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Abstract

This paper presents an analysis of energy consumption performance in wire-
less sensor networks (WSNs). One of the crucial problems for WSNs is de-
signing an efficient medium access control (MAC) protocol to reduce energy
waste when the wireless communication module of the sensor network is op-
erating. The energy efficiency of the MAC protocol makes a strong impact on
the lifetime of the sensor network. Energy efficiency remains one of the most crit-
ical challenges in Wireless Sensor Networks (WSNs) and Internet of Things (IoT)
systems. Traditional MAC protocols such as Carrier Sense Multiple Access/Colli-
sion Avoidance (CSMA/CA) suffer from high-energy consumption due to idle lis-
tening and collisions, while deterministic approaches like IEEE 802.15.4e TSCH
provide reliability but lack adaptability. A novel hybrid MAC protocol that
integrates Time Slotted Channel Hopping (TSCH), wake-up radio technology,
and machine learning techniques to optimize energy consumption while main-
taining high reliability and low latency. We propose a new algorithm called Slot-
Time Sensor Network (SS-MAC) based on a hybrid MAC protocol that opti-
mizes energy consumption. Simulation results demonstrate that the proposed
approach reduces energy consumption by up to 75% compared to conventional
protocols while improving packet delivery ratio and latency performance.

Keywords

Slot Time, Wireless Sensor Networks, Contention-Based MAC Protocol,
Energy Consumption, TSCH, Wake-Up Radio, Machine Learning, Energy
Efficiency
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1. Introduction

The medium is a common feature for all nodes in WSNs; it requires a mechanism
that manages access nodes to determine the right to issue each of them in the
network. MAC protocols have been an active research area for more than 30 years
[1], and research on medium access control in wireless sensor networks is very
fertile.

Indeed, medium access protocols are very different depending on the transmis-
sion type. All nodes access the channel in competition; there is potential for colli-
sions when more than two nodes access the channel simultaneously. There is a clear
way to improve the MAC protocol management of communication time between
nodes, which consumes the most energy. The rapid evolution of digital technologies
has led to the emergence of the Internet of Things (IoT), a paradigm where billions
of interconnected devices collect, exchange, and utilize data in real time [2]. Wire-
less Sensor Networks (WSNs) form the core infrastructure of these systems, ena-
bling monitoring and control in diverse fields such as industry, healthcare, smart
agriculture, and smart cities. These networks are composed of nodes constrained
by energy, computing power, and memory. In this context, optimizing communi-
cations becomes a major challenge. The Medium Access Control (MAC) layer,
responsible for managing access to the radio medium, plays a central role in the
overall network performance. However, the requirements of modern IoT applica-
tions, particularly in terms of reliability, latency, and energy efficiency, exceed the
capabilities of traditional MAC protocols [3]. This has led to the introduction of
new standards and the exploration of innovative solutions. WSNs and IoT rely on
devices with limited energy and computing power. The MAC layer plays a key role
in optimizing communications by reducing collisions, latency, and energy consump-
tion. MAC protocols can be classified as contention-based protocols (CSMA/CA),
scheduled protocols (Time Division Multiple Access (TDMA), TSCH [4]), and hy-
brid protocols. The emergence of industrial and mission-critical applications has
led to the evolution of standards toward more deterministic solutions. Several
studies have argued that energy is conserved better under traditional protocols.
Our work focuses on this paper, specifically on the contention-based medium ac-
cess protocol in wireless sensor networks. We analyze specific MAC protocols for
wireless sensor networks and propose a novel active-sleep algorithm, Slot-Time
Sensor MAC (SS-MAC), to optimize energy consumption.

In wireless sensor networks, where the radio range is limited, there are some
problems with using CSMA. These problems are named the hidden station and
exposed station [5] [6].

Figure 1 illustrates: (a) C tries to transmit a frame to B when A transmits to B,
a collision occurs. (b) B is a neighbor of A, and A is a neighbor of C, too. When C
wants to send a data frame to D, collisions occur because A occupies the channel.

The rest of this paper is organized as follows. Section 2 is related work through
contention-based MAC protocol; Section 3, we analyze and discuss related con-

tention-based MAC protocols in wireless sensor networks; Section 4, we discuss

DOI: 10.4236/wsn.2026.181001

2 Wireless Sensor Network


https://doi.org/10.4236/wsn.2026.181001

M. Conte et al.

the advantages in energy consumption; Section 5, we present the Slot-Time Sensor
MAC protocol; Section 6, we show simulation experiments; finally, we conclude

and present other subjects for future work.

@"GZ‘P D) (0

Collision

(a) Figure of hidden node (b) Figure of exposed nodes

Figure 1. The hidden and exposed station problem.

