
2019 97

Carlos Andrés Trasviña Moreno

Redes autónomas e
inteligentes para la

monitorización de
variables ambientales

Departamento

Director/es

Ingeniería Electrónica y Comunicaciones

CASAS NEBRA, ROBERTO JOSÉ
BLASCO MARÍN, RUBÉN



© Universidad de Zaragoza
Servicio de Publicaciones

ISSN 2254-7606

Reconocimiento – NoComercial –
SinObraDerivada (by-nc-nd): No se
permite un uso comercial de la obra
original ni la generación de obras
derivadas.



Carlos Andrés Trasviña Moreno

REDES AUTÓNOMAS E INTELIGENTES PARA LA
MONITORIZACIÓN DE VARIABLES AMBIENTALES

Director/es

Ingeniería Electrónica y Comunicaciones

CASAS NEBRA, ROBERTO JOSÉ
BLASCO MARÍN, RUBÉN

Tesis Doctoral

Autor

2019

UNIVERSIDAD DE ZARAGOZA

Repositorio de la Universidad de Zaragoza – Zaguan   http://zaguan.unizar.es





Redes autónomas e inteligentes para la
monitorización de variables ambientales

Carlos Andrés Trasviña Moreno

Directores:

Dr. Roberto Casas Nebra

Dr. Rubén Blasco Marín Zaragoza, Mayo 2019





Esta Tesis Doctoral se llevó a cabo gracias a la financiación del Consejo Nacional de Ciencia y
Tecnología (CONACYT, México) que me otorgó una beca para estudios de posgrados en el
extranjero.

Antes que nada quisiera agradecer a mi familia por apoyarme en esta aventura… a mi papá por
enseñarme que darse por vencido no es una opción y que siempre hay que buscar más de la vida,
quien diría que terminaría siendo doctor, verdad?... a mi mamá por todo el amor que siempre me
ha dado y por entenderme aunque no siempre diga cosas con sentido, ah! Y no se me olvidan los
guantes que me tejiste para poder escribir la tesis más agusto, si sirvieron amá… a mi hermana
por nunca dejarme sentir cabizbajo en la vida y especialmente en el doctorado, además de darme
un par de sobrinas hermosas, ahora si chata, ya somos doctores los dos… y mi hermano que
siempre me ha entendido y ha querido lo mejor para mí, no importa el destino al que vayamos,
bro sé que nunca dudaste de mi… en fin, los amo y no podría pedir mejor familia.

Agradezco a mis directores Roberto y Rubén por guiarme en este arduo proceso, transmitir su
conocimiento y ayudarme en lo laboral y personal, no siempre nos poníamos de acuerdo pero
siempre nos reíamos al final… a Ángel quien también me ayudo a crecer como profesional, nunca
fuiste mi maestro pero me enseñaste mucho, desde la técnica de la cobra para desoldar hasta los
más mínimos detalles de la cerveza, ay no mas!... Teresa y Álvaro por los buenos ratos que
pasamos en el labo y fuera de él… a todo el grupo HOWLab que para mí, más que compañeros los
considero amigos, gracias por haberme hecho sentir uno más de ustedes.

A Romo, Carlos, Chuck, Edu, Farah Diego, Ester y los de más que estoy seguro que me están
faltando… gracias por todas las risas, los buenos recuerdos y más que nada, por ser mis amigos
aunque no siempre estemos en el mismo lugar.

Por último, a mi mejor amiga y compañera de vida, mi esposa Gaby… sin ti no hubiera conseguido
este logro, en los momentos más difíciles siempre supiste como hacerme reír y olvidarme todo.
Iniciamos este camino y ahora lo vemos culminar, solo para ver que nuevas aventuras vamos a
empezar… juntos siempre en la locura.



1



2



3



4



5



6



7



8



9



10



11



12



13



14



15



16



17



18



19



20



21



22



23



24



25



26



27



28



29



30



31



32



33



34



35



36



37



38



39



40



41



42



43



44



45



46



 

47



48



49



50



51



52



53



54



55



56



57



58



59



60



61



62



63



64



65



66



67



68



69



70



71



72



73



74



75



76



77



78



79



80



81



82



o

83



o

o

o

o

o

o

o

84



85



86



87



88



89



90



91



92



93



94



95



96



97



98



99



100



101



102



103



104



105



106



107



108



109



110



111



112



113



114



115



116



117



118



119



120



121



122



123



124



125



126



127



128



129



130



131



132



133



134



135



136



137



138



139



140



141



142



143



144



145



146



147



148



149



150



151



152



153



154



155



156



157



158



159



160



161



162



163



164



165



166



167



168



169



170



171



172



173



174



175



176



177



178



179



180



181



182



183



184



185



186



Research Article
Autonomous WiFi Sensor for Heating Systems in
the Internet of Things

C. A. Trasviña-Moreno, R. Blasco, R. Casas, and A. Marco
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In smart cities and home applications, the use of Wireless Sensor Networks to extract environmental data becomes more common
with the passing of time. These sensors are used for a wide array of applications, but mainly to manage energy consumption in
domestic buildings. One of the key energy consumers in households is heating systems. To monitor them, sensors are used with
wireless communication protocols, like ZigBee, to transmit data to a central processing unit (CPU). WiFi communications, on the
contrary, are rarely seen in these implementations due to its high energy consumption, although almost in every home one can
find such networks. Yet, with the Internet of Things (IoT), new revisions of the standard have arisen which enable this technology
for wireless sensing. To validate this theory and fill a technological necessity, this proposal is presented. In this work, the design
and implementation of an autonomousWiFi sensor, paired with thermoelectric energy harvesting, are presented as an IoT solution
for monitoring heating devices. For this, a thorough analysis of the proposed architecture is presented. Tests regarding energy
consumption and generation, efficiency, and real world scenario trials are done. Finalizing, a comparison between the obtained
results and current implementations is shown.

1. Introduction

In current times, there is a great interest in having con-
trol over energy consumption in home environments. This
generates a large market demand for devices that monitor
such variables indoor. Currently, this is covered by Wireless
Sensor Networks (WSN) which can be widely varied in
their architecture, using different means for communication,
energymanagement and storage, sensor devices, and so forth.
Depending on the variable or device that is to be monitored,
these may also vary greatly.

One of the most power demanding systems in these
indoor scenarios is the heating systems, which usually are
comprised of several heat radiators distributed along the
different spaces of a household.

In Spain, there are over one million households that have
centralized heating (CH) systems [1]. According to a study
made in Italy, where these type of systems are also common,
they present a low energy efficiency compared to that of
independent units [2]. Due to the nature of CH systems,

the amount of energy used by each dwelling habitat is
normally divided equally amongst all tenants. This type of
energy management creates uneven situations, as some users
may not use the heating system on a regular basis, while
others will exceed its usage; yet, all will be charged the same
fair. Thus, the cost of usage for these systems is divided
without taking in account the individual consumption of each
habitat.

These type of CH systemswhich lack effective control and
monitoring mechanisms, as well as behavioural patterns of
the less conscious house dwellers [3], generate an environ-
ment where there is little interest in energy efficiency and
energy-saving measures.

According to the 2012/27/UE directive of the European
Parliament and the Energy Efficiency Council, in its 9th
article [4], it will be required that all end users of these
type of heating systems install an individual energy counter
which will reflect its actual energy consumption. Moreover,
it will provide the users with real-time, or near real-time,
data regarding its usage. This directive states that, in Europe,
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all households should have these type of “energy auditors”
before the 31st of December of 2016.This applies to all house-
holds, with either individual or centralized heating systems.

Due to this, and similar requirements, in home automa-
tion and smart buildings, it is common to find smart devices
in constant communication. According to their communi-
cation range, they can be classified in short- and mid-range
communication devices. In short-range communications, it is
common to find protocols such as Bluetooth, ultrawide band,
and infrared data association, whilst in mid-range communi-
cations, the most common are 802.15.4 based protocols [5],
such as ZigBee, and 802.11 protocols [6], like WiFi [7]. It is
common to find applications and proposals for sensor devices
that utilize ZigBee communications, as it is one of the most
energy efficient protocols available [8, 9]. Yet, this protocol
has a major drawback that it requires a dedicated network
deployment which is uncommon in home environments. On
the other hand, WiFi is probably one of the most well-known
and sought out protocols in the market [10–12]. Its network
deployments can be found almost in every household and
even in other types of urban scenarios. However, the original
design of WiFi was not thought of for low power devices or
lowdata rates. In current times, with the coming of Internet of
Things (IoT), this protocol has gone thru new revisionswhich
allow low power modes and other benefits, making it more
suitable for low power smart devices.

With the recent changes thatWiFi presents, it has opened
doors to new possibilities for powering smart low power
WiFi devices. One of the most interesting ones is energy
harvesting. This type of technology takes advantage of ambi-
ent sources, such as light emissions, thermal variations, and
radio frequency, and converts them into electrical energy
[13, 14]. These type of environmental sources can also be
found andput to gooduse, in urban buildings andhouseholds
[15]. Depending on the selected energy source to harvest,
different techniques, as well as electronic devices, must be
used to extract the most amount of energy possible in an
efficient manner. The use of energy harvesting in smart
sensors and devices enables the possibility of discarding
standard batteries, which present a limited life span. By
consequence, the use of batteries limits the use of the smart
devices and forces the user to constantly replace these if he
wishes to continue utilizing the device.With the use of energy
harvesting techniques, as well as low power electronics, it is
possible to increase the life expectancy of a smart device to an
almost unlimited amount.

In this paper, an analysis of viability, design, and real
world test of a WiFi sensor with energy harvesting for home
radiators was realized. Compared to other implementations,
the key differentiator in this work is the use of WiFi com-
munications. Utilizing WiFi, compared to other protocols,
simplifies the implementation of WSN as the infrastructure
is already laid in the majority of households and buildings.
Also, it provides a direct link to the cloud, while other
technologies would require a bridge device with Ethernet or
WiFi communications. This will provide an easy solution to
adapt CH and outdated systems, to the newly established
directive at a reasonable cost. Additionally, this device may
be used to capture other environmental data, using the same

architecture, which could provide a more global and con-
trolled perspective of its surroundings. To accomplish this,
first, a comprehensive study of implementations related to
sensor devices for heating systems in households was done,
and the most relevant are described in the following section.
Afterwards, the architecture of this proposal is explained in
detail, subdividing it in its key sections. Then, tests and their
results, as well as a discussion of the outcome, are shown.
To finalize, possible future work lines and the conclusions,
according to the stated objectives, are presented.

2. Related Work

In smart home environments, several studies have been
made on WSN, some focusing more on the communication
protocol and others on energy autonomy.

Wang et al. [16] present a similar approach for energy
management to the one proposed in this paper. For their
proposal, they had a custom built thermoelectric generator,
as well as a three-stage energy harvesting conversion module
to provide energy to their sensor device, ormote.With it, they
have proved to achieve a global energy efficiency of 25.2%.
This specific mote presented ZigBee wireless communica-
tions.

Han et al. [17] propose a home energy monitoring
system which utilizes ZigBee as communications protocol to
transmit consumption data to a central server for analysis.
This data, in conjunction with others provided by PLC
communications, is used to provide information to the user
and allow for a personalmanagement of the energy from aUI.

Kelly et al. [18] describe a home energy monitoring
system focused on IoT technologies. By utilizing ZigBee to
communicate amongst the sensor nodes and an IPV6 gateway
that translates to UDP packets and sends the information to
the internet, they monitor parameters such as temperature,
humidity, and light, to assess the home energy consumption.

Nguyen and Le-trung [19] propose a low power battery
charged WiFi solution for motes in smart building. Their
main focus is on optimizing the hardware and software
architecture of the mote, achieving a lifetime of 46 days with
four 3.7 V 4200mAh batteries.

These are just some examples of current applications, but
as seen in the previously mentioned work, the majority of
implementations utilize ZigBee communications.TheZigBee
protocol is presented as one of the most widely used in WSN
due to its low power characteristics. To integrate sensors
with cloud computing and IoT, other authors have opted
for ZigBee hybrid network connected to a WiFi or Ethernet
gateway [20], similar to the work presented by Kelly et al.
[18]. Few proposals utilize solely WiFi communications in
smart home environments, and the majority of them power
these devices with standard batteries or connected to the
main power grid.These reasons are presented as the principal
motivation of this work, as well as the study of other viable
alternatives which simplify the interaction of users with IoT
in home environments.

In the following section, the hardware and firmware
design of this proposal will be analysed. This will allow
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Figure 1: Block diagram of the mote, its energy distribution, and the internal energy flow for the energy manager IC.

the reader to better understand some of the requirements
needed if a similar work were to be realized.

3. Proposed Architecture

As previously mentioned, the proposed architecture will
differ from current implementations by utilizing solely WiFi
communications protocol, and by being complimented by a
thermal energy harvester as its power source (Figure 1).

In Figure 1, it is possible to view an abstract representation
of the functionality and energy distribution of the energy
management IC. This device is represented as an “energy
multiplexor,” providing energy to its different outputs as
needed. Further details on its functionality will be described
in Section 3.4.

In this section, the following subjects will be addressed,
so as to clearly depict the different areas that were involved in
the architecture design:

(i) Selected hardware and improvements.

(ii) Low power firmware implementation.

(iii) Ambient energy transducer.

(iv) Ambient energy conversion and management.

3.1. Hardware. In order to promote the use of open source
hardware, the proposed sensor node was based on an open
architecture, namely, the Flyport WiFi module [21]. This unit
is comprised mainly of a PIC24FJ256GA106 microcontroller
(MCU) [22] and aMRF24WB0MAWiFi module [23], which
serve as a central processing unit and wireless communica-
tions, respectively. These present low power characteristics
and modes which, although not cutting edge, will serve as a
baseline for future work.

To improve the characteristics of the Flyport, the original
hardware design was modified to reduce the overall con-
sumption of the board. Unnecessary elements such as LEDs,
external LDO, and diodes were removed. The main power
line was split in two, one for the MCU at 2.2 V and another
for the transceiver at 3.3 V. Lastly, a voltage level translator
was added for the SPI communications between the MCU
and transceiver.

Given that at low voltage levels both the MCU and
transceiver start to increase their current consumption,
which impacts directly the start-up of the load, switch type
circuits were also implemented for both these devices. For the
MCU, a SET/RESET circuit was added, which is enabled by
a pin from the energy management IC, called PGD, and may
be disabled by the MCU.The PGD pin is a digital output that
is set to high (2V) when the OUT output reaches 92.5% of
its nominal value. The transceiver, on the other hand, has a
MOSFET switch circuit which is enabled by a MCU signal
on-demand.

