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Abstract: This paper evaluates the performance of an energy-efficient adaptive hierarchical routing
approach for wireless sensor networks in which cluster heads are elected on the basis of residual energy
and proximity to the base station, and the cluster-head role is rotated each round. The approach is
simulated in MATLAB with 250 nodes deployed in a 300 m x 300 m area over 400 rounds, and
compared across five cluster-formation scenarios: a non-hierarchical formation, a first level of hierarchy
with two and three clusters, and a second level of hierarchy with four and five clusters. The results show
that network lifetime, measured by the time of first-node death and by the time at which the network
ceases to function, increases monotonically with the depth of the hierarchy. The first node dies after
about 20, 30, and 40 rounds for the non-hierarchical, first-level, and second-level formations
respectively, while the corresponding times at which the network stops functioning are about 140, 230,
and 400 rounds. The mean residual energy of nodes after 400 rounds rises from zero in the non-
hierarchical case to 21.93 J in the five-cluster case, confirming that deeper hierarchies conserve more
energy and prolong the operational lifetime of the network.

Keywords: wireless sensor networks; hierarchical routing; network lifetime; residual energy; cluster-
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1. INTRODUCTION

The operational lifetime of a wireless sensor network is governed by how efficiently its battery-powered
nodes consume energy during communication [1]. Hierarchical routing organises nodes into clusters
whose heads aggregate and forward data, shortening the transmission distance of ordinary nodes and
reducing the number of messages that reach the base station [2][3]. The energy-efficient adaptive
hierarchical routing approach evaluated here elects each cluster head from the node with the highest
residual energy and the smallest distance to the base station or to the next-hop head, and rotates the role
every round so that the energy burden is shared evenly [5]. This paper reports the simulation results that
guantify the benefit of this approach and of increasing the depth of the cluster hierarchy.

The evaluation compares five cluster-formation scenarios. A single cluster spanning the whole area is
the non-hierarchical baseline; two and three clusters form the first level of hierarchy; and four and five
clusters form the second level. For each scenario the network lifetime and the residual-energy
distribution after 400 rounds are measured, and the results are analysed to establish the relationship
between the depth of the hierarchy and the conservation of energy [6][8].

Network lifetime in this study is characterised by two complementary indicators. The first is the time
of first-node death, the round at which any node first exhausts its energy; this is the most conservative
indicator and marks the onset of possible coverage loss. The second is the functional lifetime, the round
at which the network as a whole ceases to deliver data because too few nodes remain alive. Reporting
both indicators distinguishes a protocol that merely postpones the first death from one that also sustains
useful operation for longer, and the results below show that the proposed approach improves both [1][8].
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1.1 Related Work

Clustering has been studied extensively as a means of extending the lifetime of wireless sensor
networks. LEACH introduced randomised rotation of the cluster-head role and local data fusion,
establishing the template for subsequent hierarchical protocols [2][3]. PEGASIS reorganised the nodes
into a chain so that each node communicates only with its nearest neighbour and the role of transmitting
to the base station is shared, reporting lifetime roughly double that of LEACH [4]. Energy-aware
clustering schemes that take residual energy into account when electing heads were shown to avoid the
premature death of low-energy nodes [5], and the HEED protocol formalised this idea by selecting
heads from a hybrid of residual energy and intra-cluster communication cost [16]. Load-balanced
clustering further equalises the number of members per head so that the energy burden is shared evenly
[7]. Hierarchical clustering algorithms that build more than one level of heads were proposed to reduce
the cost of reaching a distant sink [6], and surveys of clustering algorithms catalogue the resulting design
space [19][20]. The approach evaluated in this paper combines residual-energy-aware election,
geographical multi-level clustering, and per-round rotation, and the experiments below measure the
lifetime and residual-energy benefit of that combination.

2. SIMULATION ENVIRONMENT

The approach is simulated in MATLAB, in which 250 nodes are randomly deployed in a 300 m x 300
m region with the base station at the centre. Each node begins with 200 J of energy. The first-order
radio model is used to account for energy consumption, with an electronics cost of 50 nJ per bit and an
amplifier coefficient of 100 pJ per bit; the residual energy of every node is recomputed each round and
drives the cluster-head election. The simulation runs for 400 rounds, and during each transmission or
reception the energy of the participating nodes is decremented according to the radio model [2][9].
Table 1 lists the simulation parameters.

Table 1: Simulation parameters

Parameter Quantity
Total number of nodes, N 250
Deployment area 300 m x 300 m
Initial energy of each node (Joules) 200

Packet size, k (bytes) 100
Electronics cost, E_elec (nJ per bit) 50

Amplifier coefficient, E_amp (pJ per bit) 100
Base-station coordinate (150, 150)
Number of rounds 400

Several assumptions accompany the deployment. All nodes are homogeneous and start with the same
initial energy, which ensures a fair comparison across scenarios. The base station is centrally located
and is not energy-constrained. Clusters and nodes are static for the duration of the simulation,
eliminating the confounding effect of mobility. Ordinary nodes transmit directly to their cluster head,
and cluster heads use multi-hop, shortest-path relaying to reach the base station. Under these
assumptions the only variable that differs across the five scenarios is the depth of the cluster hierarchy,
so any difference in lifetime or residual energy can be attributed to that factor [3][6].

