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Abstract: Wireless sensor networks (WSN) provide an approach
to collecting distributed monitoring data and transmiting them to
the sink node. This paper proposes a WSN-based multi-hop net-
work infrastructure, to increase network lifetime by optimizing the
routing strategy. First, a network model is established, an operat-
ing control strategy is devised, and energy consumption charac-
teristics are analyzed. Second, a fast route-planning algorithm is
proposed to obtain the original path that takes into account the re-
maining energy of communicating nodes and the amount of energy
consumed in data transmission. Next, considering the amount of
energy consumed by an individual node and the entire network,
a criterion function is established to describe node performance
and to evaluate data transmission ability. Finally, a route optimizing
algorithm is proposed to increase network lifetime by adjusting the
transmission route in protection of the weak node (the node with
low transmission ability). Simulation and comparison experimental
results demonstrate the good performance of the proposed algo-
rithms to increase network lifetime.
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1. Introduction

A wireless sensor network (WSN) is an ad-hoc multi-hop
wireless network consisting of many static or moving sen-
sors. It is designed to collaboratively sense, collect, trans-
mit, and process data from monitored objects within net-
work coverage and subsequently send data to the network
owner. WSN provides mankind with a practical and effec-
tive approach for sensing the outside world and transmit-
ting the message. WSN plays an important role for the in-
ternet of things (IoT), which is widely used in many areas.
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In WSN application scenarios, many sensor nodes are
distributed over a large region to process a tremendous
volume of data. In addition, the battery capacity, storage
capacity, processing capacity, and communication band-
width of the nodes are limited, thus imposing constraints
on the quality of service (QoS) in WSN. QoS criterions in
WSN encompass the network’s lifetime, coverage, trans-
mission rate, and delay. One of the major factors that influ-
ence these criterions is node power control. Most of the en-
ergy in sensor nodes is consumed during data transmission,
and the amount of energy consumption increases exponen-
tially with transmission distance. Thus, multi-hop trans-
mission is an effective way to reduce energy consumption
and enhance load balancing between nodes. By studying
the topology of the multi-hop network and optimizing the
transmission routes, we can control the transmission power
of the nodes, enhance the power balance between nodes,
delay node failures, and increase network lifetime.

Methods for forming and controlling multi-hop ad-hoc
WSN topology have been studied in the literature. In this
topology, the network is usually represented by a directed
acyclic graph (DAG) consisting of sensing terminals, a
cluster head (CH), and a sink. The focus areas of this study
of WSN topology are on network operation mechanisms,
node clustering algorithms, and route planning for data
transmission.

Many effective application algorithms have been pro-
posed for network modeling and node clustering [1 – 5].
Heinzelman et al. [1] proposed a low energy adaptive clus-
tering hierarchy (LEACH) protocol. LEACH partitions the
network communication process into several transmission
cycles, selects the head for each cycle stochastically, and
follows the rotation strategy. The problem with this ap-
proach is that the remaining energy of nodes is not consid-
ered. Also, its performance is limited due to the assump-
tion that all nodes can communicate with the head. Shin
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et al. [2] proposed a balanced clustering algorithm (BCA)
for irregularly deployed WSNs. In BCA, each node com-
putes the probability of becoming CH based on the num-
ber of nodes in the sensed region, the coverage of each
cluster has the same size, and idle redundant nodes are
set to sleep mode. In this way, repetitious steps in sensing
and transmission are avoided, resulting in alleviated energy
consumption and increase of network lifetime. Elhabyan
et al. [4] proposed two linear programming algorithms
that address clustering and routing problems through par-
ticle swarm optimization (PSO). Their clustering method
aims to find the best set of cluster heads that maximize
energy efficiency, connection quality, and network cover-
age. In their routing algorithm, the optimal path tree was
found through the use of particle coding and fitness func-
tion. This scheme has an advantage over other algorithms
in terms of measurement reliability and packet transmis-
sion rate at the CH. Some researchers have attempted to
increase network lifetime by optimizing node distribution
and scheduling of transmission slots [6 – 8]. Zhang et al.
[7] proposed to balance energy consumption and increase
network lifetime through non-uniform data distribution.
The game theory has been used to achieve a trade-off be-
tween energy consumption and the provision of relaying
service at nodes in [8]. Hu et al. [9] used the unscented
Kalman filter (UKF) to track and coordinate the network
based on an energy balance to facilitate target tracking and
node localization. Hou [10] proposed a model that con-
siders the end-to-end delay constraints and delivery ratio
requirements of flows jointly, and developed a framework
for designing feasibility-optimal policies. Assaf et al. [11]
proposed a localization algorithm that is able to accurately
locate the sensor nodes owing to a new low-cost imple-
mentation.

