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ARTICLE INFO ABSTRACT

Keywords: This study emphases on the implementation and evaluation of a LoRa network in indoor environments through

loT an experimental setup at Amity University, Greater Noida (AUGN) campus. Aimed at scrutinizing the link-level

LPWAN performance and reliability of LoRa technology, extensive measurements have been conducted with prototype
t‘;ﬁj salit device integrating the SX1278 LoRa radio module at 433 MHz. The performance has been analysed in terms of
Relialc)lility Y Signal-to-Noise Ratio (SNR), Received Signal Strength Indicator (RSSI), and Packet Reception Rate (PRR) across

various line-of-sight (LoS) and non-line-of-sight (NLoS) scenarios. The results reveal that network performance is
highly sensitive to parameter configurations, such as spreading factor (SF) and coding rate (CR). In LoS envi-
ronments, SF = 9 and CR = 4/5 provided an RSSI of —89.12 dBm and an SNR of 9.91 dB, while highly obstructive
areas saw optimal performance with SF = 7 and CR = 4/7. The study also identified configurations ensuring 100
% packet delivery accuracy and maximum throughput. This work stands out due to its thorough examination of
LoRa for indoor IoT applications, notably addressing duty cycle restrictions, a topic often overlooked in existing
literature. The valuable insights presented are crucial for maximizing the potential of LoRa in indoor environ-
ments with high population density. The findings strongly advocate for the use of LoRa for real-time environ-
mental monitoring and innovative IoT applications within university campuses.

1. Introduction

Advancements in wireless technologies are driven to enhance spec-
trum utilization, data rate, communication range, and battery lifetime.
Innovations in technology and pervasive connectivity have piloted the
emergence of the Internet of Things (IoT) concept. The IoT market is
anticipated to escalate to over $1.8 trillion by 2028 [1]. IoT-based sys-
tems typically involve physical devices embedded with sensors and
processors broadcasting data over the network assisting in manage-
ment/monitoring applications in various domains [2]. The quintessen-
tial requirement is that the deployed devices should consume less power
and linger over the same battery for more than 10 years covering a large
geographical area [3].

For indoor IoT applications, several wireless technologies are
commonly considered. The reigning short-range wireless standards
represented by IEEE 802.11 (WiFi), IEEE 802.15.1 (Bluetooth), IEEE
802.15.4 (ZigBee) and such, operating over 2.4 GHz Industrial, Scien-
tific and Medical (ISM) bands provide high data rates but are limited in
use for many IoT applications due to shorter geographical coverage and
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high-power consumption.

Specifically designed for IoT applications, Wi-Fi HaLow and Blue-
tooth Low Energy (BLE) offer lower power consumption and extended
range compared to their traditional counterparts, making them suitable
for indoor environments. Wi-Fi HaLow, operating in the sub-1 GHz
band, provides extended range and improved penetration through ob-
stacles, while BLE focuses on short-range communication with minimal
power use [4].

On the counterpart, cellular technologies represented by 3G, 4G and
imminent 5G provide larger geographical coverage and high data rate
and cater to IoT applications at a fairly high cost due to their operation
in a licensed band and high-power consumption [5]. Most [oT applica-
tions do not require a high data rate as they transmit occasionally but
necessitate lower latency and low operational costs. This persuaded the
existence of Low Power Wide Area Network (LPWAN) technologies [6].

LPWAN technologies channel the breach between short-range and
cellular technologies, offering a large communication range at low
power expenditure and cost [7]. Long Term Evolution for Machines
(LTE-M), NB-IoT, EC-GSM and LTE-M take the advantage of already
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existing installed infrastructure of traditional cellular networks
expanding the coverage but having the drawback of high operational
costs working in the licensed band. The advantages of Sigfox and LoRa
operating in the unlicensed band are low deployment cost and low
power consumption. Coverage and capacity comparison made in
Ref. [8] between LoRa and Sigfox and the absence of uplink acknowl-
edgement signals in Sigfox [9] presents LoRa as a more suitable LPWAN
candidate.

With this aspect, the current work intends to utilize the LoRa tech-
nology to deploy a real-time monitoring system in large and crowded
indoor areas for smart IoT applications. Although LoRa is primarily
designed for long-range communication, its benefits in indoor environ-
ments include robust penetration through obstacles and low power
consumption, making it a superior choice over other IoT technologies
like Wi-Fi HaLlow and BLE for certain applications. To enable LoRa
technology in an indoor area for gathering real-time environmental
monitoring data for pioneering [oT applications, the network has been
set up on a university campus. The deployed network comprises the
sensors to monitor the environmental vitals such as temperature and
humidity. The deployed network serves as a platform to facilitate the
development of diverse IoT applications which could include mobile IoT
applications to monitor real-time information for maintenance plans,
and assist in engaging campus premises for teaching accomplishments or
self-study.

