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Advances in medical and communication technologies have empowered the development of Wireless Body Area Networks
(WBANs). WBANs interconnect with miniature sensors placed on the human body to enable medical monitoring of patient
health. However, the limited battery capacity, delay, and reliability of data transmission have brought challenges to the wider
application of WBAN. Minimum consumption of energy and maximum satisfaction with the QoS requirements are essential
design aims of the WBAN schemes. Therefore, a fuzzy control-based energy-aware routing protocol (EARP) is proposed in this
paper, the proposed protocol establishes a fuzzy control model composed of remaining node energy and link quality, and the
best forwarder node is determined by the processes of fuzzification, fuzzy inference, and defuzzification. The simulation results
showed that compared with the performance of the existing EERDT and M-TSIMPLE protocols, the proposed EARP has better
performance, including extending network lifetime and improving the reliability of data transmission.

1. Introduction

With the continuous development of intelligent health,
Wireless Body Area Network (WBAN), which is extended
from Wireless Sensor Networks (WSNs) [1, 2], has attracted
much attention [3]. WBAN is a cross-technology field, which
is related to sensor technology, short-distance wireless
communication technology, and WSN. Based on these
technologies, WBAN has its unique characteristics. The
short-distance communication technology applied toWBAN
requires lower power at the same data transmission rate. For
sensors implanted into the human body, miniaturized, low-
power, and intelligent sensors are the basis to support
WBAN. Although WBAN is a part of WSN, WBAN is differ-
ent from WSN in that it is characterized by small network
scale, difficult battery charging, and high biocompatibility.

WBAN is primarily applied in telemedicine, remote
monitoring and other health care fields [4]. Figure 1 depicts
a basic WBAN architecture. Multiple sensor nodes and a sink

are deployed on the human body. The sensor node is utilized
to sense the physiological data and send these sensory data to
sink; these data are received by sink and sent to the external
network terminal after integrated processing [5]. The func-
tion of the network terminal is to use these data to monitor
or diagnose the patient's condition.

Data collection and transmission rely on technologies
such as hardware specifications, MAC layer, and routing
[6, 7]. WBAN needs to quickly and efficiently forward
the data sensed by the sensors to the medical service ter-
minal. Routing technology is to solve the problem of data
transmission in the network [8].

Sensor nodes need to be comfortable and convenient
whether deployed on or in the body; its small size leads to
limited battery capacity. A sensor consumes the most energy
by a communication process [9]; therefore, energy efficiency
of node can be effectively utilized and is a substantial way to
ensuring more data transmission under limited resource
conditions [10, 11]. Sensors and sink may not communicate
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directly due to the dynamic characteristics of WBANs, so
multihop communication is more suitable for WBANs in
energy-saving research [12]. The appropriate forwarder node
selection is vital in multihop communication [13]. However,
existing multihop routing protocols attempt to consider the
shortest path as the main influence factor when selecting for-
warder node, ignoring the impact of link quality, which
results in high power consumption in WBANs. Furthermore,
the QoS requirements of different data should be met to com-
ply with the characteristics of WBAN [14, 15], and the calcu-
lation of path cost also needs a logical method to achieve.

Hence, we propose a fuzzy control based energy-aware
routing protocol, the novelty of this method is that it con-
siders the mobility of sensor nodes and establishes a fuzzy
control model with the parameters of residual energy and
link quality, and the best forwarder node is determined
logically by the processes of fuzzification, fuzzy inference,
and defuzzification. This method can ultimately improve
the overall performance of the network.

The main contributions of this paper are summarized
below.

(i) In a related work, the comparative table is utilized to
analyze the current related researches

(ii) Residual energy and link quality are considered to
establish a fuzzy control model, and the output value
of the model is logically determined as the best
forwarder node

(iii) Data were divided into emergency data and periodic
data in this paper, and the corresponding forwarder

node is selected depend on different data types for
data transmission

The rest of this article is organized as follows: Section 2
introduces a related work. Section 3 introduces the system
model. Section 4 describes the EARP protocol design in
detail. Section 5 depicts the performance of EARP protocol
through simulation. Section 6 is the summary of this paper.

