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“When we talk about the Internet of Things, it’s not just putting RFID tags on some dumb thing so we 

smart people know where that dumb thing is. It’s about embedding intelligence so things become 

smarter and do more than they were proposed to do.” 

Nicholas Negroponte 
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Abstract 
The IoT is experiencing a fast growth and it is imposing new connectivity requirements. Narrowband 

technologies emerge in order to answer those new requirements. The aim of this dissertation is to 

evaluate the capabilities of these technologies in urban environments. Some Low Power Wide Area 

networks are described and compared, including LoRa, Ingenu, SigFox and the Cellular IoT solutions, 

however, SigFox was the only one used to conduct the evaluation. Lisbon was chosen as a reference 

scenario, where sets of transmissions with a TD1208 Evaluation Board were performed. The obtained 

data allowed to calibrate an outdoor propagation model, which predicted that the communications could 

reach over 10 km. Estimations also suggest that SigFox provides over 87 % coverage to 99 % of the 

indoor environments with 20 dB attenuation. Transmissions in a moving vehicle indicated a decrease 

of the average received frames per gateway from 2.5 to 1.5 at 80 km/h, but the network could still 

provide message loss ratios close to zero. Autonomy simulations for a SigFox module powered by an 

AA alkaline battery suggest that, for less than 5 daily transmissions, it could last over 10 years and 

when integrating a remote irrigation device or an alarm, it could achieve 6 to 10 years and 3 to 5 years, 

respectively. Finally, a Matlab script that replicates Lisbon’s radio environment indicated that a network 

composed of 9 gateways would only accept the equivalent of 3 devices per individual, which seems far 

away from satisfying the IoT growth predictions. 

Keywords 

Internet of Things; Evaluation of Narrowband Technologies; SigFox; Low Power Wide Area 

Networks; Urban Environments. 

 
 
 
 
 
 
 
 
 
 
 



 viii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 ix 

Resumo 
A IoT está a experienciar um rápido crescimento e a impor novos requisitos de conectividade. As 

tecnologias de banda estreita emergem para responder a esses novos requisitos. O objetivo desta 

dissertação é avaliar as potencialidades destas tecnologias em ambientes urbanos. Algumas redes 

Low Power Wide Area são descritas e comparadas, incluindo o LoRa, Ingenu, SigFox e as soluções 

IoT Celulares, contudo, apenas a SigFox foi utilizada para conduzir a avaliação. Lisboa foi escolhida 

como cenário de referência, onde conjuntos de transmissões com uma TD1208 Evaluation Board foram 

realizados. A informação obtida permitiu calibrar um modelo de propagação outdoor, que previu que 

as comunicações poderiam alcançar mais de 10 km. Estimativas também sugerem que a SigFox 

proporciona coberturas acima de 87 % a 99 % dos ambientes indoor com 20 dB de atenuação. 

Transmissões num veículo em movimento mostraram um decréscimo da média de frames recebidos 

por gateway de 2.5 para 1.5 a 80 km/h, mas a rede continuou a proporcionar taxas de perda de 

mensagens próximas de zero. Simulações de autonomia para um módulo SigFox alimentado por uma 

bateria alcalina AA sugerem que, para menos de 5 transmissões diárias, poderia durar mais de 10 

anos e quando integrado num dispositivo de rega automático ou num alarme, poderia alcançar 6 a 10 

anos e 3 a 5 anos, respetivamente. Finalmente, um programa em Matlab que replica o ambiente de 

rádio em Lisboa indicou que uma rede constituída por 9 gateways apenas admitiria o equivalente a 3 

dispositivos por indivíduo. 

Palavras-chave 

Internet das Coisas; Avaliação das Tecnologias de Banda Estreita; SigFox; Redes Low Power 

Wide Area; Ambientes Urbanos. 
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1. Introduction 
This chapter introduces narrowband technologies, after providing a succinct overview of the Internet of 

Things, including the concept definition, history, growth forecasts and existing technologies. The 

motivation and the problem definition of the thesis are also presented and, in the end, the document 

structure is given.  

1.1. Overview 
The Internet of Things, or IoT, is the term attributed to a group of technologies that are experiencing a 

very fast growth, for which there are forecasts of huge impacts on the technological industry, policy and 

economy in the near future. The term refers to scenarios where connectivity and computation 

capabilities extend to “Things”, from a small object to a large ship. It is expected that, in the near future, 

the majority of the communications will be performed between computers and other electronic 

equipment that, connected between them, will transmit information directly, lessening human 

interactions [SuPa14]. 

The idea of interconnecting “Things” from the real world appeared right after the Internet’s birth. The 

usage of devices connected by IP, beyond computers, is not a new concept. In 1990, at a conference 

about the Internet, a toaster that could be turned on and off through the Internet was introduced. This 

was followed by a soda machine developed by Carnegie Mellon University, in the United States, and 

the Trojan Room Coffee Pot in the University of Cambridge, in the United Kingdom [InSo15]. 

In 1999, Kevin Ashton, executive director of the MIT Auto-ID Centre, invented the term IoT. In the same 

year, the global item identification system RFID (Radio-Frequency Identification) was created. In 2000, 

LG announced the first smart refrigerator that could automatically detect missing items. In 2003, the 

American multinational Walmart integrated the RFID system in all its stores, distributed across the 

world. In 2008, the Federal Communications Commission (FCC) approved the usage of the white space 

spectrum for the IoT. Finally, in 2011, the release of IPv6 increased the interest in the IoT, with Cisco, 

IBM and Ericson having various initiatives in this field [SuPa14]. 

Most of the time, the IoT comes up associated with the term M2M (Machine to Machine), which in fact 

is nothing more than a subset of the IoT. M2M consists in the communication between devices that are 

not necessarily connected to the Internet. One example of a M2M communication system is the existing 

sensors in a car, that exchange information with a microcontroller which decides the actions to take. 

The IoT can add functionalities and value to M2M systems by allowing sensors to share their data with 

a cloud, where information can be analysed in order to remotely monitor and control them. Continuing 

with the example of the automotive industry, the IoT may allow the identification of post-production 

problems in the automobiles to speed up the reduction of accident risk. This risk could be reduced by 

sharing information about the debilities of the automobiles, fixing the problems in future productions or 

even updating the whole fleet on the market. 
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The IoT mostly uses wireless links to transfer information among systems, remote devices or 

individuals, being typically used to collect information, define parameters, send or receive indications 

about unusual situations or control online transactions of multiple machines like elevators, vending 

machines, smart meters, etc. [AlNP13]. 

Numerous entities and organisations predict that the IoT adoption is increasing at a very high rate.  

Huawei, for example, predicts the existence of 100 thousand million links in 2025, while McKinsey 

Global Institute suggests that the IoT financial impact on the world economy can range from 3.9 to 11.1 

billion dollars in the same year [InSo15]. 

The majority of the IoT technologies until now only work in small networks, named Wireless Personal 

Area Networks (WPAN). In our days, one is seeking to develop networks that provide ubiquitous 

connectivity and capacity for millions of connected devices, the so-called Low Power Wide Area (LPWA) 

networks. Efforts are also underway to develop cheap sensors (less than 10 USD) with high autonomies 

(in the order of years). Various technologies have been developed to answer these demands, like LoRa, 

SigFox, Ingenu and even technologies that use the traditional cellular networks. New technologies are 

also coming and promise to completely revolutionise this area, highlighting NB-IoT (Narrowband IoT), 

LTE-M (LTE Machine to Machine) and EC-GSM-IoT (Extended Coverage GSM for IoT), which are 

evolutions of the legacy cellular networks to meet the needs of the new IoT paradigm. 

LPWA technologies are mainly divided in two groups: Ultra Narrow Band (UNB) and Wide Band (WB). 

UNB group includes SigFox, NB-IoT and others, and the principle consists in transmitting a signal with 

a very narrow bandwidth, of less than 1 kHz. On the other hand, WB technologies, such as Ingenu and 

LoRa, transmit the information in a signal of large bandwidth, using spreading codes to increase the 

bandwidth. 

UNB technologies are supposed to allow a reduction of the devices consumptions, mainly due to their 

short payload messages and duty cycle limitations; an increased coverage, due to the high link budget 

of the communications; and capacity for massive number of simultaneous connections. Besides that, 

they also allow a decreased complexity of the end-devices, which directly influences a price reduction. 

All this means that UNB technologies may be close to satisfy the IoT requirements, which is the reason 

why they are the subject of a lot of interest. Since they are very recent solutions, it is necessary to 

perform practical studies to evaluate if the IoT requirements are really satisfied. 

1.2. Motivation and Problem Definition 
Along with the increase of the number of devices, the traffic is also increasing, which demands network 

connections with high capacity and link reliability. Besides that, questions regarding security of the 

transmitted information, privacy, interoperability between different technologies and legal questions are 

also raised. 
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A constant fact that follows most of the published information regarding any LPWA, is that the presented 

values for the characteristics of the technologies do not have theoretical foundation, or simply do not 

present calculation proofs. Another fact is that most of the manufacturers, device makers or even 

marketers overestimate their technologies capabilities and underestimate the other’s, as a strategy to 

stand out from the competitors. Because of this, independent experimental verifications of the 

technologies capabilities and weaknesses are critical. 

On the other hand, usually there are presented standard values for coverage, capacity or range that 

describe the characteristics of these technologies in urban environments. But environments can differ 

from place to place, which means that the characteristics of a network are extremely dependent on the 

type of environment. Terrain profile, type of buildings, devices locations, density of devices, etc., will 

affect parameters like coverage and capacity of a network. This reinforces the fact that an experimental 

study performed in a real urban environment would be relevant and useful. 

IoT technologies must minimise their margins of failure, because numerous services like alarm systems 

or medical monitoring will not be allowed to fail. A massive adoption of the IoT services will strongly 

depend on the customers’ trust in the technologies and on their satisfaction. So a lot of parameters 

about narrowband technologies must be studied, in order to evaluate the characteristics of the services, 

provided by the operators, and the devices. 

To perform an evaluation of narrowband technologies in urban environments, one is going to track the 

SigFox communications inside the city of Lisbon, Portugal, through the execution of a set of 

transmissions with a Telecom Design Evaluation Board, in different locations and under different 

situations. The characteristics of the received signals and terrain profiles will be used to calibrate a 

propagation model that will allow to evaluate the outdoor coverage provided by the network. The indoor 

coverage will also be estimated based on the outdoor power distribution and propagation model, but 

considering extra attenuation values in order to evaluate the new coverage probabilities. One also 

intends to evaluate the penetration capabilities of the technology through the execution of multiple 

transmissions inside two real buildings. Consequently, transmissions in a moving vehicle will be 

executed to determine the effect of the velocity on the characteristics of the communications, namely 

the message and frame loss ratios and redundancy. 

A study about a particular characteristic of SigFox goes beyond the telecommunications field. The first 

step intends to evaluate the autonomies of an AX-SigFox module, powered by an AA alkaline battery 

under different temperature conditions, depending on the number of daily transmissions. Then, two IoT 

devices will be designed in order to evaluate the effect of the integration of other electronic components 

on the autonomy of SigFox devices. 

To finalise, a model to evaluate the capacity of a SigFox network will be developed. This model will 

simulate a radio environment where random placed devices transmit messages in random time and 

frequency slots, which can then be received by each of the multiple deployed network gateways. The 
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script will later determine and analyse the frames collisions, in order to calculate the message loss 

ratios and relate them with the number of transmissions and deployed network gateways. 

As result of this thesis, the capabilities and weaknesses of SigFox technology in urban environments 

will be reported and analysed. This will permit to examine the potentialities and limitations of these 

technologies usage in IoT. Along with this, a detailed study concerning the market of the new IoT 

technologies trend will be included, as well as the analysis of the characteristics of some different 

existing technologies. Finally, the characteristics of three of these technologies will be reported and 

compared. 

1.3. Thesis Structure 
This thesis is organised in five chapters. Chapter 1 corresponds to the Introduction and presents the 

subject under study, as well as the motivation for the study and the document structure.  

The second chapter addresses the Fundamental Concepts. An IoT market analysis is made and some 

LPWA technologies and the basic concepts behind them are descripted. Some preliminary calculations 

of the link budget, sensitivity and coverage of the analysed technologies are also performed. To finish, 

a resume of the evaluated characteristics of each technology is also presented. 

Chapter 3 corresponds to Study Development, where the equipment to perform the study is described 

and the experiments to evaluate some of the most important SigFox metrics are planned. The metrics 

analysed are the outdoor and indoor coverage, velocity effect on the communications, autonomy of the 

batteries and network capacity. 

The fourth chapter reports and evaluates the results from the experiments described in the previous 

chapter. An overview of the characteristics of the signals received from different transmission points in 

Lisbon is also included. 

Finally, Chapter 5 closes the theses main body highlighting the most important conclusions of this study. 

It also presents suggestions for future works that may allow more data to be collected, in order to get 

more exact results. 

A set of annexes is also provided to support some of the information presented in the main body of the 

thesis. Annex A displays an image of a terrain profile calculator program for an example use case. 

Annex B presents a flowchart of a proposed SigFox network capacity estimator script. Annex C shows 

some graphs and maps regarding experimental power measurements and theoretical propagation 

model predictions, as well as their comparison. The last annex, Annex D, provides a description of 

Walfisch-Bertoni model. 
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2. Fundamental Concepts 
In this chapter, the IoT basic concepts are provided and the current and future technologies are 

described. A market analysis is made, focusing mainly on the analysis of the diverse LPWA 

technologies. To conclude, a comparison between the addressed LPWA technologies is presented. 

2.1. Market Analysis 
Diverse companies and organisations have made numerous projections about the impact of the IoT on 

the Internet and economy. Cisco, for example, predicts more than 24 thousand million objects 

connected to the Internet in 2019. Huawei, conversely, in a more extended prediction, forecasts 100 

thousand million connections in 2025. McKinsey Global Institute suggests that the financial impact of 

the IoT in the global economy can range from 3.9 to 11.1 billion dollars in 2025 [InSo15]. In spite of the 

different predictions, in general, all them indicate a significant growth of this market in the whole world. 

The practical applications of the IoT in the real world are countless. This thesis objective is not to 

analyse the IoT applications but to study the technologies that allow their implementation. Table 2.1 

illustrates this point, showing some of the applications in order to elucidate the reader about the 

vastness of this market. 

Table 2.1: IoT applications in distinct areas (adapted from [InSo15]). 

IoT Applications 

Area Description Examples 
Human Devices attached or inside the 

human body. 

Monitor and maintain human health and wellness, 

disease management, increased fitness and higher 

productivity. 

Home Buildings where people live. Home controllers and security systems. 

Retail 

Environments 

Spaces where consumers engage 

in commerce (stores, banks or 

restaurants). 

Inventory optimisation and self-checkout. 

Offices Work spaces. Energy management and security in buildings, 

improved productivity, etc. 

Worksites Custom production environments 

(mining, oil and gas or construction). 

Operating efficiencies, predictive maintenance, health 

and safety. 

Vehicles Systems inside moving vehicles 

(cars, trucks, ships, etc.). 

Condition-based maintenance, pre-sales analytics, 

etc. 

Cities Urban environments (public spaces 

and infrastructures). 

Adaptive traffic control, smart meters, environmental 

monitoring and resource management. 

Outside Outside urban environments 

(railroad tracks, autonomous 

vehicles and flight navigation). 

Real-time routing, connected navigation and shipment 

tracking. 
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According to forecasts shown in Figure 2.1, fixed and short range multi-hop IoT communications will 

still be dominant. Some examples of this type of technology are ZigBee, Z-Wave, Bluetooth Low Energy 

(BLE) and Low-Power Wi-Fi (LP-Wi-Fi). These technologies are oriented to low consumption sensors, 

with bitrates in the order of tens of kbit/s to some Mbit/s, and are only used to send small amount of 

information over short distances. Normally, they are used in WPAN, such as rooms or small buildings. 

 
Figure 2.1: Thousands of millions of global connections between 2015 and 2025 [NOKIA16]. 

However, due to the fact that they are short range technologies, problems are raised in situations where 

vast urban areas must be covered. Initial smart city experiments showed that these technologies did 

not fulfil one of the fundamental requirements of an IoT service, which is the possibility to connect any 

device to the network placing it anywhere (plug&play) [CVZZ16]. 

In the last few years, the IoT multi-hop paradigm has been challenged by the idea that the only practical 

and valid solution to provide ubiquitous coverage to the devices, is to explore the existing cellular 

networks [VaZZ15]. Wireless Wide Area Networks (WWAN), like GSM, UMTS or LTE offer a variety of 

long range services, with data rates varying from tens of kbit/s to some Mbit/s and with global coverage. 

However, legacy cellular networks were not designed to support massive quantities of connections from 

different devices. IoT communications, unlike the traditional WB services, only generate sporadic 

transmissions of packets with short dimensions. In 2025, the number of IoT devices is estimated to be 

equivalent to the actual number of cellular networks users, presenting also different distributions per 

cell [NOKIA16]. This means that a huge quantity of devices, connecting simultaneously to a single Base 

Station (BS), would bring new problems related with signalling and traffic control [CVZZ16]. The 

terminals are also not designed for long lifetimes (the battery autonomies are in the order of days and 

not years) [ADTB15]. Besides that, legacy GSM and LTE provide exterior coverages up to 95 %, which 

may be insufficient for IoT devices, especially in indoor environments where the coverage must be 

considerably higher [HUAW16a]. 



