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Abstract— This paper aims at a project of a TETRA emer-
gency and public safety network for São Miguel Island. In the
Azores, there are numerous situations of risk to people and
goods every year. The damage caused by these events is partly
aggravated by human occupation in areas of high sensitivity
and fragility. These factors, as well as recent events in Pedrogão
Grande, aroused interest in developing a project on this topic.
The objective of this paper is to reach mobile network coverage
values greater than or equal to 95% and reach at least 98% of
the population. For this, the use of TETRA technology is used.
During this paper are presented the two systems implemented
in the Autonomous Region of the Azores. These systems are
RITERAA and SIRESP.
During implementation of a mobile network, for coverage and
interference reasons, it is necessary to estimate the signal
transmitted by the base station. Signal estimation involves the
calculation of an average value and the oscillations around this
value. To estimate the signal, the Okumura-Hata model and
the Walfisch-Ikegami model were used.
The fundamental concepts of mobile networks were discussed,
followed by the project implementation. Finally, simulations
were performed from the values obtained in the project sizing.
It was concluded that it is possible to exceed the objectives
initially set since the coverage exceeds 96% of the study area
and reaches at least 99% of the population.

I. INTRODUCTION

In the Azores are known numerous situations of risk to
people and goods, the consequences of these occurrences are
magnified by human occupation in areas of high sensitivity
and fragility. Every year many natural disasters victimize
people and cause harm around the world. In the case of
the Azores archipelago, it is the floods, slope movements,
earthquakes and natural hazards that register the highest
number of occurrences, causing high material damage and,
in extreme situations, fatalities.
The small size of the islands, the volcanic nature that
determines the geomorphology and geology, are factors
that should be considered. In situations of heavy rainfall,
devastating flooding may occur, especially in urban areas
located near the streams. Due to the characteristics that these
types of calamities usually present, it is difficult to make
their prediction, creating the need for an effective emergency
communication system.
Thus, the opportunity arose to carry out a project of an
emergency and safety communications network designed

explicitly for the São Miguel Island of the Eastern Group
of the Azores.
These networks have certain factors that must be considered.
In commercial networks, those factors are negligible. The
interest in these networks was sparked after the recent
tragedy in Pedrogão Grande, in which SIRESP played a key
role. Recently, emergency and public safety networks had a
crucial role in the passage of Hurricane Lorenzo through the
Archipelago of the Azores.
This paper elaborates on a Public Protection and Disaster
Relief Network for São Miguel Island. This network is
developed through TETRA technology, being necessary to
consider the particularities of these systems.
In addition to mobile coverage planning, this paper also
establishes the transport network. The transport network
interconnects all the base stations of this network, enabling
communications with any user, the transport network will
use microwave links to interconnect the base stations.
This network will have to overcome the difficulties provided
by the island (large water surfaces on the island, extremely
irregular orography). This paper aims to implement TETRA

Fig. 1. Hurricane Lorenzo

mobile coverage on São Miguel Island. It is intended that
the region of interest has a coverage higher than 95% of the
region, serving at least 98% of the population. It is desirable
to have a similar amount of base stations of the current



system. Software simulations must validate these results. The
microwave links must have redundancies in order to have a
functional and viable system even if there is a problem in a
link.

II. STATE OF THE ART AND BASIC CONCEPTS OF
TETRA SYSTEMS

A. State of the Art

Public Protection and Disaster Relief Networks execute
a vital role in the protection and operationality of all coun-
tries. These networks are intended to ensure communications
between differents agencies, thereby ensuring interaction
between all responders in emergency response. Thus, there
is the possibility of producing the necessary communications
between these entities at any time of the emergency
Hence, with resources and access to this infrastructure, it is
possible to plan, coordinate, and execute the emergency plan
as needed.
Currently, several technologies allow the implementation of
this type of networks, such as:

• DMR - Digital Mobile Radio;
• dPMR - Digital Private Mobile Radio;
• LTE/PPDR - Long Term Evolution / Public Protection

and Disaster Relief;
• TETRA - Terrestrial Trunked Radio.