Thus, the current work emphasizes on studying the link level per-
formance and evaluating the reliability of this technology aiming to
scrutinize the effect of various transmission parameters on the network
performance for the same coverage area considering various environ-
mental scenarios. The link-level performance of the IoT network based
on LoRa technology deployed on a university campus is explored in
terms of Received Signal Strength Indicator (RSSI), Signal-to-Noise
Ratio (SNR) and Packet Reception Rate (PRR). This has been achieved
through rigorous experiments done indoors covering different environ-
ments such as line-of-sight, obstructive and highly obstructive.

The significant offerings of the current work are.

1. Experimentally studying the link-level performance of LoRaWAN-
based low-duty cycle IoT network in terms of RSSI and SNR
covering different environmental scenarios.

2. Analyzing the reliability of the setup network by evaluating PRR and
throughput utilizing the recorded measurements.

The remaining paper is recapitulated as: In section 2, some related
deployments of the LoRa network for various IoT applications have been
discussed followed by a brief about LoRa technology in section 3. The
experimental setup used for the study is described in section 4 with its
measurement methodology in section 5. The measurement outcomes are
discussed in section 6 and section 7 concludes the current study.

2. Related work

Currently, numerous studies have employed wireless communication
networks for IoT-based indoor environmental monitoring of large area
smart buildings. Wireless communication technologies, ranging from
Bluetooth and radio frequency for short distances to 3G, ZigBee, and
LoRa for medium and long distances, have shown progressively
encouraging impressions on indoor environment monitoring systems.

Cho et al. [10] and Smith et al. [11] utilized Bluetooth for indoor
environment monitoring but necessitated close proximity to sensing
nodes and thus can be a limitation for large spaces. Addressing this, Tran
et al. established an RFID tag device for data collection within 250 cm of
the reader [12]. WiFi-enabled sensing nodes have also been deployed for
indoor monitoring, as seen in studies by Martin-Garin et al. [13] and
Moreno-Range et al. [14] that deployed a WiFi-enabled sensing node in
a room where as Yang et al. [15] carried out office experiments for
monitoring purposes. Carre et al. took a different approach and utilized
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a 3G-enabled device with a SIM card for internet connectivity and
deployed in a lounge for monitoring experiments [16].

The preference for wireless communication networks in IoT-based
monitoring is driven by their capability to condense wiring
complexity. While Bluetooth and RF are restricted by their short range,
WiFi and 3G networks provide greater flexibility. However, consider-
ations for building support and access traffic are crucial for successful
deployment.

ZigBee technology then emerged as a promising solution for
medium-range indoor monitoring. Karami et al. [17] conducted a suc-
cessful deployment of two ZigBee module nodes and a coordinator in a
laboratory setting to continuously collect indoor environmental data
over a period of 10 days, with no missing data recorded. Additionally,
Yang et al. [18] utilized a network of ten transmitting nodes within a
university environment to assess data across multiple buildings, effec-
tively utilizing ZigBee technology for data transmission. An extensive
amount of research has been done on LoRa technology catering to IoT
applications. Zhibin Liu. et al. in Ref. [19] provides a comprehensive
performance analysis of ZigBee and LoRa technologies in entire struc-
ture under identical conditions. The conclusions demonstrate that LoRa
networks consistently outdo ZigBee networks, making them the superior
choice for establishing communication networks.

The contemporary IEEE 802.11ah standard, known as Wi-Fi HaLow
[20], is designed to provide long-range data links and reduced power
consumption in the sub-GHz bands. The performance of Wi-Fi HaLow
has been subject to several theoretical studies, as there are presently not
much existing devices for practical evaluation. The study in Ref. [20]
presents testbed performance analysis that assess the network perfor-
mance of Wi-Fi HaLow focusing on throughput, latency, and reliability,
comparing it with IEEE 802.11n (Wi-Fi n) and the IoT technology LoRa.
For distances exceeding 1 km with no LoS, Wi-Fi HaLow has limitations,
while LoRa performs better and is more reliable.

Another powerful technology is BLE technology that utilizes the RSSI
value to enable real-time localization and has many advantages such as
low energy usage and cost-effectiveness [21]. However, it is highly
susceptible to fast fading and has a higher packet drop rate in close
proximity and when blocked by building elements. LoRa signals have
better penetration and stability compared to WiFi and BLE, making it a
promising alternative for indoor localization.

LoRa technology is majorly focused due to its openness and readily
available hardware that can be customized for experimental study and
hasty prototyping. M.O. Ojo et al. in Ref. [22] focused on the employ-
ment of LoRa LoRa-based IoT network and evaluated the performance of
the LoRaWAN network operating at 433 MHz and 868 MHz ISM band. O.
Elijah et al. in Ref. [23], experimentally studied the impact of weather
conditions on the LoRaWAN communication. The research in Ref. [24]
provided a comprehensive performance evaluation of LoRaWAN
communication  concerning the Doppler effect between
vehicle-to-infrastructure (V2I), vehicle-to-vehicle (V2V) and stationary
vehicles through simulations and field measurements. K. Lin et al. in
Ref. [25] investigated the link quality of the LoRaWAN communication
in a wireless underground sensor network (WUSN).