2. Related Work

The application scenario of WBAN is special, and energy is
limited. How to ensure timely and effective data transmission
to the network terminal under the limited energy is the focus
of routing protocol research. Multihop transmission has the
characteristics of balancing network energy consumption;
researchers nowadays are more focused on developing a
routing mechanism for WBAN next-hop node selection. In
this section, we mainly introduce the energy-based multihop
routing protocol [16–19].

Javaid et al. [20] proposed M-ATTEMPT targets to
improve network energy consumption and reduce the gener-
ation of hotspots. This protocol directly transmits sensitive
and on-demand data, while normal data adopts multihop
transmission. For multihop transmission, the best forwarder
node selected has the characteristics of less hops and high
residual energy. M-ATTEMPT reduces heat generated and
prolongs the network lifetime. However, when a node
receives a packet and its temperature exceeds the threshold,
the packet is retransmitted, which causes more energy con-
sumption and has low network reliability [21].
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Figure 1: Architecture of WBAN.
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Since the dynamic characteristics of WBANs, Javaid et al.
[22] proposed an improved stable increased-throughput mul-
tihop link efficient routing protocol (iM-SIMPLE). This proto-
col exploits the parameters such as the remaining node energy
and the distance of the sink to construct a cost function to
select the forwarder node. This protocol performs well in
network lifetime. However, in iM-SIMPLE, the nodes that gen-
erate critical data are placed near the sink; these nodes are usu-
ally selected as forwarder nodes, which results in the failure of
sending the critical data and reduced network reliability.

Moid et al. [23] proposed a routing protocol for balanced
energy consumption (BEC). The protocol employs residual
energy to establish a cost function and selects the neighbor
node with the minimum cost function as the forwarder to
transmit data. Moreover, the protocol sets an energy thresh-
old, when the node energy is lower than the threshold; the
node only forwards critical data, which can effectively bal-
ance the energy consumption in the network, but the selected
forwarder nodes consume much energy due to the important
tasks assigned.

The authors in [24] presented a cluster-based routing
protocol, named energy efficient and reliable data transfer
(EERDT) protocol for WBAN, which selects cluster heads
of each cluster depending on the cost efficiency function rep-
resented by the ratio of residual energy and initial energy and
uses cluster heads to transmit data. This protocol improves
energy efficiency.

In [25], the authors proposed a mobility supported
threshold based stability increased throughput to sink using
multihop routing protocol (M-TSIMPLE). The protocol
divides the node types into child nodes and parent nodes
depending on the network flow tree structure. The child node
selects the appropriate parent node as the forwarder node to
transmit data by the cost function value; the parent node
receives and forwards the data to sink. Moreover, if the
node’s energy is below a threshold, the node will not partici-
pate in any forwarding. The protocol utilizes threshold
control to save energy consumption. However, the link
quality between child node and parent node is poor due to
the mobility of human body.

Anwar et al. [26] introduced a green communication
framework focusing on an energy aware link efficient routing
approach for WBANs (ELR-W). This protocol takes into
account the four parameters of residual energy, link effi-
ciency, node to coordinator distance, and hop count to
construct a path cost model, which is used to select the
next-hop node for transfer data. This method can effectively
prolong the network lifetime, but it is not suitable for the
transmission of different data types.

Qureshi et al. [27] proposed ELA-RP targets to save
energy in WBANs; this protocol calculates the energy level
and link quality of neighbor nodes to select the best next
hop node. Moreover, the energy consumed by the HELLO
message is part of the total energy consumption. The source
node sends out a control HELLO message packet to control
the propagation of HELLO messages in the network. The
scheme balances the energy consumption.

In [28], TCBR is proposed, which is an optimal trust
aware cluster based routing protocol. The authors use

an improved evolutionary particle optimization algorithm
(IEPSO) to select cluster heads in different clusters. The fuzzy
inference model composed of residual energy, link failure time,
and received signal strength is used to select the appropriate
routing path. Compared with the traditional cluster-based rout-
ing protocol, this protocol achieves better cluster-based perfor-
mance in energy saving, network lifetime, and throughput.

