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ABSTRACT

Low Power Wide Area Network (LPWAN) technology has gained widespread
application in various fields, including in urban environments. Sigfox is one of the
LPWAN technologies that have been widely adopted and support connectivity for
thousands of end devices. However, understanding the performance of the Sigfox
network especially in urban environments is crucial due to the impact of path loss. Path
loss models, such as the Okumura-Hata and the Third Generation Partnership Project
(3GPP) propagation models are commonly used to estimate path attenuation based on
parameters such as propagation models take into account factors, including carrier
frequency, distance, antenna height, and terrain profile. In this study, the path loss
performance of Sigfox using the Okumura-Hata, 3GPP, and a newly proposed Hybrid
propagation model was investigated. The proposed Hybrid model combines the
strengths of the Okumura-Hata and 3GPP models. The key strength of the proposed
Keywords: Hybrid model is that provides a more comprehensive and accurate path loss estimation
for Sigfox in urban environments. The analysis presented in this paper serves as a
valuable for understanding the potential of the proposed Hybrid model for the field of
Sigfox technology. Our results demonstrate the potential of the proposed Hybrid
model for improving path loss accuracy in urban environments.

Sigfox; Propagation; Path loss; Okumura-
Hata; 3GPP; Hybrid

1. Introduction

Low Power Wide Area Network (LPWAN) is a wireless telecommunications category that offers
long-range communication that covers distances of up to a hundred kilometres. Smart cities,
agriculture management, smart farming sensor networks, monitoring systems, and pollution
monitoring are examples of LPWAN applications [1-3].

Sigfox is one of the LPWAN technologies that gains popularity and supports connectivity for
thousands of end devices. The performance of the Sigfox network especially in urban environments
is crucial due to the impact of path loss. Path loss describes the decrease in an electromagnetic
wave’s power density as it travels from the transmitter to the receiver [4,5]. This attenuation can
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occur due to various factors, including propagation characteristics and obstacles present in the path
between the base station and mobile station [6]. Path loss models are valuable planning tools for
achieving optimal levels in wireless communication networks [7]. The Okumura-Hata and the Third
Generation Partnership Project (3GPP) propagation models are examples of path loss models. These
models are commonly used to estimate path attenuation based on parameters such as propagation
models take into account factors, including carrier frequency, distance, antenna height, and terrain
profile.

To combine these models in order to produce more precise and thorough path loss forecasts,
there is a research gap in the literature. In order to close this gap, the suggested HybridPath model
makes use of the advantages of both approaches. This paper's main contribution is to study how the
suggested Hybridpath model for path loss estimates behaves in urban settings. For various base
station antenna heights, the Okumura-Hata and 3GPP models will be contrasted with the suggested
HybridPath model. The proposed Hybridpath model's ability to increase path loss estimation
precision in urban settings will also be investigated in this study.

2. Propagation Models

In particular environmental circumstances, the propagation model is crucial for obtaining the best
accuracy [8]. Figure 1 shows the hierarchy of the propagation models. Okumura-Hata and 3GPP
models are types of empirical path loss models [4]. Empirical radio propagation models using field
measurement data and statistical analysis to predict received signal strength [9].

Propagation Models

| |

Okumura-Hata Model 3GPP Model

I |

l

Hybrid Model

Fig. 1. Propagation Models

In this study, the main focus is on the Okumura-Hata, and 3GPP propagation models, which are
known for their good balance between accuracy and performance. Meanwhile, a newly proposed
HybridPath model combines the strengths of the Okumura-Hata and 3GPP models. Table 1 the
fundamental parameter of selected propagation models [8].

Table 1

The fundamental parameters of selected propagation models [8]
Model Okumra-Hata 3GPP
Frequency, f 150-1900 MHz <2600 MHz
Base Station Height, by, 30-200 m 0-50 m
Mobile Device Height, mj 1-10 m -
Base Station — Mobile Device Distance, d 1-20 km <8 km
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2.1 Okumura-Hata Model

The propagation model provides the median value of the propagation loss and is based on the
extensive measurements made in Tokyo [8]. The Hata-Okumura model, in particular, is widely used
in the wireless communication industry for estimating path loss in RF planning [7]. Okumura-Hata
propagation models have been analysed in various environments, including urban and rural
environments, to assess their accuracy and suitability [8].

