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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. 

Internet of Things; Evaluation of Narrowband Technologies; 
SigFox; Low Power Wide Area Networks; Urban Environments. 

I.  INTRODUCTION 
The Internet of Things (IoT) is the term attributed to a group 

of technologies that are experiencing a fast growth, for which 
there are forecasts of huge impacts on the technological industry 
and economy in the near future. The IoT mostly uses wireless 
links to transfer information among systems, remote devices or 
individuals, being typically used to collect information, define 
parameters and send or receive indications [1]. 

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 [2]. Efforts are also underway to develop 
cheap sensors with high autonomies. Various technologies have 
been developed to answer these demands, like LoRa, SigFox and 
Ingenu. 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) [3]. 

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

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 these 
technologies may be close to satisfy the IoT requirements, which 
is the reason why they are the subject of a lot of interest. 

Due to this eminent technological revolution, technical 
related questions are 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. So, the main purpose of this work is 
to develop an independent and critical analysis of the behaviour 
of IoT narrowband technologies in urban environments. 

SigFox will be used to develop a set of experiments and 
simulations in the city of Lisbon, Portugal. The aim of this 
evaluation is to determine the level of coverage provided by the 
network, the devices autonomy, the network capacity and the 
impact of velocity on the communications. A global market 
analysis is also included and some other LPWA technologies 
will be explored in order to perform comparisons. 

The rest of the paper is organised as follows. In Section II, 
an IoT market analysis is made, the types of modulations are 
presented, some LPWA technologies are described and a 
summary of the technologies characteristics is provided. Section 
III describes the equipment to perform the study and the 
experiments planned to evaluate some of the most important 
SigFox metrics. Section IV reports and evaluates the results 
from the experiments described in the previous section. Finally, 
conclusions are drawn in Section V. 
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II. FUNDAMENTAL CONCEPTS 

A. Market Analysis 
Numerous projections about the IoT growth have been made. 

According to forecasts shown in Fig. 1, fixed and short range 
multi-hop IoT communications will still be dominant. Some 
examples of this type of technology are ZigBee, Z-Wave and 
Bluetooth Low Energy (BLE). Normally, they are used in 
WPAN, such as rooms or small buildings, however problems are 
raised in situations where vast urban areas must be covered [2]. 

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, is to explore the existing cellular 
networks. 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 this kind of services [4]. But even though, it is 
expected that they will still provide numerous connections, as 
can be confirmed in Fig. 1. The group of IoT technologies that 
use cellular networks is called Cellular IoT (CIoT). 

Among all possible usages of the IoT, a new type of 
applications like alarms or smart meters, that only require 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 Fig. 
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 which operate in free spectrum, like 
SigFox, LoRa or Ingenu; and the CIoT evolutions standardized 
by 3GPP which will operate in licensed spectrum [3]. Fig. 2 
shows a comparison of the different groups of technologies, 
concerning battery autonomy and communication range. 

LTE-Advanced Pro will introduce two CIoT evolutions 
called LTE-M and NB-IoT. [3] affirms that only a software 
upgrade on the existing networks is required to allow these 
technologies integration. Because they operate in licensed 
spectrum, the services also 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 [6]. 

 
Figure 1.  Thousands of millions of global connections between 2015 and 

2025 [3]. 

 
Figure 2.  Protocols classification considering range and terminals lifetime, 

for 30 byte per day using an AA battery [5]. 

B. Modulations 
LPWA technologies, based on their type of modulation, are 

mainly divided in two groups: UNB and WB. 

UNB is the classical transmission method and the principle 
consists in transmitting a signal with a bandwidth of less than 1 
kHz [4]. The main advantages of using such a narrow band are 
the reduction of the emission power and the power spectral 
density (PSD) increase, that directly induce a device price 
reduction. UNB is thus very attractive to be used in bands shared 
by other technologies. But it also brings some challenges related 
with devices movement (Doppler effect), that complicates the 
signals reception. To preserve the simplicity of the transceivers, 
UNB adopts the Random Multiple Access (RMA) scheme [5]. 

On the other hand, some technologies adopted WB 
modulation, 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 [4]. The principle consists in multiplying the 
signal by a spreading code with much higher bitrate than the 
input data. Thus, SS modulation can trade data rate for 
sensitivity in a channel of fixed bandwidth [7]. SS techniques 
have many attractive properties, highlighting the high resistance 
to jamming and interference. 