3.2. Firmware. Firmwaremodificationswere done keeping in
mind low power strategies as the main orientation (Figure 2).
For the initial start-up of the MCU, the 31 kHz internal
RC oscillator (LPRC) was used, which reduces the boot-up
consumption. Also, all unused peripherals, such as timers,
UARTS, and secondary SPI modules, were disabled. The
ADC peripheral is enabled only when the sensor needs to be
activated; afterwards, it is disabled and its voltage reference
is set to GND. Also, the temperature sensor is activated by
a digital I/O of the MCU, which is also enabled and disabled
with the ADC. Once it is time to transmit, in its first iteration,
the oscillator is switched to the high speed 32MHz clock
source and the RTOS, whichmostly manages theWiFi activi-
ties, is initialized. Finally, both theMCUand transceiver, after
finishing their corresponding activities, are set to the lowest
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Figure 2: Workflow diagram of the WiFi sensor.

powermode available and are awoken by either theReal-Time
Clock and Calendar (RTCC) alarm or internal flags.

3.3. Energy Source. The energy harvester (EH) module is
comprised of a Peltier cell of 40×40×3.4mmwith an attached
finned heat sink of 40×40×18mmwith no additional cooling
mechanisms.

Although it is possible to increase the output of the Peltier
cell with extra cooling, the desire of this study was to analyse
the device in a nonoptimumand realistic environment, which
would further validate more favourable scenarios (Figure 3).

3.4. Energy Management. To convert the captured ambient
energy into more useful magnitudes, the LTC3108 [24] was
selected as the core component. This IC will act as a step-
up voltage converter and energy management system for the
load and energy storage (Figure 1). This device has a static
2.2 V output (LDO), a configurable output (OUT) which was
set at 3.3 V, and an additional output (STORE) to connect
energy storage such as lithium batteries and supercapacitors.
Internally, the LTC3108 distributes the energy similarly as a
multiplexor would. An auxiliary capacitor acts as the main
distributing line, which feeds the LDO, OUT, and STORE
outputs, in that specific order. Once one of the outputs has

Figure 3: Seebeck cell with the finned heat sink.

reached its nominal voltage level, it continues to charge the
next one (Figure 4).

When the circuit is loaded, the behaviour of the IC is
less linear. If at any point the LDO output starts to demand
more energy than the accumulated in the capacitor, it will
draw energy from any available source (STORE, OUT, or
AUX). Also, if the OUT output requires additional energy,
it may draw only from the STORE or AUX sources. The
main difference between these two is that the LDO output
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presents a higher priority than that of OUT and that the LDO
will never lend energy to another output. It is important to
note that the STORE output will only function in the case
that there is additional energy. If all the energy generated is
consumed by the load on LDO and OUT, then the STORE
output may not be used.

Having described the architecture of this proposal, in
the following section, the description of the theoretical and
practical methods used to analyse the mote is given.

4. Tests and Results

In this section, a series of analyses and calculations are
done for each block mentioned in the architecture. The main
objectives are to

(i) understand the required energy for the load for a
given time period,

(ii) understand the behaviour and capabilities of the
thermoelectric generator (TEG),

(iii) validate the functionality and efficiency of the EH
block,

(iv) confirm the functionality of the three blocks as a
whole in a real world test environment.

To have a clear understanding of each block and the
specific tests on each, this section is subdivided into (a)
measuring equipment, (b) load energy characterization, (c)
thermoelectric generator, (d) energy harvester, (e) mote
validation, and (f) mote sustainability.

4.1. Measuring Equipment. To accomplish the previously
mentioned goals, a series of tests and calculations were
required. To acquire the needed data, such as voltage, current,
and temperature, different laboratory equipment was used
to measure the data with the highest precision available,
including

(i) Tektronix MSO 2014 oscilloscope [25],
(ii) Tektronix DMM4050 digital multimeter [26],

191



6 Journal of Sensors

Figure 5: Charge consumed by the MCU while measuring temperature. Vertical scale at 20mV/div and horizontal scale at 1ms/div.

Figure 6: Charge consumed by the transceiver while transmitting data.The signal level was lowered below zero to avoid losing charge spikes
and alter the measured value. Vertical scale at 100mV/div and horizontal scale at 200ms/div.

(iii) Pico Technology TC-08 thermocouple data logger
[27],

(iv) Type-K thermocouples,
(v) National Instruments LabView [28].

4.2. Load Energy Characterization. The load is comprised
mainly of a MCU, a WiFi transceiver, and a temperature sen-
sor. In prior studies [29], a theoretical analysis of these devices
was made with the purpose of understanding their consump-
tion levels. From this analysis, theMCU and transceiver were
identified as the primary consumers of the load, and the
energy consumption of the sensor can be considered, in most
cases, as negligible. To understand the actual energy needs of
these two devices, measurements were required to be done of
their active and inactive states individually. For this task, the
previously mentioned measuring equipment was connected
to a PC thru a serial port, using a LabView-based interface,
to capture all the data for posterior analysis. It is important
to note that all the transmissions were made using the TCP

internet protocol, mainly for security and data continuity
reasons.

Tomeasure the active stages, the area under the curve was
extractedwith the oscilloscope and a 1Ω shunt resistor placed
on the high-side of each device (Figures 5 and 6).

For the active transmitting state of the microcontroller,
the charge consumed by the device is not displayed given that
it has a linear consumption with the same period of time as
Figure 6. For each active state, several measurements were
made from which the average charge was extracted. Given
that a 1Ω resistor was used to extract these values and the
area under the curve is given in voltage per second, a direct
extraction of the charge value can be done. For the inactive
power stages, the current was measured with the digital mul-
timeter and the average value was also calculated. Lastly, all
the extracted data was converted to energy, providing a single
comparable unit of measure amongst the devices (Table 1).

In Table 1, three key states and their consumption are dis-
played. To perform a sensor measurement, the only required
device is the MCU; thus, the transceiver is not accounted for
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Table 1: Average energy consumption of the main devices of the
load in their active and inactive states.

State MCU Transceiver
Sensing 146.3 𝜇J N/A
Transmitting 69.93mJ 240.2mJ
Inactive 24.2 𝜇J 1.65 𝜇J

in this activity. While transmitting data, both of the devices
are required and are at their highest energy consumption
levels. Lastly, during the inactive state, both devices display
their lowest energy consumption.

To determine the energy consumption of the proposed
sensor load, a similar approach is used as the one utilized in
the theoretical analysis of a previous study [29]:

𝐸CYCLE = 𝐸MCSENSE
+ 𝐸MCTX

+ 𝐸MCINACTIVE
+ 𝐸RMTX

+ 𝐸RMINACTIVE
.

(1)

Formula (1) shows the total energy per cycle calculations for
the load. This formula does not include the start-up energy
of the MCU or transceiver, as they are not repetitive on each
cycle.

In this formula, 𝐸CYCLE represents the total energy of
the cycle, in joule, 𝐸MCSENSE

is the MCUs energy consumed
while sensing, 𝐸MCTX

is the MCUs energy consumption in
transmissions, 𝐸MCINACTIVE

is the MCUs consumption while in
low power, 𝐸RMTX

is the transceivers consumed energy while
transmitting, and 𝐸RMINACTIVE

is the transceivers consumption
while in low power mode.

To be able to calculate the energy of the cycle, an operating
scenario must be selected. From a prior study [29], the
most viable scenarios were chosen as starting point, where
a transmission is done every hour and the amount of sensor
measurements is varied. With the selected operation cycles,
the predefined energy cycle formula, and the extracted mea-
surements from the load, it was possible to extract the energy
per cycle of each state for MCU and transceiver (Table 2).

As seen in Table 2, the energy drawn from the load is
high compared to other implementations. The MCU itself is
not from a low power device family, and it represents a large
part of the consumed energy. One of the main drawbacks
is its high sleep current, as in this state the device will be
more than 90% of the time and it is noticeably higher than
that of the transceiver. The WiFi transceiver presents a high
active current consumption compared to other protocols but
its total charge consumption is minimized by its low active
periodicity as specified by the mote cycle.

Given these estimations, it is possible to understand the
amount of energy that will be required from the energy har-
vesting stage for such an implementation.Thus, the next sec-
tions will describe the behaviour and energy expectations of
the TEG, or Seebeck cell, and the energy harvesting module.

4.3. Thermoelectric Generator. To obtain energy from the
heating device, a Seebeck cell was utilized as a transducer.
Understanding the behaviour of the Seebeck cell is critical for
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Figure 7: Seebeck cell performance test with voltage, current,
and temperature difference measurements. Selected test points are
depicted and numbered according to their increasing voltage value.

the EH block, as it will help determine the best configuration
for a maximum amount of energy extraction. For this
purpose, measurements of voltage, current, and temperature
difference, throughout a period of time,weremade (Figure 7).

As can be seen in Figure 7, at the initial start-up, there
is an increased energy generation due to the initialization of
the heat radiator. Although useful for a faster start-up of the
energy harvesting module, this peak cannot be considered
for the estimation of the average conversion, as it represents
a phase which will not occur frequently (e.g., each time
the radiator is turned on). For the following measurements,
the second peak in the graph was selected, as it represents
a stable phase of energy conversion. From this peak, five
voltage points were chosen, ranging from the lowest to the
highest value, with their corresponding current value so as to
calculate the power levels at each test point (Table 3).

Even though with the data shown in Figure 8 it is possible
to extract the full range of power produced in the test
peak, just a selection of these was thought to be a better
representation, as they depict the clear operating variation of
the Seebeck cell.

4.4. Energy Harvester. Once the TEG starts to generate
energy, it is then transferred to the energymanagement IC for
its conversion and management. For its proper functioning,
this device requires an external transformer for the step-up
conversion. The selection of the transformer is crucial to this
IC as it will greatly affect the total efficiency of the energy
harvesting, as mentioned by Wang et al. [16].

With the selected test points of Table 3 and the informa-
tion provided in the datasheet of the energy management IC,
at first glance, the 1 : 50 turn ratio transformer seems to be the
best selection, as it maintains a more stable efficiency in the
obtained voltage range. Yet, at these voltage levels, the current
availability is low compared to the maximum tolerated,
displayed in the datasheet. Additionally, the efficiency curves
are drawn for output voltages of 4.5 V, instead of the 3.3 V
configuration used in this proposal.
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Table 2: Energy consumed by the load in each state.

One-hour cycle
Measurements Transmissions MCU Transmitter
(per cycle) (per cycle) Active energy (mJ) Inactive energy (mJ) Active energy (mJ) Inactive energy (mJ)
360 1 122.5 87.1 240.2 5.9
60 1 78.6 87.1 240.2 5.9
6 1 70.7 87.1 240.2 5.9
1 1 70 87.1 240.2 5.9

Table 3: Test points of energy conversion from the selected voltage
peak in Figure 8.

Test point Voltage (mV) Current (mA) Power (mW)
1 137.24 10.67 1.46
2 160.55 12.85 2.06
3 185.94 14.03 2.60
4 207.02 14.78 3.06
5 224.10 15.35 3.44
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Figure 8: Transformer efficiency comparison of OUT at 3.3 V and
the VIN input. The obtained power is shown with continuous lines
and the efficiency with dashed lines.

To verify which turn ratio transformer was more
favourable for the proposed scenario, a practical comparison
between these was done by applying voltage and current from
a configurable power source, emulating the TEG, for each test
point described inTable 3. Voltage and currentmeasurements
were made at the main OUT, which led to the calculation of
the power at these points, and afterwards the efficiency was
extracted (Figure 8).

As seen in Figure 8, indeed, the 1 : 50 turn ratio presents
itself as the best option for the current implementation.
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Figure 9: Power and efficiency comparison in charge regime. The
obtained power is shown with continuous lines and the efficiency
with dashed lines.

The main disadvantage of the utilization of this transformer
is that, at the start-up, the initial voltage required by the
harvester is higher than the 1 : 100 turn ratio. Although it is
important to try to exploit every bit and scrap of energy,
analysing the behaviour of the heat source, it is clear that the
average amount of energy generated by the Seebeck cell will
play a more key role in the long run.

Having selected the appropriate transformer for the
energy harvesting module, with the same test points selected
previously (Table 3), an analysis of power and efficiency
for the LDO and OUT outputs is done. This data will
help understand the limitations of the EH block, under the
proposed scenario. It is important to understand that the
energy management IC has two different work regimes, one
for the initial charge of the LDO/OUT outputs and another
for the case when the LDO/OUT outputs have reached their
nominal values. From here on, these will be referred to as
charge and stable regime accordingly. For both these analyses,
it is assumed that there is no energy storage, as it will better
depict a worst case scenario where energy is not sparing.

In Figure 9, it is possible to view the comparison of the
LDO and OUT outputs in reference to the input provided by
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Table 4: Energy harvesting block comparison with other relevant studies.

Desai et al. [30] Lhermet et al. [31] Wang et al. [16] This work
𝑉IN 100mV 1V 250mV 185mV
𝐸OUT 470 𝜇J 480 𝜇J 1.02mJ 1.1mJ
Efficiency 68% 35% 25% 42%
𝑉OUT 1.8–5.5 V 3.3 V 3.3 V 3.3V

the EH, in the charge regime. At the initial charge, the LDO
output presents a low efficiency. This is mainly because of
the low voltage state (2.3 V) that the AUX capacitor has at
that time, and the internal efficiency of the LDO embedded
in the IC. But, in contrast, the OUT output presents a higher
efficiency compared to LDO, ranging from 40% to 51%. To
understand the relevance of this information, a comparison
was made with other studies (Table 4).

In comparison with other proposals, the current EH
configuration provides a higher energy output than the rest.
In efficiency, Desai et al. [30] proposal has the highest value
but is closely followed by this work.

With this information, it is possible to estimate the time
that the energy harvester will take to charge the energy
reservoirs of the load, at least in the initial phase when these
do not present any charge. To minimize the amount of time
the reservoirs take to charge, it is important that the load
remains inactive until the stable regime has been achieved.

Having stated that the behaviour of the LTC3108 varies
according to the different work regimes, the analysis of the
stable regime was done and presented in Figure 10.

In Figure 10, it is possible to see that there are two charge
scenarios for the LDOoutput in this regime.Thefirst scenario
is when the output capacitor of OUT is fully charged to its
nominal value (3.3 V), and the AUX capacitor has a lower or
the same value. In this case, the LDO is charged at the same
rate as the OUT capacitor would be charged, thus presenting
a higher efficiency. The second scenario is when the AUX
capacitor is charged at a higher voltage than the OUT output
capacitor, up to 5.2 V. In this case, the efficiency is lower than
in the first scenario due to the internal composition of the
IC, which limits the amount of current drained to the LDO
capacitor [24]. In both regimes, the OUT efficiency remains
the same.

In average, the amount of energy that can be extracted in
the stable regime from the LDO output is 519𝜇J, in its worst
charge scenario (𝑉AUX > 𝑉OUT), and from the OUT output
1.1mJ. Knowing this, it is possible to state that more than
enough energy is generated to maintain both the MCU and
transceiver in their inactive states and sparingly charge the
energy reservoirs for the active states, according to Table 1.

