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Abstract—Innovative solutions providing better coverage and
minimized power consumption by end nodes such as Low Power
Wide Area Networks (LP-WAN) have facilitated the advances
towards improved IoT connectivity. Long Range Wide Area Net-
work (LoRaWAN) technology stands out as one leading platform
of LP-WANs receiving vast attention from both industry and
academia. Performance evaluation of LoRaWAN is promising,
in particular in the field of outdoor localization and object
tracking. Limitations of node ranging and tracking without the
need of energy-draining solutions like GPS, however, has not been
tackled thoroughly. In this work, we explore the performance
of the LoRa LP-WAN technology using real-life measurements
in Birmingham, UK, using commercially available equipment.
We present a channel attenuation model that can be utilized
to estimate the path loss in 868 MHz ISM band in urban-
similar areas. The proposed channel model is then compared
to previously well-identified empirical path loss models and
enhanced by detecting and eliminating outlier data from the
obtained real measurements for an optimal fitted model. We,
further, propose a novel RSSI distribution-based and k-means
clustering to enhance the power-to-distance prediction accuracy
that improves absolute errors by 4% and 18%.

Index Terms—Internet of Things, LoRa, LoRaWAN, Channel
Models, Outliers , Distribution Clustering.

I. INTRODUCTION

With the exponential growth of Internet of things (IoT)
devices connectivity on the road of digitalizing everyday
life, existing communication technologies are faced with new
challenges to fulfill the life quality promised. Those challenges
include assured connectivity with low-power demand to in-
crease the devices’ lifetime, long range, low data rate and cost-
effectiveness. The recent advances in Low-Powered Wireless
Area Networks (LPWAN) technologies such as Sigfox [1] and
Long Range (LoRa) [2] offering optimised device cost, higher
coverage when compared to LTE and low-power utilization,
has facilitated the maturation of Smart Cities.

A LoRaWAN network consists mainly of a gateway (GW),
end nodes and a server. End nodes are embedded with LoRa
modules to communicated wirelessly to the GWs. Gateways,
then, collect the received packets and forward them to server
through an IP network, as shown in fig 1. The LoRaWAN
communication protocol embed its own LoRa modulation [3]
at the physical layer. Based on CSS (Chirp Spread Spectrum)
[4] mechanism, LoRa modulation spreads the narrow band

signal over a larger frequency band. It results in a robust signal
transmission, a long lifetime of battery powered end devices,
and low cost installation. Data rates lie between 0.3 kbit/s and
50 kbit/s [5]. The actual range depends on the data rate and
frequency used as well as on the propagation conditions found
on the installation site [6].

In [7], authors presented a theoretical evaluation of the
capabilities and the limitations of LoRaWAN. Capacity and
scalability studies were presented in [8], [9]. These work
highlighted that LoRaWAN systems should be configured
thoroughly to reach a proper tradeoff between scalability
and efficiency [10]. An essential phase when designing a
Smart City network is the knowledge of the propagation
characteristics. The knowledge of the expected losses a signal
will undergo plays an important role in an optimal network
design [11]. With the correct consideration, better coverage,
lower costs and acceptable quality can be achieved. For this
purpose, empirical path loss models are used to offer accurate
predictions for the possible received signal strengths [11].
While the presence of established empirical path loss model
such as; Okumura Hata model, ITU Advanced, Cost 231-
Hata ,etc, provide a basis for the channel propagation. Yet,
depending on the type of environment the Smart City is
located in, these channels models may lack accuracy, as their
independent parameters such as reflection, diffraction and scat-
tering factors need to be tuned or corrected.Therefore, various
LoRa-based smart networks have recently experimented and
formalized their own path loss model such as, Oulu, Finland
[11] and Dormund, Germany [12]. Due to the nature of
the city, geographical location and the surrounding terrain,
both researches proposed their own propagation model for
further usage of LoRaWAN on their grounds and for similar
environment.

Therefore, to examine and evaluate the requirements of
deploying an urbanized Smart City communication network,
Birmingham City University (BCU) has set up an LPWAN
within Birmingham, UK, using LoRa as a network technology.

In this work, we test various published path-loss models and
inspect their effectiveness against real signal measurements
from our LoRa test deployment within Birmingham. While our
results present a new model for our area, we further expand
our work to include clustering as a



Fig. 1: Star topology of LoRaWAN

The model also, embeds outliers detection and elimination
before verifying and finalizing our initial path loss model. We
extend our work to include clustering algorithms to investigate
their influence on power to distance estimation.

