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Abstract
Wireless sensor networks are equipped with sensor nodes having limited battery as energy source. These sensor nodes have

to maintain the desirable coverage of the network to ensure the periodical communication of the sensed data to the base

station. Therefore, lifetime of sensor nodes and the energy efficient network coverage are the two major issues that needs to

be addressed. Effective placement of wireless sensor nodes is of paramount importance as the lifetime of the network

depends upon it. In this work, a corona based energy balanced node deployment scheme for sensors with a limited sensing

range is proposed in which the nodes are distributed in accordance with a probability density function (PDF). Optimal

number of nodes in each corona is determined using the proposed PDF. Performance of the scheme is evaluated in terms of

coverage, energy balance and network lifetime through simulation. The intrinsic characteristic of the proposed PDF has

been derived. It is noticed that the node distribution through the proposed scheme not only provides better coverage in each

layer but also minimizes both the energy-hole and the coverage-hole problems in the deployment field while maintaining

longevity of the sensor network.

Keywords Wireless sensor network � Probability density function � Cumulative density function

1 Introduction

Wireless sensor networks (WSNs) are self-organizing,

large-scale networks that are a wireless association of large

number of tiny sensor nodes (SNs). These SNs have low

battery power, limited storage capacity and low processing

speed. These WSNs are being applied in numerous appli-

cations such as health monitoring [1], surveillance [2],

temperature monitoring [3], forest [4, 5], battlefield [6],

earthquake monitoring [7] and many others. In these

applications, the SNs are deployed to operate indepen-

dently in unattended/attended environments. These SNs

sense the data from the surrounding areas and communi-

cate the sensed data to the base station (BS) through multi-

hop or single-hop transmission. In WSNs, energy conser-

vation of each node is of utmost importance and also a

major challenge. Therefore, the battery of these nodes

should be used intelligently to prolong the life of the WSN.

The position of SNs have tremendous impact on the

performance of the WSNs. The choice of the node

deployment scheme depends upon the metrics such as

connectivity of the network [8], full area coverage [9] and

remains unchanged throughout the lifetime of the network.

A significant problem receiving large consideration

recently is the coverage along with connectivity problem

[8]. This emphasizes on how effectively the wireless sen-

sors monitor the physical surroundings and also commu-

nicate the sensed data to the BS. The area covered by a

sensor node is known as its sensing area. When two SNs lie
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within the transmission range of each other and can com-

municate, it can be said that the two nodes are connected.

The sensing and communication domain of a SNs are

closely related [10]. Therefore, these two parameters are

essentially considered in the deployment of SNs in the

WSN. Each sensor node dessipates energy in sensing and

communicating the data to the BS. Therefore, energy is the

most important constraint in WSN. Deployment of SNs and

location of the BS has a vital role in increasing the life of

the WSN [11, 12]. It is well proven in the literature [13]

that multi-hop communication is more energy efficient in

terms of lifetime [14, 15] of the network as compared to

direct communication. In the case of multi-hop communi-

cation the energy depletion rate of nodes placed near the

BS is higher as compared to the distant nodes. Energy-hole

[16] can be created if the nodes near the BS die out early as

compared to the distant nodes. Many researches have been

carried out in this area and non-uniform node deployment

[12, 16, 17] is considered to be the best strategy to elimi-

nate energy-hole issue. In this type of node deployment

maximum numbers of nodes are placed towards the BS and

decreases as the distance from the BS increases. These

deployed nodes can handle the traffic flow and avoid the

energy-hole in WSNs.

In this paper, a non-uniform corona based energy bal-

anced node distribution (ND) scheme is proposed that

contributes to better coverage and an energy-efficient

communication even when SNs are limited in sensing

range[3].

The paper is organized as follows: Sect. 2 discusses the

existing literature survey regarding various node deploy-

ment schemes. The problem is described in Sect. 3. The

energy model is discussed in Sect. 4. Section 5 presents

the description of the proposed scheme. Section 6 discusses

the EEAGTACO [18] protocol. In Sect. 7, the perfor-

mance of the proposed scheme is evaluated quantitatively

and qualitatively. Finally, Sect. 8 concludes the work done

in this paper.

2 Related work

Conserving energy has been fundamental issue in WSNs.

Many research have been reported in order to avoid

energy-hole problem and maximizing the network lifetime

in WSNs. Isabel and Falco in their work [14] discuss about

the lifetime of WSN in detail. Here, the authors present the

lifetime as a measure of the number of alive nodes, cov-

erage, connectivity, both the connectivity and the coverage

and many others. Various parameters that affects the life-

time of WSN are also discussed in their work.

Amini et al. [19] propose a DBS protocol that divides

the area into equal sized segments. Different clustering

mechanism were applied to each area in order to reduce the

energy consumption by SNs, thereby, increasing the life-

time of the network. Yetgin et al. [15] discuss various

techniques that maximizes the lifetime of the network.

They are namely: optimal node deployment, routing, data

co-relation and many others. We propose a corona based

node deployment scheme that not only balances the energy

across the network but also provides better coverage and

connectivity in WSN thereby maximizes the network life-

time. Hence, the literature is surveyed regarding deploy-

ment schemes, network connectivity and coverage in

WSN. Rahman et al. [20] classify the deployment

scheme into two: non-corona and corona based strategies.

The non corona based strategies are distinguished into

random Gaussian and random uniform. Here, random

means the nodes are dropped by helicopter and uniform

means that the nodes density is uniform across the network

in deployment field. The authors in [21] use random

deployment strategy to deploy SNs. Additional SNs were

deployed to achieve maximum coverage. The drawback is

the decreased lifetime due to unbalanced energy con-

sumption in the network. In [22], the authors present a

mathematical calculation based on which the number of

nodes in each corona is placed. Hence, the density of the

nodes is decided based on the communication range of

each sensor. This approach creates an energy-hole problem

in the innermost corona. Similarly, in [23, 24] the authors

propose the node deployment scheme with the objective to

achieve full coverage with minimum number of SNs. In

[25], the authors propose a node deployment scheme that

uses the minimum number of nodes and provides full

coverage of the network field. However, such an approach

cannot be realized in some application such as battle field

and habitat monitoring. Halder et al. in their work [26]

propose a PDF that derives its intrinsic characteristic such

as CDF, expectation and covariance. The authors divide the

square region into number of concentric circles. SNs are

deployed in accordance with the proposed PDF and is

randomly distributed within each annuli. Also, in the

considered architecture the number of nodes had decreased

as the area had increased.