3. ROUTING APPROACH UNDER EVALUATION

For completeness the routing approach is summarised here. After the clusters are formed by equal
segmentation of the area, each cluster elects as its head the node of highest residual energy and
minimum distance to the base station or next-hop head, aggregates the data of its members, and relays
the compressed result along the shortest path to the sink. The role is rotated each round on the basis of
a fresh residual-energy evaluation. Algorithm 1 states the procedure used in the simulation [3][5].
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Algorithm 1: Cluster-head selection and rotation (per round)

for each cluster do
measure residual energy E_in(n) of every member node
estimate post-round energy max( E_in(n) —E_amp - k - d*2)
measure distance d(n) to BS or to next-hop higher-level CH
CH « node with highest residual energy and minimum d(n)
members transmit data to CH; CH aggregates and compresses
CH relays aggregated data to BS / next-hop CH (shortest path)

end for

decrement node energies per radio model; rotate CH next round

Algorithm 1. Per-round cluster-head selection and rotation.

4. RESULTS AND ANALYSIS

4.1 Network Lifetime

Figure 1 shows the number of alive nodes against the simulation round for the non-hierarchical, first-
level, and second-level formations. In the non-hierarchical formation all nodes route their data through
a single randomly selected head each round; the constrained load on that head drains its energy rapidly,
and the first node dies after about 20 rounds. In the first-level hierarchy the load is split among two or
three heads and the first node dies after about 30 rounds, while in the second-level hierarchy, with four
or five heads, the first node survives until about 40 rounds [3][5].
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Figure 1. Number of alive nodes per round for the non-hierarchical, first-level, and second-level hierarchical
formations.

The advantage is even clearer when the time at which the network ceases to function is considered. The
non-hierarchical network is effectively dead after about 140 rounds, whereas the first-level and second-
level hierarchies remain functional until about 230 and 400 rounds respectively. The progressive
extension of lifetime arises from the efficient routing decision and the optimisation of energy in the
cluster-head election: ordinary nodes transmit only to a nearby head, and each head aggregates its own
data together with the incoming data from heads farther from the base station before forwarding, so that
a considerable amount of energy is saved at every level of the hierarchy [2][3][12].

4.2 Residual Energy after 400 Rounds

Figure 2 reports the mean and the variance of the residual energy of the nodes after 400 rounds for each
scenario, and Table 2 gives the corresponding numerical values. In the non-hierarchical formation both
the mean and the variance are zero, because every node has exhausted its energy by the end of the
simulation. As hierarchy is introduced the mean residual energy rises: 1.02 J for two clusters, 7.52 J for
three clusters, 12.11 J for four clusters, and 21.93 J for five clusters. The steady increase confirms that
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the nodes retain progressively more energy as the hierarchy deepens, which is a direct indication of an
extended network lifetime [6][8].
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Figure 2. Mean and variance of residual energy after 400 rounds for each cluster-formation scenario.

Table 2: Mean and variance of residual energy after 400 rounds

Scenario Mean residual energy (J) Variance of residual
energy (J)

Non-hierarchical technique 0 0

First-level hierarchy, two clusters 1.0162 2.8610

First-level hierarchy, three clusters 7.5199 10.4302

Second-level hierarchy, four clusters 12.1132 21.8778

Second-level hierarchy, five clusters 21.9340 30.5701

The variance of the residual energy also increases with the depth of the hierarchy, from zero in the non-
hierarchical case to 30.57 J for five clusters. A larger variance indicates that the residual energies are
spread over a wider range, whereas a smaller variance indicates that the residual energy of each node
tends towards the mean. When the variance is close to the mean, most nodes exhaust their energy at
about the same time near the end of the simulation, which is the most desirable behaviour because it
avoids early coverage holes; the residual-energy-aware rotation of cluster heads contributes to this
balanced depletion [5][7].

4.3 Per-Node Residual Energy

Figure 3 plots the residual energy of each of the 250 nodes at the end of the 400-round simulation for
the five-cluster, second-level formation. Most nodes retain a residual energy clustered around the mean
of about 22 J, while a minority have been fully depleted, predominantly the nodes that served as cluster
heads more frequently or that lay farthest from a head. The relatively tight grouping of the surviving
nodes around the mean illustrates the energy-balancing effect of cluster-head rotation, and the small
number of depleted nodes accounts for the network remaining functional through the full simulation

[51[12].
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Figure 3. Per-node residual energy after 400 rounds for the second-level hierarchy with five clusters.

4.4 Relative Improvement in Lifetime

To make the gains concrete, Table 3 expresses the first-node-death time and the functional-lifetime time
of each scenario against the non-hierarchical baseline. The first level of hierarchy extends the time of
first-node death by about one half and the functional lifetime by about two thirds, while the second level
roughly doubles the time of first-node death and extends the functional lifetime almost threefold relative
to the baseline. These figures summarise the central result of the evaluation: each additional level of
hierarchy delivers a substantial, compounding improvement in both lifetime indicators [3][8].

