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ABSTRACT: Energy efficiency is critical in Wireless Sensor Networks (WSNs) due to the limited power supply.
While clustering algorithms are commonly used to extend network lifetime, most of them focus on single-layer
optimization. To this end, an Energy-efficient Cross-layer Clustering approach based on the Gini (ECCG) index
theory was proposed in this paper. Specifically, a novel mechanism of Gini Index theory-based energy-efficient
Cluster Head Election (GICHE) is presented based on the Gini Index and the expected energy distribution to achieve
balanced energy consumption among different clusters. In addition, to improve inter-cluster energy efficiency, a Queue
synchronous Media Access Control (QMAC) protocol is proposed to reduce intra-cluster communication overhead.
Finally, extensive simulations have been conducted to evaluate the effectiveness of ECCG. Simulation results show that
ECCG achieves 50.6% longer the time until the First Node Dies (FND) rounds, up to 30% lower energy consumption
compared with Low-Energy Adaptive Clustering Hierarchy (LEACH), and higher throughput under different traffic
loads, thereby validating its effectiveness in improving energy efficiency and prolonging the network lifetime.
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1 Introduction
Wireless Sensor Networks (WSNs) are a type of self-organizing network composed of thousands of

small-size and low-cost sensor nodes [1,2]. All of them are typically deployed densely in hazardous or
inaccessible environments to cooperatively collect raw environmental data [3]. In recent years, WSNs have
been widely utilized in various applications, such as environmental monitoring, target tracking, security
surveillance, etc. [4,5].

However, a critical constraint of WSNs lies in their limited energy resources. Namely, once deployed,
sensor nodes are often difficult or even impossible to recharge. Although the Simultaneous Wireless
Information and Power Transfer (SWIPT) technology offers a promising solution to this challenge, its
practical deployment in large-scale network topologies remains limited [6]. As a result, the premature energy
depletion of individual nodes may compromise the network structure and lead to a shortened operational
lifespan. Consequently, how to improve energy efficiency and prolong network lifetime is still a central
research topic in WSN design [7,8].

To improve energy efficiency and prolong the network lifetime of WSNs, various strategies have
been proposed. Among them, energy-efficient clustering mechanism and MAC (Medium Access Control)
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protocol are two kinds of widely adopted approaches. Based on the OSI network protocol stack, these two
mechanisms operate at different layers: the former works at the network layer, while the latter functions at
the data link layer, each of which aims to reduce energy consumption through distinct but complementary
techniques [9].

In WSNs, sensor nodes are usually randomly distributed to reduce the deployment cost. Once the data
are acquired by the nodes, they will be transmitted to the Sink for further analysis [10]. In general, the routing
pattern follows multi-hop mode during data transmission to reduce energy consumption. However, it easily
leads to the “Hot Spot Problem”, which makes the network energy consumption uneven [11]. Meanwhile, the
data redundancy caused by spatial-temporal correlation also leads to a waste of energy, which is common
in WSNs. As a result, the “Hot Spot Problem” and spatial-temporal correlation inevitably led to a decrease
in energy efficiency. Clustering strategy is one of the strategies widely used to improve energy efficiency.
Through clustering, the network is divided into different clusters with two different roles in each cluster,
namely Cluster Head (CH) and Cluster Member (CM) [12]. In each cluster, the data collected by CMs are
sent to CH for some simple aggregation before being forwarded to the Sink, with the aim of reducing data
redundancy. Since CH also needs to collect the raw data itself, it bears much heavier burden than CMs
in terms of energy consumption. Therefore, it is necessary to rotate the role of CH to balance the energy
consumption in each cluster [13]. The reduction and equilibrium in energy consumption can be achieved
to some extent with each round of appropriate CH election. In recent years, researchers have also proposed
energy-aware clustering algorithms and hybrid models that incorporate neural networks to further improve
the efficiency and fairness of CH election [14,15].

However, some extra energy consumption, such as data collisions and overhearing, cannot be alleviated
by the clustering strategy. Therefore, the energy-efficient MAC protocol is designed and applied to ensure
that sensor nodes cannot be interfered with any other nodes within communication range during the
transmission process and coordinate the shared medium [16]. Interference usually results in packet loss,
which leads to an increase in energy consumption. Therefore, appropriate MAC rules should be implemented
to reduce interference and data collisions. In addition, energy consumption is primarily determined by the
sensor’s radio consumption in WSNs. Therefore, the sensor will require more energy in active mode than
in sleeping mode [17]. In summary, MAC protocol also plays an important role in extending the network
lifetime of WSNs.

In general, MAC protocols for WSNs prioritize energy-saving solutions over other aspects (throughput,
latency, fairness, etc.) due to the limited energy [18]. In recent years, researchers have explored various
mechanisms to reduce energy consumption, including duty-cycling, energy-efficient scheduling, and on-
demand wake-up schemes [19]. Among these energy-saving mechanisms, duty-cycling is the most widely
adopted one. However, duty-cycling mechanism also faces challenges, such as a decrease in collision rates
and a low utilization of control information [20], which should be taken into account in designing and
implementing MAC protocols. In addition, the research on MAC protocols should consider the equilibrium
between energy conservation and network performance, such as throughput, delay, collision reduction,
and control information overhead. Therefore, it is necessary to design an efficient and adaptive energy
management strategy that considers system overhead and other critical parameters, so as to enhance energy
efficiency and prolong the network lifetime.

