
 

 

 

Abstract----This paper presents an analytical approach to the 

design of a cluster-based multi-hop WSN that results in a network 

with maximal lifetime and minimal hotspot problem. The network 

model consists of n concentric layers with each layer containing 

clusters of unequal sizes. Nodes closer to the sink node in the first 

layer have no locally sensed data of their own, but they devote all 

their energy to the task of only relaying the data converging to the 

sink node through them. Distribution of sensor nodes in the network 

is done according to energy balancing of layers and therefore energy 

consumption in all the layers is equal. The analysis of the network is 

further based on the premise that if the energy consumption per node 

in all the layers is small and its variability is also small, then not only 

will it result in the maximization of the network lifetime but also in 

the mitigation of the hotspot problem. The analysis of the network 

designed with this design approach gives superior energy 

performance of the network in terms of energy consumption per layer 

and variation in energy consumption per node compared to that 

reported in the research literature for the same network parameters. 

 

Keywords—Cluster-based network, Energy balancing, Hotspot 

problem, Layered network, Network lifetime, Wireless Sensor 

Network 

I. INTRODUCTION 

wireless sensor network (WSN) consists of distributed 

nodes that support sensing of a physical phenomenon, 

signal processing, computing and connectivity over a wireless 

channel. These sensor nodes may, in many cases, locally 

process the data collected by them or relayed to them as it 

travels to the sink node. A sensing node can have more than 

one type of sensor and may also be equipped with an actuating 

element for controlling the environment parameters in certain 

situations. A sensor node may also be equipped with its own 

location and positioning information using a GPS or some 

local positioning algorithm [1]. Early research effort in WSNs 

was mainly focused on low data rate monitoring applications 

and later on, certain WSN applications have been developed 

to support more complex operations [2]-[7]. Sensor nodes can 

be organized into clusters in order to achieve low energy 

consumption and increasing the lifetime of the network. In 
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wireless sensor networks, two communication models are 

employed - single hop and multi-hop. In single hop 

communication model, every node can directly communicate 

with the sink node, whereas in multi hop communication, 

nodes have shorter transmission range and therefore are 

forced to route their data cooperatively via multiple hops to 

the sink node. Multi-hop communication also helps to 

enhance the energy efficiency of the network as it reduces 

long-range transmissions, for which more transmitted power is 

needed due to the higher value of path loss. In both the 

models, there is a problem of unbalanced energy consumption 

among different nodes and hence, some nodes die much faster 

than others. In single hop communication, nodes which are 

farther away from the sink node have the higher energy 

dissipation and hence are the critical nodes. But, in multi-hop 

communication, the nodes which are closest to the sink node 

are the critical nodes. This is due to heavy relaying data traffic 

passing through them, which causes them to die faster. This 

phenomenon of some nodes dying early and thereby affecting 

the performance of wireless sensor network is called the 

hotspot problem [8].  

Low Energy Adaptive Clustering Hierarchy (LEACH) [9] 

algorithm is a hierarchical routing algorithm, in which cluster 

head (CH) is randomly selected amongst the nodes. It allows 

only single hop clusters to be formed and does not consider 

the hotspot problem. Energy-Efficient Unequal Clustering 

(EEUC) [10] algorithm is a self-organized competition based 

algorithm, wherein cluster heads are selected on the basis of 

residual energy of neighboring nodes. But this technique does 

not consider density of sensors which may cause too much 

load on cluster heads. Energy-Balancing Unequal Clustering 

Protocol (EB-UCP) [11] derives the node distribution 

densities among layers according to the energy-balancing 

principle, so that the energy consumption in every layer is 

nearly equal after such a deployment, resulting in the 

mitigation of hotspot problem. But this mechanism does not 

consider the effect of number of network layers on the energy 

consumption of a layer. 

In this paper, a mathematical model of wireless sensor 

network has been analyzed to find the optimum number of 

network layers for maximizing the network lifetime and 

minimizing the hotspot problem. The practical implication of 

the proposed work is that, for a given network radius, we can 

compute the optimum transmission range of the network 

nodes, which results in the optimal consumption of the node 

energy. Thus, the mathematical model developed in this work 
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is of great practical significance in the design of highly energy 

efficient wireless sensor networks which maximize the 

network lifetime and minimize the hotspot at the same time.  