Qureshi et al. [29] proposed link quality and energy
utilization-based preferable next hop selection routing. The
protocol evaluates the remaining energy and link quality of
the nodes, which are used as decision parameters for select-
ing the next hop node. Moreover, the proposed protocol
adopts handshake mechanism by using control messages to
reduce network overhead. This method achieves load balan-
cing, but it is not suitable for different WBAN scenarios.

The above-mentioned related protocols are summarized
in Table 1. These routing protocols combine mutually inde-
pendent parameters together to calculate the path cost by
model or function and select the forwarder node depending
on the path cost value. Moreover, it is found from relevant
protocols that transmission by various data types satisfies dif-
ferent QoS requirements, and the reliability is affected by link
quality. Hence, we propose a fuzzy control-based energy-
aware routing protocol, which comprehensively considers
multiple parameters such as hop count, remaining node
energy, and link quality and establishes a fuzzy control model
consisting of the remaining node energy and link quality; the
best forwarder node is determined by the processes of fuzzi-
fication, fuzzy inference, and defuzzification, eventually the
method to enhance the overall performance of the network.

3. System Model

3.1. Network Model. In this section, the design of proposed
protocol discusses with some assumptions and its model.

TheWBAN network model withN sensor nodes and one
sink node is exhibited in Figure 2; the sink is located at the
waist of the human body. Sensor nodes are deployed on the
body surface; they are mainly responsible for data monitor-
ing and transmit the collected data directly or through inter-
mediate nodes to sink. The sink node is composed of mobile
intelligent devices; it is the hub between WBAN and external
network, mainly taking care of forwarding data.

This paper also defines two types of nodes: a static node
and mobile node. The static node indicates that the sensor
node is placed at a location that has nothing to do with the
movement of the human body, while the mobile node repre-
sents that the sensor is placed in the limbs of the human
body; for the data delivery on the mobile node, store and
carry scheme are employed.

The following are the model assumptions:

(i) All sensor nodes are placed in different positions of
the human body to collect corresponding physiolog-
ical information and have specific ID

(ii) All sensor nodes have the same initial energy and
transmission range; the maximum transmission
range is lmax
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(iii) Sink node has strong information processing capa-
bility; it only receives data from the sensor and does
not generate packet itself. Moreover, we do not
regard the energy of the sink

(iv) Due to the dynamic nature of WBAN, the one-hop
star network topology cannot guarantee reliable data

transmission. Hence, the proposed protocol adopts a
multihop network topology, and the maximum
number of hops is three

Since the sensor nodes are deployed in different locations
of the human body and the importance of the physiological
data sensed is different, the physiological data can be divided

Sink Sink

Figure 2: Network topology.

Table 1: Comparison of related protocols.

Protocols Parameters Methodology
Energy

conservation
Reliability Shortcomings

M-ATTEMPT Hop count and residual energy
Linear programming

model
√ Retransmitted power causes

energy consumption

iM-SIMPLE Distance and residual energy Cost function √ Not suitable for emergency
applications

BEC Residual energy Cost function √ Selected forwarder nodes
consume much energy

EERDT Residual energy and initial energy Cost efficient function √ Network adaptability

M-TSIMPLE Distance and residual energy
Network flow tree

structure and cost function
√ Mobility causes unstable

link connection

ELA-W
Residual energy, link efficiency,

distance, and hop count
Path cost model √ √ Not suitable for different

data types of transfer

ELA-RP Remaining node energy, link quality Score function √ √ Unconsidered reliability

TCBR
Residual energy, link expiration time,

and received signal strength
Fuzzy-based trust
inference model

√ √ Algorithm increases
computing time

ERP Residual energy and link quality Score function √ √ Not suitable for different
scenarios
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into periodic data and emergency data and these two types of
data are prioritized; emergency data has higher priority than
periodic data.

