ACTA SCIENTIFIC COMPUTER SCIENCES

Volume 6 Issue 6 June 2024

Research Article

Enhancing Data Collection Efficiency in Underwater Wireless Sensor Networks:
A Contention-Free Pipelined Scheduling (CFPS) MAC Protocol

Amwine Louis', Abdul Rehman? and Ganesh Kumar3?* )
Received: May 08, 2024

Published: May 14, 2024

© All rights are reserved by Ganesh Kumar.,

'Faculty of Computing and Informatics, Department of Computer Science,

Uganda

2School of Computer Science and Engineering, Kyungpook National University,
etal

South Korea

3Department of Computer Science and Engineering, College of Engineering

Guindy, Anna University Chennai, India

*Corresponding Author: Ganesh Kumar, Department of Computer Science
and Engineering, College of Engineering Guindy, Anna University Chennai,

India.

Abstract
The inherent features of Underwater Wireless Sensor Networks (UWSNs) such as a high latency, limited band width, high bit error

and a long propagation delay associated with underwater acoustic communication enable multiple transmitters at varying distances
from the receiver to transmit simultaneously. Many of the existing Medium Access Control (MAC) protocols available utilize these
features, most especially the high latency feature to reduce data collection time. However, most of the MAC protocols utilise conten-
tion-based mechanisms and this causes transmission collisions as the number of nodes increase. The transmission collisions (control
and data packet collisions) at the MAC layer, lead to energy waste. It is infeasible to replace the node battery in the UWSNs. Packet
collisions need to be avoided at the MAC layer so as to reduce node energy waste, thereby improving the throughput and fairness of
the network. In order to mitigate these challenges, we propose a Contention-Free Pipelined Scheduling (CFPS) MAC protocol based
on Energy-efficient Duty cycling that reduces node energy waste and data collection time in a single-hop network. The core idea of
CFPS involves developing a collision-free transmission scheduling table that the receiver node uses to collect data packets during its
awake time. The CFPS protocol is expected to reduce data collection time and improve network throughput when compared to the
well-designed data collection protocols like, RI-MAC, DAP-MAC, RHNE-MAC, and NF-TDMA. Extensive simulation results indicate that
the CFPS protocol outperform the existing solutions on various network parameters like latency reduction and node energy conser-
vation.

Keywords: Underwater Wireless Sensor Networks (UWSNs); Media Access Control (MAC); Receiver-Initiated; Duty Cycling; Conten-

tion Free Pipeline Scheduling

Introduction vances in acoustic communications, the acoustic channel’s salient

In the recent years, Underwater Wireless Sensor Networks features, like time-dependent propagation, high energy consump-

(UWSN) have attracted research from both academia and industry
due to their wide range of applications [1-4]. The significant atten-
tion given to marine environmental surveys is due to the fact that
seventy percent of the earth’s surface is covered by oceans. UWSNs
have been utilized in applications such as surveillance, intrusion
detection, military applications, oil and gas exploration, multime-
dia, pollution monitoring, etc. Underwater Wireless acoustic Net-
works consist of multiple, low-power, low-cost, multi-functional
sensor nodes that are deployed to collect and provide sensing in-
formation over a selected area of interest using underwater acous-
tic links, as illustrated in Figure 1. Due to attenuation, the acous-
tic (sound) communication wave is a better choice for UWSNs as

compared to radio or light waves. In spite of the technological ad-

tion, variable speed of sound, and limited bandwidth, pose delay
limitations that need to be addressed [5-7]. The limited bandwidth
is further constrained by factors such as path loss, noise, high delay

variance, multi-path propagation, and Doppler spread [8].

Research has been carried out to conserve the energy of the
nodes; this involves limiting or reducing energy waste. Key among
them are idle listening to the channel, overhearing, control packet

overhead, and packet collisions.

