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Abstract—Narrow Band Internet of Things (NB-IoT) is one of
the drivers of industry 4.0 and the study of its wireless behavior
in Indoor industrial environments has become important. This
is because of the unfavorable conditions poised to wireless
propagation as a result of the presence of heavy-duty equipment
and the physical structure of industrial buildings. In this paper,
an indoor industry was modeled to present some of the reflective
characteristics and its effects on wireless propagation, partic-
ularly large-scale fading. The results obtained which include
propagation paths, path loss, and impulse response showed how
the environment affected the wireless transmission of NB-IoT.
However, to mitigate this challenge, a collaborative scheme is
introduced to improve the transmission among the affected NB-
IoT terminals. The proposed scheme resulted in a collective
improvement in path loss value by 30.44%.

Index Terms—NB-IoT, IoT, Industry 4.0, Wireless communi-
cation, LTE, Low-Power Wide Area Network (LPWAN), Path
Loss.

I. INTRODUCTION

The propagation of wireless communication depends on the
environment in which they are deployed. Wireless Narrow
Band Internet of Things (NB-IoT) are one of the major
components that are set to drive the revolutionary industry
4.0. However, the propagation of vital data in indoor industrial
settings is hampered by the core structure or characteristics
of the environment [1]. While there are different types of
industries, such as chemical processing, wood, textile, metal
fabrication, plastic, and food industries, the type of data that
the sensors gather differs. These data traversing the wireless
network space have different levels of criticality which rely
on the network metrics such as latency and reliability levels.
Therefore, the need for a network that can deliver, at least,
close to a real-time communication is paramount [2].

One of the major characteristics of industrial settings is the
materials that made up the structure or building as well as the
content that filled the building. These characteristics reflect the
purpose or production activities of the industry. For example,
petrochemical/chemical, mining, metal, and cement industries
have many parts of the structure built in concretes, including
floors, and are also filled with heavy-duty equipment and
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machinery for operation. These industrial sites are distinctly
unique and different from residential homes and office environ-
ments. This is because they are filled with large materials such
as metal sheets that are reflective which causes high resonance,
shadowing, and fading effects to wireless communications [3].
One of the major contributors to increased latency and de-
graded reliability performance in wireless communication in
industries is the inter-symbol interference which is caused by
multipath delay spread.

In this paper, wireless propagation and communication of
NB-IoT applications in a chemical industry has been re-
searched to present the various communication traffics gen-
erated in different sections of the factory. Since reliability
and latency play key roles toward real-time communication in
industries, the various communication traffics can be matched
to their level of acceptable tolerance. These include: remote
control traffics which are typically used for the control of
robotic arms in precise processes; emergency traffics for safety
purposes such as chemical waste or gas leakages within
the factory; critical control traffics for chemical production
processes [4]. This is a typical scenario of a chemical industry
where another communication traffics can be generated and
the demand for wireless communication performance varies
among industries that control or manage various physical
processes.

The rest of the paper has the following structure. Section II
presents related works performed in this research, section III
discusses the application of NB-IoT in the indoor industrial
environment. The industrial design and system setup including
the simulation model is presence in section IV. Results and
its discussion is presented in section V and finally section VI
concluded the paper.

II. RELATED WORKS

Some research works have been carried out to understand
how wireless communication works in indoor industrial set-
tings. Among this is [5], where the authors try to understand
the performance limitations of wireless applications in indus-
trial environments by using an amplitude probability distribu-
tion and root-mean-square (RMS) delay spread measurements