This PPDR network is implemented with TETRA technol-
ogy. Therefore, this paper describes and explains the basics
of this technology.

B. Terrestrial Trunked Radio

TETRA technology was standardized by ETSI and is sup-
plied by various companies, is designed for UHF (Ultra
High Frequency) voice and data transmission. TETRA has,
in recent years, been the leading technology for public and
private mobile radio systems, especially for public safety
networks. It has been designed to have a highly stable and
operational system with services that are adjustable to the
needs of users. The implementation of this network can be
found in most European countries (Germany, Austria, Bel-
gium, Croatia, Finland, Greece, the Netherlands, Hungary,
Ireland, Luxembourg, Norway, Portugal, Romania, Sweden,
and the United Kingdom, among others).
TETRA technology is a digital transmission system that uses
two access methods, FDMA and TDMA. The air interface of
this system is divided into carriers with different frequencies
(FDMA). Each of these carriers is divided into four time-
slots (TDMA). Each time-slot is a communication channel,
and this factor allows each carrier to have up to four separate
communications occurring at the same time.
Each carrier has a bandwidth of 25kHz, linking this with
the fact that there are four channels per carrier, it is possible
in 200kHz to have thirty-two communication channels. If
this technology were only built on FDMA, there would only
be eight channels available in a bandwidth of 200kHZ. As
a result of the unification of the two access methods used by
TETRA, it can be said that spectrum use is very efficient and
much more efficient than other technologies. The European

Fig. 2. Tetra spectrum usage [2]

Radiocommunications Committee established the following
frequency bands that this system can be operated.[3]

• [380-385] MHz paired with [390-395] MHz for emer-
gency services;

• [385-390] MHz paired with [395-400] MHz for public
services;

• [410-420] MHz paired with [420-430] MHz for civil
use.

In PPDR networks, it is necessary that the system easily
and quickly adapts to the needs of users. To meet this need,
TETRA has mechanisms and configurations that maintain
system availability, allowing greater communications flexi-
bility even during emergencies.
This mode also There are two main modes of operation:
DMO and TMO. DMO (Direct Mode Operation) provides
direct communication between two handhelds without using
a base station. It can be used when the local system capacity
is fully occupied or when the handheld is out of the area of
coverage.
Besides allowing direct communications between handhelds,
the Direct Mode offers the possibility of communicating
through a repeater or a gateway.

• Repeater - If two handhelds are too far apart, and out of
the coverage zone of the handheld, another equipment
can be configured to serve as a repeater, and therefore
enables the use of direct communications.

• Gateway - It is possible to configure a mobile station
to operate as a gateway. This way, this station will
connect users who are out of range of the base station
to the network. For example, in areas where there is no
signal coverage due to terrain orography, placing one of
these stations within the boundary of the base station’s
coverage area may be sufficient to connect users who
are out of range of the base station to the network.
Therefore, with this configuration, it is possible to
connect the users to the control and management center.

Direct Mode operation is illustrated in the next figure



Fig. 3. Direct Mode [5]

C. SIRESP and RITERAA

Currently, in Portugal, the implemented PPDR network
is SIRESP. This network was developed based on TETRA
technology and was expected to cover the entire continental
territory and the archipelagos.
It was planned that the implementation of this network would
be performed in 7 distinct phases, thus guaranteeing the
full functionality of this network throughout the Portuguese
territory. Currently, the SIRESP Network consists of a mobile
radio coverage that ensures connection to mobile terminals,
and in a fixed network. The system has indeed reached the
archipelago, but only for entities that are dependent on the
state.
Thus, it appears that this resolution does not fit the objectives
of the SIRESP network, which would be to manage all the
agencies involved in security and emergency in the region.
The Azores Regional Civil Protection and Fire Service
(SRPCBA) continued with its own communications system,
but with a different operating frequency from that used in
the SIRESP system. The developed system for the SRPCBA
is RITERAA.

