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a b s t r a c t 

Along the last years, we have witnessed the growing demand for services, applications, and systems that 

depend on the specific location of both people and a variety of things and gadgets. Currently, the Global 

Positioning System (GPS) offers good accuracy on-location services around the world. Nevertheless, it 

does not work efficiently on applications that require several small, cheap, and low power devices. Under 

such conditions, researchers prefer to work with low-cost wireless alternatives such as WiFi, Zigbee, LoRa, 

Sigfox, among others. The purpose of this work is twofold. Firstly we evaluate the time-measurement and 

radio frequency capabilities of Pycom LoRa hardware implementation, in order to develop a low-cost and 

GPS-independent positioning system. Then, with these results, we propose and evaluate a positioning 

system with LoRa technology and based on the received signal strength indicator. Extensive field test 

measurements in outdoor rural environments show that we can obtain position estimation errors lesser 

than around 7% of the maximum distance between anchor nodes. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Today, it is very important to localize people or objects for al-

ost every life activity. Just to quote an example, in the commer-

ial field, the location knowledge of the products of a company is

undamental to reduce the search and operation times, and as a

esult productivity is improved [1] . 

The most utilized location method around the world is the

lobal positioning system (GPS). However, one the of main dis-

dvantage of GPS is its high power consumption and cost, which

rohibits its large-scale deployment [2] . Nowadays, new low cost

nd low power consumption wireless technologies are emerging,

hich allow the deployment of densely distributed networks for

 wide range of applications. Among them, stands out environ-

ental monitoring, humans, animals, or vehicles monitoring [3,4] ,

thletes tracking [5] , etc. In such applications, it is very important

o optimize the power consumption and the total network deploy-

ent costs. In general, data rate requirements of such applications

re less demanding. In this context, it is important to consider
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olutions based on the emerging low-power wide-area networks

LPWANs) which can efficiently operate over large areas and with

attery-powered devices [6–8] . 

At present, the more relevant LPWANs are: LoRa [9] , Sigfox

10] , and NarrowBand IoT (NB-IoT) [11] . Many research works have

hown the advantages of the new physical layer LoRa technolgy

nd its upper layer LoRaWAN complement regarding scalability,

overage, and energy efficiency [12,13] . From Neumann et al. [14] it

s apparent that LoRa technology has greater potential to develop a

ositioning system alternative to GPS in comparison with the other

PWANs. Of course, other wireless technologies such as WiFi or

igbee are useful for the development of low cost positioning sys-

ems. 

On the other hand, the most common positioning algorithms

re time of arrival (ToA), time difference of arrival (TDoA), angle

f arrival (AoA), and received signal strength indicator (RSSI). Each

f these algorithms requires that wireless devices present differ-

nt features and hardware capabilities. Additionally, these last al-

orithms are complemented with the localization algorithms such

s multilateration, triangulation, and trilateration. 

On this basis, this work presents a deeper evaluation of a hard-

are implementation of LoRa technology, specifically the LoPy and

iPy devices of Pycom manufacturer. The evaluation focuses on the

tudy of the time measurement capabilities of the devices in order

o implement a time-based positioning system for real environ-
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Fig. 1. ToA and RSSI position estimation approach. 
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ments. We also evaluate the quality of the radio frequency com-

ponents in order to implement a positioning system based on RSSI

variable. Finally, with these results, we implement and evaluate a

low-cost RSSI-based positioning system. We evaluate the perfor-

mance of the system through extensive field test measurements on

outdoor rural environments of Cuenca-Ecuador. 

2. Background 

2.1. Positioning systems 

Positioning systems can be broadly classified in one of the fol-

lowing categories: global positioning systems, which allows the lo-

calization of targets around the globe, or local positioning systems,

which allow the localization of targets in a local environment of

established size [15] . This work focuses on local positioning sys-

tems and this section presents a brief background on position es-

timation algorithms. 

The time of arrival (ToA) position estimation algorithm gets the

distance between the target node (TN) and each anchor node (AN)

through the travel time measurements of the respective reference

signals. Then, with a minimum of three anchor nodes with known

positions and strict time synchronization, it is possible to local-

ize the target node using a trilateration approach ( Fig. 1 ). Mean-

while, the time difference of arrival (TDoA) estimation relaxes the

synchronization requirements between the target node and the an-

chors, just anchor nodes must be synchronized. And in general, it

overcomes the drawbacks of ToA. 

In the angle of arrival (AoA) estimation, the anchor nodes esti-

mate the target location based on the angle of the respective ar-

riving signal. In a coplanar scenario, AoA requires just two anchor

nodes, but they must be equipped with smart antenna arrays. 

On the other hand, in the estimation based on the received sig-

nal strength indicator (RSSI), the anchor nodes estimate the target

location mapping the RSSI with the distance traveled by the sig-

nal. It requires a path loss model to estimate such distance. Then,

in the same way that ToA with a minimum of three anchor nodes

the target node position is estimated by trilateration ( Fig. 1 ) [15] . 

Path loss models are usually expressed in a logarithmic form as

shown in Eq. (1) [16] . 

P L (dB ) = P 0 + 20 log 

(
d 

d 0 

)
+ X σ (1)

where: 

d , is the transmission distance, 

d 0 , is the reference distance, 

P 0 , is the power strength at distance d 0 , 

X σ , is usually a zero mean Gaussian distributed random variable

of the received signal with standard deviation σ . 

Another widely used model is the exponential decay model,

shown in Eq. (2) [17] . This equation shows that path loss is an

exponential function with frequency f and distance d . This equa-
ion was proposed for cases were the antennas are located near

o trees and thus the signal propagates through the trees. Weiss-

erger and COST-235 models are modifications of this model to

ifferent forested environments. 

 (dB ) = A f B d C (2)

These models can be simplified into Eq. (3) , as is proposed in

16] . 

 L (dB ) = a + b log (d) + X σ (3)

In this case, all the characteristics of Eq. (2) are expressed in

q. (3) . The exponential factor of distance is b , and the other com-

onents are expressed by a . Both are adjusted by means of the val-

es obtained in the measurement campaign. As in Eq. (1) , the ran-

omness of the received signal is expressed in X σ . It is assumed

hat the error of fitting in Eq. (3) follows a Gaussian distribution

ith zero mean and standard deviation ( σ ). The standard deviation

an be calculated between the fitted curve and the mean values of

very measurement point as shown in Eq. (4) . 