(1) Periodic data: it refers to the periodic transmission
packets generated by node. The packets are transmitted
to sink periodically, and the traffic is large, but the real-
time performance of packets transmission is not high

(2) Emergency data: abnormal packets exceed the
normal health value, which is nonperiodic packets
generated by nodes and has low data traffic. If the
emergency data are not effectively transmitted, it is
likely to endanger human life and health. Therefore,
the real-time and reliable transmission requirements
for emergency data are high

3.2. Radio Model. In WBAN, each sensor node consumes
energy in the process of data perception, processing, and
transmission, but the energy consumed by the data transmis-
sion process accounts for the largest proportion. Therefore,
this protocol mainly analyzes the energy consumption of
node in data transmission process and uses a first-order radio
model to calculate the energy consumption [30], which is
calculated as follows:

Etx n, dð Þ = Etx‐elec nð Þ + Eamp n, dð Þ,
Etx n, dð Þ = Etx‐elec × n + Eamp × n × d2,
Erx nð Þ = Erx‐elec nð Þ,
Erx nð Þ = Erx‐elec × n,

ð1Þ

where n indicates the size of the data packet; d is the distance
between the sender and the receiver; Etxðn, dÞ is composed of
the energy consumption of the internal circuit Etx‐elec and sig-
nal amplifier Eamp, which represents the energy consumption
of transmitting data; and ErxðnÞ represents the energy con-
sumed by the received data. The receiver does not need to
amplify the signal only, i.e., Erx‐elec, as the energy consump-
tion of the internal circuit is required.

4. EARP: Protocol Description

4.1. Proposed Parameters. The proposed protocol mainly
considers parameters such as residual energy, link quality,
and hop count.

Since the limited sensor energy in WBAN, we need to
consider residual energy when selecting the forwarder node.
Moreover, data loss and delay are easy to be caused due to
the dynamic characteristics in WBAN; link quality and hop
count should also be regarded to ensure the timeliness and
reliability of data transmission.

(1) Residual energy: it refers to the total energy minus the
consumed energy, and its normalization calculation
is as follows:

REi =
Eres − Eth
Einitial − Eth

, ð2Þ

where REi represents the normalized residual energy
of node i, Einitial is the initial energy, Ethis the energy
threshold, and Eres indicates the residual energy

(2) Link quality: the link quality depends on the received
signal strength (RSSI). RSSI can be computed in

RSSI = 10 log Prx
Ptx

, ð3Þ

RSSI is defined as the ratio of the received power to
the transmitted power, Prx denotes the received
power, and Ptx is the transmitted power. Normalized
link quality LQi between nodei and j which was
carried by HELLO packet; this value is computed by
equation (4), where RSSImin represents the minimum
signal strength for data packet transmission.

LQi =
RSSIi,j − RSSImin

RSSIi,j
ð4Þ

(3) Hop count: hop count is the number of hops from the
node to sink. In the initialization phase, this value is
updated by exchanging HELLO packets between
neighbor nodes.

4.2. Path Benefit Calculation. The residual energy (RE) and
link quality (LQ) parameters of the candidate forwarder
nodes are utilized to calculate the path benefit value through
the process of fuzzification, fuzzy inference, and defuzzifica-
tion. The candidate forwarder node with the maximum path
benefit (PB) is selected as the best forwarder node. Figure 3
depicts the fuzzy control process.

Where residual energy and link quality are input vari-
ables, the fuzzy inputs re and lq are obtained by fuzzing the
input variables, the fuzzy output pb is obtained by a fuzzy
inference process, and PB is obtained by defuzzification.

4.2.1. Fuzzification. Both input variables and output variables
belong to the control variables of implementing fuzzy con-
trol. Neither input variables nor output variables can be
directly used to perform fuzzy control. Therefore, the control
variables must be fuzzed.

First, the input variables are fuzzified; the results of the
fuzzification are expressed in fuzzy language fL, M, Hg
(low, medium, high). If the more fuzzy languages of the input
variables are arranged, the fuzzy rules would increase, which
lead to the increase of model calculation time. Therefore, RE
and LQ are quantified into fL, M, Hg. Since the residual
energy and link quality have been normalized, the domain
of residual energy is RE = ½0, 1�, and the domain of link
quality is LQ = ½0, 1�.