As mentioned before, these analyses were done without
the use of a storage device, which would help increase
the charge rate of the output capacitors. Nonetheless, this
scenario was also tested, andwith a charged supercapacitor of
470mF it was able to provide an average of 5mA of current,
charging the output capacitors at a very high rate.

Knowing the amount of energy required by the load
(Table 2), and realizing that the energy provided by the EH
block will not suffice to supply the load in active state by
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Figure 10: Power and efficiency comparison in stable regime. The
obtained power is shown with continuous lines and the efficiency
with dashed lines.

its own, the next step was to estimate the size of the energy
reservoirs that would supply the active pulse consumption.
For the energy reservoirs, supercapacitors were selected due
to their high density and excellent performance under pulse
load conditions. To calculate theminimumcapacity required,
the following formula was employed:

𝐶 =
2𝜀

𝑉2
2
− 𝑉2
1

. (2)

Formula (2) shows the capacity of the energy reservoirs for
the LDO and OUT outputs, where 𝐶 is the capacitance in
farad, 𝜀 is the energy in joule, 𝑉

1
is the lowest voltage sup-

ported, and𝑉
2
is the nominal voltage. Depending on whether

the calculations are done for the MCU or the transceiver, the
voltages will vary according to their individual supply and
limitations (Table 5).

Having calculated the size of the supercapacitors, it is
also important to consider the peak current that will be
demanded by the load, as this will define the minimum
ESR of the supercapacitors. According to their corresponding
datasheets, the MCU consumes a maximum of 24mA and
the transceiver at least 154mA while transmitting. With this
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Table 5: Supercapacitor calculations for the load, according to the active energy consumption per scenario.

One-hour cycle
Measurements Transmissions MCU Transmitter
(per cycle) (per cycle) Active energy (mJ) Capacitance (mF) Active energy (mJ) Capacitance (mF)
360 1 122.6 291.9 240.2 133.4
60 1 78.72 187.4 240.2 133.4
6 1 70.82 168.6 240.2 133.4
1 1 70.08 166.9 240.2 133.4
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Figure 11: Charge time for the output supercapacitor versus har-
vested energy, at start-up.

in mind, and using the transceivers current as reference, the
supercapacitors will require having an ESR lower than 20Ω.

Afterwards, a time-based analysis was done in conjunc-
tion with the energy harvesting module. This will allow for a
validation of the start-up time required by the mote. For this
test, one of the previously mentioned operation cycles has to
be selected; thus, the scenario with 60 sense measurements
per hour was chosen, as it represents a middle point between
all the cycles. As the values of capacitance in Table 5 are
nonstandard, 2 × 100mF supercapacitors were chosen for the
MCU and transceiver each. Next, the TEG was connected
to the EH module, the supercapacitors were placed on each
output, and voltage on each output, as well as at the EH input,
was measured every 10 seconds (Figure 11).

As seen in Figure 11, the initial start-up takes approxi-
mately 100 minutes to charge up to the point that the PGD
signal is activated, thus connecting the load to its supply
voltage and initializing its work cycle.This scenariomay seem
unfavourable for the sensor, due to the loss of data for the
first 100 minutes, but the reality is that this charge behaviour
would only happen on its first usage or after it has not been

utilized for a long period of time and the supercapacitors have
been fully discharged. Also, this initial charge time may vary
depending on the amount of energy generated by the EH
block at the time; thus, having more energy will decrease the
charge time of the supercapacitors.

With the previous data, it is clear that increasing the
amount of sensor measurements may impact greatly the ini-
tial start-up, as it would require bigger supercapacitors.Thus,
the previously selected operation cycle of 60 measurements
and 1 transmission will be used as a basis for the next tests.

Having validated each block of the mote individually, in
the next section, the verification of all working parts as a
whole will be described.

4.5. Mote Validation. With the data extracted from the previ-
ous analyses, the next stepwas to validate themote (Figure 12)
as a whole by testing it in an actual home environment for a
24-hour time span.

There are two main scenarios that must be distinguished
in this test, an 8-hour active period and a 16-hour inactive
period. The active period represents the 2PM to 10PM time
span, and the inactive period characterizes the spanwhere the
heat radiator is shut down. Analysing the inactive period will
allow for an understanding of the supercapacitor discharge
and the amount of energy required for a system reboot at
the following day of operation. The 2–10PM time span was
chosen because it is a usual operating cycle of a CH system.

For this test, a 470mF supercapacitor was used for the
STORE output, as well as the 2 × 100mF for the LDO and
OUT outputs each. Voltage measurements were done at the
EH input, STORE, LDO, and OUT outputs every 10 seconds.
To verify the successful data transmission to the WiFi server,
the Wireshark [32] software was utilized (Figure 13).

The first thing to notice in Figure 13 is the OUT and
LDO output transmission energy consumption spikes, which
decrease with each transmission.This behaviour is due to the
energy that is being accumulated in the STORE supercapaci-
tor, which allows for a faster recharge between transmissions.

Due to the initial start-up time, only 6 transmissions were
able to be sent to the WiFi server. The success rate of these
transmissions was 100% according to the data captured with
Wireshark.

As an additional test, the same voltage measurements
were done for an extended period of time, until the mote
sends an additional transmission. This test emulates the
behaviour of the mote and supercapacitors on a continuous
work cycle (Figure 14).
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(a) (b)

Figure 12: Prototype boards of the mote, with the load (a) and EH block (b). Both boards are missing some components as they are for future
usage.
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Figure 13: 24-hour actual home scenario test of the mote.

With this test, it is possible to see the faster reboot of the
mote back to operation (approximately 40min.), compared
to the initial start-up. This increase in charge time allows for
more energy to be accumulated in the STORE supercapacitor
that can be used to recharge the other outputs faster and
reservemore energy for the next day of operation. Potentially,
this extra energy reserve will allow for an even faster reboot
on the next day of operation. Also, having a faster reboot
grants more transmissions than at the initial start-up.
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Figure 14: Extended actual home scenario reboot test of the mote.

4.6. Mote Sustainability. Sustainability can be defined as the
capacity of a system, device, or application to endure for
a given time period, whether it is definite or indefinite.
In applications such as the current proposal, sustainability
can be divided into two areas, operating and energy. These
will constrain the application under a specific operating
window.Under a given operating cycle time frame, the energy
sustainability is determined by two factors: the amount
of energy generated at the outputs by the EH block and
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Figure 15: Energy and operating sustainability graph of the mote
for different measurement scenarios. The grey area depicts the
maximum amount of measurements with the average energy. For
this study, a cycle is considered to be 1 hour.

the energy consumed by each activity of the load, as well
as their energy consumed while being inactive. On the
other hand, the operating sustainability is defined by the
minimum amount of temperature measurements that will
provide valid information to the user and the maximum
amount of measurements that can be done with the useful
energy stored in the supercapacitors of the MCU.

As stated previously, the initial setup condition of the
mote is an operation cycle time frame of 1 hour, where a
single data transmission is done. Given the characteristics of
the energy management IC, output capacitors for the MCU
and transceiver of 200mF each were selected. This provides
enough energy for each activity and an adequate start-up
time. Given these conditions, a sustainability analysis was
done to find the proposed operating window which will
define the best application scenarios for this proposal. It is
important to note that this analysis only considers the stable
regime, as in the charge regime there are no activities done
(Figure 15).

In Figure 15, based on the experimental measurements
(Table 1), calculations were made to obtain the amount of
energy consumed by a wide number of samples in a single
cycle and a single transmission. Additionally, the average
amount of energy available at the LDOoutput, at a 4.5∘C tem-
perature difference in the specified time cycle, was extracted.

In Figure 15, two main areas can be depicted, one gray
colored and another green colored, all being referenced to
the 4.5∘C average energy level. The grey section symbolizes
the maximum amount of measurements that could be done
with the average energy available in one hour. Yet, given the
constraint of the supercapacitor size, not all of the energy
will be used for this purpose, but instead, it will remain
stored as backup in an energy reservoir at the STORE output.
Having said that there is a limit set by the supercapacitor size,
given our initial conditions, the green area comes into place,

depicting the optimumoperatingwindow of scenarios for the
current proposal. The minimum limit set for the green area
was defined by the amount of samples required to provide
useful information to the user. With a minimum of thirty
samples per cycle, it is possible to provide a good sense, albeit
a bit rough, of the temperature variationsmeasured, although
more samples are recommended.

5. Discussion

As described earlier, one of the key differentiators of this
proposal is the integration of WiFi communications with
energy harvesting on a sensor mote. Yet, the described device
presents similarities with other proposals.

The TEG and EH blocks can be compared to the one used
in the Tyndall ZigBee mote, submitted byWang et al. [16]. In
their work, several proposals and devices were analysed so as
to select the best approach for their implementation. Specif-
ically, a comparison is made with the LTC3108 IC, device
used in the current work, but only with a 1 : 100 turn ratio
transformer which, as also demonstrated here, presents a low
efficiency at its main OUT output. However, when analysing
this output with a 1 : 50 turn at 3.3 V, the same voltage used in
their mote, it has been demonstrated that it is possible to have
an efficiency of up to 51%, compared to the 25.2% achieved by
their EHblock. At theminimum, in this work, an efficiency of
40% is accomplished. If this EHblockwere to be usedwith the
Tyndall ZigBee mote, only 2.6mW would be required to be
generated by the TEG, as the EHblockwould generate 1.1mW
at the 3.3 V output.This represents almost a 50% reduction in
energy extracted from the ambient. Additionally, the use of a
device such as the energy management IC brings the added
benefit of having a general purpose EH block, which may be
used for harvesting other types of ambient energies.

If ZigBee communications were to be used, instead of
WiFi for this implementation, lower start-up times and
energy levels could be achieved, decreasing the size of the
required supercapacitors. Yet, as previously stated, it would
still require the placement of ZigBee specific infrastructure
and an additional device which would upload data to the
cloud, such as the work of Kelly et al. [18] or Nugroho and
Sahroni [20]. This would represent an added economic cost
and, because of its uncommon use by the general population,
a less user-friendly setup. The advantage that WiFi presents
against other protocols such as ZigBee is that having a
network infrastructure already in place, as in the majority of
households, this can decrease the economic cost of a project
and simplify its implementation, as well as the interaction
with users.

Another similar approach is the one presented byNguyen
and Le-trung [19]. In their proposal, they also use low power
hardware and software techniques with WiFi communica-
tions for sensing data in smart buildings, using the same
MRF24 transceiver as the one proposed here, and a PIC18
MCU. Yet, they present similar energy consumption, even
though in this proposal a PIC24 MCU is used. One of the
main reasons for this is that in this work the supply voltage of
the MCU was lowered from 3.3V to 2.2 V, which inherently
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lowers its consumption. Also, the use of a cold start-up
with the internal LPRC oscillator helped improve the energy
demand.Moreover, in this work, sensormeasurements can be
done every minute, although the transmissions are by default
set to run every hour. Another key difference is that for their
implementation they use batteries (4 × 4200mAh@3.7V)
to achieve a maximum operation of 46 days, whilst in this
proposal EH is used which could potentially have no limit
of operation. In order to compare both architectures, if we
would power our mote with this pack of batteries, we would
have 71 days of lifetime.

Seeing that there was enough energy generation to store
a part of it (Figure 13), several possibilities are opened. If
enough energy is generated by the TEG, it may be possible
to increase either the amount of sensor measurements or the
transmission rate, creating amore adaptablemote to different
operation cycles. Also, the size of the STORE supercapacitor
could be increased, which would additionally help in a faster
reboot time on each sequential work cycle.

In the 24+ hours’ mote tests, it was proven that the imple-
mentation is a viable solution to the current problematic.
Ideally, it would be desirable to start sensing data as soon as
the LDO output has reached its nominal 2.2 V, as this would
enable the MCU which manages the temperature sensor.
Currently, this is addressed with a faster reboot time with
the energy stored after the 8-hour active period; yet, in the
first few days of operation, there is some data loss. A possible
improvement would be to add an additional start-up circuit
that analyses the LDO output directly. This would leave the
PGD pin free to be analysed by theMCU, giving it knowledge
of the energy availability for the transceiver.

Further analysing Figure 15, with a lower energy availabil-
ity than the one provided by a 4.5∘C temperature difference,
it could be possible to work under these same operating
windows. Yet, with such an energy output, the initial start-
up time for the mote would be increased. On the other hand,
having a higher energy availability would grant a quicker
initial start-up time and more energy to store for backup.
Also, it could be possible to increase the supercapacitors size,
accommodating more measurements per cycle or even more
transmissions.

A probable improvement to the presented proposal would
be the replacement of the MCU, which has a high energy
consumption in general. If a PIC24FJ128GA306 [33] MCU
from the nanoWatt XLP family were to be selected, a
notorious increase in performance could be achieved. This
MCU presents a low deep sleep consumption of 10 nA, which
consequently would allow for more energy to be stored at a
faster rate. Also, its active state current consumption presents
a lower value of 6.5mA, decreasing the minimum size of
the LDO supercapacitor to 58mF. This would represent a
reduction in capacity of almost 70%. Assuming the use of
the same supercapacitors that are currently set, only 100mF
would be more than enough to cover its demand, decreasing
greatly the start-up time. Also, the integration of an energy-
aware firmware, as well as the selection of a MCU with a
wider supply voltage range, would allow for decisions over
each activity to be taken by the mote and a reduction in size
of the output supercapacitors.

On the transceiver side, the transmission output power
could be modulated according to the needed signal strength
required to communicate with the access point. In the
majority of home scenarios, it is possible that a 10 dbm
output is not required, and decreasing it would improve the
consumption greatly. Moreover, depending on the scenario,
the UDP protocol could be used to decrease the transmission
time and energy consumption, although data delivery would
not be assured.

6. Conclusions

In this paper, an autonomous WiFi sensor for auditing home
heating devices was presented. A complete analysis of the
load was done, giving a clear understanding of the energy
needs required. Also, theoretical calculations were made for
the needed energy reservoirs, or supercapacitors, and the
experimental validation of these was proven. Afterwards,
a characterization of the TEG was accomplished, which
allowed for the appropriate selection of components for
the EH block. With the proper components, the efficiency
and power capabilities of the EH block were demonstrated,
achieving an increase in performance of 50% compared to
other implementations. Finally, all blocks were put to the test
as a whole in a practical scenario for 24+ hours, proving the
motes’ proper functionality in smart home environments.