The Okumura-Hata radio propagation model is commonly used as a path loss modelling tool in
the wireless communication industry [10]. The Okumura Hata propagation model was used for
coverage planning and budget linking [10]. According to research conducted by [8-10], the Okumura-
Hata model is utilised to simulate path loss in the urban environment. Path loss (in decibels, dB) is
written as

PL=A+Blog(d) + C (1)

where A, B, and C are parameters that depend on frequency, f and mobile device, my [13]. Factor A
increases with carrier frequency, f. and decreases with increasing height of the base station, b, and
mobile device, mx. Additionally, the path loss exponent (proportional to B) decreases with increasing
height of the bn,. The model is intended for large cells, with the b, being placed higher than the
surrounding rooftops [13].

The basic path loss (Pyoss) is expressed in decibels (dB) as

Prossiony = k1 + k2logyo(f) — 13.82log,o(by) — a(my,) + (44.9 — 6.55log;¢(by))log;0d (2)
The basic path loss (Pross) for urban is expressed as

PLoss(ony = 69.55 + 26.16 logyo(f) — 13.82log,0(by) — a(my,) + (44.9 — 6.55l0g,0(by))l0g0d
(3)

where f represents in MHz, the base station height, b, and mobile device height, m, denotes in
meters, and distance, d indicates in kilometres from transmitting to the receiving. These values serve
as a constant offset (in dBm) and a multiplier for the logarithm of the distance between the b, and
mp. The terrain parameter, a(ms) is a function of the mobile device of height, and is specifically
defined for urban environments with f> 200 MHz as

a(my) = 3.20(log,,(11.75m,))? — 4.79 (4)
where my represents the height of the mobile device. The parameter a(ms) serves as the correction

factor for the mobile station antenna. The terrain parameter is an important consideration in
network design [7]. Table 2 summarizes the conditions of the parameters for urban environments.

Table 2
Conditions parameters for urban environments
Parameters Urban
Frequency, f 150MHz<f>1499MHz
ki 69.55
k> 26.16

terrain parameter a(my,) or correction factor, ¢f 3.20(log,0(11.75m;))? — 4.79
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2.2 Third Generation Partnership Project (3GPP) Model

The 3GPP model is commonly used in the telecommunications industry for network planning and
propagation modelling. This propagation model applies to macro cells in the urban environment. The
path loss is defined as

Prcsgrpy = 40(1 — 4.107%bp)log,0(d) — 180g10(by) + 210g:o(f) + 80 (5)

where distance, d represents the distance between the transmitter and receiver, fis denoted in MHz,
and by denotes in meters. The 3GPP path loss model is valid for b, values between 0 and 50 m with
transmitter-receiver separation from a few hundred meters to kilometres. However, this model is
not for not particularly accurate for shorter distances.

2.3 HybridPath Model

HybridPath is a new potential propagation model that combines the strength of the Okumura-
Hata and 3GPP models to improve the accuracy of path loss predictions in urban environments for
Sigfox. The 3GPP model is commonly used in cellular communication systems to estimate the loss of
signal strength between a base station and end device, while the Okumura-Hata model is an empirical
path loss model that is based on the well-known Hata model. The resulting path loss is defined in Eq.
(6) by taking the summation of the path loss that occurred in Okumura-Hata as shown in Eq. (3) and
3GPP models in Eq. (5).

Praybriapath) = Proon) T Praerp) (6)

The proposed HybridPath model can be implemented by selecting the appropriate model based
on the environment and scenario. For urban environments, the Okumura-Hara model can be used,
while for suburban environments, the 3GPP model can be used. The proposed HybridPath model
switches between these models based on the scenario classification, providing a more accurate path
loss estimation for Sigfox in different environments.