II.  SYSTEM MODEL 

The system model of the cluster-based layered network 

considered for the proposed work is shown in Fig. 1 [11]. It 

consists of a number of concentric layers with the sink node at 

the center of the network of radius R. The following 

assumptions are made in the proposed analysis of the model: 

1. All the nodes are homogenous and deployed in a circular 

area with radius R. 

2. The nodes are grouped as clusters within a layer and 

distributed throughout the network 

3. The sink node is located at the center. 

4. Each sensor node is generating and transmitting data at l 

bps. 

5. A free space propagation channel model is used for the 

multi-hop forwarding scheme. 

6. An ideal collision-free MAC layer and error-free 

communication link. 

 

 
Fig. 1 A circular area network model [11] 

 

The energy dissipation model for the network is taken from 

LEACH, and is shown in Fig. 2. The maximum number of 

layers in the network is n and the width of each layer is d. 

Nodes belonging to layer {Li | i ≠ n} will forward both the 

data generated by them and the data generated by the nodes 

from layers {Lj | (i+1) ≤ j≤ n} [11]. The nodes in the 

outermost layer, Ln, need only to forward the data generated 

by them. The energy consumed for transmitting l-bit packet 

over distance d is given by: 

ETx (l, d) = l (e1+e2d
2)                                (1) 

and, the energy spent on receiving an l-bit packet is given as: 

ERx (l, d) = l e1                       (2) 

The factor, e1, called the electronics energy, represents the 

energy spent in the electronics portion of the node. The other 

factor, e2, called the amplifier energy, relates to the energy 

actually spent by the transmitter in transmission of the signal 

to a distance d. 

In general, a cluster head (CH) in the above network model, 

has to spend energy on two broad activities: first, collecting 

information from its own members and, second, on relaying 

data coming from the next outer layer. Thus, the CHs in the 

first layer are highly prone to hotspot problem as they have to 

relay data coming to them from outer layers of the network. In 

order to alleviate the hotspot problem in the first layer, it is 

intended for the nodes in the first layer to not spend energy in 

collecting data but to preserve their energies only for relaying 

the data. This is made possible when each node in first layer 

becomes a CH of a cluster having no other member node. This 

makes the probability of a node becoming a CH in the first 

layer as 1. The probability of a node in any other layer to 

become a CH is different in different layers, with the 

probability being maximum for first layer and reducing to a 

minimum value for last layer. A low probability of becoming 

a CH implies a larger cluster. 

 
Fig. 2 Radio Energy Dissipation Model [9] 

 

Primarily, the CH selection in each layer is based on the 

residual energy of tentative cluster heads. But, in order to 

maintain energy consumption among all layers equal, the node 

i’s probability of becoming a final CH, pi, is computed as 

follows: 

  min max min
1

i

n j
p p p p

n


   


              (3) 

where pmax is the node’s probability of becoming a CH in 

first layer, pmin is the node’s probability in the last, nth layer, 

and j represents a node i’s layer number [11].  

The outermost layer is assumed to have the probability of a 

node becoming CH, pmin, 0.05 

III. MATHEMATICAL MODEL 

It is assumed that all CHs aggregate the data equally within 

a cluster, with an aggregation coefficient of α and energy 

dissipation of e3 Joules/bit. Let Nn and En respectively denote 

the number of nodes and the energy consumption of the 

outermost layer, Ln. The layer Ln needs only to forward the 

data that is generated within it. Therefore the energy 

dissipation per unit time of each CH in the outermost layer Ln 

is:  

 2

_ 1 3 1 2

min minmin

1 1 1
1

ch n
E e e l e el l d

p p p
   

 
 

 

       (4) 

In the above equation (4), the first factor gives energy 

dissipated by the CH in receiving an l-bit packet from the 

other member nodes of the cluster. The second factor gives 

energy dissipated in aggregating l-bit packet from all the 

member nodes of the cluster. The third factor gives energy 
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dissipated in the transmission of the aggregated data to the 

next inner layer CH on way to the sink node. The above 

equation also shows that a smaller values of aggregation 

coefficient, α, gives a higher efficiency of data aggregation. In 

our model, we assume α = 0.1, which means that CH needs to 

forward only 10% of the total cluster load, consequent to data 

aggregation. 