To conclude, the use of autonomous WiFi sensors as a
WSN solution in IoT not only is viable, but also simplifies
its implementation thanks to its already widespread net-
work and ubiquity in IoT devices. There are a wide variety
of scenarios where WiFi sensors can be implemented to
transfer environmental data to the cloud, without the need
of additional network communications. Furthermore, it can
be easily paired with EH technologies to cover its energy
consumption or help recharge its primary battery system for
an extended life span.
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Abstract. The rise in low power devices has created a necessity for connectivity 
among systems, in some cases across great geographic lengths. Current wireless
communication protocols for these devices cover only small areas or require sev-
eral hops to communicate. LPWAN have surfaced to cover this necessity offering 
greater transmission range in energy efficient protocols. Among these can we 
find the LoRa technology, offering wide spread spectrum modulation for WSN. 
The most common implementations of LoRa work at 868 MHz frequency range, 
and there is few information for other frequency bands. Given the nature of this 
modulation, it is of great interest to analyse lower frequencies. In this article a 
direct comparison of LoRa in the 868 MHz and 433 MHz will be done. Addition-
ally, several parameters will be modified to find the best configuration available. 
This will help validate the possibility of transmitting at longer distances than cur-
rent 868 MHz implementations.

Keywords. LoRa modulation, long range communications, LPWAN, Wireless 
Sensor Networks, M2M, low power communications, IoT.

1 Introduction

A Wide Area Network (WAN) can be defined as a data communications network 
that covers a broad geographic area [¡Error! No se encuentra el origen de la referen-
cia.]. Usually these types of networks help interconnect different Local Area Networks 
(LAN), Metropolitan Area Networks (MAN) and other architectures. Within the WAN,
a new paradigm is defined as Low-Power Wide Area Network (LPWAN) which aims 
to cover the necessity of long range transmissions, comparable to cellular technology, 
and low power wireless nodes [2] in Machine-to-Machine (M2M) communications.
These LPWAN provide new possibilities for and Wireless Sensor Networks (WSN)
and the Internet of Things (IoT), as its increased coverage allows for the interaction of 
low power devices across great geographic lengths. Yet, as no network architecture is 
ideal, to be able achieve these capabilities LPWAN provide lower data rates than that 
of standard WAN.

Among the LPWAN, there are several interesting proposals which use different 
transmission techniques such as ultra-narrow band modulations, for instance SigFox,
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Random Phase Multiple Access Direct Sequence Spread Spectrum (RPMA-DMSSS)
technology used by Ingenu, or Weigthless which offers several different modulations 
[2,3,4]. Another proposal is the Long-Range (LoRa) modulation, which appears as one 
of the most promising technologies, offering a wide band spread-spectrum modulation 
with low-cost transceivers [2,5]. In addition, it offers a high immunity to interference 
with a co-channel GMSK rejection of up to 20 dB. Its transmission frequency ranges 
from 137 MHz to 1020 MHz, granting worldwide functionality in free-band.

In WSN, application scenarios can be very diverse. It is common to find cases where 
devices communicate from near ground level to higher points and vice versa. Such is 
the case of this proposal where several slave wireless sensor nodes will be deployed 
near a shoreline, and will be communicating to a master node in a vantage point. Under 
such conditions, the theoretical calculations tend to diverge from the practical results 
as the deployment scenario presents a less than ideal characteristics for wireless com-
munications.

Although there are many valid LPWAN implementations that could function for the 
application scenario of this proposal, the focus of this proposal will be the LoRa spread 
spectrum modulation. Within this modulation, several studies have been made regard-
ing modulation at 868 MHz [6,7], yet in other frequency bands little information can 
be found. The main objective of these analyses is usually to find the range limitations 
of LoRa modulation under given conditions. Although this is also of great interest for 
the application scenario, it is important to first compare with other frequency bands that 
could potentially increase the communication range. 

With this in mind, the main objective of this article is to analyze the LoRa spectrum 
modulation at 433 MHz, making a direct comparison with 868 MHz under a similar
scenario as the one described earlier. To demonstrate this, the current proposal is di-
vided in various sections: hardware design, test environment & setup, test and results, 
discussion and conclusions. With this a full comprehension of the experimentation, as 
well as LoRa behavior, should be attainable granting the reader a clearer understanding 
of this modulation´s capabilities for IoT implementations.

2 Hardware Design

To benchmark the LoRa modulation, a RN2483 wireless module from Microchip 
was selected [8]. Internally, this unit integrates a PIC18LF45K22 and a SX1276 trans-
ceiver which enables the comparison between low and high frequencies [9]. Although 
LoRaWAN [10,11,12] is integrated by default in the wireless module, a custom firm-
ware was created for this architecture with the capability of implementing a star net-
work topology.

The wireless module was then mounted on a simple PCB, which enabled access to 
the module thru serial port communications. To properly configure the transceivers, 
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there are three main configuration parameters that must be modified to achieve different 
transmission distance, data rate and noise immunity. These are the spreading factor, 
signal bandwidth and coding rate. The first two are the most significant as they influ-
ence the receiver sensitivity and the transmission data rate, albeit in different degree. 
The spreading factor parameter helps increase significantly the sensitivity of the recep-
tor at the cost of bitrate. The higher the spreading factor, the further the transmissions 
and the lower the bitrate. Contrary to this, increasing the bandwidth allows for a higher 
data rate but slightly deters the sensibility of the receiver. Yet, as the theory explains, 
decreasing the bandwidth also increases the error in a channel [13]. Lastly, the coding
rate grants different levels of redundancy to the transmission, helping improve immun-
ity to noise of the signal. This parameter should be modified depending on the environ-
ment of the deployment, as increasing the coding rate will increase the transmission
time due to additional overhead. 

3 Test environment & setup

As the main objective of this study is to compare the LoRa modulation at 433MHz 
and 868MHz, and not the longest possible transmission range attainable, two sites 
where selected with a moderate distance between them. The objective is to have a sep-
aration between transmitter and receiver, which by theoretical calculations should be 
able to communication at both frequencies.

Even though the final deployment scenario of the nodes is to be at a shoreline, for 
practicality reasons it was thought better to test in a different scenario that maintained 
a similarity in height difference between the devices. Also, for the experimentation an 
environment with a direct line-of-sight was sought out, which is another of the key 
features of the deployment scenario.

All of the tests were done at the outskirts of Zaragoza, Spain. The receiver was lo-
cated at ground level in coordinates 41.592466, -0.948032, and the transmitter was set 
at an elevated point in coordinates 41.530340, -0.954572. The separation between these 
two points is of approximately 7 km and the elevation differences is of roughly 300 
meters (Fig. 1).
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Fig. 1. Distance between both test points and its topographic profile. Point A represents the
transmitter station at a vantage point and point B the receiver station at ground level.

In both cases, the modules where configured thru a serial port connection, which 
also served as a monitor for transmitted and received data. For the trials, a series of 
transmissions of sequential data and unique identifiers where sent in a systematic man-
ner. This not only allowed verifying the reception of the data, but also viewing the 
Received Signal Strength Indicator (RSSI) of each package and the integrity of said 
transmissions.

4 Test and Results

Given that the LoRa is based on frequency spectrum modulation, one of the most 
defining of the three configuration parameters is the spreading factor. Thus several tri-
als where made where the spreading factor was tested at different configurations. Ad-
ditionally as the bandwidth also incurs in the sensitivity of the receiver, this parameter 
was modulated across the extent of its range. The coding rate was kept at its highest 
configuration value to minimize radio interference and to have a clearer understanding 
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of the impact of the other parameters. For all the trials the RSSI, the successfully re-
ceived packets, packets with errors, Packet Error Rate (PER) and Packet Error Loss 
Rate (PELR) was extracted, giving a better understanding of the channel activity. From 
here on, the different spreading factors will be referred to as SF12 (4096 chips/symbol), 
SF10 (1024 chips/symbol) and SF8 (256 chips/symbol).

Fig. 2. Graphics for the different SF depicting the successfully received packets, packets with 
errors and the average RSSI per trial. Cases where there were complete packet loss show no 

RSSI.

Table 1. PER and PELR percentages for SF12 modulation.

BW (kHz) Frequency 
(MHz)

RSSI Received 
packages

%

PER % PELR %

500 433 -113,95 100,00% 0,00% 0,00%
250 433 -115,34 100,00% 0,00% 0,00%
125 433 -111,91 100,00% 0,00% 0,00%
62,5 433 -112,10 100,00% 0,00% 0,00%
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31,2 433 -113,36 85,42% 46,34% 14,58%
7,8 433 -115,00 2,08% 0,00% 97,92%

500 868 -123,12 100,00% 0,00% 0,00%
250 868 -125,58 100,00% 0,00% 0,00%
125 868 -124,40 97,92% 0,00% 2,08%
62,5 868 -125,54 100,00% 0,00% 0,00%
31,2 868 -127,59 12,50% 83,33% 87,50%
7,8 868 0,00 0,00% 0,00% 100,00%

Table 2. PER and PELR percentages for SF10 modulation.

BW (kHz) Frequency 
(MHz)

RSSI Received 
packages

%

PER % PELR %

500 433 -110,06 100,00% 0,00% 0,00%
250 433 -110,70 100,00% 0,00% 0,00%
125 433 -111,39 100,00% 0,00% 0,00%
62,5 433 -111,87 100,00% 0,00% 0,00%
31,2 433 -114,63 100,00% 0,00% 0,00%
7,8 433 0 0,00% 0,00% 100,00%

500 868 -119,41 100,00% 0,00% 0,00%
250 868 -122,1 100,00% 0,00% 0,00%
125 868 -124,04 100,00% 0,00% 0,00%
62,5 868 -125,39 100,00% 0,00% 0,00%
31,2 868 -128,04 100,00% 0,00% 0,00%
7,8 868 -130,25 25,00% 25,00% 75,00%

Table 3. PER and PELR percentages for SF8 modulation.

BW (kHz) Frequency 
(MHz)

RSSI Received 
packages

%

PER % PELR %

500 433 -109,81 100,00% 0,00% 0,00%
250 433 -111,31 100,00% 0,00% 0,00%
125 433 -112,25 100,00% 0,00% 0,00%
62,5 433 -113,25 100,00% 0,00% 0,00%
31,2 433 -114,81 100,00% 0,00% 0,00%
7,8 433 -116,16 12,50% 16,67% 87,50%
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500 868 -119,84 95,83% 0,00% 4,17%
250 868 -123,06 100,00% 0,00% 0,00%
125 868 -125,02 100,00% 0,00% 0,00%
62,5 868 -126,31 100,00% 0,00% 0,00%
31,2 868 -128,81 100,00% 0,00% 0,00%
7,8 868 -129,69 27,08% 0,00% 72,92%

In Figure 2 and Tables 1-3 the different trials and comparison among the results for 
433MHz and 868MHz can be viewed. A fourth experimentation was also done, with a 
spreading factor of 64 chips/symbol, yet the results were a complete packet loss in the 
grand majority of the trials in both frequencies, thus they are not shown due to the lack 
of comparability.

With the information provided by the experimentation, it can be noticed that at
433MHz the RSSI is greater than that of 868MHz, with the exception of the scenarios 
with complete packet loss, across the full extent of the experimentation. As the spread-
ing factor is decreased, the average RSSI also diminishes. Additionally in the trials in 
which the bandwidth was lowest, the interference in the channel was very elevated 
causing an increase in the PER and PELR factors. In some cases, a complete packet 
loss was detected.

5 Discussion

With the results shown in the previous section, several conclusions can be extracted. 
As seen in Figure 2, by decreasing the operating frequency of the transceivers it is pos-
sible to achieve a greater sensitivity which, ideally, can be translated to data being trans-
mitted over greater distances. Increasing the spreading factor helps achieve this goal, 
yet with the experimental results we can see that at SF12 greater error and packet loss 
percentage are displayed in lower bandwidths. It is in fact the SF10 configuration that 
has the best average RSSI of all with a low packet error/loss percentage. 

In Tables 1-3 it is possible to see that at lower bandwidths there is an increased PER 
and PELR percentage. Not only is there a noticeable packet loss, but also the majority 
of the packets received present data corruption, which increased the PER. In this case, 
data corruption was recognized if the sequential string was not the one expected or if 
the unique identifiers were not present.

From the theory, it is possible to assume that by lowering the signal bandwidth it is 
conceivable to achieve a better, or at least the same, results as in higher bandwidths. 
Yet seeing as how a narrower bandwidth also incurs in channel noise, it was not possi-
ble to achieve a better result mainly because of the selected environment. Due to the 
nature of the physical location of the receiver end, it is possible that a certain degree of 
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signal cancelling was afflicting the trials, either by the environment or by other varia-
bles. Ideally both the transmitter and receiver should be located at elevated points where 
Fresnel conditions are met [7]. Such a setup would greatly improve the outcome of the 
trials and, possibly, would have granted a better outcome with a SF of 64 chip/symbol. 

Although 433 MHz presented a better response in the majority of the trials, there is 
one which stands out due to its poor results. In trial 6 of Table 2 a complete packet loss 
is presented in 433 MHz, whilst in 868 MHz some data was still received. This could 
have been a due to a high occupancy of the channel at the time of the trial. This is one 
of the major issues of working in free-band frequencies, as it can present an elevated 
channel traffic which may impact the signal transmission. If a LoRa network is desired 
to be deployed and it does not have time or energy constraints, it is recommended that 
the highest CR is selected as it will grant the highest interference immunity. Ideally the 
selected environment should be analyzed for radio traffic so as to select the appropriate 
CR and reduce the on-air time of the data. 

6 Conclusions

As seen in the tests, with a SF of 1024 chips/symbol it is possible to achieve some 
of the highest RSSI value. This configuration allows for a high sensitivity in the re-
ceiver, thus increasing the feasible transmission range. Although if the distance be-
tween the two transceivers is moderate, such as the one presented in this paper, a SF of 
256 chips/symbol is also a viable configuration.

For both SF’s the modulation of the bandwidth only slightly deterred the RSSI. Thus,
it is best to use the 125 kHz configuration as it presents the best balance between re-
ceiver sensitivity and data rate. For scenarios where greater channel immunity or an 
increased data rate is required, due to energy or time constraints, it is recommendable 
to use a higher bandwidth. 

Utilizing the 433 MHz frequency allows for an increased RSSI over the standard 
868 MHz and a reliable signal channel. Having a greater sensitivity in the receiver also 
implies that a greater transmission distance could be achievable from those attained 
with 868 MHz. The usage of 433 MHz offers the possibility of creating a multi-purpose 
and multi-region enabled IoT network that may cover wide geographic areas with a just 
a few nodes. 

Future work

Given the results shown in this proposal, further tests were also done with the 433 
MHz frequency band to test the transmission range. These measurements, in conjunc-
tion with node energy consumption and data-to-energy metrics, are to be compiled to 
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be presented to the scientific community. Additionally, the deployment of the WSN at 
the shoreline application scenario, with its corresponding results, are also to be reported 
to the public.
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Abstract: Marine environments are delicate ecosystems which directly influence local climates, flora,
fauna, and human activities. Their monitorization plays a key role in their preservation, which is
most commonly done through the use of environmental sensing buoy networks. These devices
transmit data by means of satellite communications or close-range base stations, which present
several limitations and elevated infrastructure costs. Unmanned Aerial Vehicles (UAV) are another
alternative for remote environmental monitoring which provide new types of data and ease of use.
These aircraft are mainly used in video capture related applications, in its various light spectrums,
and do not provide the same data as sensing buoys, nor can they be used for such extended periods
of time. The aim of this research is to provide a flexible, easy to deploy and cost-effective Wireless
Sensor Network (WSN) for monitoring marine environments. This proposal uses a UAV as a mobile
data collector, low-power long-range communications and sensing buoys as part of a single WSN.
A complete description of the design, development, and implementation of the various parts of this
system is presented, as well as its validation in a real-world scenario.