Path planning is critical in network topology. Due to its
ability to reduce energy consumption, prevent data con-
flicts, and increase data packet transmission rates, the ef-
fective transmission path has drawn a lot of attention [12 –
19]. Karp and Kung proposed a greedy perimeter state-
less routing (GPSR) algorithm in 2000 for the wireless
datagram network in [12]. GPSR determines the path for
data forwarding by jointly considering the position of rout-
ing nodes and the destination of packets in WSN. GPSR
has two modes: greedy forwarding and edge forward-
ing. GPSR has become the ancestor of many subsequent
studies. Xia et al. [13] proposed a gradient based routing
(GBR) protocol based on the fact that data always flows to
the sink in WSN. GBR protocol defines a gradient for the
node based on the distance between the node and the sink,
the number of hops, and the energy consumption. While
sending data to the sink, each node chooses an upstream
node with a small gradient to forward data. The authors

in [15] proposed a distributed energy sensing algorithm
which plans the routes based on the remaining energy and
node coverage. The authors in [18] proposed a hybrid rout-
ing strategy to prevent the energy of the hot spot from be-
ing exhausted rapidly in WSN. In [19], Hua et al. stud-
ied a partition-based routing algorithm and attempted to
increase network lifetime through optimization of data ag-
gregation. Some researchers in [20] have attempted mainly
studying the use of compression-aware methods to im-
prove the data fusion and compression abilities for extend-
ing the network life.

In recent years, more efficient methods have been pro-
posed to address the lifetime maximization problem of
WSN [21 – 28]. Xu et al. [23] proposed a cooperative com-
munication method to improve the spatial diversity and
maxmize the lifetime for data aggregation. Frezzetti and
Manfredi [25] adopted the data compression method based
on compressive sensing theory to prolong the lifetime of
WSN. They proposed a two-layer controller that ensures
efficient signal reconstruction and high network lifetime.
Kim [26] proposed a load balancing scheme that balances
the energy consumption of the sensor nodes and maxi-
mum network lifetime by applying the sub-network man-
agement in WSNs. The anthors in [28] proposed an evalua-
tion framework as a benchmark for performance evaluation
of routing algorithms based on its ability to specify the op-
timal performance of increasing network lifetime through
the distributed routing strategy. Hou et al. [29] considered
a two-tier WSN, and proposed multisession flow routing
solutions which split flows to different paths during trans-
mission to extend network lifetime.

This paper uses the DAG-based multi-hop WSN archi-
tecture to collect sensor data, studies the network model
and routing algorithms, proposes a criterion function for
node performance, and increases network lifetime by opti-
mizing the transmission paths in protection of weak nodes.
The remainder of the paper is organized as follows. Sec-
tion 2 describes the system model, which includes discus-
sion on the application scenario and network model; Sec-
tion 3 proposes a fast route planning algorithm based on
remaining energy and energy consumed for data transmis-
sion; Section 4 presents a path optimizing strategy, which
includes the definition of the performance criterion func-
tion and the development of the path optimizing algorithm
in protection of weak nodes; Section 5 simulates the pro-
posed algorithm and evaluates performance; Section 6 con-
cludes the paper.

2. System model

In this paper, a WSN-based communication network is
constructed to meet the application needs of data collec-
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tion and transmission using ZigBee terminals. The moni-
toring devices are deployed at the places where sensing
data is collected and sent via the ZigBee module. The net-
work follows the tree-like topology and the coordinator,
router, and monitoring terminals are all implemented using
the DRF1605H ZigBee module as shown in Fig. 1. They
form a tree-like topology that collects data and sends it to
the sink. The network coordinator is the sink and is con-
nected to a host PC. The PC is the control center of the
WSN and is responsible for route planning, slot allocation,
network control, data aggregation, and long-distance data
transmission.

Fig. 1 WSN framework for monitoring data aggregation

The ZigBee communication terminal is a critical net-
work transmission device, all ZigBee nodes have set
up the PAN ID, communication channels, transmission
baud rates, and user-defined addresses. The control cen-
ter knows the user-defined addresses, spatial locations, and
sensor types of all nodes. The PC sets up the network pa-
rameters, plans the transmission paths, and generates net-
work topologies based on node locations and transmission
requirements. The coordinator broadcasts topology infor-
mation to all routers and terminals in the network. Each
route and terminal stores the transmission address and dis-
tance of the upstream node. The stored data will be utilized
as the criterion for selection of the desired node and adjust-
ment of power during data transmission.

Based on the design of the network model, operating
conditions of the network are given below:

(i) The network has a tree-like topology with the sink
as the root. The root also serves as the coordinator for the
ZigBee network.

(ii) All nodes, except the sink, can forward data and
serve as a routing or terminal node. In addition to forward-
ing data, the router needs to send data from its sensor.

(iii) The energy of the router and terminal is fixed and
cannot be replenished. The transmission power is control-

lable and can be adapted to transmission distance. The net-
work will be regarded as failure if any node is unable to
transmit data due to exhaustion of energy.

(iv) Network operation is partitioned into multiple cy-
cles, and all nodes send packets only once in a cycle.

(v) All nodes are physically fixed. The host PC knows
the location and original energy of each node, and has the
ability to compute the remaining energy for each node dur-
ing each cycle. The host dynamically plans the network
during each cycle and broadcasts it to each router and ter-
minal using the coordinator, and activates a transmission
cycle.