approach to perform electromagnetic site surveys in three
automation factories. The study revealed that impulse noise
is an important factor to be considered in evaluating wireless
communications in such environments. Similarly, based on
the room electromagnetic theory, [6] developed a path-loss
and RMS delay spread prediction for an industrial indoor
environment. Using a loss cavity phenomenon, the indoor
environment was characterized by walls and surrounding ob-
stacles that produces diffuse scattering components. The study
revealed matching results from the theoretical background and
the measurements obtained. Authors in [7] found out that
specular reflections in high-rise buildings can cause two sets
of challenges: noticeable time spreads in a cell and secondly,
important signal levels in some areas that could be fitting
other cells. The effects of large-scale fading and temporal
fading in indoor industrial environments were studied and
measured in [8]. Measurements were carried out at 900, 2400,
and 5200 MHz frequencies. The results described the fitting
of these effects to the one-slope path-loss model and Ricean
distribution. The identification of suitable channel models for
the industrial Internet of Things through the use of comparative
analysis was performed in [9]. The authors in [10], discussed
some practical challenges associated with various forms of
industrial settings and presented an approach towards the
deployment of wireless systems in industries. The approach
spans the implementation in several phases for the life cycle
of the system. Furthermore, a proposal for the scalability of
the Internet of Things system in the monitoring of industrial
processes and the environment is presented by [11]. Based
on the results obtained, the protocols used in the studies
show suitability in the wireless applications of NB-IoT in
industrial monitoring. In environments that are characterized
by multi-path such as industries, the applications of NB-IoT is
such environments limits the performance of Time of Arrival
and Observed Difference of Time of Arrival (TOA/ODTOA)
coupled with the 180 kHz bandwidth limitation of NB-IoT. To
mitigate this, [12] proposed an enhanced estimation algorithm
of multi-path time of arrival to improve upon the accuracy of
TOA/ODTOA and the result shows improvement on the use of
conventional estimation of TOA. Enclosed environments such
as the indoor industries is associated with noise generated from
the industrial process, [13] surveyed man-made noise from
a semi-enclosed environment (indoor industry) and observed
that the noise generated is between 20 dB and 40 dB which
is much higher than the base line noise described in [14].
To attain a good coverage and service reliability for proper
IoT functionality, [15] measured the channel parameters of
an indoor LTE system. The authors used software-defined
radio techniques to measure path loss exponent, shadowing,
and received power. The results obtained were compared with
the International Telecommunication Union path loss (ITU).
Some works have been carried on transmission challenges in
Wireless Sensor Networks (WSN) such as [16]. The authors in
this paper proposed a Dispersed greedy algorithm to increase
network range. This algorithm was later modified to two types
which are priority based by [17]. To improve upon priority

based target network range, [18] developed a priority aug-
mented graph and genetic algorithm for this purpose. However,
the authors did not consider the effect of the structural building
on the measured channel parameters.

III. NB-IOT IN INDUSTRIAL ENVIRONMENTS

NB-IoT is another form of IoT, and it is among the family of
Low Power Wide Area Networks (LPWAN). It is a technology
built on the existing infrastructure of the Long Term Evolution
(LTE) or 4G. The Third Generation Partnership Project (3GPP)
has brought a lot of standardization to this technology in 2016
and made it suitable for deployment in practice (depending
on the purpose) including the industrial environments. Among
the features that made NB-IoT suitable for deployment in
industries include its low energy consumption rate which
translates to long battery life (do not require frequent re-
placement of batteries during industrial operations), this is
as a result of its power-saving mode (PSM) and expanded
discontinues reception (eDRx) schemes; enhanced coverage
range capability which is powered by the transmission tone
mechanism (re-transmission); capacity to be connected to
numerous application per single cell (allows for an increased
number of NB-IoT terminal usage in industries); scalability
in deployment due to available modes of band deployment
(limited interruption of the industrial network during NB-IoT
maintenance); and increased reliability backed by the robust
LTE infrastructure [1].

Applications of NB-IoT are limited to the amount of band-
width that it can provide. This is subject to a maximum
bandwidth of 200 kHz for a stand-alone mode of deployment
and 180 kHz for in-band or guard-band deployments. The
amount and type of data it can therefore carry depends on this
factor in the industrial space of operation, nevertheless, this
makes it suitable for deployment in industries that requires
the transmission of small data at regular intervals. The trans-
mission tone mechanism plays a vital role in the coverage and
reliability capacity of NB-IoT, however, it is subject to the hard
environmental conditions presented by the indoor industrial
environment on wireless systems including man-made noise
as presented in [13]. In this model, the types and sizes of
data transmitted in the NB-IoT wireless network are within its
capacity of operation. These include critical, safety, process,
and control data.

