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Abstract—Wireless sensor network (WSN) plays an im-
portant role in the large scale farmland environmental mon-
itoring. The complex farmland environment has a great
impact on the WSN performance. Extremely low power
consumption of WSN is required because of the long moni-
toring period and limited energy. In the considering of net-
work coverage, connectivity, organization and power con-
sumption, this paper proposes a new deployment strategy in
the consideration of solar power nodes. A mixed deployment
method combining with structure and random filling de-
ployment is used. The hot-spot nodes in the network are
replaced by solar nodes in order to get a longer lifetime. The
simulation results show that the new method has a better
performance than the traditional algorithms.

Index Terms—wireless sensor network, agriculture, node
deployment, solar power node, energy saving.

[. INTRODUCTION

With the development of MEMS (Micro-Electro-
Mechanical System) and wireless communication tech-
nologies[1], WSNs (Wireless Sensor Networks) have
played an important role in many fields[2-3]. In agricul-
ture, it is helpful in monitoring the farmland environment
with WSNss. In this case, the environment information can
be automatically measured, gathered and transmitted to a
base station far away. Agriculture workers would use
these information to guide and improve the agricultural
production. However, there are many restrictions and
problems in farmland WSN applications.

One of the most important question is how many nodes
should be deployed to the farmland. The connectivity of
the network may be bad when there are not enough nodes,
or some nodes are not in a suitable place. Increasing the
number of nodes often improves network connectivity, but
the cost may increase. Some node deployment methods
are proposed for this kind of issue.

Limited energy is the bottleneck in the farmland WSN
application. So the low power strategies are very im-
portant. The low power strategy will decrease the power
consumption of each node or average the power consump-
tion between nodes, both of which would lead to a longer
network lifetime.

Due to the need of accurate and convenient accessing of
farmland environmental information, WSN has become a
key technology in the implementation of precision agricul-
ture. In the large scale farmland wireless sensor network
monitoring applications, there are many characteristics
need to be considered, such as large monitoring area, huge
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number of nodes, very limited node energy and etc. Node
deployment will affect data collection and network life-
time and other properties directly. For all the above reason,
how to deploy the nodes effectively becomes a research
point.

Existing node deployment researches mainly focused in
two parts. One is using minimal nodes to achieve the cov-
erage of the monitoring area. The other is how these nodes
located to make sure the wireless sensor network has good
performance such as connectivity, lifespan and so on. It is
very hard to change node batteries in the farmland appli-
cation, so the energy limitation is more critical. In recent
years, renewable energy is a new idea in dealing with the
WSN energy problems. Farmland is rich in solar and wind
energy resources, by using these, the WSN energy prob-
lems could be solved fundamentally. Because of the high
cost of the solar power system, there are only a small part
of nodes could using it in the agricultural WSN applica-
tion.

Considering the feature of large scale farmland hetero-
geneous network and the solar energy obtaining, this pa-
per proposes NHSND (Network Hot-spot Solar Node
Deployment). The scheme reduces the deployment com-
plexity and significantly extending the lifespan of the
overall network.

II. RELATED WORKS

Node deployment research mainly focuses on the net-
work connectivity and coverage. A reasonable node de-
ployment can offer a good network performance. A re-
dundant deployment may bring better network connectivi-
ty and higher coverage rate, but also increases network
cost and power consumption. So a key issue in node de-
ployment is to find a balance point between connectivity,
coverage, cots and power. The deployment strategy can be
classified in different ways, such as structure deployment
and random deployment, static deployment and dynamic
deployment.

Static deployment is a commonly used method in which
the location of nodes is fixed or changed slightly after
deployment. A static deployment algorithm focuses on
finding an optimization method for large combination of
nodes. Many algorithms are proposed for solving this kind
of issue, such as Glowworm Swarm Optimization(GSO)
algorithm[4], Particle Swarm Optimization (PSO) algo-
rithm[5] and Simulated Annealing (SA) algorithm[6]. All
these methods have been find good performances in agri-
culture WSN applications, especially in large scale net-
work.
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However, when the working environment of the WSN
changes, the original deployment may perform badly in
connectivity or coverage. And dynamic deployment algo-
rithms are proposed to dealing with it. In dynamic de-
ployment, the node is supposed to have the ability to
change its location. After the initial deployment, the nodes
could choose to move or not based on the environment
change. By change the node's location, the dynamic de-
ployment algorithm can achieve a better performance with
lower cost than static method.

