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ABSTRACT Wireless sensor networks (WSNs) is associated with a new exemplification of a real-time
embedded system used for various applications that make the traditional infrastructure-based network seem
infeasible. Due to imbalanced energy consumption among nodes, WSN has challenges with better utilization
of energy and system enhancement. Clustering has been a better approach in this sequence. Therefore, this
paper will utilize a fuzzy logic-based clustering protocol (unequal clustering) with multi-hop transmission for
load balancing, energy consumption minimization, and network lifetime prolongation. The protocol forms
unequal clusters with cluster head (CH) being selected by fuzzy logic with competition radius. Node distance
to the base station, concentration, and residual energy are input variables. The simulation and results section
displays the outperformance of the proposed protocol, where the low-energy adaptive clustering hierarchy
(LEACH), energy-aware multi-hop multi-path hierarchical (EAMMH), energy-aware unequal clustering
fuzzy (EAUCF), and two-tier distributed fuzzy logic-based protocol (TTDFP) for efficient data aggregation

in multi-hop wireless sensor networks algorithms.

INDEX TERMS Wireless sensor network, fuzzy logic, clustering, network lifetime.

I. INTRODUCTION

Due to their wide usage in various applications such as dis-
aster management, health, and home applications, wireless
sensor networks (WSNs) have amassed a lot of attention.
Developments such as micro-electrical-mechanical, wireless
communication, and digital systems have allowed the use
of miniaturized wireless sensors. A WSN consists of sev-
eral miniature detector nodes. These nodes are deterministi-
cally/randomly deployed to monitor specific target areas [1].
During sensing, processing, and transmitting the collected
data, the sensor nodes exhaust a lot of energy. These nodes
are supplied with a low-powered battery that is unique but
rechargeable. The nodes’ energy needs to be sparingly used
so as long the life of the network is attained. One of the
finest ways to decrease energy consumption by the network
is grouping the sensor nodes in a certain characteristic that
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forms a cluster. Each cluster has a cluster head (CH) that
allows communication with a base station (BS). The CHs
gather data from the other member nodes of their specific
cluster [2].

CH-BS communication is made up of either multi-hop or
single-hop communication models. In the latter model, a CH
communicates directly to a BS. On the other hand, multi-
hop communication is characterized by a CH sending its
data through other CHs to get to the BS eventually [3]. The
approach is found to be logical in prolonging the network
lifetime of WSNss.

Also, multi-hop communication in a cluster reduces the
number of links, thus avoiding congestion. Besides, multi-
hop communication can allow member nodes to assist the CH
to share data fusion, thus efficiently decreasing the energy
consumption by the CHs. This will help in the extension of
the lifetime of the networks [4].

However, in multi-hop communication, the CHs close to
the BS is characterized by massive data trafficking. This is
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known as an energy hot spot [5]. To avoid an energy hole
problem, unequal clustering algorithms can be utilized. The
algorithms include keeping the clusters in the proximity of
the BS trivial in size than the clusters away. This ensures
CHs near the BS are more ready to allot the data traffic. The
scalable nature of WSNss is also improved.

Studies on clustering approaches in WSNs has mainly
focused on establishing distributed and centralized protocols
in computing groups of CHs. Centralized approaches are,
however, inefficient in large-scale networks because collect-
ing the whole amount of crucial details at the central BS
is energy and time-consuming [6]. Distributed protocols are
further efficient in large-scale networks. Here, a node can
decide to emulate a CH or unite with an existing cluster.
The process is determined by the nature of details obtained
from adjacent nodes. Several dispersed clustering protocols
have been suggested in different literature [7]-[10]. For [7],
a majority of the protocols are either in the case of the iter-
ative or probabilistic state. Probabilistic protocols are char-
acterized by the probabilistic determination of a decision to
become a CH [9], [10]. Iterative protocols include an iterative
process performed on the nodes to decide the becoming of a
CH. Differently, clustering protocols can be contemplated as
being static or dynamic. The clusters are permanent in static
clustering. In dynamic clustering, the protocol is split into
different rounds [8]. The clusters are then devised again in
the next round. The additional overhead comes about when
the repeated cluster is formed on the system.

Some protocols take full advantage of fuzzy logic [11].
Even with incomplete information on environmental factors,
real-time decisions are possible in fuzzy logic. Combining
various environmental features based on preset rules and
eventually coming up with a decision according to the find-
ing is another important use of fuzzy logic. In turn, fuzzy
clustering algorithms use the same logic for combining dif-
ferent clustering frameworks to choose CHs. Fuzzy logic is a
structure that functions almost similar to human logic. Fuzzy
logic is made up of 4 main components, including fuzzifier,
defuzzifier, fuzzy rule, and inference engines [12].

(a) Fuzzifier: This component maps every input value into
the correlating fuzzy set. It assigns a degree of mem-
bership or truth value to each set.

(b) Inference engine: This component processes fuzzified
values. It includes a variety of methods used to deduce
the rules and a rule base.

(c) Fuzzy rule: This component is a sequence of IF-THEN
directives where the output fuzzy variables are related
to the input linguistic variables.

(d) Defuzzifier: Defuzzification is done by this compo-
nent, where a solution space is mapped into one crisp
input value.

The distance decides the inequality in cluster formation
between the sink and the CHs. Therefore, CHs near the sink
is smaller than the CHs away from the sink.
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In this study, we propose fuzzy logic as the algorithm
of choice. The algorithm includes unequally-sized clusters,
where their cluster radius is determined through a distributed
fuzzy logic approach. To minimize energy consumption,
we use multi-hop transmission in the wsn with unequal clus-
tering. Intelligence techniques of computation, such as parti-
cle swarm optimization [14], ant colony optimization [13],
fuzzy logic, and genetic algorithms [15], have previously
been used to solve several WSN issues. Here, we utilize three
fuzzy variables- node’s residual energy, concentration, and
base station distance for computation of competition radius
and choices CHs. The emergence of lots of uncertainties
will include the use of the fuzzy logic approach [16], [17].
To improve the chance of cluster radius and the chance of
cluster head selection, we use one new variable, node con-
centration. It is important to consider this node concentra-
tion because it ameliorates the fuzzy logic algorithm, hence
prolonging the WSN network lifetime. The multi-hop hot-
spot problem is familiar in WSNs. The nodes close to the
sink expire quickly because of the inter-cluster congestion.
Reducing such a problem includes an approach known as
unequal clustering.

