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Abstract

The collaborative relay network plays an important role in a smart grid application thanks to its high efficiency. However,
energy and bandwidth management need to be further improved to extend network life cycle and reduce potential
network segmentation. Aiming to balance the network energy consumption, this paper proposes an adaptive
relay node selection algorithm based on the opportunity (OAR). In OAR, the potential relay nodes are chosen
to act as candidates based on bit error rate (BER) estimation, and then, the relay is adaptively and opportunistically
determined for packet forwarding. Residual energy is considered to avoid fast energy exhaustion for some certain nodes.
The simulation results show that the proposed OAR algorithm improves the network performance by deferring the
earliest death time of the nodes and extending the network life cycle.
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1 Introduction

Smart grid plays an important role in the national energy
industry chain. Nowadays, a communication system called
wireless smart grid plays an irreplaceable role in real life.

The smart grid is a wireless hybrid network, which is
supported by a based station of a wired network (intelli-
gent monitoring system) to assist remote communication
(https://en.wikipedia.org/wiki/Smart_grid) among wireless
nodes (smart meters and sensors). Wireless smart grid is
composed of n wireless nodes, which lack support from a
fixed infrastructure. Due to the lack of a fixed infrastruc-
ture support, data transmission cannot be transmitted
through cable facilities, instead of being transferred to the
destination node in a multi-hop way.

When a node in the wireless smart grid is scheduled to
transmit data, nodes will be selected from the same cell to
cooperate with the source node. This form of transmission
can be achieved as long as this transmission does not dam-
age the transmission rate [1]. These nodes are called the
source of opportunity. Then, it will be a worthy question
that what can become a source of opportunity to assist the
source node to complete the data transmission more effect-
ively. The source of opportunity mentioned here is the
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candidate relay nodes in this article. Due to the limited node
resources, the traverse method is not able to effectively
achieve low enough lantency which is crucial in smart grid
application is restricted, and due to the high standard of
node communication processing and communication delay,
using the traverse method to select the relay node does not
work effectively.

The research of classical cooperative relay communication
technology has focused on the improvement of system per-
formance, but takes no account of the energy efficiency of
the system. At present, from an energy efficiency stance, the
literature [2, 3] demonstrated that the energy consumption
of the wireless communication network can be improved by
cooperative diversity techniques. P. Rost used a fixed relay
structure in the cellular communication which could reduce
the energy consumption effectively and thus enhance sys-
tem performance in case of increasing the density of the
relay [4]. Nokleby and Aazhang used the game theory
model to demonstrate that the transmission energy effi-
ciency of two users could be improved under different
channel conditions by a collaboration of two users [5]. But
related researches above do not take into account the aver-
age energy consumption of all nodes and selecting relay
nodes adaptively based on opportunity, which thus extends
the life cycle of the network.

This paper proposes an adaptive relay node selection
algorithm based on opportunity with the purpose of
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balancing node energy consumption, making the node
to be more efficient and working in longer hours, and
improving the performance of wireless smart grid sys-
tem, which can effectively and greatly achieve a balance
of network energy consumption and extend the life cycle
of the wireless smart grid system. The rest of this paper
is organized as follows: In Sections 2 and 3, the au-
thor will introduce the system model and OAR selec-
tion algorithm. Section 4 contains the experimental
evaluation of the proposed algorithm. Section 5 con-
cludes the whole paper.

2 System model

Considering its own characters of the wireless smart
grid, such as wireless channel multipath fading, path
loss, shadow effects, and other unfavorable factors, the
direct communication efficiency between the source
node and the destination node is not high [6]. We as-
sume that wireless sensor cooperative communication
network contains n sensor nodes and a destination node,
in which n sensor nodes can work as a source node to
send data, and also function as a relay node to forward
data, as is shown in Fig. 1. We assume that the relay
node is selected from the candidate relay nodes. Accord-
ing to the requirement of the bit error rate (BER) thresh-
old, we select the relay node that BER is lower to assist
the source node to send information to the destination
node. The BER threshold is the direct link BER.

In this system, besides the channel between the source
node (S) and destination node (D), there also exist chan-
nels between the source node and each relay node (R)
and each relay node and destination node. d, represents
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the distance from S to D, d,, between S and R, and d,4
between R and D. In the model above, the entire relay
process can be divided into two time slots [7].

In time slot 1, S sends the information data to R and
D, then the received signals y;,(f) and y;,(f) come, re-
spectively, from R and D:

ys,r (t) = \/P_Ahs,rx(t) + gy (1)
Y5.a(t) = VPahsax(t) + sa

P, is the transmission power of S, kg, and k; , are the
channel coefficients of S to R and to D, and ny, and n,,
are the corresponding Gauss white noise.