Underwater wireless sensor nodes rely on finite battery power
and can’t be easily recharged. Research has been carried out to con-

serve the node energy, this is done by reducing and controlling var-
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Figure 1: UWSN architecture.

ious sources of energy consumption and waste. Sources of energy
consumption and waste include but are not limited to idle listening,
overhearing, collisions (that require packet re-transmission), and
control packet overhead. Collisions happen when multiple nodes
transmit their packets simultaneously, re-transmission of the col-
lided packets consumes extra energy. Idle listening [9] occurs when
a node turns its radio on for the purpose of receiving potential
packets even though no traffic has been sent. In overhearing, a node
receives packets destined for other nodes. Lastly control informa-
tion adds to the payload, so it is advantageous to have fewer con-
trol packets that are used in data transmission. Due to the UWSN
channel characteristics coupled with the previous sources of node
energy waste, Medium Access Control (MAC) protocols that utilize
duty cycle scheduling designed for the terrestrial network can’t be

directly utilized in the underwater environment.

In Wireless Sensor Networks, Media Access Control (MAC) is
core, and it has attracted increasing attention due to its potentially
crucial impact on the overall performance of the network. A MAC
protocol manages nodes’ access to the shared common broadcast
channel. The major task of MAC is to prevent packet collisions when
more than two transmissions occur or resolve packet collisions and
also guarantee energy efficiency, low channel access delays, and

fairness among the nodes in a network [9,10].

MAC protocols that employ duty cycles have been proposed. The
advantage accrued from duty cycling is that it conserves node en-
ergy by alternating between sleep and awake states [11]. This tech-
nique enables nodes to operate in a low-duty cycle mode, whereby
the sensor nodes are able to switch to a sleeping state and periodi-
cally wake up for packet or data reception and transmission. This
working mechanism ensures that node energy is conserved, and
this, in turn, extends the working life of the node. Generally, Media
Access Control protocols that utilize duty cycle working mecha-
nisms are classified into two categories, i.e., synchronous and
asynchronous. Synchronous duty cycle MAC protocols, like slotted
ALOHA (S-ALOHA) [12], ALOHA with carrier sense (ALOHA-CS)
[13], UWAN-MAC [14] and tone-Lohi [15] permit nodes to synchro-

nize their wake-up and sleep schedules. Therefore, a node that has
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data to transmit knows when its intended receiver will be awake
for data reception. However, this approach employs multi-hop
synchronization that introduces the exchange of multiple packets,
consequently leading to higher overhead. The overhead caused by
packet exchange exceeds the expected benefit. Additionally, having
a fixed sleep and listening schedule is inefficient for handling traf-
fic with varying rates [16]. On the contrary, asynchronous duty-cy-
cling Media Access Control protocols do not require multi-hop syn-
chronization and employ dynamic duty cycle schedules. Depending
on which end triggers communication, existing Asynchronous duty
cycle protocols are roughly categorized into sender-initiated, e.g.,
B-MAC [17], X-MAC [18], WiseMAC [19] or receiver-initiated, e.g.,
RI-MAC [20].

For techniques/protocols that utilize the sender-initiation
mechanism, communication is triggered by the node that intends
to communicate or send data to the receiver. WiseMAC fixes node
wake-up schedules, thereby enabling the sending node to deduce
future receiver node wake-up times and send a short wake-up pre-
amble just before the receiver node wakes up. Whereas in receiver-
initiated protocols, the receiver node transmits its beacon to noti-
fying the sender nodes that it’s ready for packet reception. Due to
the inherent features of Underwater Water Sensor Networks, re-
ceiver-initiated MAC protocols usually offer better performance as
compared to other solutions since they fully utilize the bandwidth
of the underwater channel [21]. In contrast, receiver-initiated ap-
proaches incur collisions in scenarios where more than one sender
node transmits their packets simultaneously. Moreover, the sender
nodes involved in the collision have to re-transmit their packets,
and this adversely affects the duty cycle of nodes as well as the
transmission delay, throughput, etc. If the duty cycle of the node
is high, the energy consumption goes high and node efficiency re-

duces. This ultimately shortens the lifespan of the entire network.

