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In the past few years, Wireless Sensor Networks 
(WSNs) have been evolving in many different as-

pects such as agricultural, industrial, and surveillan-
ce. In order to collect sensor data, the wireless nodes 
are deployed in an area with a specific network topo-
logy. Although there are various network topologies 
to deploy WSNs, the geographic conditions of the gi-
ven area and the purpose of the application have still 
vital importance to decide the structure of network 
topology. Especially, when linear structures like pipe-
lines, railways, roads or tunnels need to be monitored, 
WSN are formed as linear network topology which is 
known as linear-WSN (LWSN) [1].

In a typical LWSN, the sensor nodes are commu-
nicated within a hierarchical order. The hierarchical 
structure requires the single-hop communication mo-
del between the transmitting and receiving nodes. Ge-
nerally, for an outdoor deployment, the communication 
range between these nodes is desired to be kept as high 
as possible. For this reason, it is necessary to use proper 
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radio transceiver that enables long-range communica-
tion distances. During the last years, the LoRa (Long 
Range) which is one of the low-power wide-area net-
works (LPWAN) technologies operating in the license-
free ISM frequency band technology offers important 
advantages in communication range [2]. Its efficiency 
has been experimentally proven by various studies [3-
12]. Recently, it has been also adapted to several LWSN-
based applications [13-15].

On the other hand, real-world deployment of 
LWSNs requires an accurate prediction of network co-
verage and performance. In this context, a great unders-
tanding of the propagation impairments that affect the 
propagation links is strictly needed for designing such 
networks. One of the impairments adversely affecting 
the links is already known as path loss which describes 
the variation in the received signal power based on the 
distance between the receiving and transmitting nodes. 
Path loss also depends on the area or environment whe-
re the network is deployed. In this context, the environ-

A B S T R A C T

This article presents a preliminary propagation study on the accuracy of empirical path 
loss models for efficient planning and deployment of a linear wireless sensor network 

(LWSN) based on long range (LoRa) enabled sensor nodes in suburban and rural envi-
ronments. Real-world deployment of such network requires accurate path loss modelling 
to estimate the network coverage and performance. Although several models have been 
studied in the literature to predict the path loss for LoRa links, the assessment of empirical 
path loss models within the context of low-height peer to peer configured system has not 
been provided yet. Therefore, this study aims at providing a performance evaluation of 
well-known empirical path loss models including the Log-distance, Okumura, Hata, and 
COST-231 Hata model in a peer to peer configured system where the sensor nodes are 
deployed at the same low heights. To this end, firstly, measurement campaigns are carried 
out in suburban and rural environments by utilizing LoRa enabled sensor nodes operating 
at 868 MHz band. The measured received signal strength values are then compared with 
the predicted values to assess the prediction accuracy of the models. The results achieved 
from this study show that the Okumura model has higher accuracy.
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based on LoRa enabled sensor nodes or transceivers in su-
burban and rural environments such as [15].

The article is organized as follows. In the following sec-
tion, LWSN-based monitoring system is overviewed. The 
details about the field measurements are then presented in 
Section 3. Next, the path loss models investigated under this 
study are described in Section 4. In Section 5, the compa-
rison results are provided and discussed. Conclusions are 
given in the last section.

RELATED WORK

The LWSN-based system in [15] is proposed as an alter-
native to traditional cathodic protection (CP) monitoring 
of oil and natural gas pipeline systems. Contrary to tradi-
tional CP monitoring systems, as a novelty, the proposed 
system is designed to be used in extreme environments 
(deep valleys, desserts, etc.) where the communication 
infrastructure is limited or unavailable. The main struc-
ture of the system is illustrated in Fig. 1. As shown in the 
figure, the system consists test posts (TPs), each of which 
have a sensor node connected to the measurement unit. 
Here, low-bit sensor nodes with low-antenna height are 
used to provide bidirectional links. In this way, each TP is 
able to transmit the collected data through the neighbour 
TPs in a sequence.