C. LPWA Technologies 
The current LPWA technologies operate in free spectrum 

and are characterised by star topologies [2], [4]. Some examples 
of these solutions are LoRa, SigFox and Ingenu. The future CIoT 
technologies that will operate in licensed spectrum are NB-IoT, 
LTE-M and EC-GSM-IoT. The LPWA technologies require 
extended batteries lifetime (years with an AA battery), low cost 
devices (<10 USD), low cost services (<10 USD/year), 
ubiquitous coverage (>10 km), transmission of short messages 
(<100 byte) and capacity for massive amount of connections. 

LoRa is a WB technology that uses Chirp Spread Spectrum 
(CSS) modulation, which is a derivative of SS [4]. It allows the 
transmission of messages with payloads between 19 and 250 
byte and bitrates between 0.3 and 50 kbit/s [8]. Fig. 3 depicts 
LoRa network topology and, 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 
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to a common NetServer through the standard protocols of the 
Internet. The communication is bidirectional, thus the NetServer 
can answer the end-devices by choosing one gateway according 
to criteria such as the best radio connectivity [4]. However, the 
traffic occurs mostly in uplink (UL), as downlink (DL) 
communications are very seldom. 

SigFox is also a cloud-based network, very similar to LoRa. 
The protocol uses the UNB modulation and imposes the end-
devices limited duty cycled transmissions. The messages also 
have reduced payloads which allows the end-devices to reach 
autonomies of years. Each UL message is sent in three pseudo-
random frequencies and all Base Stations (BS) at the range of 
the signals are listening to a whole 200-kHz reception window. 
These techniques reduce the probabilities of collisions between 
messages, while also avoid the necessity of frequency 
synchronisation between endpoints that would increase the 
devices complexity and price. When a DL message is requested, 
a BS responds in the same frequency also according to criteria 
such as the best radio connectivity [9]. 

Ingenu is another WB solution that employs the Random 
Phase Multiple Access (RPMA) technique, also based on the SS 
modulation. Unlike the other LPWA, this technology works in 
the 2.4 GHz band, which according to the company has multiple 
advantages that favour capacity and coverage. According to its 
calculations, in Europe a single BS can cover up to 8.8 km for a 
link reliability of 95 %, and 5.1 km for a link reliability of 99.9%. 
Ingenu also estimates that LoRa and SigFox present coverage 
ranges between 2.7 km and 4.7 km, for the same reliability 
interval. Table I presents a comparison between the technologies 
parameters for the 2.4 GHz and 868 MHz bands, according to 
European regulations. The 2.4 GHz band allows not only a 
higher UL power, but also the employment of spatial diversity, 
because it is more feasible at higher frequencies [10]. 

Finally, as previously referred, mobile communication 
operators intend to integrate new IoT services, in order to face 
the current LPWA technologies. The three CIoT solutions that 
are being standardised by 3GPP are LTE-M, NB-IoT and EC-
GSM-IoT. Several improvements regarding coverage, batteries 
lifetime and devices price have been developed. The increased 
link budgets are related with the reduction of the legacy bitrates 
and channels bandwidth, that allow a sensitivity increase. Thus, 
LTE-M and NB-IoT present 12 dB and 20 dB improvements 
over LTE, respectively. In turn, EC-GSM-IoT also increases the 
link budget in 20 dB over GSM [3]. 

 
Figure 3.  LoRa network architecture [4]. 

 

 

TABLE I.  LPWA PARAMETERS COMPARISON [10]. 

Parameter 
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 

D. LPWA Comparison 
After developing a critical analysis of the diverse current 

LPWA and validating several parameters provided by different 
sources, one could present a summary of the main characteristics 
of Ingenu, LoRa and SigFox in Table II, according to European 
regulations. 

Calculations to validate the sensitivities of the three 
technologies demonstrated that the ones presented in Table I are 
plausible. Then, using the remaining parameters in that table, the 
link budgets were calculated, considering a 5 dB interference 
margin for the UL. Finally, using Okumura-Hata and 
Frequency-Scaled COST 231-Hata models for a standard 
environment, the urban ranges were estimated, taking into 
account a covered area interval between 95% and 99.9%. 