The work PDFND [27] is an extension of [26]. Here, the

questions such as how many number of nodes should be

deployed per unit area to accomplish balanced energy

consumption in WSN to enhance network lifetime has been

answered. Performance has been evaluated by qualitative

and quantitative techniques. In [28] the authors demon-

strated that the node distribution through Gaussian distri-

bution (GD) was not energy balanced. Further, the authors

identified standard deviation as most important parameter

for energy balancing. Finally, a node deployment strategy

is proposed using customized GD scheme. The authors

prove that for a given network, balanced energy
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consumption across WSN takes place when SNs are dis-

tributed through the customized GD. In this architecture the

area of each annulus keeps on increasing and the number of

nodes keeps decreasing.

Bhardwaj et al. in their work [29], observed that single-

hop transmission to BS consumes more energy compared

to multi-hop transmission mechanism. Here, the authors

have proposed the optimal size of hop and derived an

upperbound in lifetime. Similar work was reported in [30],

where the authors argued that equal sized multi-hop

transmission was more efficient compared to direct trans-

mission. However, the authors did not prove that equal-

sized multi-hop was an optimal criteria. In [31], the net-

work architecture consists of concentric disks with the BS

situated at the center. Here, the authors propose a hybrid of

single and multi-hop transmissions where the ratio of these

two is not equal in a disk. Yuan et al. [13] propose a node

distribution scheme to avoid energy-hole problem. Here,

the SNs were distributed depending upon the distance from

the BS. In this scheme, the energy consumption rate is

relatively faster leading to shortening of network lifetime.

Chatterjee and Das [9] propose a node distribution strategy

to avoid energy-hole in WSN. Here, two types of nodes

namely; data originator and data router were considered.

Data originators collected the data from the environment

and router routes the data to the next hop. This led to

increase in network lifetime and reduction in network

traffic. Liao et al. [32] proposed a sweep based strategy to

balance the energy consumed by the SNs. Liu [33] propose

a scheme that adjusts the transmission range of SNs based

on inter-nodal distance to maximize WSN lifetime. Ramos

et al. [34] introduced the guidelines regarding the node

distribution scheme. They showed that the proposed

method could increase the network lifetime as well as

avoid the energy-hole problem. Ferng et al. [35] in their

work, considered a special case in which all the coronas

were having uniform width except for the outermost

corona.

SNs in WSN may fail to provide the sensed data to BS

due to the following reasons namely; depletion of the

battery power, poor deployment schemes, physical dam-

age. The failure of the SNs can affect the connectivity

amongst the SNs and also to the BS. Our paper provides

connectivity among the SNs from one corona to the next

intermediate corona. Node failure in any corona may lead

to partitioned network due to loss in connectivity in a

WSN. Severals researchers have proposed various solution

for the recovery from the partitioned network. Younis

et al. [36] classify the connectivity restoration into three

types. In first, the disjoint partition is connected by

replacing the failed nodes by the existing SNs. In second,

authors introduce the group of relay nodes to establish the

connectivity in a WSN. In third, large number of SNs are

deployed to establish k-connectivity [37] to tolerate node

failures in WSN. However, the authors do not discuss about

achieving the coverage in WSN. In [38], the authors pro-

pose a recovery process by moving the relay nodes towards

the BS. The communication is established only when all

the relay nodes come within the range of each other in

order to establish connectivity. Here, the minimum number

of relay nodes is obtained using Steiner tree for the disjoint

partitioned network. Similar work has been proposed [8].

Here, the authors propose a different optimization tech-

nique to calculate the number of relay nodes needed for the

restoration of the connectivity in a WSN. Here, the authors

do not discuss about the coverage. In [39], the authors

propose coverage-aware connectivity method to restore the

connectivity along with the coverage of the network. In this

method, if a node fails then one of its neighbor is brought

to its position to reassure the connectivity and coverage.

Wu et al. [40] propose an energy efficient routing

scheme called BRIT for sensor nodes distributed in

underground tunnel and compare the performance with

AODV using various parameters. In [41], the authors

analyze the energy consumption and data relay models for

their considered architecture. Using the analysis the authors

propose ENS-PD algorithm that uses the optimal energy

and also prolongs the life of the network. Jha et al. [42] in

their work propose a constant area based network archi-

tecture. Here the field was partitioned into a number of

coronas with the BS positioned at the center. The number

of node distribution was non-uniform i.e., the number of

nodes distributed kept decreasing in each corona as one

moved away from the center. This node distribution may

not provide suitable coverage in limited sensing range

nodes.

We aim to extend our work discussed in [18]. In this

work an energy efficient protocol based on Game Theoretic

approach and Ant Colony Optimization (EEAGTACO)

was proposed. Here, coalitions amongst SNs were formed

based on the coverage and the degree of co-relation in the

sensed data throughout the network. In the afore-said work,

only the coalition was optimized while the node distribu-

tion scheme was yet to be done. Also it was discussed that

the EEAGTACO could be used in real life applications

such as monitoring the temperature. In such application,

the SNs have limited sensing capabilities. In view of this,

we propose a corona based node distribution scheme that

balances the uniform energy consumption across the net-

work, provides better coverage and connectivity as well as

elongates the lifetime of the network even when the SNs

have limited sensing capabilities. The main contributions
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of this paper are: (1) The PDF is proposed and designed on

the basis of node density that controls network lifetime. (2)

The energy balanced node deployment algorithm is

developed based on the PDF and (3) The performance of

the proposed scheme is analysed qualitatively and quanti-

tatively. In qualitative analysis, the intrinsic parameters of

the proposed PDF such as CDF and expectations has been

derived. Theoretical analysis of energy balancing in WSN

is also presented in this section. In quantitative analysis, we

compare the proposed ND strategy with other strategies

through simulation to substantiate the performance of the

algorithm.

3 Problem description

In the literature review section discussed above, the

researchers have considered the corona based network

architecture wherein the width of each corona is kept

uniform. In this architecture, the deployment area is divi-

ded into a number of concentric coronas with the BS sit-

uated at the center. The width of each corona is kept

constant and it is equal to the radius (R) of the innermost

corona. Hence, the area of each corona starting from the BS

increases in arithmetic progression with the common dif-

ference of 2pR2. In the past various researchers have

focused on the approach to avoid the occurrence of energy-

hole and coverage-hole in uniform width corona based

network architecture. In order to achieve energy efficient

WSN, the nodes are distributed in such a way that the node

density is inversely proportional to the area of each corona.

To avoid the occurrence of energy-holes in the network a

non-uniform node distribution is most commonly applied

such that the maximum numbers of SNs are deployed in the

innermost corona near the BS and thereafter it decreases

towards the outer coronas. This type of ND proves to be

useful in avoiding the energy-hole problem in WSN.

However, for a particular sensing range the number of SNs

required to cover the successive coronas should increase

from inner corona to outer corona to avoid occurrence of

coverage holes. This is because the area of each corona

increases in the uniform width corona based network

architecture. Hence for avoiding energy-hole, the node

density should decrease from inner to outer coronas

whereas for avoiding coverage-holes the node density

should increase from inner to outer coronas. One important

observation is that, these constraints share an inverse

relationship with each other with respect to node density.

