characteristics of the channel.
The different types of fading can be classified into two main
groups, large-scale fading and small-scale fading [10]. The
large-scale fading is a result of signals that have encountered
obstacles and travelled a long distance until the receiver, while
the small-scale fading results from signals that travelled short
distances, after encountering obstacles near the receiver.
In the small-scale fading group, if there is time spreading
of the signal and the delay spread is greater than the symbol
period, it is called frequency-selective fading, while if the

Lp[dB] = Pt[dBm] + Gt[dBi] + Gr[dBi] − Pr[dBm]

(1)

where Pt and Pr , are the transmitted and received power,
respectively, and Gt and Gr are the gain of the transmitting
and the receiving antenna, respectively.
If the signal is traveling in free space, the Friis formula shows
that the path loss is given by:

Lp[dB] = 20log(

4πd
)
λ

(2)

where λ is the wavelength and d is the distance between the
transmitting antenna and the receiving antenna.
However, in an urban or rural environment, the free space
condition is rarely verified, and it is necessary to apply
different propagation models according to the propagation
environment.
The most commonly used path loss models for outdoor
environment are: Okumura-Hata model; COST-231 WalfischIkegami model; Lee model; Dual-Slope model.
III. R ADIO F REQUENCY F OOTPRINT S IMULATOR
A. Introducing Input Data
Since this work is based on real network data regarding its
simulations and results, the RF needs some input network
parameters to operate in this scenario.
1) Network Topology: The necessary configuration parameters of the cells are taken from the network topology. The
Identity (ID) of the cell, its frequency, height, latitude and
longitude, Electrical Downtilt (EDT) and Mechanical Downtilt (MDT), technology, and the cell type (Macro, Micro or
Indoor). The values for the transmitted power, antenna gain
and beam width 3 dB, can also be taken, although they all
have default values.
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2) Terrain Elevation: The terrain elevation is obtained from
Eurostat. This raster contains a Digital Elevation Model
(DEM) and it gives the representation of the terrain elevation.
The Rasters are converted to the geographic coordinate system,
World Geodetic System 1984 (WGS 84), before being used
by the algorithm. Each bin of the terrain elevation matrix
has a resolution for latitude and longitude of 0.000272◦ and
0.000224◦ , respectively, corresponding to 30.3 and 24.9 m.
For each bin, the value of height is given by the mean of all
values inside the bin area of the raster, taking the buildings
into account.
3) Drive Tests: The necessary data collected from real DTs
samples are the cell ID to which the DT belongs, a unique
code for each cell ID, received power for each cell, and its
location.
4) Configuration Module: The configuration module consists
in the parameters given by the user that define some aspects
of the simulation, which are the cell ID of the target cell,
the radius, in kilometers, for which the footprint will be
calculated, the surrounding cells number, and the surrounding
cells percentage.

•

•

•

⇒ Processor
•

B. Algorithm Description
This algorithm is divided in three main parts. The Executor
starts the program and runs both the Data Loader and the
Processor. The Data Loader, loads all necessary inputs from
a data base and the Processor uses all this loaded data to
calculate the necessary values to generate the footprint.
The main operations of the Data Loader and the Processor
are presented in Figure 3. A brief explanation of the interaction
between the Data Loader and the Processor is described below.

•

•

•

•

Fig. 3: Data Loader and Processor main operations.
•

⇒ Data Loader
•

The Data Loader receives the configuration of the network, with values for the size of the resulting footprint,

surrounding cells number, surrounding cells percentage
and the ID of the selected cell (target cell) to estimate
the footprint.
It starts by creating the terrain matrix for a specific area
from a .tiff file. Then it creates the raster matrix, where
each element of this matrix corresponds to a pixel of
the image, with the average height of the terrain plus
buildings in that bin.
After creating the terrain matrix, it makes a list of the
target cell neighbours (surrounding cells), by frequency.
Afterwards, it orders this list by proximity to the target
cell, and only keeps as many cells as the value of
surrounding cells number, which is specific for each
algorithm running instance.
Once the surrounding cells are determined, for each
one of them, the corresponding DTs are obtained, by
technology. To achieve this, a bounding box is created,
around all the selected cells (target plus surrounding), and
the DTs within this area are collected.