The energy dissipation of each non-CH node, per unit time, 

in the outermost layer Ln is given by:  

 2

_ 1 2nonch n
E l e e d                                             (5) 

Hence, the total energy consumption of both the CHs nodes 

and non CHs nodes per unit time in Ln is given by,  

 min min_ _1n n ch n n nonch nE p N E p N E               (6) 

    2

min 1 min 2 32 1 1n nE N l p e p e d e                (7)                                   

The nodes belonging to layer {Li | i ≠ n} will forward both 

the data generated within their own layer and the data 

generated by nodes coming from their outer layers {Lj | (i+1) 

≤ j ≤n}.Therefore the energy consumption per unit time of all 

nodes in layer Li (1 ≤ i ≤ n) is expressed as  

      2 2

1 2 3 1 2

1

2 1 1 2
n

i i i i j

j i

E N l p e p e d e lN e e d  
 

             

       (8) 

where, the first term represents the energy consumption for 

data generated within the native layer and the second term that 

for data arriving from the outer layers. 

IV. NODES IN LAYERS 

In the proposed analysis, the energy consumption of all the 

layers is considered equal, so that the network lifetime may be 

maximized. That is, 

E1 = E2 = E3 ……..= Ei……= En-1 = En 

Therefore, we can obtain the ratio of the nodes deployed in 

the last, (nth), layer and the (n-1)th layer as given below: 

   

    

2

min 1 min 2 31

2

1 1 1 2 3

2 1 1

2 1 1

n

n n n

p e p e d eN

N p e p d e e



 



 

      
       

    (9) 

  Similarly, for En-2, the energy in the (n-2)th layer, we have 
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                        (10) 

  As per the energy balancing principle, 

2n nE E  , therefore, we get 

 

     

   

2

min 1 min 2 3

2

2 1 2 2 3

2 1 2 1

2 1 1n n

d p s e p s e d e

p e p d e e

  

  

        
     

 

                      (11) 

where, 1n

n

N
s

N

  

We can obtain the values of Nn, Nn-1…Ni….N2, N1 for the 

whole network after iterative calculations. For computing 

these values of nodes for different values of n, various 

network parameters used are shown in the Table II [11]. Table 

III shows the fractions of total nodes in each layer of the 

network when the network layers, n, vary from 2 to 15. 

 
TABLE II 

PARAMETER VALUES 

Parameter Value 

Network Size R = 200 (m) 

Sink Location (0,0) 

Data Packet Size 500 (bytes) 

No. of nodes, N 500 

e1 50 (nJb-1) 

e2 10 (pJ/b/m2) 

e3 5 (nJ/b/signal) 

α 0.1 

pmax 1 

Pmin 0.05 

n 2 to 15 

 
TABLE III 

FRACTION OF NODES IN LAYERS 

n L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15 

2 .905 .095 
             

3 .747 .157 .095 
            

4 .594 .187 .123 .095 
           

5 .461 .194 .138 .111 .095 
          

6 .353 .186 .142 .119 .105 .095 
         

7 .267 .169 .137 .121 .110 .101 .095 
        

8 .200 .147 .128 .117 .109 .103 .099 .095 
       

9 .149 .126 .116 .110 .105 .102 .099 .097 .095 
      

10 .111 .105 .102 .100 .099 .098 .097 .096 .096 .095 
     

11 .082 .086 .088 .090 .091 .092 .093 .094 .094 .095 .095 
    

12 .060 .070 .075 .079 .082 .085 .087 .089 .091 .092 .094 .095 
   

13 .044 .056 .063 .069 .073 .077 .080 .083 .086 .089 .091 .093 .095 
  

14 .032 .044 .052 .059 .064 .069 .073 .077 .081 .084 .087 .090 .093 .095 
 

15 .024 .035 .043 .050 .056 .061 .066 .070 .074 .078 .082 .086 .089 .092 .095 

V.  NODE DENSITIES IN LAYERS 

Let Si represent the area of the layer Li. Then, the node 

density in layer Li is expressed as: 