= std (P L − FittedCurve ) (4)

To calculate the P L values from RSSI and SNR, Eq. (5) is used

ccording to [18] . 

 L = | RSSI | + SNR + P tx + G rx (5)

While the received signal strength can be expressed as in

q. (6) 

SSI = P tx + G tx + G rx − P L (6)

Where, P tx is the transmitted power in dBm, G tx and G rx , are

he transmitter and receiver antenna gains respectively in dBi, and

 L represents the path loss model in dB. 

Therefore, we can get the RSSI logarithmic model equation

hrough a minimum squares fitting of the RSSI field measurements

s in Eq. (7) . Here, c and b , are constants. 

 = c × ln x + b (7)

or ToA and RSSI, in a 3D scenario, the target node location is de-

ermined by the intersection of all spheres, whose centers are the

oordinates of the anchor nodes and the radii are the distances be-

ween the anchor nodes and the target node, Eq. (8) . 

(x − x i ) 
2 + (y − y i ) 

2 + (z − z i ) 
2 = m 

2 
i , (i = 1 , 2 , . . . , n ) (8)

here ( x i , y i , z i ) are the known coordinates of anchor nodes, m i 

re the estimations of the distance between the anchors and the

arget node, and n is the number of anchor nodes. In this way,

olving this equation, we get the target node coordinates ( x, y, z ).

hen, the trilateration localization algorithm derives from this fun-

amental Eq. (8) , which is the math basis for the ToA or RSSI based

ositioning systems. In the case of a 2D scenario with three an-

hor nodes, we get the system of second-order equations shown in

q. (9) . 
 

 

 

(x − x 1 ) 
2 + (y − y 1 ) 

2 = m 

2 
1 

(x − x 2 ) 
2 + (y − y 2 ) 

2 = m 

2 
2 

(x − x 3 ) 
2 + (y − y 3 ) 

2 = m 

2 
3 

(9)

In this work, we use an analytical model to solve this system

f equations and to implement them in the proposed positioning

ystem. Specifically, we use the variable changes of Eq. (10) 

x = x ′ + x 1 

y = y ′ + y 1 
(10)

Replacing Eq. (10) in Eq. (9) , we obtain Eq. (11) 
 

 

 

x ′ 2 + y ′ 2 = m 

2 
1 

(x ′ + x 1 − x 2 ) 
2 + (y ′ + y 1 − y 2 ) 

2 = m 

2 
2 

(x ′ + x 1 − x 3 ) 
2 + (y ′ + y 1 − y 3 ) 

2 = m 

2 

(11)
3 
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With the variable changes of the following Eq. (12) 
 

 

 

 

 

 

 

x ′ 2 = x 2 − x 1 

x ′ 3 = x 3 − x 1 

y ′ 2 = y 2 − y 1 

y ′ 3 = y 3 − y 1 

(12) 

And replacing this variable changes of Eq. (12) in Eq. (11) we

btain the resulting linear system of equations of Eq. (13) ready to

e implemented in the positioning system. 
 

 

 

x ′ x ′ 2 + y ′ y ′ 2 = 

1 
2 

(
m 

2 
1 − m 

2 
2 + x ′ 2 

2 + y ′ 2 
2 
)

x ′ x ′ 3 + y ′ y ′ 3 = 

1 
2 

(
m 

2 
1 − m 

2 
3 + x ′ 3 

2 + y ′ 3 
2 
) (13) 

This methodology could be extended for a two dimensional sys-

em with n number of anchor nodes, and following the preceding

rocedure, we can obtain the general linear system of equations

hown in Eq. (14) 
 

 

 

 

 

 

 

 

 

 

 

 

 

x ′ x ′ 2 + y ′ y ′ 2 = 

1 
2 
(m 

2 
1 − m 

2 
2 + x ′ 2 

2 + y ′ 2 
2 
) 

x ′ x ′ 3 + y ′ y ′ 3 = 

1 
2 
(m 

2 
1 − m 

2 
3 + x ′ 3 

2 + y ′ 3 
2 
) 

x ′ x ′ 4 + y ′ y ′ 4 = 

1 
2 
(m 

2 
1 − m 

2 
4 + x ′ 4 

2 + y ′ 4 
2 
) 

. . . 

x ′ x ′ n + y ′ y ′ n = 

1 
2 
(m 

2 
1 − m 

2 
n + x ′ n 

2 + y ′ n 
2 
) 

(14) 

It must be used the variable changes of Eq. (15) 
 

 

 

 

 

 

 

 

 

 

 

x ′ 2 = x 2 − x 1 , y ′ 2 = y 2 − y 1 

x ′ 3 = x 3 − x 1 , y ′ 3 = y 3 − y 1 

x ′ 4 = x 4 − x 1 , y ′ 4 = y 4 − y 1 

. . . 

x ′ n = x n − x 1 , y ′ n = y n − y n 

(15) 

And the requested coordinates are found by Eq. (16) 

x = x ′ + x 1 

y = y ′ + y 1 
(16) 

.2. LoRa technology 

Low power wide area networks (LPWANs) represent a new

rend in the evolution of wireless communication technologies.

his communication technology is able to connect and monitor

igh number of sensors, covering wide areas at low energy cost

19] . One of the newest approaches to this technology is long range

LoRa) [20] . LoRa gives all the LPWAN advantages, adding low de-

ice cost and easy deployment. LoRa-based wireless sensor net-

orks (WSNs) are able to collect real time information such as

emperature, rain, humidity, flow, among many others. One of the

lear application scenario for LoRa is rural environments. 

The general characteristics of an LPWAN network are: 

• LPWAN requires a minimum energy consumption during oper-

ation. This is because the limited capacity of batteries and its

high cost. 

• Cost is an important factor. Especially in the nodes, easy-to-

install tools must be provided, and both the hardware and soft-

ware should be low-cost. 