(vi) Control information is also used as the criterion
for clock synchronization. The router and terminal adapt
the timing parameter to their locations in the topology and
send data packets during the assigned slots.

This paper focuses on dynamic planning of network
topology. During each transmission cycle, network paths
can be optimized by jointly considering the remaining en-
ergy and the total energy consumed in data transmission.
The criterion function is defined to evaluate the perfor-
mance of a node in protection of weak nodes. By doing
so, we can increase network lifetime.

3. Path planning based on remaining energy

3.1 Network topology and energy
consumption analysis

In this paper, we assume the WSN communication sys-
tem is consisting of N sensor nodes and a sink, the net-
work model can be represented with a DAG G(V, E),
where V denotes a set of N + 1 nodes and E denotes
the set of edges representing the transmission paths. In
DAG, all nodes have only one upstream node. Thus, E

consists of N edges. The N transmission nodes are num-
bered 1, 2, . . . , N and the sink is numbered N + 1, so
G(V, E) can be uniquely represented by the vector r =
(r1, r2, . . . , rN )T, where ri denotes the upstream node of
i and ri ∈ {1, 2, . . . , N + 1}.

In the case of data transmission over a short distance, the
energy consumptions of nodes in WSN include the energy
consumed by the receiving circuit, the sending circuit, and
the energy consumed due to attenuation. Without consi-
dering multi-path attenuation, the energy can be repre-
sented as

E = (ET−elec + ER−elec + Eamp × d2)packetsize (1)

where ET−elec andER−elec denote the energy consumed
by the sending circuit and receiving circuit, respectively.
Eamp denotes the power amplification coefficient of the
attenuation model, d denotes distance between source and
desired node, and packetsize denotes the size of a packet.
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Let Pd represent the packets generated by all sensors dur-
ing each transmission cycle and let Pc represent the infor-
mation from the control center. Reception of the message
Pr and transmission of the message Pt at node i can be
expressed as {

Pr = (Ti − 1) · Pd + Pc

Pt = Ti · Pd
(2)

where Ti denotes the number of packets to be sent by node
i and Ti − 1 denotes the number of packets that node i

needs to forward as a router. In addition to the forwarded
data, the sent data also encompasses the data from the sen-
sor in the node itself. Consider that node i sends the data
to the upstream node ri; let di,ri represent its transmission
distance, i.e., the distance between i and ri. Based on (1),
the energy consumption Ei of i is given as

Ei = (ET−elec + Eamp × d2
i,ri

)Pt + ER−elecPr. (3)

Based on the topology, vector r is used to analyze the
number of packets Ti sent by node i. Let pji represent the
probability that node j sends data to node i. This is formu-
lated as

pji =
{

1, rj = i

0, rj �= i
(4)

where j ∈ {1, 2, . . . , N} and i ∈ {1, 2, . . . , N, N + 1}.
If node i is the router, then the number of packets that

need to be forwarded can be computed as shown in

Ti =
N∑

j=1

pjiTj + 1. (5)

Since the upstream node of any node cannot be the node
itself, i.e., pii = 0, i ∈ {1, 2, . . . , N}, (5) can be rewritten
as

Ti −
N∑

j=1
j �=i

pjiTj = 1. (6)

Define the vector T = (T1, T2, . . . , TN)T and b =
(1, 1, . . . , 1)T. Then (6) can then be rewritten as

AT = b (7)

where A is an N×N matrix consisting of pji. Component
A can be obtained directly using (4) and the vector r:

A =

⎡
⎢⎢⎢⎣

1 −p21 · · · −pN1

−p12 1 · · · −pN2

...
...

. . .
...

−p1N −p2N · · · 1

⎤
⎥⎥⎥⎦ . (8)

It is known from (7), that T = A−1b, so the number
of packets sent by each node (denoted by Ti) can be com-
puted. Based on (2) and (3), the total amount of energy

consumption Ei of node i and Et of the network can be
given as

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Ei = (ET−elec + ER−elec + Eamp × d2
i,ri

)·
PdTi + (Pc − Pd)ER−elec

Et =
N∑

i=1

Ei

. (9)

3.2 Planning of the original path

From the analysis above, it can be seen that the energy con-
sumption Ei and the total amount of energy consumption
Et can be obtained as long as the spatial location of the
node and the topology vector r are known. By consider-
ing both the remaining energy of the node and the amount
of energy consumed in data transmission, we propose a
fast routing algorithm, the algorithm can sequentially de-
termine the upstream node of each node to form an original
network topology.

In our network model, if the distance between the node
and the sink is less than the maximum transmission dis-
tance dmax, then the sink is defined as its upstream node.
Otherwise, additional nodes are required to function as re-
lays. There are three principles for our path planning algo-
rithm:

(i) All nodes are sorted based on remaining energy and
the distance from the sink. Then, the nodes are chosen one
by one to plan their upstream nodes. Nodes with more
remaining energy and nearer to the sink are probably as-
signed transmission path firstly.