3. Sigfox Technology

This section provides an overview of the Sigfox technology considered in our study is explained.
Sigfox represents the unlicensed operation in the industrial, scientific and medical (ISM) band. Sigfox
is a type of LPWAN technology for loT applications that getting more attention in the realm of loT
applications. Sigfox supports both unidirectional and bi-directional communication, For uplink (UL),
it uses Binary Phase Shift Keying (BPSK) modulation, while for downlink (DL), it uses Gaussian
Frequency Shift Keying (GFSK) [12-14].

Sigfox is subject to duty cycle restrictions in Europe, limiting the number of the transmitted
packets per day to 140 messages in the uplink and 4 messages in the downlink. This means that Sigfox
allows a maximum number of messages per day is 144 packets with only one packet every 10 minutes
[2,17,18]. Sigfox’s MAC layer is more efficient for uplink communication due to the limitations of
downlink [19]. However, the effect of this strictest regulation helps conserve energy and prolong the
battery lifetime [2]. As a result, Sigfox is ideal for sensor data collecting but not for devices that
require regular transmission because of traffic limitations [20].
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The duration of message transmission in a network, from beginning to the end, is known as the
transmission time. Uplink payloads can be a maximum of 12 bytes long and downlink payloads can
be a maximum of 8 bytes long per day using Sigfox [14,16,18,21,22]. In general, messages should
arrive at the base station within 2 seconds [2]. Small data sizes can be sent with Sigfox due to its short
payload length [22]. It has a high communication latency and low transmission bit rates, which makes
it vulnerable to interference from other technologies [22].

M. S. Farooq and K. Mekki et al., claimed that Sigfox is the ideal choice for applications involving
continuous monitoring, asset tracking, and control [21,22]. Due to its long-range communication,
ultra-low power consumption, prolonged battery life, low data rate, and cost-effectiveness, it is
especially well-suited for some use cases, including smart farming, environment control, smart
agriculture, and asset tracking [10,21,25]. The Sigfox technical characteristics are listed in Table 3.

Table 3

Summarizes the specifications of Sigfox technical
Technical Sigfox

Spectrum Unlicensed

Modulation scheme BPSK (UL) and GFSK (DL)

Maximum messages per day 140 (UL) and 4 (DL)
Maximum payload length 12 bytes (UL) and 8 bytes (DL)
Battery lifetime 10 years

Application Smart farming, smart agriculture, environment control and asset tracking

4. Simulation Setup

In this section, the network performance in different propagation models for Sigfox are explained
namely the Okumura-Hata, 3GPP and proposed HybridPath models. The parameters of study for
these models are the operating frequency (f), distance between the transmitter and receiver (d),
base station antenna height (bx), mobile device antenna height (m), and terrain profile (e.g. urban
and rural) using 433 MHz as the frequency band designated for Sigfox in Asia region. Table 4
summarizes the simulation parameters for Sigfox technology from transmitter to receivers based on
the scenarios described.

Table 4

Simulation Parameters for Sigfox

Technology Sigfox

Propagation model Okumura-Hata, 3GPP and proposed HybridPath
Operating frequency, f 433 MHz

Distance between transmitter and receiver, d 10 km (urban)

Base station antenna height, by 30mand 50 m

Mobile device antenna height, mj 1m

First, the specific Sigfox radio parameters were studied, especially data related to the propagation
environment, such as terrain information, base station and mobile device antenna heights, and
others. Next, the simulation scenario was conducted based on the specific Sigfox radio parameter
using the Okumura-Hata, 3GPP and HybridPath models separately. The propagation of
electromagnetic waves based on the models' algorithms was simulated and analysed. If the results
meet the requirements, proceed to the next process by applying the propagation models again.
Finally, the differences in path loss, signal strength, or other relevant metrics between the three
models were analysed by comparing the results obtained from the Okumura-Hata, the 3GPP and the
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proposed HybridPath models. The simulation process flowchart for the investigation and evaluation
of the performance of Sigfox in an urban environment using different propagation models is shown

in Figure 2.

Sigfox Radio Parameter

y

Simulation setup

Y
Applying Propagation Models;
Okumura-Hata, 3GPP and «—
HybridPath

Run simulation separately

No

Comply with
requirements?