Each fuzzy language has its corresponding membership
function; triangular membership function is adopted for
residual energy and link quality. The membership function
represents the membership degree of fuzzy variables to fuzzy
sets. The closer the value is to 1, the higher the membership
degree of the fuzzy variable. The membership function of
residual energy is established according to the fuzzy domain,
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as shown in equations (5)–(7), and the membership function
of link quality is computed in equations (8)–(10).

μL REð Þ =
−2RE + 1, 0 ≤ RE ≤ 0:5,
0, RE > 0:5&RE < 0,

(
ð5Þ

μM REð Þ =
−4RE − 1, 0:25 ≤ RE ≤ 0:5,
−4RE + 3, 0:5 ≤ RE ≤ 0:75,
0, RE > 0:25&RE > 0:75,

8>><
>>: ð6Þ

μH REð Þ =
4RE − 3, 0:75 ≤ RE ≤ 1,
0, RE < 0:75&RE > 1,

(
ð7Þ

μL LQð Þ =
−2LQ + 1, 0 ≤ LQ ≤ 0:5,
0, LQ > 0:5&LQ < 0,

(
ð8Þ

μM LQð Þ =
−4LQ − 1, 0:25 ≤ LQ ≤ 0:5,
−4LQ + 3, 0:5 ≤ LQ ≤ 0:75,
0, LQ > 0:25&LQ > 0:75,

8>><
>>: ð9Þ

μH LQð Þ =
4LQ − 3, 0:75 ≤ LQ ≤ 1,
0, LQ < 0:75&LQ > 1,

(
ð10Þ

where μLðREÞ represents the membership function of RE
belonging to L, μMðREÞ is the membership function of RE
belonging to M, μHðREÞ indicates the membership function
of RE belonging to H, μLðLQÞ is the membership function

of LQ belonging to L, μMðLQÞ is the membership function
of LQ belonging to M, and μHðLQÞ represents the member-
ship function of LQ belonging toH. The representation prin-
ciple of membership function means that the membership
functions of variables should be distributed reasonably in
the domain; that is, they should cover the whole domain,
symmetric and balanced.

As the membership function of residual energy and link
quality are the same as the domain, the membership function
curve of input variables is drawn depending on the above
membership function equation, as shown in Figure 4.

Output variables also need to be fuzzified, using a method
similar to the input variables; the specific process is as
follows.

The domain of the output variable is PB = ½0, 1�, quanti-
fied as fVL, L, M, H, VHg (very low, low, medium, high, very
high), and triangle membership function is used. The fuzzy
language of the output variable is arranged in 5 levels, which
not only can cover the entire domain uniformly but also leave
the output smooth. Therefore, the membership function is
computed in equations (11)–(15); the membership function
curve of output variables is shown in Figure 5.

μVL PBð Þ =
−4PB + 1, 0 ≤ PB ≤ 0:25,
0, PB > 0:25&PB < 0,

(
ð11Þ

μL PBð Þ =
4PB, 0 ≤ PB ≤ 0:25,
−4PB + 2, 0:25 ≤ PB ≤ 0:5,
0, PB < 0&PB > 0:5,

8>><
>>: ð12Þ

Fuzzification Fuzzy
inference Defuzzification

Fuzzy rules

RE

Fuzzy set of 
input variables

re and lq

Fuzzy set of 
output variables

pb

PB

LQ

Figure 3: Fuzzy control process.
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μM PBð Þ =
4PB − 1, 0:25 ≤ PB ≤ 0:5,
−4PB + 3, 0:5 ≤ PB ≤ 0:75,
0, PB < 0:25&PB > 0:75,

8>><
>>: ð13Þ

μH PBð Þ =
4PB − 2, 0:5 ≤ PB ≤ 0:75,
−4PB + 4, 0:75 ≤ PB ≤ 1,
0, PB < 0:5&PB > 1,

8>><
>>: ð14Þ

μVH PBð Þ =
3, 0:75 ≤ PB ≤ 1,
0, PB < 0:75&PB > 1,

(
ð15Þ

where μVLðPBÞ represents the membership function of PB
belonging to VL, μLðPBÞ is the membership function of PB
belonging to L, μMðPBÞ indicates the membership function
of PB belonging to M, μHðPBÞis the membership function
of PB belonging to H, and μVHðPBÞ is the membership func-
tion of PB belonging to VH.