Compared to the calculated urban ranges in Table II, the 
predictions of Ingenu referred in Subsection C are significantly 
different. First, Ingenu maximum range is far below the 
predicted 8.8 km, second, SigFox maximum ranges may be far 
superior to the alleged 4.7 km, and finally, LoRa may present 
maximum values 1 km superior to the claimed ones. 

We did not find any reliable source of information about the 
networks capacity, but further in this paper a SigFox network 
capacity estimation is developed by means of Matlab 
simulations. 

TABLE II.  LPWA CHARACTERISTICS COMPARISON. 

Parameter 
Technology 

Ingenu SigFox LoRa 

Frequency (MHz) 2400 868 
Maximum Link 
Budget (dB) 171 160 155 

Bidirectional ✓ ✓ ✓ 

ISM Band ✓ ✓ ✓ 

Urban Range (km) 1 – 4 3 – 9 2 – 6 

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 
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III. STUDY DEVELOPMENT 

A. Equipment and Network Description 
To conduct the experimental part of this work, a Telecom 

Design 1208 Evaluation Board (TD1208 EVB) was used to 
perform the transmissions. 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, which allows to type in control commands and get 
the corresponding answers with a serial terminal emulator [11]. 

On the other side, the SigFox Server stores the information 
about all the received messages over time and can be accessed 
in different ways. One example is the SigFox Backend web 
portal, as presented in Fig. 4. For each message, this interface 
displays the transmission date, the content and the BSs that 
received it. The attributes of the BSs include their identifier 
codes, the Received Signal Strength Indicator (RSSI), Signal to 
Noise Ratio (SNR), frequency and number of frames received in 
different frequencies. BSs identifiers are composed of four 
characters but they are blurred in the figure due to SigFox’s 
privacy commitments. 

B. Field Measurements 
The first set of transmissions were performed in 51 

deterministically marked outdoor locations over Lisbon, as 
indicated in Fig. 5. This experiment was intended to provide an 
overview of the SigFox capabilities, through the evaluation of 
the received signals parameters. The collected data also 
provided a baseline to calculate a propagation model for Lisbon, 
as well as an indoor coverage estimation. The terrain elevation 
in the transmission locations also provided a statistical 
information to develop a theoretical environment for network 
capacity predictions. 

 
Figure 4.  Received messages data in SigFox Backend. 

 
Figure 5.  Planned outdoor transmission locations. 

 

A second set of tests consisted in estimating the locations 
where some BSs were placed. It was necessary to perform 
several transmissions and track the received signals in the target 
BSs, using SigFox Backend. Fig. 6 shows an example course to 
find where the RSSI in BS3 was maximised. After estimating 
the buildings where the BSs were presumably located, Google 
Earth was used to estimate their heights and terrain elevations. 
This information was crucial to calibrate the propagation model 
for Lisbon’s environment. 

C. Propagation Model 
As previously mentioned, long range communications are a 

key requirement of the LPWA technologies. Using the 
transmissions data and two BSs obtained from the experiments 
in the previous subsection, one can develop a propagation model 
that describes Lisbon’s radio environment. Having a 
propagation model optimised for a real urban environment, one 
can make signal predictions and validate the theoretical 
communication ranges. 

The first step for a model calculation is to determine the 
theoretical received power using Friis equation: 

 𝑃"	[%&'] = 𝑃*	[%&'] + 𝐺*	[%&] + 𝐺"	[%&] − 𝐿/	 %& , (1) 

where 𝑃* is the transmission power, 𝐺* the transmission gain, 𝐺" 
the reception gain and 𝐿/ the path loss. As previously referred, 
for SigFox UL communication, 𝑃* + 𝐺* = 14	𝑑𝐵𝑚 and 𝐺" = 9	𝑑𝐵𝑖, 
so one gets 𝑃"	[%&'] = 23 − 𝐿/	 %& . 