2. Related Work

Contention-based protocol arose in the early wireless communication; in this pro-
tocol, given a transmit opportunity toward a receiver node, it can in principle be
taken by any of its neighbors. If only one node tries its luck to send data, the packet
goes through the channel, but if two nodes try to send the data through the chan-
nel, they have to compete with each other and unlucky cases; due to hidden-ter-
minal situations, a collision can occur, which leads to wasted energy. The first con-
tention-based MAC protocol is the Additive Links On-Line Hawaii Area (ALOHA).
The main idea of the ALOHA protocol is that a node accesses the channel when
it transmits data. If multiple nodes access at the same time, data frames collide
and then cause retransmission. After a collision, nodes wait a random time before
trying to transmit again. ALOHA provides short access and transmission delays;
under light loads, the number of collisions increases, which decreases the through-
put efficiency and increases transmission delay. Slotted ALOHA [7] divides time
into time slots corresponding to data frames, and a node is allowed to start packet
transmission only at the beginning of a slot. Nodes synchronize themselves, and
they transmit data frames at the beginning of each slot. The collision occurs only
when two nodes transmit simultaneously on the same slot. Slotted ALOHA gen-
erates better performance than conventional ALOHA. In short, the synchroniza-
tion reduces the probability of collision.

The ALOHA protocol does not account for other transmissions, which increases
the number of collisions in the network; to solve this problem, the proposed Carry
Sense Multiple Access (CSMA) [8]. In this protocol, first, the node is required to
listen to the medium. If the medium is idle, the node starts transmission. If the
medium is busy, the node waits and tries to transmit again. However, if the chan-
nel is free, the node starts transmission in a time slot with some probability Pr [9].

An extension of CSMA, Busy Tone Multiple Access (BTMA) [10], was proposed
to avoid the problem of a hidden station. The idea of BTMA is to use two com-
munication channels: one, transmitting data frames, and the second to indicate a
node is in receiver state. When a node receives data on the first channel, it sends

a busy signal on the second channel to neighboring nodes. Thus, the fact of using
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two communication channels makes BTMA complicated in terms of hardware
design. To extend BTMA Multiple Access Collision Avoidance (MACA) proposed
[11]. In this protocol, nodes use a single communication channel. To avoid the
hidden station problem, MACA uses the control packets Request to Send (RTS)
and Clear to Send (CTS); its idea is that the node exchanges control packets before
transmitting the data frames. Once a node receives CTS after sending RTS, it be-
gins to transmit immediately without using carrier sensing. When the neighbor-
ing nodes receive the control packets, they know there is a transmission in the
medium and do not try to access the channel immediately. The MACA protocol
works well where there is no transmission error. But, in a wireless network, trans-
mission errors are unavoidable because of noise or obstacles in the environment.
MACAW (MACA for Wireless LANs) [12] adds the ACK (Acknowledgement) pack-
ets to the end of each frame of data sent to ensure the best transmission in the
network. MACAW improves MACA by increasing the throughput of the network.

With the rapid development of different techniques for medium access of wire-
less LANS, the IEEE 802.11 standard was developed [13]. This standard provides
two MAC protocols, Distributed Coordination Function (DCF) and Point Coor-
dination Function (PCF). The DCF mode is a medium access protocol purely dis-
tributed and based on MACAW, adding listening to a virtual channel. This is an
evaluation of the transmission time when a node receives packets RTS, CTS, ACK,
and others. To reduce collisions caused by hidden and exposed nodes in the net-
work, IEEE 802.11 uses a four-way RTS/CTS/DATA/ACK exchange. A node that
wishes to send a data packet first sends an RTS after the DCF-Inter Frame Space
(DIES) period. If the network is idle, the destination responds with CTS after the
Short Inter Frame Space period (SIFS). The duration of SIFS is shorter than DIFS.
This gives priority to the current transmission. In the case of transmission failure
or after successfully transmitting, the node adopts a mechanism of Binary Expo-
nential Backoff (BEB) to select a random backoff. This random number is drawn
within [0, cw], where cwis the contention window. The sender then transmits the
data packet and waits for an Acknowledgment (ACK) from the receiver. If a node
overhears RTS or CTS, it knows the medium is busy for some time and avoids
new transmissions or sending any CTS packets. To avoid this type of collision,
this protocol uses a virtual carrier sensing (VCS) mechanism with a network allo-
cation vector (NAV).

In the network, a node wants to start transmission. The sender node checks its
NAYV; if the NAV equals zero, continue with RTS transmission. If NAV is not
equal to zero, then the sender checks the link status of other links (a link is a pair
of sender and receiver) in the network that are under transmission at that time. If
the sender node’s link status is not the same as the other node’s link status, the
sender continues with RTS transmission. If the link status is the same, the sender
waits for NAV to become zero. As shown in Figure 2, the node that needs to trans-
mit a packet issues an RTS frame. When the destination receives the RTS frame,

it will transmit a CTS frame after the SIFT interval, immediately following the
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reception of the RTS frame. The source node is allowed to transmit its packet if
and only if it receives the CTS correctly. At the same time, all the other nodes will
update the NAV based on the RTS from the source node and CTS from the desti-
nation node, which helps to overcome the hidden terminal problem.