Fig. 4. SIRESP coverage

The Regional Government of the Azores did not accept the
full implementation of the system in the archipelago. This
decision was based on various factors. Those factors were
financial, technical, geographical, and meteorological.
Another reason, provided by the responsible entities, was
that the system designed to operate in the Azores paid no
particular attention to the terrain orography neither to the
natural geographical discontinuity of the archipelago. This
factor could lead to a lack of coverage in some regions.
Also, the implementation of SIRESP would not be the most
suitable for making connections between the islands of the
archipelago.
RITERAA was developed in 2014. Instead of TETRA, this
network uses DMR technology. RITERAA allows reaching
coverage of 95% of the Azorean territory, reaching 98% of
the population, thus allowing greater efficiency and reliability
in communications. São Miguel Island has eleven base
station. The localization of these base station are shown in
the next figure.

Fig. 5. Localization of the base stations in São Miguel Island

III. FUNDAMENTAL CONCEPTS

In problems of mobile coverage, it is decided to place
the base station in order to optimize coverage. In mobile
communications, it is intended that the range of the base
station does not exceed a particular limit. This area with
defined limits is called the cell.
The design of the cell, in which the size is pre-established,
takes into account the telecommunications traffic aspects,
quality of service, and propagation aspects.
The variability of the received signal depends on the type of
cell in which the mobile terminal is located.
In mobile coverage, the cell can be defined in three different
types:

• Macro cell;
• Micro cell;
• Pico cell;

The designation of the cell it’s not correlated with the size
of the cell. It’s related to the Line-of-Sight situation.
Macro-cells are defined as coverage areas where there is no
line-of-sight between the base station and mobile terminals.
The base station antennas are usually above the tops of
buildings, while mobile terminals are generally in shadowed
areas of obstacles.



The micro cell is a coverage region where the mobile
terminal is usually in line-of-sight with the base station. The
base station antenna is usually below the tops of buildings.
For example, the cell is a street and the fixed terminal is
placed on a light pole, with this configuration is intended to
cover the length of the street.

Fig. 6. Cells [sustech.edu]

Since this paper aims to design a PPDR network and
this type of network is usually associated with outdoor
propagation, the macro cell is the predominant type of cell.

A. Fading
In mobile communications, fading can be described as the

received signal variation over a certain period. This fluctu-
ation in the level of the received signals, and consequently,
the disturbance of the quality of service, is caused by the
variability (in time) of the electromagnetic wave propagation
medium characteristics.

Fig. 7. Signal Variation [1]

There are two types of fading, slow fading and fast fading.
Fast variations in the received signal characterize fast fading.
On the other hand, slow fading is characterized by a variation
in the received signal with a very long duration (minutes or
even hours).
Fast fading is mainly caused by the multipath of the signal
and can be interpreted as local turbulence of the atmosphere,
resulting predominantly from two factors: frequency of op-
eration and the location of the antennas. There is multipath
when it is possible to establish more than one distinct path
between the base station and the terminal. These distinct
paths may give rise to interference at the terminal since they
are two signals with similar amplitudes and relative phase
dependent on the path.
Fading is a random phenomenon. Thus, it results from
random processes and can be approximated by statistics.
Since this paper is focused on outdoor propagation, the most
common situations will be non-line-of-sight. Therefore, to

characterize the fading, it is used the Rayleigh Distribution.
This distribution is associated with a fast variation of the
signal.

B. Diversity
It is not always economical, or technically possible, to

increase the transmitted power or antenna gain so that the
received power is higher than the receiver’s sensitivity. Thus,
to mitigate the effects of fading, diversity is often used. This
technique is mainly used to prevent the effects of fast fading.
It consists of using the redundancies of the signals at the
reception. The use of diversity is usually associated with
signal combination.
Diversity can be divided into several types, but there are two
that are often used:

• Spatial Diversity - The signals received by the base
station antennas are the result of wave propagation
through multipath. Multiple spaced antennas are used
to receive the signal transmitted by handheld.Typically
the antenna spacing is horizontal.