Keywords: remote sensing; WSN; UAV; LPWAN; LoRa; marine monitoring; low power electronics

1. Introduction

Ecological monitoring is an area of great interest for remote sensing, mainly due to the increased
concern for the preservation of the environment, as well as the impact of climate change and human
activity. Diverse implementations have been widely used in fields such as forest monitoring [1,2],
wildlife preservation [3,4] and agriculture monitoring [5,6].

Another field in which remote sensing has played a key role in recent years is the marine
environment. It is probably one of the most important areas in ecology, as changes in this
environment directly impact the biodiversity and atmospheric conditions, as well as any fishing-related
activities [7–9]. Moreover, it is also one of the harshest settings to monitor for any type of deployment,
as it requires waterproof robust technology to endure the high levels of humidity and salinity, wave
collisions, and extreme weather conditions [10]. The way in which marine environments have
been monitored has changed little in the past few decades, with the majority of implementations
being based on satellite imagery, underwater devices with various sensors, and buoy developments.
The latter are by far the most commonly used, being mostly applied to ambient variable measurement,
either as stationary or drifting devices, each with its own specific purpose. These devices can
measure several variables simultaneously and monitor areas for long periods of time. Currently,
there are at least 1354 stations and 1421 drifter buoys deployed globally, according to data from the
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National Data Buoy Center [11] and The Global Drifter Program [12] correspondingly. Yet one of the
main drawbacks of using buoys is the process for data extraction. The most commons methods
are long-range communications, close-range wireless transmissions, or dry-land data collection.
Long-range transmissions require either a previously established infrastructure, such as a ground
base station, or satellite connectivity. When using a ground station, the buoys must be fixed to a
given position, or several stations must be established for drifting buoys. Additionally, these types
of wireless communications tend to have a range limited to less than 100 m per ground station, thus
the high usage of satellite communications. In the case of short-range communications and dry-land
data collection, an aquatic vessel is required to reach the buoys and either extract the data or the buoy
itself. All the previously mentioned methods are hardly sustainable due to expenses associated with
monthly fees, maintenance, or person-hours.

Currently, one of the most novel approaches for monitoring marine environments is the use
of Unmanned Aerial Vehicles (UAV). These devices can cover areas several km wide, given their
long-range communications, enabling the possibility of monitoring hard to reach areas with relative
ease, as well as acquiring similar data than that of satellite imagery. In this last area, its contributions
highly benefit from the possibility of extracting data at a higher resolution than satellites, but in contrast
they may only cover smaller areas of analysis [13]. Additionally, as they are airborne devices, UAVs
do not face the same challenges as marine monitoring deployments. Implementations using these
types of devices have been used for wildlife [14–17], environmental [18,19], and hazardous marine
monitoring [20]. Usually the data type acquired by a UAV in a marine implementation are those that
can be collected using infrared, multispectral, or conventional cameras, yet environmental data are, for
the most part, unattainable. Moreover, given their short life span of tens of minutes and the need for
user interactions, monitoring for extended periods of time is difficult to achieve, as it would require
several landings and battery replacements.

To overcome the limitations of UAV and buoy based implementations, the use of a hybrid Wireless
Sensor Network (WSN), which uses both technologies, is proposed in this article. This type of UAV
assisted WSN system architecture has become increasingly used in the past few years, given recent
advances in both areas. In the agricultural sector, these type of implementations have been used to
monitor crops remotely, by using a UAV as a data collector [21,22] and, in some cases, as a trigger
for countermeasures against pests [22]. Similarly, the use of UAVs has been proposed as a means of
managing disaster situations, in conjunction with both WSN [23,24] and cellular networks [24,25],
which presents several improvements over current implementations. In other areas, such as the
entertainment sector, UAV assisted WSN have been proposed to provide enhanced user experiences in
various types of events, such as music concerts or sports [26].

In aquatic environments, similar approaches as the one proposed in this article can be found in
the literature, such as the work of Zolich et al. [27] and Barbatei et al. [28]. Zolich et al. propose the use
of a UAV to collect data from stationary low-cost and low-power consuming buoys, which provide
data regarding various underwater sensors. To transmit data to the UAV, they used an 868 MHz radio
module which implements the Tiny Mesh protocol, with a power consumption of 24 mA in reception
and 560 mA in transmission, both at 3.3 V. In their experimentation, they were able to transmit with a
maximum data rate of 4399.97 bps and a data link range of 485 m, whilst the UAV was hovering at
approximately 9 m above sea surface. Barbatei et al. use a similar system architecture with a UAV
as a data mule and custom designed modular stationary buoy devices, which house a temperature
sensor, an Inertial Measurement Unit (IMU), GPS module, micro SD storage, and a wireless transmitter,
all managed by a 16 bit microcontroller. The wireless transmitter used in their implementation is
a Radiocrafts RF1280 module, which transmits at 868 MHz frequency with a FSK modulation with
an estimated data rate of 4.8 kbps. According to their study, this provides an approximate range of
communications of 264 m with the UAV, with a low current consumption of 21 mA in reception and
28 mA in transmission, and a 3.3 V voltage supply.

212



Sensors 2017, 17, 460 3 of 22

The system proposed in this article aims to use a swarm of drifting buoys, contrary to static
ones presented in the previously mentioned work, as primary environmental sensors, covering wide
areas of seashore, and a UAV as a data sink and dynamic network router. The use of drifting buoys
makes the use of short-range communications with the UAV completely unviable, thus, to be able to
locate and extract the data with a UAV, it is desirable to have long-range communications to simplify
their interaction. The selection of a proper wireless communication protocol to fully integrate these
devices is paramount. There are several possibilities for these type of transmissions, yet the recent
development of the Low Power Wide Area Network (LPWAN) protocols present new opportunities
with the benefits of a reduced energy consumption and moderate data rate [29,30]. One of the most
promising technologies in LPWANs is the LoRa spread spectrum modulation, which has been proven
to be able to communicate data across several kilometers with a low power consumption [30–33].
The unique modulation of this technology not only offers the possibility of transmitting below the noise
floor, but has also a high resilience to external interference [34]. As a slight drawback, similar to most
LPWANs, the LoRa technology presents a limited transmission bitrate, which is sufficient for most
sensing applications although not ideal for high data streaming. Having stated the capabilities of the
LoRa modulation, as well as the requirements of the application, it can be seen that it seems to properly
suit the necessities of this implementation, avoiding the use of satellite or GSM communications, as
well as additional cumbersome infrastructure.

In the following sections of this paper a full description of the proposed system and its
functionalities are encompassed. Afterwards, from both a hardware and firmware perspective, the
architecture of the system is analyzed, as well as the custom network layer protocol designed for this
implementation. Finally, the description of a series of trials, their methodology, a field test for the
validation of the system, a discussion of the results, and the final conclusions are explained.

2. SIMMA Functional Overview

The implementation of this multi-device solution was sought out to cover the necessities of the
SIMMA research project in Mexico. The aim of this project is to monitor different variables in the
Mexican shoreline, using low-power and low-cost sensing buoys which can be scattered across a wide
area. The buoys, as stated before, are to be used mainly as drifting devices, although a scenario where
they are used as stationary buoys, by anchoring them to the seafloor, has also been contemplated
within this project. To be able to access their data, a UAV is to be used as a mobile data harvester and
network manager. By design, UAVs can be controlled across great lengths using different wireless
communications, using mostly different types of UHF transmissions for video and flight data feeds,
as well as flight controls. To be able to act as a network router, it was important to select a wireless
communication technology which would not affect the operation of the UAV, as any interference could
have catastrophic consequences. One of the key characteristics of LoRa is its unique modulation, which
allows its coexistence and operation with other RF technologies presumably without interference [34],
thus the use of this type of transmission seems adequate for its interaction with the UAV and its
multiple radio modules.

Under the SIMMA project, there are two main functional scenarios: data extraction and search
and rescue. In both cases, the buoys will be periodically collecting data regarding water temperature,
wind speed and its GPS coordinates, as well as air temperature, pressure, and humidity. In the data
extraction scenario, after the buoys have been set on the shore line and ambient variables have been
collected, the UAV will fly in the last known direction of the buoys, periodically searching for them.
Once the buoys have been found, the UAV will start transmitting data acquisition messages to collect
the data stored in the buoys. After the completion of this task, or if it starts running low on battery, the
UAV will return to home. Given that the buoy recruiting and data collection process is fully automated,
to be able to monitor the network activity of the SIMMA system, a secondary optional ground station
can be set on the beach. This ground station will not interact with the UAV, it is only meant to be used
as a network analyzer or sniffer (Figure 1).
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Figure 1. System interaction amongst the different devices of the network. The straight-line arrow
indicates the main data transmission flow, the dashed arrow represents the communications with the
optional ground station and the others indicate the environmental input to the buoys.

In the search and rescue scenario, the UAV will be used to locate missing buoys that may have
drifted away from the rest of the swarm. Given that the buoys may be either stranded or in a distant
location, the UAV will be flown in the suspected direction of the buoys and will try to collect the
position of any buoy in its path before its return to home. This functionality simplifies the recovery of
the buoys, which, in many cases, are lost to strong currents or vandalism [10,35,36].

3. SIMMA System Architecture

As stated previously, for this proposal a multi-device solution was implemented to try and cover
the different necessities of the SIMMA project. Two distinct hardware were developed with LoRa
wireless communications: the control node and the sensor node. The control node functions either as a
network master, mounted on the UAV, or as a network monitor in a ground station; the sensor node
hardware can only be placed inside the buoy (Figure 2).

Figure 2. Functionality of the hardware developed for the SIMMA project.
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For both hardware, a firmware was developed with a custom network layer protocol which will
be referred to as LoRaNET. Additionally, to be able to interact with the SIMMA system, a Graphical
User Interface (GUI) was also developed to simplify the process of configuration and mode switching.
When using a base station as monitor, the GUI may also be used to display the system’s activity.
The design and implementation of the previously mentioned hardware, firmware, network layer
protocol, and GUI were developed by the authors at the Universidad de Zaragoza, Spain.

Given the complexity of the system, and to better explain the full functionality of this proposal,
this section has been divided in various subsections covering the electronic hardware, software,
firmware, and the GUI. Moreover, the description of the UAV and buoys used in the implementation
is also covered.

3.1. LoRaNET

The implementation of a design specific network layer protocol was sought out given that the
current LoRa protocol, LoRaWAN [37], does not include the functionality for the transceiver in
the 433 MHz frequency band, which is the operating frequency that is to be used for the SIMMA
project. Moreover, there is less flexibility while configuring the LoRa settings which may increase the
transmission range, as well as a high packet overhead which incurs directly in the power consumption.

LoRaNET is a proprietary network layer implementation, designed for this specific proposal,
which uses the LoRa modulation, oriented for ultra-low power WSN, where the synchronization needs
and bandwidth are not elevated. LoRaNET is able to implement a star network topology and defines
two simple types of nodes:

• Master node: Creates and manages the network, assigning network addresses to the other nodes
and centralizing the message traffic;

• Slave node: Any other node that is part of the network.

Every time a LoRa network is created, a series of basic parameters are established for its
functionality. Within these parameters are the network ID, the maximum wait time for an answer
within the network, the maximum wait time for a node to leave the network after the last message,
and the number of attempts a message can be re-sent if there is no acknowledgment of message
reception. These parameters must be adjusted accordingly with the LoRa RF settings, which alters the
transmission range, as the time on air of a message may vary greatly.

Once the network has been created, the master node can recruit any slave node within its reach
as long as it is not part of any active network. If a message can be answered by several slave nodes
simultaneously, as when recruiting, scanning the network or with any type of broadcast message, the
answer is sent in pseudo-random intervals, reducing the possibility of RF packet collisions.

When a slave node has been recruited, the master assigns him a 2 byte unique ID in the network,
which is associated with the device’s MAC address. If for any reason a slave gets disconnected, upon
reconnection it will be assigned the same ID. The master node will always be assigned the 0x0000
address, and the 0xFFFF address is reserved as a broadcast identifier.

In the Table 1, a summary of the main commands implemented in the current version of LoRaNET
is shown.
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Table 1. Network device commands implemented in LoRaNET.

Category Name Description

Commands for slave nodes
which are not in a network

Recruiting
Message used by the master node to convey to the other
nodes that they are allowed to join the newly
created network

Request to join Nodes that received the recruiting message may request to
join the network

Response to a join Answer given to a slave node from a master node after a
request to join

Beacon
Slave nodes that are not in a network may send this
message to transmit their location or data relevant to
the application

Commands associated to
network maintenance tasks

Ping Transmits a ping to a slave node in the network

Request to leave net The master node requests a slave node to leave
the network

Event leave network Notification message of a node that left the network

Scan network
The master node sends a scan network petition to the
0xFFFF address (broadcast), to which any node in the
network answers

Synchronism request The master node transmits its time (GPS) to all nodes in
the network

Commands associated
to messaging

MAC ACK Message sent as a confirmation of message reception

Data message Main data message, with a maximum payload of 128 bytes

3.2. Sensor Node

For this part of the implementation, a custom designed PCB was employed. The main processing
unit is a 16 bit PIC24FJ128GC006 microcontroller [38], which manages all the peripherals and
communications. Given its architecture, it offers several low power configurations that can be used
to increase the life span of the device. For the wireless communications the RN2483 transceiver was
selected [39], as it offers the possibility of transmitting data in a wide range of frequencies with the
LoRa modulation. Additionally, the board was suited with an 8 Mbit flash memory and a SIM928A
GPS and GSM integrated circuit [40] (Figure 3).

 

Figure 3. Design of the PCB for the environmental sensing buoys.
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It is worth noting that these PCBs, as shown in Figure 3, have additional devices integrated in the
board, such as a Bluetooth modules, accelerometers and SIM card ports for the GSM module. These ICs
and modules, although not currently used, are intended for future use and other functional scenarios,
providing additional functionality to the boards.

Given that these PCBs are intended to be used as ambient sensor nodes, an external BME280
sensor for measuring air temperature, humidity, and pressure [41] was included. Additionally, they
also incorporate a 1773 anemometer [42] and an insulated DS18B20 temperature sensor for water
measurements [43]. These devices are all connected to the PCBs through the different terminal blocks
present in the design, and are managed by the microcontroller through I2C, One-Wire, or digital
communications (Figure 4). Moreover, the sensor nodes were coupled with a 433 MHz omnidirectional
passive antenna with a 50 ohm impedance.

