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Abstract: Wireless sensor network (WSN) can achieve real-time data collection and transmission of environment, soil,
meteorology, crop physiology and other information in agriculture. The data provided by WSN could be used for decision
making and management, which is very important in precision agriculture. Wheat farmland wireless sensor network has the
characteristics of wide coverage area, long planting period, inconvenient energy supply, and serious impact of crop environment
on wireless signal transmission. Routing protocol is an important method to achieve long-term WSN monitoring by selecting
an appropriate path with low energy consumption for data transmission. According to the phenomenon of uneven
environment and channel parameters caused by intensive crop growth in farmland, a non-uniform clustering routing protocol
based on effective energy consumption (UCEEC) was proposed in this work. The method combined with the characteristics
of multi-path fading of farmland environment signals. The idea of image segmentation was introduced. Nodes with high
similarity were divided into a cluster area by the dissimilarity between nodes in order to improve the intracluster
communication performance. Meanwhile, a multi-hop path selection method between cluster-heads based on the estimation of
two-hop effective energy consumption is designed. The energy consumption cost factor is calculated by the effective energy
consumption and the average energy consumption within the cluster to achieve the minimum and balance of the overall energy
consumption of the network. Simulation results show that, compared with the existing Maximum Residual Energy Based
Routing (MREBR) protocol, minimum Energy Consumption Based Routing (MEC) routing protocols, UCEEC improves the
energy balance effect between nodes, prolongs the network life cycle, and realizes efficient energy utilization of wireless sensor
network data collection in the complex environment of wheat field.
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1 Introduction

Precision agriculture can effectively increase crop yield and
quality by adjusting the environment, water and fertilizer
conditions of crop growth. It can also reduce the use of
agricultural resources, reduce production costs, and improve
ecological environment. Internet of Things (l0oT) technology can
achieve real-time data collection and transmission of farmland
environment, soil, meteorology, crop physiology, and other
information, and provide fundamental data sources for intelligent
decision-making and production management. Monitoring data
analysis can effectively help to improve the yield and quality of
agricultural products, which is an important technical method to
achieve precision agriculture. Wireless sensor network (WSN) is
an important 10T application. Because of its wireless,
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self-organization, low cost, low power consumption, and other
characteristics, it has been widely used in industry, medical,
agriculture, and other fields. Large-scale farmland monitoring
network has many characteristics, such as wide coverage area, long
planting period, inconvenient energy supply, complex and
changeable environment, and etc. How to achieve stable, reliable,
and efficient data transmission and collection is a difficulty in
research and applicationt?. ~ As an important part of network data
collection application, routing protocol has a great impact on
network performance, and it is one of the hotspots of WSN network
data collection research in recent years®*.

Stable network communication is the foundation of wireless
sensor network monitoring application in farmland. In practical
application, the working condition of wireless communication is
harsh. Wireless signal would not only disperse and lose with the
increase of propagation distance, but also the luxuriant branches,
leaves and fruits of crops have significant shielding effect on the
radio signal. The influence of crop growth on wireless signal
propagation must be fully considered®™. Therefore, it is necessary
to study the energy-efficient routing method under the condition of
crop growth.

The free space fading model and the shadow fading model are
commonly used in communication field®. The free space
attenuation model is an ideal model, which is only suitable for
completely open area. The shadow fading model only considers
the influence of terrain®. These two models do not consider the
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effect of dense crop occlusion on signal propagation, and are not
suitable for describing the small-scale fading phenomenon caused
by the reflection, scattering and absorption of wireless signals by
crops in farmland environment. Many studied have been done on
wireless channel modeling in agricultural environment.
Vougioukas et al.? carried out a wireless signal attenuation
experiment of orchard Internet of things. Wang et al.l®! studied
the production control technology based on wireless sensor
network for greenhouse microclimate environment. Guo et al.[”
studied the relationship between antenna height, environmental
parameters, and wireless signal strength attenuation through an
apple orchard experiment. These studies are dominated by
large-scale fading, without considering the small-scale fading effect
of multipath signal caused by crop occlusion. Miao et al.!
studied the small-scale fading phenomenon of signals in wheat
field under non line of sight (NLOS) condition. A multi-scale
fading channel model based on statistical distribution was proposed,
which provides a farmland channel model in this study.