 7 

All these problems regarding the current cellular networks make them unfavourable to totally satisfy the 

requirements of the ambitioned IoT scenarios. But, even not being optimized for the services, it is 

expected that they will still provide numerous services as can be verified in Figure 2.1. The group of 

technologies that use cellular networks to offer IoT services is called Cellular IoT (CIoT). 

Among all possible usages of the IoT, a new type of applications like alarms or smart meters, that only 

need to periodically transmit low quantity of data, are emerging. Reduced energy consumptions and 

vast areas of possible utilisation are also requirements for the devices. This category of technologies is 

called LPWA. It is also possible to see in Figure 2.1 that the LPWA will have about 7 thousand million 

modules in 2025, which is a significant number.  

The LPWA market is 10 years old and is subdivided in two subcategories: the LPWA operating in free 

spectrum, such as SigFox, LoRa or Ingenu; and the future CIoT evolutions standardized by 3GPP 

operating in licensed spectrum. Nowadays, the most studied LPWA are LoRa and SigFox, whereas 

Ingenu is another technology that is emerging in the United States. Figure 2.2 shows a comparison of 

the different groups of technologies, according to batteries autonomy and communications range. 

 
Figure 2.2: Protocols classification considering range and terminals lifetime, for 30 byte per day using 

an AA battery [ADTB15]. 

LTE network supports IoT with Cat. 1 devices, whilst LTE-Advanced already extends the batteries 

lifetime up to 10 years. LTE-Advanced Pro will introduce two technologies called LTE-M or eMTC 

(enhanced Machine Type Communication) and NB-IoT, having been the second one already 

standardised by 3GPP, in June 2016 [MoWL16]. Both solutions try to optimise coverage, costs, 

autonomies and capacity for massive amount of connections. The technologies can be deployed either 

in shared legacy LTE spectrum, or as stand-alone, in a reallocation of the GSM spectrum in shorter 

bands, in the order of 180 kHz, for NB-IoT [NOKIA16]. 
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Nokia affirms that LTE-M, NB-IoT and EC-GSM-IoT are closer to accomplish the IoT necessities than 

the legacy technologies. It also claims that only a software upgrade is required to allow the optimisations 

previously referred [NOKIA16]. Because they operate in licensed spectrum, the services become safer 

and more feasible, directly increasing their quality, since it is possible to manage the spectrum and 

there are no other systems operating in the same band, which allows an interference reduction 

[UBLOX16]. 

CIoT technologies claim that the current LPWA market is fragmented and non-standardised, which 

leads to low feasibility, low security and high operational and maintenance costs [HUAW16b]. A 

fragmented market restricts value to the users and industry, once the buyers can be hesitant in IoT 

products or services, if there is integration inflexibility and strong dependency on suppliers [InSo15].  

On October 4th 2016, Deutsche Telekom, in collaboration with Huawei, activated the first NB-IoT 

network [MoWL16]. Currently, NB-IoT is already running in multiple LTE networks across the world, 

including Portugal. It is predicted that 5G will integrate IoT services natively, without degrading 

traditional services, however one does not know how to make, in practice, that integration [VaZZ15]. 

One has also started exploring the satellite field. Some narrowband systems already operational, or 

under development, use low Earth orbit satellite constellations like Globalstar, Iridium or Argos to make 

their communications [CVZZ16]. Actually, SigFox has plans to create a hybrid terrestrial/satellite 

network, in order to extend coverage to aircrafts and ships, or even create a secondary communication 

way when the terrestrial BSs fail [ReTH16]. 
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2.2. Modulations 
LWPA technologies mainly use UNB and WB modulations to perform their communications. In the 

following subsections, the principles behind these two types of modulation are presented in more detail. 

2.2.1. Ultra Narrow Band 

UNB is the classical transmission method, which uses narrowband channels in the order of up to 25 

kHz [VaZZ15]. The principle consists in transmitting a signal with a very narrow bandwidth, of less than 

1 kHz. The main advantages of using such a narrow band are the reduction of the emission power 

needed for the long range communications, the power spectral density (PSD) increase and the 

reduction of interference. As can be seen in Figure 2.3, due to the smaller bandwidth, the UNB signal 

(in red) can have a higher PSD than the WB signal (in green), but preserves a lower power. The reduced 

amount of power required by the electronic components drops the device price and, alongside with the 

long ranges achieved by the communications, makes the UNB very attractive to be used in bands 

shared with other technologies [ADTB15]. 

 
Figure 2.3: PSD comparison for UNB and WB signals, according to regulations [SEMT15]. 

The UNB usage brings some challenges related with signal processing and random access scheme. 

As it uses a very narrow bandwidth, some problems appear when small frequency variations over time 

occur, because they may be too high compared to the signal bandwidth (up to several times superior). 

Such variations can be caused by the devices movement (Doppler effect), or simply by transmitter 

oscillations. These frequency drifts complicate the signals demodulation and detection and increase 

the probability of messages collision [ADTB15]. 

Frequency-Division Multiple Access (FDMA) is difficult to implement in UNB, because it requires 

frequency synchronisation and channels with higher bandwidth to absorb the uncertainty. This would 

imply high synchronisation precision, which is hard to achieve in the terminals and would also induce a 

device price escalation. For these reasons, and to preserve the simplicity of the transceivers, frequency 

channels are random parameters from the receiver side and UNB falls in the Random Multiple Access 

(RMA) family [ADTB15], in order to avoid FDMA referred problems. 
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2.2.2. Wide Band 

Other technologies adopted WB to perform their communications, in spite of transmitting short 

messages. WB is the most common method, which typically uses bandwidths of 125 kHz or 250 kHz 

and employs Spread Spectrum (SS) multiple access techniques [VaZZ15]. The principle consists in 

transmitting the information in a signal with large bandwidth, contrarily to what it is conventionally done, 

which is modulating a signal in a carrier in a narrow band. 

SS techniques have many attractive properties due to their high processing gain, namely the high 

resistance to jamming and interference, which is higher than in UNB. Multiple access communications, 

that accommodate multiple users in the same channel, and low power density of the signals are some 

other benefits of this type of technique. 

SS modulation trades data rate for sensitivity in a channel of fixed bandwidth. This can be proved using 

Shannon-Hartley Theorem, that states the maximum rate at which the information can be transmitted 

over a channel of fixed bandwidth in the presence of noise: 

 𝐶 = 𝐵× log2 1 +
𝑆
𝑁 , (1) 

where C is the channel capacity in bit/s, B the channel bandwidth in Hz and S/N the signal to 

noise/interference ratio (SNR) in the reception. 

In SS applications, SNR can be very low and typically verifies 8
9
≪ 1. In this case, Equation 1 can be 

approximated by 

 𝐶
𝐵 ≈

𝑆
𝑁, 

(2) 

meaning that to increase the SNR in the reception, the transmitted signal bandwidth has to increase, 

once B is fixed [SEMT15]. 

Thus, as shown in Figure 2.4, a signal is multiplied by a spreading code which has much higher bitrate 

than the input data. This leads to a transmitted signal bandwidth escalation, without surpassing B. In 

the receiving process, the signal is recovered multiplying again a spreading code replica of the code 

used in the emission. 

Usually a higher bandwidth makes a message more vulnerable to interference, however, the impact is 

reduced by the processing gain associated to this type of modulation. The interfering signals are spread 

beyond the desired information bandwidth and can be easily removed by filtering. With UNB modulation, 

interfering signals are not spread by the process of demodulation, so a WB interferer can block the UNB 

signal causing a packet loss [SEMT15]. 
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Figure 2.4: Modulation and spreading in the emission [SEMT15]. 

Since the spreading codes for different spreading factors are orthogonal, it is also possible to transmit 

multiple signals in the same frequency channel using different spreading factors [PeMR15]. 

2.3. LPWA Technologies 
In this section, some existing LPWA like LoRa, Ingenu and SigFox are presented, as well as future 

CIoT technologies that explore licensed frequencies. In the end of this section, a summarised 

comparison between the technologies is also presented. 

Currently there are many LPWA solutions. However, one stills in a phase of centralisation and 

unification of the technologies and protocols since many technologies are incompatible, thus a device 

that works in one network does not necessarily work in another. Therefore, there is an enormous 

competition between suppliers so that their technologies expand the most and dominate the market. 

The main requirements of the LPWA technologies are: 

• Extended batteries lifetime (years with an AA battery); 

• Low cost devices (<10 USD); 

• Low cost services (<10 USD per year); 

• Ubiquitous coverage (>10 km); 

• Transmission of short messages (<100 byte); 

• Capacity for massive amount of connections (> 1 million connections per BS). 

The current LPWA technologies explore frequencies in free spectrum and are characterised by long 

range radio links and star topologies, where the peripheral nodes are directly connected to a central 
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node that works as a gateway for the IP or other networks. The robust modulations make it possible to 

connect devices even in isolated or harsh environments like basements, where cellular networks usually 

cannot provide coverage [VaZZ15], [CVZZ16]. 

2.3.1. LoRa 

LoRa is an LPWA solution designed and patented by Semetch Corporation. It is a WB technology that 

uses channels with a bandwidth in the order of 125, 250 or 500 kHz [PeMR15], and it is an open protocol 

in the sense that any organisation can purchase LoRa hardware and deploy its own free and 

independent networks. It is a physical layer implementation, independent of the upper layers, which 

permits LoRa to coexist with existing network architectures. It uses Chirp Spread Spectrum (CSS) 

modulation, which is a derivative of SS [SEMT15], and allows a bidirectional transmission of messages 

with a payload between 19 and 250 byte [NoGK16]. 

LoRa modulation offers lower costs, lower consumptions and higher robustness compared to the 

conventional SS modulation, by using a chirp signal to spread the spectrum. This signal varies 

continuously in frequency, allowing a simpler and more precise temporal and frequency 

synchronisation, without demanding extremely stable clocks in LoRa nodes. The code length can vary, 

directly affecting data rates, in order to make a balance between capacity and coverage, robustness or 

consumption [CVZZ16]. 

In the United States, LoRa works in the 169, 433 and 915 MHz bands, whilst in Europe it works in the 

868 MHz band. According to the regulation, the radio emitters must adopt a duty cycled transmission 

of 1 or 0.1 %, depending on the sub-band, or the Listen Before Talk (LBT) Adaptive Frequency Agility 

(AFA) technique, a mechanism used to prevent severe interference between devices operating in the 

same band. LoRa, as well as SigFox, uses the duty cycled option, which limits the rate at which the 

terminals can generate messages. However, by supporting multiple channels, LoRa terminals can 

transmit more messages by changing the carrier frequencies, without disrespecting the duty cycle limit 

in each channel [CVZZ16]. 

The system is composed of three main components: 

• LoRa End-Device - sensors/actuators linked by the radio interface to one or more LoRa Gateways; 

• LoRa Gateway - concentrators that are the bridge between the End-Devices and the LoRa 

NetServer, which is the central element of the network architecture; 

• LoRa NetServer - server that controls the whole network. 

Figure 2.5 depicts LoRa network topology. As one can see, it is composed of a star-of-stars topology, 

where the end-devices are connected via single-hop to one or more gateways. Gateways, in turn, 

connect to a common NetServer through the standard protocols of the Internet, being totally transparent 

to the end-devices. The communication is bidirectional, thus the NetServer can answer the end-devices 

choosing one gateway according to criteria such as the best radio connectivity. However, the traffic 

occurs mostly in uplink (UL) [VaZZ15]. 
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Figure 2.5: LoRa network architecture [VaZZ15]. 

The communications between end-devices and gateways use different frequencies and bitrates 

(between 0.3 kbit/s and 50 kbit/s). The network can individually manage the bitrate and the frequency 

of each end-device, maximising both energy efficiency and network capacity. The bitrate choice will 

define the communications range and duration, in a way that communications at different bitrates do 

not interfere [SLEK15]. 

End-devices can transmit at any time, in any available channel and using any available bitrate. After 

each transmission, the devices change their channels in a pseudo-random manner, granting a 

frequency diversity that reduces interference. The communications also have to respect the maximum 

duty cycles and transmission times for each sub-band, which depend on the local regulations [SLEK15]. 

LoRa includes three distinct classes of end-devices: Class A (for All), Class B (for Beacon) and Class 

C (for Continuously Listening). Each one is associated to different operation modes [SLEK15]. 

End-devices of Class A have the basic functionalities, achieving bidirectional communications, for which 

each UL transmission is followed by two short reception windows. The end-devices transmissions are 

based on ALOHA protocol. It is the class that presents lower energy consumption for applications that 

need to receive messages from the server only after a UL transmission [SLEK15]. 

Class B provides more receptions, offering extra reception windows in scheduled time periods. The 

end-devices synchronise with the server by means of beacon packets, that are broadcasted by Class 

B gateways, allowing them to receive downlink (DL) messages at certain time windows independent of 

the UL traffic [SLEK15]. 

Finally, Class C end-devices have no consumption constraints, being permanently connected to the 

power grid, which can hence keep the reception window open except during a transmission. Despite 

the increased consumptions, they are the devices that offer lower communication latency with the 

server [SLEK15]. 
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2.3.2. Ingenu 

Ingenu is a technology from the company On-Ramp Wireless headquartered in San Diego, in the United 

States. The company developed and owns the rights of the patented technology called Random Phase 

Multiple Access (RPMA), also based on the SS modulation. This technology, unlike other LPWA, works 

in the 2.4 GHz band but, due to its robust physical layer, it can continue operating over long distances 

and in complex environments [CVZZ16]. It provides bitrates of 624 kbit/s and 156 kbit/s for UL and DL, 

respectively, and the messages can take a payload size between 6 byte and 10 kbyte [Brow17]. It is 

currently implemented in the United States and only covers some areas of the country. 

RPMA takes advantage of the fact that unit differences in transmitted power result in exponential 

differences in coverage [Inge16a]. For this reason, compared to LTE, Ingenu claims that RPMA can 

cover 100 times more area by having a link budget 25 dB superior. It also claims that in the United 

States a single BS can cover over 770 km2, however, these values are based on unknown experimental 

measurements and the type of environment is also undetermined. According to the company, the 

optimised sensitivity of the receivers and the maximised emission powers and antenna gains are the 

key elements for that increased coverage [Inge16a]. 

Table 2.2 presents the maximum transmitting powers and antenna gains for the 2.4 GHz and 868 MHz 

bands, according to European regulations, as well as different technologies sensitivities and diversity 

gains. In the 2.4 GHz band, devices can transmit with a higher UL power, which is advantageous for 

the link budget but worse for the battery consumption. Ingenu endpoints also employ spatial diversity 

because it is more feasible at higher frequencies and can provide a benefit of 8 dB [Inge16b]. The FCC, 

however, allows antenna gains of 17 dBi and DL emission powers of 30 dBm, which are higher than 

the maximum values allowed in Europe for the same frequency band [Inge16a]. 

Table 2.2 Parameters comparison for different LPWA technologies [Inge16b]. 

Technology Ingenu SigFox LoRa 
Frequency (MHz) 2400 868 
UL/DL UL DL UL DL UL DL 
TX Power (dBm) 23 21 14 21 14 21 
RX Sensitivity (dBm) -145 -133 -142 -137 -137 -137 
BS Antenna Gain (dBi) 9 9 9 9 9 9 
Antenna Diversity (dB) 8 8 0 0 0 0 

Based on the link budget and path loss, the covered areas for given reliability values were estimated in 

Figure 2.6 by Ingenu. The link budgets of LoRa and SigFox were extrapolated from Ingenu’s 

measurements in a real-world environment considering a sub-GHz benefit gain. Although Ingenu is not 

deployed in Europe, the theoretical link budgets and covered areas were calculated based on the 

European regulations. One can verify that Ingenu affirms that its coverage is far superior to the others’, 

however, as these results appear to be inconsistent, one must try to replicate the calculations to validate 

the values. Some calculations are made further on this section, starting in Subsection 2.3.5. 
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Figure 2.6: SigFox, LoRa and Ingenu urban coverage ranges according to FCC and European 

regulations [Inge17]. 

Besides the higher gain and transmission power allowed in the 2.4 GHz, this band also takes advantage 

of the fact that it is unlicensed. Having a bandwidth of 80 MHz, it gives a significant flexibility to choose 

the frequencies with lower traffic, being a 1 MHz channel enough to support a whole local network. 

Another advantage related with this band usage is the fact that it is available and free in many parts of 

the world, enabling a technology global expansion and a cost reduction due to the inexistent spectrum 

bidding requirement [Inge16a]. 

The technology can offer a throughput of 19 kbit/s/MHz which is, according to Ingenu’s simulations, 54 

times superior to the nearest LPWA provider. Each BS can serve hundreds of thousands of endpoints 

with various bitrates. RPMA was designed to be scalable with the devices in an unlimited manner, which 

can be a key factor in the choice of the technology for a certain service [Inge16a]. 

RPMA uses Viterbi algorithm, which guarantees that even if half of the packets that contain a message 

are lost, the technology can still decode it. BSs and end-devices are synchronised so that the end-

devices send a signal that fits inside a frame of a certain size. End-devices send their signals with a 

random delay which is lower than the frame size, because for each frame, there are thousands of 

signals that could have been sent. The BSs de-spread, de-interleave, Viterbi decode and then check 

the signal via Cyclic Redundancy Check (CRC) [Inge16a]. 

To choose the signal delay, the end-devices calculate the minimum spreading factor for the 

transmission, taking into account power measurements of the DL signal. BSs do not need to know the 

spreading factor used by the end-device, because it brute-forces all spreading factors at all possible 

delay times [Inge16a]. 
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For the DL receptions, the end-devices are constantly attentive to the interference and channel 

conditions. The information collected is sent to the BS during the transmission, in order to receive at 

the maximum bitrate supported by the connection [Inge16a]. 