We have performed experiments for the proposed algo-
rithm to evaluate its efficacy in terms of energy consumption
and network lifetime over the existing algorithms, namely,
two-tier distributed fuzzy logic-based protocol for cluster-
ing phase (TTDFP Tier-1), energy-aware fuzzy approach to
unequal clustering (EAUCF), energy-aware multi-hop multi-
path hierarchical (EAMMH), and low-energy adaptive clus-
tering hierarchy (LEACH).

Il. RELATED WORK

In designing the WSN, energy is the most obligatory resource,
so its battery life confines the sensor nodes’ lifetime. The
reduction in the energy consumption of nodes can lead to
better network life. Several routing protocols have been
developed to enhance network performance and lifetime.
In this part, some famous clustered based routing protocols
are explained. We have divided them into two categories.
In the first category, few protocols where cluster heads are
elected in a probabilistic manner are discussed. In the second
category, some of the fuzzy logic clustering-based protocols
are discussed.

A. HIERARCHICAL ROUTING PROTOCOLS BASED ON
CLUSTERING

LEACH is a clustering algorithm, where the sensor nodes
are probabilistically selected as viable CH in WSNs [24].
Each node selects an arbitrary number. A node automatically
becomes the CH if the selected number is lower than the
set threshold. After the CHs are determined, based on their
distance, non-CH nodes join the CHs. The performance of the
determined CH is initially low. Also, there is no consideration
of residual energy during the selection of a CH. This does
not support the proper performance of the heterogeneous
network. There are many disadvantages in selecting the CH
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using the local information from the nodes. Besides, this
algorithm involves low-energy nodes that may be chosen as
CHs, resulting in further quick depletion in their energy. This
eventually creates energy holes in this network.

PEGASIS [25] is a protocol that is chain-based and near-
optical and an upgrade of LEACH. In this protocol, each node
communicates with an adjacent node. The nodes alternate
in transmitting signals to the BS. This process reduces the
quantity of energy eventually spent with each round. One
major problem of this protocol includes the CHs directly
sending data to the BS. This is a single-hop communication
process that is energy-consuming and not appropriate for a
large-scale network, such as WSN.

The EAMMH protocol was started by inducing the
attributes of multi-hop intra-clustering and energy-aware
routing [26]. The utilization of the EAMMH protocol is
divided into rounds. Each round starts with a launching phase
where there is an organization of clusters. The initial phase is
then followed by a steady-state phase, which includes data
transfer to the BS. The second phase involves organizing
the sensor nodes into clusters, forming a multi-hop intra-
cluster communication. Multiple paths are established from
every node to the CH. This provides energy-aware heuristic
connectivity where the optimal path is chosen. Therefore,
this protocol chooses CHs regarding their residual energy,
especially when the survival time of the network is short.

In [27], the authors proposed a reliable routing distributed
learning automaton (RRDLA) algorithm which determines
the smallest number of nodes to protect the desired QoS
requirements. In routing election, it takes various QoS routing
constraints such as end-to-end reliability and delays into
account.

In the paper [28], the authors aim to defend sensor protec-
tion and provide efficiency of the wsn while using an irreg-
ular cellular learning automaton (ICLA)-based algorithm,
also called SPLA. Learning automaton at each cell of ICLA
with proper rules aims to investigate the minimum possible
number of nodes to guarantee the network’s self-protection
requirements.

The aim of this paper [29] is to improve the energy effi-
ciency and maximize the lifetime of WSNs by using enhanced
clustering hierarchy (ECH). This algorithm is implemented in
both homogeneous and heterogeneous networks.

In [30], the authors proposed an enhanced routing-Gi pro-
tocol for a mobile sink in WSNs to enhance the energy
efficiency, minimize the packet loss rate and maximize the
network lifetime. By optimizing the distance between the
mobile sink and each CH at a specific time at a specific loca-
tion, this proposed protocol conserves energy of CHs. At each
round, based on the ratio between the energy level of CH
and grid numbers, the mobile sink moves in a predetermined
trajectory.

B. FL BASED CLUSTERING PROTOCOL
Multiple studies have discussed Fuzzy Logic (FL) and
how it is usable in clustering, especially in enhancing
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energy-consumption. Some associated protocols will be dis-
cussed as follows:

In Hybrid Energy-Efficient Distributed Clustering (HEED)
protocol, the primary parameter for selecting CHs is nodal
residual energy. The process involves probabilistic elec-
tion [7]. The distance between the node and BS is utilized
to decide the CH whenever there is was a tie between two
nodes. Experiments have been used to evaluate this protocol.
They have demonstrated that data aggregation and clustering
can, at least, double the duration of a WSN.

In a fuzzy clustering protocol that was proposed by
Gupta et al. [11], the CHs are chosen at the BS. Input sub-
jected to the system is characterized by residual energy, node
centrality, and degree. In each round of selection, each node
passes on its clustering output to the BS. This approach
is incompatible with large-scale networks, such as WSN,
because it suffers from scalability offsets.

CHEEF is another protocol similar to fuzzy clustering [8].
The BS does not have to gather clustering outputs from all
nodes. This is because it selects CH in a diffused manner.
A probabilistic process selects the provisional CHs. Fuzzy
logic is then used to narrow the selection to the eventual CHs.
Inputs administered to the fuzzy system are characterized by
residual energy. The CHEF protocol provides a greater dura-
tion of network use. However, different from other protocols
such as LEACH, CHEF may have non-uniformly distributed
CHs in the network. This is mainly because of the probabilis-
tic selection of the provisional CHs.