In this system, the sensor nodes typically include LoRa 
module to achieve the maximum reasonable communicati-
on range. Evidently, a large-scale deployment of this system 
requires accurate characterization of the propagation chan-
nel. As mentioned previously, most of the existing works on 
the performance of LoRa coverage use the gateways/trans-
mitters located much higher than the mobile terminals/
receivers. However, when the system architecture shown 
in Fig. 1 is concerned, it is necessary to provide accurate 
models for peer to peer configuration where the transmit-
ter and the receiver are located at the same low heights. 
Otherwise, inaccurate models will result in poor decision 
making during large-scale deployment of the LWSN system. 
Accordingly, for an accurate deployment of the given sen-
sor network, the effects of the distance between the sensor 
nodes and the environmental conditions on the LoRa links 
in suburban and rural environments should be examined.

mental conditions (terrain profile or topography) in terms 
of buildings, mountains, and hills that directly impact on 
path loss must be taken into account. Therefore, real-world 
deployment of LSWNs require accurate path loss modelling 
to estimate the network coverage.

Even though there are several path loss models that 
can be applicable to outdoor links for various bands, there 
has been no specific model to predict the path loss for LoRa 
links until now. However, many empirical path loss models 
have been studied in the literature, most of which consider 
the urban environment [8-10, 16-20]. Only few studies have 
evaluated empirical path loss models for suburban and/or 
rural environments [8, 9, 19, 20]. It is worth noting that these 
studies are based on base station/gateway to mobile termi-
nal configuration where the transmitter is deployed higher 
than the receivers. As far as we know, the assessment of 
well-known empirical path loss models within the context 
of low-height peer to peer configured system for LoRa links 
has not been provided yet.

This study presents preliminary propagation study for 
accurate deployment of a LWSN-based monitoring system 
proposed in [15]. The main purpose is to provide perfor-
mance evaluation of well-known empirical path loss models, 
namely the Log-distance, Okumura, Hata, and COST-231 
Hata model in a low-height peer to peer configured system. 
In this context, the predicted received signal strength indi-
cator (RSSI) values are compared with the propagation me-
asurements carried out in suburban and rural areas at 868 
MHz using LoRa enabled sensor nodes in order to evaluate 
the prediction accuracy of the models. The comparison re-
sults show that the Okumura model has higher prediction 
accuracy when compared to other models. Thus, to the 
best of our knowledge, this is the first study in the literature 
that provides the assessment of well-known empirical path 
loss models within the context of low-height peer to peer 
configured system for LoRa links. Besides, it is believed that 
the initial results achieved from in this study offer useful 
insights for efficient planning and deployment of LWSNs 

Figure 1. The LWSN-based Monitoring System [15]. Figure 2. Link configuration of the measurement campaign.
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MEASUREMENT SETUP

In order to evaluate the accuracy of the well-known em-
pirical path loss models for suburban and urban environ-
ments, a set of propagation measurements are taken by 
the LoRa enabled sensor nodes. Fig. 2 shows the concep-
tual overview of the measurement setup.

The measurement setup consists of a transmitter node 
(Tx) and a receiver node (Rx). For receiving purposes, the 
sensor node shown in Fig. 3 is used. It comprises a microst-
rip antenna with 1 dBi gain [21] and a LoRa (SX1276) module 
which is stacked on Arduino Mega board. For transmitting 
purposes, the sensor node which is designed to be used in 
the LWSN-based system discussed in the previous section 
is used (Fig. 4). It comprises a LoRa module, two directive 
antennas, and a RF splitter for coupling the LoRa output to 
the antenna ports. In fact, it is designed to use two direc-
tive antennas placed back-to-back to provide bidirectional 
links in a real deployment. However, for this study, one of 
the ports of the Tx was disabled by connecting a standard 
flat antenna to provide peer to peer configuration. An iden-

tical antenna used in the Rx was then connected to the other 
port of the Tx. By means of 1 m SMA cable, the microstrip 
antennas of the nodes were then mounted on the top of the 
stands with equal heights above the ground (1.8 m). On the 
other hand, the LoRa settings and the configurations used 
for the Tx and the Rx are listed in Table 1.