To this end, a novel Energy-efficient Cross-layer Clustering (ECCG) approach is proposed to improve
the energy efficiency of WSNs in this paper. Specifically, the main contributions of this paper are listed as
follows,
1. an Energy-efficient Cross-layer Clustering approach based on the Gini (ECCG) index theory was

proposed in this paper. Specifically, a novel mechanism of Gini Index theory-based energy-efficient
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Cluster Head Election (GICHE) is presented based on the Gini Index and expected energy distribution
to achieve balanced energy consumption among different clusters,

2. to improve inter-cluster energy efficiency, a Queue synchronous MAC protocol (QMAC) is proposed to
reduce intra-cluster communication overhead,

3. extensive simulations have been conducted to evaluate the effectiveness of ECCG. Simulation results
show that ECCG achieves 50.6% longer FND rounds, up to 30% lower energy consumption compared
with LEACH, and higher throughput under different traffic loads, thereby validating its effectiveness in
improving energy efficiency and prolonging the network lifetime.
The rest of this paper is organized as follows. Section 2 introduces the related work, which is followed

by the preliminary work in Section 3. Section 4 details the related concepts in this paper. Besides, the novel
approach of GICHE is proposed and illustrated. Subsequently, the novel QMAC protocol is proposed at
length in Section 5 and extensive simulations are conducted and analyzed in Section 6. Finally, the conclusion
and some potential research directions in the future are also pointed out.

2 Related Works
The challenges of energy constraints have hindered the widespread application of WSNs for a long time.

In order to optimize energy efficiency and extend network lifespan, numerous energy-efficient strategies
have been proposed recently.

In WSNs, the clustering strategy has been paid widespread attention, which aims to improve energy
efficiency at the network layer [21]. The clustering strategy logically divides the network topology into a
hierarchical structure, which is very effective in solving the “Hot Spot Problem”. One of the most classic
clustering strategies is LEACH, which was proposed to balance the energy consumption caused by randomly
rotating the role of CH [22]. Since then, many clustering algorithms based on LEACH have been proposed.
For example, Behera et al. proposed an efficient election strategy for rotating CH among nodes with higher
energy levels, in which the initial energy, residual energy of nodes, and an optimal number of CHs were
considered [23]. An energy-efficient CH selection algorithm called μGA-LEACH was discussed in [24],
which is based on the LEACH algorithm and uses the Micro Genetic algorithm to manage the selection of
the optimal CH. Khediri et al. proposed a multi-weight and low-energy clustering protocol, in which CH
is selected with the consideration of the residual energy of sensor nodes, the distance among CHs, and the
optimal cluster size [25].

Several intelligent optimization algorithms were proposed to select the optimal CH. For example,
Thiagarajan et al. constructed the objective function for selecting CH with the consideration of the residual
energy of nodes, and the distance from the Cluster Member to the Sink, and then applied the Particle
Swarm Optimization (PSO) algorithm to obtain the optimal CH [26]. Shankar et al. considered the factors
of distance, delay, energy, and security to use the hybrid GGWSO algorithm, with the aim of optimizing CH
selection and improving the network lifespan [27]. Nabavi et al. proposed a new Cluster Head optimization
approach, which combines the multiobjective genetic algorithm and the gravitational search algorithm [28].
The multiobjective genetic algorithm aims to reduce the intra-cluster distance and cut down the energy
consumption of sensor nodes. In addition, the nearly optimal routing based on the gravitational search
algorithm is presented to transmit information between CH and the Sink.

Compared with the clustering algorithms, some strategies designed from the MAC layer also attract
extensive attention [29]. In general, the duty-cycle MAC protocol is one of the most classic MAC protocols.
In general, they are divided into synchronous MAC protocol and asynchronous MAC protocol [30]. Since the
synchronous MAC protocol is simple in operation, and is suitable for resource-constrained WSNs. SMAC is
a classic synchronous duty-cycling MAC protocol, in which the concept of virtual cluster was presented [31].
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In addition, the time is divided into repeated cycles consisting of three periods: SYNC, DATA, and SLEEP.
All the nodes wake up in SYNC period and synchronize clocks with other nodes, so that they can go to
sleep at the same time. In addition, each node uses the Request To Send (RTS) and Clear To Send (CTS)
control packets to reduce the possibility of collisions before data transmission. During the SLEEP period,
the node goes to sleep to reduce the energy consumption for idle listening. However, it leads to somewhat
network delay because of the fixed duty cycling. To this end, TMAC was presented in which the Future
Request-To-Send (FRTS) mechanism and the minimum listening time Ta is introduced [32]. Therefore, if
nothing happens to sensors in the time period of Ta, they will enter SLEEP period directly. At the same
time, to avoid entering sleep prematurely for the sensor node, the mechanism of FRTS was adopted. When
a node has data to transmit, it will send an FRTS packet to inform its next hop to be awake and wait for the
data, which is very effective in reducing network delay. In addition, there are also some protocols designed
based on SMAC, such as DMAC and PMAC [16]. DSMAC introduced a new mechanism which is named the
demand sleep method [33], in which a threshold is set to adaptively adjust the sleep time when the amount
of data received by the node exceeds the threshold. As a result, DSMAC can effectively reduce the waiting
delay in dynamic traffic. Kim et al., proposed a partially synchronous MAC protocol, called Bird-MAC which
allows a late-awakened node to notify its wake-up state to its corresponding earlier-awakened node [34].
In addition, it also lets the late-awakened node initiate communication. This feature of Bird-MAC makes
the node spend the time only on the actual clock drift instead of the largest one, which helps to reduce
energy consumption. TASMAC is an adaptive synchronous MAC protocol that combines the mechanism of
Time Division Multiple Access (TDMA) and Carrier Sense Multiple Access (CSMA) with a new adaptive
mechanism to achieve a high throughput [35]. In addition, the data packet can be transmitted in multiple
hops within one cycle to reduce end-to-end delay by notifying the nodes on the active route in advance.