SEP-FL is a fuzzy logic clustering protocol. It considers
residual battery, node distance to BS, and the threshold value
for CHs selection [26]. One major setback for this protocol is
direct communication between the CHs and the BS, which is
a single-hop communication that consumes a lot of energy.
This setback makes this protocol inappropriate to use in a
large network, such as WSNs.

In [31], this paper explains improved low-energy adaptive
clustering hierarchy (LEACH) protocol for mobile sensor
networks, which prolong the network lifetime and using
fuzzy logic reduce the packet loss in a mobile sensing envi-
ronment.

Recently, some unequal clustering protocols have been
developed. These protocols are mainly based on creating
smaller clusters around the sink. A significant distance to the
BS also characterizes the smaller clusters. Sensor nodes near
the sink are in smaller cluster sizes than other nodes located
far away.

EEUC protocol includes diffused unequal clustering in
selecting CH through local competition [12]. A competitive
radius is assigned to each node. This radius becomes more
trivial when the nodes near the BS. The EEUC protocol,
therefore, is characterized by unequal clustering. This pro-
tocol cannot support the processing load.

The authors Bagci and Yazici in EAUCF protocol rec-
ommend unequal clustering algorithm [33]. In that study,
fuzzy logic was used to process the competition range by
considering the node’s distance to the BS and residual energy.
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This protocol increases the network duration and solves the
energy holes problem. The main offset here is the increased
energy depletion at the CHs.

In Two-Tier Distributed Fuzzy Logic-Based Protocol
(TTDFP) [34], the authors proposed enhancing the data
aggregation efficiency in the two-tier sensor networks.
At first, optimum CH was selected based on probabilistic
models. TTDFP utilizes the optimization framework to tune
the two parameters in this tier, which are the threshold radius
and the maximum competition radius, rather than the use of
a trial-and-error approach to find the right blend of these
parameters. In the second tier, fuzzy sets enhance the rout-
ing performance. In clustering, TTDFP uses three linguistic
parameters, distance to BS, node energy, and node connectiv-
ity. In this, the residual energy. In this situation, using relative
distance and average connection, the residual energy was
resolved and elected CHs based on the availability of node
connectivity, which has ignored the energy in the networks.

MOFCA-35 is an unequal clustering protocol with multi-
ple objectives. This protocol utilizes three parameters: node’s
residual energy, density, and distance to the sink. Also, the
provisional CHs are selected through the use of fuzzy logic.
Different from the other protocol, the competition radius in
this algorithm is calculated.

FBUC [36] takes three parameters residual energy, distance
to the BS, and node degree, for cluster radius computation.
This protocol uses fuzzy logic for non-cluster nodes to join
with a CH. This protocol uses the CH competition ranges
and the separation between CH and non-cluster members for
selecting CHs. The drawback of this protocol is there inter-
cluster energy consumption is very high.

In [37], the authors improves the performance and
efficiency of fuzzy-rule based routing algorithms using the
modified clonal selection algorithm (CLONALG-M). The
modified version of the clonal selection algorithm is applied
to find the nearest form of the output membership functions,
which help to improve the overall fuzzy routing algorithm
performance.

The authors [38] proposed an Energy-efficient fuzzy logic
cluster head (EEFL-CH) algorithm, which is the improve-
ment of the LEACH protocol. The aim of this algorithm is
to reduce energy consumption while increasing the network
lifetime by using fuzzy logic. CH selection is based on three
fuzzy parameters residual energy, expected efficiency, and
closeness to the base station.

The author LEE [39] proposed a fuzzy-logic-based clus-
tering approach with an extension to the energy predication,
which enhances the network lifetime by evenly distribut-
ing the workload. This approach uses two fuzzy param-
eters, residual energy, and expected residual energy, for
elected CHs.

This study aims to use unequal clustering in a fuzzy
logic approach to reduce energy consumption in sensor
nodes and address the energy-hole problem common in older
algorithms. This study aims to outline the routing advan-
tages of the suggested algorithm, such as using multi-hop
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communication to reduce energy consumption. The study
will also demonstrate an unequal adaptive clustering used
in the suggested fuzzy logic algorithm. Compared with
older algorithms, such as EAMMH, EAUCF, TTDFP Tier-1,
and LEACH, this study will also demonstrate advantages
in the suggested protocol, including efficient energy-saving
distances and CH selection effective energy-consumption
parameters.

Ill. SYSTEM MODEL AND TERMINOLOGIES
In this work we consist the network model along with the
energy model and terminologies used in it.

A. NETWORK MODEL

In our network model, we have considered a network where a
number of homogeneous sensor nodes are randomly deployed
in an area and BS is located outside of the network area. For
our proposed network model, we make some assumptions,
which are as follows.

1) All the sensor nodes and the base station are considered
to be static after deployment.

2) Sensor nodes can join just a single CH inside its impart-
ing range.

3) The BS has no energy limitation.

4) Wireless connection is symmetric and bidirectional.

5) Initially, all the sensor node contains the same amount
of energy.

B. ENERGY MODEL

Consider nodes are distributed uniformly in M*M region.
If there is a cluster k, then the average is N/K nodes per
cluster. The area engaged by each cluster is approximately
M?/K. The required squared distance from the nodes to the
CH is given by

E[dden | = p () drdy (1)

We assume that this area is a circle with a radius R = (\/%)
and p (r, 0) is constant for r and 6, so equation 1 simplifies
to:

M

27 JnK 4
2 3 p M
E[dtoCH:I:IO/ / rord =27 (@)
6=0 r=0
If the density of the nodes is uniform throughout the cluster
. _ M
area, then the diameter D = ToE and
1 M2

Elden] = L2 3
dtOCH 27_[ K ( )

The Average distance between CH nodes to BS:

/ 1 M
DioBs = / x2 + ZZBA = 07657 (4)
A

0.755M

DioBs = > Q)]
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FIGURE 1. Radio model.