2.3.3. SigFox 

Founded in 2009, SigFox was the first operator to implement a LPWA network, exclusively dedicated 

to M2M and IoT communications [NaNe16]. The company only develops the access protocol and every 

device and manufacturer that uses it is certified by SigFox Ready, to ensure the ecosystem quality 

[DISK16a]. SigFox devices have autonomies of some years and do not require maintenance. The low 

energy consumptions are related with the limited duty cycled transmissions and with the short 

messages size. The network is now implemented in 20 countries from Europe, America and Asia/Pacific 

[SiFo16a], and has plans to reach 60 countries in the next 5 years [DISK16a].  

Several countries have an operator which holds the technology usage and commercialisation rights. In 

Portugal, for example, the operator is NarrowNet, a Portuguese company that holds the exclusive rights 

to the application of the technology (patented by SigFox), aiming to develop a specific communication 

network in the country and also the ecosystem. The SigFox ecosystem is shown in Figure 2.7. 

 
Figure 2.7: SigFox ecosystem of the operators, technology enablers and solution enablers [iSCO16]. 

SigFox is also a cloud-based network, similar to LoRa, as can be verified in Figure 2.8. The end-devices 

use SigFox protocol to transmit data to the BSs, reaching the central server through the diverse core 

networks. After that, the users must request the server to forward the data to their personal devices like 

computers or smartphones. 
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Figure 2.8: SigFox network architecture [NoGK16]. 

In the physical layer, SigFox uses a UNB modulation, while the network layer protocols are kept in 

secret, with no publicly available information about them [VaZZ15]. The protocol offers high resistance 

to jamming and interference, as well as high capacity for the receiving BSs. Frequency, power and duty 

cycle are adjusted in each region according to the local regulations. It operates in free spectrum bands, 

specifically 868 MHz in Europe and Middle East; 902 MHz in North America; and 920 MHz in South 

America, Australia and New Zeeland [SiFo16a]. 

The network presents a high sensitivity and allows a bidirectional communication, without requiring 

synchronisation between the end-devices and the network [DISK16a]. The study in [VaZZ15] affirms 

that each BS supports up to 1 million connected objects, and provide a coverage range of 30 to 50 km 

in rural areas and 3 to 10 km in urban areas. In UL, there is a daily maximum transmission limit of 140 

messages with a payload of 12 byte however, in DL, the maximum is of 4 messages with a payload of 

8 byte. Taking into account the packets header, the maximum packet size is 26 byte long [NoGK16]. 

The end-devices emission power ranges from 10 to 25 mW in Europe, which lets them achieve an 

autonomy of years. The BSs have a sensitivity of about -142 dBm, providing a link budget of up to 160 

dB, favourable for long range communications [DISK16a]. 

The end-devices only need a prior registration to be connected and immediately work anywhere, 

excluding places with different regulations. The data, after being received by the BSs, are sent though 

the global telecommunication networks to any place in the world in real-time, independently of the 

networks which the users are proprietary. Herewith, the data can reach the users’ systems or 

applications, making it possible to process the information and ensure the required monitoring 

[DISK16a]. 

SigFox, however, provides different deals based on the quantity of devices and permitted number of 

transmitted messages per day: 
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• Platinum - 101 to 140 messages + 4 DL; 

• Gold - 51 to 100 messages + 2 DL; 

• Silver - 3 to 50 messages + 1 DL; 

• One - 1 to 2 messages + 0 DL [DISK16a]. 

The network must support a high density of connections and, as result, it must avoid the collision of 

messages in the reception. When a device sends a message, every BS at its range is listening to the 

radio interface. This reduces the risk of collisions because collided messages can still be received if 

other BSs receive them without collision. To reduce even more the risk, each message is sent in three 

pseudo-random frequencies. A single SigFox maximum size frame takes roughly 2 seconds to be 

transmitted, which leads to a total transmission time of 6 to 7 seconds for the three frames [DISK16a]. 

The UL communication uses BPSK modulation, 100 bit/s bitrate and a 100-Hz channel bandwidth. With 

the frequency deviations the signal can suffer during its transmission, it is a challenge to correctly 

receive UNB messages. Therefore, BSs have a Software Defined Radio able to scan all the 200 kHz 

reception window bandwidth at once and process signals to track them. Since a BS is listening to the 

whole bandwidth, any frequency variation will not be a problem and then there is no need of frequency 

synchronisation between endpoints. When a DL message is requested, a BS responds in the same 

frequency [DISK16a]. 

Figure 2.9 shows the instantaneous spectrum of a receiving BS for the whole window. The multiple 

peaks which stand out from the noise level correspond to 100 Hz signals received by the BS. As one 

can verify, the messages are sent in different pseudo-random carriers to avoid collisions. This 

information can be obtained in the SigFox website, but only users with high privileges can access it. 

 
Figure 2.9: Reception window of a BS at a certain time instant [AnCh16]. 

On the other hand, DL communications operate at 500 bit/s, use GFSK modulation and allocate 

channels of 600 Hz bandwidth [NoGK16]. The DL communication can only start after a UL request 
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message from the end-device, and the BS that sends the DL message is the BS that received the UL 

message with the best radio quality. The network, after defining the BS with the best radio connectivity, 

calculate the power required to send the DL message, taking into account the UL path loss. 

DL messages are used, mainly, as a remote firmware update method or to make actions on the devices 

when certain alarms are triggered. After receiving the requested DL message, a device can be 

configured to make changes on the behaviour of certain components associated. For example, when a 

smart meter in a garden detects that the temperature or humidity exceeded a certain threshold, the 

logical component associated to the device can force the SigFox module to send a message with a DL 

request. The DL message, when received, can have the instructions to open a valve to irrigate the 

plants. 

A SigFox device structure and main components are represented in Figure 2.10. SigFox devices are 

similar to the devices from other technologies, but usually the Modem changes. The main components 

of a connected device are: 

• Antenna - responsible for emitting and receiving the electromagnetic waves; 

• Battery - powers multiple components of the device; 

• Casing - wraps multiple components (sometimes even the antenna); 

• Sensors - usually the devices include one or more sensors which measure physical parameters of 

the environment such as humidity, temperature or motion; 

• Actuators - sometimes the device can have actuators which allow it to interact with the 

environment; 

• Logic - can be a microcontroller containing the firmware that controls the whole system; 

• SigFox Module: also referred as Modem, is controlled by the logical component and is responsible 

for generating or receiving signals. 

 
Figure 2.10: SigFox device structure and main components. 
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2.3.4. Cellular IoT 

As referred before in Section 2.1, mobile communication operators intend to integrate new IoT services, 

in order to face the current LPWA technologies (that operate in unsilenced spectrum) and achieve the 

market leadership. There are favourable factors for this investment such as already providing global 

coverage with GSM or LTE and being able to minimize interference, because of their licensed 

spectrums. However, evolutions of the native technologies are required to overcome the problems 

associated with the IoT integration, as also referred in that same section. 

The three CIoT solutions that are being standardised by 3GPP are: 

• LTE-M - an evolution of LTE optimised for IoT, first released in 2014 in Rel.12, with further 

optimisations included in Rel.13, released in 2016; 

• NB-IoT - a narrowband evolution of LTE for IoT, included in Rel.13; 

• EC-GSM-IoT - an evolution of GSM optimised for IoT, also included in Rel.13. 

Today, 2G modules are the dominant cellular solution for IoT, but the LTE modules are experiencing 

the fastest growth because of their low cost (< 5 USD) and low energy consumptions. Various solutions 

for IoT are presented and compared in Table 2.3, according to [NOKIA16]. 

Table 2.3: LPWA and traditional cellular technologies comparison [NOKIA16]. 

 LoRa 
GSM 

(Rel.8) 
EC-GSM-IoT 

(Rel. 13) 
LTE (Rel. 8) 

LTE-M (Rel. 
13) 

NB-IoT (Rel. 13) 

Equipment 

category 
- - - Cat.1 Cat.M1 Cat.NB1 

Link Budget 155 dB 144 dB 164 dB 144 dB 156 dB 164 dB 

Spectrum 
Unlicensed 

<1 GHz 

Licensed 

GSM 

bands 

Licensed 

GSM bands 

Licensed LTE 

bands in-band 

Licensed 

LTE bands 

in-band 

Licensed LTE 

in-band guard-

band stand-

alone 

Bandwidth <500 kHz 200 kHz 200 kHz 

1.4 - 20 MHz 

carrier 

bandwidth 

1.08 MHz 

(1.4 MHz 

carrier 

bandwidth) 

180 kHz 

(200 kHz carrier 

bandwidth) 

Max. data 

rate 

<50 kbit/s 

(DL/UL) 

<500 kbit/s 

(DL/UL) 

<140 kbit/s 

(DL/UL) 

<10 Mbit/s (DL) 

<5 Mbit/s (UL) 

<1 Mbit/s 

(DL/UL) 

<170 kbit/s (DL) 

<250 kbit/s (UL) 

In Rel.13 of 3GPP, some LTE improvements regarding coverage, batteries lifetime and devices 

complexity were developed. For LTE-M, 3GPP aims to reduce the channels bandwidth to 1.4 MHz, 

reduce the maximum transmission power to 20 dBm (3dBm lower than LTE), improve the link budget 

in 12 dB and reduce the batteries consumption. 
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Compared with LTE-M, NB-IoT has a more reduced channel bandwidth (200 kHz), for both DL and UL; 

has also a more reduced throughput and has a coverage 8 dB superior, or 20 dB superior to LTE. 

One can also verify that narrowband solutions such as NB-IoT and EC-GSM-IoT offer a higher link 

budget than the other solutions, having a lower data rate as consequence. Both technologies have a 

channel bandwidth of 200 kHz, but it is easier to deploy NB-IoT signals in the spectrum allocated for 

GSM than in the spectrum allocated for LTE, because of the channels bandwidth difference between 

the two technologies. For this reason, one also intends to deploy NB-IoT using LTE guard-bands. 

One of the main problems pointed to the current cellular networks is the fact that, sometimes, there is 

no coverage in remote or isolated places. Some sensors need to be placed in basements totally 

enclosed by concrete walls, making coverage very reduced to perform communications with normal 

terminals. Therefore, to increase the coverage for IoT terminals, the goal is to increase the link budget 

in 15 to 20 dB [NOKIA16]. The coverage improvements are achieved with the channels bandwidth 

reduction and, therefore, the increased sensitivity. 

All the solutions should, ideally, operate in sub-GHz bands to minimise the attenuation. However, the 

decision lies with the operators, depending on the spectrum they hold. Some operators may have GSM 

deployed in the 900 MHz band, without enough LTE spectrum for the LTE-M or NB-IoT deployment. In 

those cases, EC-GSM-IoT could enable a carrier capacity sharing in the GSM band or, alternatively, a 

re-farmed GSM carrier could enable NB-IoT to operate in a 180 kHz bandwidth. Nevertheless, LTE-M, 

NB-IoT and EC-GSM-IoT solutions will all operate in LTE or GSM existing networks, having LTE-M a 

higher capacity and NB-IoT lower costs and higher coverage [NOKIA16]. 

The increased battery autonomy is achieved due to the power saving mode, introduced in Rel.12, and 

to the reduction of the devices emission power in 3 dB. Whenever a device finishes a communication, 

this system sets the device to power saving mode, during which it cannot be reached by the network. 

The device leaves that mode when it is generated a new transmission to the network. Rel.13 brought 

even more improvements with Enhanced Discontinuous Reception (eDRX) system, which allows a 

communication to end with a shorter reachable period. With all this, the battery lifetime requirements 

are supposedly accomplished. 

2.3.5. Sensitivity and Link Budget 

Ingenu, LoRa and SigFox sensitivities and link budgets are evaluated in this subsection, with a view to 

criticise the values alleged by the companies. One opted to focus the analysis only on those three 

technologies because they are already on the market, whilst CIoT technologies are still under 

development and the available technical information is not detailed enough. 

Before starting to calculate link budgets, one must first verify if the claimed technologies sensitivities 

are achievable. To do so, one must start by defining that the sensitivity of a receiver is given by 
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 𝑆[=>?] = 𝑁[=>?] +
𝐶
𝑁 [=>]

+ 𝑁𝐹[=>], 
(3) 

where the thermal noise floor is 

 𝑁[=>?] = 10 log 𝑘[D/F]𝑇[F]𝐵[HI] , 
(4) 

and 𝑘 = 1.38×10M2N J/K, 𝑇 = 290 K, 𝐵 the channel bandwidth, Q
9
 the minimum Carrier to 

Noise/Interference Ratio (CNR) value required and 𝑁𝐹 the noise figure. 

According to [SEMT15], the 𝑁𝐹 of a receiver can present values around 6 dB. The minimum values 

concerning Q
9
 depend on the technology, for instance, SigFox Backend only presents messages with an 

SNR higher than 5 dB, whilst LoRa claims -20 dB [SEMT15] and RPMA -37 dB in UL or -27 dB in DL 

[Inge16b]. Since RPMA and LoRa use an SS modulation, the negative Q
9
 values can be compensated 

with the processing gain, which is given by 

 𝑃𝐺[=>] = 10 log
𝑅T	[TUVW/X]
𝑅Y	[YVZ/X]

, (5) 

where 𝑅T is the chip rate and 𝑅Y the bitrate. 

According to Ingenu, RPMA can demodulate signals with a lower power than LoRa because it can 

reach higher PG. RPMA can supposedly reach a PG of 39 dB [Inge16b] because of the wider B (1 

MHz), which allows higher message spreading. 

The sensitivities of each technology are calculated in Table 2.4 according to Equation 3. 

Table 2.4: Comparison between calculated and claimed sensitivities. 

Technology Ingenu SigFox LoRa 
UL/DL UL DL UL DL UL/DL 
𝑁𝐹 (dB) 6 6 6 6 6 
Q
9
 (dB) -37 -27 5 5 -20 

𝐵 (kHz) 1000 1000 0.1 0.6 125 (LoRa lowest B) 
Calculated 𝑆 (dBm) -145 -135 -143 -135 -137 
Claimed 𝑆 (dBm) -145 -133 -142 -137 -137 

The values obtained for the sensitivities are very close to the clamed ones. For SigFox, the claimed 

sensitivities are very plausible since Q
9
= 5	𝑑𝐵 and 𝑁𝐹 = 6	𝑑𝐵 are acceptable values. However, for 

Ingenu and LoRa, it is hard to prove the minimum claimed Q
9
 values without experimental 

measurements, so the alleged sensitivity values cannot be totally proved. 

Having partially demonstrated the sensitivities of the technologies, one can now estimate the link 

budgets. The link budget is given by 
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 𝐿W	[=>] = 𝑃Z	[=>_] + 𝐺Z	[=>] + 𝐺%	[=>] + 𝐺=	[=>] − 𝑆	 =>_ − 𝑀b	[=>], 
(6) 

where 𝑃Z is the transmission power, 𝐺Z the transmission gain, 𝐺% the reception gain, 𝐺= the diversity 

gain and 𝑀b the interference margin. 

The values of the variables in Equation 6 are collected in Table 2.5, for the different LPWA, and the link 

budgets are calculated. The calculations consider that only the antenna gain from the network 

infrastructure contributes for the link budget, the end-devices antenna gain is not of value. One also 

assumes that the UL is limited because of significant interference (5 dB on average) in the BS side 

[Inge16b]. Finally, the weaker of the UL or DL link budgets determines the one to consider. 

Table 2.5: Link budget calculation for the different LPWA in Europe. 

Technology Ingenu SigFox LoRa 
UL/DL UL DL UL DL UL DL 
𝑃Z	 (dBm) 23 21 14 21 14 21 
𝑆 (dBm) -145 -133 -142 -137 -137 -137 
𝐺Z (dBi) 0 9 0 9 0 9 
𝐺% (dBi) 9 0 9 0 9 0 
𝐺= (dB) 8 8 0 0 0 0 
𝑀b (dB) 5 0 5 0 5 0 
Total (dB) 180 171 160 167 155 167 
Link Budget (dB) 171 160 155 

2.3.6. Coverage 

Having concluded the link budget calculations in the previous subsection, one now estimates the 

coverage ranges of Ingenu, LoRa and SigFox, by means of a Matlab simulation. For the range 

calculation, one must take into account the communication direction that presents lower link budget. 

But before that, a propagation model must be described, in order to calculate the urban coverages. 

The Okumura-Hata model is one of the most common models used to design real-world mobile 

communication systems. It is an empirical model based on measurements performed in Japan, 

specifically in Tokyo, in the 1960s [CRCC11], and according to [Corr16] it is valid for: 

• Frequency 𝑓 ∈ 150, 1500  MHz; 

• Distance 𝑑 ∈ 1, 20  km; 

• Effective height of the BS antenna ℎYf ∈ 30, 200  m; 

• Height of the end-device antenna ℎ_ ∈ 1, 10  m. 

The global path loss median value equation of this model is given by: 

 
𝐿W	[=>] = 69.55 + 26.16 log 𝑓gHI − 13.82 log ℎYf _

+ 44.90 − 6.55 log ℎYf	 _ log 𝑑 i_ − 𝐻_)	 => ℎ_	[_] 	

− 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟𝑠 => , 

(7) 
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where, for large cities and for 𝑓 > 400 MHz, 𝐻_) is given by 

 𝐻_)	 => ℎ_	[_] = 3.20 log2(11.75ℎ_	[_]) − 4.97. 
(8) 

In 1999, as a result of research activities in COST 231, Hata’s formulation was extended to cover 

frequencies up to 2000 MHz. This model was developed specifically for urban and suburban macrocells 

and it is applicable for 𝑓 ∈ 1500, 2000  MHz [Corr16]. In this case, the global path loss median equation 

becomes: 

 
𝐿W	[=>] = 46.30 + 33.90 log 𝑓gHI − 13.82 log ℎYf _

+ 44.90 − 6.55 log ℎYf	 _ log 𝑑 i_ − 𝐻_)	 => ℎ_ + 𝐶_	 =>

− 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟𝑠 => , 

(9) 

where 

𝐶_	 => = 0, for	small	cities
3, for	urban	centers	. 