ρi = Ni / Si = Ni/[π(2i-1)r2] 

Using the values of Ni obtained above, we can compute 

node densities as follows: 

   

    

2

min 1 min 2 31

2

1 1 1 2 3

2 1 12 1
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n
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     (12) 

Since En = En-2, as per the energy balancing principle, we 

get 

    
    

2 2 2

min 1 min 2 3 1 2 1 22

2

2 1 2 2 3
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n

N
s

N

  

Again, using iterative calculations node densities in each 

layer may be obtained. The significance of above equations is 

that when the nodes are deployed using the above node 

distribution densities, the energy balancing in the network 

layers is achieved. 

VI. RESULTS AND DISCUSSIONS 

With reference to the system model shown in Fig. 1, and 

the mathematical model of Section III, an analysis has been 

carried out to determine the optimum number of layers into 

which the given network should be divided such that the 

network lifetime is maximized and the hotspot problem 

minimized.  

The analysis is based on the following premise: 

1. If the energy consumption per node in all the layers is 

small, then all the nodes will survive for a long time, resulting 

in higher network lifetime. 

2. Secondly, the smaller the range of variation in the energy 

consumption per node between different layers, the smaller 

the difference in the lifetimes of individual sensor nodes, 

thereby making all the nodes die at about the same time and 

resulting in the mitigation of the hotspot problem.  

Fig. 3 shows that, for the given number of network nodes, 

as the number of layers in the network, n, increases, the 

number of CHs in the first layer decreases. Too large a value 

of n may result in an excessive reduction of the number of 

CHs in the first layer, which may cause the hotspot problem to 

occur here, because now a smaller numbers of CHs have to 

spend their limited energy in relaying the large traffic coming 

from a larger proportion of nodes in the rest of the network. 

On the other hand, too small a value of n results in a very high 

proportion of CHs in the first layer to relay the data traffic 

coming from a smaller number of remaining nodes in the 

network. This would again result in uneven energy 

consumption in the network and results in the occurrence of 

hotspot problem in the clusters farther away from the sink.  
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Fig. 3 Effect of network layers on number of cluster heads in first 

layer 

 

Thus, too large or too small a value of n results in the 

reduced network lifetime and occurrence of the hotspot 

problem. Therefore, the objective of our analysis is to obtain 

an optimum value of n so as to maximize the network lifetime 

and minimize the hotspot problem. 

Fig. 4 shows an example of how the number of network 

layers affects the energy consumption per node in different 

layers of the network. The figure shows the values for only 

the first, third and the last layer in an n-layered network. It is 

seen that for low values of n, the energy consumed by nodes 

in different layers varies significantly which would result in 

the hotspot problem, because nodes with higher energy 

consumption will die fast, resulting in an adverse effect on the 

network lifetime. As the value of n increases, the difference in 

energy consumption per node for different layers begins to 

reduce and approaches a minimum value at a certain optimum 

value of n; thereafter, this difference in energy consumption 

per node again begins to rise. 
 

 

Fig. 4 Effect of network layers on energy consumption per node 

VII. OPTIMUM NUMBER OF LAYERS 

For determining the optimum number of network layers, we 

consider a more exhaustive version of Fig. 4, shown in Fig. 5 

that includes the energy consumption per node in all the layers 

of the network. With the premise given earlier, a reference to 

Fig. 5 shows that the energy consumption of nodes in all 

layers is low and becomes approximately equal for n = 10, 

i.e., when the network is divided into 10 layers. Thus, n = 10 

is the optimum number of layers into which the given network 

should be divided. This approach is quite general and may be 

applied to any network having the same system model as 

analyzed here. 

Thus, based upon this optimum value of n, we can obtain 

the required optimum transmission range of the sensor nodes, 

dopt, which is given by: 

/opt optd R n                                    (14) 

where, nopt  is the optimum number of layers into which a 

network should be divided. Thus, for given network with 

radius R = 200m, the value of dopt comes out to be 20m. 
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Hence the sensor nodes must be designed according to this 

optimum transmission range so that the network lifetime can 

be maximized and hotspot problem minimized. 