Random deployment is the simplest deploying method,
but in some cases most useful. In some danger or complex
environment, such as the battlefield, special terrain, disas-
ter area, it is unable to place the nodes directly by human.
In these cases, random deployment by machines or airdrop
will be high efficiency. Li[7] proposed an scheme to esti-
mate the required number of nodes under random de-
ployment. In order to ensure the connectivity and cover-
age of the wireless sensor network, and lower the network
power and cost, the node density A should be

BB 1)

6R2 3R

Where, R is the perception radius of the sensor nodes.

However, the random deployment may be insufficient
for the uncertain location of nodes. Some nodes may be
very close to each other, which will raise network redun-
dancy. And the network performance of the random de-
ployment could not be guaranteed.

Under a controllable environment, the structured de-
ployment could be done. Firstly, the monitoring area is
divided according to the topology geometry. The node
position is previously calculated and then the sensor nodes
are deployed. Liu[8] proposed a systematic regular de-
ployment in patterns such as triangular lattice, square
lattice and hexagon lattice, and the maximum lattice side
in each pattern was given. The deployment cost and con-
nectivity in these three regular patterns were also dis-
cussed. Sun[9] compared random deployment, square
deployment and hexagon deployment by simulation. The
hexagonal plan was determined as the final deployment
method, and experiments were carried out in the fields.
Structured deployment enables precise control of node
position layout, so the network performance of coverage
and connectivity could be optimal. However, due to the
need of human intervention, the structured deployment is
less efficient than random deployment.

Energy which is the scarcest resource in WSNs deter-
mines the lifetime of WSNs[10]. A WSN nodes mainly
contain four parts: processing module, sensor module,
communication module and power supply module. Most
part of energy is consumed by sensing, calculating and
communication processes. Especially, nearly a half of the
total power consumes during data transmission and receiv-
ing[11-13]. In order to maximize the WSN lifetime, many
energy saving strategy was developed for the agriculture
WSNs.

In order to achieve the goal of energy saving and bal-
ancing, the existing algorithms select cluster head nodes
based on the nodes residual energy. This kind of strategies
may not suit the networks which employ both battery
powered nodes and solar powered nodes. That is because
the solar powered nodes obtain the energy from the envi-
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ronment and the residual energy changes with time. The
introduction of renewable energy may solve the energy
problem fundamentally. Agricultural WSN covers a vast
area, and have abundant renewable energy sources such as
solar and wind. However, due to the high cost of renewa-
ble energy supply system, the agriculture WSN could only
have a part of node to be renewable energy supply. In this
case, the research would mainly focuses on the mixed-
power supply strategy.

III. SYSTEM MODEL, ASSUMPTION AND PROBLEM
DESCRIPTION

A. Network Assumptions
The network assumptions are as follows[14-17]:
(1) The network is deployed in an MxM square region;

(2) The transmission radius of all sensor nodes could
vary from 0 to Tyax, Where 1. > 15

(3) Each source node generates a raw data packet with
the same size /;

(4) The network has only one sink node(or base station)
with infinite energy collects the data from all other nodes;

(5) There two types of nodes in the network. One is bat-
tery powered with finite energy, the other is solar powered
which has continuous energy input. For assumption, E,
refers to the initial power of a battery powered node, and
E; refers to the initial power of a solar powered node. E,
<<Eg

(6) All nodes have the capability of monitoring the en-
ergy level of itself;

(7) The network is hierarchical structure organized,
with a cluster radius r.

B.  System Models

The communication power consumption model is set as
in reference '¥). The transmitting power Ey, is:

2
E“, - lEel«» + lé‘/d »d < du‘u.smvw . (2)
“ \IE,, +l¢,d*.d=d

elec crossover

where, [ refers to the number of bits in a packet, E,. re-
fers to the energy consumption which transmitting circuit
or receiving circuit transmit one bit data, d refers to the
distance between the transmit and receive nodes,
d = e, /¢, » is a threshold distance in the model, if d is

less than d_,oss0ver» then the free space attenuation model is
used. if d is larger than d_,,ss0ver, the multi-path attenuation
model is used gand ¢, are the energy coefficients of pow-
er amplification in two models.

The receiving power E,, is:
Err = [Eu/uc . (3)

There are cluster-head nodes and non cluster-head
nodes. So the total energy consumption is the sum of
cluster heads and non cluster heads. The power consump-
tion of cluster-head node E is calculated as:

E, - lEM% +IE,, % tled. 4)
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where, Epr refers to the cluster-head's data fusion power
per bit information, d,,zs refers to the distance between
cluster-head and the base station.