Now first, we consider all cluster are equal in size, so the
radius is R, and the area of each cluster is %, therefore the
radius of a cluster is R = L, Now the diameter of the
VK

cluster or distance between two cluster head is D = -2M

The energy model considered in our work is alellflded
from [40] as shown in Fig.1. The signal-to-noise ratio (SNR)
during broadcasting I-bit packet over distance d so the energy
dissipated by radio is determined as:

IEgec +legd?®,  if d <d,

6
IE jec + leampd4, ifd>d, ©

Erx (l,d) = :

where, E,j. denotes energy depleted per bit to operate the
electronic circuitry, €5 and €, shows the energy con-
sumption by free space and multifading channel, d indicate
the distance among sender and receiver and dop denotes the
threshold transmission distance. The threshold distance d is
given by equating the equation for d = d,

IE gjec +1 Efs d(% = E¢jpc +1 Camp dj

<

do = (7)

Eamp
To obtain 1-bit message, the radio uses:
Erx (lv d) = lEelec (8)

So the total energy consumption we get:
E =1 (2Ns Eeclec + Ns €55 dtzoCH + Ns Epa +k €5 p?

+ €npkdjyps ) ©)

To find the optimal number of cluster, we differentiate
equation (9) with k and put the value 0.

M Ns | €f
Kopt = —— | 25 | 10
P42 27\ €mp (10

toBS
where M is the side of the deployment area, so area A =
MM m?. E,j,. indicates energy consumed in transmitting or
receiving one bit, depends upon coding and modulation. €
indicates free space loss coefficient. N; shows sensing nodes
and Ep4 is aggregation energy.
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Algorithm 1 CH Selection and Clustering
1: TH <Threshold probability for selection of a provi-
sional CH
2: for each node do
3 Provisional CH = False
4: i < rand(0, 1)
5: if (u < TH) then
6
7
8
9

Provisional CH = True
else Provisional CH = False

end if
: if Provisional CH=True then

10: for each provisional CH do

11: Using if then mapping rules, calculate radius
and CH chance

12: Radius = Fuzzy logic (distance, residual
energy, node concentration)

13: CH chance = Fuzzy logic (distance, residual
energy, node concentration)

14: end for

15: Inside the range of Provisional CH send CH mes-
sage (ID, chance) to other CHs

16: Select Provisional CH having maximum CH
chance as Prime CH

17: end if

18: if Provisional CH # Prime CH then

19: Provisional CH = node

20: end if

21: Send Prime CH message (ID, chance)

22: for (each node) do

23: join with Prime CH having maximum as a cluster
member

24: end for

25: for each Prime CH do

26: calculate the distance among all clusters

27: if (distance between Prime CH and BS > min
(Distance between Prime CH —Prime CH”)) then

28: transmit to BS

29: else(transmit to Prime CH)

30: end if

31 end for

32: end for

C. UNEQUAL CLUSTERING

In the wireless network, to reduce energy consumption, sen-
sor nodes chose a CH to forward their data. As the distance
from the BS is one of the main factors for a node to be
selected as a CH, a number of CM nodes can choose them
for their data forwarding leading the CH to drain its battery
rapidly. As the node’s distance from BS increases, the energy
required in data transmission also increases, leading to the
node’s rapid battery drainage. To reduce CH’s rapid battery
drainage, we propose an unequal clustering scheme where
the radius of a CH varies depending on their distance from
BS. i.e., if the cluster is near the base station, then the cluster
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size will be small, and if the cluster is far from the BS, then
the cluster size will be large. In this scheme, we first select
candidate CHs, and later, based on other properties, we select
final CHs for data transmission. The scheme is discussed as
follows. In this scheme, based on a probabilistic approach,
we select initial CH and provisional CH. For initial CH
selection, In each clustering round, every sensor node creates
an arbitrary number between the two binary numbers (0 and
1). If the arbitrary numbering for a specific node is lower
than the threshold (T), this node spontaneously becomes an
initial CH. The competition radius from every provisional
CH dynamically changes in the proposed model. This is
because the proposed model utilizes the node concentration,
distance to the BS, and residual energy in calculating the
relevant competition radius. Therefore, it is logical to reduce
the network service area for a CH whose residual energy is
proportionally decreasing. The sensor node rapidly runs out
of its battery if the competition radius does not reduce while
its residual energy reduces. Radius calculation is achieved
by utilizing preset fuzzy IF-THEN delineated regulations
to manage the uncertainty. The fuzzy IF-THEN described
regulations are shown in Table 1. To assess the regulations,
the Mamdani Method (one of the most utilized methods) is
utilized as a fuzzy inference technique[10]. The Center of the
area (COA) practice is used for the de-fuzzification process
in competition radii. In each round, initial CHs are selected
by creating a random number that is allocated to every node.
If the produced random number allocation is less than the
threshold value (TH) of adjacent nodes allocated in Eq. 12,
then that node becomes a provisional CH.

TH = P/(1 — P % (r mod 1/p)) (11)

where t is the value of the present round of selection, P is
the preferred percentage of CH (e.g. P = 0.05). This section
will describe the unequal clustering process by making use
of fuzzy logic. Different from other studies, three linguistic
variables are used. These linguistic variables used are residual
energy in the provisional CH, distance to the BS, and concen-
tration.

« Input distance to BS-Distance to the BS is a crucial
metric in avoiding energy holes. The shorter distance of
a CH to the BS has a smaller number of cluster member
nodes, hence spends considerable energy to relay data
packets. However, distant CHs can have large clusters
because data is propagated in a multi-hop communica-
tion process.

o Residual energy- CH node functions more than its
member nodes. These functions include data collec-
tion, aggregation, and transmission to the BS. It should,
therefore, have enough energy to support all relevant
functions.

o Concentration- This the number of adjacent nodes in
the vicinity of the preferred CH.

This section includes a description of the unequal cluster-
ing process using fuzzy logic. In this paper, three variables
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FIGURE 2. Proposed model for multi-hop clustering.

were used. The variables used include residual energy of the
provisional CHs, distance to the BS, and concentration of
nodes adjacent to the CH. The existing fuzzy-based unequal
clustering process has one output variable only. The sug-
gested process includes two output variables. These are CH
probability and its competition radius. The latter variable is
made up of eight linguistic values: small, very small, rather
small, medium, medium-small, large, rather large, medium-
large, and very large. The values with trapezoidal member-
ship functions are very large and very small. The rest have
triangular functions.