It should be noted that the optimum number of layers may 

be dependent upon other network parameters. For example, if 

the value of α is increased from 0.1 to 0.12, the optimum 

number of layers for such a network becomes n = 9, as shown 

in Fig. 6 for α = 0.12. 

 

 
 

Fig. 5 Optimum network layers for α = 0.1 

 
 

 
 

Fig. 6 Optimum network layers for α = 0.12 

VIII.  RESULTS 

The results obtained above have been compared with those 

obtained in the reference paper [11] in the Table IV. The 

results show that the analytical procedure adopted in the 

proposed work yields more energy-efficient network designs, 

which results in superior network lifetime and more effective 

mitigation of hotspot problem. The optimum number of 

network layers obtained with the proposed approach delivers 

an improvement in the energy consumption for a layer by 

3.8% and also a reduction of 78.8% in the variation of energy 

consumption per node among all layers, which, in turn, 

directly reflects on the extent of mitigation of hotspot 

problem. Table IV summarizes the comparison of these 

results. 

 

 
TABLE IV 

OVERALL IMPROVEMENT IN ENERGY CONSUMPTION PER NODE AND 

MITIGATION OF HOTSPOT PROBLEM 

 nopt 
dopt 

(m) 

 

Ei 

(mJ) 

 

Ei 

(mJ) 

Min 

Ei 

(mJ) 

Max 

Ei 

Variation 

(mJ) 

Reference 

[11] 
7 28.57 21.63 0.162 0.454 0.292 

Proposed 

Work 
10 20 20.80 0.375 0.437 0.062 

Improvement   3.8%   78.8% 

 

The optimum number of layers in the reference paper [11] 

is 7, which gives an optimum transmission range of 28.57m 

for a node, and energy consumption per layer of 21.63 mJ. 

The proposed work obtained the optimum number of network 

layers as 10, for the same network parameters, resulting in the 

optimum transmission range of 20m and the corresponding 

energy consumption per layer of 20.80 mJ. A reduction of 

3.8% in the energy consumption per layer in the proposed 

work directly relates to improved network lifetime. This 

comparison is shown in Fig. 7. 
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Fig. 7 Saving in layer energy 

 

 
Fig. 8 Mitigation of hotspot problem 
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Further, the hotspot problem is directly related to the 

variation in the energy consumption per node in the network 

layers. The extent by which the hotspot problem is mitigated 

is determined by the reduction in the variation in energy 

consumption per node. As shown in Table IV, the range of 

variation in energy consumption per node in the reference 

work is 0.292 mJ amongst all the layers and that in the 

proposed work is 0.062 mJ, giving an improvement of 78.8%.  

A higher value of the variation in the energy consumption 

per node implies that nodes will tend to exhaust their energies 

at different times, thereby giving rise to the hotspot problem. 

As such, an improvement of 78.8% in the proposed work 

clearly shows an achievement of a much better mitigation of 

hotspot problem. This improvement in variation in energy 

consumption per node is also shown in Fig. 8. 

The above improvements in the enhancement of the 

network lifetime and the mitigation of hotspot problem have 

been achieved because the analysis of the system model in the 

proposed work has been extended to a deeper level of energy 

consumption per node, rather than restricting it to energy 

balancing in the layers only, as done in the reference paper 

[11]. 

IX. CONCLUSIONS 

In this paper, a mathematical model for a cluster-based 

WSN system model was analyzed in order to obtain an 

enhanced network lifetime and mitigation of hotspot problem. 

The analysis was carried out to find the energy consumption 

per node in different layers. Based on this, an optimum 

number of layers for the network was determined that not only 

provided the maximum lifetime for the network but also 

minimized the hotspot problem in the network. The practical 

implication of the work is that from the optimum number of 

network layers, we can determine the optimum transmission 

range of the sensor node transceivers that will give the 

maximal network lifetime with minimal hotspot occurrence. 

The results show that the design of the WSN based on the 

proposed analytical approach has an improvement of 3.8% in 

the network lifetime and 78.8% in the effectiveness in 

mitigation of hotspot problem compared to another reference 

work in the literature [11]. For future work, the analysis may 

be carried out considering different traffic load conditions as 

well as deployment of heterogeneous nodes in the network. 
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