Besides the clustering mechanism and MAC protocol, there are also some efficient data aggregation
strategies that work at the transport layer. Liu et al. introduced a data aggregation method to reduce
data redundancy generated by adjacent nodes [36]. Due to the reduction in data transmission, energy
consumption can be cut down accordingly. Sekar et al. proposed a new type of data compression algorithm
named Semivariance based Compressive Sensing (SCS), which considers the spatial-temporal correlation
of signals, with the aim of reducing data redundancy and improving energy utilization and data quality
concurrently [37]. The Cluster-Tree based Energy Efficient Data Gathering (CTEEDG), which applies the
fuzzy logic to select CH, was proposed to extend network lifetime and throughput concurrently [38]. In
addition, it also established a tree topology to ensure the optimal path in inter-cluster communications.

The schemes mentioned above try to improve energy efficiency from the following three aspects:
clustering strategies, MAC protocols, and data aggregation. The energy consumption for redundancy can
be reduced through data aggregation. Besides, the balance of energy consumption can be achieved by
selecting suitable CHs. The energy overhead due to data collision, idle listening, and overhearing can
be cut down via the energy-efficient MAC protocols. However, most of the energy-efficient clustering
strategies fail to apply systematic theory to balance energy consumption among different clusters. In addition,
a few of them aim to improve energy efficiency across different protocol stack layers. To this end, we
analyze and solve the problem of uneven energy consumption in clusters with systematic theory from the
standpoint of economics. Besides, we propose an approach across the network and data link layers, with
the aim of not only considering global energy consumption balance, but also considering local energy
consumption optimization concurrently. Table 1 presents a comparison of ECCG with other well-known
clustering algorithms and MAC protocols in WSNs. Unlike single-layer approaches like LEACH and MW-
LEACH, ECCG provides a cross-layer solution with a Gini Index-based Cluster Head Election (GICHE) and
Queue Synchronous MAC (QMAC), effectively balancing energy consumption both locally and globally.
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Table 1: Comparison of clustering methods and MAC protocols

Method Clustering MAC protocol Limitations
LEACH [22] Random CH Rotation None Poor adaptability to

dynamic networks
μGA-LEACH [24] Genetic Algorithm for CH None High complexity and

latency
MW-LEACH [25] Multi-weight CH Selection None Inaccurate energy

estimation
CTEEDG [38] Fuzzy Logic-based CH None Path selection may be

inaccurate
SMAC [31] None Synchronous

Duty-Cycle MAC
Fixed duty-cycle causes

delays
TMAC [32] None Adaptive

Synchronous MAC
May cause premature

sleep, affecting
transmission

Bird-MAC [34] None Partially Synchronous
MAC

Complex wake-up
mechanism, increases

delay
TASMAC [35] None Adaptive

Synchronous MAC
Pre-notification increases

energy consumption
ECCG Gini Index-based CH Queue synchronous

MAC

3 Preliminaries
In this section, the energy consumption model is presented first. Subsequently, the network topology

model is introduced in detail. Finally, the key assumptions and abbreviations used the paper are introduced.

3.1 Energy Consumption Model
The first-order radio model is adopted to calculate the energy consumption of sensor nodes in this paper.

The energy consumption for transmission depends on the transmission model. According to the distance
between the transmitter and the receiver, there are two types of transmission models, namely the free-space
model and the multipath fading model [39]. To be specific, if a transmitter sends an L bits message to a
receiver located at a distance d far away from itself, the corresponding energy consumption is given by Eq. (1):

Etx =
⎧⎪⎪⎨⎪⎪⎩

Eelec ∗ L + ε f s ∗ L ∗ d2, d ≤ d0

Eelec ∗ L + εam p ∗ L ∗ d4, d ≥ d0
(1)

where Eel ec is the energy consumed by the transmitter electronic system. d0 is the distance threshold for the
determination of the transmission model, which is equal to

√ ε f s
εam p

, where ε f s and εam p refer to the free space
propagation amplification and the multipath propagation transmission amplification, respectively.

As for the receiver, to receive a message with L bits, the required energy is given below.

Erx = L ∗ Eelec (2)
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3.2 Network Topology
In this paper, N sensor nodes are randomly deployed in an M ×M square area. As shown in Fig. 1,

the Sink is deployed far away from the network area. Once deployed, each node’s geographic location can
be detected by the Sink and neighboring nodes. In addition, each sensor node transmits data to its CH via
one-hop transmission pattern within each cluster. This network topology is widely adopted due to its simple
structure, ease of implementation, and low latency enabled by the one-hop transmission pattern.

Figure 1: Network topology in this paper

3.3 Some Assumptions and Abbreviations Used in This Paper
For clarity, the key assumptions used in this paper are listed below. Meanwhile, the related abbreviations

used in this paper are listed in Table 2 for brevity.

1. All the sensor nodes have limited energy supply. On the contrary, the Sink has no limit on energy supply.
2. All the sensor nodes are randomly deployed in the network topology and the Sink is far away from the

network area.
3. All nodes remain stationary once deployed. Each node is aware of its own and others’ coordinates and

IDs based on GPS technology [40].
4. Each node can adjust its transmission range based on the power control mechanism, with the aim of

regulating its transmission mode.
5. The network lifetime is defined as the number of rounds until the first node or the last node exhausts all

of the energy. The specific definitions are detailed in Section 6.

Table 2: Abbreviation used in this paper

Acronym Full name
WSNs Wireless Sensor Networks

CH Cluster Head
CM Cluster Member

MAC Media Access Control

(Continued)
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Table 2 (continued)

Acronym Full name
TDMA Time Division Multiple Access
CSMA Carrier Sense Multiple Access

RTS Request to Send
CTS Clear to Send
CW Contention Window

FRTS Future Request to Send
RFT Request for Team

AFTS Apply for Time Slots
CS Carrier Sensing

THQ Temporary Head of the Queue
RHQ Real Head of the Queue

4 Gini Index Theory-Based Energy-Efficient Cluster Head Election
In this section, the principle of Gini Index and the feasibility of achieving energy balance are introduced

firstly. Then, a new concept for evaluating the degree of energy consumption equilibrium is presented. Finally,
the novel Gini Index theory-based energy-efficient Cluster Head Election (GICHE) mechanism is detailed.