S. Mehdi et al. in Ref. [26] performed the link analysis of LoRaWAN
for the reception of data packets at an altitude with an elevation angle of
maximum O °. Q. Guo et al. in Ref. [27], the authors provide the impact
of different LoRa transmission parameters settings and packet length on
the performance of the LoRa network through trial measurements. P.
Kulkarni et al. in Ref. [28], studied the link level performance and
coverage of the LoRa technology deployed on university campus
focusing on different indoor and outdoor locations. M. J. Faber et al. in
Ref. [29] evaluated the performance of outdoor obstructive environ-
ments in terms of link quality. R. Liang et al. in Ref. [30], the authors
explored the LoRaWAN performance in a multistorey building. Focusing
on evaluating the coverage and time measurement capabilities of the
LoRa device, A. Vazquez-Rodas et al. in Ref. [31] analysed the LoR-
aWAN performance through field measurements.
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Boubaker Abdallah et al. in Ref. [32], investigated the reliability of
the LoRa network under NLoS and noisy and mobile indoor industrial
environment. The reliability of the network has been estimated to be
90.23 % emphasizing on specific LoRa configurations. Nelson Carvalhal
Lopes et al. in Ref. [33], developed an indoor monitoring system based
on LoRa network. In depth study of the system has been carried out using
test-bed analysis to assess the performance in terms of RSSIL. L. Aarif
et al. in Ref. [34]evaluated the LoRa network performance by elimi-
nating the forward error correction in harsh industrial environment. The
SNR performance has been boosted using FIR filters depending upon the
simulation parameters.

Ricardo Robles-Enciso et al. in Ref. [35], presented the power and
link quality measurements of LoRa, Zigbee and 5G network. Their per-
formance has been evaluated focusing on RSSI and BER. It has been
established that LoRa and Zigbee yields BER than 5 %. RSSI values
indicated the better performance of LoRa than other technologies in
indoor corridor environments. The study in Ref. [36], demonstrates the
potential of using LoRa technology for smart home applications. It in-
cludes an LoRa home area network, a cloud-based server, and a mobile
application. The methodology analyzes the LoRa transmission delay,
communication distance, and link quality, considering various barriers.
Additionally, the study explores indoor signal propagation modeling,
accounting for multipath signals through the Rayleigh and Rician
distributions.

The motivation for this work comes from the discussions mentioned
above and the authors’ aim to comprehensively investigate LoRa
network performance under varying simulation parameters in the same
coverage area and across different environmental scenarios. The current
work focuses on evaluating the link quality and reliability of the network
for the same coverage area under different configurations and envi-
ronmental scenarios.

This work introduces duty cycle restrictions, an overlooked aspect in
similar studies, adding to its novelty. Therefore, to adhere to the
maximum duty cycle constraints directed by regional regulations for
LoRa devices, the maximum number of messages sent per hour has been
decreased. Furthermore, while LoRa’s capabilities of large coverage has
been well-documented, our study aims to investigate its performance in
an indoor environment for distance not exceeding 100 m. By examining
these variables, we target to gain a clearer understanding of how
different configurations, environmental conditions, and duty cycle
constraints influence the network’s performance.

A summarized related deployment of the LoRaWAN network for
various IoT applications in different environmental scenarios has been
stated in Table 1. In the present work, link-level performance, and
reliability of the LoRa-based IoT network deployed in a university
campus have been explored. This has been accomplished through
extensive experiments in an indoor campus environment covering line-
of-sight (LoS) and non-line-of-sight (NLoS) environments.

3. LoRa technology

LoRa technology is based on open standards supported by open-
source implementation facilitating rapid acceptance across the globe.
LoRa technology was developed by Semtech for low-power, extended-
coverage IoT applications [37]. LoRa operates on 433 MHz, 868 MHz
and 915 MHz bands utilizing the unlicensed ISM bands. LoRa has ac-
quired major consideration from academics and researchers due to its
readily available hardware in the market that can be customized to
improve energy consumption and link-level performance. It has a
striking attribute of adjusting its transmission parameters at the device
level: Spreading Factor (SF), Coding Rate (CR), bandwidth, carrier fre-
quency and transmitted power [38]. This eases experimental research
and hasty modelling.