In time slot 2, R will forward the message to D, at
which D receives the signal y,,(f) from the relay node
that is given:

Yr.a(8) = \/Prhyax(t) + npa 2-1)

Pr means the transmission power of R, %, represents
the channel coefficient of R to D, and #,,; shows the cor-
responding additive Gauss white noise. Without loss of
generality, we suppose that #n,, #4 and n,, are subject
to a Gaussian distribution with a mean of zero and a
variance of Nj. If the relay node adopts the AF relaying
mode, then there is

yr,d(t) = ﬁhﬁ,dys,r(t) + nrvd (2 - 2)

S is the relay amplification factor. If D adopts the max-
imum ratio combination, the received signal of the des-
tination node is

Fig. 1 System model of collaborative relay transmission

" Source node or
" candidate relay node

S: Source node
R: Relay Node
D: Destination node
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Y(8) = 019;4(t) + @29, 4(2) (3)

®; and w, are weighted factors. This paper assumes that
the transmission adopts the BPSK modulation method.

3 An adaptive relay node selection algorithm
based on opportunity for wireless smart grid
system
3.1 Candidate relay node set selection method
The OAR selection algorithm is considered from the
goal of meeting the minimum BER requirement. That is
to say, the BER of the data transmission from S to D is
calculated firstly, and set it as the threshold for selecting
candidate relay nodes. Then, the relay node calculates
the average BER at the time of forwarding data, and
automatically determines whether the average BER is
less than the BER threshold. If so, these relay nodes con-
stitute a set of candidate relay nodes that assist the
source node to complete data transmission efficiently.

In AF relay mode, the SNR (signal to noise ratio) of
the receiver with its maximum ratio is

)/d:)/s,d+z

Ysa = Palhsal* /Ny represents the SNR of the direct
link, y,, = Pa|hs,|*/Ny represents the receiver SNR of R,
Yra = Pr| M|/ Ny represents the receiver SNR of D from R.

Under the circumstances of high SNR, 1 in formula
(4) can be ignored and be approximated as

YSJ'YV,d

——+1 (4)
YS,r + Yr,d

YS.ryr.d
)/d:}/s,d+zy '_I_)V,d (5)
s,r r,

According to the basic knowledge of communication
theory, the BER formula based on SNR can be expressed

as P, = Q\/ky,. The constant k is related to the modu-
lation mode. In binary phase shift keying, the value of K

teo
is 2, Q(x) = 1//2m / e zdt [8].

In this way, the BER formula can be used to calculate
the direct transmission link. That is, the BER of S to D is

Pe(d) = Qky, (6)

Similarly, we can calculate the BER from S to the can-
didate relay node R;, that is P.(S,R;) = Q(‘ /kys,,). The
candidate relay node has two kinds of cases: correct re-
ception and incorrect reception.

When the candidate relay node R; receives correctly,
with the help of a single R;, the BER from S to D can be

expressed as P,(S,R;,D) = Q< k()’s.d + )’,‘d) )

When the candidate relay node R; receives incorrectly,
it does not transmit power, which means that it does not
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assist in transmitting information. At this time, the BER
between S and D can be expressed as P.(S,D) =Q

(« /st,d>' Thus, when a single relay node R; is selected,

its average BER can be expressed as

Po(i)-(1-Pe(S, R;)) % Pe(S, Ri, D) 4 Po(S, R;) * Po(S, D)
(7)

In this OAR selection algorithm, the relay nodes that
meet the requirement of BER P,(i) < P,(d) making up the
candidate relay nodes assist the source node to complete
the efficient transmission of data together.

3.2 Analysis of node energy consumption and node
survival rate in wireless smart grid

Wireless smart grid scale is usually very large, while the
node’s energy supply and hardware resource are limited.
It is very difficult to replace or recharge the battery after
the node has been exhausted. According to different ap-
plication requirements, there are many definitions of the
network life cycle, which usually refers to the duration
time that starts from the beginning of the network to
the point that it cannot complete the requirement of the
application. Due to the limitation of the node’s energy
and its difficulty of replacement, the network life cycle
depends on the time when the first network node dies.
The later the first dying node occurs, the longer the life
cycle of the network is.

Most of the destination nodes in the wireless smart
grid are far away from the source node. Direct commu-
nication can cause a lot of energy waste. Therefore, it is
necessary to construct a multi-hop transmission be-
tween nodes to reduce the node energy consumption
and that of the whole system according to the charac-
teristics of the wireless smart grid. For the wireless
smart grid, the OAR selection algorithm proposed in
this paper can balance the energy consumption of the
relay nodes, which can enable the node to work more
efficiently and in a longer working time, consequently
prolonging the life cycle of the whole wireless smart
grid system.