4.1 Concept of Gini Index
In economic theory, the income of each individual significantly influences the overall economy. The

Gini Index, proposed by Corrado Gini, is used to reflect the distribution of individual income across an entire
society [41,42]. Its value ranges from 0 to 1, where 0 indicates absolute equality and 1 represents absolute
inequality. In WSNs, sensor nodes collaborate to accomplish complex tasks, resembling the structure of
human society. Importantly, the residual energy of a sensor node is analogous to individual income, and the
total residual energy of the network corresponds to the total societal income. Hence, the Gini Index can be
applied to analyze the network energy distribution. In general, applying the Gini Index helps achieve more
balanced energy distribution in WSNs. Therefore, this paper adopts the Gini Index theory to enhance energy
equilibrium during the process of CH election.

4.2 Energy Gini Index
A novel index of the Energy Gini Index (EGI) is proposed to evaluate the degree of network energy

balance based on the residual energy of all the nodes. According to the calculation formula of Gini Index,
the expression of EGI can be derived. Specifically, the expression of the EGI value of the kth round of each
node is expressed as follows:

E pc
i (k) = ∑

i
a=1 Ere

a (k)
Ere

total (k)

EGI (k) = 1 − 1
n
(2

n
∑
i=1

E pc
i (k) + 1)

(3)

First, the nodes in the cluster are sorted according to the residual energy from low to high. Then each
node is assigned with a node ID in sequence. Ere

a (k) denotes the residual energy of node a in the kth round,
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i is the ID of the node and n is the number of nodes in the cluster. Ere
total (k) represents the total residual

energy. E pc
i (k) is the percentage of the residual energy accumulated from the first node to the ith node with

regard to the total residual energy. The value of EGI ranges from 0 to 1. In general, the larger the value, the
more unbalanced the energy.

4.3 CH Election Process in GICHE
1. Set-up Stage. In this paper, a Fuzzy C-Means (FCM) algorithm is proposed to effectively divide all the

nodes into separated clusters, which is an efficient unsupervised classification method [40]. In FCM,
the data set X = {x1 , x2, ⋅ ⋅ ⋅ , xn} can be divided into c clusters by using the following standard objective
function [43],

Jm =
c
∑
j=1

n
∑
i=1

μm
i j ∣ ∥xi − c j∥

2 0 < m < ∞ (4)

where xi is the coordinate of the ith sensor node, c j is the center of the jth cluster. ∥xi − c j∥ = dxi ,c j is
the Euclidean distance between cluster center c j and xi . The parameter m is the weighted index of each
fuzzy membership, which determines the fuzziness of the classification. μi j is the membership degree of
xi belonging to the jth cluster, which satisfies the following conditions.

c
∑
j=1

μi j = 1, 1 ≤ i ≤ N (5)

The objective function of FCM is minimized, when the sensor nodes close to the cluster center are
assigned with high membership values and low membership values are assigned the sensor nodes which
are far away from the cluster center [44]. Finally, the membership function and cluster center are updated
as follows.

μm
i j =

1

∑c
l=1
⎛
⎝
∣xi − c j∣
∣xi − cl ∣

⎞
⎠

2
m − 1 (6)

c j =
∑n

i=1 μm
i j ⋅ xi

∑n
i=1 μm

i j
(7)

In this paper, FCM is used to divide all nodes into c clusters. In the initial stage, the residual
energy of all nodes is the same. According to the energy consumption model introduced in Section 3, the
energy consumption of nodes is positively correlated to the transmission distance. Therefore, in order
to minimize the total energy consumption in the initial stage, the total distances between CH and CMs
should be minimized [45].

Therefore, the node closest to the cluster center is selected as initial CH according to the features of
FCM. As a result, the structure of each cluster is listed as follows.

C = {CH, CM1 , CM2, CM3, . . . , CM j} (8)

2. Candidate for CH Election. After several rounds of operations, CH needs to be rotated to balance energy
consumption. The node with too low residual energy is not suitable for acting as CH. Therefore, before
the new CH is elected, select the node that satisfy condition Ere

Eini t
≥ 0.1 to form the candidate set FC
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of CH [26]. In this way, all nodes in FC have enough residual energy to serve as the next CH. In this
condition, Ere is the residual energy of the node, and Eini t is the initial energy of the node. Finally,
l nodes can be selected as candidate nodes to join FC.

FC = {CM1 , CM2, CM3, . . . , CMl} (9)

where FC ⊂ C. When the set of FC is obtained, it is necessary to obtain the corresponding Expected
Energy Gini Index to elect the optimal CH.

3. Optimal CH Determination. As mentioned in the previous step, each candidate in set FC has a chance
to be elected as the CH for the next round. Therefore, assume that the current round is k, an arbitrary
node fc in set FC is selected as the next CH. According to the energy consumption model, the expected
residual energy Êre

C Mi
of each node after a round of communication is obtained. Subsequently, according

to the expression mentioned above, the expressions of Ê pc
C Mi

and EGI fc can be obtained as follows.

Ê pc
C Mi
(k + 1) =

∑i
a=1 Êre

C Ma
(k + 1)

Êre
total (k + 1)

EGI fc (k + 1) = 1 − 1
n
(2

n
∑
i=1

Ê pc
C Mi
(k + 1) + 1)

(10)

In set C, the value of EGI of each CH candidate can be calculated, so an EGI set is obtained as
EGIFC = {EGI f1 , EGI f2 , . . . , EGI fl}. Finally, the candidate with the smallest value of EGI is selected as the
new CH. All the details concerning the process of CH election are presented in Algorithm 1.