In order to calibrate a propagation model that describes the 
obtained experimental results, CVX package will be used. CVX 
is a Matlab-based modelling system for convex optimisation 
provided by [12]. In this case, the problem to be solved is: 

 𝑚𝑖𝑛𝑖𝑚𝑖𝑠𝑒<,&,>,?,𝑳𝒑 23×𝟏D −	𝑳𝒑	[%&]D − 	𝑷𝒆𝒙𝒑	[%&']
D  (2) 

subject to 

𝑳𝒑	[%&]D = 𝐴𝟏D + 26.16 log 𝑓OPQ 𝟏D − 𝐵 log 𝒉𝒃𝒆	 'D + 𝐶𝟏D −
𝐷 log 𝒉𝒃𝒆	 'D ? log 𝒅 W'

D − 𝐻'Y	 %& ℎ'	['] 𝟏D − 𝑲*\	 %&
D − 𝑲\/	 %&

D −
𝑲]/	 %&
D , 

 
Figure 6.  Methodology to find the location of BS3. 
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where 𝑓 is the frequency, ℎ^_ the effective height of the BS, 𝑑 
the communication distance, ℎ'  the device height,  
𝐻'Y	 %& ℎ'	['] = 3.20 loga(11.75ℎ'	[']) − 4.97, and 𝐾*\, 𝐾\/ and 𝐾]/ 
the terrain undulation, position in the terrain undulation and 
average slope correction factors, respectively. 

Equation 2 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 23×𝟏D − 𝑳𝒑	[%&]D , 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 for a set of locations.  𝐴 , 𝐵 , 𝐶  and 𝐷 
represent the parameters from the model to calibrate. 

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. Finally, since only the 868 MHz band was studied, 
one cannot predict this model validity for other frequency 
values. The same applies to ℎ', because it was only tested for 
1.5 m. 

D. Indoor Coverage 
Many services require an indoor placement of IoT devices, 

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, 
as well as an experimental evaluation. 

When transmitting signals from indoor locations, besides 
outdoor propagation loss, the signal is also affected by indoor 
propagation and penetration losses. A used method to estimate 
the extra attenuation consists in determining the outdoor location 
that maximises the RSSI and, then, subtract to that value the 
RSSI values measured indoors, for a certain BS. However, one 
is aware of the complexity of radio environments and that this 
method is an audacious approximation. 

For the indoor coverage estimation in Lisbon, one is going 
to assume that the maximum RSSI value verified in each 
transmission from Subsection B describes the average value for 
the nearest surrounding locations. By adding supplementary 
attenuation to those values, one can estimate the indoor RSSI 
values. Then, using the propagation model from the execution 
of the experiment in Subsection C and a signal standard 
deviation value, one can also estimate the indoor link 
reliabilities. Further concise results are presented in the Section 
IV. 

After this test, another one took place in the two towers of 
IST Campus, in order to find out the attenuation values presented 
by real structures. The previously described method was used to 
estimate the attenuation on the ground floors and in the 
basements of both towers. Thus, one performed several outdoor 
transmissions on the sides of the towers directly facing a target 
BS to estimate the average RSSI reference values, as marked by 
red dots in Fig. 7. Then, one performed up to 20 transmissions 
on each floor to determine the average indoor RSSI values. The 
final results will include the attenuation values and the message 
loss ratios. 

 
Figure 7.  Satellite overview of the two tested buildings for the indoor 

attenuation estimations [Source: Google Earth, 2017]. 

E. Movement Effect on the Communications 
To understand the effect of the velocity on the UNB 

communications, some experiments will be made in a moving 
car, with the device antenna straight over the roof of the vehicle. 
The tests were distributed in three distinct roads: 2ª Circular 
highway and Almirante Gago Coutinho Avenue (inside Lisbon), 
and Vasco da Gama Bridge (outside Lisbon). One performed 
transmissions at speeds between 0 km/h and 80 km/h, inside the 
city, and between 80 km/h and 120 km/h, outside. For each 
velocity, two sets of 10 transmissions for the maximum and 
minimum message payload sizes were executed. 

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 average number of received frames 
vary with the velocity. Finally, the redundancy characteristics 
will also be related with the speeds. 

F. Consumption Evaluation 
This subsection intends to evaluate the autonomies of a 

SigFox device. Thus, some calculations for different use cases, 
under different environment conditions, will be performed. 

SigFox modules power consumption is not constant over 
time because of their different power modes. First, a module 
enters Standby Mode after finishing a transmission or reception. 
In this mode, it is waiting for commands from the host and can 
also send Out of Band (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. 
Finally, in Deep Sleep Mode, the device is completely turned off 
[13]. The module in [13] will be used to conduct this test and its 
main consumption characteristics are shown in Table III. 

TABLE III.  CURRENT CONSUMPTION OF [13] MODULE. 