The power consumption of intra-cluster nodes E,cy is
calculated as:

EnCH = lEu[u(' % + IE/dAZ)CH . (5)

where, d,,cy refers to the distance between intra-cluster
node and cluster-head.

According to the system model, each cluster region is
considered as a round area with a cluster as the center. The
total monitoring area is M’, the optimal cluster number is
set to k. Intra-cluster nodes distribute evenly in the round
area. The expectation of & ot is calculated as:

2 2 2 M?
Eld,, ] =ff(x + Y7 )pdxdy = m . (6)

where, p refers to the node distribution coefficient, the
value of p equals the reciprocal of area when the nodes are
evenly distributed.

C. Problem Description

According to the network models and assumptions,
there are high performance and high cost solar powered
nodes in the network, so the network overall power con-
sumption and cost should take into consideration as well
as network connectivity and coverage. Under the mixed
power supply WSNs, there four types of problems need to
be considered in the network deployment strategy optimi-
zation.

(1) Network connectivity and area coverage, which are
the basic requirement of the deployment strategy;

(2) Network cost. The performance would be better if
there is more nodes. The problem is to meet the basic
performance requirement in a lowest cost;

(3) Node location. Under a certain number of nodes, the
nodes location have a huge impact to the network perfor-
mance and lifetime. The location of each node is the key
problem in the deployment.

(4) Number and location of solar powered nodes. Solar
nodes have better performance and much more power, but
the number of solar nodes should be limited due to the
high cost. And their location are also important to the
overall performance.

IV. NETWORK HOT-SPOT SOLAR NODE DEPLOYMENT
STRATEGY

A. Undifferentiated node deployment stage

In this stage, all nodes is treated as battery node in order
to satisfy the network coverage and connectivity[18-20].
The deploy method proposed in this paper is a combina-
tion of structure and random filling deployment. The
structure deployment could provide an overall coverage of
the monitoring area which avoids nodes unbalance distri-
bution. The random filling deployment provides a more
operational way for deployment in large-scale farmland
environment, which reduces the difficulties in the de-
ployment. The nodes unbalance distribution caused by
random deployment can be ignored in a small region.
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The number of nodes should be decide according the
monitoring area and node coverage area.

N =C (7)

a r 2

TV

where, N, refers to the needed number of nodes, 4, =M xm
refers to the monitoring area, » refers to the node sensing
radius, & is the coverage factor. The network will have
more nodes with a bigger C,, which may lead to a higher
performance and redundancy. Generally C, takes a value
between 1.5 to 2.

The structure deployment method includes deltoid de-
ployment, square deployment and hexagon deployment.
Reference [3] has proved the hexagon deployment is bet-
ter than square deployment. So the hexagon deployment is
used as structure deployment method in the paper. An
illustration of mixed deployment is shown in figure 1.

(a) (b)

Figure 1. Steps in mixed deployment
(a) Frame structure deployment (b)Random filling deployment

As it is shown in figure 1(a), a regular hexagon frame
structure deployment is used, which is used to meet the
basic network coverage requirement. By doing this, the
probability of uneven distribution of random deployment
is minimized. A random filling deployment in each frame
area is done, as it is shown in figure 1(b), which can simp-
ly implement and satisfy the network connectivity.

Nyis the number of nodes which build the regular hexa-
gon frame.

®)

N,=6A“=6l

Am
Ners

where, 4, =l refers to the number of regular hexagon

Am
]
area, a refers to the edge length of regular hexagon. The
deployment is more randomize when a becomes larger.
When «=<r the mixed deployment becomes a structure

deployment. In this papera=3-.

N, refers to the average number of nodes which filling
to the each frame area.

N {NN} )

B. Network hot-spot solar node deployment stage

In a hierarchical network architecture, cluster head
works as "super node" which takes the response of all the
data transfer task. The energy consumption of cluster
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heads which consume more power than the other normal
nodes is the hot-spot of the network. Solar powered nodes
which have continuous power supply are suit for cluster
heads. Meanwhile, there is plenty of solar power in the
farmland environment which is easy to get use of. The
introduce of solar power can prolong the lifespan of farm-
land wireless sensor network, but also rises the network
cost. So the number of solar node need to be optimized in
order to get a balance between network lifetime and cost.