(ii) Upstream nodes must be chosen from nodes whose
transmission distance is no more than the limit and whose
transmission path has been specified.

(iii) If there are multiple choices for upstream nodes,
choose the optimal one according to the remaining energy
and the amount of energy needed to send data to the sink.

The three principles jointly consider remaining energy
and distance from the sink, thereby enabling the node with
more energy and near distance to be chosen first as the up-
stream node, implying that the amount of energy needed to
send data from the node to the sink is minimized.

According to the second principle, it is possible that a
node does not meet the specified conditions. Therefore,
path planning can be completed after several rounds of
planning. The node whose path cannot be planned can be
extended to subsequent rounds, until path planning of all
N nodes is completed. The steps of the algorithm are as
Algorithm 1.

Algorithm 1 The preliminary path planning method
Initialize: dmax, ri = −1, compute di,j , di,S , Ei

r for
all i

All nodes are sorted by Ei
r (descend), di,S (ascend)
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Set round flag=true
while(round flag)

round flag=false
for i = 1, 2, . . . , N

t← the ith index number of the sorted nodes
if rt! = −1

break
end if
if dt,S < dmax

rt = N + 1, Et = (ET−elec + Eamp × d2
t,s)Pd

round flag=true
break

end if
Get the index number set of optional nodes j

Subject to dt,j < dmax && rj ! = −1
if the set is empty

break
else

Compute the energy consumption Et corre-
sponding to all js in the set

Et = (ET−elec +ER−elec +Eamp×d2
t,j)Pd +Ej

end if
All js in the set are sorted by Ej

r (DESC),
Et (ASC)
rt ← the first j in the sorted set
round flag=true

End for
End while

4. Strategy for dynamically optimizing
transmission paths

Nodes are selected based on the specified sequence for path
planning and the upstream node cannot be changed after it
is determined. In this context, under the routing algorithm
discussed in Section 3.2, nodes close to the sink may be
depleted of energy rapidly. This algorithm cannot address
the hot spot problem effectively, therefore, the path pro-
duced by this algorithm can only be used as the original
path. This section defines a criterion function to evaluate
node data transmission ability and proposes an optimiza-
tion strategy by protecting the weak nodes in the original
network topology to increase the lifetime of the overall net-
work.

4.1 Definition of the criterion function

After the network topology is obtained, the vector r is
known and enables us to compute the energy consumption
of all nodes Ei and the total amount of energy consumption
Et using (9) (i = 1, 2, . . . , N). Let Ei

r denote the remain-
ing energy of i after the previous cycle, and Et

r denote the

total amount of the remaining energy. The criterion func-
tion Fi for i is defined as follows:

Fi = α · Ei

Ei
r

+ β · Et

Et
r

(10)

where α and β are weights and α + β = 1. Fi jointly con-
siders the energy consumption of i and the total amount of
energy consumption. A large value of Fi implies that node
i occupies a large proportion of the remaining energy and
the total amount of energy consumption in the network is
high. In this case, this node with large value of Fi may
be exhausted first and can become a network bottleneck.
Further analysis of (10) is performed as

Fi = α · Ei

Ei
r

+ β
Et

Et
r

= α · Ei

Ei
r

+ β

N∑
j=1

Ej

Et
r

=

(
α

Ei
r

+
β

Et
r

)
Ei +

β

Et
r

N∑
j=1
j �=i

Ej . (11)

Let F = [F1, F2, . . . , FN ]T denote the attribute
vector, which consists of the attribute value of each
node computed using the criterion function. Let E =
[E1, E2, . . . , EN ]T. Equation (11) can be written in matrix
form as

F = DE (12)

where D is an N ×N constant matrix:

D =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

α

E1
r

+
β

Et
r

β

Et
r

· · · β

Et
r

β

Et
r

α

E2
r

+
β

Et
r

· · · β

Et
r

...
...

. . .
...

β

Et
r

β

Et
r

· · · α

EN
r

+
β

Et
r

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(13)
The node corresponding to the largest value of F is re-

garded as the weak node, and its value is called the fea-
ture value of the network, denoted by C, i.e., C = ‖F ‖∞.
Generally, the communicating hot spot close to the sink is
likely a weak node, which should be protected during path
planning. In this paper, we propose an adjustment to the
network topology such that the loads of the weak nodes
are shifted to other nodes in order to improve energy con-
sumption balance, resulting in a reduced feature value C

and an increased network lifetime.

4.2 Path optimization algorithm for protection of
weak nodes

After the original network topology is determined, the at-
tribute vector F can be used to obtain the feature value
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of the network and the location of weak nodes. This sub-
section proposes a network topology optimizing scheme to
protect weak nodes and to reduce the feature value C. If
node i becomes a weak node, i.e., C = Fi, this means
that node i is energy intensive. Its attribute value Fi can
be decreased by reducing Ei. It is clear from (9) that with
other parameters (e.g., Pc and Pd) being the same, there
is no way of decreasing Ti and di,ri except by changing
the network topology. Fig. 2 shows the details of path op-
timization. The value of di,ri can be reduced by changing
the upstream node of node i to shorten its transmission dis-
tance, as shown in Fig. 2(d). Reducing Ti is equivalent to
reducing the number of packets sent by node i. This can be
achieved by reducing the number of downstream nodes, as
shown in Fig. 2(b) and Fig. 2(c).