In this thesis, the three used correction factors are terrain undulation (𝐾ZU), position in terrain undulation 

(𝐾UW) and average slope (𝐾XW). These correction factors are explained in [Corr16] and can be estimated 

as well by means of the graphs presented there. 

However, this model still does not cover the 2.4 GHz frequency band, used by Ingenu. The Frequency-

Scaled COST 231-Hata reformulation extends the useful frequency range of the COST 231-Hata 

model, and is considered acceptable for range predictions up to 6 GHz [CRCC11]. For calculations 

above 2000 MHz, the frequency scaling correction factor for urban environments must be considered 

in Equation 9 and it is given by 

 
𝑓X�	[=>] = −26 log

𝑓[�HI]
2

. 
(10) 

To calculate the coverage range, one should take into account shadow fading, which affects the 

percentage of covered area. The percentage of covered area in a circle of radius R, for a minimum 

power 𝑃%	_V�, is 

 
𝑃�&��	[%] 𝑃%	_V�, 𝑅 =

1 + 𝑒𝑟𝑓 𝑎 + 𝑒 2�Y�� /Y� 1 − 𝑒𝑟𝑓 ab + 1
𝑏

2
, 

(11) 

where 𝑎 =
��[��]
2��[��]

, 𝑏 = ����� ��� f

2��[��]
 and Δ𝑃[=>] = 𝑃%&	[=>] − 𝑃%���	[=>]. 𝑃%& is the average power at the 

distance R, aW= the average power decay and 𝜎) the standard deviation for urban environments 

[Corr16]. According to [Corr16], the standard deviation for urban environments is approximated by 
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 𝜎)(𝑓)[=>] = 0.7 log2(𝑓[gHI]) − 2.5 log 𝑓gHI + 11.10. (12) 

After providing the necessary assumptions and equations, one must now obtain 𝑃%& from Equation 11 

for different coverage percentages, using the right propagation model for the studied frequency. The 

values considered for the calculations are presented in Table 2.6, underlining that aW= was taken from 

Equation 7 or 9 and, for SigFox and LoRa, 𝑃%	_V� values are less than the sensitivities because of the 5 

dB interference margin (Table 2.5). 

Table 2.6: Values considered for 𝑃%& calculation. 

Technology Ingenu SigFox LoRa 
f (MHz) 2400 868 868 
𝜎) (dB) 10.6 9.8 9.8 
ℎYf (m) 100 100 100 
ℎ_ (m) 1.5 1.5 1.5 

aW= =
44.90 − 6.55 log ℎYf	 _

10
 

3.18 3.18 3.18 

𝑃%	_V� -133 -137 -132 

After this, one calculates the path loss required to achieve 𝑃%& values with 

 𝐿W	[=>] = 𝑃Z	[=>_] + 𝐺Z	[=>] + 𝐺%	[=>] + 𝐺=	[=>] − 𝑃%&	[=>_], 
(13) 

taking the values from Table 2.5 for the minimum link budget communication direction. 

Finally, Equation 7 and 9 were solved in order of 𝑑, for each technology, to determine the coverage 

radius. For Equation 7 it was considered ℎYf = 100	𝑚, ℎ_ = 1.5	𝑚 and 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟𝑠 = 0	𝑑𝐵, 

while, for Equation 9, it was considered ℎYf = 100	𝑚, ℎ_ = 1.5	𝑚, 𝐶_ = 3	𝑑𝐵 and 

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟𝑠 = 𝑓X�	[=>]. After simulating these operations with a Matlab script, the coverage 

radius of the different technologies, for different reliability values, are presented in Figure 2.11. 

 
Figure 2.11: Coverage radius of the three LPWA for different link reliabilities. 
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From Figure 2.6, one can compare the values for 99.9 % and 95 % reliability in Europe with the values 

for the same reliabilities from Figure 2.11. Table 2.7 summarises the results of the comparison. 

Table 2.7: Ingenu’s claimed coverages and simulated coverages comparison. 

Technology Ingenu SigFox LoRa 
Ingenu Radius for 95 % (km) 8.8 4.7 4.7 

Radius for 99.9 % (km) 5.1 2.7 2.7 
Simulation Radius for 95 % (km) 4.2 8.5 5.9 

Radius for 99.9 % (km) 1.3 2.9 2 

Compared to Ingenu’s presented ranges, the coverage values for 99.9 % reliability in the simulation are 

lower for Ingenu and LoRa and higher for SigFox. However, for 95 % both LoRa and SigFox present 

higher distances but, for SigFox, the difference is considerable. On the other hand, Ingenu coverage is 

much lower that what it was alleged, probably because, for this propagation model, the higher Ingenu 

link budget cannot compensate the higher frequency attenuation and, consequently, the ranges are 

lower than for LoRa and SigFox. 

2.3.7. Technologies Comparison 

After concluding an evaluation of the different LPWA technologies, based on the available literature and 

simulations, a summary of the characteristics of the LPWA currently on the market is presented in Table 

2.8. This table does not include CIoT technologies because, as they are still under development and 

the available information is not sufficiently detailed, one could not gather the required data. 

Table 2.8: Different LPWA technologies characteristics summary. 

Technology Ingenu SigFox LoRa 
Maximum Link Budget (dB) 171 160 155 
Urban Range (km) 1 – 4 3 – 9 2 – 6 
Frequencies (MHz) 2400 868 868 
ISM Band ✓ ✓ ✓ 
Bidirectional ✓ ✓ ✓ 

Bitrate (kbit/s) 624 (UL) 
156 (DL) 

0.1 (UL) 

0.6 (DL) 
0.3 – 50 

Payload (byte) 6 – 10000 
1 – 12 (UL) 

1 – 8 (DL) 
19 – 250 

According to some devices datasheets, LoRa’s indicated link budgets have maximum values around 

155 dB, while SigFox presents values between 155 dB and 159 dB, for 14 dBm transmitting power. So, 

from this values, one can assume that the maximum calculated link budgets for LoRa and SigFox are 

acceptable estimations. Finally, Ingenu reveals link budget values based on calculations poorly 

explained, so one did not find any reference value to compare the estimated link budget with. However, 

[Brow17] presents similar ranges for Ingenu (1 – 3 km), which can reveal that these calculations are 

plausible. 
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According to the simulations, SigFox reaches higher ranges in urban environments, with maximums in 

the order of 9 km for a reliability of 95 %. LoRa can reach up to 6 km considering a link budget of 155 

dB. Ingenu, contrarily to what it claims, seems to reach ranges only up to 4 km for 95 % reliability. 

An important aspect to remind is that SigFox and LoRa operate in sub-GHz frequencies, contrarily to 

Ingenu that works in the 2.4 GHz. On the other hand, SigFox is the only UNB technology, because the 

other two use WB based on SS modulation. 

There is no available information about the networks capacity, but latter on this thesis, some simulations 

regarding SigFox network capacity are presented. This metric is probably one of the most important 

factors to evaluate in an IoT network, because of the expected huge number of existing devices in urban 

centres, so the networks should be scalable. 

To close this chapter, some considerations about the CIoT technologies are also denoted. The main 

advantage of these networks over the current LPWA is the fact that it is not necessary to implement a 

specific network dedicated to IoT, instead, it is just required to make software upgrades on the existing 

hardware. Besides that, their coverage is already global, contrarily to the other LPWA networks, so they 

are closer to deliver a ubiquitous coverage. Finally, the fact that those technologies are going to operate 

in licenced bands permit an interference reduction. 
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3. Study Development 
This chapter starts by presenting the equipment used for the development of this thesis as well as the 

SigFox cloud, in Section 3.1. Section 3.2 is divided into six subsections, consisting in the description of 

the SigFox metrics to study as well as the proposed tests to analyse them. Subsection 3.2.1 defines 

the set of initial field measurements to execute, that will be the baseline for most of the consecutive 

metrics evaluation. The subsequent subsections propose tests and calculations to analyse, 

respectively, the outdoor propagation model in Lisbon, indoor coverage, movement effect on the 

communications, devices power consumption and network capacity. 

3.1. Equipment and Network Description 
To conduct the experimental part of this thesis, a Telecom Design 1208 Evaluation Board (TD1208 

EVB) was used [TDEB14]. The full pack is shown in Figure 3.1 and is composed of: 

• TTL-232R-3V3 FTDI USB to TTL Serial Cable (3.3V)-1.8m; 

• TD1208 EVB; 

• 20 cm 868 MHz-Band Swivel Antenna. 

 
Figure 3.1: TD1208 EVB full pack. 

Usually, SigFox terminal devices include batteries and sensors that can autonomously measure 

environment physical parameters. The TD1208 EVB can incorporate those components to interconnect 

any application with the SigFox network, but in this thesis it will only be used as a transmitter, powered 

and controlled by a PC. The TD1208 module is the component responsible for generating the signal 
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that the antenna will transmit and it is unique for each SigFox device. Some of the most relevant 

characteristics of TD1208 EVB are presented in Table 3.1.  

Table 3.1: TD1208 EVB characteristics. 

Frequency (MHz) ISM 868 
Maximum output power (dBm) 14 
Low active radio power consumption 13/16 mA RX, 37 mA TX @ +10 dBm 
Power supply (V) 2.3 to 3.3 
Receive sensitivity (dBm) -126 

To use the device, one needs to have a serial terminal emulation program running on the PC. The 

TD1208 EVB is self-powered by the USB port, in a way that it is only necessary to connect the device 

to a PC with the cable. The device is pre-installed with firmware containing a Hayes-compatible AT 

command interpreter (that also understands the SigFox compatible commands), which allows to type 

in control commands and get the corresponding answers with a serial terminal emulator [TDEB14]. 

Messages are sent in binary format, so any set of characters need to be translated into a sequence of 

hexadecimals, each one representing a character in the ASCII format. For instance, a typical UL SigFox 

message containing “Hello World” can be sent with the following command: 

• AT$SS=48656c6c6f20576f726c64. 

The device default firmware is able to send radio frequency messages to the SigFox network, which 

can be monitored using the SigFox Backend web portal in real-time (http://backend.sigfox.com). To 

access this web portal, a user account is required and it can have associated one or more registered 

devices. 

The device also supports DL messages that in fact work like acknowledgements (ACK). To receive a 

message on the device, a UL message must inform the SigFox network that the device is expecting an 

ACK message. After sending the UL message with the ACK flag activated, the device turns into receive 

mode for approximately 25 seconds, waiting for the DL message. Once received, the device enters in 

sleep mode again. Approximately 15 seconds in the sleep mode pass between the end of the emission 

and the beginning of the reception [DISK16b]. After the reception conclusion, the device sends an Out 

of Band (OOB) frame, working as a reception ACK that does not count as a UL message. Figure 3.2 

shows the current waveform during a DL reception in a device of another chip provider. 

Among other things, the SigFox Server stores the information about all the received messages over 

time and can be accessed in different ways. The transmission date and the message content are the 

basic characteristics of the received messages. To complement, all the BSs that receive the message 

are indicated by their identifier, as well as the Received Signal Strength Indicator (RSSI), SNR, 

frequency and number of frames received in different frequencies. BSs identifiers are composed of four 

characters but cannot be revealed due to SigFox’s privacy policies. 
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Figure 3.2: Typical current waveform for a maximum length frame with DL receive at 14 dB output 

power [SeCI16]. 

The SigFox Backend web portal displays the list of messages received by the network over time and 

their parameters (Figure 3.3). This information can also reach the users’ personal systems using the 

SigFox REST-API, which consists in requesting the server the intended dada using HTTP requests. 

Finally, SigFox also provides a Callback tool, that automatically sends some predefined parameters to 

the user every time a message is received by the network. For this last mode, the user must specify 

the URL to where he wants the data to be sent, via GET, PUT or POST. 

 
Figure 3.3 Received messages data displayed in SigFox Backend. 
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3.2. Tests Definition 

3.2.1. Field Measurements 

The initial objective of this set of measurements was to present the characteristics of some parameters 

of the received signals, depending on the transmission location, while also providing an overview of the 

technology capabilities. In this manner, using Google Maps, one deterministically defined a set of 

outdoor transmission points over the map of Lisbon, in a total of 51, with the goal of reaching a uniform 

density and cover as many points of the city as possible, as presented in Figure 3.4. 

 

Figure 3.4: Planed outdoor transmission locations. 

The reason why an experimental connectivity study over the outdoor surface of Lisbon was developed, 

was because there is no detailed available documentation about the characteristics of the network. The 

only simulations found provide some information about SigFox indoor and outdoor coverage, like 

http://www.sigfox.com/en/coverage or https://backend.sigfox.com/welcome/coverage, but as one can 

prove, they are extremely poor for any type of analysis. On the other hand, the coverage maps are only 

simulations and, since the BSs locations are unknown, one cannot replicate the simulations. 

The transmissions were performed in previously defined locations because the TD1208 EVB does not 

have an incorporated GPS and it was not practical to send the coordinates in the message payload. 

After making a single static transmission in all the planed locations, the characteristics of the received 

signals were stored in the SigFox Backend, which could be accessed every time one needed to evaluate 

specific parameters. 

However, the collected information also provided a baseline for some of the studied SigFox metrics in 

the next subsections. It permitted to calculate a propagation model that describes the outdoor radio 

characteristics in Lisbon, as well as an indoor coverage estimation. Finally, the transmission locations 

also provided a statistical information about the profile of Lisbon’s terrain, which was very important to 
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develop a theoretical environment for a network capacity study. Along the next sections, one will provide 

more concise details of how the collected data in this experiment were used. 

Other set of experiments consisted in determining some BSs locations, in order to gather the missing 

information required to estimate a propagation model. Since the locations of the SigFox BSs are 

confidential property, there is no publicly available information about them. To find a BS, one must 

estimate its location with experimental measurements, so that it can be used during this thesis 

development. 

First, one must take into consideration that all SigFox BSs are identified by a unique identifier code of 

4 characters, so that when a transmission is made the user can check which BSs received the signal.  

To discover the location of a BS, one executed a set of transmissions over a certain area and analysed 

the received powers in all BSs. When a certain BS receives a signal with an RSSI over -80 dBm and 

the value is also much higher than all the others values, it means that BS is near. It is necessary to 

track the BS identifier in the SigFox Backend website and see how the power varies with the location 

of the UL transmission. After making some transmissions around the area and finding the location in 

which the BS received RSSI is maximised, one can estimate the building where the antenna is located. 

Figure 3.5 presents the methodology adopted to find the location of an imaginary BS (designated BS3), 

by tracking the values of the RSSI for that BS identifier code. 

 
Figure 3.5: Methodology to find the location of BS3. 

With some known BSs, in future experiments one can directly search them by their identifier code to 

collect information about the received signals. Knowing the approximate location of the buildings where 

the antennas are located, one can also estimate the heights of the antennas from the ground, as well 

as the elevations of the terrain in those points, using Google Earth. Since, as previously referred, the 

identifiers and locations of the BSs are confidential data, one cannot refer them during the thesis. 
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3.2.2. Propagation Model 

As previously mentioned, long range communications are a key requirement of the LPWA technologies. 

Some theoretical values were estimated in Subsection 2.3.6, however the calculations were based on 

parameters given by different authors and the propagation models were also based on theoretical 

environments. Using the transmissions data and two BSs obtained from the experiments in Subsection 

3.2.1, one can develop a propagation model that describes Lisbon’s environment. Having a propagation 

model optimised for a real urban environment, one can make signal predictions and also validate the 

theoretical communication ranges. 

Before developing a propagation model, one must mention some important considerations about the 

characteristics of Lisbon’s environment. Lisbon has an approximate extension of 100 km2 and a very 

irregular topography. Most of the area has heights varying between 70 and 100 m, but the maximum 

height occurs around 200 m, while heights up to 20 m only occur near the margins of Tagus River. 

Streets and buildings alignments are not regular as New York city or large cities of Japan, which means 

that some of the most used propagation models are not optimised to describe Lisbon in all its extension. 

Buildings, in general, are not very high and most of them do not exceed 7 stories. It also has some 

large green spaces spread all over its surface, highlighting Monsanto Forest Park which covers 

approximately 10 % of the county of Lisbon. 

After characterising Lisbon’s environment, the first step for a model calculation is to determine the 

theoretical received power using Friis equation: 

 𝑃%	[=>_] = 𝑃Z	[=>_] + 𝐺Z	[=>] + 𝐺%	[=>] − 𝐿W	 => , 
(14) 

where 𝑃Z is the transmission power, 𝐺Z the transmission gain, 𝐺% the reception gain and 𝐿W the path 

loss. As previously referred, for SigFox UL communication, 𝑃Z + 𝐺Z = 14 dBm and 𝐺% = 9 dBi, so one 

gets 𝑃%	[=>_] = 23 − 𝐿W	 => . 