In all these existing approaches it is common that on one

hand node density decreases while on other hand the area

of each corona increases. Hence, the amalgamation of both

the non-uniform ND and the coronas having uniform width

may not provide a suitable choice to avoid both the energy

and the coverage hole across the network. Therefore, in this

paper we have proposed a ND scheme that considers

decreasing width corona based network architecture. In

this, when SNs are non-uniformly deployed in decreasing

width corona based network architecture, the sensing

coverage of the deployed sensor nodes overlap more

towards outer coronas as shown in Fig. 1. This brings down

the requirements of SNs to be deployed in the outer corona

and it also offers better coverage.

The objective of this paper is to propose a non-uniform

ND for decreasing width corona based architecture with a

constraint of SNs having limited sensing capabilities. An

example of SNs having limited sensing capability is well

explained in literature [3]. In the proposed varying width

corona based network architecture, the deployment area is

divided in such a way that the area of each corona

decreases as one moves towards the boundary. This type of

network architecture for ND can provide better coverage,

avoid the occurrence of energy-hole and also balance the

energy consumption across the network. Limited sensing

range is shown in Fig. 2. Here, Rs and Rc are the sensing

and communication range of a SN respectively and S1 and

S2 are two SNs overlapping an area P0. Sensing range is the

area sensed by a SN and communication range is the

transmission range of a SN.

4 Energy model

The first order radio model similar to [43] has been used in

this work. The first energy model consists of a transmitter

and a receiver. Here, two kinds of signal loss are used

namely; multipath and free space signal loss. When the

distance d between the transmitter and the receiver is

greater then the threshold d0, multipath (mp) signal loss is

used while if the distance d between the transmitter and the

receptor is less then the threshold d0 free space (fs) signal

loss is used. The threshold d0 is given by

d0 ¼
ffiffiffiffiffiffiffiffi

Efs

Emp

s

ð1Þ

The multipath and free space signal loss is given by

Eamp ¼
Efs:d

2; if d\d0

Emp:d
4; if d� d0

(

ð2Þ

Here, Eamp, Efs and Emp are the energy used in transmission

of fs or mp signal loss, energy consumed in fs signal loss

and energy consumed in mp loss respectively. The energy

used in transmitting k-bit of data at a distance d is given by
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Etxðk; dÞ ¼EtxelecðkÞ þ Etxampðk; dÞ ð3Þ

Here, Etx, Etxelec and Etxamp are the energy consumed during

transmission of k bits at a distance d, energy consumed by

circuitry and the energy consumed in amplification of k-bit

data at a distance d. Using Eqs. (2) and (3), the overall

energy used up in transmission is given as

Etxðk; dÞ ¼
kEtxelec þ kEfsd

2; if d\d0

kEtxelec þ kEmpd
4; if d� d0

(

ð4Þ

Energy consumed in receiving k-bit data is given by

ErxðkÞ ¼ErxelecðkÞ ¼kEelec ð5Þ

Here, Eelec is the energy required in receiving one-bit data.

5 Proposed solution

The paper proposes a PDF that disseminates sensors with

varying densities in the considered deployment/network

field to effectively address the problem described in

Sect. 3. The deployment field considered is as shown in

Fig. 3(a) with the BS situated at the center. The deploy-

ment field is divided into a number of concentric circles

(NConC). In this division, the innermost corona has the

largest area and it decreases in the successive coronas of

the deployment field. This kind of division [44] aims to

provide better coverage in the network as the maximum

number of SNs are deployed in the largest area. Node

distribution scheme is proposed based on the designed

PDF. Finally, the SNs are disseminated through the pro-

posed node deployment algorithm that distributes the SNs

non-uniformly in each corona with the objective of better

coverage and elimination of energy-hole thereby, pro-

longing the life of the network.

5.1 The network model

Considered deployment field is assumed to be square

shaped having an area of M �M units square with BS

positioned towards the center of the field as shown in Fig.

3(a). The network field is divided into for equal sized tri-

angles namely; DAOB; DAOD; DBOC and DCOD. Ini-

tially, the centroid of any triangle can be used in

determining the radius of the first corona (C1). Next, con-

sidering C1 (the centroid of DAOB as the new vertex, new

DAC1B is formed whose centroid C2 determines the radius

of the next consecutive circle. Same procedure is repeated

and the radius of corresponding circles is determined as

R1;R2;R3; . . .;RL as shown in Fig. 3(a).

The radius of each annulus and the number of layers the

network should be divided is discussed in detail in [44] and

are given as follows:

Fig. 1 Sensing overlap in

decreasing width network

architecture

Fig. 2 Communication range greater then sensing range
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Using the geometrical properties, the distance of ith

centroid from the center O is calculated as given by

Ri ¼
ð3i � 1Þ
2:3i

M ð6Þ

where M and Ri are the length of the side and the radius of

the ith concentric circle respectively. Therefore, the total

area covered by the ith circle is given as

Ai ¼ p R2
i � R2

i�1

� �

¼ 3i � 2

32i

� �

pM2 ð7Þ

The detailed description of the division of the deployment

field is shown in Fig. 3(b). Here, the number of regions/

layers (L) depends on the sensing range ðRsÞ of a node and
the side (M) of the field. Two SNs are known to be

redundant [45] if they sense the same area by more then

50% of their total sensing area. Also the two SNs are

placed at their optimal positions if their sensing boundaries

touch each other. The aforesaid conditions for redundancy

(the area covered by two SNs overlap) and optimal

placement of SNs are used to find the number of layers in

the network. Let the euclidean distance between any two

SNs be represented by jS1 � S2j then, the situation to

bypass the redundancy between these SNs can be expressed

by Rs

2
� jS1 � S2j. The condition for the optimally place-

ment of SNs can be expressed as jS1 � S2j � 2Rs. There-

fore, the placement of the SNs can be expressed by
Rs

2
� jS1 � S2j � 2� Rs. Assuming the position of the two

SNs are located in adjacent centroid then the above relation

can be given as Rs

2
�ðRL � RL�1Þ� 2� Rs. Hence

according to the principle of optimality the equation can be

rewritten and is given by,

3L

2
� M

Rs

\2� 3L ð8Þ

The sensing range of a node is used only to restrict any

further divisions of the network.

5.2 Analysis of network lifetime

In EEAGTACO [18] protocol as discussed in Sect. 6, all

the nodes form singleton coalition, given the quality ser-

vice specification (QSS) parameter as q ¼ 1. Here single-

ton coalition refers to coalition having single SN. Therefore

in worst case the number of the representative SNs is the

same as the total number of SNs distributed in the network.

Hence, the analysis has been done on the total number of

SNs which is the same as the number of representative SNs

in the network and is as discussed below:

Mathematically the lifetime [14, 15] of the ith node can

be defined as the ratio of the initial energy of the ith node to

its energy consumption rate and is given by

LTi ¼
Eo

ECRi

ð9Þ

Here, Eo and ECRi are the initial energy and energy con-

sumption rate of ith node in the network respectively.

