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Abstract

The rapid proliferation of Internet of Things (IoT) has revolutionized the field of status monitoring for
electrical equipment such as hydropower station equipment, offering enhanced efficiency and reliability in
maintenance and operations. In this paper, we investigate the utilization of IoT transmission technology
enhanced by multiple relays, denoted as M relays, to augment the monitoring of hydropower station
equipment. To optimize the performance of the system, we employ partial relay selection, commonly referred
to as selection combining. This study delves into the analysis of the system performance by deriving an
analytical data rate, with a focus on quantifying the benefits of employing partial relay selection in IoT

transmission for electrical equipment status monitoring. Our analytical approach enables a comprehensive
evaluation of system efficiency, considering factors such as data rate, reliability, and power consumption.
Through our analysis, we aim to provide valuable insights into the trade-offs and advantages of incorporating
partial relay selection into IoT systems. By examining the impact of M relays and partial relay selection on
IoT transmission technology, the work in this paper can help enhance the reliability of status monitoring for
electrical equipment, ultimately advancing the capabilities of IoT-based solutions in the context of electrical
systems and equipment maintenance.
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1. Introduction seamless integration of sensors, data analytics, and net-
work connectivity, IIoT networks empower industries to
proactively monitor and manage their assets, minimiz-
ing downtime and maximizing productivity [9-12]. As
industries continue to embrace the potential of IoT, the
development of robust and reliable status monitoring
solutions remains at the forefront of innovation, driving
advancements in industrial automation and optimiza-
tion.

Internet of Things (IoT) networks have ushered in a
new era of connectivity and automation, offering trans-
formative capabilities across a wide spectrum of appli-
cations [1-4]. Among these, status monitoring within
industrial IoT (IIoT) networks stands out as a pivotal
domain. Industrial IoT networks provide the infrastruc-
ture for real-time, data-driven insights and control over
machinery, equipment, and processes within various
industrial sectors [5-8]. This includes predictive main-
tenance in manufacturing plants, remote monitoring of
critical infrastructure, and efficient asset management
in smart cities. These applications not only enhance
operational efficiency but also contribute to cost reduc-
tion, improved safety, and sustainability. Through the

Relaying techniques have emerged as a crucial strat-
egy for enhancing the performance of IoT networks,
with a profound impact on critical metrics such as
data rate, outage probability, and symbol error rate
[13-16]. By employing multiple relay nodes strate-
gically within the network architecture, data can be
*Corresponding author. Email: cchen11@126.com. transmitted more reliably and efficiently over extended
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distances. These relays act as intermediaries, ampli-
fying and forwarding data, mitigating signal degra-
dation, and reducing the probability of data loss or
communication interruptions. Consequently, data rates
are substantially improved, enabling IoT networks to
support bandwidth-intensive applications and services
[17-21]. Moreover, the use of relaying techniques can
help reduce the outage probability, ensuring that data
transmission remains robust even in challenging envi-
ronments. Symbol error rates are also investigated as
relay nodes enable signal regeneration and error cor-
rection, resulting in higher data integrity. This synergy
between relaying techniques and IoT networks plays
a pivotal role in realizing the full potential of IoT
applications, particularly in scenarios where reliability,
data rates, and error rates are of paramount importance,
such as in critical infrastructure monitoring and health-
care systems [22-26].

Partial relay selection is a key optimization technique
within relaying networks, offering significant improve-
ments in data rate, outage probability, and symbol error
rate. By carefully selecting a subset of relay nodes from
the available pool, this approach intelligently leverages
the best-performing relays to amplify and forward data,
thereby boosting the data rate. This selective relay strat-
egy not only conserves network resources but also mini-
mizes the interference, resulting in a higher throughput
for data transmission. Moreover, partial relay selection
reduces the outage probability by dynamically choosing
relays that maximize signal quality, ensuring reliable
communication, even in challenging conditions. Sym-
bol error rates are also markedly improved through the
judicious selection of relays, as only the most favorable
relay nodes are employed, reducing the likelihood of
symbol errors and enhancing overall data integrity. In
essence, partial relay selection is a powerful tool for
optimizing the performance of relaying networks, offer-
ing an elegant balance between the data rate enhance-
ment, outage probability reduction, and symbol error
rate minimization, thereby rendering it indispensable
for various communication applications, from wireless
sensor networks to next-generation wireless systems.