DIFS SIFS
—> — —
1 )
RTS E i Data
Sender
SIFS SIFS
> : h ¢ _’: :4_
1 1 1 1
1 1 1 1
1 1 CTS 1 1
. ACK
Receiver ' ' ! !
NAV
Others
RTS | CTS Data

Figure 2. Structure of network allocation vector.

3. MAC Protocol Optimized Energy Consumption

In a wireless sensor network, the devices are very sensitive to energy consumption.
We must find a way to minimize the level of energy consumption in order to have
alonger lifespan. Before analyzing MAC protocols that optimize energy consump-
tion, we first analyze the reasons for energy dissipation. Indeed, sensors consume
their energy in two cases: when they communicate among themselves and when
they process information locally. In these cases, the sensors consume more energy.
Get to estimate the level of energy consumption. Limiting communication time is
a solution to reduce energy consumption. Moreover, when sensors communicate,
they are still wasting energy. We need to understand these reasons in order to
reduce wastage. In [14] [15], some reasons for energy wastage were proposed: i)
the collision case, when two nodes transmit data frames at the same time to one
destination; this collision involves a retransmission of data frames and increases
energy consumption, ii) the idle listening or (overhearing), where nodes listen to
data frames that are not their destination, iii) the wireless channel is a noisy trans-
mission medium, and there are often errors in transmission, then, using a control
packet is an effective method to control the error frames. However, when a packet
is empty, it consumes that wasted energy, and iv) the time when a node listens to
the medium and waits for a possible transmission. When a node does not yet know
when other nodes will send the data frame, it must always keep its transceiver on.
Thus, if there is no transmission to him, it is a waste of energy.

To address these different modes of energy consumption, several solutions have
been proposed as follows: Considering the first proposal in the contention-based

MAC protocol that reduces energy consumption, S-MAC [16] uses three novel
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techniques to reduce energy consumption and support self-configuration. When
listening on an idle channel, nodes periodically sleep. Neighboring nodes form vir-
tual clusters to auto-synchronize on sleep schedules. Power Aware Multi Access
protocol (PAMAS) was proposed [17] for ad-hoc networks. The protocol com-
bines the busy tone solution and RTS/CTS handshake, similar to the MACA
[18]. Indeed, inspired by MACA, using two communication channels, one for
control packets and the other for data frames. After exchanging control packets,
the nodes begin to communicate using the transmission channel. At the same
time, it sends a busy signal on the second channel. When neighbor nodes receive
a busy signal, they know there is a transmission and do not transmit their data
frames. The solution of PAMAS also reduces collisions compared to MACA. In
addition, when nodes receive a busy signal, they know that they cannot receive
or transmit data frames; they will turn off their transceiver to reduce energy con-
sumption. This is an advantage of PAMAS compared to MACA. The fact that us-
ing two communication channels limits its application in sensor networks, since
most sensors use one communication channel for reasons of cost and design of
sensors. The main purpose of this work was to reduce the time to listen to non-
active sensors. Depending on the operation mode, these works are divided into
two parts: the synchronized MAC protocols and preamble sampling MAC pro-
tocols. We will further analyze these two sub-families of the MAC protocol in
the following section.

3.1. Synchronized MAC Protocols

Noting that, in a sensor network, fairness and latency are less important than en-
ergy consumption, the authors proposed S-MAC (Sensor-MAC) [19]. The main
idea of S-MAC is to divide the transceiver operating time into two parts: active
and sleep. When the transceiver turns active, the sensor is ready to transmit or
receive data, whereas when the transceiver is put in a sleeping state, the sensor
cannot transmit or receive data. As the purpose of S-MAC is to reduce energy
consumption, it must extend the sleep time of the transceiver to reduce the energy
consumption of sensors. Yet when the sensors are in sleep state or periodically
active, there could be a problem, as the sensors operate independently; a sensor
can be active while its neighbors are in sleep state. If the active sensor transmits
data frames to a sensor that is asleep, this will cause the problem called “sending
deaf” (deaf listening) because the asleep sensor cannot receive data. The solution
of S-MAC is that nodes must synchronize with each other to get into the active
state and sleep state at the same time. Synchronization is achieved through the
SYNC packet. Nodes periodically send a SYNC packet to synchronize them and
to know the time they have the right to transmit, and they must turn off to save
energy. When a node participates in a network, it searches the network for a SYNC
Packet if there is already a synchronization cycle. If this is the case, this node
adapts its duty cycle to the existing cycle. Otherwise, this node creates its own

cycle and broadcasts the SYNC packet to all neighboring nodes.
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A period
Active

A 4
4

SYNC

RTS | CTS Sleep SYNC | RTS | CTS Sleep

Figure 3. Periodically active and sleep in S-MAC.