The Processor works with the outputs of the Data Loader,
i.e., the terrain matrix, target and surrounding cells, DTs
by cell and the configuration of the network.
For the target cell, a piece of the terrain matrix is selected,
depending on the size of the footprint that is aimed to
estimate. This piece of terrain, is centered in the target
cell, and its radius is also, a specific parameter of each
instance of the algorithm. For simplicity, this new smaller
matrix around the target cell, is called cropped matrix.
This process is repeated for each of the surrounding cells.
Once the cropped matrices are created, the parameters
needed for the path loss model, the azimuth, the distance
to the cell, the effective height between the cell and the
UE, the vertical angle, gain of the antenna, diffraction
losses of the path, terrain dispersion and cell density, are
calculated for each entry. For the gain of the antenna
estimation, the theoretical radiation pattern is used, where
the vertical and horizontal attenuation is necessary [12].
For the estimation of the diffraction losses, the modified
Deygout method presented on the recommendation ITUR P.526 [13], is used.
After the estimation of the parameters, the cells are
filtered according to the value of the surrounding cells
percentage. These cells are chosen through similarity with
the target cell, which has two indexes, terrain dispersion
and cell density.
Once the cells are filtered, a path loss sample list is
created, where each element has the location and received
power value for each DT.
The calibration is then performed, running for the target
cell. It starts by checking if the cell is in line of sight with
each path loss sample, to assure if there are diffraction
losses. After that, the values for the model factors are
calculated, using the Constrained Least Squares method.
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•

•

The path loss matrix is then calculated for the target
cell, using the chosen propagation model, and finally, the
received power matrix is estimated in order to draw the
target cell footprint.
The final algorithm output, should be the resulting footprint of the target cell.

C. Path Loss Model
To estimate the received power matrix, in order to draw the
footprint of the cell, it is necessary to calculate the received
power from the cell on a given bin, which can be calculated
through the formula below:

To estimate the footprint errors, the validation set of DTs is
compared to the received power matrix. For each entry of the
matrix, if there is a DT in that location, the subtraction between
the received power values is done, and the mean value for all
entries of the matrix is the final result of the mean error of a
cell. In case there is more than one DT in an entry, the median
of the various DTs received power values is calculated.
The error metrics used for comparison of the resulting footprint and the DTs were the median of the absolute errors, Mean
Absolute Error (MAE) and Root Mean Square Error (RMSE).
The MAE and RMSE are given by:
n

Pr[dBm] = Pt[dBm] + Gt[dBi] + Gr[dBi] − Lp[dB]

(3)

Since the receiving antennas are isotropic, which means a 0
dBi gain, and based of the calculations aforementioned, the
only missing the only missing value is the path loss.
In this algorithm the model used to estimate the path loss
attenuation is a combination of the COST-231 Hata and Lee
model, resulting in the formula:

Lp[dB] = k1 + k2 log10 (hef [m] ) + k3 log10 (d[km] ) + k4 Ldif [dB]
(4)
where k1 , k2 , k3 and k4 are independent factors associated
with frequency, effective height, distance and diffraction losses
respectively, and they are estimated through the calibration of
the propagation model.
Finally, the footprint can be calculated using the equations 3
and 4.
IV. VALIDATION AND E NHANCEMENTS T OWARDS 5G
A. Footprint Errors Validation
The simulation for these tests was applied in Lisbon center,
covering a total area of 26,1 km2 . In this region, there are a
total of 470 cells from the 4G technology, with three different
frequencies between them. More specifically, there are 236
cells at 800 MHz, 79 cells at 1800 MHz, and 155 cells at
2600 MHz frequency, and they have around 150000, 100000
and 70000 DT samples, respectively. The simulation was done
considering 50 surrounding cells as the default value.
In order to validate the algorithm, a comparison with real
network DTs was performed, to check the footprint errors,
since the projected footprint should not have too different
received power values from the DTs, when in the exact same
locations (bins, in this scenario).
From all the available DTs, 80% were used for calibration
of the propagation model and the remaining 20% worked as
validation set, being applied in the mean error estimation.