• Frequency Diversity - Frequency diversity is based
on the multiple transmission of signals at different
frequencies. In this way, the antennas receive the same
signal but with different operating frequencies. In this
type of diversity, larger bandwidth is required.

C. Combining
The use of diversity requires a combinator at the reception.

When in a path the received signal is obtained through n
uncorrelated signals, the diversity used is of the order n.
Given the diversity order, the matching process is to get a
better signal than any of the existing n signals, or at least,
equal to the best of these signals.
The combining process used in this project was the selection.
The combination by selection is based on the choice of the
best-transmitted signal . That is, the signal that is selected for
the combiner output is at all times the most intense received
signal. Since the fading is charactherized by the Rayleigh
Distribution, the combining values are also extracted from
the Rayleigh Distribution for n uncorrelated signals.

Fig. 8. Combining by selection [6]



D. Propagations Model

In mobile coverage implementation, due to coverage and
interference reasons, it is necessary to estimate the signal
transmitted by the base station. A good estimate of the signal
received at the cell boundary is required.
To estimate the signal one must use propagation models.
Most of these models provide the mean or median value
of the signal. Before applying the propagation models, it is
necessary to classify the area under study. Typically, study
zones are divided into three different categories:

• Urban area - zone of high construction density, with
large building blocks and towers, usually with more than
two floors per building;

• Suburban area - residential area, lower volume build-
ings with gardens and parks. It is a not very dense zone
around the mobile terminal;

• Rural area- open areas, a few buildings. There are
usually no obstacles between 300-400m around the
mobile terminal.

Before the propagation models are introduced, it is necessary
to present a set of characteristics of the outdoor environments
in mobile radio.

1) The mobile terminal antenna is typically at the height
of 1.8 meters from the ground;

2) Even if the route analyzed is a LoS situation, there
is a possibility that there are zones nearby where this
situation does not occur;

The models used in macro-cell scenarios can be summarized
into two essential models:

• Okumura-Hata: Distances greater than 5km (Urban,
Suburban, Rural);

• Walfish-Ikegami: Distances under 5km (Urban and
Suburban Environments);

E. Okumura-Hata

This empirical model was first introduced in 1968 by Oku-
mura. It was based on measurements made in the frequency
spectrum between 150MHz and 2000MHz. Through the
proposed graphical representations, Hata in 1980 established
the equations that best fit the graphical representation.
This model gives the average value of path attenuation. It
depends on frequency (f ), the distance between the base
station and mobile terminal (d) and antenna height of the
mobile terminal (hm).
Following the Hata’s reformulation, this model is valid under
the conditions of the table. The median value of the pathloss

Minimal Value Maximum Value
f [MHz] 150 1500
d[km] 1 20
hbe[m] 30 200
hm[m] 1 10

TABLE I
VALID VALUES FOR OKUMURA-HATA MODEL

is given by the next expression.

Lp[dB] = 69.55 + 26.16 log(f[MHz]) − 13.82 log(hbe[m])

+[44.90 − 6.55 log(hbe[m])] log(d[km])

−Hmu[dB](hm, f) −
∑

CorrectionFactors

(1)

Hmu[dB] and th correction factors can be determined with
the formulas from [1]. In the Okumura-Hata model hbe can
be calculated by:

hbe[m] = hbs[m] − hga[m] (2)

hbe[m] - Effective height of base station antenna;
hbs[m] - Total height of base station antenna (sum of
mast height plus terrain elevation);
hga[m] - Average land height value.

hga[m] is the average terrain height between 3km to 15km.
This condition is valid for paths that reach a distance of
15km or greater. In circumstances where the distance is less
than 15km, and terrain information is available, the average
terrain height should be between 0.2d to d.