Above the physical layer lies the LoRaWAN link layer standardized
by LoRa Alliance. LoRaWAN utilizes the ALOHA medium access control
(MAC) scheme to access the unlicensed channel. LoRaWAN deployments
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Table 1
Comparison of related work.
Reference LoRa Module Frequency Environmental Performance
band Scenarios Metrics
[22] LoRa RN2483 433 MHz, Outdoor- RSSI, SNR,
embedded 868 MHZ obstructive PDR
with Semtech
SX1276
[23] Semtech 923 MHz Outdoor-less RSSI
S$X1272 obstructive
[24] Semtech 915 MHz Outdoor-LoS, RSSI, SNR,
SX1276 obstructive PDR
[25] Semtech 433 MHz Outdoor- RSSI, SNR,
SX1278, obstructive PDR
$X1301
[26] Semtech 433 MHz Outdoor- RSSI, SNR
S$X1278 obstructive
[27]1 LoRa RN2483 433 MHz, Indoor-LoS PRR
embedded 868 MHz
with Semtech
SX1276
[29] Semtech 902-903 Outdoor- LoS, RSSI, SNR
$X1301 MHz obstructive
[30] Semtech 433 MHZ Indoor- LoS and RSSI, SNR,
SX1278 obstructive PDR
[31] Semtech 868 MHz Outdoor- RSSI
S$X1272 obstructive
[32] USRP N321 169.7 MHz. Indoor -NLoS BLER, SINR,
data rate
[33] Semtech 868 MHz Indoor- LoS and RSSI
SX1276 obstructive
[34] LoRa PyCom 868 MHz Indoor- LoS and RSSI, BER
obstructive
[35] Semtech 433 MHz Indoor- LoS and RSSL, PRR
SX1278 obstructive
[36] Waspmote 868 MHz Indoor; Outdoor- RSSIL, PDR
LoRa board LoS, obstructive
Current Semtech 433 MHz Indoor- LoS, RSSI, SNR,
work SX1278 obstructive, PRR,
highly Throughput
obstructive

are exposed to rigorous limitations to the utilization of the ISM band in
many regions of the world. The maximum extent of time the LoRa de-
vices are permitted to occupy the ISM band is stated in terms of the duty
cycle (DC). The duty cycle ranges from 0.1 % to 10 %. The maximum
allowable duty cycle for the LoRa device on the 433 MHz ISM band is 10
%. This means that not more than 8640 s can be given to the LoRa device
to occupy the radio channel per day. Due to duty cycle restrictions, the
device goes into a sleep period after transmitting a frame. This renders a
delay between two consecutive LoRa frames. When a device transmits a

packet, the system goes to sleep period (Ts) and wait for Ts =

Ta (Dic* 1) secs before transmitting the next packet on the same

channel. The duty cycle restrictions result in a restrained number of
transmissions allowed per day by a LoRa device [39]. For DC = 10 %, the
maximum permitted time is 360 s/h. Thus, the maximum permitted
transmissions per hour can be calculated asn = 360 /T, Time on air (T,)

is the packet transmission duration and is determined by adding the
preamble duration and the payload duration as expressed by equation
(1) [40].

Ta = Tpreamble + Tpayload (1)
The LoRa frame begins with a preamble of default size 8 bytes

(Mpreamvie) €xercised for synchronizing the transmitter and receiver. Pre-
amble duration is expressed as

SF

2
Tpreamble = (npreamble + 425) X (2)

BW

The payload duration relates to the duration of number of symbols



G. Kaur et al.
(Npayload) used to transmit a given payload (PL) in bytes. These number of
transmitted symbols are calculated as

8PL — 4SF + 28 + 16CRC — 20H
4(SF — 2DE)

)(CR+4), o)
3)

Npayload =8+ (Cell(

where, H = 0 when header enabled otherwise 1; DE = 1 for enabled low
data rate optimization otherwise 0; CRC = 1 when enabled otherwise
0 [41]. Thus, the payload duration can be given as

2SF

Tpayload = Npayload X m (4)

Fig. 1 illustrates the influence of SF and CR on the permissible
number of transmissions per day for a payload size of 44 bytes and BW =
125 kHz. The figure illustrates that the maximum number of trans-
missions per day is 166670 packets for SF = 7 and CR = 4/8. However,
the minimum is for SF = 12 & CR = 4/5 with the number of trans-
missions to be not more than 8310 packets per day. Fig. 2 shows the
impact of CR and SF on time on air for a payload size of 44 bytes and BW
= 125 kHz. In our LoRa setup, to prevent surpassing the LoRaWAN duty
cycle restrictions and provide efficient performance, the experiment has
been conducted with the system measuring and sending LoRa packet
after every 10 min.

4. Experimental setup

To study the link quality and reliability of the LoRaWAN commu-
nication as a function of LoRa transmission configuration for collecting
real-time monitoring data, a series of indoor tests are conducted. All the
experiments are conducted at Amity University, Greater Noida (AUGN)
campus, India (28.4651° N, 77.4845° E). An indoor gateway has been
set up in a laboratory of the engineering block of the AUGN campus
while the prototype LoRa end device is deployed at different locations in
the campus to cover various propagation environments.