M AE =

1X
|yn |
n 1

v
u n
u1 X
RM SE = t
(y 2 )
n 1 n

(5)

(6)

where n is the number of tested cells and yn is the mean error
value for the cell n.
The obtained results from these tests were 4.088 dB, 4.924
dB, and 6.273 dB for the median absolute error, MAE, and
RMSE, respectively. These values are considered acceptable,
since a good value for errors associated with the propagation
models is around 6 dB [14]. Thus, it was concluded that the
algorithm has good results for the projected footprints.
B. Algorithm Dependencies
In order to validate the RF module, it is necessary to evaluate
the dependencies of the received power and the diffraction
losses, with the distance, frequency and antennas height. The
dependencies of the received power and the diffraction losses
will be evaluated separately.
According to the path loss model it is easy to understand that
the received power should decrease when the distance to the
BS increases. This factor is also influenced by the frequency,
since for higher frequencies, due to a bigger sensitivity of the
signal to obstacles, it will result in smaller covering areas. On
the opposite, the received power is expected to grow with the
effective height between the BS and UE antennas, because
the factor that multiplies with the logarithmic function of the
effective height (k2 in the Equation 4), is negative. The fact
that the increasing of the effective antennas height, does not
change the distance between the BS and UE antenna, should
be noted, since it is the Two Dimensional (2D) distance that
is applied in the path loss model.
As for the diffraction losses, it is possible to conclude by the
Deygout method, that they are supposed to decrease with the
distance, to increase for higher values of frequency, and also be
bigger for higher values of the difference between the obstacle
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height and the height of direct line of sight between BS and
UE antennas, nominated as h.
Of all the dependencies studied, only the evolution of the received power with the frequency was not working as expected,
which lead to necessary changes in the path loss model.

After adding the new independent factor, the same test was
performed, with results from Figure 5. Its analysis show that
the algorithm is now working as expected, since for the same
distance, higher values for the frequency always leads to a
bigger received power.

1) Received Power with Frequency: For the evolution of the
received power with the frequency, ten tri-sector BSs from
Lisbon center were tested, using three different frequencies in
each sector: 800 MHz, 1800 MHz and 2600 MHz.
For all tested cells, thirty cells for each of the three different
frequencies, the values of each entry of the received power and
distance matrices, of each cell, were collected and separated
by frequency. The resulting graph with three different set of
samples and respective trend lines, is presented in Figure 4.
It is possible to conclude that the expected result is not being
achieved in the vicinity of the BSs. It is expected that, at
the same distance from the BS, the received power should be
smaller for higher frequencies.

Fig. 5: Evolution of the received power with the distance for
three different frequencies for the new model.
C. Propagation Model for 0.5 to 100 GHz
In order to keep up with the evolution of the technology,
a new propagation model was implemented for frequencies
between 0.5 and 100 GHz (where all mobile communications
technologies are inserted, 2G, 3G, 4G and 5G). This model is
an adaptation of the path loss model from 3GPP [15], which
is defined for frequencies between 0.5 and 100 GHz.
It is divided into urban or dense urban environments, and into
rural or suburban environments, and for both types, there is a
Line of Sight (LoS) and a Non Line of Sight (NLoS) case.

Fig. 4: Evolution of the received power with the distance for
three different frequencies.
In order to solve this problem, some changes were performed
in the way, that the path loss model was implemented into
the algorithm. An independent factor, k0 , used for corrections
of the model, was added, and also the independent factor
associated with the frequency, k1 , was multiplied by the
logarithmic function of the carrier frequency.
With these changes, the model used for the estimation of the
path loss attenuation is still a combination of the COST-231
Hata and Lee model, with the resulting formula:

1) Urban and Dense Urban: For the LoS case in an urban
environment, the propagation model is a dual slope model,
meaning there are two different path loss functions used to
characterize the propagation. The first function, Lp1 , is used
for values of 2D distance, d2D , lower than the breakpoint
distance, dBP . The other function, Lp2 , is used for higher
values than dBP , and both of them are restricted to a maximum
of 5000 meters for d2D :
(
LpLoS[dB] =

Lp1[dB] if d2D[m] ≤ dBP [m]
Lp2[dB] if dBP [m] ≤ d2D[m] ≤ 5000

Lp1[dB] = k0 + k1 log(f[GHz] ) + k2 log(d3D[m] )
Lp[dB] = k0 + k1 log10 (f[M Hz] ) + k2 log10 (hef [m] )+
k3 log10 (d[km] ) + k4 Ldif [dB]

(8)

(9)

(7)

where k0 is an independent factor, used for corrections of
the model, and k1 , k2 , k3 and k4 are independent factors
associated with the frequency, effective height, distance and
diffraction losses respectively.

Lp2[dB] = ka + kb log(f[GHz] ) + kc log(d3D[m] )+
kd log(d2BP [m] + h2ef [m] )
dBP [m] = 4(hBS[m] )(hU T [m] )(

f[GHz]
)
c[m/s]

(10)

(11)
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where f is the carrier frequency, d3D is the Three Dimensional
(3D) distance, hef is the effective height between the BS
antenna and UE antenna, hU T is the UE antenna height, hbs
is the BS antenna height, c is the light speed, and all k 0 s are
independent factors which can be calibrated.

LpN LoS[dB] = max(LpLoS[dB] ; Lp3[dB] ) for d2D[m] ≤ 5000
(18)

As for the NLoS case in an urban environment, the propagation
model is the maximum between the LoS model and the
equation Lp3 , and can be used for a maximum of 5000 meters
for d2D :

Lp3[dB] = k0 + k1 log(f[GHz] ) + k2 log(d3D[m] ) + k3 log(hBS )
log(hBS )
+ k4
+ k5 log(hBS )log(d3D )
h2BS
+ k6 log(11.75hU T )2
(19)

LpN LoS[dB] = max(LpLoS[dB] ; Lp3[dB] ) for d2D[m] ≤ 5000
(12)

where f is the carrier frequency, d3D is the 3D distance, hU T
is the UE antenna height, hbs is the BS antenna height, and
all k 0 s are independent factors which can be calibrated.

Lp3[dB] = k0 + k1 log(f[GHz] ) + k2 log(d3D[m] )

(13)

where f is the carrier frequency, d3D is the 3D distance, and
all k 0 s are independent factors which can be calibrated.
2) Rural and Suburban: Once again, for the LoS case in a rural environment, the propagation model is a dual slope model,
with two different path loss functions used to characterize the
propagation. The first function, Lp1 , is used for values of 2D
distance, d2D , lower than the breakpoint distance, dBP . The
second function, Lp2 , is used for higher values than dBP . Both
functions are restricted to a maximum of 10000 meters for
d2D :
(
LpLoS[dB] =

Lp1[dB] if d2D[m] ≤ dBP [m]
Lp2[dB] if dBP [m] ≤ d2D[m] ≤ 10000
(14)
f[GHz]
)
3
+ k2 log(d3D[m] ) + k3 d3D[m]

Lp1[dB] = k0 + k1 log(40πd3D[m]

(15)

f[GHz]
) + k2 log(d3D[m] )
3
d3D[m]
)
+ k3 d3D[m] + k4 log(
dBP [m]
(16)

Lp1[dB] = k0 + k1 log(40πd3D[m]

dBP [m] = 2πhBS[m] hU T [m] (

f[GHz]
)
c[m/s]

(17)

where f is the carrier frequency, d3D is the 3D distance, hU T
is the UE antenna height, hbs is the BS antenna height, c is
the light speed, and all k 0 s are independent factors which can
be calibrated.
For the NLoS case in a rural environment, the propagation
model is the maximum between the LoS model and the
equation Lp3 , and can be used for a maximum of 5000 meters
for d2D :