F. Walfisch-Ikegami

The Walfisch-Ikegami model adapts the Ikegami and Walfisch-
Bertoni models. That is, it assumes the propagation con-
ditions of the Walfisch-Bertoni model, but the propagation
considered between the diffraction edge of the building and
the mobile terminal is adapted from Ikegami. If the handheld

Fig. 9. Multipath [1]

and the base station are in a line-of-sight situation (Φ = 0),
then the formula to calculate the median path loss is:

Lp[dB] = 42.6+26 log(d[Km])+20 log(f[MHz]), d > 0.02Km
(3)

In all other cases, the expression that must be applied is:

Lp[dB] =

{
L0[dB] + Lrt[dB] + Lrm[dB], Lrt + Lrm > 0

L0[dB], Lrt + Lrm ≤ 0
(4)



Fig. 10. Building refraction [1]

Lrt e Lrm can be defined as:

Lrm[dB] = −16.9 − 10 log(ws[m]) + 10 log(f[MHz])+

+20 log(HB[m] − hm[m]) + Lori[dB]

(5)

Lrt[dB] = Lbsh[dB] + ka + kd log(d[Km])+

+kf log(f[MHz]) − 9 log(wB[m])
(6)

The correction factors (ka, kd, kd) can be consulted in [1].
The validity conditions of this model can be viewed in the
next table.

Minimal Value Maximum Value
f [MHz] 800 2000
d[km] 0.02 5
hbe[m] 4 50
hm[m] 1 3

TABLE II
VALIDITY CONDITIONS OF WALFISCH-IKEGAMI MODEL

IV. COVERAGE DESIGN

A. Antennas

To design the mobile coverage, one must take into account
what antennas are going to be used. In this paper, the focus
is aimed at sectorized antennas.
Sectorized antennas have a smaller beamwidth. Hence they
have a higher gain value. The horizontal radiation pattern has
a half-power beamwidth of 120 degrees. Sectorization has
some advantages, such as co-channel interference reduction,
reduced frequency reuse distance, high antenna gain.
Each sector can be viewed as a cell, allowing each antenna to
be adjusted according to the sector’s needs (downtilt, emitted
power, diversity, antenna height).
The antenna used in this paper has a gain of 11.5 dBi.

Fig. 11. Sectorized Antenna

B. Sensivity and Considered Attenuation

One can define sensitivity as the minimum value of the
signal that the receiver’s antenna can detect the transmitted
information. The restrictive factor of the maximum range of
the connection between the base station mobile terminal is
the uplink connection. Therefore, the receiver sensitivity in
uplink is the base station sensitivity value. In this case, the
sensitivity value of the base station is -113.5dBm.
The considered handheld sensitivity value was -103dBm.
This value corresponds to a mobile terminal in a dynamic
state.
Despite having the sensitivity values of the equipment, one
must consider other types of attenuation. In PPDR networks,
it must be considered the fire attenuation, user attenuation
and the vegetation attenuation. The assumed values were:

• Fire Attenuation- 15 dB;
• User Attenuation- 5dB;
• Vegetation Attenuation- Weissberger Model[1].

Even after all this considerations, it is possible to appear
in the project some areas with no coverage, because of this
assumption, it was added a safety margin of 10 dB.

C. Cell Design

In total it was designed eleven base station. Each base section
has two or three sectors. This process is very extensive and
detailed, because of this, it is not possible to describe it in
this paper. Therefore, only the final values will be presented.

Fig. 12. Location of the Implemented Base Stations

In total there are thirty sectors. The summarized information
about these sector can be found in the next table.