In this paper, we present CFPS-MAC. In CFPS-MAC, a node that
intends to transmit data (sender), wakes up and broadcasts a bea-
con. We have named this beacon a "Hello Packet (HP)”. This bea-
con is broadcast while the while receiver node is switched to sleep
mode. After a specific waiting time that we have termed as "Reply
Waiting Time (RWT)” if the sending node doesn’t hear/get any re-
sponse to its HP, it takes on the role of Responsible wake-up Node
(RWN) and switches to the listening mode. The function of the
Responsible Wake-up Node is to build, update, and keep a conten-
tion-free transmission scheduling table of the sender nodes’ next
wakeup time. In the mean time, another sender node that intends
to send its data also wakes up, and broadcasts its beacon, "Hello
Packet”. The node that woke up first, the Responsible Wakeup Node
that switched to listening mode, hears and receives this beacon.
The RWN then compares the level of residual energy indicated in
the Hello Packet that it received to its own residual energy. After
this comparison, the RWN will send reply a reply. We have termed
this as "Hello Packet Reply”.
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The Hello Packet Reply, among other fields, indicates a node’s
next wake-up time. It’s this next-up time that is used to build the
contention-free transmission scheduling table. The node that has
more residual energy assumes the role of Responsible Wake-up
Node (RWN), while the node that has less residual energy switches
to sleep mode and will subsequently wake up in its next wake-up
time for the purpose of transmitting its data. Meanwhile the receiv-
ing node "receiver node” wakes up. The receiver broadcasts its Hi
Packet (HiP). The Responsible Wake up Node that is listening to
the channel hears and receives the receiver nodes Hi Packet(HiP).
The RWN spontaneously transmits its data packet piggybacked
with the Schedule Table. The receiving node, ” receiver node,” will
then collect the data from the remaining sending nodes, "sender
nodes,” based on the wake-up time information that is included in
the Schedule Table. CFPS-MAC, therefore, addresses the challenge
of node energy waste that arises due to idle channel listening by
enabling the sender nodes to power on and take turns listening to

the channel depending on the amount of node residual energy.

In addition, CFPS-MAC addresses data packet collision by care-
fully scheduling the sender node’s data transmissions based on
their wake-up times. As long as the contention free transmission
scheduling table is correctly received by the receiver node, there
will be no packet collision since every sender node knows its wake-
up time for data transmission. Finally, CFPS-MAC scales well in
dense and large networks due to less message overhead. In CFPS-
MAC, as long as the sender node’s next wakeup time is correctly
received by the Responsible Wakeup Node (RWN), it will be able to
transmit its data packet without any collisions when the receiver

node wakes up.

The contribution of this paper is as follows;

e The proposed CFPS-MAC adopts a receiver-initiated ap-
proach, which is advantageous in two ways. First, it reduces
the time the receiver none is awake thereby reducing idle lis-
tening time and overhearing. Secondly, as a result of reduced
awake time, CFPS-MAC improves node energy efficiency.

e  We present an efficient data transmission scheduling mecha-
nism that avoids packet collisions. The proposed CFPS-MAC
avoids packet collisions by carefully scheduling data packet
transmissions. This matches well with the primary target of
our work. That is to avoid packet collisions, maximize energy
efficiency, and improve network throughput.

e  We carry out a performance comparison of the proposed
CFPS-MAC with previously proposed solutions, for example,
ES-MAC and RI-MAC, and present the results based on NS2
simulations to evaluate the performance of CFPS-MAC. CFPS-
MAC outperforms previously proposed schemes like ES-MAC
and RI-MAC. Simulation results confirm that our work scores
high on parameters like throughput and energy efficiency
while also reducing packet delay and the number of packet

collisions.
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The remainder of this paper is structured as follows. A review of
state of the art related works on MAC is presented in Section II. Our
proposed solution CFPS-MAC protocol is described in detail in Sec-
tion III. CFPS-MAC performance evaluation is presented in Section