In terms of WSN routing algorithm, the clustering routing
algorithm has the advantages of a simple structure and efficient
topology management, which is more suitable for resource
constrained farmland wireless sensor networks. In order to
improve the energy efficiency and balance of network nodes and
prolong the network life cycle, a series of improved routing
methods have been studied. Minimum energy consumption
(MEC)™ routing designed the protocol based on minimum energy
consumption of data transmission, without considering the residual
energy of nodes which are outside the path of minimum energy
consumption in the network, so the nodes on the minimum energy
path will die early due to heavier forwarding tasksi*'!2.
Self-organizing routing (SOR) is an energy aware protocol. A
payment strategy is introduced to motivate nodes to undertake data
transfer tasks, and sensor nodes make routing decisions based on
local information. The protocol achieves the combination of
effectiveness and equalization of energy consumption. In the
clustering process, EECS (Energy Efficient Clustering Scheme)™4
transmitted the data of the cluster-head to the sink node through
single-hop communication. Ordinary nodes chose the appropriate
cluster-head according to the distance between itself and the
cluster-head and the distance between the cluster-head and the sink
node, and a non-uniform cluster is constructed. In this way, the
clusters that farther away from the sink node have smaller size and
it balanced energy consumption within the clusters. However,
this solution can only balance the energy consumption among
cluster-heads and it cannot achieve overall energy balance!>*!,
UCS (Uneven Clustering Scheme)*luses the idea of non-uniform
clustering to balance the energy consumption of cluster-head, and
the multi-hop transmission between clusters was adopted. The
energy consumption of the cluster head is mainly composed of two
parts, namely the intra-cluster communication and the inter-cluster
transmission. The energy consumption of cluster communication
is proportional to the number of member nodes. The energy
consumption among clusters mainly caused by the amount of data
transmitted. The algorithm adjusted the cluster size according to
the load that the cluster head forwarding data, so that the energy
consumption of the cluster heads are close to each other and the
energy consumption of the entire network is balanced™®21,

The above clustering algorithms regard the network links as
reliable connected links in the routing process, and estimate the
transmission energy consumption between nodes according to the
large-scale fading model.  Clustering is carried out without

considering the multi-scale fading of farmland environment.
Chen Yang et al.”!! reduced the impact of crop growth on network
connectivity through backup routing, and realized reliable data
transmission in a greenhouse. Pandiyaraju et al.”?? combined
network energy efficiency with agricultural irrigation, and selected
data transmission path in precision agriculture environment by
introducing a fuzzy reasoning system, which improved network
lifetime. In addition, signal strength, quality of service parameters,
network power efficiency are also considered in agricultural WSN
data transmission routing. The related research shows that the
communication qualities of nodes in different crop growing areas
are different due to the different planting and growing density?2°!.
By analyzing the strengths of the signals of sensor nodes, nodes are
clustered according to the idea of image segmentation, and nodes
that in the same connected area and ventilation are classified as a
cluster. Based on the clustering, a novel routing protocol based
on environmental factors and two greedy algorithms are
designed?6-3°1,

In summary, when the above routing protocols are applied to
the complex environment of farmland, most of them do not
consider the environmental characteristics and network energy
consumption at the same time. Therefore, this work proposes a
novel non-uniform clustering routing protocol. The network
nodes are divided into clusters according to the characteristics of
the environment channel. The network energy performance is
improved via multi-hop path selection between cluster-heads.
The overall network energy consumption is reduced and balanced.
The WSN life cycle in the complex environment of wheat farmland
is extended.

2 System model and assumptions

2.1 Network model

In this study, a farmland wireless sensor network scenario is
proposed®-%. |t is assumed that N sensor nodes are randomly
deployed in a two-dimensional rectangular region of XxY, and the
wireless sensor network is assumed to have the following
properties:

1) The network is a static network with higher density, which
means the deployment of sensor nodes remains unchanged, the
node density is enough to ensure network connectivity and
coverage of the monitoring area.