Similarly lifetime of jth layer can be obtained by

LTj ¼
Eo � Tj

ECRj � Tj
ð10Þ

Here, Tj is total number of SNs in jth layer. Therefore, from

Eq. (10), it can be said that the lifetime of one layer is same

as the lifetime of one node.

Definition 1 Network lifetime is defined as the duration

from the beginning of the network till all the SNs in any

Fig. 3 Network architecture. a Proposed network architecture. b Successive radii creation
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corona die out such that an energy-hole is created in the

network.

Definition 2 Node density [46] is defined as the ratio of

the number of SNs distributed in a corona and the area of

that corona.

Data transmission rate (DTR) of the ith node in the jth

layer can be defined as the ratio of the data generated in the

ith layer to the node density in that layer and is mathe-

matically given by

DTRj ¼
a� Aj

cj � Aj

¼ a
cj

ð11Þ

Here, a, Aj and cj are the data generation rate of a node,

area and node density of the jth layer respectively. Since

the SNs in the jth layer transmit their own data along with

the data received from ðjþ 1Þth layer to the BS or to the

next consecutive layer towards the BS, the average DTR of

ðjþ 1Þth layer towards a node in the jth layer is given by

DTRavg ¼
acjþ1Ajþ1

cjAj
ð12Þ

Here, DTRavg; cjþ1 and Ajþ1 are the average DTR, the node

density and the area of ðjþ 1Þth layer respectively.

The node from a layer forward data to the next con-

secutive layer nearing sink using greedy routing policy

[47]. We assume Q-switch [16] routing to forward the data

from the outer layer to its inner consecutive layer.

The average data transmission rate of ðjþ 1Þth layer is

similar to as given in Eq. (12) and is given as

DTRjþ1 ¼
acjþ1Ajþ1

cjAj
. Therefore, the total data forwarded by a

node in the jth layer is the sum of the average data trans-

mitted by all the consecutive layers farther away and can

be written as

DTRTotal ¼
a
PL

h¼jþ1 chAh

cjAj

ð13Þ

Here, L, DTRTotal are overall number of layers (NoL), the

total data relayed by the outer consecutive layers to its

inner successive layer respectively. Using Eqs. (11) and

(13), the DTR of each node in the jth layer can obtained by,

DTRj ¼

a
cj
þ
a
PL

h¼jþ1 chAh

cjAj

; for j¼ 1;2; . . .;ðL�1Þ

a
cL
; for j¼L

8

>

>

>

<

>

>

>

:

ð14Þ

The first component a
cj
is the SNs’ own data to be trans-

mitted and the second component
a
PL

h¼jþ1
chAh

cjAj
is the sum of

all the data of the farther consecutive layers to be trans-

mitted to the innermost layer.

The energy required to transmit SNs’ own data is given

by

Ei ¼
a
cj
� Etx ð15Þ

Here, Ei and Etx is the total energy consumed by the ith

node and the energy needed to transmit one-bit data

respectively. Similarly, the energy needed to transmit the

total relayed data from the farther consecutive layers is

given by

Erelayeddata ¼
"

a
PL

h¼jþ1 chAh

cjAj

#

� Etx ð16Þ

Here, Erelayeddata is the total energy consumed to forward all

the data from the outer consecutive layers. The energy

consumed by each node in jth layer is computed using the

Eqs. (15) and (16) and is given by

ECRtx
j ¼

�

a
cj
þ
a
PL

h¼jþ1 chAh

cjAj

�

� Etx; for j ¼ 1; 2; . . .; ðL� 1Þ

a
cL

� Etx; for j ¼ L

8

>

>

>

<

>

>

>

:

ð17Þ

where ECRtx
j is the energy consumed in transmission by the

layer j. Similarly, energy consumed in receiving the data

from farther consecutive layers is given by

ECRrx
j ¼

�

a
PL

h¼jþ1 chAh

cjAj

�

� Erx ð18Þ

Here, Erx is energy used in receiving data per bit. ECRrx
j is

the energy consumed in reception of data by the jth layer.

Total energy consumed by the ith node is given by

ECRi ¼ ECRtx
i þ ECRrx

i ð19Þ

Here, ECRtx
i ;ECR

rx
i and ECRi are the energy consumed in

transmission, the energy consumed in reception and the

total energy consumed by a node i in the layer j respec-

tively. Therefore, the total energy consumed by the SNs in

jth layer is given by

ECRj ¼
ECRtx

j þ ECRrx
j ; for j ¼ 1; 2; . . .; ðL� 1Þ

ECRtx
L ; for j ¼ L

	

ð20Þ

Energy balancing is a situation in which all the SNs in the

network use up their energy around like time. Therefore, in

order to obtain an energy balanced network the following

condition has to be satisfied.
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ECRj ¼ ECRjþ1 ¼ ECRjþ2 ¼ . . . ¼ ECRjþL ð21Þ

Substituting Eqs. (17) and (18) for the layer j and jþ 1 in

the above equation we get

a
cj
Etx þ

�

a
PL

h¼jþ1 chAh

cjAj

�

Etx þ Erx

¼ a
cjþ1

Etx þ
�

a
PL

h¼jþ2 chAh

cjþ1Ajþ1

�

Etx þ Erx

ð22Þ

On simplifying Eq. (22) we get Eq. (23) and is given by

cj ¼ cjþ1

"

aEtx þ ðEtx þ ErxÞ
�

a
PL

h¼jþ1
chAh

Aj

�

#

"

aEtx þ ðEtx þ ErxÞ
�

a
PL

h¼jþ2
chAh

Ajþ1

�

# ð23Þ

The above equation implies that the ratio of node density

depends upon two successive layers and the total number

of layers. Node density is more towards the BS and

decreases in layers further away from BS i.e.,

cj [ cjþ1 [ cjþ2 [ . . .[ cN . When the SNs are distributed

according to the said equation, it can be assumed that the

SNs in the network deplete their energy at the same time.

Now, as the lifetime of a node is defined as Eo

ECRi
where Eo is

the initial energy of ith node and ECRi is the energy dis-

sipation rate of the ith node in the network, replacing ECRi

in denominator in Eq. (9), we get

LTj ¼
Eo

ECRtx
j þ ECRrx

j
ð24Þ

Here, LTj is the network lifetime of jth layer. Using

Eqs. (17), (18), (20) and also substituting the value of Ai in

the above equation, the lifetime of the network can be

calculated as given by Eq. (25).