The measurements were performed in suburban and 
rural environments around the Atilim University campus 
located in Incek, Ankara (Turkey). The suburban environ-
ment is composed of a combination of trees, weeds, and 
buildings with about 4 m, 10 cm, and 7 m heights as shown 
in Fig. 5 (a). The rural environment is mainly composed of 
weeds with 10 cm height (Fig. 5 (b)).

During the measurements, the Tx was fixed at a labora-
tory of the Atilim University, and the Rx was moved by follo-
wing a specific path over the measurement points. The pro-
pagation environments considered for the measurements is 
non line-of-sight (NLOS) because of no direct visibility bet-
ween the Tx and Rx in the measurement points. The sepa-
ration distance between the Tx and the Rx (d) varied in the 
range of 0.5–5 km. At the measurement points, the Tx was 
configured to send 100 packets. The measurements were 
repeated five times to remove local propagation (multipath) 
effects. In total, over 40 measurements were taken at 8 me-
asurement points in each environment. Mean RSSI values 

Figure 3. The receiver node (Rx) used for path loss measurements.

Figure 4. The transmitter node (Tx) used for path loss measurements.

Table 1. LoRa settings and the configurations used for the Tx and Rx.

Parameters for the Measurements

Spreading factor 7

Bandwidth 125 kHz

Coding rate 4/5

Output power 17 dB

Center frequency 868 MHz

Payload length 8 bytes

Preamble 6 �ymbols

Figure 5. (a) Suburban environment, (b) Rural environment.
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were then calculated using the recorded measurements. For 
LoRa (SX1276), it is useful to note that the RSSI is a measure 
of the incoming signal power at RF input port (Pr, in dBm) 
where the signal power (RssiValue) can be expressed as [22]

2 rRssiValue P β= − ⋅ + (1)

where is β is the RSSI offset (in dB). The effective signal 
strength (in dBm) is then obtained as follows

2
RssiValueRSSI −= (2)

Besides, in order to evaluate the signal strength of the 
received packet, the following expression is also used

( ) 157 packetPacket Strength dBm RSSI= − +                   (3)

where RSSIpacket is an averaged of RSSIs.

Moreover, Packet Reception Ratio (PRR), which is the 
proportion of the number of packets successfully received to 
the packets transmitted in total, were calculated at each me-
asurement point where the targeted packet reception rate 
(PRR) is around 95% for the low bit rate LWSN system in [15].

PATH LOSS MODELS

To get a deeper insight of wireless channel characteriza-
tion, an analysis of the propagation in terms of received 
power is required. Typically, the received power (Pr, in 
dBm) can be calculated as [23]

r t r t pP P G G L= + + − (4)

where Pt is transmitted power (in dBm), Gr and Gt are the 
antenna gains respectively of the receiver and transmit-
ter (in dB), and Lp is the path loss (in dB) which is an atte-
nuation that is caused by the range between the receiver 
and the transmitter as well as the characteristics of the 
environment. As the Lp significantly affects the propaga-
tion links, it needs to be predicted for an accurate design 
of the networks.

In the following, the empirical path loss models for 
rural and suburban links that can be used in the frequency 
band dedicated to LoRa in Europe (868 MHz) are presented.

Log-distance Model

As it is widely known, the propagation channels based on 
theoretical or measurement indicate that the average Pr 

tends to decrease logarithmically with distance. This can 
be expressed by [24]

( ) ( ) ( )
00   10 ,d

p p dL d L d nlog Xσ= + + (5)

where Lp(d) is the path loss (in dB) for a transmitter-re-
ceiver separation distance d (in meters), Lp(d0) is the re-
ference path loss (in dB) calculated using the free space 

path loss formulation at a given reference distance d0 (in 
meters), n is the path loss exponent which varies based on 
the propagation environment, Xσ is the shadowing effect 
that is a zero-mean Gaussian random variable with stan-
dard deviation σ (in dB).