2) Sink node is fixed and unique with unlimited energy supply,
and its wireless transmitting power is controllable.

3) The sensor nodes are isomorphic and non-rechargeable.
The initial energy is the same as EO.

4) The energy consumed by each sensor node is not equal,
which makes the network energy heterogeneous.

5) Nodes have the ability of self-energy perception.

6) The nodes have the ability of data fusion.

2.2 Energy model

The network wireless communication power model was set as
described in reference [5]. All nodes had two types of
transmitting amplifier power, higher one for long distance mode
and lower one for near distance mode. The node transmission
power E, is calculated as:

2
E = IEeIec +|8fd , d <dcrossover
- 4
IEeIec + I‘5'md +x’ d= dcrossover

where, | refers to the number of transmitted bits; Ege. refers to the 1
bit data’ transmission power of the transmit-receive circuits, dBm;
d refers to the distance between the tranmitter and receiver, m;

@
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erossover :,}gf | &, refers to the distance threshold of the model;

& and ey, refer to the energy coefficients for the power amplification
in the two conditions; x refers to the fast fading component in the
multi-path propagation.
Nodes required energy for receiving | bit data, the node
receiving power E,, could be calculated as below,
Erx=IEelec (2
By Equation (1), in the near distance communication, the
transmission attenuation energy consumption is proportional to the
square of the distance, while in the long distance communication, it
is proportional to the 4th power of distance. Because of the
frequent communication and large amount of data, the one hop
communication radius is defined as dcorssover according to Equation

Q).
3 Non-uniform clustering routing protocol based on
effective energy consumption

3.1 Node correlation based clustering

A hybrid routing composed of local clustering and multi-hop
routing between cluster-heads were adopted.  Non-uniform
clustering based on signal channel similarity in local area could
achieve stable intra-cluster connection, which would improve
network energy performance. A multi-hop mode can reduce the
extra energy consumption of cluster-heads far away from the sink
node, and realize the energy balance of cluster-heads in different
regions.

Among current methods, the clustering algorithm of node
association degree clusters nodes based on distance. Then the
cluster heads are selected according to the residual energy of
nodes®+%®.  The advantage of dividing the nodes with high
correlation into the same cluster is that the energy consumption of
intra cluster transmission is lower, and the data fusion can achieve
better results at the cluster-head. Under the condition of LOS
(Line of Sight), it can be considered that the node correlation is
negatively correlated with the distance between nodes. However,
the dense growth of crops in farmland results in the occlusion
barrier, which forms the non-uniform channel conditions. It can
also be considered that this kind of occlusion will also cause the
non-uniformity of environmental parameters. That is, because of
the occlusion of crops, the correlation and distance between nodes
do not present a monotonic function® Therefore, this paper
proposes a non-uniform clustering routing protocol based on
effective energy consumption (UCEEC). Using the idea of image
segmentation, a similarity region segmentation method is used in
UCEEC’s clustering procedure. The correlation between nodes is
represented by the actual transmission distance.

In order to realize the clustering of node association degree
based on a channel model, firstly, the network is regarded as an
undirected graph, WSN nodes are nodes in the undirected graph,
and the links between adjacent nodes are edges of the undirected
graph. According to the weight of the edge, the dissimilarity
between the two nodes is measured, and then whether the two
nodes should belong to a region is determined. Finally, the nodes
belonging to a region are clustered. Specifically, the signal fading
between two nodes is taken as the weight of edges in the undirected
graph, and each node is an independent region in the initial state.

The internal region spacing Int (C) and inter-region
dissimilarity Dif (C,,, C,,) are defined as follows.

Definition 1: Internal region spacing

Int(C) = max )(W(e)) ®)

eeMST (C,E

where, C is the set of nodes in the region; e is the set of edges of
nodes in the region, and the interval in the region is the weight
value of the edge with the largest weight in MST (minimum
spanning tree) of nodes in the region.
Definition 2: Inter region dissimilarity
Dif(C,,C,) = min (vi,vj) 4)

Vi €Cp ,vj €Cy (Vi ,Vj)eE
where, C,, and C, represent two adjacent regions; v; and v; are
nodes in C,, and C,, respectively. That is to say, among all pairs
of points which belong to two regions and have edge connection,
the pair with the least weight is found. If the points in two regions
are not connected by edges, then the distance is defined as positive
infinity.