This paper explores the integration of IoT transmis-
sion technology enriched by a set of M relays to enhance
the monitoring of electrical equipment. To optimize
the system performance, we implement the partial
relay selection, often referred to as selection combining.
Our investigation delves deep into system performance
analysis, primarily focusing on the quantification of the
advantages stemming from the integration of partial
relay selection in IoT transmission for monitoring the
status of electrical equipment. Our analytical approach
facilitates a comprehensive assessment of system effi-
ciency, taking into account the transmission data rate.
Through our analysis, we endeavor to offer valuable
insights into the trade-offs and benefits associated
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Figure 1. System model of channel-noise-assisted cooperative
loT networks with one transmit source S, M relays, and one
destination D.

with the incorporation of partial relay selection into
IoT systems, ultimately aiding in the development of
more efficient solutions for electrical equipment status
monitoring. By assessing the impact of M relays and
partial relay selection on IoT transmission technology,
this research contributes to ongoing efforts aimed at
enhancing the reliability and resilience of status mon-
itoring for electrical equipment, thereby advancing the
capabilities of IoT-based solutions in the realm of elec-
trical systems and equipment maintenance.

2. System model

Fig. 1 provides a comprehensive illustration of the
system model for channel-noise-assisted cooperative
IoT networks. Within this framework, we have a
configuration consisting of a single transmitting source,
denoted as S, a set of M relays, and a designated
destination labeled as D. This network operates on
a dual-hop basis, where the source node S initially
dispatches a signal to one of the M relays. Subsequently,
the selected relay, denoted as m and belonging to the
set M, takes charge of transmitting the signal to the
destination D. It is essential to note that, for this specific
network, we have employed the amplify-and-forward
(AF) relaying protocol. Moreover, the relay selection
process hinges on identifying the relay within the set
M that exhibits the highest signal-to-noise ratio (SNR)
during the second hop of the transmission process.
Then, the end-to-end SNR of the cooperative networks
with relay selection (RS) is expressed as

Rs _ WSR,WR,D

w = —1 y
+ a)SR” + wRUD

(1)
where R, denotes the selected relay of total M relays
based on w, = max,epm{wg,p}, and wg,p represents the
instantaneous SNR of the wireless channel from relay
R, to the destination D. Notation WSR, denotes the
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instantaneous SNR from source S to relay R'?‘ Then, the
probability density functions (PDFs) of WSR, and WR,D
are respectively expressed as

fuse, @) = ¢ V(@) )
MANE M -1 y (e
way/D(a) = a_z t— ( n )(_]‘) € @ ZV((A)), (3)

where V(-) is the unit step function, and a; and a, are
the average SNR of wg R, and WR, D/ respectively.

3. Capacity Analysis

Capacity analysis in the context of channel-noise-
assisted cooperative IoT networks is a fundamental
aspect of evaluating the network performance and
efficiency. This analysis involves the determination of
the maximum achievable data rate, or capacity, under
specific network conditions. By taking into account
the factors such as the number of relays, channel
impairments, signal-to-noise ratios, and modulation
schemes, we can assess the network ability to transmit
data reliably and efficiently. Capacity analysis aids
in understanding the limits of information transfer
within the network and provides valuable insights for
optimizing the system. It is a critical tool for designing
and fine-tuning relaying IoT networks, ensuring
that they meet the data rate requirements while
maintaining a balance between the spectral efficiency
and reliability, ultimately enabling robust and high-
performing communication in IoT applications. The
ergodic capacity of the relaying network with the relay
selection is written as

C= %Ewm {log, (1 + @®%)). (4)

Based on eq. (1), we write eq. (4) as

c-1lgp {1 (1+wR,,D)(1+wsR,,)} 5
) wSC) 108, 1+ WSR, + W, D
—1 1
" 2In ZE(USR'I {ln(l * wSRv)} * meR D {ln(l + wg, D)}
1
~ 2Tn 2 Dk, R, {ln(l +wsR, + WR, D)} (6)

O EA

Then, we use the PDF of WSR, in eq. (2), and derive
E‘USR,] {11‘1(1 + CL)SR,])} as

© 1 _e
EwSR {In(1 + wgR, )} = jo a—le v In(l +w)dr  (7)

- .ro “In(1 + w)de @ (8)
0

1 [ 1
:ealf Ly 9)
1 u

aj
LE ! 10
— pQa1 _
eTE() (10)
where E;(x) = Ixoo %e‘xdx is the exponential integral
function.
We further utilize the PDF of W3R, in eq. (3), and

derive EQ,R D {ln(l + CUR,,D)} as

Eup{In(1 + g, p)} (11)
M-1
M M-1 © (e
=— ( )(—1)”J e 2 In(l+w)dw (12)
a2 n=0 " 0
M-1
~ M—1\(=1)" w1 (< 1
_MZ( n )n+1e ije ;du (13)
n=0 ay
M=l — —1)"* n#1
M (M 1)( D s p, (), (14)
n |n+1l an