A. Proposed NB-IoT Collaborative Scheme

This scheme is a method used in the enhancement of
wireless transmission in indoor industrial environments. The
aim is to provide a more suitable transmission to NB-IoT
terminals that cannot reach an outdoor LTE transceiver due
to distance and obstacles or the reflective nature of the
industrial equipment. The scheme uses path loss value only for
which the outage probability depends on the received power.
This received power is the threshold to which the receiver
is sensitive for an error-free regeneration of the transmitted
information or data. This outage probability [19] is presented



 

 

Fig. 1: Data communication in the factory.

in equation (1), where p is the probability that the received
power (Pr) is less than the threshold power (Pmin).

Pout = p(Pr < Pmin) (1)

Therefore, for a given boundary scenario, the probability
outage will equal 1 (Pout = 1) for a high path loss value and
zero (Pout = 0) for a low path loss value. The following pa-
rameters were used in this scheme: Pmin = −74.1571 (dBm)
corresponding to a path loss value of 74.192 (dB). Based on
the value of Pmin, NB-IoT terminals whose Pout = 1 were
identified as concerned NB-IoT terminals, and terminal 12 is
identified, tested, and found to be suitable for reconfiguration
as a transceiver. This scheme improved the wireless trans-
mission of the concerned NB-IoT terminals as explained in
section V.

IV. INDOOR INDUSTRIAL DESIGN AND SYSTEM SETUP

A. Industrial Layout

In line with the standard structure of a chemical factory [20],
in this paper, the modelled factory exhibits similar physical
properties of a practical chemical industries. The factory
comprises of four units, and two sections namely: production,
waste, storage or warehouse, distribution units, and the control
section along with the staff offices. The floors of the building
and the ceilings are made up of concretes. The walls of the
factory are also made of layered dry walls. The height of
this building is approximately 6 to 7 m high. The industrial
inventory in this facility are placed in order of production
convenience. The sectional production unit consist of assembly
lines (with robotic arms), packing, fitting, handling, etc. These
sections are visible with the inventories that handle them.
The waste or by-products of the process are stored in the
waste unit with a tight access control. The storage unit holds
the finished products and is linked to the production unit
for easy transportation of products. The finished products are
stacked in metal racks in the warehouse. A distribution unit
is also made available for onward evacuation of the finished
products from the warehouse. The control room monitors the
overall activities in the factory, this ranges from the production
processes, including quality control, to waste management,
volume of finished products in the warehouse, and the quantity

Fig. 2: Industry floor plan.

TABLE I: The Material Properties of the modeled industrial
structure.

Properties
Building Parts

Floors Windows Doors Walls Ceilings
Concrete ITU Glass 2.4 GHz ITU Wood 2.4 GHz Layered Drywall Concrete

Permittivity 15.00 6.270 1.990 2.800 15.00
Conductivity 0.01500 0.01221 0.01201 0.00100 0.01500

Thickness (m) 0.300 0.00300 0.0300 0.127 0.300

of products leaving the factory, all at real time. The offices
contain staff that manage the day to day activities of the
factory. Figure 2 shows the floor plan and figure 3 shows the
modelled factory building.

B. Indoor Industrial Properties and Standards

The wireless propagation in an indoor environment in-
cluding industries is characterized by the material used in
the construction of the building. These materials affect the
reflection and overall transmission of wireless signals. The rate
of reflection or transmission through these materials depends
on the permittivity and conductivity levels of the material
[21]. In this model, both the floor and ceilings are made up
of concrete with permittivity and conductivity of 15.00 F/m
and 0.015 S/m respectively. The walls are layered drywall,
windows are ITU Glass 2.4 GHz, and doors are ITU wood
2.4 GHz. The materials used in the modeling of the industry
follow the ITU recommendations [22]. These standards are
summarised in Table I.