4.1. Hardware setup

The measurement set-up consists of a prototype LoRa device sensing
the monitoring data i.e. temperature and humidity and a LoRa gateway
connected to a laptop as an interface to control the received messages.
The prototype device integrates the LoRa SX1278 radio module manu-
factured by Semtech operating in the 433 MHz ISM band. Fig. 3 shows
the LoRa end device equipped with a DHT11 sensor for measuring
temperature and humidity, a LoRa radio module for communication and

18 x10* Duty Cycle = 10%
Il CR=4/5
161 I CR=4/6 |+
[Icr=4i7
14 I CR=4/8

-
N

Permitted Transmissions (pkts/day)
=

7 8 9 10 1 12
SPREADING FACTOR (SF)

Fig. 1. Permitted transmissions for various values of SF.
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Fig. 2. Time on Air for various values of SF and CR for and CR for 44 bytes of a
packet 44 bytes of a pack.

an Arduino Uno microcontroller to control the LoRa transmission pa-
rameters to transmit and receive the packets. It also shows the gateway
module fortified with an SX1278 LoRa module and ESP32 microcon-
troller. The standard 3.6 dBi antenna is used for both the end device and
the gateway and is configured to radiate with the transmission power of
14dBm throughout all the measurements. The specifications of the
S$X1278 LoRa module considered for the field tests are mentioned in
Table 2.

In the experiment, a total of 1000 LoRa packets have been sent over a
duration of 1 week to comply with LoRaWAN duty cycle restrictions and
ensure efficient network performance. The system is configured to
measure and transmit data every 10 min, adhering to duty cycle limi-
tations to avoid surpassing regulatory requirements. The setup involves
a prototype LoRa device with an SX1278 LoRa module operating at the
frequency of 433 MHz. The end device, which transmits data, and the
gateway, which receives data, are positioned 60 m apart. Both use a
standard 3.6 dBi antenna, with the end device configured to transmit at
14 dBm. The SX1278 module is configured with a bandwidth of 125
kHz, a spreading factor (SF) ranging from 7 to 12, and coding rates (CR)
of 4/5, 4/6, 4/7, and 4/8. By spacing out packet transmissions every 10
min throughout the week, the system adheres to LoRaWAN duty cycle
constraints while ensuring effective data transmission over the fixed
distance of 60 m.

4.2. Measurement setup

The indoor measurements are performed at three different locations
in the engineering block of the AUGN campus, covering both LoS and
NLoS scenarios within a fixed coverage area of 60m for all scenarios as
shown in Fig. 4. Different constraints are considered to define the NLoS
environment such as labs, classes with obstructions from concrete walls,
wooden furniture, glass windows, and iron and steel railings (see ).

During all measurements, the location of the gateway is fixed
whereas the end device is positioned at various indoor locations (A, B &
C) of the AUGN campus targeting to cover both LoS and NLoS envi-
ronments. Fig. 5 shows the different locations of GW and the end device.
For locations A & B, both the end device and the gateway were deployed
on the third floor of the engineering block at a height of approximately
10m from the ground. Location A covers the LoS scenario with both the
gateway and the prototype device placed in the corridors of the third
floor without any obstruction between them. Location B is a highly
obstructed location with the prototype device placed in a classroom with
no line of sight with the gateway deployed in the lab. For location C,
with the gateway deployed in the lab on the third floor of the
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Fig. 3. Experimental setup used.

Table 2
Specification considered for SX1278 LoRa module.
Specification Value
Bandwidth 125 kHz
Spreading Factor(SF) 7-12
Coding Rate (CR) 4/5, 4/6, 4/7 and 4/8
Transmission Power (dBm) 14 dBm
Carrier Frequency 433 MHz
Antenna 3.6 dBi

AMITY UNIVERSITY
GAUTAM BUDDHA

‘ ,\§\ \4 'ry ", 3 LY

\  Amity Polytechnichs
5

E(‘:‘
-

Fig. 4. Map of AUGN campus showing measurement locations of the end de-
vice and gateway.

engineering block, the end device is located on the first floor at a height

of approximately 3m from the ground. At each location, the measure-
ments are performed with both the end device and the gateway

Location A

Location B

configured with the same LoRa parameter settings. The data symbols are
transmitted with LoRa offering 3 optional bandwidths of 125 kHz, 250
kHz and 500 kHz. In our case, keeping the BW constant at 125 kHz, both
the end device and the gateway cycle through in total of 24 combina-
tions of transmission configuration with six SF values (7-12) and four CR
values (4/5, 4/6, 4/7 and 4/8). The performance of the setup LoRaWAN
network has been studied in terms of RSSI, SNR, and PRR. RSSI and SNR
indicate the link quality of the network. PRR is determined as the ratio of
transmitted packets to the received packets at the gateway which in-
dicates the reliability of the communication link. Further using the PRR
values the throughput of the setup network has been evaluated.

In the subsequent section, the methodology employed to record the
measurements at the gateway has been discussed.

5. Measurement methodology

Through all sets of experiments at various locations on the campus,
the influence of different LoRa configurations on the link quality and
reliability of the network has been analysed. The results are confined
within a distance of 60 m between the prototype LoRa end device and
the gateway for both LoS and NLoS experiments.