Okumura Model

The Okumura model, which is one of the most used mo-
dels in radio propagation, is applicable for the frequency 
range between 150 MHz and 1920 MHz and the distan-
ces between 1 km and 100 km. To determine the Lp, firstly, 
the free space path loss between the measurement points 
is determined. Then, the value of the median attenuation 
relative to free space and correction factors are added. It 
can be expressed as [25]

( ) ( )   p f t r AL L A G h G h Gµ= + − − − (6)

where Lf is the free space path loss, Aμ is the median at-
tenuation relative to free space, G(ht) is the transmitter 
or base station antenna height gain factor, G(hr) is the 
receiver or mobile antenna height gain factor, and GA is 
the gain that varies according to the environment. The 
values of Aμ and GA can be reached from the Okumura’s 
empirical plots [24, 25]. The G(ht) and G(hr) can be calcu-
lated from the following expressions

( ) ( )20020  1000 30 ,th
t tG h log for m h m= > >                (7)

( ) ( )310  3 ,rh
r rG h log for h m= ≤    (8)

( ) ( )320  10 3 .rh
r rG h log for m h m= > > (9)

Hata Model

The Hata model is another widely used model to pre-
dict path loss in radio propagation. It formulates the 
Okumura’s empirical plots for various parameters. It is 
applicable for the frequency range between 150 MHz and 
1500 MHz and the distances between 1 km and 20 km. 
This model is presented to calculate the Lp in urban envi-
ronments, however, it incorporates path loss factors and 
correction factor for the applications in suburban and ru-
ral environments. The path loss in urban environments 
(Lp,urban) is expressed as [26]

, 69.55 26.16 13.82 

44.9 6.( 55 ) 
rp urban c t h

t

L logf logh

logh logd

α= + − −

+ −
      (10)

where fc is the frequency (in MHz), ht is the transmitter or 
base station antenna height ranging from 30 m to 200 m, 
hr is the receiver or mobile antenna height ranging from 
1 m to 10 m, d is defined in (5), and 

rhα  is the correction 
factor for the receiver antenna height (in dB). It is given 
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for a small to medium sized city by

( )1.1 0.7 1.56 0.8 .( )
rh c r clogf h logfα = − − −               (11)

Then, the path loss in a suburban environment is obta-
ined by

2
, , /2[ ( 28)] 5.4,p suburban p urban cL L log f= − − (12)

and the path loss in a rural environment is obtained by

2
, , 4.78 18.33 40.98.p rural p urban c cL L logf logf= − + −   (13)

COST-231 Model

This model is developed as an extended version of the 
Hata model which is designed to be used in the frequency 
band ranging from 500 MHz to 2000 MHz. It is widely 
used to predict path loss due to its simplicity. The model 
can be expressed as follows [27]

46.3 33.9 13.82 

44.9 6.55 ) log(
rp c t h

t m

L logf logh

logh d C

α= + − −

+ − +
(14)

where the parameters fc, ht, hr, rhα  , and d are defined in 
(10) while the correction factor (Cm) is defined as 0 dB for
suburban or rural environments.

RESULTS AND ANALYSIS

In order to assess the prediction accuracy of the empiri-
cal path loss models under this study, the RSSI measure-
ments are compared with the simulation data obtained 
using the models. Fig. 6 and Fig. 7 show comparison bet-
ween the measured and the models in rural and subur-
ban link, respectively. Table 2 and Table 3 also present the 
corresponding values. It should be noted that the path 
loss exponent n is determined as 6 dB while the parame-
ter Xσ is determined as 2.8 and 3.2 for rural and suburban 

Figure 6. Comparison of the measured and simulated data (rural). Figure 7. Comparison of the measured and simulated data (suburban).

Table 2. Mean values of the RSSI measurement and the simulation data in rural link (dBm).