In order to calibrate a propagation model that describes the obtained experimental results, the CVX 

package was used. CVX is a Matlab-based modelling system for convex optimisation, provided by 

[GrBo17], that allows constraints and objectives to be specified using standard Matlab expression 

syntax. In this case, the problem to be solved is: 

 𝑚𝑖𝑛𝑖𝑚𝑖𝑠𝑒�,>,Q,¡,𝑳𝒑 23×𝟏¥ −	𝑳𝒑	[=>]¥ − 	𝑷𝒆𝒙𝒑	[=>_]¥  (15) 

subject to 

𝑳𝒑	[=>]¥ = 𝐴𝟏¥ + 26.16 log 𝑓gHI 𝟏¥ − 𝐵 log 𝒉𝒃𝒆	 _
¥ + 𝐶𝟏¥ − 𝐷 log 𝒉𝒃𝒆	 _

¥ ¡
log 𝒅 i_

¥

− 𝐻_)	 => ℎ_	[_] 𝟏¥ − 𝑲ZU	 =>
¥ − 𝑲UW	 =>

¥ − 𝑲XW	 =>
¥ . 
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Equation 15 minimises the L2-norm of the vector obtained by the difference between the theoretical 

received powers vector and the experimental received powers vector. The vector of theoretical received 

powers is given by 23×𝟏¥ − 𝑳𝒑	[=>]¥ , where 𝑳𝒑 is the theoretical path loss values vector for all the 

transmissions. 𝑷𝒆𝒙𝒑 is a vector of all measured RSSI values for the different locations. 𝑳𝒑 vector is 

obtained from a matrix resolution of the Okumura-Hata model (from Equation 7) for a set of points in 

different locations.  𝐴, 𝐵, 𝐶 and 𝐷 represent the parameters from the model to calibrate, in order to get 

an optimised model that best describes the radio propagation characteristics in Lisbon. 

For the other parameters of the theoretical path loss model, one considered 𝑓 = 868 MHz and ℎ_ = 1.5 

m (for the calculation of 𝐻_)). Each individual ℎYf was calculated using: 

 ℎYf	[_] = 𝑒YX	[_] + ℎYX	[_] − 𝑒_	 _ , (16) 

where 𝑒YX is the terrain elevation in the BS location, ℎYX the height of the BS and 𝑒_ the terrain elevation 

in the device location. Each of those three parameters were obtained using Google Earth. Finally, for 

each link, 𝑑, 𝐾ZU, 𝐾UW and 𝐾XW were estimated using a script provided in the course of Wireless 

Telecommunications Systems that uses Google Maps to calculate the profile of the terrain, in a straight 

line path between the transmitter and the BS, as shown in Annex A for an example case. 

The experimental RSSI values refer to measurements for two different BSs, in a total of 72, and only 

transmissions in locations that satisfy the constraints of the Okumura-Hata model were considered for 

this model calibration, with the exception of distance constraint that was extended to [0.1,20] km. Finally, 

since only the 868 MHz band was studied, one cannot predict this model validity for other frequency 

values, so 𝑓 parameter in Equation 15 could simply be substituted by 868 MHz, in order to end the 

model dependence on frequency. The same applies to ℎ_, because it was only tested for 1.5 m. 

3.2.3. Indoor Coverage 

Many services require an indoor placement of IoT devices, such as alarms, energy optimisation 

systems, video surveillance, smart parking, etc. Contrarily to normal cellular networks, IoT devices 

require higher indoor coverage levels and link reliability due to their fixed and remote locations inside 

buildings. With cellular devices, a user can move outdoors to find higher link reliability, but IoT devices 

cannot move, so the networks planning must take into account higher indoor attenuation margins. Thus, 

there is a considerable interest in determining the level of coverage that SigFox can provide indoors. 

This subsection aims to develop a large scale indoor coverage estimation in Lisbon, according to the 

results from Subsections 3.2.1 and 3.2.2, and an experimental coverage evaluation in real buildings. 

The indoor attenuation depends on several parameters, such as frequency, structure of the buildings, 

thickness of the walls, materials used, etc. When calculating the total path loss for an indoor 

transmission, one must then consider two additional parameters: 

 𝐿W	[=>] = 𝐿¯)Z	[=>] + 𝐿Wf�fZ%�ZV¯�	[=>] + 𝐿V�=¯¯%	[=>], 
(17) 
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where 𝐿¯)Z is the outdoor propagation loss, 𝐿Wf�fZ%�ZV¯� the penetration loss and 𝐿V�=¯¯% the indoor 

propagation loss. 

In this experiment one is not going to consider 𝐿Wf�fZ%�ZV¯� nor 𝐿V�=¯¯% values individually, but the sum 

of both as a single attenuation. Developing indoor propagation models is also not the objective of this 

study because, since they are extremely dependent on the type of indoor environment, one would not 

be able to make a large scale estimation of the indoor coverage in Lisbon. 

A used method to estimate 𝐿Wf�fZ%�ZV¯� + 𝐿V�=¯¯%, for a certain building or construction, consists in 

determining the outdoor location that maximises the RSSI and, then, compare that value with the RSSI 

values measured for indoor transmissions. The difference between the two values estimates the extra 

attenuation suffered by a signal. However, since it is extremely difficult to determine the direction of the 

strongest ray, one cannot guarantee that a signal transmitted from an indoor location will travel the 

exact same route that the outdoor signal did. Therefore, without any other type of equipment to perform 

these measurements, this method consists only in an audacious approximation. 

The outdoor maximum RSSI measurements from Subsection 3.2.1 will be the baseline for a large indoor 

coverage study in Lisbon. Assuming that each maximum RSSI value describes the average value for 

the nearest surrounding area, by adding supplementary attenuation (representing penetration and 

indoor losses) one could estimate the RSSI for indoor transmissions. Knowing the outdoor propagation 

model, from Subsection 3.2.2 problem resolution, and the standard deviation for urban environments 

given by Equation 12, one can also estimate the indoor link reliability. For link reliability calculations, 

one will consider the indoor and outdoor standard deviations the same, because of the absence of data 

about general characteristics of Lisbon’s indoor environments characteristics. Repeating this procedure 

for all measured points, one can make a statistical analysis of the link reliability for indoor environments 

with different attenuations. Further concise description is presented in Section 4.3. 

After estimating the indoor coverage characteristics in Lisbon, several attenuation estimations will take 

place in two buildings of IST Campus, in order to find out the attenuation values presented by real 

structures. Having the approximated attenuation experienced by a transmission from inside a real 

building and knowing the link reliability for different attenuation values, one can have a clearer vision of 

the indoor coverage capabilities of this technology. 

To have an idea of the experienced attenuations on different floors of a building, North and South 

Towers were studied. Since one knew beforehand the location of the nearest BS, multiple transmissions 

from the sides of the buildings directly facing the BS were made, in order to estimate the average 

outdoor reference RSSI value for each tower (Figure 3.6). Red dots mark the outdoor transmission 

locations, while green lines directly point to the BS location, representing the theoretical directions of 

the strongest emitted rays. These values were the reference to calculate the attenuation of the indoors 

transmitted signals. 
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Figure 3.6: Satellite overview of the two tested IST Campus Towers for indoor attenuation estimations 

[Source: Google Earth, 2017]. 

After concluding up to 20 transmissions in different points of each floor, mainly in the central part of the 

towers, the average RSSI for each floor was calculated. For both towers, ground floors and first 

basements were studied, but, since South Tower also has a second basement, this one was also tested.  

Based on this values, the attenuation verified on each floor was estimated subtracting the outdoor 

reference RSSI to the indoor average RSSI. The final results will include the average RSSI values for 

each location, as well as the attenuation estimations and the message loss ratio. 

3.2.4. Movement Effect on the Communications 

As previously referred, UNB is a source of advantages but it is also a source of complications. The 

frequency variations associated to Doppler effect can be too large compared to the signal bandwidth, 

complicating signals detection and demodulation. Numerous problems regarding movement have been 

pointed to SigFox so, to understand the effect of velocity on the UNB communications, some 

experiments will be made in a moving vehicle. 

With this experiment, SigFox communications will be evaluated in a car moving between velocities of 0 

and 120 km/h, with the device antenna straight over the roof of the vehicle. Since Lisbon roads usually 

have different velocity limits, it was impossible to find any road where a vehicle could move between all 

the velocities under study. Therefore, the tests must be performed in separated roads to cover the range 

of velocities intended. 
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For each velocity, a set of 20 transmissions will be executed, in which half have a 12-byte payload and 

the other half a 1-byte payload. As summarised in Table 3.2, for a vehicle moving between 0 and 50 

km/h, Almirante Gago Coutinho Avenue was picked and, for the other velocities, Vasco da Gama Bridge 

and 2ª Circular highway were taken. Because one cannot predict traffic related factors that can affect 

the experiment, the transmissions will take place randomly along the studied roads, which are going to 

be travelled over and over again until the conclusion of all the transmissions. To avoid periods of heavy 

traffic that could hinder the experiment execution, the study will be taken between 10 and 12 PM. Ideally, 

the transmissions will be executed every 10 seconds, when the car is moving at a constant velocity. 

Table 3.2: Tested velocities on each road. 

Road Velocities (km/h) 
Almirante Gago Coutinho Avenue 0, 20, 40 and 50 
2ª Circular highway 60 and 80 
Vasco da Gama Bridge  80, 100 and 120 

Almirante Gago Coutinho Avenue (Figure 3.7) is a road located at the centre of Lisbon, having an 

extension of 2.7 km and an elevation between 65 and 85 m. At both extremes of the avenue are located 

two roundabouts, which facilitate returning back when both ends are reached. The first two thirds of the 

avenue (counting from the top of Figure 3.7) are mainly bounded by small houses in both sides, and 

the last third is bounded by buildings of 20 to 30 m high. On the first two thirds, at its right, the avenue 

has also a considerable slope of 30 m. Finally, the speed limit on this road is 50 km/h. 

 
Figure 3.7: Almirante Gago Coutinho Avenue [Source: Google Maps, 2017]. 

Vasco da Gama Bridge has an extension of 12.3 km over Tagus River, reaching a maximum height of 

47 m and a minimum of 13 m. Its minimum and maximum speed limits are 50 and 120 km/h, 

respectively, and it will be travelled at different speeds, according to figure 3.8. 
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Figure 3.8: Vasco da Gama Bridge [Source: Google Maps, 2017]. 

Finally, having an elevation of 80 to 90 m, 2ª Circular is an urban highway that connects the occidental 

part of Lisbon to the Oriental one. Despite having a longer extension, only the track in blue from Figure 

3.9, with an extension of 5 km, was picked for the experiment. 2ª Circular has a speed limit of 80 km/h 

and it is known by being one of the roads with the most intense traffic in Lisbon, at any time of the day. 

 
Figure 3.9: 2ª Circular highway [Source: Google Maps, 2017]. 

After concluding all the transmissions, one is going to relate the influence of velocity on the message 

loss ratio, for both payload sizes. Since each message is sent 3 times, one hopes to be able to analyse 

how the number of received frames vary with the velocity. Finally, the redundancy characteristics will 

also be related with the speeds. The results for Gago Coutinho Avenue and 2ª Circular highway will be 

analysed together in the same graphs and will be called “inside Lisbon” results. The results for Vasco 

da Gama Bridge will be presented in different graphs. 
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3.2.5. Consumption Evaluation 

One of SigFox’s claimed unique characteristics that differentiates the technology from all the others is 

the extended lifetime of the batteries. Most of the time, companies, device makers and marketing 

entities claim that SigFox devices can reach a one-decade lifetime. In order to evaluate the achievability 

of these autonomies, some calculations for different use cases, under different environment conditions, 

will be performed. 

First, one should take into consideration that SigFox modules power consumption is not constant over 

time because of their different power modes. Each power mode has different current requirements and 

the time that a device spends in each one vary considerably. The type of application also influences 

the power consumption, because the more times a device transmits or receives, the more energy it will 

consume during a day, lessening the battery lifetime. 

Figure 3.10 presents a power modes state diagram of a SigFox module. A module enters Standby 

Mode after being turned on and after finishing a transmission or reception. In this mode, the module is 

waiting for commands from the host and can also send OOB frames or enter Sleep Mode or Deep Sleep 

Mode to conserve power. Sleep Mode is the most common mode, which is used when the device is not 

being used and it only wakes up to transmit an OOB frame, returning to Sleep Mode after finishing the 

transmission. Finally, in Deep Sleep Mode, the device is completely turned off, so timers stop running 

and settings are lost, unless the user saves them [SeCI16]. 

 
Figure 3.10: Power modes state diagram (based on [SeCI16]). 

OOB frames can be used as keep-alive messages when the device transmits very seldom alarms. 

Periodic static messages can be sent in order to inform the network and the user that the device is alive 

and, in some devices, this kind of communication can be disabled to save energy. 

Although there are SigFox modules that present lower current consumptions, AX-SigFox [SeCI16] will 

be the evaluated one, due to the lack of information in the other suppliers’ datasheets. The currents in 

the different operation modes for this module are shown in Table 3.3. 
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Table 3.3: Current consumptions of AX-SigFox module. 

Description Value 
Deep sleep mode current 500 nA 
Sleep mode current 1.6 µA 
Standby mode current 0.5 mA 
Current consumption in SigFox RX test mode 12.8 mA 
Modulated transmitter current 51 mA 
Charge to send a SigFox OOB message 0.28 C 
Charge to send the longest possible SigFox message (12 byte) 0.37 C 
Charge to send the longest possible SigFox message (12 byte) with DL receive 0.46 C 

For this evaluation, an AA Alkaline Manganese Dioxide battery will be taken due to the fact that this 

type of battery is one of those that presents lower self-discharge rates. It is also assumed that this 

battery initial capacity is 3000 mAh and some performance factors are ignored because of the absence 

of data. 

According to [Ener12], this type of batteries suffers a self-discharge that depends on the temperature. 

The batteries discharge at rates of 0.5 %/year for 0 ºC, 3 %/year for 20 ºC and 5 %/year for 40 ºC, 

approximately. However, a more conservative approach will be taken in order to include other unknown 

discharging factors. Thus, one will consider discharge rates of 1 %/year for 0 ºC, 6 %/year for 20 ºC 

and 10 %/year for 40 ºC in all the calculations. The capacity of a battery is thus given by 

 𝐶>	[_�U] = 𝐶�	[_�U](1 − 𝑑%)°, 
(18) 

where 𝐶� is the initial battery capacity, 𝑑% the discharge rate per year and 𝑦 the number of years passed. 

However, besides the SigFox module, the devices include other components like microcontrollers, 

sensors and actuators that require power and will affect the battery lifetime. Table 3.4 lists some existing 

electronic devices which could be used to develop applications. A microcontroller, like ATmega328/P 

[Atme16], is required to control all the components of a device, including the SigFox module, sensors 

and actuators. LIS3DH [STMi16], HDC1080 [Texa16] and ULPSM-CO 968-001 [SPEC16] are sensors 

that can measure physical parameters from the environment. Finally, the Portescap 216E motor 

[Port15] can be used as a remote control actuator. 

Table 3.4: List of possible components used in IoT devices. 

Component Description Current Consumption Value 

ATmega328/P Microcontroller 
Active mode (1 MHz, 1.8 V, 25 ºC) 0.2 mA 
Power save mode (1 MHz, 1.8 V, 25 ºC) 0.75 µA 

LIS3DH Accelerometer 
Active mode 2 µA 
Sleep mode 0.5 µA 

HDC1080 Humidity and 
temperature sensor 

Active mode 1.3 µA 
Sleep mode 0.1 µA 

ULPSM-CO 968-
001 

Carbon monoxide 
sensor Constant consumption  10 µA 

Portescap 216E Motor (actuator) Maximum continuous current 0.86 A 
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The goal of this study is to calculate the autonomy of IoT devices powered by a single AA Alkaline 

Manganese Dioxide battery, under different environment temperatures. First, one will start by 

calculating the autonomy of a single SigFox module for different number of daily transmissions. Second, 

one will take into account two possible IoT use cases, namely a remote irrigation system and an alarm 

system. To estimate their consumptions, two systems including some components from Table 3.4 must 

be roughly designed and some assumptions must be taken. 

3.2.6. Network Capacity 

The capacity metric of a network is a key element for the revenue side of a successful business, 

because the amount of revenue will typically be directly proportional to the number of devices that a 

network can serve. The capacity per piece of network also determines how profitable a business will be 

in the long-term, because the less BSs required to serve a number of devices, the lower the 

infrastructure costs. Having discussed the huge IoT market growth predictions in Section 2.1, one must 

understand the scalability of SigFox network capacity, because once a critical number of devices is 

reached, the system ceases to work robustly and if it ceases before satisfying the market demand, the 

technology is condemned to fail. 

As previously said, reliable sources of information about SigFox characteristics, like capacity, are 

extremely difficult to find, because, most of the time, the only source of information is based on 

manufacturers, device makers or even marketers, which tend to overestimate their technologies 

capabilities and underestimate the other’s. However, we found an independent work of [MaaW16], 

consisting in a SigFox capacity estimation by means of computer simulations, which have strong 

theoretical foundation. Because it is an open source set of Matlab scripts that allow modifications (with 

the condition that the original work is properly referenced and the changes specified), some 

modifications in the model are proposed in this study. 

The main principle behind these scripts consists in the calculation of frames collision during a certain 

time period. Figure 3.11 represents a 200 kHz BS spectrum during 60 seconds, for 1000 devices 

transmitting a single message in that period of time. Since a SigFox message is sent in three 

consecutive frames in different random frequency channels, each green trace represents a frame 

transmission. Each device starts sending a message at a random time instant, with each of the 

consecutive three frames taking 2 seconds to be transmitted. Thus, the frequency axis is divided into 

2000 channels of 100 Hz, whilst the time axis is divided into 6000 slots of 10 ms. Red traces represent 

collisions between frames, which result in total loss of all intersected ones. The simulator assumes that 

simultaneous frames only separated by 100 Hz also collide, because of the interference that they would 

still cause to each other. 