Algorithm 1: Cluster head election algorithm
Input:

Given a set of sensor nodes N, divided into K clusters Ck using the fuzzy C-means algorithm.
Each node has its own information: Id, Ere

C M , Eini t
C M .

1. for each node CHi in Ci do
2. Compare its own Ere with that of its CM.
3. if ECHi

re > EC M
re then

4. Wait for the messages from CM.
5. else
6. for each CM in Ci do
7. if EC M

re /EC M
ini t ≥ 0.1 then

8. Node joins the candidate set FC.
9. else
10. Continue.
11. end if
12. end for
13. end if
14. end for
15. for each node fc in FC do
16. Calculate the EGI value of fc .
17. Add it to set EGIFC .
18. end for
19. Select new cluster head.

(Continued)
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Algorithm 1 (continued)
20. if EGIC M j =min(EGIFC ) then
21. CMj is selected as the new CH.
22. Send a message to notify all CMs.
23. else
24. CMj remains CM.
25. Receive message sent by new CH.
26. end if

Algorithm 1 aims to elect a CH based on both energy levels and fuzzy C-means clustering. First, the
algorithm divides the sensor nodes into multiple clusters (Line 1). Then, it calculates the remaining energy
of each node and adds nodes that meet the criteria to the candidate CH set (Lines 3 to 8). Subsequently, the
algorithm calculates the EGI for each candidate node and selects the node with the lowest energy as the new
CH (Lines 10 to 16). Finally, the selected CH notifies other nodes to update their information (Lines 18 to 20).
The entire process ensures energy balance for the CH and prevents nodes with prematurely depleted energy
from being selected as the CH.

4.4 Queue Synchronous MAC Mechanism (QMAC)
In this section, the novel Queue synchronous MAC protocol (QMAC) is proposed, which is designed

for intra-cluster communications. After a brief overview, the details of QMAC are presented.

4.4.1 QMAC Overview
In each cluster, sensor nodes directly transmit data to CH. In order to reduce unnecessary energy

consumption caused by collisions in intra-cluster communication. The media access of each CM needs to
be controlled.

In QMAC, CMs in each cluster keep the synchronized clock. First, all the CMs turn on their radios for
data listening. When CM detects data, it notifies all its neighbors through broadcast so that it can access
the media in a controllable way. When the listening period is over, an operation cycle of the CM with data
packets will be divided into three phases: RFT, AFTS, and SLEEP. If there is no data, the node will go to
sleep directly, waiting for the next cycle to be awakened. For CMs with data, they will form a queue with the
awakened neighboring nodes during the RFT period. When they entered the AFTS period, each queue will
select a node as the head of the queue, which will apply to CH for the same number of slots as the queue
members. Then, the head of the queue allocates the slots to all queue members. When in SLEEP period, all
CMs with data will be awakened and send data to CH during the allocated slot. However, for CH, it will
turn off the radio to save energy in the RFT period and divide the SLEEP period into multiple time slots
(as illustrated in Fig. 2). Each slot is long enough to transmit a single data packet of the maximum size and
receive the ACK frame. Each CM forms queues and selects the queue head to communicate with CH in the
RFT and AFTS periods, respectively. Hence the probability of collisions can be cut down by reducing the
number of communications between CMs and CH.
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Figure 2: Time division of CM and CH in QMAC

4.4.2 Details of QMAC
In QMAC, when a sensor node detects data, it broadcasts a message to notify all its nearby neighbors.

At the same time, its operation cycle will be divided into three stages: RFT, AFTS, and SLEEP. As for the
nodes without any data for transmitting, they will go to sleep to save energy, wait until the next cycle.

1. Request for Team Period (RFT). During the RFT period, the node will take a neighbor node with data
closer to CH as its Temporary Head of the Queue (THQ) and sends a QUEUE frame to it. As shown
in Fig. 3, CM a will choose CM b as the THQ, since it is not only closer to the CH and but also has data for
transmitting. However, in high-traffic scenarios, such as the scene as shown in Fig. 4, there are multiple
nodes choosing the same node as their THQ. For example, node g will be chosen by other nodes as their
THQ, if they know that node g has data. Obviously, it will cause collision of QUEUE frame. To alleviate
this problem, the node should select neighbors within the radius of R as its THQ. For example, node a
will only choose node b as its THQ. Therefore, this method can reduce the number of nodes that select
the same THQ, which greatly reduces the collision of QUEUE frame and allows more nodes to join the
queue. Specifically, the expression for calculating R is presented as follows,

R = ∑
n
i=1 disCH

i
n

(11)

where disCH
i represents the distance from CMi to CH, n is the number of CMs.

Figure 3: Overview of QMAC
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Figure 4: Simple example of selecting THQ

When the CM a select the CM b as its THQ (as shown in Fig. 3), CM a will wait for a delay Td el a y .
It then picks a random period from the Contention Window (CW) and waits for the medium to be quiet
for that period and DIFS period (similar to IEEE 802.11) before sending out a QUEUE frame to CM b,
which is to allow more CMs to join the queue in time. For example, as shown in Fig. 4, if there is no delay,
it will happen when node b has already sent a QUEUE frame to its THQ before node a sends a QUEUE
frame to it. Therefore, there is no information concerning node a in the queue. To solve this problem,
the mechanism of postponed information transmission should be adopted. To be specific, each node will
suspend for a period of time (Td el a y) before sending out a QUEUE frame. The expression of CMi ’s delay
time (Td el a y

i ) is presented as follows,

Td el a y
i = round(disCH

max − disCH
i

R
) × 10 + 1 ms (12)

where disCH
max refers to the maximum distance between CMs and CH. disCH

i represents the distance from
CMi to CH. 1 ms is adopted as the extra delay time [18]. Obviously, the longer the distance from CH,
the shorter the delay time, with the aim to allow more nodes to join the queue. Finally, the duration of
sending the QUEUE frame can be obtained as follows,

TQUEUE
i = Tdelay

i + CW + DIFS + durQUEUE + SIFS (13)

where durQUEUE is the duration of the QUEUE frame. Therefore, the duration of the RFT period in
QMAC is expressed as follows,

TRFT =M∗ (Tqueue
i ) (14)

where M denotes the maximum number of QUEUE frames sent during RFT period. In general, it is set
to be 3.