• Although the level of activity depends on the specific applica-

tion, the device must be able to wake up only when be needed

to send information. This point would support the idea of star

type architectures against mesh architectures. 

• The network infrastructure must be easy to assemble. The ad-

dition of devices or the transfer to other countries must comply

with international standards. 
• The transferred information between the node and the final

user must be secure. 

As previously stated, long range (LoRa) is currently one of the

ost relevant LPWAN technology. LoRa is a proprietary modulation

cheme derived from the chirp spread spectrum modulation (CSS).

ts main objective is to improve the sensitivity of the system at the

ost of a reduction in the data rate for a given bandwidth (BW).

oRa implements variable data rates, using orthogonal spreading

actors (SF). This allows a compromise between the data rate and

overage, as well as optimizing the performance of the network

ith a constant bandwidth. 

LoRa is a physical layer implementation and as such, it is in-

ependent on higher layers. This allows it to coexist with different

etwork architectures. Some basic concepts about LoRa modulation

nd the advantages to develop an LPWAN network are presented

n [20] . Additionally, although the modulation of LoRa is patented,

 rigorous mathematical signal processing description of the LoRa

odulation and demodulation process can be found in [21] . 

In information theory, Shannon-Hartley theorem, defines the

aximum rate at which the information can be transmitted on a

ommunication channel with a specific bandwidth in presence of

oise. From this well-known equation, it can be concluded that if

t increases bandwidth, it can compensate the degradation of the

ignal-to-noise ratio (SNR) of the radio channel. 

In direct sequence spread spectrum (DSSS), the transmitter car-

ier phase changes according to a code sequence. This process is

chieved by multiplying the desired data signal with a spreading

ode, known as chip sequence. This chip sequence has a higher

ate than the data signal, so widens the bandwidth of the origi-

al signal. As a result, a reduction in the amount of interference

ccurs due to a processing gain. DSSS is widely used in communi-

ation applications. However, there are challenges when it is nec-

ssary to reduce the cost and energy consumption of devices with

his technology. 

LoRa modulation solves the DSSS problems by providing an al-

ernative of lower cost and lower energy consumption. In LoRa

odulation, the spread spectrum is achieved by generating a chirp

ignal that continuously varies in the frequency domain. An ad-

antage of this method is that the timing and frequency variations

etween the transmitter and the receiver are equivalent, reducing

he receiver complexity. 

This chirp bandwidth is equivalent to the spectral signal band-

idth. The desired signal is widened with a chip and modulated

n a chirp. The relationship between the desired data rate, the

ymbol rate and the chip rate for LoRa, is expressed by the Eq. (17) .

 b = SF 
CodeRate 

2 SF 

BW 

[bps] (17) 

here: 

• R b is the bit rate of the modulation 

• SF corresponds to the spreading factor, and could be in the

range ( 7 − 12 ) 

• CR is the code rate option ( 1 − 4 ) 

• BW represents the bandwidth in [Hz] 

• CodeRate = 4 / (4 + CR ) 

.2.1. LoRa transmission parameters 

LoRa devices can be configured using different Transmission

ower (TP), Carrier Frequency (CF), Spreading Factor (SF), Band-

idth (BW) and Coding Rate (CR). This parameters are tuned to

chieve the best connection performance and the lowest energy

onsumption. 

The previous variables combination results in around 6720 pos-

ible configurations, which allows a user to completely adjust LoRa
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to the required application [22] . Next, a brief description of the

mentioned parameters is presented [23] : 

1. Transmission Power (TP) : It can varies between −4 dBm and

20 dBm, but due to implementation limits, it can be adjusted

from 2 dBm to 20 dBm. With transmission power of more than

17 dBm, only 1% of the duty cycle can be used. 

2. Carrier Frequency (CF) : It is the central frequency that can be

varied in 61 Hz steps between 137 MHz and 1020 MHz, depend-

ing on the chip and the region of use. 

3. Spreading Factor (SF) : It is the ratio between the symbol rate

and the chip rate. A higher SF not only increases the SNR, range

and sensitivity, but also the air time of the packet. Each in-

crease in the SF reduces the transmission rate, doubling the du-

ration of the transmission and the energy consumption. The SF

can vary between 6 and 12, being useful for network separation

since the SFs are orthogonal. 

4. Bandwidth (BW) : It is the frequency range in the transmis-

sion band. A higher BW gives a higher data rate (less airtime),

but lower sensitivity for noise aggregation. A lower BW requires

more precise crystals, that is, less parts per million (ppm). The

data is sent at a chip rate equivalent to the BW. A BW of

125 kHz is equivalent to a chip rate of 125 kcps. A typical LoRa

network operates at: 125 kHz, 250 kHz or 500 kHz. 

5. Code Rate (CR) : It is the Forward Error Correction rate (FEC)

used by LoRa against interference. It can be configured with:

4/5, 4/6, 4/7 and 4/8. A larger CR offers more protection against

noise, but increases the airtime. Transmitters with different CR

can communicate since the CR is in the header of the packet

that is always encoded at a 4/8 rate. 

2.2.2. Key LoRa modulation properties 

In the following we describe some key aspects that highlight

LoRa and make it one of the best candidates for IoT applications

[20] : 

• Scalable Bandwidth : It can be used in narrow band frequency

jumps and broadband direct sequence applications. 

• Low Energy Consumption : Power output can be reduced com-

pared to FSK, while keeping the same or better link budget. 

• High Robustness : Due to its asynchronous nature, the LoRa sig-

nal is resistant to in-band and out-band interference. 

• Fade Resistant : Thanks to the broadband chirp pulses, LoRa of-

fers fading and multipath immunity, making it ideal for urban

and suburban environments. 

• Doppler Resistant : Doppler shift causes a small frequency shift

in the LoRa pulse that introduces a non significant time axis

shift of the baseband signal, making it immune to the Doppler

effect. 

• Wide Coverage Capability : Compared to FSK, maintaining the

same transmission power, the link budget is higher in LoRa. 

• Enhanced Network Capability : SemTech LoRa modulation em-

ploys orthogonal SFs that allow multiple propagation signals

to be transmitted at the same time and on the same channel

without substantial sensitivity degradation. The modulated sig-

nals with different SFs appear as noise to the target receiver

and can be treated as such. 