Yes

Analysis and comparing the result

Fig. 2. The evaluation of different
propagation models flowchart

5. Results & Discussion

In this part, three propagation models have been simulated specific environments and the
frequency band used by Sigfox to provide accurate predictions of path loss. However, it is crucial to
note that the performance of these models may vary depending on the specific urban environment
and other factors.

Table 5 shows the Sigfox in an urban environment using Okumura-Hata, 3GPP, and proposed
HybridPath models. The comparison of Sigfox in the urban environment using propagation models
with differences by,
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Table 5
Sigfox in an urban environment using Okumura-Hata, 3GPP
and proposed HybridPath models

Specifications  Value

Model Okumura-Hata, 3GPP, and proposed HybridPath
durban 1 km
b 30mand 50 m

For a maximum distance of 1 km between the base station and the mobile device, the path loss
performance of the models mentioned in this section is displayed in all of the figures. The main
pattern of the graphs is consistent with other research in that it exhibits a logarithmic rise in route
loss with increasing distance. The same behaviour is examined in Figure 3 and Figure 4, but a different
propagation model was used.

The simulation results are presented. Based on Figure 3 shows that the Okumura-Hata model
performed better when the base station antenna height (bs) was 50 m, with an average path loss of
104.2 dB. In comparison, when by was 30 m, the average path loss was 106.6 dB. According to a study
conducted by Avs et al., [11], the Okumura-Hata model was used because Sigfox works well in urban
environments using this propagation model. The maximum path loss increases as the distance of d
increases whereas the maximum path loss decreases as the distance of by increases. But, no changing
maximum path loss during changing mx.

Okumura-Hata Path Loss Model
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Fig. 3. Path loss performance with different by, in urban environment using
Okumura-Hata model

Based on Figure 4 shows that the 3GPP model performed better when the base station antenna
height (br) was 30 m, with an average path loss of 76.7 dB. In comparison, when b, was 50 m, the
average path loss was 87.3 dB. Figure 4 is proportional with the results showed in Figure 3 for an
urban environment. These results are consistent with the 3GPP model's validity for bs ranging from
0 to 50 m. The maximum path loss increases with the distance of dincreases whereas the maximum
path loss increases with the distance of by increases.
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Fig. 4. Path loss performance with different b, in using the 3GPP model

The comparison between the Okumura-Hata and 3GPP models is shown in Figure 5. In these
graphs, the Okumura-Hata model produced the pessimistic results in urban settings, whereas the
3GPP model is the most hopeful at wider distances. The smallest difference between the two models
at low distance values is nearly 10 dB, but it rapidly rises to 25 dB at 1 km. This is so that it can be
used in a variety of circumstances. The 3GPP model is appropriate for many cellular types.
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Fig. 5. Path loss performance with different by, in using Okumura-Hata and 3GPP models

Figure 6 shows that the proposed HybridPath model, which combines the Okumura-Hata and
3GPP formulas, performed better when the base station antenna height (bs) was 50 m, with an
average path loss of 97 dB. In comparison, when by was 30 m, the average path loss was 98.5 dB.
These results are similar to Okumura-Hata, where the maximum path loss decreases as the distance
of by increases.
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Fig. 6. Path loss performance with different b, using HybridPath model

Table 6 summarises the average path loss in an urban environment using Okumura-Hata, 3GPP,
and proposed HybridPath models. According to the results, it is concluded that in an urban
environment, the proposed HybridPath model performed better which is 97 dB and accurately
estimated path loss than the Okumura-Hata model which is 104.2 dB at a frequency of 433 MHz with
b is 50 m. The proposed HybridPath model is considered one of the models proving improvement
over the Okumura-Hata propagation model. Thus, this model can provide valuable insights into the
accuracy and suitability model for Sigfox in urban environments.