After the undifferentiated node deployment stage, the
total number of the nodes and the location of nodes are all
fixed. In the second stage, the number and location of
solar powered node would be decided. In this section, a
solar node deployment strategy based on network hot-spot
is proposed. The flowchart of network hot-spot solar node
deployment algorithm is shown in figure 2.

Decide the optimal
solar node number &

v

Randomly choose 4 nodes to
be solar powered

v

Load estimation and
comparison

Target set stable or
maximum cycle time;

Figure 2. Network hot-spot solar node deployment flowchart

The number of solar nodes equals to the optimal num-
ber of clusters k. In order to get an optimal &, a Linear
Programming issue is built. The constrain is to minimize
the network overall energy consumption.

dE,

ol _ ()
dk
. (10)
total
e >0

where E,,, refers to the overall network power consump-
tion, and k refers to the optimal cluster number.

According to the system models such as equation (4), (5)
and (6), the network overall energy consumption is:

N
E o = k(Egyy + ;E‘HC‘H)
1)

e
dhys + Ne, —)

=1(2E,
27k

elec

N+Ey,N +ke,

Lead equation (11) into formula (10), the optimal &
could be obtained as.

N e
2r e, dis

k- . (12)

After the number of solar nodes is got, the location of
the solar nodes could be decided by the following steps.
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step 1: Random choose & nodes to be the target nodes.
The target nodes set is noted as {TN}. For any node S,
Sje {TN}, ifd,<r, do step 1 again, else go to step 2.
Where, dj; is the distance between node S; and S;, and r is
the cluster radius.

step 2: For any S;e {TN}, S; is a neighbor node of S;
and Sj¢ {TN}. N; is the number of neighbor nodes of S;.
C; is the common neighbor nodes between S; and other
nodes in {TN}, C;j is the common neighbor nodes between
S; and nodes in {TN} except S;. If ¢ <c,, add §; to the

target set and delete S;.
step 3: If there are several nodes satisty the ¢ <c, re-

quirement in step 2, choose the node whose number of
neighbor nodes is closed to the average number of nodes
in a cluster.

N
N -2
k‘}

(13)

L,

N| .
N, —I‘=mm{

N
N -

Add S; to the target set and delete S;.

Repeat step 2 and step 3 until there is no node change in
the target set, or reach the maximum cycle times.

V. SIMULATION AND RESULTS

A.  Network simulation environment

The simulation was worked out using MATLAB 2012.
According to reference [19], network model parameters
are shown in table I.

TABLE L.
SIMULATION PARAMETERS
Parameter Value
Monitoring area 1000m*1000m
Sink(BS) location (500,3000)
Ey 0.5J
Es 5]
r 100m
& 0.0013pJ/b
Em 10pJ/b-m™
Epy En 50 nJ/b
/ 400b
Basic coverage requirement 85%

B.  Result and analysis

To test the validity of the algorithm proposed in the pa-
per, random deployment strategy and GA(Genetic Algo-
rithm) was used as the comparison to the NHSND algo-
rithm. The coverage comparison using these three algo-
rithms with different number of nodes was done.

As it is shown in figure 3. When the number of nodes
equals 50, the coverage of random deployment is about
30%, GA is about 35%, and NHSND is about 38%. When
node number below 200, coverage of all three algorithms
increases rapidly with the increasing of node number. The
coverage of random deployment is about 60%, GA is
about 85%, and NHSND is about 85% with a node num-
ber of 200. When the number of nodes is small, the cover-
age of random deployment algorithm is lower than the
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Coverage

50 100 150 200 250 300 350 400
Na

Figure 3. Network coverage comparison

other two methods. Because there may be overlapping
between node coverage areas. When the node number
goes over 200, the coverage of GA is almost the same,
with a final value of about 86%. The coverage of random
algorithm keeps increasing when the node number goes
over 200, and reaches the highest value of 95% when the
number is 400. The coverage of NHSND algorithm keeps
increasing when the node number goes over 200 to 300,
but the increasing rate is decreased. When the node num-
ber is more than 300, the coverage of NHSND keeps sta-
ble at a valve of about 95%.