The energy consumption of sensor nodes can be cate-
gorized into three parts [9]: the transmission energy
consumption generated by the data transmission is E,
the received energy consumption generated by the data
reception is E, and the perceived energy consumption
generated by the sensing data is E,. Among them, E; and
E, constitute the main part of energy consumption. Ac-
cording to the article [10], transmission energy con-
sumption generated by the transmission of k-bit data
from node i to node j can be defined as:
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_ kEelec + kefgdZ, éf d < d()
Ee= { KEutee + keampd®, if dd ®)

The value of E, depends on the transmission distance
from node i to node j and the amount of data being
transmitted. If d is smaller than the threshold value d,
the transmission loss will use the free space mode; ac-
cordingly, if d is greater than the threshold value dy, the
transmission loss is chosen for the multipath model. E,,,
is the electrical energy that is related to digital coding
and other factors, g4 is the amplification energy that is
related to the sensitivity of receiver, and ¢, also is
amplification energy that is related to the received noise
image. The received energy consumption E, can be de-
fined as

Er = kEelec (9)
Under restricted conditions:
(1)d < dy
(2) When the node functions as the source node, and

the initial energy is Eo, which sends k-bit data, the
transmission energy consumption of S is

Es = kEelec + /(stdsr,vz (10)
The residual energy of the source node is
Es e = Eo-E; (11)

(3)When the node functions as the relay node, the
initial energy is Ey. The relay node R; receives the k-
bit valid data, and then forwards the k-bit valid data
to the destination node. d,,4(i€[1,N]) is the
distance between the relay node and destination
node, then the total energy consumption of R is

Eitora1 = KE glec + ksfsdrid2 + KE iec

= 2kE tec + kegdya® (12)
The residual energy of the relay node is
Ei‘re = EO_Ei,mtﬂl (13)

(4) The energy of D is not limited

3.3 An adaption relay node selection algorithm based on
opportunity for wireless smart grid system

This paper presents the opportunity (OAR) selection al-
gorithm, which is described as follows. To meet the
communication reliability requirement, the algorithm
calculates the BER from S to D firstly, then, sets it as the
threshold for selecting the candidate relay nodes. Sec-
ondly, the relay node calculates the average BER at the
time of forwarding data and automatically determines
whether the average BER is less than the BER threshold.
We will select the relay node that meets the threshold
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requirement to form the candidate relay node set.
Thirdly, we select the relay node adaptively from the
candidate relay node set to forward data.

The relay node compares its residual energy of for-
warding data with its initial energy. If the residual energy
is 10% more of its initial energy of the node, the system
adaptively selects the relay node to transmit data de-
pending on the probability that the node is selected; if
the residual energy is 10% less of the initial energy of the
node, the node dies. If the percentage of dead nodes is
greater than 30%, the entire network life cycle will come
to an end.

In order to select the relay node to transmit data from
the candidate relay nodes set, the probability that node i
is selected as the relay node based on the residual energy
of the node is

Ei,re/Es,re
N N
i Eire Zr:lE”e

p(i)Selected = (14)

When the residual energy of the candidate relay node
is enormous, then the probability of being selected as a
relay node is high. In this paper, the relay node M* with
the maximum value of p(i)seecrea is selected as the relay
node to transmit data, that is,

M = arg(max(P(i)Selected)) (15)

4

The specific steps of OAR selection algorithm are as
follows:

(1) According to formula (6), calculating the BER
threshold of candidate relay nodes

(2) According to formula (7), selecting relay nodes that
meet the BER threshold requirement to form a
candidate relay node set

(3)According to formula (14), selecting relay nodes
adaptively depending on node residual energy from
the candidate relay node set to assist the source
node to complete data transmission.