Indeed, the active time interval is the time during which the nodes synchronize
and transmit control packets. Figure 3 illustrates the composition of these inter-
vals in time. Nodes that have data to transmit or will receive exchange control
packets, RTS/CTS. Once these control packets are exchanged, the transmitter and
receiver remain active throughout this schedule. Nodes that do not have data to
transmit or receive turn off their transceivers at the scheduled end.

This method allows the sensors to avoid the problem of no idle listening, but it
increases latency because the nodes cannot transmit at the beginning of each pe-
riod. After receiving the data, the receiver cannot forward data frames immedi-
ately, as the next node in the state is already asleep. It must wait until the begin-
ning of the next period to access the channel. An adaptive listening approach is
proposed to reduce this latency. When a node listens to an RTS/CTS, if the trans-
mitter/receiver is active, it will activate its transceiver. Otherwise, it goes to sleep
only during the scheduled transmission between transmitter and receiver, and
then it wakes up just at the end of this transmission to see if it is the receiver of a
future transmitter. However, these extensions are still limited to two jumps be-
cause the nodes cannot report the remote nodes that need to be active for the
entire multi-hop transmission. However, with some sensor network applications,
this latency is acceptable. S-MAC saves energy, and thus a sensor network can
extend its life for a few years. A major drawback of S-MAC is that the proportion
of active and sleep time is fixed, which prevents the sensors from adapting to dif-
ferent traffic levels.

To overcome the drawbacks of S-MAC, T. van Dam and K. Langendoen pro-
posed T-MAC (Timeout-MAC) [14] [15]. In T-MAC, the nodes synchronize to
bring their sleeping and active transceivers periodically as S-MAC. However, T-
MAC adjusts the time interval active at different levels of network traffic. This
time interval is no longer fixed by the application but varies with network traffic.
If traffic is heavy, the sensors remain active longer in order to transmit more data.
On the contrary, if the traffic is low, the sensors remain active for the shortest time
to save energy. Indeed, the sensors decide to go to sleep when they are not active
in the network for a time called TA (Active Time). These activities involve the
receipt of a frame or collision, and TA is a threshold long enough to ensure that

there is no activity in the network.

3.2. Optimizing MAC Protocols

Energy efficiency remains one of the most critical challenges in Wireless Sensor
Networks (WSNs) and Internet of Things (IoT) systems. Traditional MAC proto-
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SYN

cols, such as CSMA/CA (Flexible but energy-efficient), suffer from high-energy
consumption due to idle listening and collisions, while deterministic approaches
like IEEE 802.15.4e TSCH (reliable but rigid) provide reliability but lack adaptabil-
ity. A novel hybrid MAC protocol that integrates Time Slotted Channel Hopping
(TSCH), wake-up radio technology [20], and machine learning techniques (based
on adaptive duty-cycling) [21] to optimize energy consumption while maintaining

high reliability and low latency.

4. Proposed Slot Time Sensor MAC Protocol (SS-MAC)

SS-MAC protocol uses active and sleep time-based S-MAC; during the pick-out
period, the node sender that wants to send a data frame chooses its slot time using
RTS/CTS with the node receiver, and data transmission does not occur directly
after CTS. However, during the transmission period, each node chooses a slot time
to transmit a data frame, allowing it to sleep throughout the transmission in which
it does not participate. Thus, we will avoid the frequent transition between differ-
ent modes. In the pick-out period, we use the CSMA access method. This choice
is motivated by the fact that computations are easier with this variant. CSMA with
exponential backoff (as in the IEEE 820.11 standard) can provide lower delays
when the channel is highly utilized. Nodes wishing to transmit must reserve slot
time using RTS/CTS. Other nodes in the network register their status in each slot
according to the activity in this period. If the node is receiving an RTS, then it

records that it is the receiver for the slot reserved by the sender.

i . .
Transmission Transmission

\ 4

<
<«

Slot time

Figure 4. Contents of slot time.

The sender and receiver’s neighboring nodes record their sleep state in the slot
designated in the RTS or CTS. Thus, at the end of the pick-out period, each node
will have its status in each slot during a transmission period. In that period, nodes
use TDMA to access the channel, as shown in Figure 4. The sender transmits its
data in the slot it reserved, and the receiver remains awake during the slot it is
receiving until it receives the data and answers with an ACK. Other nodes that are
neither sender nor receiver sleep. In this schema, each node sleeps for some time,
and then wakes up and listens to see if any other node wants to talk to it [15].
During sleep, the node turns off its radio and sets a timer to wake itself later.