When the space between regions is smaller than that within
regions, the adjacent regions can be merged. The functional form
of the assertion is given in reference [35].

D(C,.C,) = {t if(Dif(C_:l,Cz) < Mint(C,,C,))
otherwise

®)

where, Mint(C;,C,) = min(Int(C,) + y(C,), Int(C2) + (C,)), y is a
threshold function, which is used to control the extent that the
distance between regions is greater than that within regions.

In order to achieve better clustering and energy consumption
performance, the region similar to the circle should be made when
merging regions, and avoided the strip-shaped region distribution.
Therefore, the maximum distance between nodes in the merged
region is limited.

cl
Lmax (C)
where, |C| is the number of nodes in area C; Lu(C) is the
maximum distance between nodes in area C.

If D(C,, C;)=1 and satisfies Equation (6), region merging is
performed. When the specific algorithm is executed, for a node i
in the network, the neighbor nodes that are not in the same region
are judged in order of high to low dissimilarity between regions.
After each region merging, the node set of non-common region
neighbors and the corresponding domain values would be updated.
After the cycle judgment, the node with the highest residual energy
is elected as the cluster-head.

The pseudo code of this algorithm is as follows:

Algorithm: Node correlation based clustering algorithm

Input: The number of sensors N, channel model in wheat farmland
Output: The cluster partition of all nodes

1. Network Initialization.

2. Randomly generate initial position of all nodes. v;=random(x, y)
Set the residual energy of all nodes to EOQ.

3. Set the network as an undirected graph, every node belongs to a
different region C;, where i=1,2,..., R

Remark the state as S(0).

4. Calculate all the edge weight w(e) in S(0).
algorithm.

Calculate the internal region spacing Int (C) and inter region
dissimilarity Dif (C, C,) in S(0)

Int(C) =0 (at the initial state S(0))

Dif (C,,C,) = min (vi,v;)

Vi €C ,Vj €Cp (Vi ,Vj)eE

<o (6)

/I Using MST

5. while all Cic S(n)
iteration

6.if Dif(C,C,) < MInt(C)

7. Nodes in C,, and C, merge to form a new cluster Cy
8. else if

/In is the round number of algorithm
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9. Keep the C,, and C,, unchanged

10. end if

11.if all Cjc S(n) are not changed

12. break

13. end if

14. All the regions C; form the new state S(n<—n+1)

15. Calculate the internal region spacing Int (C) and inter region
dissimilarity Dif (C,, C,,) in new S(n)

Int(C) = max _(w(e))

eeMST (Cy ,E)

Dif (C,,,C.) = min (vi,vj)

Vi €Cp ,vj €Cy,(Vi,vj)eE

16. end while
3.2 Multi-hop between cluster heads based on effective energy
consumption

In UCEEC, the multi-hop mode can reduce the extra energy
consumption of cluster-heads far away from the base station (sink
node), and realize the energy balance of cluster heads in different
regions. The hybrid routing method is shown in Figure 1.

o\ /‘ ““‘ ‘ A

Figure 1  Multi-hop between cluster-heads based on effective
energy consumption

Due to the non-uniform channel characteristics in farmland
environment, the path loss between cluster-heads in different
regions is significantly different. It also means that the

transmission energy consumption between cluster-heads is different.

The distribution of transmission energy consumption is shown in
Figure 2. The distance between cluster-heads and sink node is
also indicated in Figure 2, where d represents the unit distance, and
e represents the unit energy consumption.
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Figure 2 Distribution of transmission energy consumption

It is difficult for nodes to get the global path loss information.
Therefore, this study proposes an effective displacement and
energy cost method to realize multi-hop path selection based on
local information. In each path selection, the path effective
displacement under the unit energy cost is larger, that is, the data
are closer to the target node.