Fig. 2 Changing the transmission path to protect the weak point

From Fig. 2, it can be observed that by changing the up-
stream and downstream nodes of the weak node, we can al-
leviate the energy consumption of the weak node along the
existing path and reduce its attribute value Fi. Adjusting
the path will inevitably increase the load of other nodes,
making it possible to generate a new weak node, as shown
in Fig. 2(c) and Fig. 2(d). Even worse, the new weak node
may have a higher attribute value, resulting in an increased
feature value C of the entire network, thus worsening net-
work performance. An optimization algorithm is needed to
reduce C gradually during path adjustment.

Based on the above analysis, the value of Fi can be
alleviated by decreasing Ti or di,ri, this can be achieved
by changing the upstream node or reducing the incoming
nodes of node i. If node i is the weak node, let Si denote
the set of these nodes that not only node i, but also all
nodes pass node i while transmitting the data to the sink.
Changing the upstream node of any node in Si may reduce

Fi. If only the upstream node of node i is changed, then Ti

remains constant. If the upstream node of other nodes in
the set is changed, the new upstream node must not be in
Si, otherwise Ti will remain constant.

Let flag(i) represent a flag that node i has been pro-
cessed. Based on vector r, the method for constructing Si

is given by Algorithm 2.
Algorithm 2 Construction method of set Si

Initialize: flag(i) = 0 for all i

Si = [i]; i is a member of Si

For k = 1, 2, . . . , N , s.t. k! = i&&flag(i) = 0
count = 1, t = [ ], t(count) = k, current = r(k)

While(current! = i&&current! = N + 1)
If(flag(current) == 0)

t(+ + count) = current

flag(current) = 1
End if

current = r(current)
End while
If (current == i)

Si ← Si ∪ t

End if
End for

After the set Si is determined, we need to change the
upstream node of elements in this set. The new upstream
node is called the target node. Considering the possibility
that a new weak node may occur after path adjustment, we
must choose the correct node as the target node. For any
node j ∈ Si, the target node k obtained after path adjust-
ment must meet the distance constraint, i.e., di,k < dmax.
At the same time, nodes with a small attribute value should
be chosen as the new upstream nodes. However, even if Fk

is small, the data sent to node k advances to the sink along
the path of k, making it possible to worsen the performance
of other nodes along the path. Thus, the performance of all
nodes in the path should be considered when deciding on
the target node. In this paper, the associated attribute value
is used to address the problem above.

Let Nj be the set of neighbors of node j and let Lk be
the set of nodes that forward data from k to the sink. De-
tails are as follows:
⎧⎨
⎩

Nj = {m|dj,m < dmax}
Lk = {n|nodes in k′s path}
j, k = 1, 2, . . . , N ; m, n ∈ {1, 2, . . . , N + 1}; j �= m

.

(14)
Let Fk be the attribute value of node k and Rk be the

associated attribute value of node k, which is actually the
maximum attribute value among all nodes in the transmis-
sion path of k, as shown in (15). For any network topology,
if the attribute value Fk of node k is known, then the value
of Rk can be found using vector r, as shown in Fig. 3.
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Fig. 3 Comparison of criterion function Fk and associated attribute value Rk

According to the definition of the network model, no en-
ergy constraints are imposed on the sink. In Fig. 3, Fk and
Rk are set to 0.

Rk = max{Fn|∀n ∈ Lk} (15)

The path is adjusted only when we obtain the set Si, Nj ,
and the associated attribute value Rk. Consider that node i

is the weak node. Then, for any node p ∈ Si, its original
upstream node rp is changed to q, i.e., rp = q, where q

is determined in (16). There may be more than one node q

that meets the criterions. In this case, according to the en-
ergy consumption criterion, the node with less energy con-
sumption in the new path is chosen as the upstream node.

q =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

n|Rn = min
m
{Rm}|dp,m < dp,rp |

m ∈ (Np − Si), p = i
n|Rn = min

m
{Rm}|m ∈ (Np − Si),

p �= i

(16)

Changing the upstream node of p in Si to q can reduce
the value of Fi, but it may also result in a new weak node
and thus increase the value of C, thereby worsening net-
work performance. A full search strategy is adopted to
ensure acceptable network performance and a balance of
loads between nodes. We change the upstream node for all
source nodes in Si whose target node q can be found us-
ing (16). Let Cold denote the feature value of the network
before path adjustment. The feature value C is computed
after the upstream node of any node is changed. Let Cmin

denote the minimum value of C and rnew denote the cor-
responding topology vector. After all nodes are processed
and their results are recorded, we can compare Cmin with
Cold. If Cmin < Cold, the adjustment is valid and rnew

is regarded as the original path for the next round of opti-
mization. Otherwise, the path is optimal and the previous
path is exactly the final path.