Description Value 

Sleep mode current 1.6 µA 

Charge to send an OOB message 0.28 C 

Charge to send a 12-byte message 0.37 C 

Charge to send a 12-byte message with DL receive 0.46 C 
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An AA Alkaline Manganese Dioxide battery, with an initial 
capacity is 3000 mAh, will be used for this evaluation. One will 
also assume that this type of battery suffers discharge rates of 1 
%/year for 0 ºC, 6 %/year for 20 ºC and 10 %/year for 40 ºC. 
The capacity of a battery is then given by 

 𝐶&	['<\] = 𝐶g	['<\](1 − 𝑑")h, (3) 

where 𝐶g 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 IV 
lists some existing electronic devices which could be used to 
develop applications. 

After providing all the required information to study a 
SigFox device power consumption, one will start by calculating 
the autonomy of a single SigFox module for different number of 
daily UL transmissions. Then, one will take into account two 
possible IoT use cases, namely a remote irrigation system and 
an alarm device. To estimate their consumptions, two systems 
including some components from Table IV must be roughly 
designed and some operation assumptions must be taken. 

G. Network Capacity 
Having discussed the huge IoT market growth predictions in 

Section II, one must understand the scalability of the SigFox 
network. The work in [14] consists in a SigFox capacity 
estimation by means of computer simulations and was used as a 
baseline for this study. Some modifications in the model were 
also proposed to include missing factors. 

The main principle behind these scripts consists in the 
calculation of frames collision during a certain time period. Fig. 
8 represents a 200 kHz BS spectrum during 60 seconds, for 1000 
devices transmitting a single message. Each green trace 
represents a frame transmission in different random frequency 
channels. 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. 

TABLE IV.  LIST OF POSSIBLE COMPONENTS USED IN IOT DEVICES. 

Component Description Current 
consumption Value 

ATmega328/P Microcontroller Active mode 0.2 mA 
Sleep mode 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 
current 0.86 A 

 

 
Figure 8.  BS spectrum representation during 1 minute for 1000 devices [14]. 

Finally, a second script from [14] analyses the previous data 
in order to present the number of collisions, number of failed 
transmissions and packet error rate for a different number of 
devices transmitting a message within one minute.  

However, as the program does not consider signals power, 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. Another problem consists in the 
fact that spatial diversity is not considered which, in theory, 
reduces packet error rates. To introduce these missing important 
factors, one developed a theoretical radio environment and a 
network implementation. Fig. 9 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. 

A number of devices are randomly inserted inside the area 
and the distances that separate each device from each BS are 
calculated. Then, using the optimised propagation model for 
Lisbon, one can randomly attribute powers for each device. To 
do so, for each communication one randomly attributes values 
between 30 m and 100 m to ℎ^_ and values between -20 dB and 
5 dB to 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟𝑠. Finally, a random supplementary 
indoor attenuation between 0 dB and 20 dB is also added. 

 
Figure 9.  Possible BSs destribution inside a square area. 
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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 sum 
of the powers of all other frames and noise floor. In the end, the 
program also verifies if all frames sent from each device were 
not received in all BSs, to determine if the messages were lost. 

IV. RESULTS ANALYSIS 

A. Network Overview 
After analysing the results of the 51 transmissions described 

in Subsection III.B, one immediately verified that none was lost. 
Then, in the best BSs, 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 
increased the probability of being correctly received. Also, in 
most of the cases, a message was received, at least, by 20 BSs, 
reaching a redundancy above 40 BSs in some locations. This 
suggests that very distant BSs can still receive the messages and, 
thus, SigFox supports high range communications. Finally, one 
also concluded that 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. 

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. 

B. Propagation Model 
After solving Equation 2 in Matlab, using CVX, the final 

propagation model becomes 

𝐿/	[%&] = 150.35 + 26.16 log 𝑓OPQ − 63.59 log ℎ^_ ' + 25.39 +
8.43 log ℎ^_	 ' log 𝑑 W' − 𝐻'Y	 %& ℎ'	 ' −

																																		 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟𝑠 %& , (4) 

and it is valid for: 

• 𝑓 = 868	𝑀𝐻𝑧; 
• 𝑑 ∈ 0.1, 10 	𝑘𝑚; 
• ℎ^_ ∈ 30, 200 	𝑚; 
• ℎ' = 1.5	𝑚. 