As shown in Figure 3, the path loss of cluster-head A to C via
B is 5e, where e is the unit path loss.  As an example, the effective
displacement of path “A-C” is calculated as follows. In order to
simplify the derivation, the coordinates of the target node is set as
(0, 0).

|CS =X + ¢ U]

tan ZASA' = |A,S| =% ©)
[A'S] Va

|AS| =+ v ©

tanzcsc:@:ﬁ (10)
IC'S| ¥

From Equations (7)-(10), the effective displacement |A'C’| can
be obtained as

\AS\ Ya \CS\ Ve
X X;
11
R yEy Yy -
X X

According to the path information within two hops,
cluster-head A could determine the effective displacement of the
possible path, calculates the corresponding energy consumption
cost, and updates the neighbor cluster head information table
recorded by the cluster head.

Os

Figure 3 Calculation of effective displacement of path

In order to increase the utilization of energy consumption, the
neighboring cluster head information table of the cluster head is
updated according to Equation (12).

e +ex
di,BS _dk‘BS
where, E;jx represents the energy consumption of node i
transferring data to node k via node j; e;; represents the energy
consumed that node i transferring data to node j; d; gs represents the
distance from node i to sink node BS, which is calculated by the
following equation:

di s =\/(Xi —Xas)* + (Yi — Yes)’ (13)

The node with minimum two-hop estimation energy
consumption is selected as the next hop node.

Eijx =min(E ;q), pe FN(i),q € FN(p) (14)
where, FN(i) refers to the forwarding node set of node i.

The single-hop greedy algorithm based on energy consumption
is used to solve the route forwarding path, the result is
A—E—H—C—D—BS, whose energy consumption is 13e. In
this algorithm that is based on the energy consumption per unit
distance within two hops, for each time of transferring data, the
forward nodes should be found first, that is, the nodes in the
neighbor nodes whose distance between itself and the sink node is
smaller than the distance between itself and the sink node. Then
the unit distance energy consumption of each node is calculated.
After that, the next-hop node is found based on the two-node
greedy algorithm. The final optimal path is A~B—C—D—BS,
the total energy consumption is 10e. If we do not consider the
average energy consumption per unit distance, and consider the
energy consumption within the two-hop range only, the best path is

Ei,j.k = (12)
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A—B—C—I—-G—BS, the total energy consumption of 11.5e.
Therefore, the optimal path calculated from the unit energy
consumption in the two-hop range approximates the optimal
solution approximately.

To simplify the calculation process, a cost factor is defined.
Each node chooses the next hop path according to its cost factor:

&+ b Eneighur(i) S €non—cri (])
di - dk Ecurrem(j) €n0n7CH (I)
where, (i, j, k) represents the two-hop energy cost estimation factor

of node i transmitting data to node k through node j; ;; represents
the energy consumed by node i transmitting 100 bit data to node j;

f(i,j.k)=a

(15)

d; represents the distance from node i to node BS; Eneigoor (i)

represents the average residual energy of the node i’s neighboring
cluster head nodes; Egyrrent(j) represents the residual energy of the
cluster-head j; Npon_cr(i) represents the member nodes number of

the cluster-head j;  Nncu(i) represents the member

nodes‘ average number of cluster-heads that are the neighbors of
the cluster-head i, and a, b, ¢ satisfies a+b+c=1.
3.3 Protocol procedure

The UCEEC algorithm could be divided into three stages:
cluster division and clustering, multi-hop path chosen between
cluster-heads, data transmission and route update. Each node in
the network transmits a Hello message with its maximum transmit
power P.... The message includes the value of P,y node ID,
and location. Each node establishes a neighbor list according to
the Hello message that is received by itself. The node information
list is shown in Table 1.

Table 1 Node information list

Field name Meaning
IDneig Neighbor node ID
€loss Path loss in communication
pos Node location coordinates (centered on the sink node)
QID Cluster area code (initial 0)
e Residual energy

After the clustering was completed, each cluster head
broadcasts its message CLU_MSG (1D, e, ec) and collected other
messages of cluster head, then calculated the distance between the
neighbor cluster head nodes, and modified the routing table
information.

The main steps are as follows:

1) All nodes send 100 bits of data to the sink node with the
same power.