V. R ESULTS
A. Calibration of the 0.5 to 100 GHz Propagation Model
In order to obtain a calibrated model for the various technologies, the use of DTs corresponding to those technologies is
necessary. However, since drive tests are not available for the
higher frequencies, such as the 3.5 GHz that will be analyzed
in the coverage prediction, the calibration was done using
available DTs from different frequencies at the same time.
For the urban environment case, the simulation for this test
was applied in Lisbon center, with the same characteristics as
in Section IV-A, but using twenty surrounding cells and the
calibration used DTs with frequencies of 800, 1800 and 2600
MHz, simultaneously.
While for the rural environment, the simulation was applied
in Vila Franca de Xira, covering a total area of 25,8 km2 .
In this region, there are only twenty-two cells from the 4G
technology, in the 800 MHz frequency, with around 20000
DTs. Twenty-two cells from the 3G technology were also used,
in the 2100 MHz frequency, with around 12000 DTs. This was
done in order to obtain DTs from 800 MHz and 2100 MHz
for the calibration of the path loss model.
Table I presents the results for the median of the absolute error,
MAE and RMSE, in Lisbon center. It was concluded that the
model is well calibrated for the urban environment since for
each frequency, a considerable number of cells were tested,
and all errors are low, where the highest MAE is 5.09 dB for
the 1800 MHz.
TABLE I: Median Absolute Error, MAE and RMSE for
different frequencies tested.
f[M Hz]
800
1800
2600

CellsN ◦
236
79
155

M edian[dB]
3.58
4.42
3.36

M AE[dB]
4.63
5.09
3.78

RM SE[dB]
4.99
5.55
4.59

Table II presents the results for the median of the absolute
error, MAE and RMSE, in Vila Franca de Xira. Even though
there is a low density of cells in this area, it was concluded
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that the model is well calibrated for the rural environment,
since for each frequency all errors are acceptable, with the
highest MAE of 6.67 dB for the 2100 MHz.
TABLE II: Median Absolute Error, MAE and RMSE for
different frequencies tested.
f[M Hz]
800
2100

CellsN ◦
22
22

M edian[dB]
5.87
5.41

M AE[dB]
6.26
6.67

RM SE[dB]
3.88
4.79

B. Link Budget Results

the respective terrain matrix is created. Then, the received
power footprints of every cell inside the bounding box are
calculated, for the frequency band that is being tested. Once
every footprint is calculated, for each entry of the bounding
box terrain matrix, it goes through the equivalent entry of
each of the cells footprints, and keeps the higher value of
the received power, as the final value for the coverage in that
location. This results in a matrix for the set region, with the
higher received power value for the network in that location,
between the tested cells. Meaning that it takes the value of the
best serving cell in each position.

Using the recommendations in [16], the link budget was
estimated for Lisbon center and Vila Franca de Xira, using
the propagation model for 0.5 to 100 GHz. For each region,
the frequency bands of 800 MHz and 3.5 GHz were tested.
It was assumed, that the network had minimum requirements
of 500 kbps for uplink and 1 Mbps for downlink, with a
coverage probability of 95%.
The resulting maximum allowed path loss for Lisbon center is
125.1 dB, and for Vila Franca de Xira is 128.9 dB. With these
results, the estimation of the cell range for these two regions
with the different frequencies was done.
For both regions, the NLoS case was assumed, as it is the
worst-case scenario for the network prediction. With this in
mind, Equation 13 was used for Lisbon center, and Equation
19 was used for Vila Franca de Xira. Both these equations
were solved in order at the 3D distance between the BS and the
UE. The results for both regions and for the different frequency
bands are presented in Table III.

Fig. 6: Lisbon center coverage planning for 800 MHz.