Finally, the QUEUE frame keeps the record of the address of the sender, that of the THQ, and
the queue member list. Upon receiving the QUEUE frame, THQ adds the sender’s ID and all member
IDs from the frame to its own queue member list, and then waits to forward the QUEUE frame to its
corresponding THQ.
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2. Apply for Time Slots Period (AFTS). By the end of the period of RFT, the node in the queue that does
not have THQ will be selected as RHQ. As shown in Fig. 3, RHQ will send frame AFT to CH. Frame
AFT contains the sender’s address and the receiver’s address, and the most important part is the number
of members of the queue. Therefore, it is possible for CH to allocate time slots. When CH receives the
frame of AFT, it will allocate the same number of time slots as the queue members, and send the frame
of ATS to RHQ. In general, the ATS frame contains the allocated time slots. Subsequently, RHQ allocates
the requested time slots for each node in the queue member list and informs them. By the end of the
period of AFTS, all nodes enter the SLEEP period and wake up at the assigned time slot and to transmit
data to the CH. Finally, the duration of sending the AFT frame can be calculated as follows,

T AFT
i = CW + DIFS + durAFT + SIFS + durATS (15)

where durAFT and durATS are the duration of the frames of AFT and ATS, respectively.
Therefore, the duty cycle D is defined as the proportion of the radio awake time to the entire cycle

time of each sensor node, which is set to 20% in the experiment.

D = Tawake

Tcycle
= TRFT + TAFTS

TRFT + TAFTS + TSLEEP
(16)

3. SLEEP Period. As mentioned above, when CH receives frame ATS, the time slot divided in the SLEEP
period will be allocated to the node applying for the time slot. However, if there are too many nodes
applying for time slots, the SLEEP period does not have enough time slots. CH will allocate the time slot
in SLEEP period of the next cycle to the node until all nodes have been allocated the time slots already.
When the node knows that the allocated time slot is in the next SLEEP period, the node will turn off the
radio until it has data to be transmitted. As a result, the extra energy consumption caused by the control
message can be reduced. In addition, although the processes of RFT and AFTS will increase a certain
delay to some extent, it can help more nodes to apply for time slots with as little time as possible under
the condition that the time spent by RFT and AFTS can be balanced. In particular, the transmitted data
packets are larger, the cost of data retransmission is higher. Therefore, RFT and AFTS are helpful to save
energy and reduce delay concurrently.

4.5 Energy-Efficient Cross-Layer Clustering Approach (ECCG)
In ECCG, each cluster will adopt strategy GICHE to elect new Cluster Head in the next round.

In addition, each CH in the cluster follows mechanism QMAC to communicate with CH. The specific
communication process within each cluster is illustrated as shown in Algorithm 2, while the overall structure
and interaction between modules in framework ECCG are summarized in Fig. 5.

Figure 5: Structural overview of the proposed ECCG framework
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Algorithm 2 describes the communication process within each cluster. First, the algorithm divides the
sensor nodes into multiple clusters (Line 1). For each node in the cluster, the algorithm checks if the node
has detected data (Line 3). If data is detected, the node broadcasts a message to notify neighboring nodes
(Line 4). If no data is detected, the node continues to listen for data (Line 6). When the listening period ends,
the algorithm checks the status of each node (Lines 8 to 9). If the node has data to send, it communicates
with other nodes in the cluster according to protocol QMAC (Lines 10 to 11). If the node has no data to
send, it enters sleep mode and waits for the next wake-up (Lines 12 to 14). When the CH is determined, the
algorithm notifies all nodes in the cluster and uses GICHE to elect a new CH (Lines 17 to 20). The entire
process ensures effective communication within the cluster and reduces collisions and energy consumption
through protocol QMAC.

Algorithm 2: The communication process within each cluster
Input:

A set of sensor nodes N, divided into K clusters Ck using the fuzzy C-means algorithm.
1. for each cluster Ci in Ck do
2. All CMs in Ci wake up and start listening.
3. if the CM detects data then
4. Broadcast a message to notify its neighbor nodes.
5. else
6. Continue to listen.
7. end if
8. When the listening ends.
9. for each node CMi in Ci do
10. if CMi has data then
11. Comply with the QMAC protocol for intra-cluster communication.
12. else
13. Go to sleep and wait for the next wakeup.
14. end if
15. end for
16. end for
17. When the CH rotate
18. for each CH CHi in Ck do
19. CHi notifies its CMs.
20. Use the GIECE strategy to elect the new CH.
21. end for

By introducing GICHE, ECCG effectively improves energy efficiency by selecting CHs based on the
expected residual energy distribution using the Gini Index. This process ensures a more balanced energy
consumption across different clusters, which helps alleviate the death of energy-critical nodes and extends
the overall network lifetime.

Moreover, reliability is also improved since GICHE filters out nodes with insufficient energy from
the CH candidate set. It reduces the probability of CH failure during operation and ensures stable data
aggregation and transmission. These mechanisms contribute to the long-term robustness and sustainability
of WSNs.
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5 Simulations and Results Analysis
In this section, the experiment settings are introduced first. Subsequently, the relevant metrics used in

this paper are defined. Finally, the results and analysis are detailed.

5.1 Experimental Settings
To verify the effectiveness of ECCG, simulations were conducted with OMNeT++ network simulator.