The former variable is made up of seven fuzzy linguistic
values. They include poor, very poor, average, below average,
above average, strong, and very strong. The values with trape-
zoidal membership functions are very strong and very poor.
Triangular functions characterize the rest. The careful selec-
tion of membership function extent is supposed to subject
all the nodes to a repeated experimental analysis on different
network magnitudes. The fuzzy theory engine fuzzifies the
crisp data values into suitable linguistic variables. The engine
makes use of availed membership functions. The Mamdani
practice is utilized to come up with regulations with which the
fuzzified data values are refined. Twenty-seven regulations
are eventually specified (as in Table 2), which blend various
linguistic variables. The output variable is also a fuzzy value.
The trapezoidal and triangular membership function used in
our FIS is shown in the following figure:

0 x <al
x—al
o1 1 al <x <bl
parn) = 1 bh—a (12)
bl <x <cl
cl —»bl
0 cl <x
0 x <a2
x—a2
a2 <x <b2
b2 — a2
Maz (x) =11 2<x<c2 (13)
d2 —x
2 <x<d2
d2 —c2
0 d2 <x
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The COA method is utilized to de-fuzzify the output vari-
able into a crisp variable. After completing the CH selection,
non-CH nodes unite with the nearest CH. The COA method
is used in the given equation:

_ f Mg (x) xdx

N fMA (x)dx

For illustration, let us consider a 100 x 100 m? network
size where sensor nodes are randomly deployed and the BS
is located outside of the network at the position (150, 50).
As the BS is located outside of the network are the minimum
distant sensor node may be found at 50m, and the farthest
node can be found at 160m. For the calculation of competition
radius, we consider the minimum and maximum values for
the input variables of fuzzy logic, i.e. Distance to BS, residual
energy and concentration in such a way that they can cover the
entire range of network size, nodes residual energy and adja-
cent nodes in the vicinity of the preferred CH respectively.
Table 2 represents the input variables of fuzzy logic control
for the computation of competition radius.

For the computation of competition radius, we consider an
example of a node whose Distance to BS is 160, residual
energy (RE) is 0.7, and concentration is 30. The linguistic
values are farthest for Distance to BS, avg, high for residual
energy (RE) and medium, high for concentration.

Rule 1: If Dist. to BS is farthest and residual energy is
avg and concentration is medium, then the competition rad.
is large.

Rule 2: If Dist. to BS is farthest and residual energy is avg
and concentration is high, then the competition rad. is rather
large.

Rule 3: If Dist. to BS is farthest and residual energy is high,
and concentration is med. then the competition rad. is rather
large.

Rule 4: If Dist. to BS is farthest and residual energy is high,
and concentration is high, then the competition rad. is large.

Apply trapezoidal member function to the linguistic value
far. X = 145 (far)

COA (14)

f&x:a,b,c,d)
= max(min (x—a, 1, d—x) ,O)
b—a d—c
. (145 —-112 161 — 145
= max [ min 1, ,0
147 — 112 161 — 160
= max (0.9, 0)
=0.9

Apply triangular for linguistic value avg, high of residual
value. X = 0.6 (avg)

f (x:a,b,c) = max ( min x—a7c—x ,0
b—a c—b>b

. (06—-0 1-0.6
= max | min , ,0
05—-0 1-0.5
= max (min (1.2, 0.8), 0)

= max (0.8, 0)
=0.8
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TABLE 1. Fuzzy input parameters and min. and max. values for
competition radius.

variable name min. value | max. value
Distance to BS 50 161
Residual Energy 0 1
Concentration 0 30

X = 0.6 (high)
_ d—
f(x:a,b,c,d)=max | min u,l,—x ,0
b—a d—c

(0605  12-06
=max | min 1, .0
0.9-0.5 1.2-1
=max (min (0.25, 1, 3) , 0)
=0.25

Apply triangular for linguistic concentration ( med, high)
X = 17 (medium)

f (x :a,b,c) = max | min x—a’c—x ,0
b—a c—b
. (17—0 30-—17
max {min|{ ——,—— 1,0
( <15—O 30—15) )
max (min (1.13, 0.86) , 0)
= 0.86

X = 17 (high)
_ d—
f(x:a,b,c,d) = max | min u,l,—x ,0
b—a d—c

. 17 — 15 32 —-17
= max [ min , 1, ,0
< (27— 15 32—30) )
= max (min (0.16, 1, 7.5), 0)
=0.16

Now Apply values in fuzzy rules:
Rule 1: min (0.94, 0.8, 0.86) = 0.8

Rule 2: min (0.94, 0.8, 0.16) = 0.16
Rule 3: min (0.94, 0.25, 0.86) = 0.25

Rule 4: min (0.94, 0.25. 0.16) = 0.16

From Rule 1 to Rule 4 the Max. value is 0.8 which is large
and crisp value lies between 60 and 80.
For defuzzification, the fuzzy output is given as input to COA.
So, competition radius is 58.70.

D. CLUSTER FORMATION

Algorithm 1 gives the pseudocode for CH selection and clus-
ter formation in each round. The algorithm is explained as
follows. At the beginning of every round, each sensor node
creates an arbitrary value between 1 and 0. If the arbitrary
value created by a specific node is less than the threshold (TH)
value, that node becomes a provisional CH. This algorithm
utilizes the node’s distance to the BS, residual energy, and
concentration to determine the relevant competition radius.
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TABLE 2. Fuzzy rules.

input variable "DSTORS"

FIGURE 3. Fuzzy input variable DS to BS.