Table 3: Lifetime indicators for each cluster-formation scenario

Scenario First-node death (rounds) Functional lifetime
(rounds)

Non-hierarchical (baseline) 20 140

First-level hierarchy 30 230

Second-level hierarchy 40 400

5. DISCUSSION

The results consistently show that increasing the depth of the cluster hierarchy prolongs the lifetime of
the network and leaves more energy in the nodes. Three mechanisms explain this outcome. First, deeper
hierarchies shorten the average distance from a node to its cluster head, which reduces the quadratic
amplifier term of the radio model for the most frequent transmissions [2][15]. Second, splitting the
network into more clusters distributes the expensive long-range transmissions among more heads, so
that no single node carries the whole forwarding burden [3]. Third, electing heads by residual energy
and rotating the role each round prevents the repeated selection of the same node and balances depletion
across the cluster, as reflected in the residual-energy distribution of Figure 3 [5][7].

These findings are consistent with the theoretical upper bounds on sensor-network lifetime, which show
that lifetime depends not only on the initial energy and number of nodes but also on the average
transmission energy and the residual-energy distribution [8][17][18]. They also agree with prior work
on energy-aware and load-balanced clustering, which reports lifetime gains from distributing the
cluster-head role and from data aggregation at the head [6][7][12]. The monotonic improvement
observed from the non-hierarchical baseline to the five-cluster formation suggests that further levels of
hierarchy may yield additional gains, subject to the overhead of maintaining more clusters.

5.1 Comparison with Random Cluster-Head Selection

The non-hierarchical baseline in this study behaves like a single-cluster LEACH round in which one
head is selected to serve all nodes; its rapid collapse after about 140 rounds illustrates the weakness of
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routing all traffic through a single head and of selecting that head without regard to residual energy
[2][3]. LEACH itself rotates the head randomly, which spreads the load over time but can still elect a
low-energy node and cause it to die early. The approach evaluated here differs in two respects: it forms
multiple geographical clusters so that several heads share the load within a round, and it elects each
head from the nodes of highest residual energy rather than at random. The combination of these two
changes is what produces the progressive lifetime extension seen in Figure 1 and the rising residual
energy of Table 2 [5][7].

A further consequence concerns the shape of the depletion process. Because heads are rotated on the
basis of live residual energy, nodes within a cluster tend to deplete at a similar rate, and the surviving
nodes cluster tightly around the mean residual energy as shown in Figure 3. This balanced depletion is
preferable to a regime in which a few heavily used nodes die long before the rest, because it delays the
formation of coverage holes and keeps the network useful for a larger fraction of its total energy budget

[71[12].

5.2 Functional Capacity over the Simulation

Beyond the first-node-death and functional-lifetime indicators, the number of nodes that remain alive
at intermediate rounds is itself informative. Figure 1 shows that at any given round before about 140
the second-level hierarchy retains substantially more alive nodes than the first-level hierarchy, which
in turn retains more than the non-hierarchical formation. A larger population of alive nodes means more
sensing coverage and a higher capacity to deliver data to the base station at that round, so the deeper
hierarchies not only last longer but also provide better service throughout their lifetime. This sustained
functional capacity is the practical benefit that justifies the modest additional overhead of forming and
maintaining more clusters [3][10].

6. CONCLUSION

This paper has evaluated an energy-efficient adaptive hierarchical routing approach for wireless sensor
networks through a 250-node MATLAB simulation over 400 rounds. The approach elects cluster heads
by residual energy and proximity to the base station and rotates the role each round. The results
demonstrate that network lifetime increases with the depth of the hierarchy: the first node dies after
about 20, 30, and 40 rounds, and the network ceases to function after about 140, 230, and 400 rounds,
for the non-hierarchical, first-level, and second-level formations respectively. The mean residual energy
after 400 rounds rises from zero to 21.93 J as the number of clusters increases from one to five.

Taken together, the lifetime and residual-energy results confirm that residual-energy-aware, rotated,
hierarchical clustering conserves energy and prolongs the operational lifetime of the network relative
to a non-hierarchical scheme. The approach therefore offers an effective basis for energy-efficient
routing in WSNs, and its comparison against a HEED-based baseline in terms of throughput and lifetime
is reported in companion work.

The trend across the five scenarios also has a practical design implication. Since both lifetime indicators
and the mean residual energy improve monotonically from one cluster to five, a deployment that can
tolerate the modest control overhead of maintaining several clusters should prefer the deeper hierarchy.
The point of diminishing returns, at which the overhead of forming additional clusters outweighs the
energy saved, was not reached within the five-cluster range studied here; identifying that optimal level
of hierarchy for a given node density and area is a natural direction for further evaluation, as is validating
the present MATLAB results in a packet-level network simulator [6][8][11].
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