3. Related work 

As low power wide area networks, and specifically LoRa tech-

nology become more popular, many researchers around the world

focuses on evaluate the performance of such technology through

experimental studies. For instance, in [24] authors present a test-

bed for the study of a University campus IoT network using LoRa.

They focuses on link quality and transmission performance eval-

uation. In [25] the performance of LoRa technology under two or
ore concurrent transmissions is evaluated. In [26] , authors evalu-

te the performance of the LoRaWAN protocol by means of a per-

anent outdoor test-bed. The main objective is to evaluate the

mpact of the adaptive data rate scheme, the payload length, and

he acknowledgments over the packet delivery ratio. The RSSI and

NR variables analysis shows the LoRa high sensitivity. The mea-

ured RSSI values are between −125 dBm and −78 dBm, while the

xtreme values for SNR are between −19.2 dB and 12.8 dB. Kaz-

aridis et al. [27] present the evaluation of LoRa performance us-

ng a test-bed deployed in the city of Volos, Greece. The system

valuate, under realistic conditions, the link quality by continu-

usly monitoring the packet delivery ratio versus the RSSI relation.

n [28] authors evaluate LoRa fading characteristics, coverage, and

nergy consumption in multi-floor indoor buildings. For smart city

pplications, in [29] authors present an experimental evaluation

f LoRaWAN technology under real conditions in the city of Brno,

zech Republic. End-nodes use an Arduino Mega micro-controller

ith a RN2483 radio modules. The obtained values for RSSI ranges

rom -111 dBm to -64 dBm. The work in [30] presents a moni-

oring network based on LoRa connectivity to measure structural

isplacements of the medieval City Walls in the city of Siena, Italy.

On the other hand, several recent works focus on the imple-

entation of low-cost and energy efficient positioning systems

ased on LoRa technology. For example, authors in [31] propose an

ybrid LoRa-GPS tracker for dementia patients. Users incorporate

oRa appliances as end systems. The main objective of this work

s to improve the energy efficiency of the GPS system by integrat-

ng LoRa communications and using a GPS duty cycling strategy. In

32] authors propose a TDoA LoRa positioning system which uses

 multilateration location algorithm. Although authors entitle their

roposal as GPS-free geolocation, the end-nodes and the gateways

ncorporate GPS for synchronization purposes. This work presents

n accuracy of around 100 m in a 2 km × 2 km urban area.

he LoRa Alliance in [33] presents a compilation of technical capa-

ilities of LoRaWAN-based geolocation. The work focuses on new

eneration of LoRaWAN gateways which incorporate TDoA posi-

ioning algorithm capabilities. Paper also include real deployment

ase studies, with this specialized high cost gateways, in Barcelona

ort, urban environment of Issy-les-Moulineaux, Bolougne next to

aris, among others. In [34] authors provide experimental quantifi-

ation of TDoA geolocation performance for outdoor tracking pur-

oses using a public LoRaWAN network in Netherlands. Using six

oRa nodes configured with spreading factors between 7 and 12,

nd a single gateway, authors found that the median error of the

aw TDoA location was around 200 m and in 90% of the cases the

rror was less than 500 m. In [35] authors propose a LoRa-based

ong range emergency communication system. The aim is to be a

upport for survivors and rescue teams and it is intended for criti-

al environments where there is no cellular coverage and the com-

on GPS-based localization is not completely available. Authors in-

lude simulation an experimental evaluation of the capabilities of

he LoRa-based trilateration technique. For smart farming, one of

he possible applications of our proposal, authors in [36] propose

n agro-industry platform intended for monitoring, traceability and

ptimization of farming resources and processes. It includes WiFi-

ased localization for detecting anomalous behavior patterns of an-

mals. In this line, a review of communication technologies for pre-

ision agriculture, which includes LoRa can be found in [37] . 

Our proposal strongly depends on precise path loss modeling,

egarding this, our workgroup presents in [38] a methodology to

xperimentally study LoRa transmission range based on path-loss

odeling, and through RSSI and SNR measured variables on real

nvironments in the City of Cuenca, Ecuador. Other works related

o propagation and coverage measurements are summarized in the

ollowing. In [18] , authors present a study of performance and cov-

rage that uses LoRa transceivers and RSSI as the main measure-
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ent variable to develop a path loss model. The study is conducted

n water and a coast environment. Authors use European 868 MHz

SM band. Another outdoor measurement based study is presented

n [39] , where the authors use PER and RSSI to estimate the per-

ormance of the system under two different tests. Authors evaluate

he system under different payload length, bandwidth, spreading

actor, and modulation schemes. The work uses different payload

engths, transmission with the FSK modulation scheme, and the

resnel zone is taken into account. The work in [40] , presents a

eneral evaluation of LoRa using multiple gateways, RSSI and ACKs

o estimate the connection rate. A main aspect of the study is the

eliability that was measured using long transmission periods. The

tudy detected mobile network interference during certain hours.

ndoor measurements have been conducted in [41] and [42] . In

41] , DR, SF, bandwidth and bit rate are fixed and RSSI is used to

easure performance. In [42] , the study is more specific, the au-

hors evaluated the performance of LoRa in health and wellbeing

pplications. 

This work focuses on a deeper evaluation of the capabilities of

ow cost Pycom LoRa hardware implementation, in order to de-

elop a totally GPS-independent positioning system. We also in-

lude the performance evaluation of a RSSI-based positioning sys-

em through extensive field test on rural and open environments.

n important remark is that most of the experimental studies re-

orted in the literature were conducted on cities that are a few

eters above the sea level. In this work, the evaluation was done

n the southern Ecuadors Andes mountains at an altitude of around

660 m above sea level. 