Now, we turn to derive
EwSR,+wR D{ln(l + wgR, + W, D)} of eq. (4). For this,
we first derive the pdf of WSR, + WR, D- Let ® denote
the convolutional operation, and then the PDF of

WsR, + WR,p can be derived as

f“’SR,]+wR,1D(w) = fu)SR'](w) ®wa,]D(w) (15)
al
:JO fwM(x)fa,SRq(r—x)dx (16)
M-1
w M M-1 _(n+1)x 1 _w=x
:J _Z( )<—1>”e m —e mdx  (17)
0 %2 =g\ " ay
M- _w w _(M_L)X
= ) 1) a1 e @2 a’dx (18)
061012 0

n=0

Let m = Z—; -1, and u,,, denotes

waRM"'wRy]D(w) (22)
M-1 w
- M (M_l)(—l)"e_“lf dx (23)
ara =\ 1 0
M-1
M M-1 W
= ( )( 1) a1 w (24)
a1y s n
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(21)
B n}m ifn+m the desired network performance. Key parameters,
Unm =14 ifn=m (25) including the number of relays, transmit power levels,
noise characteristics, and relay selection criteria should
Then, waquR”D is obtained by eq.  becarefully configured to strike a balance between data
(19). Based on eq. (19), we further derive rate, 'outage. Probablhty, .and symbol error 1jate while
E 1 hich i di ensuring efficient and reliable data transmission. These
WSk, + R D { n(1 + WgR, + WR, D)} which is expressed in

11), and (20), we derive

eq. (20). According to eqs. (7), (
which is presented in eq.

the ergodic capacity of eq. (4),
(21).
4. Simulations Results and Discussions

In the context of relaying networks with partial relay
selection, we need to set some parameters for achieving

D EA

settings play a pivotal role in tailoring the network
to meet the specific requirements of the application
and address challenges like channel impairments and
interference. A well-optimized parameter configuration
is essential to harness the full potential of relaying
networks and provide robust and high-performing
communication solutions for IoT and beyond.
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Figure 2. Effect of the average SNR a on the ergodic capacity
of the system, where a, = 0 dB.

Table 1 Numerical effect of the average SNR a4 on the
ergodic capacity of the system, where a, = 0 dB.
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Figure 3. Effect of the average SNR « on the ergodic capacity
of the system, where a, = 0 dB.

Table 2 Numerical effect of the average SNR «; on the
ergodic capacity of the system, where a, = 0 dB.

a; (dB) |0 5 10 15 20 a, (dB) |0 5 10 15 20
Sim 0.1387 0.2324 0.3164 0.3750 0.40  Sim 0.1392 0.2331 0.3154 0.3737 0.40
M=1 M=1

Ana 0.1390 0.2323 0.3165 0.3735 0.40  Ana 0.1390 0.2323 0.3165 0.3735 0.40
M=1 M=1

Sim 0.1863 0.3170 0.4355 0.5158 0.56  Sim 0.1870 0.2902 0.3649 0.4041 0.42
M=2 M=2

Ana 0.1869 0.3162 0.4351 0.5170 0.56  Ana 0.1869 0.2894 0.3646 0.4043 0.42
M=2 M=2

Sim 0.2118 0.3619 0.5019 0.5981 0.65  Sim 0.2119 0.3144 0.3814 0.4135 0.42
M=3 M=3

Ana 0.2122 0.3618 0.5013 0.5984 0.65  Ana 0.2122 0.3141 0.3808 0.4122 0.42
M=3 M=3

Fig. 2 and Table 1 present the effect of the average
SNR a; on the ergodic capacity of the system, where
ap, = 0 dB. From Fig. 2 and Table 1, we can find
that the system capacity increases when «; increases.
This is because that the increasing value of a; can
effectively improve the transmission performance of the
first hop, thus increasing the system capacity. Moreover,
the system capacity also increases as the value of M
increases. This is due to the relay selection, where a
larger M means more available relays to be chosen,
thereby improving the SNR of the second hop and
further increasing the capacity of the whole system.
In further, the simulated results match the analytical
results very well, which verifies the effectiveness of the
derived closed-form expressions of the ergodic capacity
of the considered network.