LTj ¼

Eocj

�

3 j � 2

32j

�

aEtx

�

3 j � 2

32j

�

þ w
X

L

h¼jþ1

ach

�

3h � 2

32h

�

; for j ¼ 1; 2; . . .; ðL� 1Þ

EocL
Etxa

; for j ¼ L

8

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

:

ð25Þ

5.3 Proposed probability density function

The probability density function of a point P(x, y) lying

between the annulus ði� 1Þ and i is given by

f ðx; y;M;R; iÞ ¼ b� ð3i � 2Þ
32i�2 � i

8 Ri�1
2\x2 þ y2 �Ri

2

ð26Þ

The mathematical domain considered in this paper is

similar to [44], is divided into L concentric circles centred

at (0, 0), each having radius Ri ¼
�

3i�1
2�3i

�

�M where

M and i are the side of the square field, i is the radius of the

ith circle and b is a constant which is given by

b ¼ 1

i� p

�

M
3

�2
PL

i¼1

�

3i�2
32i�2

�2

Theorem 1 The value of the constant is given by b

b ¼ 1

p� M
3

� �2� 1þ 1
2

7
9

� �2þ � � � þ 1
L2

3L�2
32L�2

� �2
n o ð27Þ

Theorem 2 If two random discrete variables V and

U follow a proposed PDF with parameters i and L, then the

CDF of V and U is given as

F½V � x;U� y� ¼pb

�

M

3

�2
"

X

i

j¼1

�

1

j

3 j � 2

32j�2

� �2�

þ
�

1

i

3g � 2

32g�2

� �2

� 1

i

3i � 2

32i�2

� �2�
#

where (x, y) such that 0� x2 þ y2 �Rg
2, where

i� g� iþ 1.

Theorem 3 If two discrete random variables V and

U follow the proposed PDF with parameters l and i than

the expectation of V and U is given as

E½XY� ¼ b4

�

M

3

�2
X

L

i¼1

�

81

4i3i
þ 5103

2i33i
� 91

32i

�

The proof of Theorems 1, 2, 3 and also the summary of

notations used in this paper is presented in the ‘‘Appendix’’

of the paper.

5.4 PDF based node distribution
scheme (PDFNDS)

The proposed PDF is discrete in nature. The objective here

is to map the proposed PDF on the layered network

architecture as follows: i represents the layer number in

both the proposed PDF and layered network field where

i ¼ 1; 2; . . .; L. Relationship between the radius of the

concentric circle and communication radius is R1 �Rc. The

distribution of the sensor node across the network is non-

uniform i.e., the number of SNs distributed are maximum

near the BS and keeps decreasing as one moves towards the

outer annuli. The SNs can be distributed in any inacces-

sible geographical area [27] through an unmanned heli-

copter [48–50] in a controlled manner.
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The PDF at any point P(x, y) lying between the annulus

ði� 1Þ and i is given as
bð3i�2Þ
32i�2�i

where i ¼ 1; 2; . . .; L. The

probability of the number of SNs deployed within an

annulus i is given as
bð3i�2Þ
32i�2�i

� Ai where Ai is the area of the

ith layer. The area of the ith layer is given as

p

�

M
3

�2�

3i�2
32i�2

�

. The value of constant b is given as

b ¼
"

p� M

3

� �2

�
X

L

i¼1

1

i

3i � 2

32i�2

� �2
( )#�1

[as given in Eq. (27)]

By replacing Ai, the probability ðpiÞ of deploying SNs at

layer i is given as

pi ¼
bp
i

�

3i � 2

32i�2

�2�
M

3

�2

½as given in Equation ð47Þ�

The total number of SNs Ti deployed in the ith layer is

given by

Ti ¼ pi � NTotal ð28Þ

Here, NTotal are the total number of SNs in the deployment

field. The node deployment algorithm is given in Algo-

rithm 1.

Example Consider a network dimension/area as 100�
100 units with NTotal ¼ 250 and the sensing radius as Rs ¼
5 units is deployed using the proposed node density func-

tion based node deployment scheme. The maximum

number of layers ‘L’ as obtained using Eq. (8) and ‘b’ is
obtained using Eq. (27) are 4 and 0.00021435 respectively.

The probability of the number of SNs deployed in first

layer is obtained by replacing i; b;M by 1, 0.00021435 and

250 respectively in Eq. (28). Similarly the probability of

the number of SNs to be distributed in the other layers is

calculated. The probability of the total number of SNs

distributed in the 4-layered network is presented in Table 1.

It is observed that the node is distributed according to the

designed PDF. As per the design of the PDF, more number

of SNs are distributed towards the BS and it decreases in

the layers away from the BS. This kind of deployment is

expected to achieve balanced energy consumption, better

degree of coverage with each node having limited sensing

range thereby, eliminating coverage hole along with the

energy efficient node deployment scheme.

6 Node distribution through PDFNDS
in EEAGTACO protocol

Implementation of energy efficient approach using game

theory and ant colony optimization (EEAGTACO) consists

of following phases:

6.1 Node deployment phase

In this phase, the area of the deployment field is divided

into coronas as discussed in Sect. 5. The SNs are then

distributed in each corona through PDFNDS scheme as

discussed in Algorithm 1.

6.2 Initialization phase

In this phase, the parameters of the SNs such as commu-

nication range ðRcÞ, initial energy ðE0Þ, pheromone evap-

oration rate ðqÞ, pheromone density of the SNs, negotiation

constant ðkÞ, Quality of Service Specification (QSS)

(q) and total number of SNs ðNTotalÞ are initialized.

6.3 Coalition formation phase

In this phase, coalitions are formed within each corona. All

the SNs participate in the formation of coalition. The

Table 1 Nodes dissemination

Layers ðLiÞ L1 L2 L3 L4

Probability ðpiÞ 0.74 0.226 0.023 0.0023

Node distribution (Ti) 224 68 7 1

Algorithm 1 Node Deployment
Input : Area M×M , Center (Xc, Yc), Sensing Radius (Rs), Total number of SNs (NTotal),
Sensing radius Rs

Output :Nodes to be disseminated in each corona
Calculate L from the Equation (8);
for i = 1 to L do

Calculate β using Equation (27);
Calculate pi from the Equation (49);
Calculate Ti using Equation (28);

end for
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coalition initially starts with the formation of singleton

coalition. Every node is singleton coalition and declare its

partial solution. Singleton coalition is denoted as s(b, rep).