. Methodology 

To develop a GPS-independent positioning system using low

ost Pycom LoRa devices, firstly it is necessary to evaluate the be-

avior and performance of such devices under real environments.
Fig. 2. Test lo
he proposed system could be based on time or RSSI variables, as

tated in the Background section. For the time-based positioning,

e require to evaluate the time measurement capabilities. To per-

orm this evaluation we search different ways to measure and es-

imate the round trip time (RTT). For the system based on RSSI, in

rst place, we evaluate at laboratory in a controlled environment

he RSSI sensitivity and the dynamic range. Another important pa-

ameter is the transmission power, the evaluation of this param-

ter has been executed using a National Instruments PXI system.

inally, we analyze the resulting positioning system through exten-

ive measurement campaigns. 

The positioning proposal based on the RSSI and the trilateration

ocation algorithm has been evaluated by measurement campaigns.

he measurement interval is based on spatial averaging. The au-

hors of [38,43] defined a suitable measurement interval between

0 λ and 40 λ. The available LoRa device works in the 915 MHz ISM

and. The corresponding lower and upper distance for this band

re 6.5573 m and 13.1147 m. We select an integer value between

he lower and upper limit. The chosen value was 10 m. 

The behavior of the RSSI variable is evaluated in several loca-

ions of the Cuenca City in Ecuador. The goal is to identify locations

hat present stable and reliable results for the characterization of

he path loss model. The PLM is used to estimate the location of

he target node in the positioning system. The main feature of the

ocation is that it covers a large open area. This area will allow LoS

ommunication between all devices. We selected three main loca-

ions for the tests: 

• Location 1 ( Fig. 2 (a)): Soccer field of the University of Cuenca

(2 ◦54 ′ 7.63 ′′ S ; 79 ◦0 ′ 41.20 ′′ O ). The terrain is flat with total LoS

and with approximate dimensions of 150 × 150m. 

• Location 2 ( Fig. 2 (b)): Pachamama plateau of the Cuenca city

(2 ◦49 ′ 58.72 ′′ S ; 78 ◦55 ′ 43.75 ′′ O ). It is a flat terrain with total LoS

and with an approximate dimension of 500 × 500m. 
cations. 
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Table 1 

Description of the test scenarios of the positioning system. 

Type Description 

Symmetric Scenario 1: 90 × 90m 

Scenario 2: 150 × 150m 

Non-symmetric Scenario 3: with error introduced, distances ≥ 100m 

Scenario 4: without error introduced, distances < 100m 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 

RSSI Sensitivity of LoPy and FiPy devices [45,46] . 

BW (kHz) and SF LoPy 1.0 (dBm) FiPy (dBm) 

125 and 6 −121 −122 

250 and 12 −134 −135 

500 and 12 −129 −131 
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• Location 3 ( Fig. 2 (c)): Irquis Farm of the University of Cuenca

(3 ◦4 ′ 49.20 ′′ S ; 79 ◦4 ′ 31.26 ′′ O ). It is a flat land with total LoS and

with an approximate dimension of 200 × 200m. 

Several tests have been performed to evaluate the system at

each location. The tests consist of establishing communication

links between FiPy and/or LoPy devices to assess the behavior of

the system. For all locations, it has been measured the RSSI in

function of the distance. The measurement interval was the pre-

viously defined 10 m. 

At first stage, the variables RSSI and SNR are acquired and

stored. The outbound link is measured in the anchor node and

stored in the target node. The return link is measured and stored in

the target node. As second stage, the null RSSI values are filtered.

These values are given when the transmission is not completed. 

Some evaluation scenarios have been established, with certain

differences between them. Such different parameters to configure

the scenarios are the number of anchor nodes, distances between

anchor nodes, and RSSI characterization approaches. The aim of the

study is to evaluate the position estimation errors for each case.

The position error is evaluated by both, through simulations and

by real measurements. 

The measurements has been taken in an open area with no

obstacles. We defined two types of scenarios: symmetric and not

symmetric. These scenarios differ in the geometric distribution of

anchor nodes. In symmetric type scenario, anchor nodes have a

regular square distribution ( Fig. 2 (d)). In the non-symmetric type

scenario, the distribution of anchor nodes is random. Table 1 lists

the analyzed scenarios. There are three scenarios of symmetric

type and two scenarios of non-symmetric type. 

5. Performance evaluation of LoRa device capabilities 

The purpose of this section is to evaluate the performance of

LoPy and FiPy LoRa devices regarding their time measurement ca-

pabilities, RSSI sensitivity, and dynamic range. 

5.1. LoPy and FiPy devices description 

LoPy and FiPy are low-cost development boards produced by

Pycom manufacturer, which include LoRa technology [44] . Table 2

summarizes the more relevant technical features of these boards.

Besides, these devices have incorporated a 150kHz real-time clock

(RTC) and a RSSI sensitivity sensor. In this section, we evaluate

the real performance of these two last characteristics through field
Table 2 

Technical features of LoPy and FiPy devices 

[45,46] . 

Feature LoPy 1.0 and FiPy 

RTC (kHz) 150 

ISM bands (MHz) 868, and 915 

Semtech [47] chip SX 1272 

Range (MHz) 860 − 1020 

SF 6 − 12 

BW (kHz) 125 − 500 

Data Rate (kbps) 0 . 24 − 37 . 5 

RSSI sensitivity (dBm) −117 to −137 
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fi  
easurements. The goal is to determine if they are suitable for ei-

her time or RSSI based positioning system. 

It is important to note that the RSSI sensitivity of the LoRa

evices vary in function of the operation bandwidth ( BW ) and

preading factor ( SF ). In this context, Table 3 presents the RSSI sen-

itivity of LoPy and FiPy devices under different BW and SF config-

rations. 

.2. Evaluation of LoPy and FiPy time measurement capabilities 

Time-based positioning algorithms such as ToA or TDoA have

trict requirements regarding the time measurement capabilities

f the devices. For LoPy and FiPy boards we identify and evaluate

hree different ways to measure and estimate the round trip time

RTT): (1) through the built-in chronometer function, (2) using the

nternal RTC, and (3) through the CPU instruction or cycle time. 

In order to evaluate and compare the real time measurement

apabilities of LoPy and FiPy devices, we develop a set of field tests

n which we establish a communication link between the target

ode and one anchor node. We measure the RTT for three differ-

nt distances (15m, 2.6km, 10km) between the target and anchor

odes. For each evaluation point, the target node sends a message,

hen the anchor replies with an echo. After that, the target mea-

ures and estimates the RTT using one of the previously mentioned

valuation methods. In order to present reliable results, the target

ode repeats the experiment around 200 times for each point and

e report the average RTT with 95% confidence interval. 