It should be noted that in some cases, the hotspot problem
might occur with the increasing number of clusters and inter
cluster routing. With this problem, a number of clusters may
be generated with too small radius. As a solution to this
problem, we set a lower radius to prevent the network from
becoming divided into too many clusters. The provisional CH
will then compute radius and chance. Every node relays a
discovery CH-MSG in the cluster radius to generate its rout-
ing table carrying a list of adjacent nodes and their residual
energy. The CH will broadcast CH-MSG to all adjacent nodes
in its radius, which is determined by FIS. This provisional
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Distance | Residual Energy | Concentration | Cluster Radius CH Choice
close less high very small very poor
close less med small poor
close less low rather small below average
close avg high small avg
close avg med rather small below avg
close avg low medium small poor
close high high rather small very strong
close high med small strong
close high low medium small above avg

far less high medium small avg
far less med rather small below avg
far less low small poor
far avg high medium large below avg
far avg med medium avg
far avg low medium small below avg
far high high medium large strong
far high med medium above avg
far high low medium small avg
farthest less high large poor
farthest less med medium large very poor
farthest less low medium below avg
farthest avg high rather large avg
farthest avg med large below avg
farthest avg low medium large above avg
farthest high high large very strong
farthest high med rather large strong
farthest high low very large above avg
Membership function plots """ """ 181 ~ Membershipfunctionplots """ '8!
close far farthest fess < high

0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09
input variable "Residual _ner"

FIGURE 4. Fuzzy input variable res. energy.

CH-MSG will have information about the node’s chance
value and id. The Provisional CH with the hight chance value
within the cluster is declared the Prime cluster head (PCH).
The PCH then relays ELECTED-CH-MSG to adjacent nodes.
The rest of the nodes that do not become the PCH will
relay JOIN-CH-MSG to the adjacent CH. Finally, the PCH
transmits a message which contains a time slot table to its
member nodes. According to this slot table, the member
nodes send raw data to the PCH. After the completion of
clustering, the packet transmission is similar to EAMMH and
EAUCEF schemes. Thus the data transmission and synchro-
nization process in the cluster is not introduced in detail in this
work.
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Membership function plots """ """ 181

low med high

=

0 5 10 15 20 2 30
input variable "Concentration"

FIGURE 5. Fuzzy input variable Concentration.

There is a dynamic change in the provisional CH com-
petition radius of this suggested algorithm, as it utilizes
energy, shorter distance to the BS, and low concentra-
tion in the parameters for CH chance calculation. Reduc-
ing the CH radius is the best option to reduce its energy
consumption. The preset fuzzy IF-THEN regulations deter-
mine the CH chance. By using the fuzzy process, unpre-
dictability is integrated into the WSN and is computed
efficiently.

The input variable takes the fuzzy values that are equiv-
alent. In the initial input variable, the node’s distance to the
BS is characterized by close, far, and farthest as the fuzzy lin-
guistic values. Farthest and close have trapezoidal functions,
while far has triangular functions. The next input variable,
node’s residual energy, is characterized by less, average, and
high as the linguistic values. High and less have trapezoidal
functions. The average has a triangular membership function.
The third input variable is concentration, which is made up of
low, medium, and high as the linguistic values. Low and high
have trapezoidal functions. Medium has triangular functions.
The non-CH nodes relay sensed data to their specific CHs
after clusters are formed. The eventual CHs then combine
all the received input and relay it farther to another CH
using multi-hop transmission, and then CH sends the data
to the sink. Figure 6-8 shows the fuzzy input and output
variables.

E. SELECTION OF CLUSTER HEAD
The linguistic values are farthest for Dist. to BS, avg, high for
residual energy (RE), and med, high for concentration.

For cluster head:

Rule 1: If Dist. to BS is farthest and residual energy is avg
and concentration is med then cluster head is avg.

Rule 2: If Dist. to BS is farthest and residual energy is avg
and concentration is high then cluster head is below avg.

Rule 3: If Dist. to BS is farthest and residual energy
is high and concentration is med then cluster head is
strong.

Rule 4: If Distance to BS is farthest and residual energy
is high and concentration is high then cluster head is very
strong.
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output variable "Radius"

FIGURE 6. Fuzzy output variable (radius).

TABLE 3. Fuzzy input variables and their min. and max. values for CH.

variable name min. value | max. value
DS to BS 50 162
Residual Energy 0 1
Concentration 0 22

Now take the min. and max. values given in Table 3 for the
input variables of fuzzy logic control.

Apply trapezoidal member function to the linguistic value
farthest.
X =150

fx:a,b,c,d)
C(x—a d—x
=max{min{ ——,1,——),0
( (b—a d—c) )
. (150 —-110 162 — 150
= max | min 1, ,0
155 -110 162 — 160
= max (min (0.89, 1, 12), 0)
= 0.89

Apply triangular member function to the linguistic value

average.
X =0.6 (avg)

f (x:a,b,¢) = max | min x—a’ e ,0
b—a c—b
. (0.6-0.2 07-0.6
= max | min , ,0
04—-0207-04
= max (min (2, 0.34), 0)
= 0.34

Apply trapazoidal member function to the linguistic value
high.
X = 0.6( high)

f&x:ab,cd)
. (x—a d—x
= max [ min 1, ,0
b—a d—c

. (06-04 1.1-0.6
= max | min , 1, ,0
0.7-10.6 1-0.6
= max (min (2, 1, 1.4), 0)
=14
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FIGURE 7. Fuzzy input variable residual energy.

Apply concentration triangular member function to the
linguistic value med.

X =12 (med)
. (x—a ¢c—x
max | min , ,0
( <b—a c—b) )

L (12—-5 16 —-12
=max|{mn{—,—1,0
10—-5 16 —-10
= max (min (1.4, 0.67), 0)
= 0.67

fx:a, b, o)

Apply concentration triangular member function to the
linguistic value high.
X = 12( high)

_ d —
f(x:a,b,c,d) = max | min X a,l, x ,0
b—a d—c

. (12—-10 23 —-12
= max | min 1, ,0
< (20—10 20—12) >

= max (min (0.2, 1, 1.4), 0)
=0.2

Now Apply values in fuzzy rules:

Rule 1: minimum (0.89, 0.34, 0.34) = 0.34

Rule 2: minimum (0.89, 0.34, 0.4) = 0.34

Rule 3: minimum (0.89, 1.4, 0.67) = 0.67

Rule 4: minimum (0.89, 1.4.0.2) = 0.2

The max. value of Rule 1 to 4 is 0.67 which is strong and
crisp value lies between 50 and 75.
For defuzzification the fuzzy output is given as input to COA.
Therefore, CH chance is 55.6.