TABLE III: Cell range for the different frequencies in both
regions.
Frequency
Cell Range
Inter-site distance
Area
Necessary BSs

Lisbon center
0.8
3.5
802
471
1203
707
26131677
18
52

Vila Franca de Xira
0.8
3.5
1375
644
2063
966
25830411
6
26

Unit
[GHz]
[m]
[m]
[m2 ]

For Lisbon center, the resulting cell range for 800 MHz was
802 meters, and for 3.5 GHz was 471 meters, meaning that
for a well designed network, 18 and 52 BSs are necessary,
respectively, to accomplish the minimum requirements of QoS.
As for Vila Franca de Xira, the resulting cell range for 800
MHz was 1375 meters, and for 3.5 GHz was 644 meters,
meaning that 6 and 26 BSs, respectively, are necessary for a
well designed network, to accomplish the minimum requirements of QoS.
Fig. 7: Lisbon center coverage planning for 3.5 GHz.
C. Coverage Prediction for the 0.5 to 100 GHz Propagation
Model
In order to obtain the coverage prediction for a given region,
it is first set a bounding box for the equivalent area, and

1) Lisbon center Prediction: For the coverage prediction in
Lisbon center, the NLoS case was assumed for the propagation
model, because this is a dense urban region with an high
density of buildings in all area.
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Figures 6 and 7, presents the coverage prediction, for 800 MHz
and 3.5 GHz, respectively.
Through the analysis of these figures, it is possible to see that
the cell range is much higher for the 800 MHz than for the
3.5 GHz, just as expected from the link budget.
Figure 8, presents the Cumulative Distribution Functions
(CDFs) of the received power level for the coverage area, for
800 MHz and 3.5 GHz. Through the inspection of the graph, it
was concluded that both frequencies have around 100% of its
values higher than the minimum sensitivity level for downlink,
-118.2 dBm, meaning that the network is well served in this
area for both frequency bands, ensuring the necessary high
levels of coverage and QoS.
This goes according to the link budget since it was predicted
that the necessary number of BSs is 18 for 800 MHz, and
52 for 3.5 GHz, and in the given region it is being tested a
network with 94 BSs.

Fig. 10: Vila Franca de Xira coverage planning for 3.5 GHz.

2) Vila Franca de Xira Prediction: Figures 9 and 10, presents
the coverage prediction in Vila Franca de Xira, for 800 MHz
and 3.5 GHz, respectively.
Once again, through the inspection of these figures, it was
concluded that the cell range is much higher for the 800 MHz
than for the 3.5 GHz, also as expected from the link budget.

Fig. 8: Lisbon center coverage CDFs for 800 MHz and
3.5GHz.

Figure 11 presents, for 800 MHz and 3.5 GHz, the CDFs of the
received power level for the coverage area. As it is possible to
see through the inspection of the CDFs graph, both frequencies
have around 100% of its values above the minimum sensitivity
level for downlink, -114.5 dBm, meaning that in this area, the
network is also well served, for both frequency bands, ensuring
the necessary high levels of coverage and QoS.
For the 800 MHz frequency, this goes according to the link
budget, as the predicted number for necessary BSs was 6, and
the network has a total of 9 BSs.
For the 3.5 GHz frequency, the results do not go according to
the prediction in the link budget, as it was predicted that to
ensure the minimum requirements for the network, it would
be necessary a total of 26 BSs.
This is due to the values of each entry in the terrain elevation
matrix, being the mean of the various points within that entry,
it is not possible to calculate if there is LoS in relation to the
buildings, it can only be calculated in relation to the terrain.
VI. C ONCLUSIONS

Fig. 9: Vila Franca de Xira coverage planning for 800 MHz.

The main goals of this work were to present, validate and
optimize a tool capable of doing the coverage planning of
a mobile network, and furthermore, the implementation of a
propagation model for values between 0.5 and 100 GHz.
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again, from the CDFs of the received power level for the
coverage area, that for both frequencies, around 100% of the
area had higher values than the minimum sensitivity level
estimated, -114.5 dBm. For the frequency of 3.5 GHz, this is
not in accordance with the expected in the link budget, since
in this area there are not enough BSs to ensure the minimum
requirements. This result is due to the low resolution of the
terrain elevation matrix, where the LoS possibility could not
be well estimated.
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Fig. 11: Vila Franca de Xira coverage CDFs for 800 MHz and
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