Fig. 3 compares the resulting RTT estimation using the

hronometer function, the internal RTC, and the CPU cycle method

espectively. From this figure, we can conclude that, with these

ow-cost devices, no one of the RTT estimation methods present

uitable results for a time-based positioning system development.

e can observe an overlapping of confidence intervals of the mea-

ured RTT for all the cases with the chronometer function esti-

ation. We can also see that the built-in chronometer function

resents more variable results in comparison with the other two

ethods. Finally, for RTC and CPU cycle we can observe also an

verlapping of the confidence intervals of the RTT between the

easurements at 15m and the measurements at 2.6km, and a

light time difference for the 10km distance. 

.3. Evaluation of RSSI sensitivity and dynamic range 

LoPy and FiPy devices allow the configuration of their LoRa

odulation RF features such as: transmission power ( P TX ), band-

idth, and spreading factor. As expected, these different configu-

ation possibilities have a direct impact on the device RSSI sensi-

ivity, as reported by the manufacturer in Table 3 . Accordingly, in

his section we evaluate the real dynamic range and sensitivity of

oPy and FiPy devices through controlled field tests. 

The controlled field test consists of establishing a communi-

ation link between a LoPy 1.0 transmitter and other LoPy 1.0

eceiver. In order to control the attenuation of the transmission

ower, the LoPy transmitter is connected to a Hewlett Packard (HP)

496B variable attenuator ( Fig. 4 ). This HP attenuator has a resolu-

ion of 1dB, and its attenuation ranges from 1 to 121dB. 

We evaluate the LoPy RSSI behavior under two different con-

gurations of P , BW , and SF . The first set of tests was done
TX 
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Fig. 3. Performance results of three different methods of RTT measurements, with 

BW = 500 kHz, SF = 12 and P TX = 20 dBm. 

Fig. 4. Dynamic range tests of RSSI sensitivity. 
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Fig. 5. Field controlled tests of links between a LoPy 1.0 as T X with variable atten- 

uator and other LoPy 1.0 as R X . 
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ith BW = 500 kHz , and SF = 12 . In turn, the second set used a

W = 125 kHz , and a SF = 7 . In both cases we evaluate the system

onfigured with the minimum and the maximum allowed trans-

ission power corresponding to 5 dBm and 20 dBm respectively.

urthermore, we establish and evaluate three different separation

istances between the transmitter and the receiver ( d = 10 m , d =
0 m , and d = 50 m ). In turn, for each separation distance, we vary

he attenuation from 0dB to 50dB with 5dB steps. 

Fig. 5 shows the resulting RSSI value evolution measured by

he receiver node, for each described test. From Fig. 5 (b), in first
lace, we can observe that when the system is configured with

W = 125 kHz , and a SF = 7 the behavior of the RSSI is more un-

redictable and so the dynamic range in this case is not clear. Thus,

his configuration does not allow to have a good characterization of

he communication link between the transmitter and the receiver.

hen, this configuration is not suitable for a RSSI-based position-

ng system. On the other hand, for the system configured with

W = 500 kHz , and SF = 12 , on Fig. 5 (a), we observe a stable be-

avior of the RSSI variable for all the cases until an attenuation

f around 30dB, which corresponds to a RSSI value greater than

round −110 dBm. This implies that the dynamic range of LoPy de-

ices is suitable for a RSSI-based positioning system development

or values of RSSI greater than −110 dBm and when the LoRa mod-

lation is configured with BW = 500 kHz , SF = 12 and P T X = 5 dBm.

Another observation from the field tests is the fact that differ-

nt LoPy and FiPy devices, in spite of using the same chip Semtech

X1272 [47] , exhibits different behaviors regarding RSSI sensitivity

nd dynamic range. Additionally we expect a greater impact of the

elected transmission power over the resulting RSSI values. These

wo facts motivated us to make a deeper analysis of the real trans-

ission power of the LoPy and FiPy devices and its variability. 

.4. Evaluation of the transmission power 

In order to make a deeper and reliable evaluation of the LoPy

nd FiPy devices transmission power, we use as a receiver a Na-

ional Instruments PXI system. For this test set, the LoPy or FiPy
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Fig. 6. Power transmission evaluation of LoPy and FiPy devices with BW = 500 kHz, SF = 12 and 30 dB of attenuation. 
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transmitter is connected to the attenuator configured with an at-

tenuation value of 30dB to guarantee that the power keeps in the

range accepted by the PXI receiver module. Each device is evalu-

ated for its minimum ( P T X = 5 dBm) and its maximum ( P T X = 20

dBm) transmission power. 

The first test was done with a FiPy device configured with the

following LoRa modulation parameters: P T X = 5 dBm and BW =
500 kHz. Since we use an attenuation of 30dB we expect that the

received power in the PXI system to be around −25 dBm. How-

ever, as it can be observed in the Fig. 6 (a), the real received power

is −29 . 74 dBm. Thus for this FiPy device we obtain a power er-

ror of −4 . 74 dBm. We also observe a real transmission bandwidth

of BW = 608 . 97 kHz. Then, it is around of 108.97 kHz out of band

emission. 

In the second case, the FiPy device was configured with P T X =
20 dBm and BW = 500 kHz. Fig. 6 (b) presents the resulting power

and BW reported by the PXI for this configuration. We observe a

received power of -23.75 dBm, so an error of -13.75 dBm is ob-

tained. Thus, when the device is configured with the maximum

transmission power, the error of the power amplifier is signifi-

cantly increased. Regarding the BW error it remains the same as

the previous case (108.97 kHz). 

In turn, for the LoPy device configured with P T X = 5 dBm and

BW = 500 kHz, the resulting power error is around −0 . 94 dBm as

it is depicted in the Fig. 6 (d). The measured BW is 528.84kHz so

the obtained error is 28.84 kHz. Finally, when the LoPy device is
onfigured with the maximum transmission power P T X = 20 dBm

nd BW = 500 kHz, the power error is −1 . 97 dBm as it can be see

n the Fig. 6 (c). For this last case the measured transmission BW is

20.83 kHz and therefore we obtain a 20.83kHz out of band emis-

ion. 