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 considered for urban 
outdoor environments (𝜎Y = 9.8	dB). 

Fig. 10 presents the power variation with distance and 
effective BS height, for a terrain correction factors sum of -14 
dB. As one can verify, even for ℎ^_ = 30 m, a signal could reach 
a maximum distance of approximately 2.5 km. For higher values 
of ℎ^_, the model suggests that a communication can reach up to 
over 10 km. 

 
Figure 10.  Optimised propagation model curves. 

One is aware that the more experimental measurements we 
performed, the more calibrated the model would be. However, 
the usage of the TD1208 EVB imposed a limited amount of 
transmissions because, without having an integrated GPS 
module to directly send the transmission location coordinates in 
the message payload, it was very difficult to process the 
information. 

C. Indoor Coverage 

This subsection presents the results of the implementation of 
the indoor coverage study, proposed in Subsection III.D. 

From the field measurements in Subsection III.B, it seems 
difficult to find a parametric distribution that properly describes 
the strongest RSSI values verified. Thus, to avoid making 
assumptions about the distribution, we fitted the data with a 
kernel smoothing distribution, using a normal kernel. The data 
measurements, grouped into bins and the resulting smoothing 
distribution are shown in Fig. 11. This distribution presents an 
average of -92 dBm and a standard deviation of 8.6 dB. 

 

 
Figure 11.  Outdoor strongest RSSI distribution. 
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Fig. 12 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 using the propagation model 
of Equation 4 for ℎ^_ = 60	𝑚 , considering a signal standard 
deviation of 9.8 dB and a required minimum received power of 
-137 dBm. The blue curve is calculated adding supplementary 
penetration and indoor losses to the average outdoor received 
RSSI. 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. 

To conclude this subsection, the results for the experimental 
indoor coverage tests in IST Campus Towers showed ground 
floor attenuation values of 12 dB 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. 

D. Movement Effect on the Communications 

After completing the set of transmissions planned in 
Subsection III.E, the results are presented and analysed in this 
subsection. Fig. 13 shows the message loss ratio for 
transmissions inside Lisbon and on Vasco da Gama Bridge, for 
1-byte and 12-byte payloads. According to the results, there is 
no direct relation between the speed of a device and the message 
loss ratio.  

 
Figure 12.  Link reliability for different indoor attenuation values, for different 

percentages of Lisbon’s indoor locations. 

 
Figure 13.  Message loss ratio. 

However, if one analyses the average number of receiving 
BSs per transmission in Fig. 14, a relation is exposed. The 
evident reduction of the average number of receiving BSs inside 
Lisbon (Fig. 14 (a)) demonstrates that the received signals 
exhibited a degradation as the velocity increased. So this means 
that the frame loss ratio, on average, increased in all the BSs. On 
the other hand, one verified that the results in Fig. 14 (b) suggest 
that outside the urban environments the communications 
performance is independent of the speed for the range of 
velocities studied. 

So one can conclude that fading is more intense inside urban 
environments and, when the velocity increases, the fastest it gets 
the time variation of the signal. This increases the chances of 
occurring outages that can result in many bit errors and, 
consequently, in frame losses. However, for the range of 
velocities studied, the network in Lisbon can still receive a high 
percentage of messages. 

E. Consumption Evaluation 

To continue Subsection III.F, this subsection will present and 
analyse the autonomy results for [13] module by itself and 
integrating two IoT systems with other components. 

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. Fig. 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. 

 
Figure 14.  Average number of receiving BSs per transmission. 
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Figure 15.  Autonomy of the module for different number of daily UL 

transmissions. 

One can verify that 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 module 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. 

The idealised design and operation of the two IoT projected 
applications is too extensive to include in this article. 
Nevertheless, one can still refer that it was estimated that a 
remote irrigation system composed of one SigFox module, an 
ATmega328/P, an HDC1080 and a Portescap 216E could 
achieve an autonomy of 6 to 10 years. An alarm device that 
detects door movements and fire, composed of one SigFox 
module, an LIS3DH, an HDC1080 and a ULPSM-CO 968-001 
could also achieve 3 to 5 years. All estimations were performed 
for environment temperatures between 0 and 40 ºC. 