A second script from [MaaW16] analyses the previous data in order to present more tangible results, 

namely the number of collisions, number of failed transmissions and packet error rate (the same as 

message loss ratio) for different number of devices transmitting a single message within one minute. 

The number of collisions is the sum of all intersections verified during that time period, whilst the number 
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of failed transmissions is the sum of all devices that had all their three frames collided and, thus, their 

messages were lost. Finally, the packet error rate is the percentage of messages that were lost during 

the period of one minute. Figure 3.12 shows the results for a different number of devices transmitting a 

message within one minute. 

 
Figure 3.11: BS spectrum representation during 1 minute for 1000 devices [MaaW16]. 

 
Figure 3.12: Capacity of a BS depending on the number of messages per minute [MaaW16]. 
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After a detailed analysis of the scripts, one detected possible changes and extra considerations that 

could be implemented to make the simulations more realistic. First, the program can correctly detect 

collisions but it does not consider an extremely important factor for a capacity estimation, which is 

interference. It assumes that all intersections result in total loss of all intervening frames when, in reality, 

if a frame presents an SNR higher than 5 dB, it can still be received. This derives from the fact that 

[MaaW16] does not take into consideration the random locations of the devices in a cell, that will 

consequently affect interference and received powers. Finally, as result of the increase of interference, 

the maximum BS sensitivity will also decrease, because, from Equation 3, 𝑁[=>] will increase and 

therefore this will affect the number of received frames. 

Another problem consists in the fact that spatial diversity is not considered which, in theory, reduces 

packet error rates. To introduce all these missing important factors in the SigFox capacity estimation, 

one must start by defining a theoretical environment that describes the devices and BSs distribution 

within an area. In this new approach, one cannot ignore the fact that the distance between the devices 

and the BSs varies, because it will influence the received powers and affect interference. Terrain profile, 

effective height of the antennas and other factors will also affect the propagation losses for each 

different communication, creating a complex interference environment. Figure 3.13 represents a 

geometric model to describe the distribution of devices and BSs inside a square area of a certain length. 

While devices are placed randomly, BSs are placed deterministically, according to a certain constant 

separation value, and can all detect signals from a single device. 

 
Figure 3.13: Possible BSs distribution inside a square area. 

After this, a certain number of devices are randomly inserted inside the area and the distances that 

separate each device from each BS are calculated. Then, knowing the optimised propagation model 
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from Equation 15 resolution, one can randomly calculate the theoretical UL received powers for each 

device. To do so, for each communication one randomly attributes values between 30 m and 100 m to 

ℎYf and values between -20 dB and 5 dB to 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟𝑠. Both ranges of values were chosen 

according to the most typical values verified in the locations where the outdoor transmissions in Lisbon 

were performed. To make the received powers even more realistic, one added a random supplementary 

indoor attenuation between 0 dB and 20 dB, which correspond to the typical indoor attenuation range 

verified at the ground floor of the buildings. 

The original script randomly chooses three frequency channels for all devices that will carry the three 

frames. However, it does not consider that, in reality, the channels should have a minimum separation 

value between them. According to SigFox Backend, after numerous frequency readings, one estimated 

a minimum channel separation of 25 kHz and, based on this, implemented a different algorithm for 

channel attribution that satisfies this condition. 

To conclude, every time multiple frames intersect at a given time and frequency slot in a BS, the script 

verifies if the strongest signal is 5 dB higher than the interference, obtained by the linear sum of the 

powers of all other frames and noise floor. In this manner, the new model approach considers that not 

all collisions result in losses by verifying if the strongest signal has an SNR higher than 5 dB. In the end, 

the program will also verify if all three frames sent from each device were lost in all BSs, to determine 

if the message was lost. 

Finally, a flowchart of the final script is shown in Annex B and the added new features are summarised 

below: 

• For each message, the three attributed random frequency channels are separated by a minimum 

value of 25 kHz; 

• A theoretical environment was developed to describe the devices distribution in an area with 

variable number of BSs, as well as different power attenuations for each communication; 

• Interference is measured in all time and frequency slots; 

• Spatial diversity considerations were added; 

• In each BS, it can detect whether or not the strongest signal among the intersected ones presents 

an SNR higher than 5 dB and, thus, determine if it was lost or not; 

• Relation between the average BS sensitivity and the number of transmitting devices. 
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4. Results Analysis 
This chapter presents the results for the most important SigFox metrics evaluation, defined in Chapter 

3, and their analysis. Section 4.1 presents a general overview of the characteristics of the experimental 

measurements over Lisbon. Sections 4.2, 4.3, 4.4, 4.5 and 4.6 present the results for the propagation 

model calculation, indoor coverage capabilities, movement effect on the communications, energy 

consumption of the devices and network capacity estimation, respectively. 

4.1. Network Overview 

In order to have a general view of the capabilities and characteristics of the SigFox network coverage 

in Lisbon, a tool was developed. This tool presents a map of the city and relates the different UL 

transmission locations with the characteristics of the received signals. The information about all outdoor 

transmissions performed over the area of Lisbon was stored in a database, including the geographical 

coordinates. Using Google Maps API, the transmission locations were marked on the map and the 

marker colours were selected according to the chosen transmission parameter to evaluate. This map 

was displayed in an HTML page, using PHP to intermediate the interactions with the database and 

JavaScript to support the dynamic changes on the page. 

One must reinforce that all 51 transmissions were performed only once at the planed outdoor locations, 

on different days and times. Since all them are marked in the maps, it means that none were lost and 

the next figures show the characteristics of the received signals. Exact values are not presented in the 

images due to confidentiality commitments. 

To start, Figure 4.1 indicates the highest verified RSSI among all the BSs that received the signal. As 

previously referred, the maximum sensitivity presented by a BS occurs around -142 dBm, which means 

that most of the signals presented RSSI values far above that critical level. This can suggest that SigFox 

provides a high coverage, but although the RSSI values are far above the maximum sensitivity, it does 

not mean that the signals are more likely to be received. Because of that, Figure 4.2 indicates SNR 

values, which is the parameter that determines if a signal is more likely to be received or not. 

According to SigFox Backend, no signals with an SNR value below 5 dB were ever recorded, which 

can suggest that 5 dB is the minimum margin to correctly demodulate a signal. One can observe in 

Figure 4.2 that, in the best BS, almost every signal presented SNR values equal or higher than 50 dB 

and no transmission verified SNR values below 20 dB. Therefore, one can conclude that all signals 

presented power values far above the sensitivity levels, which increases the probability of being 

correctly received. 
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Figure 4.1: Highest RSSI value among receiving BSs. 

 
Figure 4.2: Highest SNR value among receiving BSs. 

Since SigFox employs spatial diversity to increase even more the chances of receiving a signal, Figure 

4.3 displays the redundancy characteristics verified. As one can see, in most of the cases a message 

is received at least by 20 BSs, which demonstrates a high network redundancy capability. In some 

locations, the redundancy can reach values above 40 BSs, suggesting that very distant BSs can still 

receive the messages and, thus, SigFox supports high range communications. 

Finally, frequency diversity is also analysed in Figure 4.4, only for the best BS. After looking at the map, 

one can conclude that almost every frame sent in a different frequency was received in the best BS, 

reducing even more the probability of transmission failures. 
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Figure 4.3: Number of receiving BSs. 

 
Figure 4.4: Number of received frames in the best BS. 

On the date these transmissions were made, the probability of losing an outdoor static transmission 

was very low because of the high coverage provided by the network and diversity techniques employed. 

However, these results can change in the near future with the increase of the existing SigFox devices, 

which will directly increase interference levels. 
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4.2. Propagation Model 

This section presents and analyses the solution for the problem proposed in Subsection 3.2.2. Outdoor 

coverage capabilities are also evaluated for different scenarios. 

After solving Equation 15 in Matlab, using CVX, the results were: 𝐴 = 150.35, 𝐵 = 63.59, 𝐶 = 25.39 and 

𝐷 = −8.43. Therefore, the final propagation model becomes: 

 
𝐿W	[=>] = 150.35 + 26.16 log 𝑓gHI − 63.59 log ℎYf _

+ 25.39 + 8.43 log ℎYf	 _ log 𝑑 i_ − 𝐻_)	 => ℎ_	[_]

− 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟𝑠 => . 

(19) 

According to the range of values attributed to the variables, one can only guarantee a model validity 

for: 

• 𝑓 = 868	𝑀𝐻𝑧; 

• 𝑑 ∈ 0.1, 10 	𝑘𝑚; 

• ℎYf ∈ 30, 200 	𝑚; 

• ℎ_ = 1.5	𝑚. 

An interesting aspect about the results is the fact that D coefficient presents a negative value, which 

contradicts the conventional average power decay trend with the increase of ℎYf. Therefore, against 

the expectations, the higher the antenna, the higher the average power decay. Anyways, this model is 

still the one that best describes the results obtained from the experimental measurements. 

Figure 4.5 presents the model error distribution in the form of a histogram. This was calculated based 

on the difference between the model theoretical received powers and the actual measured ones. The 

mean value of the model error distribution is 0 dB, while the standard deviation is 8.83 dB, which is 

actually below the theoretical signal standard deviation for urban environments (𝜎) = 9.8	𝑑𝐵), predicted 

by Equation 12. So one can interpret the model error distribution as result of signal variations caused 

by fading and, since it is below the theoretical standard deviation, it means the model is well calibrated 

for the set of experimental measurements executed. Some additional information about the obtained 

results in this study is presented in Annex C. 

Figure 4.6 presents the power variation with distance and effective BS height, for a terrain correction 

factors sum of -14 dB, which represent a rough estimation of the average attenuation caused by 

irregularities of Lisbon’s topography. As one can verify, even for ℎYf = 30 m, a signal could reach a 

maximum distance of approximately 2.5 km. For higher values of ℎYf, the model suggests that a 

communication can easily reach up to over 10 km. 
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Figure 4.5: Optimised propagation model error distribution. 

 
Figure 4.6: Optimised propagation model curves. 

Figure 4.7 compares the predicted power variation of the optimised model, that describes Lisbon, and 

the Okumura-Hata model, for the same environment. The first conclusion one can take is that for ℎYf =

200 m the optimised propagation model predicts much higher received powers than Okumura-Hata 

model, sometimes even up to 30 dB higher. Actually, only for values of ℎYf greater than 50 m this 
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characteristic is verified, because for lower values of ℎYf, the optimised propagation model estimates 

lower powers than Okumura-Hata. 

 
Figure 4.7: Optimised model and Okumura-Hata model predictions comparison. 

One possible explanation for this fact is that Lisbon environment differs from the environments where 

Okumura-Hata were calibrated, namely Tokyo, which is characterised by much higher buildings than 

Lisbon’s. Therefore, as predicted by Walfisch-Bertoni model (Annex D), for two environments 

presenting the same ℎYf, the one with lower buildings presents lower attenuation values, in theory. 

One is aware that the more experimental measurements we performed, the more calibrated the model 

would be. The main reason why more transmissions were not performed was related with the limitations 

imposed by the available equipment, namely the used transmitter. Some SigFox Evaluation Boards 

include a GPS module which drastically reduce manual data processing requirements, because, with a 

simple AT command, the transmission location coordinates are directly sent in the message payload. 

However, the used Evaluation Board did not include this feature, and the available computer did not 

have the capability to provide the GPS coordinates outdoors, because it required a Wi-Fi connection to 

do so. To overcome this problem, it would be required to use another device with a GPS system to 

obtain the coordinates, then they would have to be transferred to the computer, that finally would convert 

the coordinates into hexadecimal and write it in the payload of the transmitted message. Since this was 

an unpractical method, we adopted a different approach that consisted in transmitting the signals from 

previously defined locations, and then associate the sequence number of the messages to the 

locations. However, even this second method required a lot of manual data processing which limited 

the number of transmissions performed during this experiment. 
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4.3. Indoor Coverage 

This section presents the results for the implementation of the indoor coverage study, proposed in 

Subsection 3.2.3. Looking at the data measurements in Subsection 3.2.1, it seems difficult to find a 

parametric distribution that properly describes the data. Therefore, to avoid making assumptions about 

the distribution, we fitted the data with a kernel smoothing distribution, using a normal kernel [Math17]. 

The data measurements, grouped into bins, and the resulting kernel smoothing distribution are shown 

in Figure 4.8. This distribution presents an average of -92 dBm and a standard deviation of 8.6 dB. It is 

also interesting to point out that the transmission that presented the weakest RSSI had a value of -110 

dBm. Considering then that the outdoor received RSSI can be approximated by this distribution, one 

can predict the indoor coverage for a certain indoor plus penetration loss and for a certain percentage 

of locations, using the cumulative density function. 

 
Figure 4.8: Outdoor strongest RSSI distribution. 

Figure 4.9 shows the minimum link reliability for additional indoor and penetration attenuation values, 

for different percentage of indoor environments in Lisbon. For instance, with an additional attenuation 

of 20 dB, 50 % of the indoor environments in Lisbon (blue curve) in that situation will have a link reliability 

of down to 99.5 % but, if considering 99% of the indoor locations (yellow curve), they will only have, at 

least, a link reliability of 87 %. The link reliability is calculated with Equation 11, for an 𝑎W= = 4 

(considering ℎYf = 60	𝑚 in Equation 19), 𝑃%	_V� = −137	𝑑𝐵𝑚 (due to the 5 dB interference margin) and 

𝜎) = 9.8	𝑑𝐵 (from Equation 12, considering 𝑓 = 868	𝑀𝐻𝑧). The blue curve is calculated adding 

supplementary penetration and indoor losses to the average outdoor received RSSI (𝑃%&	[=>_] = −92 +

𝐿Wf�fZ%�ZV¯�	[=>] + 𝐿V�=¯¯%	[=>]). In this manner, at least 50 % of the indoor locations will have the link 

reliability described by the blue curve. The orange, yellow and purple curves were calculated in the 

same way but adding penetration and indoor losses to -102 dBm, -112 dBm and -116 dBm, respectively. 
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Figure 4.9: Link reliability for different indoor attenuation values, for different percentages of Lisbon’s 

indoor locations. 

SigFox considers an indoor attenuation margin of 20 dB and an underground attenuation margin of 30 

dB in its coverage simulations. Actually, one can estimate that 99 % of the indoor locations (yellow 

curve) with an attenuation of 20 dB have a coverage reliability down to 87 %. For underground 

environments with a 30 dB additional attenuation, 88 % of the locations (orange curve) have a coverage 

reliability down to 87 %. So one can estimate that a high percentage of indoor and underground 

locations can still have a high link reliability in Lisbon, considering those reference attenuation values. 

After estimating the theoretical link reliability for different attenuation values, considering different 

percentage of locations, one presents now the results for the experimental indoor coverage tests in IST 

Campus Towers. Table 4.1 presents the average RSSI values measured outdoors and on different 

floors of both buildings, as well as the message loss ratio and average extra attenuation suffered in 

each location. 

Table 4.1: Results for the indoor attenuation experiments. 

 Outdoor Ground Floor Underground (-1) Underground (-2) 
RSSI 
(dBm) 

Loss 
Ratio 

RSSI 
(dBm) 

Att. 
(dB) 

Loss 
Ratio 

RSSI 
(dBm) 

Att. 
(dB) 

Loss 
Ratio 

RSSI 
(dBm) 

Att. 
(dB) 

Loss 
Ratio 

North 
Tower 

-77 0 -89 12 0 -125 48 0.08 x x x 

South 
Tower 

-68 0 -90 22 0 -114 46 0 -136 68 0.23 

The estimated attenuation on the ground floor of South Tower were quite higher than the estimated one 

in North Tower, because the first building presents a higher depth and it is surrounded by thicker walls. 

Despite this, both values suggest that a 20 dB margin is acceptable to predict the indoor attenuation of 

the buildings. However, underground attenuations presented considerably higher values than the 30 

dB considered by SigFox, nevertheless, a very low message loss ratio was verified in the basements. 

The high attenuations presented in the basements may be related with the type of constructions, depth 
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of the floors or even materials used, so the values must not be considered as global reference values 

for all underground environments. 

Taking into account the large attenuation values verified for underground environments and the 

substantially low message loss ratios, one demonstrated an extreme penetration capability of SigFox. 

Anyway, one should refer that the considered BS was significantly close to the studied buildings, so it 

is possible that, in other locations, a transmission in a similar building would fail. For example, looking 

back at the graph in Figure 4.9, for the total indoor locations presenting more than 60 dB attenuation, 

one can roughly predict that much less than 50 % would still have an acceptable link reliability. Finally, 

one cannot guarantee that the strongest rays will always be the green traces in Figure 3.6, because for 

that it would be required a ray tracing equipment, so these attenuations are only stipulations. 

4.4. Movement Effect on the Communications 

After completing the set of transmissions planned in Subsection 3.2.4, the results are presented and 

analysed in this section. Before presenting the results, some theoretical considerations are provided in 

order to perform their analysis. 

In most of the cases, there is no line of sight between the transmitter and receiver in urban 

environments, so the propagation is done via reflection, diffraction and scattering. The signal is not only 

affected by path loss but also by shadow fading and multipath fading, which depend on the device 

location and environment [Corr16]. Shadow fading depends on obstacles, signal diffraction and number 

and proximity of reflectors. Multipath fading depends on signal reflectors and their proximity to the 

device, but also on the velocity of the device relative to the transmitter [Sous17]. 