Framework ECCG integrates two modules—GICHE for energy-efficient clustering and QMAC for intra-
cluster communication. Accordingly, the experiments are designed in two parts.

For the network layer, we compare ECCG with classic clustering protocol LEACH and the advanced
clustering protocol MW-LEACH to evaluate the energy balancing performance of GICHE.

For the MAC layer, we compare QMAC with the widely-used SMAC protocol, both of which are initially
configured with a 20% duty cycle. To assess performance under different loads, SMAC is also evaluated with
an increased duty cycle of 40%.

100 sensor nodes are randomly distributed in a 100× 100 m2 square area, and the coordinates of the Sink
are set to be (200, 50). To simplify network initialization, all nodes are assumed to have full location awareness
once deployed. The initial energy of each sensor node is set to 0.5 J, and standard radio energy models
are adopted for transmission, reception, and aggregation. Other simulation parameters are summarized
in Table 3 for clarity and reproducibility.

Table 3: Parameters used in the simulation

Parameters Value
Network space 100 × 100 m2

The position of the sink (200, 50)
The number of the sensor nodes 100

The number of clusters 5
The initial energy of each node 0.5 J

Energy dissipation: free space model (ε f ree)
10 pJ

bit
m2

Energy dissipation: power amplifier (εam p)
0.0013 pJ

bit
m2

Energy dissipation: aggregation (εam p) 5 nJ
bit

Energy dissipation: transmission (Etx ) 50 nJ
bit

Energy dissipation: receiving (Erx ) 50 nJ
bit

Packet length 800 bits
Bandwidth 20 kbps

Contention window (CW) 31 ms
Carrier Sensing Range 30 m

DIFS 384 μs
SIFS 192 μs
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5.2 Metrics Utilized in the Experiments
In order to comprehensively and objectively evaluate the energy efficiency and the network lifetime

of our proposal, some relevant metrics are defined. Since QIECE and QMAC are two different types of
protocols, some different metrics will be adopted. In this paper, the metrics for evaluating the perfor-
mance of ECCG for balancing energy consumption among different clusters and controlling intra-cluster
communications are defined as follows.

The Time until the First Node Dies (FND). It denotes the time when the first node runs out of its energy
and cannot collect data for the network. In some scenarios, this is a very important evaluation indicator.
Therefore, it will be evaluated during this experiment.

The Time until Half of the Nodes Dies (HND). It denotes the time for half of the sensor nodes in the
detection area to run out of energy. To some extent, it can reflect the energy consumption rate of the network.

The Time until the Last Node Dies (LND). It denotes the duration before all sensor nodes exhaust
their energy.

Percentage of Energy Consumed. It denotes the percentage of energy consumed by all nodes to the initial
total energy in a certain period of time. It can intuitively reflect the energy consumption rate of the network.

Data Delay Evaluation. It denotes the end-to-end delivery delay of the packet transmitted to the Sink.
In some scenarios such as fire detection, earthquake detection, etc., once the sensor detects the data, it needs
to be transmitted to the Sink as quickly as possible. Therefore, delay is an important evaluation indicator for
MAC protocols.

The Total Throughput of the Sink. It denotes the total amount of data received by the Sink during the
simulation time. Since the purpose of WSNs is to detect data and send them to the Sink, the throughput is
critical when evaluating the energy efficiency of MAC protocols.

The Throughput against Energy Consumed. It denotes the ratio of the total throughput received by
the Sink to the total energy consumed. Since the amount of data and energy consumption are considered
simultaneously, it can intuitively reflect energy efficiency. Its calculation formula is presented as follows,

ηEE =
Ttotal

Etotal
(17)

where ηEE denotes energy efficiency, Ttotal is the total throughput and Etotal the total energy consumption.

5.3 Results and Analysis
The energy efficiency of our proposal is verified through extensive comparisons with other classic and

latest cluster strategies. In addition, it is also compared with other MAC protocols since it contains MAC
mechanisms. Finally, the energy efficiency of the combination of ECCG and QMAC was verified in detail.

Fig. 6 presents the comparisons on the number of dead nodes among the three clustering strategies. As
shown in Fig. 6, with the increase in the number of rounds, dead nodes appear in LEACH first, followed by
MW-LEACH, and finally in ECCG. More importantly, under the same number of rounds, the number of
dead nodes in ECCG is significantly less than those of other protocols. It indicates that the energy consumed
by ECCG for data communication among different clusters is more balanced, therefore the energy efficiency
can be greatly improved accordingly.

In addition, the values of FND, HND, and LND are also adopted to measure the network lifetime. Fig. 7
shows the comparisons of ECCG and other algorithms in terms of the three metrics above. It is clear that
the rounds of ECCG are much larger than others. To be specific, the rounds of FND in ECCG is 50.6% and
18.2% more than that in LEACH and MW-LEACH, respectively. For the rounds of HND, ECCG is 46.1% and



Comput Mater Contin. 2025;85(1) 1875

21.7% more than LEACH and MW-LEACH. Finally, the rounds of LND in ECCG have increased by 20.7%
and 13.5% compared with LEACH and MW-LEACH, respectively.

Figure 6: Number of dead nodes

Figure 7: Comparisons on FND, HND, and LND

Fig. 8 shows the percentage of energy consumed by the three different algorithms during the process of
simulations. It can intuitively reflect the rate of energy consumption to some extent. As shown in Fig. 8, the
energy consumption rate of ECCG is much slower than those of LEACH and MW-LEACH. This indicates
that the Gini Index theory can effectively balance energy consumption among different clusters.