The end device is configured to send 1000 packets with sequence
numbers to identify the packet loss. The monitoring data from the pro-
totype device was transmitted to the gateway device. Upon reception of
each packet, the gateway provides the RSSI, SNR and payload message
of 44 bytes indicating the temperature and humidity readings. The
received packets are recorded on the receiving side for further pro-
cessing and analysis. The implementation of the setup LoRaWAN
network has been studied by referring to the LoRaWAN duty cycle re-
strictions that limit the allowable duration for the LoRa device to
transmit.

[T
| Location C

Fig. 5. Map of the indoor environment at AUGN campus showing the measurement locations of end device and gateway.
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5.1. Reliability analysis Line of Sight Scenario

10

—4—CR=4/5
——CR=4/6
—4—CR=4/7

The registered data at the gateway for the LoRa packets transmitted
from the prototype device is further utilized to analyse the reliability of
the setup network pertaining to PRR and throughput. PRR is calculated
as the ratio of the accurately received number of LoRa packets at the
gateway to the number of packets transmitted by the end device. The
value of PRR ranges from 0 to 1 with 0 denoting no reception of the LoRa
packet and 1 indicating 100 % delivery accuracy. Further utilizing the
registered values of PRR, throughput can be calculated. The achievable
network throughput states the measure of information accurately
received by the network and as stated in Ref. [42] is calculated as

_ PLx ) xPRR

Th
K

)

where, PL is the payload in bytes, 4 is the packets generation rate per day
and K is a constant specifying the number of seconds in a day.

10 L N L N
7 8 9 10 11 12

Spreading Factor

6. Experimental results
. . . Fig. 7. SNR ded f i 1 f SF and CR.
For simulation work, all the tests are carried out on the same hard- 8 recorded for various vatues o an
ware and software platform.

Line of Sight Scenario

6.1. Findings from indoor LoS environment (location A)

Figs. 6 and 7 illustrate the RSSI and the SNR respectively of the
received signal at the gateway from the LoRa end device deployed at
location A depicting the link quality of the LoRaWAN setup. The
maximum RSSI and SNR values are achieved with LoRa configuration
settings of SF = 9 and CR = 5 delivering the signal strength of —89.12
dBm and SNR value of 9.91 dB. However, the alternate setting with SF =
8 and CR = 6 can also be considered as it has a comparatively lower
packet transmission time and higher data rate. However, this would
depend upon the kind of IoT application’s forbearance to noise and
packet loss. If the application can abide by slight noise interference and

PRR

[l CR=4/5
I cr=4/6

one or few packet losses and simultaneously requires a higher data rate,
then a little tough parameter setting could be exercised.

The reliability of the network can be investigated from Figs. 8 and 9
presenting PRR, and throughput respectively attained for the trans-

I

CR=4/7
Il CR=4/8

10 1 12

missions occurring from the LoRa device deployed at location A for
diverging SF and CR values. From the figures, it is apparent that the
parameter setting of SF = 11 gives 100 % packet delivery accuracy
regardless of the CR values and thus providing maximum achievable
throughput of 0.44 kbps for the setup. From the graphs is also quite

Spreading Factor

Fig. 8. PRR achieved for various values of SF and CR.

Line of Sight Scenario

0.45 T T
8 9

T T

Line of Sight Scenario

0.4

0.35

=)
S °
M g w

Throughput (kbps)
o
o

RSSI (dBm)

o
-

0.05

10 1 12
Spreading Factor

120 . ! . ! 1 !
7 8 9 10 11 12

Spreading Factor

Fig. 9. Throughput achieved for various values of SF and CR.

—
o

Fig. 6. RSSI recorded for various values of SF and CR.
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evident that there is no obligation for higher redundancy to establish
strong connectivity between the device and the gateway as maximum
throughput and a PRR value of 1 could be attained with a lower value of
CR = 4/5. No communication was possible with a higher CR value of 4/8
for SF = 7 and SF = 9 specifying the incompatibility of these permuta-
tions of SF and CR. As apparent from the graphs, the coding rate of 4/7
contributes to unreliable communication with few packet losses result-
ing in a PRR value of 0.76 with SF = 7 and 0.85 with SF = 12 thus
providing the lowest throughput of the setup at this location.

6.2. Findings from the indoor highly obstructive environment (location B)

Location B is an indoor highly obstructive location with the gateway
deployed in a lab and the prototype device placed in a classroom on the
third floor of the engineering block with both the rooms located at the
end of the block ensuring 60m of the straight-line distance between the
transmitting and receiving ends. It is comparatively a vigorous envi-
ronment with obstructions from the concrete walls and other materials
like glass, iron and steel resulting in losses from signal penetrations
through such obstructions. In addition to this human presence and
movement were also there affecting the signal penetration through such
obstructions. The verdicts from this location show that the maximum
strength of the signal received at the gateway is —104.122 dBm as
depicted in Fig. 10 for the configuration settings of SF =7 and CR = 4/7.