C. Equipment Causing Reflections, Multi-paths, and Shadow-
ing

The industry is equipped with extensive machinery used for
production. These machines are made up of metals and metal
sheets that cause the reflection to wireless transmission. In
addition to the walls and other barriers that are an obstacle to
the propagation of wireless signals, the machines are a major
obstacle as well and this results in fading of the signal as
it reaches its final destinations taking multiple paths. In this
paper, the focus is on Large-Scale fading. However, some of
the assumptions made in this model are the non-existence of
man-made noise as discussed in [13] and the cancellation of
any background radiation in the factory building. This is aimed
at no disruption to the narrowband measurements.



• Large-Scale Fading: Since this is the attenuation of av-
erage signal power, as it travels through a long distance
from transmitter to receiver, the model focused on two
types of large-scale fading produced as a result of the
presence of these machinery viz, path-loss and shadow-
ing.

– Path-Loss (PL): To understand the Large-scale fading
characteristics which describes the indoor industrial
radio channel, path-loss is used to achieve this. To
measure the PL, the use of radio channel budget link
is computed and its value is represented in dB as
shown in Equation (2).

PL = PT +GT +GR − LT − LR − PR (2)

PT is known to be the power of the transmitter Tx
which is measured in dBm, GT and GT are Tx and
receiver Rx antenna gains respectively, measured in
dBi. LT and LR takes care of any cable losses at
the Tx and Rx ends respectively (in dB), and PR

is the final local mean power received by Rx in
dBm. However, [6] and [23] have both proven that
one-slope model PL in Equation (3) is suitable to
describe the large-scale fading in industrial settings
while [9] suggested a PL model for a 900 MHz NB-
IoT wireless propagation in Equation (4), where d3D
is the distance in m.

PL(d) = PL(d0) + 10n log

(
d

d0

)
(3)

PL = 61.65 + 24.9 log10

(
d3D
15

)
, σ = 7.35 (4)

In Equation (3), the PL(d) in dB shows its depen-
dence on the distance (d) measured in meters. It
increases as the distance between the Tx and Rx
increases. PL(d0) is the path-loss in dB, measured
at a reference distance d0 in m, and n is a path-
loss exponent which is dimensionless. As presented
in [12], PL(d0) can be determined in two ways:
Non-fixed intercept or fixed intercept where the latter
is equal to free space path-loss with a reference
distance of d0 and represented in Equation (5) where
λ is the wavelength (in m).

PL(d0) = 20 log

(
4π

λ

)
(5)

D. Simulation Model

As shown in Figure 3, nineteen (19) units of NB-IoTs
were deployed and simulated in the factory scenario with one
outdoor transceiver. These NBIoTs are attached to the factory
machines at a height of 2 m while the outdoor transceiver
is attached to a tower at a height of 7 m. The sequential
numbering of the units does not follow the increase in distance
using the outdoor transceiver as a reference point. This is
to make re-configuration and re-positioning of the units easy

Fig. 3: Simulation boundary and NB-IoT terminals attached
to industrial equipment.

TABLE II: Simulation Parameters for wireless propagation.

Waveform Sinusoidal
Frequency 900 MHz
Bandwidth 180 kHz
Deployment mode In-band
Telecom Antenna Isotropic
Polarization Vertical
Receiver threshold (dBm) -250.00
Tx/Rx coordinate system Cartesian
Propagation model X3D
Ray spacing 0.2500
Number of reflections 6
Number of transmissions 4
Number of diffractions 1

within the factory. One of the major and safe assumptions
in the simulation is the absence of man-made noise or noise
generated from industrial processes as described by [13]. This
assumption is made to eliminate the effect of interference with
the wireless transmission of interest.

In addition to the structural properties used in the modeling
of the industry in Table I, Table II summarises the parameters
used in the simulation of the wireless propagation of the
building.