We consider a multi-hop wireless sensor network, in which nodes communi-
cate with their neighbors at one hop, and data can be relayed over several hops to
reach its destination. The nodes are assumed to be mostly static, which is consistent
with environmental monitoring applications, although minor positional varia-

tions could be introduced in some simulations to test the protocol’s robustness.
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To improve energy efficiency and reduce contention, the network is structured
into clusters formed in a distributed manner based on radio proximity (neighbor-
hood) or simple criteria such as identifier or residual energy. Each cluster elects a
cluster head. The cluster head plays a central role in the network’s operation: it
coordinates access to the medium, for example, allocating TDMA slots within the
cluster, collecting data transmitted by member nodes, and potentially aggregating
it to reduce traffic volume. It can also serve as an inter-group relay, thus partici-
pating in the multi-hop transmission of data to the base station. This model makes
it possible to reconcile distributed operation with an efficient hierarchical organ-

ization, adapted to the energy and scalability constraints of sensor networks.

4.1. Performance Evaluation

We now formalize our intuition about the shape of the SIFS backoff probability
distribution. Suppose all nodes pick a slot r € [1, cw] using a probability Pr. We
say slot ris silent if no node chooses that slot, and there is no collision if more
than one node chooses that slot. A node also wins in slot rif it is the only one to
choose slot r;, and all others choose later slots. Pr is calculated from a truncated
increasing geometric distribution.

(1-a)a™

1_aCW

Pr= xa" for r=1---,cw (1)

where a (0 < a < 1) is a distribution parameter which can be interpreted as the
expected fraction of the nodes to be successful in transmitting their data in a given
cw (Contention Window). In addition, cwis the contention window in this range
of a, Pr increases with 1, so the later slots have a higher probability, as shown in
Figure 5.

Let V; be the number of nodes willing to transmit in th stage. Assume that at
the initial stage, N-1 = N'nodes are willing to transmit. The main idea of the pro-
posed protocol is to choose X;, a size of cwat th stage, that would allow a fraction
of nodes to transmit without collision. In the protocol, we assume that the cluster
head (CH) knows the number of nodes in its cluster before starting the data col-
lection process. This number can be determined when clusters are formed after
the network deployment [17]. CH initiates the date collection cycle with a beacon
containing the value of M. The node calculates the corresponding cw size with the
help of this Nand a. All nodes then start their first data transmission attempt with
the cwof the size X;. Being within the single hop, each contending node can detect
the collision taking place in the cluster. The number of ACK packets transmitted
by CH represents successful transmissions, and thus, nodes can determine the
number of collided nodes that will be contending in the next stage. Since in each
stage, a fraction of the nodes are allowed to transmit, it may take a large number
of stages to transfer data from all nodes successfully. This situation can be pre-
vented by using a fixed-size window when the number of contending nodes falls
below a threshold.

To implement the protocol, we need to devise a formula to calculate X; for any
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given values of @ and N, Let N;be contending in a cw of size X;. The probability
of choosing a slot by an individual node is 1/X; Therefore, the probability of &

nodes, out of V; contending nodes, choosing a particular slot is

(T

Here, k=0,k =1,k >1 represent empty slots, successful transmission, and

collision, respectively. Therefore,

1"
P, :P(k:O):[l—Z] (3)
P, =P(k=1):[xi] [1—)%] ) (4)
P=P(k>1)=(1-P,-PR) (5)

where P, P, and P, are respectively the probabilities when only one node chooses
this slot with success, and the probability that no node chooses this slot and then
more than one node chooses this slot.

Now, the expected number of nodes Z; that will be successful in transmitting

their packets is
1 N;-1
L =Xi><PS=Ni[1——] (6)
X;

For our proposed protocol, we choose a window size .X; such that «, node

will be able to transmit successfully. Therefore, we have,

1 N;-1

ay, = N; (1_X_i] (7)

X =—1— Q
1-gNit

For our proposed scheme, we choose an initial cw of 18, which corresponds to
a = 0.67. In this case, we also have one collision. Since it is a larger window, the
collision probability has further decreased. In the second stage, the window is
much smaller than the initial cw. This ensures a reduction in unnecessary free

slots in the later stage without increasing collision probability.

4.2. Energy Consumption

A primary consumption of energy in a Wireless network is time spent for listen-
ing, but not receiving packets (idle energy). Span and S-MAC address this issue and
are compatible with CSMA or SIFT simply by modulating the uniform backoft dis-
tribution of those protocols. Packets received by an overhearing node are another
energy drain. Again, no changes to the above power saving protocols are required
to take advantage of our novel backoff distributions. Finally, collisions have been

shown to be costly in terms of energy, so by minimizing the number of collisions,
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our distribution reduces the energy consumption of any CSMA-based MAC even
further.