The main contributions of this paper are;
� Critical analysis of three established models to compare

and evaluate their performance accuracy in Birmingham.
� Presenting an initial model based on real measurements

to represent a well defined model for an optimal fit.
� Proposing a RSSI K-mean and DBC clustering for en-

hancing accuracy and comparing it to all models men-
tioned.

The remainder of this paper is organized as follows. Related
and recent work is discussed in Section II. Section III describes
the deployment setup of our experiment. Sections IV and V
provide performance measurement results and the proposed
enhanced channel model. At last, Section VI concludes the
paper.

II. LP-WAN: LORA RELATED WORK

A. Background

Previous experimental work using LoRaWAN such as [13],
tested the technology capabilities in the most rural area of
Oulu, Finland. The work done utilized commercially available
equipment, where the end node was either stationed on top
of a car (for on-land measurements) or attached to the radio
mast of a boat. Real measurements were reported to the gate-
way installed. Under different circumstances considering high
density urban areas, authors in [14] evaluated the performance
of LoRaWAN in Melbourne’s Central Business District. Their
initial measurements showed a guaranteed and successful com-
munication only within a radius of approximately 200 meters
from the gateway. The communication totally fails around 600
meters revealing the challenging task of network deployment
in high density urban areas. For better understanding of
LoRAWAN limitations, the authors then enhanced the gateway
coverage using a higher building installation in a medium
density urban area. This experiment resulted in an improved
LoRa propagation reaching up to 5.8 km.

Fundamental LoRaWAN empirical work testing the signal
coverage and packet loss ratio are found in [13] and [15].
In [16], authors extended the work to test various modulation
parameters on a single link of communication. LoRA modula-
tion, and hence its data rate, depends mainly on the following
factors.

Spreading Factor (SF): ranging between 7 to 12, this
affects the slope of the variation of frequency and so the energy
per chirp symbol. The higher the SF the longer the time taken
to transmit a symbol, which in turn decrease the data rate yet
increases the coverage range.

Bandwidth (BW): To modulate the LoRa data signal, the
chirp has to range through fmin to fmax, also known as the
chirp rate. BW can be set as 125 kHz, 250 kHz or 500 kHz.

Coding Rate (CR): It is the forward error correction rate
(FEC). LoRa implements CR to increase the signal resilience
against interference at the cost of introducing redundancy bits.

B. Path Loss and Channel Models

A fundamental principle when understanding the channel
properties of RF propagation is the usage of the Received
Signal Strength Indicator (RSSI) for ranging. RSSI reflects
the difference between the transmitted and received power of a
signal that is used to estimate the distance propagated. Another
vital parameter is the Path Loss (PL), PL is defined the power
taken by the signal to overcome the communication medium
and can be calculated using the link budget equation:

Ptx(dBm) = RSSI(dBm) +Gsystem(dB)�PL(dB): (1)

The link budget equation shown in eq. (1) relates all gains and
losses from the transmitter, through all transmission mediums,
to the receiver. RSSI is the expected power at the receiver,
Ptx the transmitted power, Gsystem is the system gains such
as those associated with directional antennas for both the
transmitter and/or the receiver. PL are losses due to the
propagation channel, either calculated via a wide range of
channel models or from empirical data.

1) Free Space Path loss (PLFS): PLFS (Friis equation
[17]) model provides the baseline and most ideal path loss as
it assumes a line-of-sight and obstacle-free connection. It is
also the elemental base of all upcoming models. The equation
is given in the logarithmic domain as follows:

PLFS = 20 log10(f) + 20 log10(d) + 32:45: (2)

Here and henceforth, the distance (d) is given in km, the
frequency (f) in MHz and the path loss (PLx) is in (dBm).

2) Okumura-Hata & Cost 231-Hata Path loss Model
(PLOH , PLH ): Calculating the path loss value is usually
referred to as a prediction process given that the exact predic-
tion is only possible for simpler cases, such as the previously
mentioned PLFS or for a flat-earth model. Practically, the
path loss is modelled using experimental data incorporating
statistical methods that are based on measured and averaged
losses along typical environment of radio links. An anchor
signal propagation model, namely Okumura-hata model, was