Here b is coalition having w SNs in it and rep is the rep-

resentative node of the coalition. Representative node is the

node that communicates with the representative of its

sucessive corona on the behalf of its coalition. All the

neighbours of the partial coalitions are discovered and

stored for further computation. The size of coalition is

extended using ant colony optimization (ACO) [51, 52]

technique. All the edges in s 2 fSg, where S is the set of

coalitions are identified i.e., e 2 fEg where E is set all the

edge. Now, each edge is chosen probabilistically using the

equation given by

PðeÞ ¼ sðeÞ:g
P

Available Edges sðeÞ:g
ð29Þ

Here, g is inversely dependent on the distance between the

two SNs and s is evaporation rate of the pheromone. Ant

packet is now sent to every e 2 fEg to discover its next hop
neighbour. A negotiation operation is performed between a

single node belonging to a coalition Sðb; repj) and its next

hop neighbour ðSðk; repjÞÞ. Negotiation operation is per-

formed using utility function computed by

Uðek; biÞ ¼ ðj�r� rjÞ � �o:f ðdðbi; ekÞ; qÞ ð30Þ

Here, r, �r and �o is the standard deviation of the energies of

the coalition, the standard deviation calculated after the

neighbour node b is added to the coalition and the offset

respectively. The �o is directly proportional to the average

residual energy and is calculated by

�o ¼ k � averageðEResÞ ð31Þ

Here, k is a negotiation constant. The utility function

manages two factors; the first component ðj�r� rjÞ � �o
adds SNs with diverse level of residual energies and the

second component f ðdðbi; ekÞ; qÞ governs the size of

coalition. Here, q is QSS and is defined by the user such as

q ¼ 0:7 (70% data accuracy). In case of 100 % accurate

data i.e., when q ¼ 1, all the SNs are singleton coalition.

Let Xi and Xc be the data reported by two SNs say, bi and

bj, then the dissimilarity metric [53] dðbi; ekÞ is given by

dðbi; ekÞ ¼ jXi � Xc

Xc

j ð32Þ

Here, dðbi; ekÞ reports the data measured between node bi
and the node which initially started the formation of

coalition, let it be denoted by bc. Accuracy function q is

defined by QSS. The data sensed by the SNs using the

dissimilarity function should satisfy the Eq. (32). The

accuracy function is also called q rule [53] and is given by

f ðdðbi; ek; qÞ ¼
1� dðbi; ekÞ; dðbi; ekÞ � 1� q

�1; dðbi; ekÞ [ 1� q

	

ð33Þ

The value Uðek; biÞ should be greater then zero i.e.,

Uðek; biÞ[ 0 for the negotiation to be successful. If the

negotiation is successful than the ants mark it with pher-

omone. The pheromone density is computed by

s/ðbi; ekÞ ¼ 1� q
ei
� s/ ð34Þ

Here, s/ðbi; ekÞ, q, i and s/ is the pheromone value asso-

ciated with the edge joining the edge node e to the

neighbour node b, the evaporation rate, the transmission

delay of the packet, and the initial pheromone value

respectively. Once all the neighbours are discovered, the

partial solution is now ready for an optimization phase.

Optimization phase The partial solution and the pher-

omone deposited (obtained by previous phase) serve as an

input to this phase. In this phase, an overall quantity of the

pheromone deposited in each coalition is computed. If the

pheromone deposited in a coalition is greater then an

average value of the pheromone then such a node is

selected and added to the optimized coalition. Once a node

is part of any optimized coalition it cannot be part of any

other optimized coalition.

Association phase In this phase, one node with the

highest residual energy from each optimized coalition is

elected as a representative node. The representative node

from the outer corona sends data to the representative node

of its successive inner corona and so on till the message is

transmitted to the BS.

7 Results

In this section, the performance analysis of the proposed

node deployment scheme is analysed using qualitative and

quantitative techniques. Both the qualitative and quantita-

tive analysis is presented here.

7.1 Qualitative analysis

In this sub-section, the theoretic analysis of the balanced

energy consumption across the network is evaluated.

7.1.1 Energy balancing

The energy balancing aims to balance the energy con-

sumption of each layer so that the network lifetime of each

layer can be maximized. In WSN, the energy balancing is

achieved when all the SNs end up their energy at the same

time. Similarly, in layered architecture, the energy
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balancing is achieved when all SNs in all the layers exhaust

their energy at the same time. Nodes deployed in the far-

thest layer transmit their data to the next consecutive layer

towards the BS.

The energy required to transmit the data using Eq. (35)

is given as

Etxðk; dÞ ¼Etxelec k þ k EtxampðR2
cÞ ð35Þ

The above equation can be rewritten as

Etxðk; dÞ ¼ k ETx ð36Þ

Here, Etx ¼ Etxelec k þ k EtxampðR2
cÞ. Similarly, energy

required to receive k-bit data is given by

ErxðkÞ ¼ k Erxelec ¼ kErx ð37Þ

Here, Erx ¼ Erxelec . Energy consumed by the last layer in

transmitting its data is given by

ECRL ¼ Etx � a� AL ð38Þ

Here, a� AL is data to be transmitted by layer L. Rest of

the layers transmit their own sensed data and received data

from their outer layers. Therefore, energy consumed by

layers other than the outer layer is given by

ECRj ¼ Etx � a� Aj þ ðEtx þ ErxÞ
X

L

j¼iþ1

ða� AjÞ
" #

ð39Þ

To achieve the condition for energy balancing the follow-

ing condition must be satisfied.

T1 � Eo

ECR1

¼ T2 � Eo

ECR2

¼ � � � ¼ Ti � Eo

ECRi

ð40Þ

Here, T1 and Eo are the number of SNs in the innermost

layer and the initial energy of the SNs respectively. From

the above Equation, the condition for the balance energy is

given as

ECRi

Ti
¼ ECRiþ1

Tiþ1
ð41Þ

Using Eqs. (39) and (41), we get

Ti

Tiþ1

¼
Etx � a� Ai þ ðEtx þ ErxÞ

P

L

j¼i

ða� AjÞ
" #

Etx � a� Aiþ1 þ ðEtx þ ErxÞ
P

L

j¼iþ1

ða� AjÞ
" #

ð42Þ

Substituting Ai by

�

3i�2
32i

�

pM2 and by dropping a, we get

Ti

Tiþ1

¼
Etx � a� 3i�2

32i


 �

pM2 þ ðEtx þ ErxÞ
P

L

j¼i

a� ð3 j�2
32j

ÞpM2

 �

" #

Etx � a� 3iþ1�2
32iþ2

� �

pM2 þ ðEtx þ ErxÞ
P

L

j¼iþ1

a� ð3 j�2
32j

ÞpM2
� �

" #

ð43Þ

Simplifying the above equation, we obtain

Ti

Tiþ1

¼
Etx � 3i�2

32i


 �

þ ðEtx þ ErxÞ
P

L

j¼i

3 j�2
32j


 �

" #

Etx � 3iþ1�2
32iþ2

� �

þ ðEtx þ ErxÞ
P

L

j¼iþ1

3 j�2
32j

� �

" # ð44Þ

By using the proposed PDF discussed in Sect. 5, the LHS

of the above expression can be written as

Ti

Tiþ1

¼ ð3i � 2Þ234iþ2ðiþ 1Þ
ð3iþ1 � 2Þ234i�2i

ð45Þ

Equating the above Eqs. (44) and (45), we get

Etx � 3i�2
32i


 �

þ ðEtx þ ErxÞ
P

L

j¼i

3 j�2
32j


 �

" #

Etx � 3iþ1�2
32iþ2

� �

þ ðEtx þ ErxÞ
P

L

j¼iþ1

3 j�2
32j

� �

" #

¼ ð3i � 2Þ234iþ2ðiþ 1Þ
ð3iþ1 � 2Þ234i�2i

ð46Þ

Assuming Etx and Erx as constant in the above equation, we

get LHS ’ RHS. Hence, the objective of energy balancing

is fulfilled with the proposed node distribution deployed

using the proposed scheme.