4.2.2. Fuzzy Inference. After the input and output variables
are fuzzified, these variables enter the fuzzy inference pro-
cess. The method adopts Mamdani fuzzy inference method
and formulates a set of fuzzy rules in advance depending on
the relationship between fuzzy input and funny output to
realize the inference calculation from input to output. The
formulation of fuzzy rules usually consists of a set of fuzzy
conditional sentences with If-Then structure, such as

If ðRE =HÞ&ðLQ = LÞThenOutput = H,
If ðRE =MÞ&ðLQ = LÞThenOutput =M:

The value of path benefit value is affected by fuzzy rules.
According to the different emphases on the residual energy
and link quality required by the periodic data and emergency
data, the corresponding fuzzy rules are separately formulated
for inference; for example, the periodic packets pay more
attention to the residual energy, while the emergency packets
pay more attention to link quality. Table 2 shows the fuzzy

rules for periodic data, and Table 3 depicts the fuzzy rules
for emergency data.

4.2.3. Defuzzification. At the end of the fuzzy inference pro-
cess, the fuzzy output will be obtained depending on the rules
of periodic data or emergency data, no matter what kind of
fuzzy output needs to be defuzzified to get the path benefit.
The center of the gravity method is used as the defuzzifica-
tion method. The center of gravity method takes the area
center of gravity enclosed by the membership function curve
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Table 2: Fuzzy rules for periodic data.

Rule LQ RE Output

1 L L VL

2 L M M

3 L H H

4 M L L

5 M M M

6 M H H

7 H L L

8 H M H

9 H H VH

Table 3: Fuzzy rules for emergency data.

Rule LQ RE Output

1 L L VL

2 L M L

3 L H L

4 M L M

5 M M M

6 M H H

7 H L H

8 H M H

9 H H VH
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to calculate, which can output the reasoning value more
smoothly.

Hence, the center of the gravity method is used to defuz-
zify the fuzzy output from fuzzy inference, and finally, the
path benefit value of each candidate forwarder is obtained.

4.3. EARP: Operational Steps. The proposed protocol has
three phases: initialization phase, forwarder node selection
phase, and data transmission phase. Figure 6 presents the
flow diagram of the proposed methodology.

4.3.1. Initialization Phase. Each sensor node periodically
broadcasts Hello packets (HP) to its surrounding nodes.
After any node receives HP from other neighbor nodes, it will
establish or update the neighbor table (NT) information. The
Hello packet includes the node ID, data type (DT), residual
energy (RE), link quality (LQ), and hop count (H).

Each node must timely update the current status infor-
mation and its neighbor information to ensure the stable link
connection and avoid the misleading of outdated informa-
tion. Sensor node maintains a neighbor table, which relies
on collecting Hello packet exchanged between nodes to
establish or update information. The procedure for establish-
ing and updating the neighbor table is demonstrated in
Algorithm 1.

4.3.2. Forwarder Node Selection Phase. If the transmission
range of the node i does not support the direct transmission
to sink, it is necessary to select the best forwarder node
among its candidate nodes to transmit data. The candidate
nodes are composed of neighbor nodes with minimum hops.

The principle of the best forwarder node selection is
to establish a fuzzy control model consisting of residual
energy and link quality in the candidate nodes, calculate
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Figure 6: Flow diagram of the proposed methodology.
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the corresponding PB when transmitting emergency data
or periodic data, and compare the calculated PB. The
candidate forwarder node with the maximum PB is
selected as the best forwarder node for data transmission.
The best forwarder node selection process is described in
Algorithm 2.

4.3.3. Transmission Phase. Once the best forwarder node is
selected, data transmission begins. The source node sends
the packets to the selected best forwarder node and then
repeats the above steps until packets are transmitted to sink.