Therefore, we can conclude that the radio frequency compo-

ents of LoPy 1.0 devices and its RF accessories are of better qual-

ty than the FiPy devices. Also, in order to have a better behav-

or of the positioning system, the preferred configuration of LoRa

odulation parameters for this kind of devices is BW = 500 kHz,

F = 12 , P T X = 5 dBm, preamble equal to 8 and CR = 4 / 5 . 

. RSSI-Based positioning system 

Based on the LoPy and FiPy devices detailed evaluation pre-

ented in the Section 5 , in this section we start defining the

roposed RSSI-based positioning system architecture and then we

resent the performance evaluation of the system. 

.1. System architecture 

For the proposed positioning system, we choose an architec-

ure centralized on the target node. We do not use any specialized

ateway, with dedicated localization features, with the purpose of

eep at the minimum the system costs. Then, in such architecture,

he target node establishes a communication link with each anchor
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Fig. 7. General Architecture. 

Fig. 8. Sequence diagram of the link between the target node and one anchor node. 
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Fig. 9. The characteristic curve of the return link for the 90 m × 90 m scenario 

with BW = 500 kHz, SF = 12 y P TX = 5 dBm. 
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ode at a time, following a round-robin type procedure ( Fig. 7 ).

he aim of each link is to measure and store the value of the

SSI variable resulting of the communication between the target

ode and the respective anchor node. After that, using the RSSI-

ased positioning and the trilateration localization algorithm, we

stimate the location of the target node. 

There are three main components in the positioning system

see Fig. 7 ): the target node, the anchor nodes, and the main pro-

essor. We also identify two communication links: (1) The link be-

ween the target node and each of the anchor nodes using a LoRa

nterface to send request messages and to obtain relevant values

uch as RSSI and SNR. (2) The communication link between the

arget node and the processor through a WiFi interface. We use the

TP protocol to get the variable registers from the internal memory

f the target node to the processor system. 

The LoRa communication link between the target node and

ach anchor node follows the messages sequence shown in Fig. 8 .

he target node sends a request to one anchor node, identified

ith 1 byte of unique identity field included in the payload of the

oRa frame. Then, the anchor node with such identity sends a re-

ly message. For the positioning system, the reply message corre-

ponds to the return link and we also measure the RSSI value of

his link. 

.2. Performance evaluation 

The positioning system uses two relevant RSSI measurements

n each link between the target node and the anchor nodes.

pecifically, the RSSI value of the forward link measured by the

nchor node, and the RSSI of the return link measured by the tar-

et node. In this way, we analyze the performance of the system

nder three different approaches. (1) The location of the target us-

ng only the RSSI of the forward link. (2) The location of the target

sing only the RSSI of the backward link. (3) The location of the

arget using the average RSSI value of the forward and return links.

The evaluation is based on field test measurements, carried out

n the rural area of Pachamama in Cuenca-Ecuador (2 ◦49 ′ 58.72 ′′ S ;
8 ◦55 ′ 43.75 ′′ O ). This is a flat land of around 500 × 500 m and

ll the communication links are with line of sight (LoS). Among
thers, we consider and report here the evaluation for two square

rea scenarios. One of 90 × 90 m, and the other of 150 × 150 m.

n both cases we consider a symmetric distribution of four anchor

odes, one on each corner of the square. 

Firstly, it is necessary to characterize each communication link

etween the target node and each of the anchor nodes. The aim is

o obtain the path loss model of each link through a least squares

djustment of the RSSI values. For illustration purposes, Fig. 9

hows such resulting characterization for the return link of the 90

 × 90 m scenario. We follow a similar procedure for the forward

ink, the round trip link, and for the 150 × 150 m scenario. 

.2.1. Results analysis 

One of the field measurement study was done in the 90 m × 90

 previously described scenario. We use four anchor nodes with

dentifiers A, B, C y D and fixed positions at the corners (0,0),

0,90), (90,90), (90,0) respectively. Table 4 summarizes the real po-

ition of the target node for five different test points. As previously

aid, we evaluate the performance of the positioning system for

hree different approaches: using only the RSSI value of the for-

ard link, denoted by ( e 1 ), the RSSI of the return link ( e 2 ), and the

verage RSSI of the forward and return links ( e 3 ). Since we use four

nchor nodes, therefore, there are one useful estimation through

he trilateration localization algorithm. On the other hand, it is im-

ortant to note that if we use the RSSI information of just three

f the anchor nodes for the trilateration algorithm, by combina-

orics, there are C 3 
4 

= 4 possible useful position estimations. Then,

e have a total of five valid possible position estimation for this

eported test. We compute and select the centroid point of the

hole set of estimations as the better approximation of the tar-

et position. As an illustration, Fig. 10 shows the whole set of five

esulting estimations which are reported by our positioning system

or one of the test points. Each of these are used to compute the

entroid point as the better location approximation. 
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Table 4 

Real position of the test points ( x, y ). 

Scenario P 1 P 2 P 3 P 4 P 5 

90 m × 90 m (35.35, 35.35) (56.56,56.56) (54.64,35.35) (45,45) (33.43,56.56) 

150 m × 150 m (63.63,63.63) (84.85,84.85) (86.36,63.63) (75,75) (65.14,84.85) 

Table 5 

Position estimation error. 

Scenario e link P 1 P 2 P 3 P 4 P 5 ē (m) (%) 

90 m × 90 m e 1 (m) 7.44 11.05 22.30 26.07 23.22 18.01 14.15 

e 2 (m) 8.19 8.54 12.60 1.36 12.06 8.55 6.72 

e 3 (m) 7.49 10.84 21.61 18.27 19.89 15.62 12.27 

150 m × 150 m e 1 (m) 9.57 10.74 10.96 13.59 15.66 12.11 5.70 

e 2 (m) 19.03 18.04 12.96 22.91 29.85 20.56 9.69 

e 3 (m) 12.69 14.18 11.73 22.91 22.19 16.74 7.89 
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In this context, we evaluate the accuracy of the system by

means of the position estimation error, which in turn, is the dis-

tance between the real position and the estimated position of the

target. 