Choosing a hybrid design that combines CSMA for the reservation phase and
TDMA for data transmission allows us to leverage the complementary advantages
of both approaches. CSMA offers high flexibility and low coordination costs, mak-
ing it particularly well-suited to the dynamic phases of initial medium access and
resource negotiation. Contention protocols such as CSMA are efficient for varia-
ble traffic but suffer from collisions and energy overhead as the load increases. Con-
versely, using TDMA slots for transmission eliminates collisions and ensures de-
terministic channel access, significantly improving energy efficiency by reducing
retransmissions and unnecessary listening. The authors emphasize that TDMA
approaches are particularly well-suited to energy-constrained sensor networks, as
they allow nodes to enter sleep mode outside of their designated slots. This hybrid
approach is preferable to using S-MAC alone, which relies primarily on fixed lis-
tening and sleeping cycles combined with contention access. While S-MAC re-
duces passive listening, it introduces increased latency and remains susceptible to
collisions under varying traffic. The hybrid design shows that purely contention-
based protocols do not adapt effectively to traffic variations and lead to energy
inefficiencies. Thus, the CSMA/TDMA combination reconciles adaptability (CSMA)
with energy efficiency and reliability (TDMA), offering better overall performance
than S-MAC in the scenario considered.

5. Simulation Result

Finding the value of a cw that ensures a smaller number of collisions while mini-
mizing unnecessary slot time wastage depends on the right choice of @, which is
clearly a function of N. As shown in Figure 6, SS-MAC outperforms CSMA in
terms of wastage and throughput.

We have performed the simulation in Java and averaged the results over 1000
runs. As physical layer properties do not contribute to cw calculation, we have con-
sidered ideal channel conditions, such as BER, in any event-driven simulator, such
as NS-2, OPNET, and so on. In our simulation, we have used the same values of the
parameters as used in [15]. More specifically, in the simulation setting, we have as-
sumed a data packet of size 1000 bits. The time needed to transmit the packet con-
sists of RST, CTS, DATA packet, ACK, and their corresponding IFS waiting times.
The performance metric of our protocol is the time wastage in one cycle of data
collection. Time wasted can be calculated as the difference between the total time
needed in a single cycle of data collection and the time spent in effective data trans-
mission. In our protocol, we need to fix some size cwwhen the number of remaining
nodes falls below some threshold. In our simulation, we used a fixed cw of size 10
when the number of nodes is less than 4, this corresponds to a probability of colli-
sion of 1072, which can be considered negligible for a small value of N= 3.

The relation for the use of BEB in IEEE 802.11 is that a cw of size power of 2
facilitates arithmetic computations at the nodes. More specifically, for a given N,
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r(N)=N%[1—E

the nodes calculate a from the coefficients, determine cwusing Equation (8), and
round it to the next power of 2. It can be noted that the size of cwhas been fixed
to 2* = 16 when the contending nodes fall below 3. As shown in Figure 7, although
the performance of this modified scheme is inferior to the proposed scheme, it
outperforms SS-MAC significantly.

We now use the optimal distribution to compare the fundamental performance
limits of our protocol, with respect to the latency of the first transmission, when
N stations come backlogged simultaneously in a previously quiescent network.
Consider first an arbitrary non-persistent CSMA protocol that picks one of & slots
for transmission. Let Ty and Thacke: be the time duration for a slot and a packet
transmission (including any necessary inter-frame spacing), respectively. Define
the latency Lss-mac(V) to be the respective delay for a successful transmission when
there are N contenders.

If there is a collision, then the delay is at least Zpacket, SO
LCSMA ( N ) 2 (1_7( N ))Tpacket > )
where j is the slot selection distribution used by the protocol. Since

r(N)< f(N), we get

LCSMA(N)Z(]'_ fk (N))Tpacket (10)

This is the general lower bound, so it is weak (see Figure 8). One way to strengthen
the lower bound of Equation (10) is to specify the distribution P. For the popular

uniform distribution,

k k k k

N-1 N-1 N-1 N N
IR AL ﬂ[wjg L

N
K

ek -1

So, inequality Equation (9) now gives a lower bound on latency for the uniform

distribution

LSS-MAC(N)Z 1_+ Tpacket (12)
{5

ek -1

This lower bound is much stronger than Equation (10), as illustrated in Figure 7.

Simulation Configuration

The simulator used is a custom Java implementation. The simulated topology
consists of 1-100 nodes (default: 20) distributed according to a random topology
over an 800 x 600 area. The traffic model is random, with a packet generation rate
set to 0.05 packets/second per node. The radio parameters include a transmission
range of 150 m, a radio data rate of kb/s, a transmit power of mW, and a receive
power of mW. The energy model considers an initial energy of 10,000 Joules per
node, as well as the costs associated with the following states: transmit 1.5 J/ticks,

receive 1.0 J/ticks, idle listening 0.5 J/ticks, and sleep 0.01 J/ticks. The synchroni-
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zation cost is set to 20 J/ticks per synchronization cycle. The basic parameters used
for the protocols are as follows: for S-MAGC, the cycle period is 100 ticks, with a
sleep/activity ratio of 50%, a contention window of 70 ms, and a synchronization
interval of a specific value. For CSMA, the minimum and maximum contention
window sizes, respectively, are 16 and 1024, with a backoff time of 2 ticks and a
channel listening mechanism before transmission. For LMAC, the frame is di-

vided into 32 slots, with each node selecting a single transmission slot, a slot du-

ration of 15 ms, and a frame period of 480 ms.