Similar settings also depict the maximum SNR of the signal received
at the gateway with a value of —10.19 dB as can be observed from
Fig. 11. A comparable level of received signal strength is achieved at SF
= 8 for the same level of redundancy (CR = 4/7) but as with an increase
in SF the packet transmission time increases which add to signal
degradation from the obstructions and noise. Subsequently, this results
in the drop in SNR value of the signal at this configuration setting to
—12.02 dB and packets delivery accuracy to 45 %. Thus, it entirely de-
pends upon the type of IoT application to which configuration it must
employ if it can accept noise interference and lower packet accuracy at
the cost of a comparatively higher data rate.

Figs. 12 and 13 depict the PRR and throughput achieved from the
transmission from location B at the gateway for different SF and CR
settings. From the graphs, it can be observed that with SF =11 and SF =
12, almost 100 % delivery of the packets is achieved resulting in
maximum throughput of 0.44 kbps from the location regardless of the
redundancy value. SF = 7 provides the maximum packet losses with 7 %
and 10 % delivery accuracy with CR = 4/6 and CR = 4/7 and not even a
single packet received with CR = 4/5 and CR = 4/8. This results in poor
throughput with SF = 7 which implies weak communication with this
configuration. With an increase in SF from 7 to 8 the PPR and

Highly Obstructive Scenario
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Fig. 10. RSSI recorded for various values of SF and CR.
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Fig. 11. SNR recorded for various values of SF and CR.
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Fig. 12. PRR achieved for various values of SF and CR.
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Fig. 13. Throughput achieved for various values of SF and CR.
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throughput performance improves resulting in enhanced connectivity. Obstructive Scenario

As SF increases further, a remarkable improvement in PRR and ] 7 T E 7
throughput performance of the setup could be seen with CR = 4/6 and —4— CR=4/5
4/7 thereby enhancing the reliability of the communication. n Igijg l

6.3. Findings from the indoor obstructive environment (location C)

Location C is an indoor obstructive location with the gateway
deployed in a lab on the third floor and the prototype end device
deployed diagonally at a straight-line distance of approximately 60m
from the gateway on the first floor of the same building. The signal from
this location has to penetrate through the floors and other similar ob-
structions confronted in the previous location to reach the gateway
placed two floors diagonally above the end device. Due to such ob-
structions in the path of signal transmissions, multipath fading cannot be
disregarded. Figs. 14 and 15 present the RSSI and the SNR respectively 14 L N N L
of the received signal at the gateway for location C describing the link 7 8 9 10 11 12
quality of the setup. From the graphs, it is quite apparent that although Spreading Factor
SF = 8 and CR = 4/5 give the maximum RSSI value of —101.25 dBm but
offer high packet loss with hardly two packets received for the said
configuration. An almost similar level of signal strength is achieved with
the same SF but with the redundancy of 4/7 providing —101.99 dBm of
RSSI value and 99 % delivery accuracy and SNR of —8.19 dB due to noise Obstructive Scenario
interference.

The maximum recorded SNR value for this location is —3.94 dB with
transmission configuration of SF = 7 and CR = 4/8 with low TOA, high 0.8l
data rate and 100 % delivery accuracy. The reliability of the network
could be witnessed from Figs. 16 and 17 illustrating the PRR and
throughput of the setup. From the graphs, it could be observed that SF = 0.6}
10 and SF = 11 offer the maximum PRR value of 1 and maximum
achievable throughput of 0.44 kbps irrespective of the CR values. Not
even a single packet is received with CR = 4/6 and SF = 7 to SF = 9 041
whereas for SF = 7 and CR = 4/5 single packet is received specifying no
communication possible with these sets of configurations.

Fig. 15. SNR recorded for various values of SF and CR.

PRR

Although disregarding CR = 4/6, the PRR and throughput of the 0.2} 522::;:
setup increase with an increase in SF but it degrades for SF = 12 with B CR=4/8
close to 60 % delivery accuracy for all redundancy values except for CR

||
= 4/5 offering 0 PRR. This indicates the unsuitability of SF = 12 for 0

7 8 9 10 1" 12

reliable communication to occur. The fluctuation of the recorded RSSI Spreading Factor

values of the LoRa packets received at the gateway located at three
different locations is presented by the histogram and cumulative dis- Fig. 16. PRR achieved for various values of SF and CR.
tribution function (CDF) of the RSSI values in Figs. 18 and 19 respec-
tively. Table 3 shows the maximum and minimum values of

performance metrics recorded at each location. 0.45 Obstructive Scenario
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Fig. 14. RSSI recorded for various values of SF and CR.
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7. Discussion
7.1. Indoor LoS environment (location A)

In a Line-of-Sight (LoS) environment, where there are minimal ob-
structions and interference, the configuration of SF = 9 and CR = 4/5 is
optimal. It delivers an RSSI of —89.12 dBm and an SNR of 9.91 dB,
providing a strong signal and an notable signal-to-noise ratio. The SF of
9 strikes a balance between range and data rate, ensuring robust signal
transmission over moderate distances. The CR of 4/5 upholds a high
data rate with minimal redundancy, making it well-suited for environ-
ments where signal clarity is crucial. Ultimately, this configuration
guarantees efficient and dependable communication in non-obstructive
conditions.