If the node carrying periodic data and another node car-
rying emergency data both select the same forwarder node,
emergency data are preferentially forwarded based on the
priority principle. If the remaining node energy is lower than
the threshold level, only its own data is transmitted.

5. Performance Evaluation

5.1. Simulation Environment and Parameters. The experi-
ment considers deploying 10 biosensors and 1 sink on the

human body. Sink is placed at the center of the network.
The transmission range of nodes is set to 30 cm. We evaluate
the performance using MATLAB 2017b simulation and
compared EARP with existing routing protocols EERDT
and M-TSIMPLE. Both the existing two protocols and pro-
posed EARP protocol are based on the data transmission of
forwarder node. We referred to the simulation parameters
of Nordic nRF2401 [31], which is a low-power single-chip

Input: HPj (HP from neighbor node j)
Output: NTi (Neighbor table of node i)
Start Search NTi for IDj

If (HPj in the list) then
If HPjðDT , REi, LQi, HiÞ ≠NTiðDT , REi, LQi, HiÞ then
Update NTi
NTiðDT , REi, LQi, HiÞ←HPjðDT , REi, LQi, HiÞ
else

Discard HPj

End if
else
build NTi (Add HPj in NTi)
End if

End start

Algorithm 1: Neighbor table construction algorithm.

Input: REi, LQi, DT , PB
Output: The best forwarder node of nodei
Start
1. Ni=set for neighbor nodes of node i
2. Candidate node← arg min

j∈Ni

ðHjÞ
3. These input values is fuzzy according to membership function
4. Fuzzy inference is carried out depending on fuzzy rules
5. If ðDT == EmergencyÞ then
6. Obtain PB based on fuzzy rules of emergency data
7. else
8. Obtain PB based on fuzzy rules of periodic data
9. End if
10. Forwarder node = arg Max

j∈Ni

ðPBÞ
End

Algorithm 2: The best forwarder node selection process.

Table 4: Simulation parameters.

Parameters Values

Initial energy 0.5 J

Number of sensor nodes 10

Number of sink 1

Transmitting energy 16.7 nJ/bit

Receiving energy 36.1 nJ/bit

Data aggregation energy 5 nJ/bit

Amplifier energy 1.97e − 9 J/b
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transceiver commonly used in body sensor networks. The
simulation parameter values are summarized in Table 4.
The performance of the EARP protocol is measured based
on network lifetime, remaining energy, throughput, and
packet delivery ratio.

5.2. Simulation Analysis. The network lifetime is expressed as
the time from the network start to the death of the last node.
The network stability period refers to the time from the net-
work start to the death of the first node. Figure 7 displays the
comparison of EARP, EERDT, and M-TSIMPLE in network
lifetime. Compared with EERDT and M-TSIMPLE, EARP
found that the first death node appeared in 5030 rounds,
while EERDT and M-TSIMPLE die at 4750 rounds and
4130 rounds, respectively. The entire nodes of EERDT and
M-TSIMPLE die at 6450 and 6130 rounds, respectively, while
the EARP protocol is able to live up to 7150 rounds.

With regard to a complex WBAN, the more parameters
considered, the more difficult it is to accurately describe the
dynamic characteristics of the network, while the fuzzy con-
trol model added in EARP can better adapt to the character-
istics of WBAN. Moreover, EARP adapts the fuzzy control
model to calculate the path benefit of multiple parameters.
Compared with the other two protocols, the computational
complexity of EARP is higher, which leads to increase the
calculation time and corresponding energy consumption.
However, EARP protocol has better performance in network
lifetime than the existing two protocols, mainly because
EARP considers the link quality when selecting the best
forwarder; the reliability of the selected path is higher than
that of EERDT and M-TSIMPLE, which avoids the energy
consumed by retransmission after packet loss. EERDT bal-
ances the network energy consumption through different
transmission methods, so its network lifetime is higher than

M-TSIMPLE. However, M-TSIMPLE regards the mobility
of the human body, because its network topology is unstable
and the link quality is not considered; it would cause data
transmission failure, so the data retransmission consumes a
lot of energy.