From a theoretical perspective, the first-order radio energy model adopted in this paper shows that
energy consumption per transmission increases quadratically with distance. By selecting the optimal Cluster
Heads based on the expected residual energy distribution and minimizing intra-cluster distances via
FCM, ECCG reduces both transmission and aggregation overhead. For example, under typical simulation
parameters (800-bit packets, average distance of 25 m), the calculated energy consumption per round
aligns closely with the simulation results, where ECCG shows approximately 20%–30% lower energy usage
over time.
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Figure 8: The percentage of energy consumed

Figs. 9–11 show the comparisons with SMAC in terms of data delay, throughput, and energy efficiency.
For ECCG, TRFT = 238 ms and TAFT S = 159 ms are set in QMAC, respectively. Firstly, ECCG is compared
with SMAC, both of which are set to 20% with regard to the duty cycle. However, to further demonstrate the
high throughput and low latency of ECCG, the duty cycle of SMAC rises up to 40%. It means that SMAC has
more time to transmit data in the same simulation time. Fig. 10 shows the comparisons on data delay between
ECCG and SMAC. As shown in Fig. 10, it indicates that the latency of ECCG is consistently lower than that
of SMAC when the number of nodes waiting for transmission increases even though SMAC boosted the
duty cycle to 40%. Because in SMAC, as the number of nodes increases, more nodes fail to compete for the
communication channel and need to wait for the next cycle to participate in the contention for the channel
again, which results in much more latency. In ECCG, the node sends data to CH according to the time slot
allocated during the SLEEP period, therefore CH can receive multiple data packets in one cycle. Obviously, it
greatly contributes to reducing delay. From a theoretical perspective, the delay in ECCG is mainly determined
by the fixed durations of RFT and AFTS, along with the number of time slots allocated in the SLEEP period.
Since access is centrally scheduled, contention can be avoided and delay remains relatively stable as node
numbers grow.

Figure 9: Delivery delay with different numbers of nodes
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Figure 10: The total throughput with different traffic loads

Figure 11: The energy efficiency with different traffic loads

Fig. 9 shows the total throughput of ECCG and SMAC in different traffic loads. When the traffic is
heavy, the throughput of ECCG is much higher than that of SMAC. In ECCG, each node forms a queue to
send data in the time slots allocated by CH firstly, with the aim of avoiding data collisions and increasing
the throughput. On the contrary, when the traffic is light, ECCG also has a great improvement in terms of
throughput. In addition, Fig. 11 shows how throughput against energy consumed varies with the traffic loads
for ECCG and SMAC. It can directly reflect energy efficiency owing to the fact that it takes both energy
consumption and throughput into consideration concurrently. As shown in Fig. 11, ECCG has higher energy
efficiency in different traffic loads than SMAC.

This performance difference can be explained by the media access mechanisms of the two protocols.
SMAC uses contention-based access, where the likelihood of collisions increases as more nodes compete for
the channel, leading to reduced throughput. In contrast, ECCG adopts a structured, time-slotted scheduling
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approach that ensures orderly transmissions within each cycle. As a result, more packets can be successfully
delivered, consistent with what is observed in simulation.

Figs. 12–15 show the results of the network performance of ECCG through extensive comparisons
with other algorithms. Fig. 11 shows the comparison on the throughput of three different algorithms. In
the experiment, different numbers of nodes in the network are chosen to generate packets, and the total
throughput in the same simulation time is calculated. As shown in Fig. 12, when the number of nodes
increased from 20 to 100, the throughput of ECCG is consistently higher than those of MW-LEACH and
LEACH. It means that the ECCG can acquire more data on different traffic loads. Meanwhile, in order
to specifically analyze the energy efficiency of ECCG on different loads. Figs. 12–14 illustrate the energy
efficiency when the number of nodes is 20, 40, and 60, respectively. Obviously, the energy efficiency of ECCG
is also higher than those of other algorithms on different traffic loads.

Figure 12: The total throughput with different numbers of nodes

Figure 13: Comparison on energy efficiency of 20 nodes with data
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Figure 14: Comparison on energy efficiency of 40 nodes with data

Figure 15: Comparison on energy efficiency of 60 nodes with data

ECCG also maintains a relatively low computational and communication burden, making it suitable for
practical deployment in resource-constrained environments. Although exact complexity analysis may vary
with network parameters, both GICHE and QMAC are designed to reduce unnecessary operations through
energy-aware clustering and contention-free intra-cluster communication. Moreover, the integration of
GICHE and QMAC in a cross-layer manner is not arbitrary. GICHE ensures balanced energy distribution
among clusters, while QMAC further minimizes intra-cluster energy overhead and delay. Their combination
effectively complements each other’s advantages, enabling ECCG to achieve superior energy efficiency and
network performance compared with those using either mechanism alone.
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6 Conclusions and Future Works
In this paper, the problems existing in the clustering protocol and the MAC protocol are analyzed first.

Subsequently, a novel Energy-efficient Cross-layer Clustering approach based on Gini (ECCG) index theory
is proposed, which consists of GICHE and QMAC to systematically improve energy efficiency. GICHE is
a new energy-saving clustering strategy based on economics, in which the Gini index theory is applied in
the process of Cluster Head election. The energy dissipation balance between the cluster and the whole
network is analyzed and achieved from the perspective of economics. QMAC is a new type of MAC protocol
combining duty cycle and TDMA mechanism to control the communication between nodes. QMAC can
effectively reduce the extra energy consumption of nodes caused by data collision and idle listening, thereby
improving the energy efficiency of each individual node. Therefore, ECCG can effectively balance the energy
consumption of clusters and improve the energy efficiency concurrently. Finally, extensive experiments were
carried out to verify the effectiveness of our proposal.

While ECCG shows promising results, limitations such as scalability, robustness to node failure,
and real-time responsiveness remain. In future work, we plan to incorporate the Simultaneous Wireless
Information and Power Transfer (SWIPT) technology to further improve energy sustainability and explore
adaptive mechanisms to reduce QMAC overhead in dynamic or large-scale WSN scenarios.
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