F. SIMULATIONS AND RESULTS

The proposed algorithm has been assessed using MATLAB
because its Fuzzy Toolbox examines all fuzzy membership
functions, hence suitable for use. This suggested algorithm
was simulated using MATLAB. One hundred sensor nodes
were reviewed after distribution over a 100 x 100m? area.
Assumptions made included initial energy in every node as
0.5J. The MATLAB simulation frameworks utilized in the
suggested system are tabulated in Table 4. Shown in Table 5 is
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FIGURE 8. Fuzzy input variable Concentration.

Membership function plots ™" """ 181
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output variable "CHrhance"

FIGURE 9. Fuzzy output variable (CH chance).

TABLE 4. Simulation parameters.

Area 100*100
Nodes 100
Packets size 4000 bits
€mp 0.0013 pj/bit/m4
€fs 10 pJ/bit/m2
Eclec 50 nJ/bit
Initial Energy 0.5j
Control Packet Size 200 bits

TABLE 5. The results of the simulation for HND and FND.

Algorithm FND | HND

LEACH 118 372
EAMMH 164 416
EAUCF 109 515

TTDFP Tier-1 285 593
PROPOSED 353 610

the suggested protocol outperforming in FND. The network
duration has been evaluated as the period at the beginning of
the operation to the initial node death or the eventual node
death.

We tested the suggested algorithm extensively. Experimen-
tal results were presented in a tabulated design. The sug-
gested algorithm is compared to EAUCF, LEACH, TTDFP
Tier-1, and EAMMH algorithms. The results show the sug-
gested algorithm performs greater than EAUCF, LEACH,
EAMMH, TTDFP Tier-1 algorithms in both scenarios.
The limited energy is the major constraint in the WSN.
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FIGURE 11. No. of round vs FND.

If energy-consumption between the nodes varies, some nodes
will finish their energy earlier than others, hence making
the network unstable. Fig. 10 shows the measured stability
of the WSN. The measurement is achieved by comparing
the average energy consumed in the network in each round.
Therefore, the suggested algorithm consumes less energy
compared to the older algorithms, such as EAMMH, EAUCEF,
LEACH, and TTDFP Tier-1 algorithms.

Several calculations have previously been utilized in other
literature to explain the network duration of WSNs. The Half
Node Die (HND) and First Node Die (FND) metrics are some
of the commonly utilized calculations in EAUCF [13]. HND
and FND include many rounds. The genesis of the network
operation proceeds with the initial node until it runs out
of battery. The other half of the rest of the nodes also run
out of battery, respectively. Fig. 11 and fig. 12 demonstrate
the simulation results of the network duration (HND and
FND). Therefore, the suggested algorithm will perform better
than previously considered algorithms (EAMMH, LEACH,
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TTDFP Tier-1, and EAUCF) for HND and FND calcula-
tions. Among the previously utilized algorithms, LEACH
has the lowest performance. This is because LEACH utilizes
a probabilistic method to choose CHs. For 500 rounds of
cluster functions, nodes in LEACH start to run out of battery
at 118 rounds. On the other hand, nodes in the EAMMH
protocol start to run out of battery at 164 rounds, while the
first node in the EAUCF protocol starts to run out of battery
at 109 rounds, and the TTDFP Tier-1 protocol starts to run out
of battery at 285 rounds. However, our suggested algorithm
includes the first node running out of battery at 353 rounds.

The FND suggested algorithm has more outstand-
ing performance than the TTDFP Tier-1 algorithm by
123.85%, EAUCF algorithm by 323.85, LEACH algorithm
by 299.15%, and EAMMH algorithm by 215.24%. In fig. 11,
half node died at 372 in LEACH. In EAMMH, half node died
at 416, in EAUCE, half of the node died at 515, in TTDFP
Tier-1 HND at 593, and in the proposed algorithm, half
node died at 610, which is better than comparing to all
these algorithms. The HND suggested algorithm has greater
performance than the TTDFP Tier-1 by 102.86%, EAUCF
algorithm by 118.44%, LEACH algorithm by 163.97%, and
EAMMH algorithm by 146.63%.

Fig. 12 presents the number of sensor nodes that ran out
of battery versus their respective number of rounds. In the
suggested algorithm, the nodes that have run out of battery are
less. The proposed algorithm considers all the possibilities in
the selection of CHs. Therefore, energy usage by the WSNs is
less, resulting in the recorded lower number of nodes running
out of battery.

Fig. 13 and fig. 14 expresses that the first node died, and
the Last Node died in the different network areas vs. the
round number. The proposed algorithm performance is better
than LEACH, EAMMH, EAUCF, and TTDFP Tier-1. The
purpose of taking different network sizes is to establish the
effect of the density of the node on the suggested algorithm.
Equal clustering is used to determine a low-energy adaptive
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FIGURE 14. Round vs network area (FND).

hierarchy. Therefore, balancing of workload between adja-
cent nodes is not performed in this suggested algorithm.
EAMMH (which is an energy-aware unequal clustering fuzzy
protocol) balances the workload. However, its CH choice is
determined by one parameter. This makes energy consump-
tion to be high. The suggested protocol balances energy usage
across the network. Forming unequal clusters achieves this.
Besides, CH selection is achieved using the fuzzy method.
In conclusion, the suggested algorithm performs better in all
metrics than the previously used algorithms.