The chemical industrial system as shown in Figure 2, is
designed into sections that have separate or unique charac-
teristics. This implies that the level of data rate, latency, and
reliability requirements differ from section to section in the
application of NB-IoT. The following sections make up the
factory.

• Production Section: This space comprises the production
processes that result in the final product of the factory.
It has several stages of production, from the preparation
of raw materials, mixing, pre-processing, post-processing,
quality assurance, product certification, packaging units,
and transfer to the assembly lines.

• Waste Section: The by-product or waste produced in
the process of production is stored in this unit and
requires proper monitoring since it involves toxic waste
and poisonous gases that can endanger the safety of the
industrial staff and any occurrence needs to be alerted
immediately.



• Warehouse Section: This is where the finished products
are housed. Data transmitted here includes keeping count
of the products, state of the products, and condition of
the warehouse.

• Distribution Section: This unit is linked to the warehouse
and is designated for the assembly of the finished prod-
ucts for onward distribution.

• Control Room: This is the observation room of the fac-
tory, it monitors all the activities in the factory processes
for compliance to standards, rules, and conditions pro-
vided for the smooth operation of the factory. This section
stores and further transmits information collected from
various units or sections to the appropriate departments
for action, including the management, accounting, safety,
and production departments.

• Offices: The factory staff divided into departments are all
in this section. They receive information or instructions
on their handheld devices or dedicated computer systems
to be acted upon.

V. RESULTS EVALUATION AND DISCUSSION

All NB-IoT terminals and outdoor transceivers are simulated
as explained in sub-section (IV-D) and results are obtained
to evaluate the performance. As explained in the following
sub-sections, the results obtained from the simulation includes
propagation path, path loss, and impulse response.

A. Propagation paths of signals from NB-IoT terminals

The propagation paths of wireless transmission are visual-
ized to observe how these signals travel from transmitters to
their respective receivers [19]. As expected, several propaga-
tion paths have occurred in different stages of the simulation.
These paths range from 1 to 25 and can be visualized for
analysis depending on the chosen path of interest. These paths
are also color-coded which indicates the amount of power it
carries and the Time of Arrival (TOA) to a destination. For
clarity and neatness, the selection of 2 propagation paths per
terminal is presented in this subsection. Figure 4(a) presents
the propagation paths from all 19 NB-IoT terminals transmit-
ting to the outdoor transceiver. It could be observed that the
outdoor transceiver received reasonable power (as seen from
the color code legend), from NB-IoT terminals 1-12. However,
the power received from NB-IoT terminals 13-18 is unreliable.

To overcome this unreliability, using the collaborative
scheme explained in Section III-A, these poorly performed
NB-IoT terminals (13,15,16,17, and 18) had their propagation
improved upon by re-configuration of NB-IoT terminal 12 as a
transceiver to provide more reliable transmission. Figure 4(b)
therefore shows the improved propagation paths of the affected
NB-IoT terminals as they transmit to NB-IoT terminal 12.

B. NB-IoT Path Loss (dB)

As described in section III, the path loss is used to explain
some of the characteristics of large-scale fading. In this
scenario, the path loss of the average signal power from the
transmitters to the receivers is measured and plotted. These

include the path loss from the outdoor transceiver to all NB-
IoT terminals. The path loss from all the NB-IoT terminals
to the outdoor transceiver. The path loss from other NB-
IoT terminals to NB-IoT number 12 when configured as a
transceiver and finally, path loss from NB-IoT number 12 to
other NB-IoT terminals. From the results shown in Figure 5,
the path loss increases as the distance increases. However,
there are noticeable points where the path loss decreased even
with the increase in the distance such as at distances 32.55
m, 48.28 m, 51.89 m, 59.87 m with NB-IoT terminal 19, 11,
12, and 13 respectively. These points experienced improved
line of sight and fewer obstructions to the propagating signal
from the outdoor transceiver. Similarly, there is a noticeable
increase in path loss value among some NB-IoT terminals,
such as 13, 15, 16, 17, and 18 with path loss values as
107.73 dB, 107.50 dB, 105.17 dB, 108.10 dB, and 103.60
dB respectively. This is as compared to unit 9 with 77.16 dB
in path loss value. In this research work, these terminals are
the area of concern for the probability of the received power
falling below the threshold which is related to the minimum
power needed for the receivers to catch all the data from the
transmitter. The NB-IoT collaborative scheme is deployed to
address this concern and to reduce the outage probability. This
involves the configuration of the selected NB-IoT terminal 12
as a transceiver for reliable transmission of the wireless signal
to other NB-IoT terminals of concern.