When the number of nodes gets large, the redundancy
of the network gets high, the coverage of random deploy-
ment gets to about 95% in the final state. GA has a good
coverage performance when the node number is small.
When the node number is larger than 200, the coverage of
genetic algorithm keeps below 87%. GA is a local optimi-
zation algorithm, which may find a local optimal result
instead of a global one. NHSND algorithm has a better
performance than the other two in both small and large N,
situations. The network coverage of NHSND reaches
about 85% when N, is 200. NHSND algorithm could
reach about 95% coverage when N, is larger than 300.

Alive nodes comparison between different algorithms
2004
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Figure 4. Network lifetime comparison between different algorithms

A performance comparison of NHSND, GA and Ran-
dom deployment was done. In this comparison, all nodes
is set to be battery nodes, and the routing algorithm is
CHCS proposed by reference[20]. As it is shown in figure
4, die nodes appear at about round 400 under random
deployment. The nodes in random deployment die at a
fixed rate because of the random deployment. Under ran-
dom deployment, 10% nodes die at round 500, 90% nodes
die at round 1000, and all nodes die at round 1100. The
results tell that random deployment which has the shortest
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network lifetime cannot balance node energy consumption
very well, and it has the least stable period. In genetic
algorithm, die nodes also appear at about round 400, but
the number of alive nodes in genetic algorithm do not
decrease as fast as in random deployment. In genetic algo-
rithm, 10% nodes die at round 700, 90% nodes die at
round 1300, and all nodes die at round 1400. The alive
nodes number decreases rapidly from round 700 to round
800, round 1000 to round 1100, and also round 1200 to
round 1400. In other rounds, the number of alive nodes
decrease slowly. That may be because GA is a local opti-
mization algorithm. The deployment of GA may be not so
good in some area. Nodes in these areas consume their
energy faster than other parts of network. In NHSND
algorithm, die nodes appears at round 800, 10% nodes die
at round 1100, 90% nodes die at round 1400, and all nodes
goes dead at round 1600. The network life time of
NHSND is about 2 times of random deployment and 1.3
times of GA.

The introducing of solar power is the key point of
NHSND, but GA and random deployment algorithm could
not handle this situation. The simulation under solar pow-

er situation compares different number of solar nodes in
NHSND algorithm.

A e S

180

160 -

140

120

100

Alive nodes

801

60

40
—=— k=10

—— k=21

#— k=40

2000 3000 4000 5000 6000
Round

20

0

0 1000
Figure 5. Network lifetime comparison in NHSND with different &

As shown in figure 5, when the number of solar nodes k&
is zero, the result is the same as in figure 4, die nodes
appears at round 800, 10% nodes die at round 1100, 90%
nodes die at round 1400, and all nodes goes dead at round
1600. When k equals to 10, die nodes appear at about
round 800, 10% nodes die at round 1000, and the alive
nodes decrease rapidly to about 100 at round 1600. The
reason is that some part of region do not have solar power
nodes, so the nodes go dead very quickly. Then the num-
ber of alive node do not decrease until round 4000. About
half of nodes could find a solar node as a cluster head, so
they consume less energy, and work for more than 4000
rounds. After 4000 rounds, the number of alive nodes goes
down slowly. The reason may be the nodes which have a
distance to the hot-spot exhausted its power. The optimal
value of k equals to 21 according to the result in section
IV(b). A over solar node supply case of k equals to 40 is
used as a comparison. Die nodes appear at about round
4000 in both £&=21 and £=40. In k=21 case, 10% nodes die
at round 4800, 50% nodes die at maximum round 6000. In
k=40 case, 10% nodes die at round 5000, 40% nodes die
at maximum round 6000. Meanwhile the decreasing rate
of alive node is almost the same in these two cases. The
extra 19 solar nodes have only a little contribution to the
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network lifetime according to the result. The simulation
results prove the & optimal value's validity.

VI. CONCLUSTION

Agriculture wireless sensor networks has attracted a lot
of attention in the recent years and introduced unique
challenges compared to WSN in other applications. In this
paper, a new deployment method NHSND is proposed in
the consideration of solar power node. A mixed deploy
method combining with structure and random filling de-
ployment is proposed to make sure the network coverage
and connectivity. A solar power location selection method
base on network hot-spot is presented with an optimal
number of solar nodes. According to the simulation results,
the NHSND algorithm has a better coverage and network
life time than genetic algorithm and random deployment.
The results also show the optimal number of solar nodes is
validate in the NHSND algorithm. On summary, NHSND
meets the basic network coverage requirement and has a
better energy consumption performance. The proper num-
ber of solar nodes balanced the network life time and the
overall cost.
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