0.5 . T . T

0.45

0.4

0.35f

0.25}

Success rate
=
N

o
-
(&)

e
-—

0.05

0 5 10 15 20
Contention window

25

30 35

Figure 5. Illustrates the best value of the success rate follows the backoff probability distri-

bution trend with the number of contenders.
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Figure 6. Illustrates the comparison of throughput between CSMA, S-MAC, and SS-MAC.
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We used the NS-3 simulator to evaluate energy consumption optimization by
comparing different MAC protocols. NS-3 allows us to measure the performance
of each protocol and compare our SS-MAC protocol to four others, namely CSMA,
S-MAC, L-MAC, and TSC-Hybrid. The metrics used were total energy consump-
tion, average throughput, average latency, and packet delivery rate (PDR).

comparison of energy consumption

0.1032 : . : :
—%— SS-MAC
—e— LMAC
A
0.1031} SMAC 1
c
S
a
€
3 0.1031} 1
c
8
>
<)
T 0.103} 1
c
(0]
T
°
F o103} 1
0.1029 ' . . '
0 20 40 60 80 100

Number of nodes

Figure 7. Illustrates the energy consumption of nodes over the slot time.

Comparison of latency bound

14+ = SMAC i
uniform distribution

—*— SS-MAC N

121 —a—csma 1

Latency bound (in slot time)

0 0.5 1 1.5 2 2.5 3 3.5 4
packet length in slot time

Figure 8. The graph compares the lower bounds in Equation (10) and Equation (12). The
transmission latency of the first events. SS-MAC compared to LMAC and SMAC. With
large node transmissions, SS-MAC performs better in comparison to LMAC and SMAC.

The performance of SS-MAC is compared to four reference configurations:
CSMA, S-MAC, LMAC, and hybrid TSCH. The metrics used are total power con-
sumption, average throughput, average latency, and packet delivery rate. To ensure

a fair comparison, all five protocols are simulated with the same topology, number
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of nodes, radio model, packet generation rate, and channel conditions. The met-

rics used in Table 1 and Table 2 present the results as follows:

Table 1. Gain table SS-MAC vs CSMAC, S-MAC, LMAC, and TSCH-Hybrid.

Reference Gain Energy SS-MAC Gain Throughput SS-MAC Gain Latency SS-MAC
vs CSMA 46% 30% 40%
vs S-MAC 20% 40% 55%
vs LMAC 21% 9% 18%
vs TSCH Hybrid 12% —6% -20%

Table 2. Table of average energy consumption, throughput, latency, and packet delivery rate.

Protocol Average Energy Consumption (J)  Average Throughput (kb/s)  Average Latency (s)  Average PDR

CSMA

S-MAC

LMAC
TSCH Hybrid

SS-MAC

140

105

95

85

75

75 0.30 0.85
70 0.40 0.88
90 0.22 0.92
105 0.15 0.96
98 0.18 0.94

Figure 9 shows the throughput evolution as a function of the number of nodes
for three MAC protocols: TSCH_hybrid, SS-MAC, and CSMAC. The results show
that the throughput gradually decreases as the number of nodes increases, which
is explained by the increase in channel contention, collisions, and transmission
delays in the network. However, the TSCH_hybrid protocol maintains the best
performance across all the scenarios studied. Its throughput increases from ap-
proximately 220 kbps for 10 nodes to 170 kbps for 50 nodes, demonstrating good
adaptability to increased network load. Our protocol SS-MAC exhibits interme-
diate performance, with a throughput varying from approximately 200 kbps to
130 kbps as the number of nodes increases. In contrast, CSMAC shows the most
significant performance degradation, with its throughput dropping from approx-
imately 180 kbps to less than 70 kbps for 50 nodes. These results demonstrate that
the TSCH hybrid approach allows for better management of radio resources and
a reduction in collisions, thus ensuring higher throughput and better network
scalability compared with conventional protocols. Figure 10 illustrates the evolu-
tion of energy consumption as a function of the number of nodes for the SS-MAC,
TSCH_hybrid, and CSMAC protocols. The results indicate that energy consump-
tion increases with network density for all three protocols studied. This increase
is due to the multiplication of control exchanges, data transmissions, and channel
listening periods. The SS-MAC protocol exhibits the lowest energy consumption,

increasing from approximately 60 J to 85 ] when the number of nodes increases
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from 10 to 50. The TSCH_hybrid protocol shows slightly higher consumption,
between 65 J and 100 J, but maintains a relatively controlled energy level consid-
ering the gains achieved in terms of throughput. Conversely, CSMAC is the most
energy-intensive protocol. Its consumption increases sharply, from approximately
80 J for 10 nodes to nearly 150 J for 50 nodes. This significant increase is mainly
due to collisions, retransmissions, and prolonged periods of channel monitoring.
The analysis thus highlights that TSCH_hybrid offers a good compromise between
energy efficiency and network performance, while SS-MAC prioritizes energy sav-
ings, and CSMAC becomes less suitable for large networks due to its high energy
consumption.