Figure 6 shows the results obtained from the simulation
after the collaborative scheme was implemented. Here, NB-
IoT terminal 12 was configured as a transceiver to propagate
wirelessly to the concerned NB-IoTs. Table III shows the
change in path loss value per NB-IoT terminal after the scheme
was simulated. The overall average improvement in path loss
value for the concerned NB-IoTs is calculated to be 30.44%.
For example, unit 17 with the worst path loss value reduced
from 108.10 dB to 57.48 dB (a 46.83% improvement in path
loss value), this terminal has a distance of 20.24 m from
terminal 12. This improvement is partly due to the reduction
in the distances between unit 12 and the concerned NB-IoTs.

C. Impulse response (IR) for NB-IoT terminals

In this paper, we used the NB-IoT Impulse Response (IR)
to further analyze the collaborative scheme. Using this IR,
tabulation of important parameters is presented. Table IV
shows the IR for 7 NB-IoT terminals (1, 12, 13, 15, 16, 17,
and 18) where NB-IoT 1 and 12 are examples of terminals
with reliable IR. The reliability here means that the outdoor
transceiver received total power of -56.19 (dBm) and -74.19
(dBm) from all the 25 propagation paths with a mean TOA
of 4.99e-08 and 1.76e-07 from NB-IoT 1 and 12 respectively.
However, this is not true for the concerned NB-IoT (13, 15,16,
17, and 18). Apart from the reduced value in total power, the
mean TOA and delay spread for these terminals also increased
as compared to NB-IoT 1 and 12.

Table V shows the IR for the concerned NB-IoT terminals.
The table shows the improvement or increment in total power
received, reduction in mean TOA, and delay spread values.



(a) (b)

Fig. 4: Propagation paths (a) NB-IoT terminals to the outdoor transceiver (b) other NB-IoT terminals to NB-IoT terminal 12.

TABLE III: Average percentage change in path loss value

NB-IoT Terminals 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Path Loss change 6.78% 28.17% 4.75% 16.86% 10.24% 2.53% 29.64% 30.92% 37.06% 33.61% 36.89% 43.18% 53.15% 15.18% 60.40% 32.11% 46.83% 31.55% 0.56%
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Fig. 5: Path loss for all NB-IoT to outdoor receiver.

This improvement occurred as a result of NB-IoT 12 serving
as a transceiver to the concerned NB-IoT terminals.

VI. CONCLUSION

This paper presents research on wireless propagation of NB-
IoT in an indoor industrial environment. A chemical factory
containing production equipment was modeled and simulated;
this equipment had NB-IoT units attached for sensing, storing
or gathering, and relaying information across the factory and
to an outdoor transceiver. To understand the reflective effects
of the industrial environment on wireless communication, we
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Fig. 6: Path loss for other NB-IoT to NB-IoT 12.

studied the large-scale fading phenomenon in the environment
and focused on the propagation paths, path loss, and complex
impulse response of these NB-IoTs. As expected, the measured
parameters confirm this phenomenon due to the distance and
obstruction of wireless transmission from the transmitter to the
receivers. The worst terminal had a path loss value of 108.10
dB and a significant value of TOA. However, to mitigate this
challenge, we introduced a collaborative scheme, where NB-
IoT 12 was selected and configured as a transceiver to improve
the wireless transmission to some affected NB-IoT known



TABLE IV: The impulse response (IR) for selected NB-IoT terminals transmitting to the outdoor transceiver.