 

Figure 4. Block diagram of a sensor node’s peripheral connections.

The sensor node functionality can be summarized in two high level tasks: sensing data and
handling requests. The first of the tasks is the simpler of the two and will be carried out periodically,
depending on how the node is configured. The handling request task manages all the LoRa incoming
messages, whether it is a data transmission or configuration activity (Figure 5).

Figure 5. Sensor node’s task diagram.
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Within the configuration activities, the sensor node’s LoRa RF settings and the device´s operating
configuration can be set by the master node through the LoRa communications. The first of these are
used to modify the transceiver’s internal registers, which alter the transmission frequency, spreading
factor, coding rate, and channel bandwidth [44,45]. These settings will determine the range and data
rate at which transmissions will be made, as well as the level redundancy used to add robustness
to the transmission and avoid interference that could be found in the environment. On the other
hand, the device operation configurations are the ones that implement the buoys’ functionality, which
includes the data capture frequency and the time period in which the LoRa transceiver will be turned
on. This last feature is thought for scenarios where the buoys will be left for several days at the sea, and
the data collection with the UAV would be done periodically at certain hours of the day. This helps
reduce the energy consumed by the sensor node and, in consequence, extends its lifespan. All of the
sensor nodes can be reconfigured to the initial start-up settings, either by command input or a physical
hardware reset button.

As the sensor node is thought to work for extended periods of time, low power consumption
modes were directly implemented. Although these modes are always present, the longevity of the
devices will be directly impacted by the data capture frequency. At higher frequency intervals, the
device will capture almost complete streams of data, but will only last a short period of time and
vice versa.

3.3. Control Node

The hardware for this device was based on the BeagleBone Black (BBB) board [46], which has an
AM335x 1 GHz ARM® Cortex-A8 microprocessor, 512 MB of DDR3 RAM and 4 GB of 8-bit eMMC
on-board flash storage. The BBB was selected, given that the control node is meant to function as
a network gateway in an IoT scenario. Its communication capabilities have been augmented by
integrating a custom designed cape (IoT cape), which has a built in RN4020 Bluetooth module [47],
an ETRX357 Zigbee module [48], and a LoRa SX1276 transceiver [49]. With the inclusion of the IoT
cape to the BBB design, an intelligent device that could manage various WSNs and link them to the IP
world was created (Figure 6).

 

Figure 6. Control node: BeagleBone Black and IoT cape.

Its programming has been implemented following a modular approach based on the Open
Services Gateway initiative (OSGi) [50] (Figure 7). OSGi defines a framework where pieces of code
are organized into bundles that can be managed separately (e.g., installed, updated, removed, etc.).
These bundles are agents which might be dedicated to specialized tasks, such as handling a serial port
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or providing a command line interface. Moreover, they communicate and interact with each other by
means of services which are published within the framework, which are available to each bundle.

 
Figure 7. Control node software architecture.

Although several bundles are implemented in this application, to better understand the
functionality of this device, the following must be described:

• Peripheral and device bundles: Enable the usage of the diverse communication transceivers
present in the IoT cape, publishing them in the framework. They are composed by two layers:
the peripheral and the device layer. The former gives access to the ports and communication
interfaces—such as GPIOs, UARTs, SPI and I2C—so that they may be accessible from the
framework. The former provides the methods to configure and manage each of the transceivers;

• LoRaNET bundle: Implements the LoRaNET network layer, providing the methods to manage or
connect to an existing network;

• SIMMA bundle: Defines the application layer and the main functionality of the device;
• Context Manager (CM) bundle: Manages and stores the data originating from the sensor nodes,

guaranteeing its allocation in the data base, as well as its access from external systems through
a Representational State Transfer (RESTful) API or the direct data processing in the platform.
This same API has been enhanced to enable control, configuration and notification of events from
a remote interface (external to the OSGi framework).

Additionally, this device also functions as a UI which accesses the historical data of the sensor
nodes, through the CM, to convey commands or configure the system.

Depending on their role, the control nodes can be configured either as masters or monitors.
A master node is responsible for creating and maintaining the network, assigning network addresses to
the other nodes and centralizing the message traffic. The master node functionality can be summed up
in two types of tasks, one for configuring the system and another for retrieving data. In the former, the
master node is able to change the LoRa RF settings of the network it will create, configure the sensor
nodes with these same settings and modify the sensor nodes operating configuration, mentioned
in the previous section. In the latter task, the master node is able to retrieve relevant data from the
sensor nodes and store it in its memory. The monitor nodes, on the contrary, may only function as
information providers to the users, with the single task of reporting the activities of a master node
when it is onboard the UAV without any interactions (Figure 8).
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Figure 8. Control node’s task diagrams.

3.4. Buoy Design

The buoys are based on a design of the Davis drifter buoy, which has an “X” style sail and four
floatation devices. This design is commonly used in oceanographic surface monitoring, given its ease
of implementation and the ability to use the surface layer water currents to move (Figure 9).

 
Figure 9. Davis drifter buoy design. Modified from http://www.ims.uaf.edu/NPRBdrifters.

The central structure of these particular buoys was made of hydraulic PVC, the sails from sheets
of plastic canvas and the flotation devices from rigid styrofoam. These buoys were built and developed
by the Centro de Investigación Científica y Educación Superior de Ensenada (CICESE) from Mexico,
which is part of this project.

In the upper central part of the buoy, an additional PVC tube was added to the central structure,
where the slave node´s electronics were housed. Furthermore, the anemometer was fixed at the top, as
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well as the BME280 sensor which was contained inside of a 3D printed housing which allowed the
flow of air while avoiding any water intakes to get through to the sensor. A proper air exchange is
required for an accurate reading of the BME280, otherwise the sensor will measure different values
than that of the actual ambient. This upper structure of the buoy will be floating above the surface of
the water, allowing GPS and LoRa communications (Figure 10).

 
Figure 10. Upper part of the buoy where the electronics are housed and the external sensors are fixed.

Given that this upper section of the buoy contained electronics, it was extremely important to
avoid any water intakes. To try and circumvent this, the electronics were also placed in an IP67 case,
and all of the connection cables for the exterior sensors that had to pass through the PVC structure
were sealed with a waterproof silicon-based resin.

3.5. UAV Design

The UAV is based on a Delta Wing design, built with a foam frame with two carbon fiber rods
across the wings for reinforcement and with a wingspan of 2 m. This type of design is ideal for remote
areas, as it does not require a specific landing area, due to its belly pan landing system, and it is light
enough (4.2 kg with battery and electronics) to be launched by hand or a small launchpad (Figure 11).
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Figure 11. Delta Wing UAV used in the SIMMA project.

The UAV is equipped with a Panda II autopilot system kit [51], which includes a GPS receiver
module, three-axis MEMS gyros, three-axis accelerometer, three-axis magnetic sensor, a barometric
pressure sensor, and an airspeed meter. This system provides a high precision flight control with three
different operation modes: manual, AFSS activated (active stabilization), and autopilot. The autopilot
can be controlled and configured with the use of the GCS software provided by the manufacturers.
This software provides a graphical interface which provides real-time data for various flight parameters
of the UAV and an electronic map for waypoint navigation. To communicate the GCS with the UAV,
an FY-605 wireless data radio at 462.125 MHz is utilized [52], providing an extended transmission
range of up to 15 km. Moreover, the UAV has a 900 MHz First Person View (FPV) video transmitter,
with its corresponding integrated camera, and a UHF Long Range System (LRS) receiver at 455 MHz.
These last two wireless modules are used to control the UAV in manual mode with a radio controller.

Taking into consideration the UAV’s battery weight, servos, and electronic systems previously
mentioned, the aircraft is able to carry approximately 600 g of payload. Given that the master node,
its housing, and battery pack weigh roughly 360 g, the UAV is able to fly a maximum of 40 min, with
the possibility of adding further peripherals. It is worth mentioning that this device was also provided
by the CICESE Institute.

3.6. SIMMA Graphic User Interface

The GUI is a single page web application built with Angular 2 [53] that was designed specifically
for its use in this project as a configuration and visualization tool. The selection of a web-based interface
was sought out to avoid installing custom software on the client´s equipment and, thus, reducing
the compatibility issues amongst different operating systems, as well as providing a self-contained
solution (Figure 12).

To access its features, the control node must be connected through a network interface and
afterwards, in a web explorer, access its predefined IP address. As the BBB provides connectivity
through a Virtual Ethernet Port interface over USB, it is possible to connect this device through this
serial port to any computer, simplifying its usage.

Having accessed the interface, the user is able to configure a control node as a master or monitor.
In master mode, the functionality of the GUI becomes far more complex, as it allows the user to
not only configure the master node, but also the sensor nodes through interactions with the master.
There are two modes of operation for the master node: manual and automatic. For configuration in
a laboratory or a ground station, the manual mode must be selected, as it allows the user to set the
LoRa RF settings of the master node and slave nodes (sensors and monitors), as well as the operation
settings of the sensor nodes. Moreover, in this mode the user can manage the data from the sensor
nodes, downloading or deleting them, and graphically visualize all the downloaded sensor data, as
well as exporting them in several formats (xml, json, csv, or kml). The automatic mode is used when
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the node is to be mounted on the UAV, having previously configured the rest of slave nodes with the
same RF settings.

 

Figure 12. Graphical user interface screenshot.

When in monitor mode, the user is able to view the complete message log of the master node in
real-time, including the localization of sensors nodes, network activities, and data extraction process.
To be able to view a given master node, the monitor node must also be configured with the exact same
LoRa RF configurations.

4. Experimentation and Results

4.1. Objectives

The main objective of a system field test, as with any application, is to validate its complete
functionality and identify possible improvements. Yet, given the complexity and amount of device
interactions in the SIMMA system, several tests were required prior to its validation as a whole.
The objectives of these tests were to:

• Validate the LoRa wireless communications amongst the control nodes and sensor nodes;
• Verify the proper stability and functionality of the control nodes and sensor nodes;
• Analyze the LoRa communications behavior in a similar environment to the final field test, and

its interaction with the UAV’s transceivers.

4.2. Methodology

As the LoRa communications play a key role in the system, it was one of the first things that
needed to be tested. As stated previously, the LoRa modulation has been widely studied and its
achievable range proven, yet its operation at 433 MHz has not been analyzed in detail. This analysis,
and a comparison with the 868 MHz band, was done in a previous study [32], where several RF
configurations were tested with a beta version of the sensor node communications block. From this
experimentation, several LoRa RF configurations were selected for further technical testing.

With the control and sensor node hardware used in this article, stress and stability tests were
done in a laboratory. Periodically, the sensor node would capture data from all the ambient sensors
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and GPS module, store the data in its memory and await LoRaNET messages. The control node was
configured to automatically create a network, search and recruit sensor nodes, and download their
data. This was accomplished with the master node connected directly to the GIU. These tests were
done several times, after fixing the identified coding errors, until the firmware and software of the
devices were stable for the next trials.

To accomplish the third objective, several experimentations were deemed necessary. The first trial
was done by transmitting a sequence of data packages across a shore line with both transceivers at sea
level, trying to emulate LoRa transmissions in the worst-case scenario. For this trial, various LoRa RF
configurations were tested, whilst maintaining the operation frequency at 433 MHz, as was required.
Amongst these configurations, it was also possible to validate the spreading factor of 128 chips/symbol,
bandwidth of 125 kHz, and coding rate 4/5 RF LoRa configuration, which was not verified in the first
433 MHz analysis. This last configuration test yielded an approximate transmission range of 5 km.

Afterwards, there was a need to verify if the LoRa transceiver communications would have
any type of negative impact on the wireless communications used in the UAVs autopilot module,
given the similar frequencies to the 433 MHz band. In the same location of the last trial, LoRa data
packages were transmitted across the shore line whilst simultaneously transmitting with the UAVs
FY-605 transceiver at 434 MHz to a computer with the GCS software. Although the FY-605 is to be used
in the 462.125 MHz band, it was configured to 434 MHz to also emulate a worst-case scenario. Across
the whole experiment, there was no visible interference in the GCS software or LoRa transmissions.

Even though this previous trial practically guaranteed that the LoRa master node could
operate without interference, a final test was done to truly validate the communications in flight.
This experiment was done using a sensor node placed on the ground, a network monitor node
connected to a computer with the GUI and by mounting a master control node inside the UAV
(Figure 13).

 

Figure 13. Initial flight test. To the left the sensor buoy placed on the ground and to the right the UAV
with the master node mounted inside.

Having placed the master node in the UAV, the aircraft was flown in manual mode in close
proximity to the sensor node in a circular pattern. This test granted the last successful validation of the
system, prior to the final field test.
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4.3. Field Test

For this last trial, a relatively controlled environment was needed to avoid any possible loss of
the end devices. Thus the beach of El Tecolote (La Paz, B.C.S., Mexico) was selected, due to its ease of
access and deployment. In this location, three buoys where placed approximately 60 m away from the
beach (24.33657, −110.32229 UTM), with a separation of a few meters amongst each other, capturing
environmental and positioning data every minute, granting high amounts of information in a short
period of time (Figure 14).

 

Figure 14. Drifting Davis buoy placed in El Tecolote (Mexico) beach for environmental data collecting.

Prior to their placement, all the slave nodes (sensor nodes and monitor) were configured at the
433 MHz frequency band, with a spreading factor of 128 chips/symbol, a bandwidth of 125 kHz
and a coding rate 4/5, which provides a high data transfer rate at the expense of transmission range
reduction, with only the minimum of noise immunity. The maximum amount of bitrate was estimated
using tools and formulas provided by the transceiver´s manufacturer [44]. Although with other LoRa
RF configurations increased distances are attainable, these settings allow the validation of the systems
functionality as a whole.

To verify the proper communication between the UAV and buoys, a network monitor was placed
at the beach connected to a computer. Given that the buoys and the network monitor were fairly
close to each other, once the network monitor lost the reception of data from the UAV, it could be
inferred that the same would happen with the buoys. After a given time in which the buoys had
collected enough data, the UAV with the master node was launched from the beach, in automatic
mode, following pre-established waypoints (Figure 15).
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Figure 15. UAV flight path for the trials at El Tecolote beach. The furthest waypoint was set at 8.62 km
away from the launch area and the UAV flew at a maximum height of 30 m.

After the UAV had been launched, in the network monitor it could be viewed how the master
node periodically located the three buoys and extracted the data. A sample of these can be seen in
Figure 16.

 

Figure 16. Data extracted by the master node from one of the buoys.
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It is worth noting that the signal from the LoRa master node was lost at approximately 4 km in
distance, which is reasonable given the LoRa RF configuration set on the end devices. As verified in
the pre-field tests, the maximum expected range was 5 km. Additionally, in this trial the UAV was
limited to a reasonable distance, although it is able to travel double the distance with battery to spare.