(4) According to formulas (11) and (13), determining
whether the node is dead

(5)If the node energy consumption is 10% less of its
initial energy of the node, the node is dead.
When the percentage of dead nodes is greater
than 30%, the entire network life cycle will come
to an end

The flow chart of the OAR selection algorithm pro-
posed in this paper is shown in the Fig. 2. In this paper,
such a cycle is called a round number or a wheel.
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Fig. 2 The flow chart of OAR selection algorithm
A

4 Simulation experiments and results analysis

In order to verify and evaluate the performance of OAR
selection algorithm proposed in this paper, we simulate
the OAR selection algorithm in this paper. Before the
analysis, we make the following assumptions and regula-
tions. Simulation conditions: once the nodes in the net-
work are deployed, they are still stationary; channels
between nodes are Rayleigh flat fading channel, the

fading between channels is independent, and each chan-
nel noise is an additive Gaussian white noise (AWGN)
with a mean of 0 and a variance of 1; each node works
in a half-duplex mode; the node power is distributed
averagely and P4 = Pp; OAR selection algorithm is used
to select relay note and transmit data; we assume that
the network consists of 100 nodes that meet the require-
ments of the BER (which can be used as a source node
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Table 1 Definitions of parameters and variables used in this article
Eelec(nJ/bit) e6(pJ/bit/m?) 230)) k(bt)
Value 50 10 05 4000

Parameter

or a relay node) and a destination node; and when the
residual energy of the node is 10% less than the initial
energy of the node, it is considered that the node is
dead. When the percentage of dead nodes is more than
30%, the life cycle of the whole system in the network
will also come to an end.

The experimental parameters are shown in Table 1. Ac-
cording to the average data of several experiments and the
parameter values of the classical experiments, the empir-
ical parameter values of the algorithm are obtained. A
comparison can be made on the direct transmission and
the minimum energy consumption transmission as well as
OAR selection algorithm. Direct transmission, as the
name implies, S transfers data to D directly. The mini-
mum energy consumption of the relay node is selected to
do the comparison in this paper.

4.1 Number of dead nodes

In order to verify the validity of the proposed OAR se-
lection algorithm, the number of network dead nodes of
three algorithms is compared under the same initial en-
ergy. As shown in Fig. 3, since the direct transmission is
not taken into account of the adaptive adjustment
process of the node based on the opportunity, the num-
ber of dead nodes in the direct transmission is more
than the minimum energy consumption transmission
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and OAR selection algorithm transmission. At the same
time, the minimum energy consumption transmission
only takes the minimum energy consumption standard
to select relay node, it does not count the average energy
consumption of all nodes, thus accelerating the death
time of the first node.

As can be seen from the figure, in the first 400 rounds,
the three algorithms did not appear to be dead nodes; 400
rounds after, the dead nodes began to appear. The OAR se-
lection algorithm’s first dead node appears at the latest, the
time of the first death of the node that appears on the OAR
selection algorithm is about one time higher than that of
the direct transmission, and the OAR selection algorithm
extends the time of the first dead node, 59.8% compared
with the minimum energy consumption transmission.

4.2 Network life cycle

The network lifecycle shows the time that the network
can work properly. There are many definitions of the life
cycle of the network, but the duration time from the be-
ginning until the dead node percentage is greater than
30% which is defined as the network life cycle in this
paper. In order to ensure the reliability of the experi-
mental results, three algorithms were carried out in 10
experiments, and we calculate the average life cycle of
the 10 experiments, and the results are shown in Fig. 4.
As can be seen from the figure, the OAR selection algo-
rithm can extend the network life cycle greatly. When
the number of candidate nodes is 200, the life cycle of
the OAR selection algorithm is about 0.92 times higher
than that of the direct transmission, and the network life
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cycle is extended by 21.4% than the minimum energy
consumption transmission.

4.3 Network energy consumption

The network energy consumption consists of the energy
consumption from S to R and the energy consumption of
S to R. Figure 5 shows the total energy consumption curve
of the network nodes of three algorithms. As shown in
Fig. 5, the network total energy consumption of direct

transmission is higher than the minimum energy con-
sumption transmission, and these two algorithms are
higher than the OAR selection algorithm. Moreover, the
energy consumption curve of the OAR selection algo-
rithm shows a slight change which suggests that a relay
node selected by an OAR selection algorithm has the abil-
ity of balancing node energy consumption, thus minimiz-
ing the total energy consumption of the network and
prolonging the life of the network effectively.

Total energy consumption changes

Fig. 5 The total energy consumption of the network node
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5 Conclusions

The relay node selection algorithm extends the life cycle
of the network to a certain extent. But if we select the
optimal location relay selection algorithm to transmit
data, the relay node may die prematurely due to a heavy
load. If we choose the minimum energy consumption
transmission, it will also accelerate the death of the node
with low residual energy without thinking of the energy
consumption of the source node. This paper presents an
adaptive relay node selection algorithm based on the
opportunity (OAR) that contrasts the number of dead
nodes and the network life cycle, the total energy
consumption of direct transmission, and the minimum
energy consumption transmission. It is found that the
proposed OAR algorithm can improve the network per-
formance by deferring the earliest death time of the
nodes, balancing the energy consumption of each node,
and extending the network life cycle.
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