NB-IoT Number of Paths Min. Power (dBm) Max. Power (dBm) Total Power (dBm) Mean TOA (s) Delay Spread (s)

1 25 -101.37 -55.08 -56.19 4.986970e-08 5.993630e-09
12 25 -106.48 -74.84 -74.19 1.756820e-07 6.848350e-09
13 21 -219.56 -109.22 -107.73 2.813710e-07 7.471610e-08
15 9 -151.14 -107.50 -107.50 2.000320e-07 1.211160e-08
16 12 -186.12 -106.99 -105.17 2.149170e-07 2.759940e-08
17 13 -162.13 -104.94 -108.10 2.509420e-07 1.938920e-08
18 14 -182.77 -104.10 -103.60 2.627850e-07 8.209690e-09

TABLE V: The impulse response (IR) for affected NB-IoT terminals transmitting to NB-IoT terminal 12.

NB-IoT Number of Paths Min. Power (dBm) Max. Power (dBm) Total Power (dBm) Mean TOA (s) Delay Spread (s)

13 25 -88.98 -52.84 -50.46 4.084910e-08 1.884470e-08
15 25 -102.09 -59.74 -63.63 8.496480e-08 9.286800e-09
16 25 -94.71 -76.58 -71.40 1.373700e-07 2.470500e-08
17 25 -86.43 -58.16 -57.48 7.173060e-08 1.726990e-08
18 25 -101.44 -76.73 -70.92 1.325090e-07 2.598270e-08

as concerned NB-IoTs. Upon the implementation of this
scheme, these affected NB-IoTs collectively had an improved
path loss value of 30.44% with a more appreciated received
power. Future work will focus on a more robust collaborative
scheme to improve wireless communication among NB-IoT in
industrial environments.

ACKNOWLEDGMENT

A profound acknowledgment goes to the Petroleum Tech-
nology Development Fund (PTDF) of the Federal Republic of
Nigeria supporting this research work.

REFERENCES

[1] M. Dangana, S. Ansari, Q. H. Abbasi, S. Hussain, and M. A. Imran,
“Suitability of nb-iot for indoor industrial environment: A survey
and insights,” Sensors, vol. 21, no. 16, 2021. [Online]. Available:
https://www.mdpi.com/1424-8220/21/16/5284

[2] Z. Pang, M. Luvisotto, and D. Dzung, “Wireless high-performance
communications: The challenges and opportunities of a new target,”
IEEE Industrial Electronics Magazine, vol. 11, no. 3, pp. 20–25, 2017.

[3] J. Xiaolin, P. Zhibo, L. Michele, C. Richard, D. Dacfey, and F. Carlo,
“Delay optimization for industrial wireless control systems based on
channel characterization,” IEEE Transactions on Industrial Informatics,
vol. 16, no. 9, pp. 5855–5865, 2020.

[4] H. Celebi, A. Pitarokoilis, and M. Skoglund, Wireless Communication
for the Industrial IoT. Springer Nature, 2020.

[5] J. F. Coll, J. Chilo, and B. Slimane, “Radio-frequency electromagnetic
characterization in factory infrastructures,” IEEE Transactions on Elec-
tromagnetic Compatibility, vol. 54, no. 3, pp. 708–711, 2012.

[6] Y. Ai, J. B. Andersen, and M. Cheffena, “Path-loss prediction for an
industrial indoor environment based on room electromagnetics,” IEEE
Transactions on Antennas and Propagation, vol. 65, no. 7, pp. 3664–
3674, 2017.

[7] J.-E. Berg, J. Ruprecht, J.-P. de Weck, and A. Mattsson, “Specular
reflections from high-rise buildings in 900 mhz cellular systems,” in
[1991 Proceedings] 41st IEEE Vehicular Technology Conference, 1991,
pp. 594–599.