2) The sink node calculates the cluster information and
numbers each cluster area. The node with the highest energy in
each cluster area is selected as the cluster head node and the
environmental factor of each node is calculated.

3) The sink node broadcasts the environmental factor, the
cluster ID and the cluster head information of each node.

4) Each node obtains a list of neighbor nodes based on the
hello message, calculates a list of the forward neighbors.

5) Each node chooses the next hop node according to the cost
factor.

The innovation of the algorithm is mainly reflected in the
following aspects.

1) The dense occlusion of crops in wheat field results in the
non-uniform channel condition and the non-uniform distribution of
environmental parameters. A non-uniform clustering method
based on the channel correlation degree between nodes is proposed
in this paper, which improves the channel uniformity and data

correlation degree among nodes in the cluster, and can effectively
reduce the energy consumption of transmission within the cluster.

2) In order to avoid the energy consumption funnel effect of
long-distance transmission of remote cluster heads, a multi-hop
method between cluster heads based on path energy cost estimation
is proposed. The energy consumption of 2-hop path is estimated
by the effective displacement in BS node direction, which solves
the problem that it is difficult for nodes to obtain the global path
loss information. The relay path optimization between cluster
heads realizes the energy balance between cluster heads based on
local information.

4 Simulation results and analysis

4.1 Simulation data and network setting

In order to verify the performance of this method, protocols
such as MREBR (Maximum Residual Energy Based Routing),
MEC and SOR were selected to compare with the UCEEC protocol.
According to the simulation settings of these comparison
protocols#1%-132% the network setting is listed in Table 2.

Table2 Simulation prameter setting of network

Parameters Value

(0,0)~(500, 500) m

Network size

Node numbers 1000

The position of sink node (520 m, 520 m)
Node initial energy 0517
Data frame size 500 bits
Broadcast frame size 100 bits

An experiment of signal propagation was carried in wheat
field™, the receiving signal is influenced by the distance between
transmitter and receiver, antenna height, and the growing crops.
Based on these testing data, the simulation data set of this work
was established. Considering that the measured results were
discrete data. The resolution of the data was 10 m, which cannot
well reflect the signal fading between nodes at different distances
in farmland.  Therefore, this study chose the large-scale model in
reference [5] when the antenna height is 100 cm at heading stage to
reconstruct the signal fading data, which is near the boundary
between large-scale and small-scale. In order to reflect the
characteristics of small-scale fading, Perlin noise was added to the
reconstruct data. By doing this, the resolution of the data has been
raised to 1 m. The RSSI data is shown in Figure 4.

4.2  Parameter selection of clustering region based on
dissimilarity

As described in Section 3.1, the number of clusters in the
UCEEC protocol was determined by function y(C) and parameter .
Function y(C) was used to control the extent that the distance
between regions was greater than that within regions. That is, the
larger the value of »(C) is, the more relaxed the condition of
merging regions. The smaller the value of y(C) is, the more strict
the condition of merging regions. When the value of y(C)
approaches 0, each node can be considered as an independent
region. ¢ is used to prevent the occurrence of long and narrow
clustering regions. The larger the o is, the better the shape of
cluster area is and also the more clusters. In order to determine the
optimal value of sub regions in the wheat field data set, the number
of sub regions with different values of y(C) and ¢ was compared.

As it is shown in Figure 5, the larger the value of dissimilarity
y between clusters, the fewer the number of clusters. It is proved
that the smaller the inter-cluster spacing, the bigger the average
intra-cluster similarity. When y takes more than 75%, the number



168  May, 2021 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 14 No. 3

of clusters changes slowly, indicating that the clustering program
tends to be stable. That is, for the farmland environment, taking
the 75% to cluster, the signal attenuation partition caused by
farmland environment change tends to be stable. When the value
of y is fixed, as o increases, the number of clusters increases. Too
many or too few clusters are not conducive to data transmission.
Therefore, o takes 0.4 and y takes 75% in the following simulation.