Multipath fading is characterised by two parameters which are delay spread and Doppler spread. Delay 

spread is a result of the sum of multiple echoes of the transmitted pulses caused by multipath. Doppler 

spread is a result of different signal multipath components frequency shifts (Doppler shifts), which are 

proportional to the relative velocity of the terminal with respect to the angle of arrival of the component 

[Sous17]. Doppler shift is given by 

 𝑓¡	[HI] =
𝑣[_/X]
𝜆[_]

cos ∝, (20) 

where	𝜆 is the wavelength,	𝑣 the device velocity and ∝ the angle between the received ray and the 

movement direction. When the emitter and the receiver are moving closer the shift is positive and when 

they are moving away the shift is negative [Corr16]. 

When delay spread increases, the signal frequency response variation also increases and when the 

Doppler spread increases, due to velocity, the fastest it gets the time variation of the signal. Once the 

signal power varies in time and frequency, the SNR also varies, which means that if the signal drops 

below the minimum SNR value (outage), many bit errors occur and can result in packets loss. For this 



 56 

reason, UNB signals experience drastic distortion and dispersion when the antenna position varies over 

a distance of even a single wavelength [Sous17]. 

FDMA systems can also be very sensitive to Doppler effect due to channels frequency deviation, which 

can shift part of the signal outside the filter bandwidth of the receiver, resulting in partial or total loss of 

a message. However, since SigFox is an RMA technology, the receivers can receive any frequency 

within the limits of the reception window, so channel frequency shift is not critical. The absolute 

maximum Doppler shift for different velocities at 868 MHz is shown in Figure 4.10 and, for example, at 

a velocity of 120 km/h, the absolute maximum frequency shift is 96 Hz. Since the reception window has 

200 kHz, most probably the Doppler effect will never shift the channels beyond the reception window 

limits, considering that in urban environments the devices do not exceed this range of speeds. 

 
Figure 4.10: Maximum Doppler shift for a frequency of 868 MHz. 

Before starting to analyse the results, one must first clarify that the results strongly depend on the 

location of the transmissions. Even on the same road the results can vary a lot, so they cannot be 

generalized to the whole city. Because of this, when the results for Gago Coutinho Avenue and 2ª 

Circular highway are joined in the same graphs, it is also expected a break in the trend of the curves. 

Figure 4.11 shows the message loss ratio for transmissions inside Lisbon and on Vasco da Gama 

Bridge, for 1 and 12-byte payloads. According to the results, there is no direct relation between the 

speed of a device in a vehicle and the message loss ratio. One can only presume that for shorter 

payloads a message loss is less likely to occur than for longer payloads inside the city. 

However, if one analyses the frame loss ratio in Figure 4.12, a relation can be revealed. Inside Lisbon, 

as the velocity increases, the frame loss ratio in the BS that received the signal with a higher SNR tends 

to also increase, most of the time being higher for longer message payloads. The results obtained for 

the transmissions on Vasco da Gama Bridge provide important conclusions because, against the 

expectations, the communications quality was not affected by the speed increase. This shows that 
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velocity is not a problem by itself, but the problem may be the combination with the proximity of 

obstacles in the emission location. 

 
Figure 4.11: Message loss ratio for transmissions inside Lisbon and on Vasco da Gama Bridge. 

 
Figure 4.12: Frame loss ratio in the best BSs, for transmissions inside Lisbon and on Vasco da Gama 

Bridge. 

Figure 4.13 presents the average number of receiving BSs per transmission, for each velocity. For the 

transmissions performed inside Lisbon, one can find out that, on average, the received signals in all 
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BSs exhibited a degradation as the velocity increased. The frame loss ratio not only got worse in the 

best BSs but also in most of the receiving BSs, so that is why less BSs received the signals on average. 

 
Figure 4.13: Average number of receiving BSs, for transmissions inside Lisbon and on Vasco da 

Gama Bridge. 

One can also verify that for Vasco da Gama Bridge the average number of BSs where the signals were 

received did not decrease with the increase of the speed. Actually, the curves remained relatively 

constant for the three different velocities. This may occur because when a device gets more distant 

from the BSs and has a large path without any obstacles directly after it, the line of sight becomes more 

likely to occur, so the fading effect is reduced. Therefore, when the fading is reduced, the frame loss 

ratio in most BSs decreases, which can explain the results in Figure 4.13 (b). 

Figure 4.13 results can be supported by Figure 4.14, which indicates the average number of frames 

received per BS per transmission, for each velocity. One can conclude that as the average number of 

frames received per BS per transmission decreases, the average number of BSs that receive a 

message also decreases. A lower average number of frames received per BS results in a lower 

probability of receiving a message, so the average number of BSs that receive a message will also be 

lower. 

All the results indicate that the performance is worse for transmissions of messages with longer 

payloads. Since the bitrate of the SigFox channels is constant (100 bit/s), a single frame transmission 

takes longer when a message payload size increases. Consequently, to explain this aspect, we suggest 

that when the BSs are receiving longer messages it gets more likely to occur multiple outages during 

those longer periods of time, which result in a higher probability of packet losses. 
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Figure 4.14: Average received frames, for transmissions inside Lisbon and on Vasco da Gama Bridge. 

As previously analysed, the SigFox network provides a high coverage in Lisbon and, during this thesis 

development, a message has never been lost from static outdoor transmissions. Due to its high link 

budget, that can keep a high fading margin, and combined frequency and spatial diversity, SigFox 

minimises the effect of shadow and multipath fading. However, the network coverage is limited, which 

means that, depending on the environment, at a certain maximum speed the receivers can no longer 

receive a message. The experiments show that, for the range of velocities studied, the network in Lisbon 

can still receive a high percentage of messages. However, the impact of velocity can be dramatic for 

performance in other geographical locations with lower levels of coverage. 

4.5. Consumption Evaluation 
To continue Subsection 3.2.5, this section will present and analyse the autonomy results for AX-SigFox 

module by itself and integrating two IoT systems with other components. 

Considering the SigFox module highest usage rate scenario, in which a device uses the maximum daily 

permitted number of UL and DL messages and also sends an OOB message, a single AA Alkaline 

battery only powering the module would last for roughly half a year, at any of the three temperatures 

under study. The calculations and results are summarised in Table 4.2. 

Having now a more conservative approach, where the SigFox module only transmits one keep-alive 

message (OOB) and one message with maximum payload size per day, the results for the same battery 

under the same conditions are quite different. The calculations and the results are presented in Table 

4.3. 
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Table 4.2: Autonomy for the maximum daily module usage. 

AA Alkaline battery 3000 mAh 10800 C 
Sleep charge per day 1.6 µA × 86400 s 0.14 C/day 
OOB frame transmission 1 × 0.28 C/day 0.28 C/day 
Frame transmission 136 × 0.37 C/day 50.32 C/day 
Frame transmission with DL 4 × 0.46 C/day 1.84 C/day 
Total charge consumption 52.58 C/day 
Battery life (20 ºC) 0.54 years 
Battery life (0 ºC) 0.55 years 
Battery life (40 ºC) 0.53 years 

Table 4.3: Autonomy for the minimum daily module usage. 

AA Alkaline battery 3000 mAh 10800 C 
Sleep charge per day 1.6 µA × 86400 s 0.14 C/day 
OOB frame transmission 1 × 0.28 C/day 0.28 C/day 
Frame transmission 1 × 0.37 C/day 0.37 C/day 
Frame transmission with DL 0 × 0.46 C/day 0 C/day 
Total charge consumption 0.79 C/day 
Battery life (20 ºC) 14,8 years 
Battery life (0 ºC) 28.2 years 
Battery life (40 ºC) 11.34 years 

Probably it is not viable to take as granted that an AA Alkaline battery will last for more than 10 to 15 

years, due to corrosion or chemical events that can occur, so it is safer to consider that a battery must 

be replaced every 10 years. Nevertheless, an autonomy of 10 years would still be an important 

achievement since any other modern technology would last so long with the same batteries. 

Numerous times, SigFox or even module manufacturers refer devices autonomies of 10 years, but they 

never specify the conditions under which these values can be reached. Figure 4.15 relates the 

autonomy of this SigFox module, powered by an AA battery, with the number of UL messages sent per 

day plus an extra OOB daily transmission, under different environment temperatures. This graph would 

give important information to customers who want to define the devices usage rate to achieve the 

wanted autonomies, in different environment conditions. One can verify that, only for less than 20 UL 

transmissions per day, the environment temperature starts being more determinant. Autonomies over 

10 years only start occurring for usage rates under 5 daily UL messages, approximately, and they 

strongly depend on the temperature conditions of the places where the battery is located. For usage 

rates over 60 UL messages per day, the expected lifetime of the module varies between a year and 

half a year, so the usage rate choice is more flexible in this range. 
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Figure 4.15: Autonomy of the module for different number of daily UL transmissions. 

Moving now to real-world use cases evaluation, the first one consists in a remote irrigation system which 

could be used in a small garden or even in agriculture. The device contains an AX-SigFox module, a 

ATmega328/P microcontroller, a HDC1080 sensor and a Portescap 216E motor to be used as an 

actuator. The device could be used to monitor the environment conditions during the day and to 

remotely open and close a valve to irrigate the plants. The system wakes up 5 times per day to measure 

humidity and temperature and transmits the measurements in a UL message each time. Messages with 

DL request are only sent when, in one of the 5 readings, the sensor detects that some predefined 

threshold has been crossed.  

The motor is controlled by DL messages to give the user some kind of control over the device. Since 

the user can configure the content of a DL message, he can decide to whether or not open the irrigation 

or define new parameters. One assumes that the valve is only activated once every 10 days, on 

average, having the device a timer to close back the valve. Between the opening and closing events, 

every component is in sleep mode. 

Estimations of the consumption and autonomy of this device are calculated in Table 4.4. Since this is 

an estimation and no real system was designed, the period of time each component spends in active 

mode per day is roughly attributed. The AX-SigFox will send the usual OOB frame, as well as 5 

maximum payload messages plus a 0.09 C excess charge every 10 days, due to the DL request. 

ATmega328/P and HDC1080 will be active for 200 and 100 seconds per day, respectively, and 

Portescap 216E will work 2 seconds every 10 days to open and close the valve. Analysing the results, 

one can conclude that the battery of a device, including other components besides SigFox module, 

would last less time, but it would still achieve an interesting durability. For any of the temperatures 

considered, the maintenance requirements would still be very reduced. 
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Table 4.4: Remote irrigation system autonomy calculation. 

AA Alkaline 
battery 3000 mAh 10800 C 

AX-SigFox 

Sleep charge per day 1.6 µA × 86400 s 0.14 C/day 
OOB frame 
transmission 1 × 0.28 C/day 0.28 C/day 

Frame transmission 5 × 0.37 C/day 1.85 C/day 
Frame transmission 
with DL 0.1 × (0.46 - 0.37) C/day 0.009 C/day 

ATmega328/P 
Active mode 0.2 mA × 200 s 0.04 C/day 

Power save mode 0.75 µA × 86200 s 0.065 C/day 

HDC1080 
Active mode 5 × 1.3 µA × 20 s 0.00013 C/day 

Sleep mode 0.1 µA × 86300 s 0.008 C/day 

Portescap 216E Active mode 2 × 0.1 × 0.86 A × 1 s 0.172 C/day 
Total charge consumption 2.56 C/day 
Battery life (20 ºC) 7.3 years 
Battery life (0 ºC) 10.4 years 
Battery life (40 ºC) 6 years 

Another possible application is an alarm device which can be placed on the entrance door of a house. 

LIS3DH could detect the door opening and inform the user that someone entered his house, while he 

is out. HDC1080 and ULPSM-CO 968-001, on the other hand, could detect abnormal temperature or 

carbon monoxide levels, respectively, in case of fire. 

One assumes this application does not require DL communications and, on average, it transmits 10 

messages per day, hopefully due to the door movement caused by the user when entering or leaving 

his house. For this use case, one considers the sensors are always in active mode to continuously 

measure the physical parameters. One also considers that the microcontroller only wakes up when the 

inputs from the sensors cross some thresholds, being active for an average time of 200 seconds per 

day. Table 4.5 presents the consumption and lifetime calculations for this alarm device and, depending 

on the temperature, one can verify that the batteries that power this system would last between 3.7 and 

5.2 years, which would still be a long period of time. 

Most probably, the idealised devices would include more components and their operation would be 

much more complex. Although these are rough calculations, one can estimate that a simple device 

would be autonomous for years, allowing users to save money and time in maintenance. A real SigFox 

remote valve was found in the market and its datasheet presented an autonomy of 16 years, however 

it included more powerful batteries. Some devices with combined temperature, motion and humidity 

sensors were also found, indicating battery lifetimes of approximately 5 years. So these calculations 

may not be far away from reality. 
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Table 4.5: Alarm system autonomy calculation. 

AA Alkaline 
battery 3000 mAh 10800 C 

AX-SigFox 

Sleep charge per day 1.6 µA × 86400 s 0.14 C/day 
OOB frame 
transmission 1 × 0.28 C/day 0.28 C/day 

Frame transmission 10 × 0.37 C/day 3.7 C/day 

ATmega328/P 
Active mode 0.2 mA × 200 s 0.04 C/day 
Power save mode 0.75 µA × 86200 s 0.065 C/day 

LIS3DH Active mode 2 µA × 86400 s 0.173 C/day 

HDC1080 Active mode 1.3 µA × 86400 s 0.112 C/day 
ULPSM-CO 968-
001 Active mode 10 µA × 86400 s 0.864 C/day 

Total charge consumption 5.37 C/day 
Battery life (20 ºC) 4.2 years 
Battery life (0 ºC) 5.2 years 
Battery life (40 ºC) 3.7 years 

4.6. Network Capacity 

To begin the capacity analysis of a SigFox network, one starts by defining a scenario consisting in an 

area of 100 km2, with a BS separation value of 5000 m, which gives a single BS covering the entire 

area. Figure 4.16 presents a smooth variation of the packet error rate for up to 1000 transmissions per 

minute. One can easily conclude that this network implementation is unfeasible due to its extremely 

high packet error rate. Most of the losses are due to the low coverage provided by a single BS, which 

cannot receive signals from the most distant locations. Therefore, one performed other simulation for 9 

BSs separated by 2500 m, which is presented in Figure 4.17. 

 
Figure 4.16: Packet error rate for an area of 100 km2 and 1 BS, for up to 1000 devices. 
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Figure 4.17: Packet error rate for an area of 100 km2 and 9 BSs, for up to 1000 devices. 

In this second network implementation scenario, for up to 1000 devices transmitting within a minute in 

an area of 100 km2, the packet error rate does not exceed 3 %, which is a much more acceptable value 

than in the previous scenario. To verify how this parameter varies for higher number of devices, Figure 

4.18 presents a simulation for up to 10000 devices, which is equivalent to a device per 1000 m2. From 

the observation of this figure, one can conclude that for over 1000 transmissions per minute, the packet 

error rate starts getting too large. If one considers that, at least, one in twenty messages sent is lost, it 

means that an extremely high amount of information is lost over time, so it does not seem that this 

network could support more than 1000 transmissions per minute. 

 
Figure 4.18: Packet error rate for an area of 100 km2 and 9 BSs, for up to 10000 devices. 

In order to verify the variation of the BSs sensitivity, Figure 4.19 presents the relation between the 

average BS sensitivity and the number of messages per minute. From the observation of the graph, 
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one can have an idea of the average BS sensitivity degradation caused by the number of transmissions. 

For example, for 10000 transmissions per minute, a BS experiences a degradation of 20 dB relatively 

to its maximum value of -142 dB. However, for 1000 transmissions, the maximum sensitivity is only 

affected in 2 dB, which is not significant. 

 

 
Figure 4.19: Average BS sensitivity for an area of 100 km2 and 9 BSs, for up to 10000 devices. 

From the analysis of the results provided by the simulator, one can conclude that for 9 BSs covering an 

entire area of 100 km2, the same as Lisbon’s, the maximum acceptable number of transmissions per 

minute that stills guaranteeing a low packet error rate is 1000. This would allow 1.44×10µ messages to 

be transmitted per day so, according to the average device duty cycle per day, one can estimate the 

maximum number of devices allowed in the area of Lisbon. Figure 4.20 shows the maximum number 

of devices in an area of 100 km2 for different duty cycle values, to guarantee that the maximum 1000 

transmissions per day are not exceeded. 

It is known that one of the main SigFox technology objectives is to provide services and applications 

that require very seldom transmissions. However, even if each device transmitted, on average, one 

message per day, it would allow a maximum of only 1.44 million devices in the entire city of Lisbon. 

This value is far from the predictions of tens of millions of devices in urban areas. According to [INE17], 

Lisbon’s area has a population of, approximately, half a million people, which would give roughly 3 

SigFox devices per person. If one considered that the average duty cycle was of 3 transmissions per 

day, the number drops to 1 SigFox device per person. Anyways, in any scenario, the model indicates 

that the maximum number of devices supported by the network would be far below the IoT growth 

predictions, because it is expected much more than one device per person. 
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Figure 4.20: Maximum number of devices in 100 km2 for 9 BSs, according to the average duty cycle. 

It is possible to introduce more BSs to increase the capacity of the network, however it would also 

increase the infrastructure costs related with the equipment deployment and maintenance. On the other 

hand, the fundamental concept of Wide Area Network no longer makes sense if one reduces too much 

the cells radius. In order to evaluate the effect of other network implementations on the capacity, we 

performed additional simulations for 16 BSs and 81 BSs, as presented in Figures 4.21 and 4.22, 

respectively. From the evaluation of both simulations, one can conclude that the introduction of 

additional BSs does not significantly improve the network capacity, as one can compare with Figure 

4.18. Even with 81 BSs, the packet error rate for 1500 transmissions per minute exceeds 5 %, which 

indicates that the acceptable maximum number of transmissions per minute for this model is still close 

to 1000. Therefore, 9 BSs covering the entire area of Lisbon appears the be the most efficient network 

implementation in the model, but not necessarily the one that describes the reality. Nevertheless, the 

required equipment is extremely minimal compared to cellular networks, that require hundreds of BSs 

to cover the same area. 