7.2 Quantitative analysis

Simulation parameters and its meaning is as given in

Table 2. We have used MATLAB for simulations. The SNs

are assumed to be static. The performance of the proposed

probability density function based node distribution

scheme (PDFNDS) is compared to the node distribution as

given in PDFND [27] and EEAGTACO protocol [18].

7.2.1 Analysis of PDFNDS

Analysis of the proposed node distribution scheme has

been carried out in Fig. 4(a). Here, the number of SNs

distributed is plotted against the number of layers. It can be

seen that with the total SNs NTotal ¼ 50, a total of 39 SNs

are deployed in layer-1 and it keeps decreasing in the outer

successive layers as one moves towards the boundary in

3� layer network. Similar is the case with NTotal ¼ 100,

NTotal ¼ 150, NTotal ¼ 200 and NTotal ¼ 250. In the
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proposed scheme, the node distribution is directly propor-

tional to the deployment area.

Coverage analysis of the node distribution through

PDFNDS is carried out using the definition given below.

Definition 3 The coverage density of ith layer is defined

as the sensing area of the SNs multiplied by the number of

SNs deployed per unit area in that layer.

Therefore using the above definition of coverage we get

LiCoverage ¼
Ti�p�R2

S

Ai
. Substituting Ai in the above equation of

coverage as given above we get
Ti�p�R2

S

3i�2

32i
�pM2

¼ 32i�Ti�R2
S

M2�ð3i�2Þ. Here,

LiCoverage is the coverage obtained in ith layer. In

Fig. 4(b) coverage obtained is plotted against the number

of layers. It is observed that when the SNs are distributed

through PDFNDS scheme, 1-coverage [54] is achieved

with NTotal ¼ 50 while k-coverage is achieved with

NTotal ¼ 100, NTotal ¼ 150, NTotal ¼ 200 and NTotal ¼ 250

in case of layer-1. A gradual decrease in the curve towards

layer�3 is noticed in the figure. This is because the dis-

tribution of SNs is dependent on the area of each layer. In

other words, as the area of each successive annulus

decreases as one moves towards the boundary so does the

distribution of SNs. Therefore, higher coverage density is

achieved in the layer innermost layer and it keeps

decreasing a one progresses towards the boundary. Similar

and predictable behaviour is noticed for all the considered

cases when NTotal ¼ 50, NTotal ¼ 100, NTotal ¼ 150,

NTotal ¼ 200 and NTotal ¼ 250.

Coverage obtained in various layers in 4-layered net-

work architecture with varying sensing range ðRsÞ is shown
in Fig. 5. The nodes having different sensing range such as

Rs ¼ 4;Rs ¼ 5;Rs ¼ 6, Rs ¼ 7 and Rs ¼ 8; are distributed

using the proposed scheme and their coverage in various

layers is examined. It is noticed that when the SNs are

equipped with Rs ¼ 4 the coverage density obtained in

layer-1 is 2.1 and it keeps decreasing in successive outer

annuli i.e., layer-2, 3 respectively. Similar is the case with

Rs ¼ 5; 6; 7 and 8. Therefore, it can be said that higher the

sensing range of the node, higher is the coverage density

achieved in the network.

7.2.2 Comparison of proposed scheme with the existing
scheme

Proposed node distribution scheme is compared with the

node distribution scheme discussed in PDFND [27].

Area covered, node density achieved and number of SNs

distributed is plotted on y-axis while number of layers is

plotted on x-axis is shown in Fig. 6. In the proposed

scheme (PDFNDS), the area covered by layer-1 is maxi-

mum while it decreases as one approaches towards the

Table 2 Simulation parameter

and its meaning
Parameter symbol Meaning Value

Area (M) Deployment area 100–300 square units

Nodes (TTotal) Sensor SNs to be deployed 100–300

Eo Initial energy 0.01 units

Rs Sensing range 4–8 units

3 2 1 0
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Fig. 4 Analysis of PDFNDS. a Node distribution through PDFNDS. b Coverage achieves using PDFNDS
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boundary of the deployment field. Also, the maximum

number of SNs are deployed towards the BS and it

decreases as one moves towards the boundary of the

deployment field. It can be verified from the figure that the

maximum area is covered by layer-1 and also maximum

number of SNs are distributed in this area. Also the cov-

erage density achieved through the PDFNDS is approxi-

mately 20 units. Similar is the case with other 2 layers

namely; layer-2 and layer-3. Area covered by layer-3 is

smaller as compared to layer-1 and 2. The number of SN

distribution is directly proportional to the deployment area,

hence the number of SNs distributed is lesser as compared

to other layers. It can be verified from the Fig. 6(a). Node

distribution through the PDFND is shown in Fig. 6(b). In

this scheme, the area is divided in such a way that the

larger area is towards the boundary and it decreases in

geometric progression. Also, the number of SNs distributed

is inversely proportional to the deployment area i.e.,

maximum number of SNs are distributed in layer-1 when

compared to the node distribution in layer-2 and layer-3 as

observed from the figure. The maximum number of SNs

are deployed in layer-1 therefore, maximum coverage

density is obtained in layer-1 when compared to the other

cases. Comparing the two node distribution schemes, it can

be said that the proposed scheme offers better coverage

density in larger area.

The lifetime of the EEAGTACO protocol is analyzed in

the Fig. 7(a). Here, the number of dead SNs for each round

is plotted. It is observed from the figure that the node

distribution through PDFNDS improves the performance of

EEAGTACO protocol. The representative SNs from each

coalitions in the outer corona send the data to the repre-

sentative node to its consecutive inner corona on behalf of

its coalition members. This node distribution scheme re-

duces the number of transmissions thereby increases the

lifetime of the network. The figure for the number of

representative SNs in each round is shown in Fig. 7(b). The

gradual curve is noticed when the SNs are distributed

through PDFPDS whereas a steep curve is noticed in case

of EEAGTACO protocol. It can be seen from the fig-

ure that the performance of EEAGTACO protocol is

increased when the SNs are distributed through PDFNDS

scheme.