Method
Distance (m)

500 1000 1600 2000 2900 4000 4700

Measurement -102.1 -109.8 -112.2 -113.1 -105.9 -113.1 -120.2

Log-distance model -93.8 -102.2 -107.9 -110.6 -115.2 -119.1 -121

Okumura model -101.8 -107.9 -111.9 -113.9 -117.1 -119.9 -121.3

Hata model -81.71 -94.7 -103.5 -107.7 -114.7 -120.7 -123.8

COST-231 Hata model -109.6 -122.6 -131.4 -135.6 -142.6 -148.6 -151.7

Table 3. Mean values of the RSSI measurement and the simulation data in suburban link (dBm).

Method
Distance (m)

100 400 720 1100 1500 1900 2460 2960

Measurement -72.9 -113 -123.2 -116.1 -101 -121.4 -113.3 -124.1

Log-distance model -82.2 -101.5 -109.6 -115.5 -119.8 -123.1 -126.7 -129.3

Okumura model -92.8 -104.9 -110 -113.7 -116.4 -118.4 -120.7 -122.3

Hata model -70 -96.1 -107.1 -115.1 -120.9 -125.3 -130.2 -133.6

COST-231 Hata model -79.4 -105.4 -116.5 -124.4 -130.2 -134.7 -139.5 -142.9
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link, respectively [24]. Besides, for the COST-231 Hata 
model, the parameter Cm is defined as 0 dB for both rural 
and suburban link [24, 27]. Moreover, for the Okumura 
model, the parameter Aμ is defined as 19 dB while the 
parameter GA is defined as 26.5 dB and 21.5 dB for rural 
and suburban link, respectively [24, 25].

At first glance, as can be seen from the results achie-
ved for the rural link, the measured RSSI values agree well 
with the Log-distance and Okumura model simulation, and 
mostly agree with the Hata model simulation. However, the 
predicted values by the COST-231 Hata differ from the RSSI 
values. In rural link, it is worth noting that the PRR subs-
tantially reduced beyond the measurement point at 4.7 km 
(above 95%). Beyond that point, as the percentage of losses 
dramatically increased, it is determined as the maximum 
achievable communication distance.

On the other hand, the results achieved for the subur-
ban link show that the predicted values obtained by the 
Log-distance, Okumura, and Hata model relatively agree 
with the RSSI values while the predicted values obtained by 
the COST-231 Hata model again differ from the RSSI values. 
Here, based on the PRRs, the maximum achievable distance 
is also found to be 2.7 km for suburban link.

The prediction errors of the path loss models are also 
calculated to evaluate their performance in detail. To do 
this, the error statistics such as the mean absolute error (∆e), 
the standard deviation of the prediction error (σe), and the 
mean prediction error (μe) are used [16]. The metric μe can 
be calculated by

1
1 N

e RSSIiNµ
=

= ∆∑ (15)

where N denotes the number of samples, and ∆RSSI is the 
difference between the predicted data (RSSIp) and measu-
red data (RSSIm) which can be obtained by

.RSSI p mRSSI RSSI∆ = − (16)

The metric ∆e and σe can be then calculated by

1
1 ,N

e RSSIiN =
∆ = ∆∑ (17)

and

2
1

1 ( ) .N
RSSI eiNσ

=
= ∆ − ∆∑ (18)

Thus, the prediction errors of the models are listed in 
Table 4 and Table 5 for rural and suburban link, respectively. 
Here, a negative or positive value of the μe metric indicates 
that the model underestimates or overestimates the recei-
ved signal power. Moreover, ∆e corresponds to the predicti-
on accuracy of the models. In this context, the small value of 
∆e indicates that the model has higher prediction accuracy. 