[8] E. Tanghe, W. Joseph, L. Verloock, L. Martens, H. Capoen, K. V. Her-
wegen, and W. Vantomme, “The industrial indoor channel: large-scale
and temporal fading at 900, 2400, and 5200 mhz,” IEEE Transactions
on Wireless Communications, vol. 7, no. 7, pp. 2740–2751, 2008.

[9] W. Wang, S. L. Capitaneanu, D. Marinca, and E.-S. Lohan, “Compara-
tive analysis of channel models for industrial iot wireless communica-
tion,” IEEE Access, vol. 7, pp. 91 627–91 640, 2019.

[10] R. Candell, M. Kashef, Y. Liu, K. B. Lee, and S. Foufou, “Industrial
wireless systems guidelines: Practical considerations and deployment
life cycle,” IEEE Industrial Electronics Magazine, vol. 12, no. 4, pp.
6–17, 2018.

[11] M. Klymash, T. Maksymyuk, S. Dumych, and O. Yaremko, “Designing
the industrial and environmental monitoring system based on the internet
of things architecture,” in 2018 IEEE 4th International Symposium on
Wireless Systems within the International Conferences on Intelligent
Data Acquisition and Advanced Computing Systems (IDAACS-SWS),
2018, pp. 187–190.

[12] D. Jiang and F. Liu, “Multipath time of arrival estimation algorithm
based on successive interference cancellation in nb-iot systems,” in 2020
2nd International Conference on Artificial Intelligence and Advanced
Manufacture (AIAM), 2020, pp. 280–287.

[13] F. Leferink, F. Silva, J. Catrysse, S. Batterman, V. Beauvois, and
A. Roc’h, “Man-made noise in our living environments,” URSI Radio
Science Bulletin, vol. 2010, no. 334, pp. 49–57, 2010.

[14] I. T. Union, “Radio noise,” International Telecommunication
Union (ITU), Geneva, Switzerland, 2013. [Online]. Available:
https://www.itu.int/rec/R-REC-P.372

[15] G.-Y. Liu, T.-Y. Chang, Y.-C. Chiang, P.-C. Lin, and J. Mar,
“Path loss measurements of indoor lte system for the internet of
things,” Applied Sciences, vol. 7, no. 6, 2017. [Online]. Available:
https://www.mdpi.com/2076-3417/7/6/537

[16] J. Ai and A. A. Abouzeid, “Coverage by directional sensors in ran-
domly deployed wireless sensor networks,” Journal of Combinatorial
Optimization, vol. 11, no. 1, pp. 21–41, 2006.

[17] C.-K. Liang, C.-H. Tsai, and T.-H. Chu, “Coverage enhancing algorithms
in directional sensor networks with rotatable sensors,” in 2011 IEEE
Asia-Pacific Services Computing Conference. IEEE, 2011, pp. 377–
383.

[18] J. Wang, C. Niu, and R. Shen, “Priority-based target coverage in
directional sensor networks using a genetic algorithm,” Computers &
Mathematics with Applications, vol. 57, no. 11-12, pp. 1915–1922, 2009.

[19] R. k. Crane, Propagation Handbook for Wireless Communication
System Design. CRC Press, 2003, no. 6. [Online]. Available:
https://www.api.taylorfrancis.com

[20] U. K. Government, “The building regulations,” The
Merged approved Documents, July, 2021. [Online]. Available:
https://assets.publishing.service.gov.uk/government/uploads/pdflsJu.pdf

[21] I. T. Union, “Propagation data and prediction methods for the planning
of indoor radiocommunication systems and radio local area networks
in the frequency range 900 mhz to 100 ghz,” Recommendation ITU-R
P.1238-7, pp. 1–28, 2012.

[22] I. International Telecommunication Union, “Effects of building materials
and structures on radiowave propagation above about 100 mhz,” P-
Series, Radiowave propagation. Recommendation ITU-R P.2040-2, pp.
1–32, 2021.

[23] G. Ali, Introduction to Digital Communication. ScienceDirect, 2016.


	IEEE.pdf
	270911