Fig. 3 and Table 2 show how a, affects the
ergodic capacity of the system, while holding a; at a
constant value of 0 dB. As depicted in this figure and

D EA

table, it is evident that the system capacity exhibits
a notable upsurge as «, increases. This observed
phenomenon can be attributed to the enhancement
of the transmission capacity in the second hop
of the communication process, contributing to an
overall boost in the system capacity. Moreover, the
system capacity demonstrates growth in proportion
to an increase in the number of relays (M) due
to the relay selection employed. Additionally, the
remarkable agreement between the simulated and
analytical results serves as strong validation for
the accuracy of the derived expressions governing
the system ergodic capacity, further reinforcing the
reliability of our analysis and the practical applicability
of the findings. This insight underscores the critical
role of SNR, relay selection, and the number of
relays in shaping the network capacity, which has
significant implications for optimizing the performance
of cooperative communication systems.
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Figure 5. Impact of the number of relays M versus the system
ergodic capacity under different values of v, where @7 = 0 dB.

Fig. 4 and Table 3 present the impact of the number of
relays M on the system ergodic capacity under different
average SNR a7, where a; = 0 dB. As described in Fig.
4 and Table 3, we can find that the ergodic capacity
increases with the increasing value of M regardless of
the value of a;. This is due to the fact that increasing the
number of relays M means that more available relays
can be chosen in the dual-hop network, which greatly
improves the transmission performance and therefore
increases the system ergodic capacity. Moreover, the
system performance performs better with a higher
average SNR a;, as a higher a; can help improve the
capacity of the first-hop. Specifically, when M =5, the
ergodic capacity of a; = 20 dB is highest, about 28%
and 71% higher than those of @; = 10 dB and a; = 0dB.
Additionally, the simulated curves match the analytic
curves very well, which verifies the effectiveness of the
derived closed-form expression of the system ergodic
capacity.

D EA

Table 3 Numerical impact of the number of relays M
on the system ergodic capacity under different values
of a;, where a, = 0 dB.

M 1 2 3 4 5

Sim 0.1392 0.1866 0.2117 0.2276 0.23
a1:OdB
Ana
0[1=0dB
Sim 0.3155
0(1:10
dB
Ana
0[1210
dB
Sim 0.4067
0(1:20
dB
Ana
a1:20
dB

0.1390 0.1869 0.2122 0.2282 0.23

0.4362 0.5015 0.5439 0.57

0.3165 0.4351 0.5013 0.5452 0.57

0.5620 0.6535 0.7138 0.75

0.4048 0.5624 0.6527 0.7137 0.75

Table 4 Numerical impact of the number of relays M
versus the system ergodic capacity under different
values of ay, where a; = 0 dB.

M 1 2 3 4 5

Sim 0.1390 0.1875 0.2128 0.2269 0.24
LYQ:OdB
Ana
0(2:0dB
Sim 0.3167
0(2:10
dB
Ana
0(2210
dB
Sim 0.4045
0(2:20
dB
Ana
a2:20
dB

0.1390 0.1869 0.2122 0.2282 0.23

0.3640 0.3810 0.3901 0.39

0.3165 0.3646 0.3808 0.3888 0.39

0.4221 0.4239 0.4271 0.42

0.4048 0.4210 0.4241 0.4254 0.42

Fig. 5 and Table 4 shows the impact of the number
of relays M on the system ergodic capacity under
different values of a,, where @y = 0 dB. It is evident
from Fig. 5 and Table 4 that the system ergodic capacity
increases with the increasing value of M irrespective of
the specific a, setting. This is because that increasing
the number of relays M means that more available
relays can be chosen in the dual-hop network, which
leads to substantial improvements in transmission
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performance and therefore increases the system ergodic
capacity. Moreover, it is worth noting that a higher
a, results in a better system performance in ergodic
capacity. Specifically, when M = 4, the ergodic capacity
of a, = 20 dB yields the highest ergodic capacity, about
12.5% and 46.2% higher than those of a, =10 dB and
a, = 0 dB. Additionally, the simulated curves closely
align with the analytic curves, thereby validating the
effectiveness of the derived closed-form expressions for
the system ergodic capacity.

5. conclusion

This paper studied the integration of IoT transmission
technology with multiple relays, for the enhancement
of status monitoring for electrical equipment. Through
an analytical analysis on the system data rate, we have
demonstrated the advantages of employing partial relay
selection in IoT-based electrical equipment monitoring.
The results highlight the trade-offs between the
system efficiency and performance, shedding light
on the benefits of this approach for optimizing
data transmission. By quantifying the improvements
achieved through partial relay selection and assessing
the impact of varying numbers of relays, our research
can help reinforce the reliability of status monitoring
in electrical systems. This work can serve as a
significant step forward in advancing the capabilities
of IoT solutions in the field of electrical equipment
maintenance, providing a foundation for more efficient
and effective monitoring systems in the future.
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