Based on the results listed in Table 4, it is clear that the Log-
distance and Hata model overestimate the received signal 
power in rural link while other models underestimate the 
received signal power. It is also evident that the Okumura 
model has higher prediction accuracy when compared to 
other models (∆e= 3,2, σe= 7,2). According to the results 
provided in Table 5, all path loss models underestimate the 
received signal power in suburban link. For this case, ho-
wever, the Okumura, Log-distance and Hata model behave 
similarly and achieve similar prediction accuracy when con-
sidering ∆e and σe. Yet, the Okumura model seems to have 
relatively higher prediction accuracy (∆e= 8,9, σe= 15,1) than 
the other models. On the other hand, one of the important 
factors that highly affect the performance of the COST-231 
Hata model is the parameter Cm. Although it is defined as 
0 dB for both suburban and open (rural) environments in 
many sources in the literature, it may have lower values 
when the rural environment conditions are considered. Ho-
wever, this requires more experimental study and compre-
hensive analysis.

In order to assess the prediction accuracies of the mo-
dels in more detail, the Cumulative Distribution Function 
(CDF) for a Gaussian (in dB) distribution function of |∆RSSI| 
for all models in rural and suburban link are represented 
in Fig. 8 and Fig. 9, respectively. From the figures, it is cle-
ar that the COST-231 Hata model has the worst prediction 
accuracy in both rural and suburban link. From Fig. 8, on 
the other hand, it can be observed that the Okumura model 
achieves the best prediction accuracy where it manages to 
achieve 38% of the points that have an error under 5 dBm 
while the Log-distance the Hata model achieve 33% and 12% 
of the points, respectively. As shown in Fig. 9, the accuracy 
of the models is significantly reduced where the Okumura 
model only manages to achieve 17% of the points that have 
an error under 5 dBm while the Log-distance the Hata mo-
del achieve 10% and 16% of the points, respectively. Thus, 
although the Okumura model has slightly better prediction 

Table 4. Prediction errors of the models (rural).

Error 
Metric

Log-
distance Okumura Hata COST-231 

Hata

μe 0,9 -2,5 4,2 -23,7

∆e 5,5 3,2 9,9 23,7

σe 7,7 7,2 12 48,5

Table 5. Prediction errors of the models (suburban).

Error 
Metric

Log-
distance Okumura Hata COST-231 

Hata

μe -2,9 -1,7 -1,8 -11

∆e 9,3 8,9 10,9 14,6

σe 16,1 15,1 18 28,6
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accuracy than the Hata model, it is still necessary to enrich 
the number of measurements in order to achieve certain 
performance results in suburban link. This, in fact, cons-
titutes a part of future works as discussed in the following 
section.

CONCLUSION AND FUTURE WORK

In this work, an assessment of well-known empirical 
path loss models (the Log-distance, Okumura, Hata, and 
COST-231 Hata model) within a context of low-height 
peer to peer configured system for LoRa links in subur-
ban and rural environments is provided. The accuracy of 
path loss models is evaluated by comparing the predic-
ted RSSI values with the measurements conducted at 868 
MHz in suburban and rural environments around the 
Atilim University campus, Ankara. The results show that 
the Okumura model provides higher prediction accuracy 
while the COST-231 Hata model has lower accuracy in 
both suburban and rural environments.

This study constitutes as a preliminary propagation 
study of an ongoing project on the development of LWSN-
based CP monitoring of oil and natural gas pipeline systems. 
Obviously, the number of the collected data from the me-
asurements is relatively insufficient to provide an exact 
result especially in suburban links. For this reason, in the 
near future, the current work is expected to be enhanced 
by increasing the data size with more field tests and measu-
rements. Particularly, the path loss effects of LWSN under 

Figure 8. CDF of |∆RSSI| for all models (rural).

Figure 9. CDF of |∆RSSI| for all models (suburban).

development will be characterized by conducting measure-
ment campaigns using LoRa enabled sensor nodes at diffe-
rent heights from the ground (in the range of 0.25 m to 2 m) 
in various types of environments. But still, we believe that 
even this initial study would offer useful insights for many 
researchers who work on the planning and deployment of 
LWSNs based on LoRa enabled sensor nodes in suburban 
and rural environments.
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