However, SF = 11 ensures 100 % packet delivery accuracy due to its
longer time on air (TOA) with maximum throughput of 0.44 kbps. A
higher SF increases the duration of each bit transmitted, which enhances
signal sensitivity and allows for better detection amidst noise and
interference. This makes SF = 11 suitable for scenarios where reliability

Table 3
Performance metrics recorded from each location.

is prioritized over data rate.

7.2. Indoor highly obstructive environment (location B)

In highly obstructive indoor environments with significant physical
barriers and interference, SF = 7 and CR = 4/7 could be the finest set-
tings for managing signal strength and integrity. SF = 7 results in a
higher data rate and shorter transmission time, thereby reducing the
probability of interference and thus improving signal clarity. Mean-
while, CR = 4/7 provides a balanced level of error correction, effectively
ensuring both robustness and efficiency.

To achieve 100 % packet delivery accuracy in such challenging en-
vironments, SF = 11 and SF = 12 could be effective due to the extended
spreading factor, maximizing the signal robustness at the expense of
data rate.

7.3. Indoor obstructive environment

In environments with less obstructions, with fewer barriers to signal
transmission, SF = 8 and CR = 4/7 bring a balanced performance with
an RSSI of —101.99 dBm and an SNR of —8.19 dB. This configuration
ensures good signal strength and error correction while upholding a
reasonable data rate.

To maximize PRR and throughput, SF = 10 and SF = 11 has proved to
be the most effective. SF = 10 offers a good balance between range and
data rate.

8. Conclusion

The current work focusses on exploring the implementation of the
LoRaWAN network through an experimental setup deployed on the
campus of Amity University, Greater Noida, India. Extensive measure-
ments are taken by deploying the prototype device at different indoor
locations on the campus covering LoS and NLoS propagation scenarios
affected by multipath propagation and obstructions. The experiment
was conducted with the end device transmitting packets considering
duty cycle restrictions. The prototype device and the gateway integrate
the SX1278 LoRa radio module operating at a frequency of 433 MHz.
The performance of the deployed setup is analysed in terms of link
quality and reliability. The study highlights that the performance of the
network is sensitive to the choice of parameter configuration setting

Location Scenario RSSI (dBm) SNR (dB) PRR Throughput (kbps)
Max. Min. Max. Min. Max. Min. Max. Min.

A LoS —89.12 -101.97 9.91 -9.07 1 0 0.44 0

B highly obstructive —104.12 -111.91 —-10.19 —-15.10 1 0 0.44 0

C obstructive —101.25 —108.74 —-3.94 —12.54 1 0 0.44 0
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depending upon the deployment scenario. There are situations where
the choice of hardline parameter settings provides better connectivity at
the cost of an increase in packet transmission duration of the packet
resulting in an increased risk of noise interference and collisions. Iden-
tifying the optimal transmission configuration and adapting them to
provide enhanced network performance in any of the deployment sce-
narios is the challenge.

For LoS environment, the maximum RSSI and SNR values are ach-
ieved with configuration settings of SF = 9, CR = 5 delivering a signal
strength of —89.12 dBm and SNR value of 9.91 dB. On the contrary, SF
= 11 offers good reliability as it delivers 100 % packet delivery accuracy
regardless of the CR values thus providing a maximum achievable
throughput of 0.44 kbps. For a highly obstructive indoor area, the
maximum signal strength is received at configuration settings of SF = 7
and CR = 4/7 with RSSI = 104.122 dBm and SNR value of —10.19 dB. In
this scenario, SF = 11 and SF = 12 provide 100 % packet delivery ac-
curacy and maximum achievable throughput. For less obstructive sce-
nario, SF = 8 and CR = 4/7 offer —101.99 dBm of RSSI value and SNR of
—8.19 dB. For this case, it has been observed that SF = 10 and SF = 11
contributes to the maximum PRR and achievable throughput.

In the current work, LoRa has revealed robust performance in up-
holding reliable communication even over shorter indoor distances. The
results specify that LoRa efficiently handles signal propagation through
obstructions and varying indoor conditions, accomplishing reliable
connectivity in scenarios where other technologies might face chal-
lenges. This performance recommends that LoRa can be beneficial in
complex indoor environments, offering reliable and steady communi-
cation even over shorter distances, where traditional technologies might
struggle with signal strength and reliability.

Future work will investigate the network performance in outdoor
deployments as well as indoor-outdoor deployments for varying cover-
asge areas with more LoRa nodes. The range and performance trade-off
to meet the operational cost benefits and commercial requirements will
also be considered.
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