The buoys, which were closely located to the beach, only drifted approximately 50 m each since the
surface layer currents at that location were very weak. Yet, since there was a constant communication
with the master node which was viewed with the monitor node, it can be concluded that the system as
a whole is a valid one.

4.4. Post-Field Test Analysis

After retrieving the buoys from the beach, each of these was opened to retrieve the sensor nodes
placed inside. This revealed that in one of the three buoys there was a small hole in the PVC structure
which allowed water to leak. Additionally, the IP67 case that housed the sensor node was missing a
vital toric joint, thus water ended up filling the space where the sensor node was located (Figure 17).

 

Figure 17. Water damaged sensor node.

This unexpected outcome suggests that the upper part of the buoy (Figure 10), although functional
for the field test, requires further improvements to avoid this kind of results. Furthermore, in a small
percentage of the samples extracted from the sensor nodes, a loss of GPS signal was detected. Analyzing
Figure 14, it can be seen that part of the sensor node was below the sea surface, which may have been
the reason for the GPS interference. Also, this might be the reason for the LoRa transmission loss at
4 km, instead of the expected 5 km. Although additional tests must be done, these results suggest that
modifications should be made to the buoyancy, height of the upper part of the buoy or location of the
GPS and LoRa antennas.

5. Discussion

Although the validation trial only tested the data extraction functional scenario, this controlled
trial allowed the validation of each of the systems devices as a whole. Given that the search and
rescue is the simpler functional scenario, by doing a data extraction the search and rescue was also
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corroborated, as the first activity in the data extraction is the localization of the slave nodes and
afterwards the recollection of their data, including the GPS position.

Analyzing the results obtained in the trials, and comparing them to the proposals of
Zolich et al. [27] and Barbatei et al. [28], several improvements were achieved. In terms of wireless data
transmissions, the use of LoRa communications was proven to reach a notably higher transmission
range of 4 km with a data rate of 5.4 kbps, which is 10 times the range achieved by Zolich et al. with
an increased data rate. This also further exceeds most buoy based wireless implementations, except
for satellite communications, which present additional costs. Moreover, in the work submitted by
Zolich et al. there was radio interference detected with a secondary radio transmitter mounted in the
quadcopter, even though this transmitter and the TinyMesh radios operated at different operating
frequencies (433 MHz for the latter, 868 MHz for the former). In the validation tests carried out,
it was proven that no interference was detected in the UAV’s flight communications by the LoRa
transmissions, and vice versa. In terms of low power consumption, the RN2483 LoRa transceiver has a
power consumption of 28.8 mA in transmission and 14.2 mA in reception, both at 3 V. In contrast with
the radio used by Barbatei et al., which has a lower energy print compared to Zolich et al., the LoRa
transceiver consumes less energy in both transmission and reception, even though its performance is
similar. All of the previously mentioned facts translate to a lower energy consumption per data packet
transmission, which in consequence increases the lifespan of a node, with a greater transmission range.

Even though the range limits of the LoRa modulation were not tested in this article, as these have
already been validated in other studies [30–33,54,55], for scenarios where a greater transmission radius
is desired, there are several things that must be taken into consideration for a proper deployment.
Since any UAV is restricted to a finite amount of flight time, it is important to consider the bitrate of
the LoRa transmissions, the frequency at which the environmental data is captured and the mode of
operation of the UAV. By increasing the spreading factor of the LoRa devices the maximum transmission
radius is increased, but consequently the bitrate is reduced. Furthermore, if the data capture frequency
is high and the buoys have been left for an extended period of time, high amounts of data will be
accumulated on each buoy. With these type of configurations it would at least be required to modify
the flight plan of the UAV, first identifying the location of the buoys, then returning home and making
a data extraction afterwards. An alternative to this would be to set the UAV for search and rescue
mode and later extracting the data, either by collecting the buoys from their location, or to try and
set a temporary base station near the buoys location with a master node (connected to a laptop) and
manually download the data from the sensor nodes. It is worth noting that in a prior work [32],
it was proven that by increasing the spreading factor to 256 chips/symbol transmissions could be
done to a receiver station at approximately 7 km. Assuming that this same distance is achievable in a
marine-coastal environment, with such a spreading factor, a bandwidth of 125 kHz and coding rate of
4/5, the bitrate would only be reduced to 3.1 kbps but effectively almost doubling the transmission
radius. Such a configuration would still be viable for an elevated data capture frequency in the slave
node and the mid-air data extraction with the UAV.

Another possible scenario is when the buoys are fixed to the seafloor and their location is known.
Under these circumstances there are two possible ways of extracting the data from the buoys, using the
UAV from a remote location to collect the data or with a master base station. The first scenario would
be exactly the same as when the buoys are drifting, except that the location is already known and a
more precise flight pattern can be planned. If only a master base station were to be used, the LoRa
RF configurations of the nodes could be set for long-range transmissions and with high data capture
frequency, with a functional behavior similar to that of current buoy implementations. The main
advantage of this operation mode is the possibility of transmitting data across several kilometers, and
that the base station is only formed by a master node connected to a laptop, allowing the station to be
static or mobile.

Although this system completely fulfills the requirements of the SIMMA project, there are several
improvements that can be made to create a more robust and functional WSN. In addition to the already
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mentioned enhancements made in the post-field analysis section, the inclusion of energy harvesting
technologies, as proposed by Zolich et al. [27], is one of the most desirable improvements, as it would
allow the buoys to monitor areas for an almost indefinite time. Also, the addition of other types of
sensors and backup wireless communications, such as GSM, would grant the system with important
ecological data and new ways to find marooned devices. Regarding the use of the UAV, it would be a
significant improvement if the aircraft carried additional sensors, such as infrared or multispectral
cameras, granting additional information that could be correlated with the data extracted from the
buoys. This could be feasible with the same aircraft design, given that the UAV can carry additional
payload, other than the master node, yet this was not contemplated within this article. Moreover,
further integrating the UAV with the LoRa master node would be of great use, as information provided
by the master node could automatically trigger different behaviors on the UAV, such as a change in
flight pattern or an emergency return-to-home.

6. Conclusions

In this article, the design and implementation of a UAV assisted long-range buoy based WSN
for the monitorization of marine-coastal environments, as well as an improvement to current
implementations, has been proven. The development of a LoRa mobile wireless network, from
a hardware and firmware perspective, was presented, as well as the implementation of the novel
LoRaNET network protocol for LoRa devices. These two developments, applied to the SIMMA end
devices, provide an easy-to-use and low power solution, with an extended range of several kilometers,
as well as a more cost-effective alternative with fewer infrastructure requirements. Furthermore,
it serves as a less invasive method for monitoring natural protected areas and reservoirs.

The integration of the UAV, the Davis monitoring buoys, and the LoRa communications as a
single system, adds a needed flexibility to current implementations and the possibility of studying
previously unreachable areas, since the buoys can be placed with a small vessel and the UAV can be
flown from almost any area, given its great communications reach.

Although this proposal was aimed at marine monitoring, this same system architecture can be
used for other types of environments. For instance, the upper part of the buoy, where the slave node’s
electronics are housed, could be used as a portable meteorological station to temporarily monitor
different areas for a given time interval.
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ABSTRACT:  
In recent years, Wireless Sensor Networks (WSN) have become increasingly more important for outdoor monitoring. The need to 
analyse relevant data in real-time in rural environments, such as natural reserves, agricultural field, etc. have driven the development 
of new communication technologies. Several protocols have been created to fulfil the requirements of many WSN scenarios, yet 
outdoor monitoring presents’ unique challenges which have not been fully accomplished, specifically covering areas of great length 
with a low power consumption. The newly arisen Low Power Wide Area Network (LPWAN) technologies aim to fill this gap, with long 
range transmitting capabilities. One such technology is the Long Range (LoRa) modulation, which operates in sub-GHz frequencies. 
To provide greater insight into this technology, this paper makes an evaluation of LoRa modulation using the 433 MHz frequency 
band. A thorough theoretical and practical analysis in energy, data throughput and range characteristics is done, while comparing 
LoRa with other LPWAN technologies. The experimental results demonstrate the full capabilities of this modulation, as well as the 
potential inclusion in outdoor monitoring networks. 
Keywords: LoRa, WSN, LPWAN, Internet of Things. 

1.- INTRODUCTION 

Outdoor environments present various challenges for wireless sensing networks (WSN) and electronic developments in 
general. Depending on the scenario, it is common to find high humidity levels, varying temperatures, corrosive 
substances, animal predation or vandalism, amongst other factors. Additionally, from a wireless communication 
perspective, a common struggle is the inherent interference in the propagation environment, such as signal dampening 
produced by vegetation or the orography, and radio interference produced by other communication devices. Given the 
remote nature of the environment, the monitoring devices should be operationally autonomous with a long lifespan, 
requiring the least amount of maintenance and human interaction, and, preferably, secure data links, amongst other 
requirements [1]

There are various types of outdoor monitoring scenarios, such as wildlife preservation, natural disaster prevention and 
natural reservoir monitoring, amongst others. Additionally, primary industrial environments such as agriculture, mining 
and oil extraction, can also be considered within this classification. In monitoring applications such as these, several 
Internet of Things (IoT) based wireless solutions can be found in the literature. It is common to find monitoring devices 
with wireless communication such as ZigBee [3], GPRS [4], WiFi [4] or proprietary protocols. 

Although the previously mentioned outdoor scenarios are very heterogeneous, they all share a common characteristic, 
large widespread areas to be monitored, which in some cases may stretch across several square kilometres. With 
conventional WSN standards or the earlier mentioned IoT protocols, it would require either the segmentation of the 
network or an elevated number of nodes to cover such an area, as their transmission range averages a few hundred 
meters at most [4][4]. 

To cope with this unique challenge, some implementations have been done using Low Power WAN (LPWAN) 
technologies, commonly used in IoT. An example of such developments is the case of WellAware, which uses Ingenu 
wireless nodes to monitor its oil fields in USA [6][7]. Another case is the proposal of Paller G. y Elo G, which uses a 
GSM/Sigfox hybrid camera sensor to observe rodent activity in agriculture fields. Llaria et Al. [8] propose a monitoring 
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platform for mountain farming, which uses GPS and Sigfox transceivers to locate cows in the mountain sides in France 
and Spain. 

An interesting LPWAN technology, which has yet to be mentioned, is the LoRa (Long Range) modulation [10][11]
from Semtech. This technology presents itself as a low power type of communication which can transmit below the 
noise floor, with a range of several kilometres. This is accomplished thanks to its Forward Error Correction (FEC) and 
the processing gain from its spread spectrum [12]. Additionally, it has a wide operating frequency range and presents 
high immunity to interference due to its unique chirp spread spectrum approach, orthogonal spreading factors and error 
correction scheme [11]. The use of the LoRa modulation has been applied to various fields, such as smart metering , 
health and wellbeing [13], and agriculture [14]. In these implementations, as well as others, it is possible to find a 
common denominator for this technology, the use of the 868/915 MHz operating frequency, which is a free ISM band. 
Studies or applications using other frequency bands such as de 433 MHz are scarce [15]. One of the main advantages of 
using a lower operating frequency is its higher penetration depth in line-of-sight propagation applications. As 
mentioned previously, for wireless monitoring applications this is characteristic is of great interest, as it reduces the 
interference of signal dampeners and effectively increases the possible transmission range. 

The aim of this article is to evaluate the LoRa wireless modulation in 433 MHz operating frequency, from an energy 
and transmission range perspective, offering the read a greater understanding of the various RF configurations available 
for this technology and their implication in the design of a LoRa network for outdoors. In the following sections of this 
paper a description of the implemented node architectures is detailed. Moreover, a description and results of the 
practical experimentation to obtain the node’s energy consumption, transmission range and most efficient 
configurations is explained. To finalize, a discussion of the obtained results, as well as some final conclusions are 
presented.  

2.- PROPOSED ARCHITECTURE 

For the purpose of this evaluation, two LoRa node prototypes were designed, programed and implemented by the 
authors. The first prototype was based on the RN2483 architecture [17], which is capable of transmitting data in a wide 
range of frequencies with the LoRa modulation, ranging from 137 MHz to 1020 MHz. The RN2483 was programmed 
with a proprietary firmware without the implementation of the LoRaWAN network layer protocol, as it does not allow 
the modification of all configuration parameters in the 433 MHz frequency band [18]. Furthermore, the LoRaWAN 
protocol has a higher energy consumption than that of the raw modulation which alters the energy usage of data 
transmissions and does not allow for a clear understanding of the implementation of LoRa directly in any type of 
application scenario. For reference purposes, this device will be named here on after as prototype A. 

The second prototype is a more complex implementation, with a main processing unit based on 16 bit 
PIC24FJ128GC006 microcontroller [19], which manages all the peripherals and communications. Given its 
architecture, it offers several low power configurations that can be used to increase the life span of the device. 
Additionally, this device also uses a RN2483 transceiver [17], an 8 Mbit flash memory [20] and a SIM928A GPS and 
GSM integrated circuit [21].  The RN2483 uses the same firmware as the previous prototype. This prototype will be 
referenced as prototype B (Figure 1).
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Figure 1 – PCB design for the LoRa prototype B. 

As seen in Figure 1, this prototype has several unsoldered devices as it is also meant to be used for other applications 
beyond this study. The absence of these devices does not affect the in any way the evaluations to which the prototype 
will be submitted to.  

Both prototypes were powered by a 3.3 V source and coupled with a passive 50-ohm omnidirectional antenna 
transmitting at a static value of 13 dBm. Their transmission packets are composed solely by a preamble of 12 
symbols/chirp and the payload. To configure these devices a serial port connection can be established with a PC, from 
which a series of pre-established AT commands can be sent.  

3.- TESTS AND RESULTS  

This section will be divided into two subsections: 1) analysis of the energy consumption during transmissions and 2) 
long range transmission field tests. The main objective of these tests is to find the best optimal configuration taking in 
consideration its range and energy consumption. The premise behind this is that by finding the adequate balance 
between these two characteristics, it will be possible to design a long range and low power network with an optimal 
performance for monitoring outdoor environments with the least amount of nodes possible. It is worth noting that, in a 
previous study, a comparison of the 868/433 MHz frequency band with LoRa was done, where a difference of 12 dBm 
in RSSI favourable to the 433 MHz band was found [21]. 

3.1.- ENERGY CONSUMPTION TRIALS 

The main configuration parameters of the LoRa modulation, which directly impact its energy consumptions, are: 
spreading factor (SF), bandwidth (BW) y coding rate (CR). These allow the user to modify the required energy for the 
link budget, the use of the frequency spectrum, the immunity to interference and the nominal data transmission rate. 
To better understand the impact of these parameters, several trials were done using the prototype A. The first analysis 
was of a theoretical nature, where two formulas, extracted from various LoRa technical documents [12][23], were 
utilized to calculate some of the theoretical parameters needed. 