The simulation result (NS-3) comparing our SS-MAC protocol to CSMAC, TSCH-
Hybrid are shown in Figures 9-11.

Throughput Performance
240
220 1
200
180 -
160 1
140 A
120 A
100 1

Throughput (kbps)

60 T T T
10 20 30 40 50
Number of Nodes

—8—TSCH_hybride ——=CSMAC —@—SS-MAC

Figure 9. Illustrates the comparison of throughput between CSMAC, TSCH-Hybrid, and
SS-MAC.

Consumed Energy Performance
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o
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—o—55-MAC /
—0—TSCH_hybride /
—o—CSMAC

-
N
o

Consumed Energy (J)
3 8

60 —
40
20 -
0
10 20 30 40 50
Number of Nodes

Figure 10. Illustrates the comparison of consumption energy between CSMAC, TSCH-Hy-
brid, and SS-MAC.
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Figure 11. Represent a distribution probability, which allows contenders to choose a slot
time with success on contention windows. According to Equation (1), we fixed the conten-
tion window size at 32; we also varied rfrom 0 to max cwand N values.

6. Conclusion

Instead of a workload consisting of a backoff, we have studied the MAC protocol
when N nodes become simultaneously backlogged at some point in time. This
workload is important at some point in time. This workload is important in the
context of an event-driven and energy consumption in a wireless sensor network,
when Nsensors simultaneously sense an event of interest from the outside world.
We have studied the backoff distribution probability for S-MAC using the CSMA
protocol, in which each node chooses a contention slot with probability P. We
have compared S-MAC and TSCH-Hybrid, our protocol SS-MAC, and, based on
simulation results, our protocol optimizes energy consumption. Despite the ob-
served gains, several limitations must be considered. First, the synchronization
overhead introduces a significant energy and time cost, particularly in dynamic or
low-density networks where resynchronization phases can become frequent. Sec-
ond, the performance of Slot-Times-MAC (SS-MAC) is highly dependent on the
accuracy of cluster size estimation: an incorrect estimate can lead to poor slot al-
location, thereby reducing overall efficiency. Finally, under suboptimal channel
conditions (interference, high losses) or irregular traffic, the protocol’s perfor-
mance can degrade, particularly in terms of latency and channel utilization. These
factors suggest that additional adaptive mechanisms may be necessary to ensure

the protocol’s robustness in more realistic environments.
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Appendices

A.1. Pseudo Code

The pseudo code of our algorithm:

repeat

if carrier sense clear and backlogged PickOut
re€fl, cw]
wait r contention slots

end if
end repeat

if carrier

sense clear

then transmit

end if

if transmission failure then
if silence in the first K-1 slot then

end if
end if.

A.2. Pseudo Code of Our Algorithm with Hybrid MAC/CSMA/RTS-

N «— N2
else N«

N+1

CTS/TDMA and Sleep-Wake Scheduling

Initialization:
CW « cw_min

N « N_initial
TDMA Table ~ empty
Node_State — SLEEP or ACTIVE according to schedule

repeat

Phase 1: Wake-up and Channel Monitoring
if wake_up_time reached then
Node_State « ACTIVE
listen to channel during synchronization period

end if

if Node_State = ACTI

Phase 2:

Channel

VE and queue not empty then

Access through Contention

if carrier sense clear then
randomly choose r € [1, cw]
wait r contention slots

if carrier sense clear then

traffic demand

Phase 3:
send RTS
wait for
if CTS r

Phas

requ
if T

else

end

RTS/CTS Reservation
to receiver
CTS during CTS_timeout

eceived then

e 4: TDMA Slot Allocation

est or confirm TDMA slot

DMA slot available then
allocate TDMA slot to node
broadcast or update TDMA Table

Phase 5: Scheduled Data Transmission
wait until beginning of TDMA slot
transmit data

wait for ACK

if ACK received then
transmission successful
CW « cw_min
release or keep TDMA slot depending on

else

transmission failed

cw « min(2 x cw, cw_max)
end if

postpone transmission
cw « min(2 x cw, cw_max)
if
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else
reservation failed
cw « min(2 x cw, cw_max)
end if
end if
end if
end if

Phase 6: Sleep/Wake Scheduling
if no packet to transmit
and no upcoming allocated TDMA slot
and no expected reception then
Node_ State ~ SLEEP
sleep until next scheduled wake_up_time
end if

until network termination or algorithm stop

Failure Handling:
if transmission failure then
if silence detected in the first K-1 slots then
NN/ 2
else
N N+ 1
end if
end if
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