IV. Finally, a conclusion is presented in Section V.

Related works

In the USNWs, multiple nodes contend to share the broadcast
channel. This should be done efficiently and with fairness, thus de-
signing a MAC mechanism is crucial to the working mechanism of
Underwater Wirelesses Sensor Networks. With a need to achieve
energy efficiency and a high throughput, Media Access control pro-
tocols that seek to solve the challenges associated with the long
propagation delay have been considered and are ideal [22-24].
Recently, emphasis and attention have been devoted to analyzing
and designing suitable solutions that employ the receiver-initiat-
ed working mechanism that can access the Underwater Medium.
These solutions can be broadly categorized into two types. That
is sender-initiated and receiver-initiated MAC protocols. Starting
with the Sender-initiated MAC schemes, the nodes that have an
intention of sending data agree on when to start the communica-
tion for data transmission purposes. For instance, in [25-28], the
authors do propose and advance several sender-initiated protocols
that attempt to mitigate packet collisions amongst handshaking,
propagation delay tolerant, collision avoidance, and achieve high
channel utilization. However, the biggest drawback that the ma-
jority of these solutions face is that they are susceptible to high
overhead (exchange of too many control packets) and energy con-
sumption. We have expanded our previous research [29] by intro-
ducing a well-defined problem statement and optimizing the near-

est neighbor forwarding schedule.

In Contrast, duty cycle receiver-initiated MAC protocols,
which are a central focus of this research, reduce the high over-
head (packet payload) and energy consumption by enabling the
receiving node to initiate handshaking and data communication.
Furthermore, Duty cycle MAC protocols can be classified accord-
ing to synchronization requirements. These are Synchronous and
Asynchronous Duty cycle Media Access Control protocols. Asyn-
chronous duty cycle solutions are advantageous due to the fact that
they enable full bandwidth channel utilization of the underwater
acoustic channel and are usually preferred [30]. In spite of that, as
earlier mentioned, the challenge of idle listening adversely affects
the performance of the receiver-initiated protocols. Idle listening
leads node energy waste and therefore, different duty cycle solu-
tions have been advanced and these mechanisms seek to conserve

node energy.

Similarly, in the synchronous duty cycle MAC categorization,
the authors in [31] propose a variant of traditional TDMA protocol

that seeks to achieve a higher channel utilization as opposed to the
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maximum utilization of contemporary TDMA approaches. An alter-
native solution, ST-MAC [32], employs the use of a Spatial Conflict
Graph (STCG) to avoid delays that are caused by the exposed node
problem. In STUMP [33], the authors designed another TDMA that
seeks to take advantage of the propagation delay information to
prioritize the conflicting packet transmissions. TDMA scheduling
constraints and distributed and centralized algorithms are intro-
duced to solve the scheduling problem. The order of transmission
among conflicting nodes is then ascertained. The BellmanFord al-
gorithm is then employed to resolve the scheduling conflict, that's
after ascertaining the transmission order. And in [34], the same
authors advance their solution by incorporating routing capabili-
ties. Centralized management and lack of fault tolerance are limita-
tions of TDMA in underwater sensor networks. While distributed
scheduling algorithms address this issue, they introduce additional

network traffic overhead [35].

The authors in [36] proposed RIPT a technique that enables
two or more sender nodes to communicate with a receiver using
only one handshake and in [37] the nodes that intend to send data
packets to the receiver node reserve the channel first in the chan-
nel reservation phase there after which an order list is generated.
Once the receiver creates a transmission order based on reserved
channels, data packets are sent according to this list. This approach
leverages propagation delay information to schedule control pack-
ets efficiently, minimizing collisions and maximizing channel utili-

zation.

CFPS-MAC aims to improve channel utilization, network
throughput, and network lifetime by employing a receiver initiated
handshake like some of the aforementioned MAC protocols. Send-
ing nodes employ a dynamic duty cycle and manage their wake-
up times based on residual energy levels. They then form a con-
tention-free transmission scheduling table that the receiver bases
on to collect the data packets, therefore reducing overhead packet

load and alleviating packet collisions.

Receiver-initiated mac based on energy-efficient duty cycling

The design of the proposed state-of-the-art CFPS-MAC is pre-
sented in this section. Section III A presents the initial phase. An
illustration of the data transmission phase (The receiving node is
awake) is presented in Section III B. Section III C handles the colli-
sion cases, and Section III D illustrates an unscheduled sender wak-

ing up in the data transmission phase.

Initial phase (The receiver is in sleep mode)

The initial phase starts when a sender node wakes up asynchro-
nously to find if the receiver node is awake with the intention to
forward its data. Every sender node broadcasts a Hello Packet (HP)
when it wakes up. The HP fields are; wakeup time, node ID, Receiv-
er ID and Residual Energy. After broadcasting HP, the sender goes
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Figure 2: CFPS-MAC Initial Phase Timing Diagram.

into listening mode while it awaits for a Hello Packet Reply (HPR)
for a defined amount of time named Reply Waiting Time (RWT). If
Reply Waiting Time expires and the sender node receives no Hello
Packet Reply, it will assume the role of Responsible Wakeup Node.