Using the residual energy to analyze the energy efficiency
in the network, Figure 8 describes the energy consumption
comparison between EARP, EERDT, and M-TSIMPLE. As
the number of rounds increases, the average residual energy
gradually decreases. As shown in Figure 8, the energy con-
sumption of EARP is more than half at 3100 rounds, while
EERDT and M-TSIMPLE are more than half at 2300 and
1700 rounds, respectively.

The analysis reveals that EARP has less energy consump-
tion than EERDT and M-TSIMPLE, because EARP uses the
fuzzy control model to quickly establish routing path and
plans corresponding transmission paths in conformity with
data types to balance network energy consumption. EERDT
adopts a cluster-based approach to select forwarder node,
and the initial energy of the cluster-head is the same as that
of other nodes, which would cause the cluster-head to
consume its energy rapidly because it has been selected as
the forwarder node for many times. EERDT transmits
emergency data and normal data in the way of single hop
and multihop coexisting, while the unstable network topol-
ogy of M-TSIMPLE is easy to retransmit packets, which
results in excessive energy consumption of nodes, so its
energy efficiency is lower than EERDT.

Throughput represents the total number of packets
successfully received by sink, and its change depends on the
number of sensors alive in the network. Figure 9 presents
the throughput analysis of EARP, EERDT, and M-
TSIMPLE. With the increase of rounds, the longer the
network stability period is, the more packets will be delivered
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Figure 7: Network stability period and lifetime comparison.
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in the whole network. Compared with the existing two
protocols, EARP has obvious advantages in throughput.
EARP exploits a fuzzy control model to quickly select for-
warder node and establish routing paths, which can increase
the throughput of the entire WBAN. Moreover, EARP has
the longest network lifetime compared to EERDT and M-
TSIMPLE. The longer the network lifetime, the more packets
can be transmitted and received. The throughput of EERDT
is relatively higher than that of M-TSIMPLE, because EERDT
uses the combination of single hop and multihop to transmit

packets for the improvement of the stability of the link, so its
network stability period is longer than that of M-TSIMPLE.

The packet delivery ratio is a central parameter to
measure the reliability of the routing protocol. The packet
delivery ratio represents the ratio of the number of data
packets sent by the source node to the number of data
packets received by sink. As the number of rounds increases,
the number of dead nodes also increases, which affects the
packet delivery ratio. Figure 10 depicts the analysis of EARP,
EERDT, and M-TSIMPLE in the packet delivery ratio.
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Compared with EERDT and M-TSIMPLE, EARP has a
higher packet delivery ratio, because it considers link quality
parameter when establishing an effective routing path, while
EERDT and M-TSIMPLE do not consider the impact of link
quality on reliability. Furthermore, EARP transmits packets
depending on priority, when available nodes are reduced;
packet orderly transmission can avoid packet loss. EERDT
performs better than M-TSIMPLE, which is due to the fact
that EERDT does not analyze the dynamic network char-
acteristics, so the data transmission is more stable than
M-TSIMPLE.

6. Conclusion

In the current work, this paper proposes a fuzzy control
based energy-aware routing protocol, which is used to
effectively select forwarder node in WBANs. Longer network
lifetime and timely reliability of emergency data delivery are
the basic requirements for the smooth operation of WBAN.
The proposed protocol divides the data into emergency data
and periodic data depending on the importance of the data
and uses the fuzzy control model which consists of residual
energy and link quality to select the appropriate path for
the two data transmissions, respectively. This method sat-
isfies the different QoS requirements for WBAN. Compared
with the simulation results of the existing EERDT and M-
TSIMPLE, the proposed EARP performs well in network life-
time, remaining energy, throughput, and packet delivery rate.

Data transmission in WBAN leads to continuous energy
consumption. Energy harvesting technology (kinetic energy
or thermal energy generated by the human body is converted
into electrical energy) is used to supplement energy for
energy-poor WBAN. In the future, we will try to introduce
green energy technology to achieve better energy-saving effect.
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