=35
-40
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=53
-60
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-70

Signal strength RSSI/dbm

Signal strength RSSI/dbm

Y/m

X/m
¢. Contour curve after adding Perlin noise
Figure 4 RSSI data in wheat field
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Figure 5 Relation chart of percentages of dissimilarities and the
number of clusters

4.3 Simulation results and discussion

During the operation of network, the nodes that consume more
energy will die earlier, which will affect the network topology.
The more balanced the energy consumption among nodes, the later
the death time of the first node appears, and it is beneficial to
prolong the lifetime of the network. The slope of the survival
node curve also represents the energy consumption efficiency of
the network. The larger the slope is, the faster the node dies. It
can be considered that the average energy consumption of the
network is greater. On the contrary, the smaller slope of the curve,
the slower the node death and the smaller the average energy
consumption of the network(®2.

As shown in Figure 6, all nodes die at about 320 rounds in
MEC, and 340 rounds in SOR. At Round 400, MREBR has about
40% living nodes, while UCEEC has 45%. It can be seen that
UCEEC and MREBR have longer network lifecycle than SOR and
MEC. The MEC protocol takes the minimum energy path into
account without consideration of the node residual energy.
Therefore, some nodes consume energy rapidly, and MEC has the
shortest network lifetime. Meanwhile, the slope of the UCEEC
curve is obviously smaller than the other three protocols. Because
the UCEEC algorithm adopts non-uniform clustering based on
node similarity, it reduces the average energy consumption within
the cluster. It also shows that the UCEEC has a better
performance of energy balance, which is partly caused by path
selection between cluster-heads.

1000
900
800
700
600
500
400

Number of alive nodes

300

—a— UCEEC v X\
200 —®— MREBR v
—A— SOR \
100 - —w— MEC \
0 1 1 L__an VO . |
0 100 200 300 400

Network lifecycle/rounds

Figure 6 Comparison of different algorithms for network life
cycle

As can be seen from Figure 7, when 30% of the nodes die,
MREBR takes about 250 rounds, MEC takes about 140 rounds,
SOR takes about 160 rounds, UCEEC takes about 300 rounds.
The UCEEC protocol have more rounds than the other 3 protocols
at the death of first node, 30% nodes, and 70% nodes. It shows
that the UCEEC protocol can find out the optimal transmission
path that the multi-hop of cluster-heads by considering the impact
of environment on signal transmission, reduce the energy loss, and
balance the energy efficiency of the whole network, effectively
extending the life cycle of the network. The mean value and
variance of the residual energy distribution were chosen to
illustrate the energy balance performance.

Figure 8 shows the performance comparison of energy balance
between the four protocols. In the curve of mean value of the
residual energy, a smaller slope indicates a slower energy
consumption rate and a longer life time. The slope of UCEEC
curve is significantly smaller than that of MREBR, MEC, and SOR,
which means that the average energy consumption is lower in the
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UCEEC protocol. In the variance curve chart, the MEC curve

fluctuates greatly and there are significant peaks around 150 rounds.

This indicates that the protocol has uneven distribution of residual
energy and is prone to energy voids. When the protocol is
terminated, some nodes still have more residual energy. The
variance of the UCEEC was very low, indicating that the network
node energy could be effectively balanced.
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Figure 8 Comparison of mean and variance of the residual energy

5 Conclusions

Aiming at the requirement of high energy efficiency
monitoring in wheat field wireless sensor network, a non-uniform
clustering routing protocol based on effective energy consumption
is proposed, focusing on the non-uniform multipath fading effect of

crops on wireless signals.  This protocol uses the similarity region
segmentation between nodes to achieve non-uniform clustering,
which improves the similarity of nodes in the cluster in terms of
data and channel. A multi-hop path selection method between
cluster-heads based on the estimation of two-hop effective energy
consumption was designed. The energy consumption cost factor
was calculated by the effective energy consumption and the
average energy consumption within the cluster to achieve the
minimum and balance of the overall energy consumption of the
network. The results show that compared with the traditional
algorithms MREBR, MEC and SOR, the proposed algorithm
improves the energy balance effect between nodes and prolongs the
network life cycle. The energy efficient utilization of wireless
sensor network data collection in the complex environment of
wheat field is realized.
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