F. Network Capacity 

To perform the capacity analysis of a SigFox network, one 
tested four different network implementations for an area of 100 
km2, the same as Lisbon’s. The first scenario consisted in a 
single BS covering the entire area, which demonstrated packet 
error rates higher than 10 % for only 100 transmissions per 
minute. Due to its extremely high packet error rate, one 
developed a new scenario characterised by 9 BSs separated by 
2500 m, for which the results are presented in Fig. 16 and Fig. 
17. The remaining two scenarios showed that the introduction of 
16 BSs and 81 BSs would provide a very reduced improvement 
in the capacity. 

Fig. 16 indicates that, in the 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 an acceptable value. However, from the observation of 
Fig. 17, one can also conclude that, for over 1000 transmissions, 
the packet error rate starts getting too large, so it does not seem 
that this network could support more than 1000 transmissions 
per minute. 

 
Figure 16.  Packet error rate for an area of 100 km2 and 9 BSs, for up to 1000 

devices. 

 
Figure 17.  Packet error rate for an area of 100 km2 and 9 BSs, for up to 10000 

devices. 

Therefore, 9 BSs covering the entire area of Lisbon appears 
the be the most efficient network implementation according to 
the model, but not necessarily the one that is closer to reality. 
But, even considering 1000 transmissions per minute the limit, 
this would allow only 1.44×10w messages to be transmitted per 
day. According to [15], Lisbon’s area has a population of, 
approximately, half a million people, so if one considers that 
every device would transmit a single message per day, it would 
roughly allow each person to have the maximum of 3 SigFox 
devices. So, even in this reduced duty cycled hypothesis, it 
seems that the maximum number of devices supported by the 
network would still be far below the IoT growth predictions, 
because it is expected much more than one device per person. 

V. CONCLUSIONS 
The main purpose of this work was to develop an 

independent and critical analysis of the behaviour of IoT 
narrowband technologies in urban environments, choosing the 
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city of Lisbon as a reference scenario. Although SigFox was the 
only technology available to develop experimental tests, a global 
market analysis was also presented and some other LPWA 
technologies were explored in order to perform comparisons. 
The set of experiments and simulations planned to study SigFox 
aimed to determine the indoor and outdoor coverage, the devices 
autonomy, the network capacity and the impact of velocity on 
the communications. The experimental tests were conducted 
through the execution of a set of transmissions with a TD1208 
Evaluation Board. 

Currently, there are numerous different LPWA technologies 
available on the market, but in general, each technology has 
considerable particularities that can better fit in specific IoT 
applications. According to the evaluated characteristics of the 
LPWA solutions that operate in free spectrum, SigFox is the one 
that presents higher communication ranges. On the other hand, 
Ingenu allows much higher bitrates and packet payload sizes. 
Finally, 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 proposed calibrated propagation model for Lisbon’s 
outdoor environment presented an error distribution 
characterised by a null average value and a standard deviation of 
8.83 dB. It also predicted that a SigFox signal could easily reach 
up to over 10 km, depending on the effective height of the BS. 

A large scale indoor coverage 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 showed 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 experiments 
in the towers of IST Campus, indicated indoor attenuations of 
up to 68 dB.  But, 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 results of the movement experiments, demonstrated a 
degradation of the communications performance inside Lisbon. 
This degradation is verified by an increase of the average frame 
loss ratio and a decrease of the average number of receiving BSs, 
for increasing speeds. Outside Lisbon, no evident relation 
between the velocity and the communications performance was 
revealed. Nevertheless, for the set of speeds tested in Lisbon, 
SigFox could still receive a high percentage of messages. 

The simulations regarding the autonomy of SigFox devices 
showed that, using a battery of 3000 mAh to power 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 ºC and 40 ºC. 

Finally, the capacity simulations estimated that a network 
composed of 9 BSs in Lisbon would provide the optimum 

solution, in terms of capacity and infrastructure costs. For a 
single daily message per device, 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 predictions 
of tens of devices per person. 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 
CIoT. 

For future works we suggest to plan a larger scale study 
using a SigFox Evaluation Board with integrated GPS module 
to allow the execution of more transmissions and get more exact 
results. We also propose to study in more detail the 
characteristics of the DL, as well as the behaviour of the 
communications in different types of moving vehicles. It would 
also be an advantage to study the consumption of real SigFox 
devices with the appropriate measuring instruments. Finally, it 
would be a notable achievement if someone could repeat the 
same evaluations but for other different LPWA solutions. 
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