G. ENERGY DISSIPATION

The above table shows the energy dissipation of the proposed
protocol with other algorithms at different network sizes.
It can be seen that the energy dissipation of the proposed
protocol is less with respect to other protocols as LEACH,
EAMMH, and EAUCF, which leads to prolonging network
lifetime. Also, the smaller cluster size near the sink in the
proposed protocol balances the load among the nodes as well
as solves the energy hole problem.
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TABLE 6. Energy dissipation.

Network Size Algorithm FND energy | HND energy
dissipation dissipation
LEACH 0.3032 0.0871
EAMMH 0.2983 0.0738
100*100 EAUCF 0.3587 0.0422
TTDFP 0.2573 0.0671
PROPOSED 0.2345 0.0551
LEACH 0.3515 0.1362
EAMMH 0.3576 0.1222
150*150 EAUCF 0.4077 0.1187
TTDFP 0.2963 0.0852
PROPOSED 0.2548 0.0637
LEACH 0.3683
M| owon | 0127
200%200 EAUCF 0.4758 0'1371
TTDFP 0.3581 0'0 0760
PROPOSED 0.3202 o
LEACH 0.4189 0.1246
EAMMH 0.4380 0.1416
250%250 EAUCF 0.4996 0.1424
TTDFP 0.4037 0.1269
PROPOSED 0.3733 0.1013
LEACH 0.3481 0.1468
EAMMH 0.4362 0.1501
300*300 EAUCF 0.4698 0.1584
TTDFP 0.3911 0.1395
PROPOSED 0.3830 0.1006
700 T T T T
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FIGURE 15. Round vs network area (HND).

H. SCENARIO 2
In this scenario, we try to assess the performance of cluster-
ing independently. The distribution of a total of 1000 sen-
sor nodes and BS in a 1000m*1000m monitoring area.
We assume the initial energy is 0.5J. The simulation frame-
works utilized in the proposed system are shown in table 7.
In this scenario, fig. 16 shows the average energy of the
nodes when the network executes 50, 100, and 150 rounds,
which reflect the energy consumption of the network. In the
graph, the proposed algorithm is always higher than the other
algorithms and performs approximately 99.99% better than
LEACH, nearly 83.4% better than EAMMH, 46.37% better
than EAUCEF, and 19.5% better than TTDFP Tier-1. This
study shows that the proposed algorithm has lower energy
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TABLE 7. Simulation parameters.

Area 1000m*1000m
Nodes 1000
Packets size 4000 bits
€Emp 0.0013 pj/bit/m4
€fs 10 pJ/bit/m2
Felee 50 nJ/bit
Initial Energy 0.5j
Epa Snj/bit/signal
Control Pcaket Size 200 bits
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FIGURE 16. No. of round vs average energy.

consumption that means its network lifetime is better and
stable than other these comparing algorithms.

Fig. 17 shows the number of alive nodes in this scenario,
and the proposed algorithm performance is better than com-
paring algorithms. Considering 300 rounds in this result and
get LEACH algorithm nodes died quickly in the large scale
wsn because LEACH sends data directly from CHs to BS.
Other EAUCF, EAMMH, and TTDFP Tier-1 algorithm nodes
also low survival time. Fig. 18 shows the number of rounds
vs. half node died in scenario 2. The proposed algorithm
has better performance than other comparing algorithms. The
proposed algorithm performs 204.34% better than LEACH,
188% better than EAMMH, 146.87% better than EAUCEF, and
117.5% better than TTDFP Tier-1.

I. DISCUSSION

The proposed algorithm’s performance accumulations in a
large area, i.e., scenario 2, were smaller than those in a smaller
area, i.e., scenario 1. The use of fuzzy rules in different
scenarios is an important reason for the difference in per-
formance gains, which is the current algorithms’ limitations.
Because EAUCF, TTDFP Tier-1, and Proposed algorithm all
adopt unequal clustering, which ensures the load balance of
relay nodes in the cluster, also it can effectively avoid the
hotspot problem. Compared with LEACH, these methods
have better load balance and lower network energy consump-
tion. In EAUCF and TTDFP, the algorithm is employed to
calculate the CH chance and cluster radius by including the
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different parameters. Compared with EAUCF and TTDFP
Tier-1, the proposed algorithm has better load balancing and
longer network lifetime. The proposed algorithm uses one
variable node concentration that handles better uncertainties
in WSN. Therefore, the proposed algorithm has less network
energy consumption and a longer network lifetime than other
comparing algorithms in scenario 1 and scenario 2.

J. TIME COMPEXITY OF PROPOSED ALGORITHM

In the clustering, each node calculates its competition radius
and CH chance independently. Accordingly, for this phase,
the time complexity is O(1) for the entire network. At the
cluster formation phase, each ordinary nodes selects from its
competition range. Each ordinary node may need to process
(n-1) number of comparisons in the worst case. Consequently,
the time complexity of proposed for n nodes in the network is
O(n). In clustering, the rule base is stored in a memory. The
space complexity of memory is proportional to 2V, where N
is the number of fuzzy inputs in the fuzzy system.
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IV. CONCLUSION

We proposed a fuzzy logic-based protocol because it per-
forms better than other comparing algorithms. Some of the
assumptions made include equally significant stationary net-
works of the existing nodes. Regarding this assumption,
we introduced the new algorithm in three subsequent steps.
The initial step is to apply multi-hop communication to
reduce energy consumption. The step is followed by an
offline phase, where an unequal clustering algorithm solves
the energy hole issue by reducing the sizes of clusters near
the BS and determining the competition radius through the
fuzzy logic protocols. The final step utilizes fuzzy logic. After
the distance to a BS, node residual energy and concentration
have been used to select CHs. This final step helps in the
distribution of workload among the CHs. Simulation results
demonstrated that our process is useful for implementations
that need minimization of energy consumption, load balanc-
ing, and prolonged network duration. Overall, the proposed
algorithm is a better protocol compared to TTDFP Tier-1,
EAMMH, EAUCEF, and LEACH clustering algorithms. In our
future work, we will use the interval type-2 fuzzy logic theory
to solve the secure clustering protocol for mobile ad-hoc
networks and the light weight secure mechanism will be our
research focus.
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