Finally, the lifetime of the network in terms of balanced

energy consumption is analyzed in the Fig. 8. Here, the

number of dead SNs in plotted against the number of

rounds for PDFNDS and PDFND. A steep curve is noticed

when the SNs are distributed though PDFND while a

gradual curve is obtained when the SNs are distributed

through PDFNDS respectively. The SNs deployed through
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the PDFNDS increases the lifetime of the network when

compared with the node distribution through PDFND. The

gradual decay in number of SNs in case of PDFNDS is due

to the proposed mathematical model for the area division

and inter-layer communication from the outermost to the

innermost layer. With parameter Rs ¼ 4, the deployment

area is divided into 13 layers. Number of layers is obtained

using the relation M
2�Rs

where M is the side of the deploy-

ment field and Rs is the sensing range of the node. The SNs

are then distributed using their proposed scheme. With

NTotal ¼ 300, the number of SNs distributed in each layer is

117, 66, 36, 22, 15, 11, 8, 6, 5, 4, 4, 3 and 3. It can be seen

that the SNs distributed in last layers is equal. The SNs

distributed in the inner layers have to receive the data

coming from the outer layer, generate its own data and

finally aggregate the total data to forward it to the next

consecutive layer. Due to this, more number of SNs should

be distributed in the inner layers. But in case of PDFND,

the energy-hole is created in layer2-1. Due to to this the

network is partitioned into two sub-networks. Similar

problem occurs in layer-10. Therefore, there are three

partitions in the network in this case. It can be concluded

that when the SNs are distributed using PDFND, the

energy-hole is created when the SNs have smaller sensing

range. This leads to decrease in the lifetime of the network

using our definition of lifetime. In the case of PDFNDS, the

SNs are distributed in such a way that energy-hole is

eliminated, thereby maintaining the connectivity. This

increases the network lifetime as shown in Fig. 8.

8 Conclusion

Corona based energy balanced node distribution

scheme employing PDF for WSNs is proposed. The con-

sidered WSN field in the proposed work is divided into a

number of coronas with BS positioned at the center of the

deployment field. The area of each corona keeps decreasing

as one move away from the BS towards the boundary of the

deployment field. The corona based energy balanced node

distribution in accordance with the designed PDF is then

proposed. The objective of the proposed scheme is to

provide energy balancing in each corona, eliminate energy-

hole and minimize coverage-hole problems in the WSN

field. The performance of the proposed scheme is com-

pared with the existing techniques and analysed qualita-

tively. It is observed that the scheme not only balances the

energy across the network but also minimized and elimi-

nates coverage and energy-hole problems. The proposed
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scheme is especially designed for the applications in which

sensors have limited sensing range.

Appendix

Summary of notations used in the paper is given below

(Table 3):

The proof of Theorem 1 is as given below:

Let pi denote the probability of a point (x, y) lying

between the annulus i and ði� 1Þ. From the proposed

probability density function, the probability pi is given by

pi ¼
b� ð3i � 2Þ
i� 32i�2

ZZ

f ðx; yÞ dx dy ð47Þ

Here,
RR

f ðx; yÞdxdy is the domain area. The considered

domain area is circular and is given as

ZZ

f ðx; yÞ dx dy ¼ p� M

3

� �2

� 3i � 2

32i�2

� �

ð48Þ

By the fundamental law of probability,

X

L

i¼1

pi ¼ 1 or
b� ð3i � 2Þ
i� 32i�2

� p� M

3

� �2

� 3i � 2

32i�2

� �

¼ 1

Substituting Eq. (48) in Eq. (47),

pi ¼
b� ð3i � 2Þ
i� 32i�2

� p� M

3

� �2

� 3i � 2

32i�2

� �

ð49Þ

Simplifying the above equation using the fundamental law

of probability we get,

b ¼ 1

p� M
3

� �2� 1þ 1
2

7
9

� �2þ � � � þ 1
L2

3L�2
32L�2

� �2
n o

The proof of Theorem 2 is as given below:

The probability of discrete random variable X and Y for

any value within a range i is given as

pb

�

M

3

�2
X

i

j¼1

1

j

3 j � 2

32j�2

� �2

ð50Þ

The probability of the variable X and Y between domain

area Ai and Ag such that g[ i is given as

b
i

�

Ag � Ai

�

ð51Þ

Substituting value of Ai and Ag in the above equation we

get

b
i

�

p

�

M

3

�2
3g � 2

32g�2

� �2

�p

�

M

3

�2
3i � 2

32i�2

� �2�

ð52Þ

Simplifying the above equation we get

p

�

M

3

�2 b
i

�

3g � 2

32g�2

� �2

� 3i � 2

32i�2

� �2�

ð53Þ

The CDF of X and Y using Eqs. (50) and (53) is obtained as

F½X� x; Y � y� ¼pb

�

M

3

�2
"

X

i

j¼1

�

1

j

3 j � 2

32j�2

� �2�

þ
�

1

i

3g � 2

32g�2

� �2

� 1

i

3i � 2

32i�2

� �2�
#

The proof of the Theorem 3 as as given below:

Expectations of two random variables X and Y is given

as

E½XY� ¼ E1½XY � þ E1½XY � þ � � � þ EL½XY � ¼
X

L

i¼1

Ei½XY �

ð54Þ

Here, Ei½XY � is the expectation of X and Y in domain

i. Now,

Ei½XY� ¼
ZZ

f ðxyÞ x y dy dx ð55Þ

Ei½XY� ¼
b
i

ZZ

x y dy dx ð56Þ

Table 3 Table of notations

Notation Meaning

Etx Energy consumed during transmission

Erx Energy consumed in reception

OðXc;YcÞ Center of the network domain

Ri Radius of the ith corona

M �M Area of the network domain in square units

L Number of layer

Ci ith corona of the network domain

a Data generartion rate

c Node density

ECR Energy consumption rate

DTR Data transmission rate

Eo Initial energy of nodes

Tj Total nodes in jth layer

Aj Area of jth layer

b A constant

pi Probability of nodes in ith layer

NTotal Total number of nodes to be deployed

Rc Communication range of a node

Rs Sensing range of a node
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Ei½XY� ¼
4b
i

Z

x¼Ri�1

x¼0

x

Z

y¼
ffiffiffiffiffiffiffiffiffiffi

R2
1
�x2

p

y¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
i�1�x2

p
y dy

0

B

B

@

1

C

C

A

dx

2

6

6

4

þ
Z

x¼Ri

x¼Ri�1

x

Z

y¼
ffiffiffiffiffiffiffiffiffiffi

R2
1
�x2

p

y¼0

y dy

0

B

B

@

1

C

C

A

dx

3

7

7

5

ð57Þ

Simplifying the above equation we get,

Ei½XY� ¼ b

�

M

3

�4�
81

4i3i
þ 5103

2i33i
� 91

32i

�

ð58Þ

Substituting the above equation in Eq. (54), we get

E½XY� ¼ b4

�

M

3

�2
X

L

i¼1

�

81

4i3i
þ 5103

2i33i
� 91

32i

�
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