Base Station Transmitted Power (W)
Sector 1 Sector 2 Sector 3

1st 119.95 65.17 65.46
2nd 119.4 58.21 —
3rd 63.97 23.28 19.41
4th 10.31 22.65 37.93
5th 114.03 54.33 208.45
6th 25.53 52.73 —
7th 19.18 26.49 —
8th 116.15 1.982 104.23
9th 68.55 241.55 83.56
10th 11.17 7.23 6.68
11th 115.35 27.92 156.32

TABLE III
PARAMETERS OF THE BASE STATIONS

There is a zone is this project that was not dimensioned to be
covered. This zone is called Lagoa do Fogo. The reason for
this approach is simple. Lagoa do Fogo is one of the highest
points of the island, very irregular terrain and with no human
occupation. Therefore, this area was not accommodated in
the project.

D. Transportation Network

A telecommunications network is an aggregate of nodes
and links and is used to carry information between dif-
ferent devices. Usually, these equipment are separated by
dozens of kilometres. This transport of information must
be done efficiently. Network nodes, also known as network
elements, correspond to electronic or optical devices (com-
puters, switches, routers, multiplexers) that originate, guide,
or terminate information.
In the case of this network, it will be used microwave links.
Microwave links have two significant advantages. The first
advantage is that they are immune to fire attenuation, com-
munications are only damaged if base stations are damaged
by fire. The second advantage is that it is not necessary to
use a physical medium (coaxial cable or optical fiber). Since
base stations are in remote locations it would be expensive
to interconnect them by a physical medium.
The established network can be seen in the next figure.

Fig. 13. Network Topology

The physical topology is a ring topology. As three rings are
interconnected, the correct designation is a triple ring net-
work. This topology introduces redundancies in the network,

Fig. 14. Logical Topology

in case of failure of one of the links, it is possible to continue
to communicate with other base stations.
The logical topology is of this network is a star topology.

V. SIMULATIONS

Simulations were done in order to validate the design of
mobile coverage.
Therefore, four different scenarios were simulated.

A. Dynamic Receiver with Fire Attenuation

This is the worst-case scenario. Also, it is the rarest case.
This approach is done by simulating that there are fire near
to the base stations. Despite having this attenuation it is
expected a good coverage.

Fig. 15. Base Station 1 to 4



Fig. 16. Base Station 5 to 8

Fig. 17. Base Station 8 to 11

As one can see in the figures above, all the suburbans areas
are covered. Therefore, the zones with higher population
density are covered by this network. Figure 17 has the most
number of areas without coverage. These are rural areas.
There is no human occupation in those areas. It is possible
to affirm that this network satisfies the main goals.

B. Static Receiver with Fire Attenuation

In this scenario, the handheld has a sensitivity 10dB lower
than the previous case. This value has a huge impact on
coverage levels.

Fig. 18. Coverage for a static receiver - I

Fig. 19. Coverage for a static receiver - II

C. Dynamic Receiver without Fire Attenuation

In this case, the handheld is in a dynamic state, but the
signal is not attenuated by fire. This situation has a minimal
received signal 15dB lower than the first scenario.

Fig. 20. Coverage for a dynamic receiver without fire attenuation - I

Fig. 21. Coverage for a dynamic receiver without fire attenuation - II

In this scenario, one can see that almost all the island is
covered by this network.

D. Static Receiver without Fire Attenuation

This scenario is the best-case scenario. The worst-case sce-
nario has an extra attenuation of 15dB when compared with
this scenario.



Fig. 22. Coverage for a static receiver without fire attenuation - I

Fig. 23. Coverage for a static receiver without fire attenuation - II

One can see that in this case the coverage reaches almost
100% of the island area.

VI. CONCLUSIONS

With these simulations, it is possible to extract valuable
information. In the first scenario, 96.54% of the island and
99.08% of the population are covered. The second case
establishes a covered area of 97.82% and covers 99.15%
of the population. The third scenario has a covered area of
98.97% and a covered population of 99.42%. Finally, the last
case has the best coverage values, with 99.44% of covered
area and approximately 100% of the population is covered.
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