Let r be the path that needs to be optimized and pos be
the location of the weak node. The path optimization steps
are as Algorithm 3.

Algorithm 3 Optimization method of the path
Initialize: get r, Ei

r

Compute Ei, Et, Ei
r, Fi

Compute C, pos from Fi

Cmin = C, Emin = E, posmin = pos, rbest = r

While(1)
Compute Spos according to Algorithm 2
Cold = Cmin

For j = 1, 2, . . ., size of (Spos)
K = Spos(j)

Get the new upload node q for k

based on (16)
If exist q

temp = rk, rk = q

Compute Ei, Et, E
i
r, Fi from new r

Compute Cnew, pos from Fi

If(Cnew < Cmin)
Emin = E, Cmin = Cnew, posmin = pos,

rbest = r

End if
rk = temp

End if
End for
if (Cold > Cmin)

r = rbest, pos = posmin

Else
Break

End if
End while

5. Numerical simulation

Our proposed algorithms are simulated using Matlab 7.0.
Parameters are set up as the following. Sixty data collect-
ing nodes are assumed randomly deployed in a 100 m×
100 m area, and, the sink is located at the coordinate (80,
80). Other parameter settings are given in Table 1 and Ta-
ble 2. Parameters in Table 1 are fixed and parameters in
Table 2 are varied for performance analysis.

Table 1 Fixed parameters for simulation

Ei
r/J Pc/bit Eamp/(J/bit·m2) ER−elec/(J/bit) ET−elec/(J/bit)

0.05 1 000 10×10−12 50×10−9 50×10−9

Table 2 Varied parameters for simulation

dmax/m Pd/bit α β

30 300 0.8 0.2
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5.1 Network performance comparison before and
after optimization

5.1.1 Comparison and analysis of paths

The simulation is first conducted to determine the effec-
tiveness of the proposed path planning and optimization
algorithms, as shown in Fig. 4. Fig. 4(a) shows the spa-
tial distribution of communicating nodes, assuming that all
nodes are located in the 2-D plane. Fig. 4(b) shows the
original path from Algorithm 1. The planning of the orig-
inal path only considers the remaining energy of the node
and the amount of energy consumed in data transmission.
Since the remaining energy is the same, energy efficiency
is the only criterion. All nodes attempt to find the most
energy efficient path. Upstream nodes always advance to
the sink. Fig. 4(c) is an optimized version of the path in
Fig. 4(b), the feature value of the network is introduced as
a criterion, which determines that both the amount of en-
ergy consumed for energy transmission and the data trans-
mission load of nodes need to be considered jointly.

Fig. 4 Path planning for nodes with the same remaining energy

Therefore, the path optimization may cause longer paths
that may increase energy consumption, but it is helpful in
addressing the hot spot problem.

5.1.2 Analysis of energy consumption during each cycle

We treat energy consumption as a function of optimizing
parameters, and the impact of optimization parameters on
total energy consumption is analyzed in Fig. 5. Fig. 5(a)
shows that the total amount of energy consumption dur-
ing each cycle varies with the optimization parameters. A
maximum amount of energy is consumed when the path is
not optimized, so the remaining energy decreases rapidly.
In the case of optimizing the transmission path, the en-
ergy consumption decreases with the value of β increas-
ing, and the remaining energy decreases more slowly with
transmission cycles. The amount of energy consumption
reaches the lowest level when β = 1. In cases where op-
timization is not done, or, optimization is done but with
no protection of the weak node, the amount of energy con-
sumption is almost the same per transmission cycle at the
early and late periods of the lifetime. In other optimization
cases, paths may be designed to bypass the weak node, re-
sulting in more energy consumption. Thus, in the late pe-
riod of the lifetime, the amount of energy consumption per
cycle increases.

Due to non-uniform energy consumption among nodes,
a small amount of energy consumption per transmission
cycle does not mean that the lifetime is long. Fig. 5(b)
shows the total amount of remaining energy before the net-
work fails with varying optimization settings. In the case of
β = 1 optimization, although the amount of energy con-
sumption is small, the hot spot bottleneck is neglected. As
a result, the lifetime is short and the amount of energy re-
maining before the network fails is much larger than that in
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other cases. If the path is not optimized, the amount of en-
ergy remaining before the network fails reaches the lowest
level. This is not due to the large lifetime of the network,
but mainly because the amount of energy consumed per
cycle is large.

Fig. 5 Energy consumption as a function of transmission cycle

5.1.3 Impact of criterion function on lifetime

One of the major contributions of this paper is increasing
network lifetime by optimizing the routing protocol based
on the attribute value of the communicating node. Fig. 6
shows the impact of different optimization parameters on

lifetime. Fig. 6(a) shows the variation of feature values
with transmission cycle during lifetime under each opti-
mization setting. The feature value increases with overall
lifetime, with occasional fluctuations. This implies that the
data transmission ability of the weak node worsens gradu-
ally and approximates to the level of failure. Fluctuations
indicate that the workload of the node is more balanced by
protecting the weak node. It is clear from Fig. 6(a) that in
the case of β = 1, the definition of the criterion function
only considers the total amount of energy consumption, ig-
noring the energy consumption of each node.