Table 5 summarizes the position estimation error of the system

for each of the above described approaches. From these results,

we can conclude that the use of the RSSI value of the return link

presents a better approximation than the other two methods. In

fact, the percentage of the average estimation error of this method

is around the half of the error resulting with the other two meth-

ods. 

Additionally, we evaluate the positioning system in a bigger

area of 150 m × 150 m. We also use four anchor nodes located

at the corners of this square area. Table 4 shows the real posi-

tion of the target node for the five different test points. While

Table 5 summarizes the position estimation error for this case. Ac-

cording to these results, and for this second scenario, we obtain a

better accuracy using the RSSI information of the forward link. It is

important to note that in no case the use of the average RSSI value

of the forward and the return link present a better approximation.

This is due to the great variability of each individual link and also

of both links as a whole. It is also required to make a previous

analysis of the behavior of the system for each operation scenario.

This in order to define the more suitable approach which will re-

sult in the lesser localization error than the other approaches. 

6.2.2. Simulation analysis 

We complement the measurement-based evaluation of the sys-

tem with a simulation-based analysis. The main objective is to pre-

dict the uncertainty resulting from the path loss model character-
Fig. 10. Set of valid possible position estimations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

zation of each link between the target and the anchor nodes, and

he RSSI values of such links. 

In order to be more reliable, we use the standard deviation of

he RSSI variable obtained from the measurement-based character-

zation procedure ( Fig. 9 ). We also utilize probabilistic distributions

o establish a simulation set that allows to predict the behavior of

he system for different locations of the target node. 

Fig. 11 shows the resulting outputs of our system for ten differ-

nt simulation tests. We evaluate one different location of the real

oints for each of the 60 × 60 m, 90 × 90 m, 150 × 150 m, and

00 × 200 m scenario. 

Finally, for the 90 m × 90 m and 150 × 150 m scenarios, Fig. 12

hows the comparison of the position estimation error for the sim-

lation results versus the evaluation based on real measurements.

e observe an agreement between the simulation and the real

easurements which validates our field test results. 

We made additional field test evaluations including asymmetric

cenarios and other rural zones around Cuenca city and the results

re similar to the presented in this section. 

.2.3. Sources of uncertainty in positioning systems 

Positioning system based on the RSSI variable has many sources

f uncertainty that affect the measurements. This is mainly due

o the influence of environmental factors, which cause radio fre-

uency problems such: instability in the orientation of the anten-

as, transmission power variability, variability in RSSI sensitivity,

mong others. Some of the sources of uncertainty suffered in this

ork are: 

• The measurements of the RSSI variable may vary by meteoro-

logical factors, that is, it could be different if the day is cloudy,

sunny or rainy. 

• Each antenna has its own radiation pattern that is not uniform.

Therefore, a communication link between the anchor node and

the target node can vary the RSSI measurement. It depends on

the change in the orientation of the transmitter and receiver

antennas. 

• Based on the experimental evaluations carried out during this

project, it can be affirmed that the FiPy and LoPy version

1.0 devices under the same LoRa configuration at the same

P TX have different behaviors in their real transmission powers.

Therefore, RSSI measurements may be altered due to their in-

ternal manufacturing nature. 

• Between the FiPy and LoPy devices there are different behaviors

in their RSSI sensitivity. It happens under the same configura-

tion parameters in LoRa modulation. 

• If there are many transmitters operating at the same frequency

in the measurement area. They can influence the measurements

of the RSSI. 
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Fig. 11. Simulation results for different size scenarios. 

Fig. 12. Simulation errors versus real measurement errors. 
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• Current RSSI sensors have low resolution, that is, integer val-

ues in units of dBm, therefore they introduce quantization noise

into the measurement. 

• RSSI sensitivity is altered when the state of the power battery

is discharged below a certain level. 

. Conclusions and future work 

In this work, firstly, we have evaluated the Semtech LoRa de-

ices regarding their time measurement capabilities, and the qual-

ty of their RF components. This evaluation focuses on the develop-

ent of a low cost LoRa-based positioning system. Although with

hese devices we dispose of three options for the time measure-
ent, the field test evaluation shows that no one of the RTT esti-

ation methods are suitable for the development of a time-based

ositioning system such as ToA or TDoA. On the other hand, the

valuation of the quality of the RF components focuses on the RSSI

ensitivity and dynamic range. We include the analysis of two ver-

ions of Semtech devices, i.e. LoPy 1.0 and FiPy. We observe that,

lthough both kind of devices are based on the same SX1272 chip,

hey exhibit different RSSI behaviors. We also determine that the

seful dynamic range for a RSSI-based positioning system is val-

es of RSSI > −110 dBm. Since we are using a LPWAN technology,

e really expect a wider dynamic range which would allow the

ositioning system to work in more extensive areas. Additionally,

 deeper analysis of the real transmission power of the devices
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shows that LoPy 1.0 power amplifier and accessories present better

quality than the FiPy one. 

On this basis, we develop a RSSI-based positioning system with

the trilateration algorithm and we evaluate it by means of exten-

sive field test on different rural scenarios and environment con-

siderations. For this low cost system, we found on average a po-

sition estimation error of around 8.55 m corresponding to a error

of 6.72% for the 90 m × 90 m square scenario. Meanwhile, for the

150 m × 150 m scenario the average error is around 12.11 m cor-

responding to a 5.70%. 

Future research will include the evaluation and use of exter-

nal RTC modules in order to be able to implement a time-based

positioning system. We should also consider the use of different

LoRa hardware implementations which present, at similar costs,

better RSSI sensitivity and dynamic range. Temperature and hu-

midity sensors should be included in the system, in order to de-

termine the impact of the weather conditions over the RSSI val-

ues and its variability. Although our first objective is the evalua-

tion of LoRa for outdoor positioning systems, we will include also

the evaluation for indoor environments. Finally, we will evaluate

alternative methods for solving the system of equations of the tri-

latearion algorithm such as minimum squares or Taylor series. 
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