The capacity results are only based on a proposed simulation program that makes some theoretical 

assumptions. Other factors, like a cellular deployment of the network, shorter heights of the BSs to 

control the levels of interference and a network planning according to the constructions characteristics 

in each location, probably would allow to obtain more satisfying results in a real city. However, the 

inputs of this program can still be adapted to a real-world environment in order to meet more realistic 

results. Finally, a fundamental conclusion that one can obtain is that although RMA is very inefficient to 

avoid collisions between frames, SigFox adopted this method for spectral efficiency due to its low 

available spectrum bandwidth. 

 



 67 

 
Figure 4.21: Packet error rate for an area of 100 km2 and 16 BSs, for up to 10000 devices. 

 
Figure 4.22: Packet error rate for an area of 100 km2 and 81 BSs, for up to 10000 devices. 
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5. Conclusions 
The main purpose of this thesis was to develop an independent and critical analysis of the behaviour 

of IoT narrowband technologies in urban environments. A critical analysis of the available bibliography 

is done and some experiments and simulations, to evaluate the main metrics and characteristics of the 

SigFox network in urban environments, are performed. The city of Lisbon was chosen as a reference 

scenario, as it is an urban centre where millions of IoT devices may be placed in the near future and 

where the radio interface is complex because of the different devices density, variable usage rates, 

fading, variable indoor and outdoor attenuations, etc. Although SigFox was the only technology 

available to develop experimental tests, a global market analysis was also presented and some other 

LPWA technologies, including LoRa, Ingenu, NB-IoT, LTE-M and EC-GSM-IoT were explored in order 

to perform comparisons. The set of experiments and simulations planned to study SigFox aimed to 

determine the level of coverage provided by the network, the devices autonomy and the network 

capacity. An experiment to evaluate the impact of velocity on the SigFox communications was also 

executed. 

The first chapter of this thesis is intended to briefly describe the IoT concept and its evolution over time, 

followed by the introduction of the main concepts of the LPWA networks, in which narrowband 

technologies are included. The motivation and the problem that led to the development of this thesis 

are also presented, as well as the structure of the document. 

Chapter 2 presents a detailed study concerning the characteristics of different existing IoT technologies. 

It starts by a market analysis, where the IoT growth predictions and the impact on the global economy 

are shown, some IoT applications are described and the different groups of technologies and their 

fundamental characteristics are presented. After this, the concepts behind the two types of modulations 

used in IoT technologies are described, which are UNB and WB. Then, the main requirements of the 

LPWA are summarised and some examples of technologies are described, namely LoRa, Ingenu, 

SigFox and the CIoT solutions. In the end, some preliminary verifications of the link budget, sensitivity 

and coverage for LoRa, SigFox and Ingenu are performed, in order to make a direct comparison of the 

three technologies. 

In Chapter 3, the equipment used to perform the experimental tests is presented and described, as well 

as the SigFox Backend website, where the information regarding the transmissions is displayed. A set 

of transmissions to execute over the city of Lisbon is planned and the methodology to find the locations 

of some BSs is also provided. After this, and based on the previous experiments, the methodologies to 

calibrate a propagation model and to make an estimation of the indoor coverage for SigFox in Lisbon 

are planned. The indoor coverage study also includes the planning of experiments to evaluate the 

penetration capabilities of SigFox, through the execution of a set of transmission from different indoor 

locations in two buildings from IST Campus. Then, an experiment to evaluate the performance of the 

devices communications in moving vehicles is described. The last but one planned study consists in an 

autonomy evaluation of an existing SigFox module, which was used in two roughly designed systems, 
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alongside with other electronic components and powered by an AA Alkaline Manganese Dioxide 

battery. Finally, a capacity estimation of the SigFox network in Lisbon, by means of Matlab simulations, 

is described. The results of the planned experiments and simulations are presented and analysed in 

Chapter 4. 

As referred in Section 2.1, multiple organisations and entities have made numerous projections about 

the impact of the IoT on the modern world. In spite of the different forecasts, in general, all them predict 

the existence of thousands of millions of IoT device connections within the next ten years, which will 

result in huge impacts on the economy, society and technology. Due to this eminent technological 

revolution, besides questions regarding information security, privacy or legal aspects, technical related 

questions are also rising. Along with the increase of the technologies capabilities uncertainty, detailed 

independent technical studies are also scarce. To hinder even more the search for answers, most of 

the manufacturers, device makers or even marketers overestimate their technologies capabilities and 

underestimate the other’s, as a strategy to stand out from the competitors. So, for these reasons, this 

thesis can be very important as it is amongst the first ones addressing this subject in this way. 

Currently, there are numerous different LPWA technologies available on the market, which have diverse 

characteristics. There are groups of technologies that share the same principles, namely the WB and 

UNB solutions, but in general, each technology has considerable particularities that can better fit in 

specific IoT applications or services. Because of the variety of offer on the market and the early state 

of the technologies, there is no consensus about the technology that best fulfils the current market 

requirements. According to the evaluated characteristics of Ingenu, SigFox and LoRa, one estimated 

that, in a standard urban scenario, SigFox could reach an outdoor coverage radius of 3 to 9 km, for a 

link reliability of down to 95 %, which is far superior to the values calculated for LoRa (2 to 6 km) and 

Ingenu (1 to 4 km). On the other hand, Ingenu allows much higher bitrates and packet payload sizes 

than LoRa and SigFox, which may be an important feature for applications that require to collect more 

data. To complement, since Ingenu operates in the 2.4 GHz band, it has less restrictions imposed by 

the regulatory bodies and has a wider band available than the sub-GHz technologies (LoRa and 

SigFox). Finally, as LoRa and Ingenu are based on SS modulation techniques, they are more resistant 

to interference and jamming than SigFox, based on the UNB modulation. 

LTE-M, NB-IoT and EC-GSM-IoT promise to revolutionise the IoT market due to the fact that they may 

be closer to fulfil the IoT requirements. The CIoT main advantage over the current LPWA solutions is 

the fact that it is not necessary to implement a specific network only dedicated to IoT, instead, it is just 

required to make software upgrades on the existing hardware. These networks deployment is already 

global, contrarily to the other LPWA networks, which makes them closer to deliver a ubiquitous 

coverage. Adding to this, the fact that those technologies are going to operate in licenced bands 

guarantees an interference reduction. However, there is still be a long way to go until they are deployed 

and available on the market, because of integration issues and optimisations to make. 

Although there were studied multiple different technologies in Chapter 2, SigFox was the only one used 

to conduct the practical evaluations of the next chapters, because the main goal of the thesis was to 
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evaluate narrowband technologies and this network was already deployed in Lisbon. The experimental 

tests were conducted through the execution of a set of transmissions, with a TD1208 Evaluation Board, 

in different locations and situations inside the city. The signals received in the network side were tracked 

in the SigFox Backend web portal, where parameters related with the received signals in different BSs 

were displayed in order to perform various evaluations.  

The first set of transmissions were performed in 51 deterministically marked outdoor locations over 

Lisbon. After tracking the characteristics of the received signals in every BS, a tool that uses Google 

Maps API was developed to display a general and graphical view of the capabilities and characteristics 

of the SigFox network coverage in Lisbon. For instance, one found that almost every signal was 

received with an SNR higher than 50 dB in the best BSs; the redundancy typically presented values 

above 20 BSs; and only 4 transmissions, out of 51, lost one of their three transmitted frames in the best 

BSs, the remaining transmissions did not lose any frame. 

A second set of tests consisted in estimating the locations where some BSs were placed and 

determining the height of the buildings where each one was presumably located. This information was 

crucial to calibrate some of the Okumura-Hata model numerical coefficients to obtain an optimised 

propagation model for Lisbon’s environment. The proposed calibrated propagation model presented an 

error distribution characterised by a null average value and a standard deviation of 8.83 dB, which was 

interpreted as the result of fading. The model predicts that for a BS effective height of 30 m, a signal 

could reach up to 2.5 km, considering the sensitivity level of -142 dBm and a correction factors sum of 

-14 dB. However, for values higher than 70 m, a communication could easily reach up to over 10 km. 

The outdoor propagation model was also useful to make a large scale indoor coverage prediction for 

Lisbon’s environment, for different indoor plus penetration attenuation levels. For instance, this 

estimation predicted that, considering 99 % of the indoor locations in Lisbon that present 20 dB extra 

attenuation, they will have, at least, a link reliability of 87 %. Also 88 % of the indoor locations in Lisbon 

presenting an extra attenuation of 30 dB will have a link reliability down to 87 %. Both values show that 

the indoor and underground attenuation margins considered by SigFox (20 and 30 dB, respectively), 

when planning the network, may provide an acceptable indoor and underground coverage. 

The next set of transmissions were performed in the two towers of IST Campus, either outdoors or 

indoors, to estimate the extra indoor plus penetration losses suffered by a transmission performed 

inside real buildings. The results showed ground floor attenuation values of 12 and 22 dB for North and 

South Towers, respectively; first basement attenuations in the order of 47 dB, for both towers; and a 

second basement attenuation of 68 dB for the South Tower. In spite of the high attenuation values, the 

message loss ratio remained close to 0 % except for the second basement, which presented a message 

loss ratio of 23 %. The message loss ratio values indicated an extreme penetration capability of the 

SigFox communications, however this was only possible because of the proximity of the studied BS, 

because from the previous indoor coverage estimation, one could verify that much less than 50 % of 

the indoor locations presenting more than 60 dB extra attenuation would have an acceptable link 

reliability. 
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The last group of transmissions were executed in a moving vehicle on different roads, in order to verify 

the effect of velocity on the communications, associated to a fading increase. The first conclusion was 

that no apparent relation between the velocity and the message loss ratio was verified, because the 

message loss ratio kept equal to 0 % most of the time. However, after analysing the results in more 

detail, one detected that, for transmissions inside the city, the frame loss ratio tended to increase with 

the increase of the velocity, but for the transmissions outside Lisbon, this parameter was not significantly 

affected. So it was evident that in urban environments the communications were much more affected 

by the speed than in the other environments. The average number of receiving BSs also verified an 

evident decrease as the speed augmented inside the city. Finally, the average number of received 

frames per transmission also verified the same trends. So the communications inside urban 

environments are affected by the velocity, but due to SigFox high link budget and combined frequency 

and spatial diversity, the fading degradation can be minimised. A final conclusion to point out is that the 

communications performance tends to verify an evident reduction for longer payloads. 

The simulations performed to determine the autonomy of a SigFox device under different conditions go 

beyond the telecommunications field, however, since the autonomy is a critical parameter in IoT, one 

decided that it would be an advantage to include this evaluation in this thesis. The results showed that 

for a battery of 3000 mAh, just powering the studied SigFox module, autonomies over 10 years only 

start occurring for usage rates under 5 UL plus 1 OOB daily transmissions and, for this order of values, 

the temperature conditions strongly affect the autonomies. One also estimated that, for the same 

battery, a remote irrigation device could achieve an autonomy of 6 to 10 years and an alarm device 

could achieve 3 to 5 years, for environment temperatures between 0 and 40 ºC. 

Finally, a Matlab script that replicates Lisbon’s radio environment for a random variable number of 

transmitting devices and a fixed network implementation was developed. After making some 

simulations with different network implementations, one estimated that a network composed of 9 BSs 

would provide the optimum solution, in terms of capacity and infrastructure costs. The results showed 

that, for a single transmitted message per device per day, the network would only accept a maximum 

of about 1.44 million devices in the entire city. This number would allow each individual living in the 

area of Lisbon to have up to 3 devices, which seems far below the IoT growth predictions of tens of 

devices per person. Nevertheless, if in the near future the market demands more capacity, it may be 

possible that more bandwidth be attributed to this kind of LPWA. In addition, most probably other factors 

that were not considered in this simulation may significantly increase the capacity of the network. But if 

its real capacity will still be below the one imposed by the market in the future, SigFox may not be able 

to provide the service quality required. Then, LPWA networks with very limited bandwidth can lose the 

market to other technologies like NB-IoT, EC-GSM-IoT or LTE-M, that can manage their own spectrum. 

Before concluding this chapter, one must denote that, as in all projects, there is always room for 

improvement and further enhancements. So, for future works that tackle a similar subject to the one of 

this thesis, we suggest to plan a larger scale study using a SigFox Evaluation Board with integrated 

GPS module, and develop a program that could directly obtain the messages from the SigFox server 
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to automatically process the information. This would allow to transmit hundreds or thousands of 

messages from anywhere at any time, with no prior planning requirements nor manual data analysis. 

This would allow to get more calibrated propagation models, more precise coverage predictions and a 

network capacity estimation in a more realistic standard environment. 

Another SigFox characteristic that most of the available works do not explore, including this thesis, is 

the DL communication, so we suggest to explore the capabilities and weaknesses of this 

communication direction. We also propose more detailed studies regarding the behaviour of the 

communications in different types of moving vehicles, like bicycles, trains, subways, etc., placing, for 

example, the SigFox devices in different points of the vehicles and with their antennas in different 

positions or even oscillating. Studying the consumption of real SigFox devices with the appropriate 

measuring instruments to determine the autonomy of the batteries, under different environment 

conditions, would also be an advantage. Finally, it would be a notable achievement if someone could 

repeat the same evaluations for other different LPWA solutions, namely NB-IoT, because it would give 

a fair and direct comparison of the characteristics of different IoT technologies, which is also missing in 

the current bibliography concerning this matter. 
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Annex A 
Figure A.1 presents an example use case of the Google Maps script provided in the course of Wireless 

Telecommunications Systems. The markers in the map can be manually placed and mark the points 

where a transmission was made and a BS is located. After that, a graph presents the terrain profile in 

a straight line between them. 

 
Figure A.1: Terrain profile calculator. 
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Annex B 
Figure B.1 shows the flowchart of the proposed SigFox capacity estimator script. 

 

Figure B.1: SigFox capacity estimator flowchart. 
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Annex C 
This annex presents additional information about the results obtained in the propagation model 

calculation. Figures C.1 and C.5 present the measured and simulated RSSI values for two different 

BSs, according to the communications distance. Figures C.2, C.3 and C.4 mark on the map the 

measured RSSI, simulated RSSI and model error values in each transmission location for BS1, 

respectively. The same applies to Figures C.6, C.7 and C.8 but for BS2. 

 

Figure C.1: BS1 RSSI values for different distances. 

 

Figure C.2: BS1 experimental RSSI measurements. 
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Figure C.3: BS2 RSSI simulation. 

 

Figure C.4: BS1 RSSI simulation absolute error. 
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Figure C.5: BS2 RSSI values for different distances. 

 

Figure C.6: BS2 RSSI experimental measurements. 
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Figure C.7: BS2 RSSI simulation. 

 

Figure C.8: BS2 RSSI simulation absolute error. 
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Annex D 
This annex provides a description of Walfisch-Bertoni model, in order to support some statements 

written in the thesis. All the equations and images from this annex were extracted from [Corr16]. 

Walfisch-Bertoni is a theoretical model for propagation in urban environments, based on buildings 

diffraction. The model assumes that the urban structure is regular, with equal height buildings, being 

the propagation done perpendicular to the street axis, as shown in Figure D.1. Figure D.2 provides an 

augmented view of the trajectory of the diffracted ray from the rooftop to the device. 

 
Figure D.1: Walfisch-Bertoni model parameters. 

 
Figure D.2: Walfisch-Bertoni model parameters for the diffracted signal. 

The parameters from the schemes stand for: 

• ℎY is the height of the BS; 

• 𝐻> is the height of the buildings; 

• 𝑤> is the buildings separation; 

• 𝛼> is the angle of the incident signal in the last building; 

• 𝑑 is the horizontal distance from the BS to the device; 

• 𝑑_ is the distance from the device to the last building; 
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• 𝜌 is the distance travelled by the diffracted signal; 

• 𝜓 is the angle of the incident signal in the device; 

• ℎ_ is the height of the device. 

The extra attenuation originated by the propagation over rooftops is approximated by 

 𝐿%Z	[=>] = −20 log 2.35𝑔�.» , (D.1) 

where 

 
𝑔 = 𝛼>

𝑤>
𝜆

 
(D.2) 

and 

 
𝛼> ≅

ℎY − 𝐻>
𝑑

 
(D.3) 

for 0.01 < 𝑔 < 0.4 and 𝜆 standing for the wavelength. 

The extra attenuation originated by the diffraction from the rooftop to the device is approximated by 

 𝐿%_	[=>] ≅ −20 log
1
𝜋𝑘𝜌

1
𝜓
−

1
2𝜋 − 𝜓

, (D.4) 

where 

 𝜓 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝐻> − ℎ_
𝑑_

 (D.5) 

and 

 
𝜌 = 𝐻> − ℎ_ 2 + 𝑑_2 . 

(D.6) 

The total path loss is thus given by 

 𝐿W = 𝐿�	[=>] + 𝐿%Z	[=>] + 𝐿%_	 => , 
(D.7) 

where 𝐿� is the free space propagation loss. 

The model leads to results with acceptable errors, especially if the urban structure is reasonably uniform 

near the device, in a length of 𝑖𝑛𝑡 ¿
À�Á�

� 𝑤>. 
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