Fig. 6 Feature value C and lifetime cycle corresponding to different
optimization settings
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The hot spot of the network makes no contribution to
the attribute value, thus the network has the lowest feature
value and does not fluctuate. In the case of β = 0.5 op-
timization, the feature value increases slowly and the net-
work shows the greatest overall performance.

Fig. 6(b) shows the network lifetime with varying op-
timization settings given the same original conditions. In
the case of optimization with β = 1, network lifetime
is shorter than that under any other optimization settings,
including the lifetime achieved without any optimization.
This is because the original route planning considers the
remaining energy of each node, but global optimization is
not carried out. The optimization strategy with β = 1 ad-
justs the path, but neglects the energy consumption of each
node. Thus, despite alleviating total energy consumption,
it inevitably causes the hot spot problem and an imbalance
of energy consumption among nodes, shortening network
lifetime. Furthermore, with α = 1 and β = 0, lifetime is
also short, implying the necessity of considering the total
amount of energy consumption during path planning. The
network under the optimization settings of α = 0.5 and
β = 0.5 has the longest lifetime, indicating that the energy
consumption of each node is equally important to the total
amount of energy consumption during path planning.

5.2 Impact of packet size on network performance

The impact of the packet size on network performance
is also analyzed and the results are shown in Fig. 7. The
packet containing the control message is fixed after its for-
mat is defined and it does not need to be sent via the routing
node.

Fig. 7 Performance of network as a function of packet size

We only consider variations of the packet Pd from sen-
sors. The impact of the packet size on network lifetime,
the amount of energy remaining before a network fails, the
energy consumption per cycle, and the average number of
hops in a multi-hop route are analyzed.

Fig. 7(a) shows a non-optimized original path, where the
horizontal axis represents the packet size, the left vertical
axis represents lifetime, and the right vertical axis repre-
sents energy remaining before a network fails. The figure
shows that lifetime decreases with an increase in the packet
size, except for occasional fluctuations. This is due to the
fact that planning the original path considers the remaining
energy and the total amount of energy consumption, so the
planned paths vary depending on the packets. The planned
path is not optimal, thus it is sometimes possible that life-
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time increases with the packet size. In fact, this can be ve-
rified by the vertical coordinate, which represents energy
remaining before a network fails; the increase in lifetime
leads to a decrease in energy remaining.

Fig. 7(b) shows the impact of the packet size on energy
consumption in the first cycle. More energy is consumed
in the first cycle with an increase in the packet size. The
figure also shows that optimizing the path leads to more
energy consumption. This is because some nodes increase
the number of hops in their paths to bypass weak nodes,
thereby consuming more energy. Fig. 7(c) shows the im-
pact of the packet size on the number of hops. The average
number of hops is independent of the packet size. The av-
erage number of hops after path optimization is higher than
that when the path is not optimized. This is consistent with
the theoretical analysis.

5.3 Impact of transmission distance on
network performance

Finally, we simulate the impact of transmission distance on
network performance. Due to complexity of the network
environment in actual applications, the coverage of nodes
is limited, highlighting the need to analyze the impact of
transmission distance on network performance.We discuss
the impact of transmission distance on network lifetime,
the amount of energy remaining before a network fails, the
energy consumption per cycle, and the average number of
hops. Fig. 8(a) shows that lifetime decreases with trans-
mission distance. When transmission distance exceeds
40 m, lifetime decreases quickly.

Fig. 8 Impact of transmission distance on network performance

This is because the amount of energy consumed in data
transmission is proportional to the square of distance; en-
ergy consumption increases substantially after the distance
reaches a threshold, resulting in reduced lifetime. Energy
remaining before a network fails is also related to lifetime.
The energy remaining increases with a decrease in life-
time, as shown by the curve of the right vertical coordinate
in Fig. 8(a). Fig. 8(b) shows that energy consumption de-
creases with maximum transmission distance limitation in-
creasing. The reason behind this is that our network model
considers the energy consumption of the circuit, which de-
creases with a decrease in the number of hops. Meanwhile,
the increase in transmission distance leads to an increase
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in the amount of energy consumed in data transmission
per hop, but the increment is marginal compared to the
case of short-distance multi-hop transmission. This obser-
vation implies that it is necessary to increase transmission
distance appropriately without compromising communica-
tion reliability during network planning. Fig. 8(c) shows
the impact of transmission distance on the average number
of hops. An increase in transmission distance reduces the
number of hops in the multi-hop network. This figure also
proves that, when using the optimizing algorithm for pro-
tection of weak nodes, the average number of hops needed
to deliver data to the sink increases. This is consistent with
the theoretical analysis.