Table 6
The average path loss in urban scenarios using
Okumura-Hata, 3GPP, and proposed HybridPath

models

Specifications Okumura-Hata 3GPP HybridPath
br,=30m 106.6 dB 76.7dB  98.5dB
br=50 m 104.2 dB 87.3dB 97dB

Figure 7 compares the path loss performance of the proposed HybridPath, Okumura-Hata, and
3GPP propagation models in the urban setting with varying base station antenna heights (bs). The
outcomes show that the 3GPP model performs better than the other models for greater separations
between the transmitter and receiver in an urban setting. It always shows the least average path loss.
It is crucial to keep in mind that the proposed HybridPath model still has room for development.
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Fig. 7. Path loss performance with different b, using Okumura-Hata, 3GPP and
HybridPath models

The Okumura-Hata and 3GPP models' best features are combined in the proposed HybridPath
model. While the 3GPP model fine-tunes the forecasts in accordance with particular circumstances
and environments, the Okumura-Hata model integrates accurate topography maps to increase the
accuracy of predictions. Due to this combination, the proposed HybridPath model can offer insightful
information about the precision and applicability of path loss estimation for Sigfox in urban settings.

6. Conclusions

We explored the performance of the HybridPath propagation path models in Sigfox and proposed
them in this study. The outcomes were contrasted with those of other urban propagation models,
namely the Okumura Hata and 3GPP. In order to identify the best solutions, the study first compared
the path attenuation of the two main LPWAN propagation models (Okumura-Hata and 3GPP models).
The HybridPath concept was then suggested as a fresh propagation mechanism for Sigfox technology
to use in urban settings.

Based on the findings, it can be concluded that the suggested HybridPath model, by offering a
more thorough and precise path loss estimation for Sigfox, performs better than the Okumura-Hata
model in urban contexts. The 3GPP model, however, performed better in terms of path loss
performance than the other propagation models. Despite this, the suggested HybridPath model still
has room for improvement based on the propagation parameters since it was built using the
Okumura-Hata and 3GPP models. With additional research, the proposed HybridPath model can be
enhanced and expanded to include new varieties of terrains, operation frequencies, and
implementation circumstances. Further research and evaluation may be necessary to explore the
proposed HybridPath model’s performance for Sigfox in urban environments as well as in rural
environments.

Acknowledgement

The authors would like to thank Universiti Malaysia Pahang Al-Sultan Abdullah for financial assistance
under Postgraduate Research Grant Scheme (PRGS Grant PGRS220310).

160



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 56, Issue 1 (2026) 151-162

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

Chaudhari, Bharat S., Marco Zennaro, and Suresh Borkar. "LPWAN technologies: Emerging application
characteristics, requirements, and design considerations." Future Internet12, no. 3 (2020): 46.
https://doi.org/10.3390/fi12030046

Qadir, Qahhar Muhammad, Tarik A. Rashid, Nawzad K. Al-Salihi, Birzo Ismael, Alexander A. Kist, and Zhongwei
Zhang. "Low power wide area networks: A survey of enabling technologies, applications and interoperability
needs." IEEE Access 6 (2018): 77454-77473. https://doi.org/10.1109/ACCESS.2018.2883151

Elijah, Olakunle, Tharek Abdul Rahman, Igbafe Orikumhi, Chee Yen Leow, and MHD Nour Hindia. "An overview of
Internet of Things (1oT) and data analytics in agriculture: Benefits and challenges." IEEE Internet of things Journal 5,
no. 5 (2018): 3758-3773. https://doi.org/10.1109/J10T7.2018.2844296

Anusha, Veluru Sai, G. K. Nithya, and Sethuraman N. Rao. "A comprehensive survey of electromagnetic propagation
models." In 2017 International Conference on Communication and Signal Processing (ICCSP), pp. 1457-1462. |EEE,
2017. https://doi.org/10.1109/1CCSP.2017.8286627

Mukhtar, Wan Maisarah, Alia Athira Tarmuji, Noor Syuhaida Mohamed, and M. S. Jafree. "Theoretical Study on
Hybrid Amplification of 32-Channels DWDM in Optical Parametric Amplifiers." Journal of Advanced Research
Design 48 (2018): 1-13.

Qaiyum, Sana, lzzatdin A. Aziz, and N. Haron. "Quality-of-Experience modeling in high-density wireless
network." Journal of Advanced Research Design 14 (2015): 10-27.