(1) 

(2) 

Formula 1 is used to calculate the transmission time of each packet (Tpacket), or time on air, where npreamble represents the 
number of symbols programmed in the preamble, H is equal to 1 if the explicit headers are enabled and 0 if disabled, 
DE is equal to 1 if the data optimization is enabled or 0 if disabled, and PL represents the number of payload bytes. This 
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formula is a specific variation relevant to the packet configuration mentioned earlier. With the time on air and 
transmission power it is possible to calculate the energy of each transmission. 

Formula 2 is used to extract the theoretical bitrate (BR) and, lastly, with the LoRa design tools [23] it is possible to 
extract the receiver sensitivity. 

With both these formulas and the theoretical parameters, calculations were made for various SF, BW and CR 
configurations, with a fixed payload of 6 bytes. For each of these trials the programmed preamble was of 12 symbols, 
the default settings suggested by the manufacturer. The variation in the preamble does directly influence in the amount 
of energy consumed, the greater the number of symbols in the preamble, the greater the energy consumed and vice 
versa. This behaviour is due to the amount of synchronization time that the receiver requires to receive a given message.   
Having extracted the theoretical data, the next step was to measure the amount of energy consumed in a single 
transmission with the previously defined payload. Additionally, the current consumption per transmission period was 
also measured, to understand how demanding the requirements are at this stage. These measurements were done using a 
shunt resistance on the high side of the load. Current was then measured and logged with the NI USB-6009 and a 
custom LABView interface. With the obtained data, it was possible to calculate that the transmitter consumes in 
average 30 to 32 mA at 3.0 V.  

For the first trial, the prototype A was programmed to periodically send transmissions with spreading factors of 4096 
(SF12), 1024 (SF10) and 256 (SF8) chips/symbol, and various bandwidths, maintaining the coding rate at its minimum 
value of 4/5 (CR1). Current was then measured and converted to energy accordingly. The SF and BW configurations 
were selected with the idea of maintaining a high receiver sensitivity and acceptable bitrate. To calculate the average 
energy consumed in each configuration, the voltage, current and time was measured for each set of transmissions. These 
results are shown in Table 1, as well as the calculated theoretical values. 

Table 1 – Theoretical and practical energy comparison for the LoRa transmissions. 

SF BW (kHz) Tx Energy (mJ) Theoretical Tx Energy (mJ) Theoretical receiver sensitivity (dBm) Theoretical bitrate (bps) 

12 500 22.11 23.89 -132 1171.88 
12 250 40.81 47.78 -135 585.94 
12 125 101.94 95.56 -138 292.97 
12 62,5 202.72 191.13 -141 146.48 
12 31,2 404.83 382.26 -144.1 73.24 
12 7,8 1622.04 1531.47 -150.1 18.28 

10 500 6.421 5.97 -127 3906.25 
10 250 12.70 11.95 -130 1953.13 
10 125 25.34 23.89 -133 976.56 
10 62,5 50.68 47.78 -136 488.28 
10 31,2 100.81 95.56 -139.4 244.14 
10 7,8 395.63 382.87 -145.6 60.94 

8 500 1.50 1.49 -121 125000 
8 250 3.07 2.99 -124 6250 
8 125 3.09 5.97 -127 3125 
8 62,5 12.89 11.95 -130 1562.5 
8 31,2 25.44 23.89 -133.8 781.25 
8 7,8 120.33 95.72 -140.3 195 
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In Table 1 it is possible to notice that at lower bitrates the utilized energy is reduced, a specific behaviour to this 
modulation. In LoRa, the bandwidth influences directly on the bitrate with a conversion rate of 1:1 with the chips per 
second, or chirp rate (e.g. 500 kHz = 500 kcps). This means that by increasing the bandwidth, which in turn in provides 
a higher bitrate, the data is modulated and transmitted in a faster manner. Given that the energy is directly proportionate 
to time and amplitude, or signal power, it can be said that the bandwidth/bitrate is inversely proportional to that of the 
transmission energy.  

With the obtained data from Table 1 it is possible to select a configuration which best adapts to the necessities of a 
various projects. For the specific case of WSN in outdoor environments, the main focus is usually to transmit data 
across great distances, for which it is desirable to have a high receiver sensitivity. Nonetheless, to achieve this feat there 
are certain drawbacks, as increasing the receiver sensitivity also increases the required energy, effectively reducing the 
transmission rate which might not be a desirable effect in some cases. In scenarios were a high bitrate is required, it is 
possible to select a configuration with less receiver sensitivity, limiting the maximum transmission range.  

From the previous table, two RF configurations were selected for the following experimentations: 1) SF10 y BW de 125 
kHz, which is considered the most balanced regarding energy, receiver sensitivity and bitrate; and 2) SF12 y BW de 125 
kHz, which has an increased receiver sensitivity, at the expense of a reduced bitrate and higher energy consumption. 
Having selected this two scenarios, the next trial was to see the impact of increasing the number of bytes transmitted.  
Given that the transmission packets, as stated before, have a 12 symbol programmed preamble, there is a minimum 
amount of static energy that will be required for any LoRa transmission. To calculate the effective energy used to 
transmit the payload, the energy is divided amongst the number of bytes sent and the energy used by the preamble bytes 
is subtracted, as show in Table 2. 

Table 2 – Energy consumed by the LoRa transmissions with different payloads (BW = 125 kHz). 

SF Payload bytes Effective energy (%) Tx energy (mJ) Theoretical Tx energy (mJ) 

12 6 75.00 99.20 95.56 
12 10 83.33 101.94 95.56 
12 20 90.91 130.32 133.41 
12 40 95.24 198.18 190.18 
12 100 98.04 391.67 379.42 

10 6 75.00 25.341 23.89 
10 10 83.33 30.62 28.62 
10 20 90.91 39.19 38.08 
10 40 95.24 54.91 57.01 
10 100 98.04 102.54 113.78 

As expected, increasing the amount of data transmitted increases the amount of energy consumed. Yet, for each 
configuration the impact of the preamble’s energy is reduced at higher payload transmissions. It is worth noting that this 
feature could be reduced to the minimum 6 symbol value, which would further reduce the transmission energy. 
The next test consisted in varying the CR which, as the theory suggests, incurs in an additional overhead in 
transmissions. This implies that it will necessarily increase the energy consumed. With the same two previously 
selected scenarios, and with a six-byte payload, the energy was extracted for transmissions with coding rates of 4/5 
(CR1), 4/6 (CR2), 4/7 (CR3) and 4/8 (CR4), comparing them with the theoretical calculations (Table 3).
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Table 3 - LoRa transmissions with CR variations (BW = 125 kHz). 

SF CR Theoretical bitrate (bps) Tx energy (mJ) Theoretical Tx energy (mJ) 

12 1 292.97 101.94 95.56 
12 2 244,14 112.14 99.35 
12 3 209.26 118.78 103.13 
12 4 183.11 125.54 106.92 

10 1 976.56 25.34 23.89 
10 2 813.80 27.95 24.84 
10 3 697.54 29.50 25.78 
10 4 610.35 31.23 26.73 

As shown, there is a slight increase in energy consumption while increasing the CR, yet this percentage becomes almost 
negligible the more the SF is reduced. Increasing the CR has the benefit of giving additional robustness to the signal 
transmission at the cost of reducing the bitrate, as the redundancy in each transmission is increased. 

3.2.- TRANSMISSION TRIALS 

With the results obtained from other studies [21][24], it is expected that the modules will be able to transmit LoRa 
messages across several kilometres. To prove this premise, two practical experiments were proposed: the firs in an 
urban setting and the second in an open space environment.  

For these trials the SF12 and BW 125 KHz RF configuration was selected, given that it has a high receiver sensitivity 
and moderate energy consumption and bitrate in comparison to other technologies. As the amount of interference that 
could be found in each scenarios is unknown, the CR 4/8 parameter was selected to ensure a stable communication link. 
Each packet transmitted was sent with a sequential and incremental number of bytes, which allow to easily verify data 
integrity and possible unwanted received packets. 

3.2.1.- Urban transmission trials 

This first experiment was realized in the city of La Paz (Mexico), which represents a densely populated are with 
approximately the same height above sea level across the city and the majority of buildings of single or two stories only. 
The transmitter was placed on the rooftop of a single story building, whilst the receiver (prototype B) was moved along 
various locations at approximately 2 meters of height. Given the location of both nodes, the transmission path had 
several signal dampeners in its way, such as other buildings, trees, electrical wiring and billboards. In these trails the 
RSSI and percentage of received packets was measured, as well as the GPS coordinates of each receiver location 
(Figure 2).
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Figure 2 – Geographical location of the various urban transmission trials (image extracted from Google Earth) and the 
obtained data. The letter B indicates the location of the transmitter node (24.145178, -110.305940). 

The tests location shown in Figure 2 represent the maximum distance achieved in each direction from the base station. 

3.2.2.- Open space transmission trials 

These trials were realized in the bay of Cullera, in Valencia (Spain), as this specific location offers the possibility of 
evaluating the LoRa modulation in a wide open space with a good line of sight in multiple sites. Although this could 
also be considered an urban environment, in this location there are less signal dampeners and a greater line of sight than 
in the previous trials. 

The base station was located approximately 24 meters above sea level, while the receiving node (prototype B) was 
placed in 10 different locations, where the reception of 30 consecutive packets was sought out. Additionally, the 
average RSSI and the percentage of packets received was measured, as well as the GPS coordinates of each test point 
was captured (Figure 3).
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Figure 3 – Geographic location of the different trials (image extracted from Google Earth) and the data extracted. The 
letter B corresponds to the transmitter node (39.164631, -0.241767). 

In Figure 3 it is possible to appreciate the elevation of the node at each location, which was extracted afterwards using 
an online geographical profiler [25]. The height at each point as at least 1 meter in altitude as a tripod of that height was 
used to maintain the receiver in a stable position. 

4.- DISCUSSION 

The results shown in Tables 1, 2 and 3 clearly depict the energy requirements for different LoRa transmissions. In Table 
1 it is possible to see the flexibility that the LoRa modulation provides with its configuration parameters and wide 
frequency range, allowing the technology to adapt to various applications. It is worth noting that even lower spreading 
factors can be configured with the device, which would grant higher data rate and lower energy consumption, yet they 
were not explored in this proposal due to the transmission range limitations. 

With the obtained data in Table 3, it is possible to appreciate that the reduction in bitrate by increasing the CR value is 
equivalent to fixed percentages. E.g. if the SF12 values are compared, there is a 37.5% reduction in data rate from the 
CR1 to the CR4, which is the same percentage for SF10. This is applicable to other BW, thus the data rate for other 
configurations can easily be calculated to select the most suitable for a given application. 

With the transmission trials done, it is possible to understand the capabilities of LoRa transmissions in highly obstructed 
and clear-path scenarios. In the results shown in Figure 2, it can be seen that in urban settings results may vary widely 
depending on the amount of signal obstructions found. In some directions only 1 kilometre was achieved, whilst in 
other more than double the transmission distance.  Additionally, the maximum achieved RSSI is approximately 8 dB 
lower than the theoretically calculated. 

In the open space trials done in Cullera (Figure 3), the average RSSI was significantly reduced in trials 1 to 8 due to the 
non-compliance of at least the first Fresnel Zone , given that the receiver was practically at sea level.  

Additionally, it is worth noting that in these initial trials the signal travelled across some buildings and other signal 
dampeners, which consequently added losses to the total link budget. With these type of conditions it was not possible 
to achieve a greater transmission range, nonetheless in trials 9 and 10 (Figure 3) a significant improvement can be seen 
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in the RSSI with a greater distance between nodes. This is mainly due to the influence of the height above sea level in 
these transmissions, which can be clearly seen comparing trials 8 and 9 where there is a -11 dBm difference and 100 
meters in height variation amongst each other. In trial 10 it was proven that it is possible to transmit at almost 50 km 
with an average RSSI of -116.73 dBm con with proposed LoRa configuration. This value is far below the -138 dBm 
theoretical receiver sensitivity of this parameter setting (Table 1) 

In trials 9 and 10 a reception point with higher altitude were sought out, and even though they are further in main-land, 
this additional height increased the RSSI significantly. This difference is very noticeable in trials 8 and 9, as the 
reception points are almost at the same distance from the base node yet there is a variation of approximately -10 dBm. 
The data displayed in trial 10, demonstrates that transmissions across almost 50 km with an RSSI of -116.73 dBm are 
possible with the proposed LoRa configuration. Theoretically, using these same settings it is possible to have a 
maximum receiver sensitivity of -138 dBm (Table IV). From this it can be inferred that it could be possible to transmit 
even at greater distances between the transmitter and receiver, with the radio horizon limitations of line-of-sight 
propagations. Further trials were sought out in the Cullera bay, yet it was not possible to find other accessible reception 
points with line of sight and increased distance. From this it can be inferred that it could be possible to transmit even at 
greater distances between the transmitter and receiver, although this could not be tested given the lack of reception 
points with good line-of-sight. 

Considering the results obtained in these open space trials, it is possible to theorize that the same transmission range can 
be achievable with other LoRa RF configurations. With a setup of SF10 and BW 125 kHz a -133 dBm receiver 
sensitivity is attainable (Table 1), which is a superior RSSI value required for the transmission in trial 10 (Figure 3). 
Such a wide range provides the possibility of covering an area of several square kilometres with a single star topology 
and a reduced number of nodes.  

5.- CONCLUSIONS 

The results shown in this paper provides the reader with the tools necessary for a proper network design of a LoRa LP-
WAN application, offering insight in the different modulation’s RF configurations, their impact and how to choose the 
proper settings for a specific implementation using the 433 MHz operating frequency. This allows the LoRa network 
designer to fine-tune the design from a PHY layer perspective before the implementation of a MAC layer protocol. 

In the field trials, two distinct scenarios were tested, representing opposite application settings. In conjunction with the 
configuration trials, it is possible to better understand the range capabilities of this technology in two distinct scenarios, 
as from a theoretical standpoint it is not simple to calculate this parameter in such wide spaces with a clear knowledge 
of the deployment environment. 

The possibility of implementing a wireless technology, such as LoRa, within a lower frequency spectrum offers several 
benefits for outdoor applications. With a single transmitter, it is possible to cover a radius of several kilometres in both 
open and cluttered spaces, thus enabling a single low power monitoring network. Given its high signal penetration 
frequency and low power characteristics, the LoRa modulation is not restricted to outdoor monitoring, it may also may 
prove useful in smart buildings and industrial environments. This technology combined with an IP based protocol, such 
as Ethernet or WiFi, can enable real-time remote monitoring of areas with several square kilometres. Given its operating 
frequency, the LoRa modulation can easily co-exist with 802.11 wireless based protocols without interfering with its 
own transmissions. 
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