5.4 Network performance comparison with other
related works

For further evaluation of the proposed method, some re-
lated algorithms in literature are chosen for comparison
test. Even though there are lots of study focusing on the
lifetime of WSN, most of them cannot be adopted for com-
parison due to their unique characteristics with a specific
scenario. Since our study is applied to gather the surveil-
lance information of the power system, a control center
will be built to analyze the operation state of the power
system. The control center can be served as the sink node,
and, there is no energy limited with it. Furthermore, there
are high performance computers working together with the
sink node. Besides concentrating the information of the
monitoring and metering appliances within the monitoring
area, the control center can analyze the energy consump-
tion and complete the path planning for the sensor nodes
according to the previous tasks.

We investigate a lot of literatures to seek the rout-
ing algorithm with the similar application scenario of
ours, which is described in Section 2. We choose three
latest literatures called stable election protocol fuzzy
logic (SEPFL) [21], connectivity aware routing algorithm
(CARA) [24], fuzzy ant colony optimization routing (FA-
COR) [27] for comparison test. The routing protocol called
SEPFL [21] is proposed based on fuzzy logic control,
in which, the stable election protocol is used for cluster
head election to improve the lifetime and throughput of
the WSN. Jain proposed a CARA [24] based on the con-
cept of Betweenness centrality. Betweenness centrality is
used to calculate the connectivity factor of a node. By pre-
serving the highly connected nodes at the previous round,
the network lifetime is enhanced. In addition, Amiri et al.
[27] proposed a routing protocol based on FACOR. The
transmission path is determined inspired by the foraging
behavior of ants, meanwhile, the fuzzy logic is applied for
the ants to choose the optimal path.

In order to evaluate the performance of our method com-
paring with the chosen methods, the simulation parameters
should be setup uniformly for each scheme. Thus, the ori-
ginal conditions and parameters defined in the literatures
may be modified. For simulations, 60 nodes randomly de-
ployed in an area of 100 m×100 m have been considered.
The common parameters of Eamp, ER−elec and ET−elec

should not be changed, which are presented in Table 1. The
other parameters are reassigned in Table 3. The optimal
parameters α and β in our method are both set to 0.5. We
write the Matlab programs for each algorithm according to
the literatures.

Table 3 Parameters for comparison test

Ei
r /J Pc/bit dmax/m pd/bit

0.05 80 30 128

Firstly, we focus on the energy consumption vary-
ing with transmission cycle. The experimental results are
shown in Fig. 9. In Fig. 9(a), it can be seen that the energy
cost in each transmission cycle in our method is close to
that of the CARA method, but less than SEPFL and FA-
COR.

Fig. 9 Energy consumption as a function of transmission cycle
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In our method, when an upstream path is planned for a
node, the total energy consumption from the node to sink is
considered instead of the energy consumption of the node
itself. Thus, the total remaining energy decreases slowly in
our method. Overall, less energy consumption in transmis-
sion cycle will lead to longer network lifetime. Fig. 9(b)
presents the lifetime cycle, which is defined as the trans-
mission rounds before the first failure node appears. The
lifetime cycle of SEPFL, FACOR, CARA and ours are 57,
63, 67 and 69, respectively. It demonstrates the good per-
formance of our method.

Then, we analyze the relation between the remaining en-
ergy and the lifetime. The conformity of energy distribu-
tion among the sensor nodes is also a critical factor to net-
work lifetime. That is why the total remaining energy of
FACOR decreases more rapidly than SEPFL, but the life-
time of FACOR is longer. We present the total remaining
energy before the network fails and the energy conformity
among the nodes in Fig. 10.

Fig. 10 Remaining energy and the variance of the node

The energy conformity is expressed by calculating the
variance of the remaining energy. It can be seen in
Fig. 10(a) that the total remaining energy of SEPFL is
more than other methods, but its lifetime is the shortest
one. Fig.10(b) shows that the energy variance of SEPFL
increases with the transmission cycle more rapidly than
others. On the other hand, since the weak node protection
strategy is adopted in our study, the best performance of
conformity is achieved in our method. This is the foun-
dation that our routing algorithm can prolong the network
lifetime.

6. Conclusions

This paper proposes a WSN-based method for collecting
monitoring data from the sensors distributed in a large area.
Our work is focused on network routing issues for improv-
ing the availability of the WSN. In this paper, the Zig-
Bee wireless communication module is used as the trans-
mission terminal to collect monitoring data. Algorithms
for path planning and optimization are proposed that in-
crease network lifetime by balancing energy consumption
between nodes. A criterion function is defined to evalu-
ate node data transmission ability in order to find and pro-
tect weak nodes in the network, resulting in improved ba-
lance in energy consumption among nodes and increased
network lifetime. In addition to studying optimization of
path parameters and the corresponding performance, this
paper analyzes the impact of packet size and transmission
distance on network performance. The efficiency of our
method is also demonstrated through comparison test with
some related works. The proposed network strategy can be
adapted to different applications in the future.
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