Ikpehai, Augustine, Bamidele Adebisi, Khaled M. Rabie, Kelvin Anoh, Ruth E. Ande, Mohammad Hammoudeh, Haris
Gacanin, and Uche M. Mbanaso. "Low-power wide area network technologies for Internet-of-Things: A
comparative review." [EEE Internet of  Things Journal 6, no. 2 (2018): 2225-2240.
https://doi.org/10.1109/J10T.2018.2883728

Stusek, Martin, Dmitri Moltchanov, Pavel Masek, Konstantin Mikhaylov, Otto Zeman, Martin Roubicek, Yevgeni
Koucheryavy, and Jiri Hosek. "Accuracy assessment and cross-validation of LPWAN propagation models in urban
scenarios." IEEE Access 8 (2020): 154625-154636. https://doi.org/10.1109/ACCESS.2020.3016042

Harinda, Eugen, Salaheddin Hosseinzadeh, Hadi Larijani, and Ryan M. Gibson. "Comparative performance analysis
of empirical propagation models for lorawan 868mhz in an urban scenario." In 2019 IEEE 5th World Forum on
Internet of Things (WF-IoT), pp. 154-159. IEEE, 2019. https://doi.org/10.1109/WF-10T.2019.8767245

Febriyandi, Fenta, Ajib Setyo Arifin, and Muhammad Imam Nashiruddin. "Sigfox based network planning analysis
for public Internet of Things services in metropolitan area." In 2020 IEEE International Conference on Industry 4.0,
Artificial  Intelligence, —and  Communications  Technology  (IAICT), pp. 21-27. IEEE,  2020.
https://doi.org/10.1109/IAICT50021.2020.9172012

Avsar, Ercan, and Md Najmul Mowla. "Wireless communication protocols in smart agriculture: A review on
applications, challenges and future trends." Ad Hoc Networks 136 (2022): 102982.
https://doi.org/10.1016/j.adhoc.2022.102982

Harinda, Eugen, Salaheddin Hosseinzadeh, Hadi Larijani, and Ryan M. Gibson. "Comparative performance analysis
of empirical propagation models for lorawan 868mhz in an urban scenario." In 2019 IEEE 5th World Forum on
Internet of Things (WF-IoT), pp. 154-159. IEEE, 2019. https://doi.org/10.1109/WF-10T.2019.8767245

Ur-Rehman, Obaid, Natasa Zivic, Obaid Ur-Rehman, and Natasa Zivic. "Wireless communications." Noise Tolerant
Data Authentication for Wireless Communication (2018): 7-21. https://doi.org/10.1007/978-3-319-78942-2 2
Finnegan, Joseph, and Stephen Brown. "An analysis of the energy consumption of LPWA-based IoT devices." In 2018
International Symposium on Networks, Computers and Communications (ISNCC), pp. 1-6. IEEE, 2018.
https://doi.org/10.1109/ISNCC.2018.8531068

Goel, Raj Kumar, Chandra Shekhar Yadav, Shweta Vishnoi, and Ritesh Rastogi. "Smart agriculture-Urgent need of
the day in developing countries." Sustainable Computing: Informatics and Systems 30 (2021): 100512.
https://doi.org/10.1016/j.suscom.2021.100512

D. Patel, “Open PRAIRIE : Open Public Research Access Institutional Repository and Information Exchange Low
Power Wide Area Networks ( LPWAN ): Technology Review and Experimental Study on Mobility Effect,” Electronic
Theses and Dissertations, South Dakota State University, (2018).

Klaina, Hicham, Imanol Picallo Guembe, Peio Lopez-Iturri, Miguel Angel Campo-Bescés, Leyre Azpilicueta, Otman
Aghzout, Ana Vazquez Alejos, and Francisco Falcone. "Analysis of low power wide area network wireless
technologies in smart agriculture for large-scale farm monitoring and tractor communications." Measurement 187
(2022): 110231. https://doi.org/10.1016/j.measurement.2021.110231

Ding, Jie, Mahyar Nemati, Chathurika Ranaweera, and Jinho Choi. "loT connectivity technologies and applications:
A survey." IEEE Access 8 (2020): 67646-67673. https://doi.org/10.1109/ACCESS.2020.2985932

161


https://doi.org/10.3390/fi12030046
https://doi.org/10.1109/ACCESS.2018.2883151
https://doi.org/10.1109/JIOT.2018.2844296
https://doi.org/10.1109/ICCSP.2017.8286627
https://doi.org/10.1109/JIOT.2018.2883728
https://doi.org/10.1109/ACCESS.2020.3016042
https://doi.org/10.1109/WF-IoT.2019.8767245
https://doi.org/10.1109/IAICT50021.2020.9172012
https://doi.org/10.1016/j.adhoc.2022.102982
https://doi.org/10.1109/WF-IoT.2019.8767245
https://doi.org/10.1007/978-3-319-78942-2_2
https://doi.org/10.1109/ISNCC.2018.8531068
https://doi.org/10.1016/j.suscom.2021.100512
https://doi.org/10.1016/j.measurement.2021.110231
https://doi.org/10.1109/ACCESS.2020.2985932

Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 56, Issue 1 (2026) 151-162

(19]

(20]

(21]

(22]

(23]

(24]

(25]

Sulaiman, Aisyah I., Mohd S. Ahmad, Roshahliza M. Ramli, Waheb A. Jabbar, and Ammar Tajuddin. "Performance
analysis of Sigfox deployment." (2022): 164-169. https://doi.org/10.1049/icp.2022.2593

Almuhaya, Mukarram AM, Waheb A. Jabbar, Noorazliza Sulaiman, and Suliman Abdulmalek. "A survey on Lorawan
technology: Recent trends, opportunities, simulation tools and future directions." Electronics 11, no. 1 (2022): 164.
https://doi.org/10.3390/electronics11010164

Wang, Shie-Yuan, Jui-En Chang, Hsin Fan, and Yi-Hsiu Sun. "Performance comparisons of NB-loT, LTE Cat-M1, Sigfox,
and LoRa moving at high speeds in the air." In 2020 IEEE Symposium on Computers and Communications (ISCC), pp.
1-6. IEEE, 2020. https://doi.org/10.1109/I1SCC50000.2020.9219557

Mekki, Kais, Eddy Bajic, Frederic Chaxel, and Fernand Meyer. "A comparative study of LPWAN technologies for
large-scale IoT deployment." ICT express 5, no. 1 (2019): 1-7. https://doi.org/10.1016/].icte.2017.12.005

Farooq, Muhammad Shoaib, Shamyla Riaz, Adnan Abid, Tarig Umer, and Yousaf Bin Zikria. "Role of l1oT technology
in agriculture: A systematic literature review." Electronics 9, no. 2 (2020): 319.
https://doi.org/10.3390/electronics9020319

Mekki, Kais, Eddy Bajic, Frederic Chaxel, and Fernand Meyer. "Overview of cellular LPWAN technologies for loT
deployment: Sigfox, LoRaWAN, and NB-loT." In 2018 ieee international conference on pervasive computing and
communications workshops (percom workshops), pp. 197-202. IEEE, 2018.
https://doi.org/10.1109/PERCOMW.2018.8480255

Abdallah, Wajih, Sami Mnasri, and Nejah Nasri. "Emergent loT wireless technologies beyond the year 2020: A
comprehensive comparative analysis." In 2020 International Conference on Computing and Information Technology
(ICCIT-1441), pp. 1-5. IEEE, 2020. https://doi.org/10.1109/ICCIT-144147971.2020.9213799

162


https://doi.org/10.1049/icp.2022.2593
https://doi.org/10.3390/electronics11010164
https://doi.org/10.1109/ISCC50000.2020.9219557
https://doi.org/10.1016/j.icte.2017.12.005
https://doi.org/10.3390/electronics9020319
https://doi.org/10.1109/PERCOMW.2018.8480255
https://doi.org/10.1109/ICCIT-144147971.2020.9213799