Hello Packet Reply fields are; Node ID, Receiver ID, Residual En-
ergy level, Next wake-up Time and a Flag field. Next wakeup time
indicates the time the node will wake up next to send its data pack-
et and its this time that is used to build and maintain the Schedule
Table. The Flag field indicates if a node is the Responsible Wake-up
Node or not. Reply Waiting.

Time calculation is shown below;
RWT =2+ HP, +2x HPR _+2% MPD +2x* gt Where; MPD is for the
Maximum Propagation Delay, gt is for guard time, HP,, is for Hello

Packet transmission, HPR  is for Hello Packet Reply transmission.

In the event that the sender node hears a Hello Packet Reply
before the (RWT) Reply Waiting Time expires, the sender node
compares its residual energy level with the level indicated in the
received Hello Packet Reply. The node that has a lower residual
energy level switches to sleep mode. If the sending node (sender
node) doesn’t receive or hear any reply (HPR) to its Hello Packet
after Reply Waiting Time (RWT) has expired, the node will take on
the role of Responsible Wakeup Node (RWN) as indicated in Algo-
rithm 1.

Algorithm 1 responsible wake-up node

1: for Sender node that wake - up do

2: broadcast HP and wait for RWT.
3: node goes into listening mode and sense channel.
4: if RWT elapse and no HPR received then

Citation: Ganesh Kumar,, et al. “Enhancing Data Collection Efficiency in Underwater Wireless Sensor Networks: A Contention-Free Pipelined Scheduling

(CFPS) MAC Protocol”. Acta Scientific Computer Sciences 6.6 (2024): 20-28.



Enhancing Data Collection Efficiency in Underwater Wireless Sensor Networks: A Contention-Free Pipelined Scheduling (CFPS) MAC Protocol

5: Take on role of RWN.

6: RWN goesto listening mode.

7: second node wakesup and then follows steps1-3.

8: if RWN receives this HP compares level of residual energy
and send HPR then

9: node with less energy goes to sleep.

10: endif

11: else

12:  node with more energy takes on role of RWN and repeat
6-10

13: endif

14: end for

The role of the Responsible Wake-up Node is to build, maintain,
and update a contention-free transmission scheduling table that
contains the sender’s next wake-up times, reply to other sender
nodes that wake up by sending Hello Packet Reply, and forward the
contention-free transmission scheduling table to the receiver node
when it wakes up. Sender nodes interchangeably take on the role
of Responsible Wake-up node based on node residual energy level.
The responsible Wake-up Node remains in listening mode, replies
to the (hello packets) HPs of other sender nodes, and then forwards
its data packet along with the contention-free transmission sched-

uling table to the receiver node when it wakes up.

Figure 2 depicts the initial phase of CFPS-MAC, where A, B, and
C are sender nodes while R denotes the receiver (receiving node).
The receiver node is in a sleep state. Sender node A wakes up inde-
pendently and broadcasts its Hello Packet (HP), then it switches to
the listening mode. After Reply Waiting Time (RWT) elapses, and
node A, which is in listening mode, hears no Hello Packet Reply
(HPR), Node A will then take on the role of Responsible Wake-up
Node (RWN). Likewise, node B, which is also a sending node, wakes
up and then broadcasts its Hello Packet. Responsible Wake-up
(RWN) Node A receives this HP and compares its own level of re-
sidual energy with the level indicated in B’s HP. Node A has less re-
sidual energy compared to node B. Node A subsequently nominates
B as the responsible wake-up node by broadcasting a Hello Packet
Reply that includes its next wake-up time and then A goes to sleep
mode. After B receives node A's HPR, it creates a contention-free
transmission scheduling table and stores A’s next wake-up time in
the Schedule Table.

Owing to the need to avoid packet collision among sender
nodes, Responsible Wake-up Node should schedule the transmis-
sion of HPR based on the propagation delay between the sender

node and itself.

Let Ti, j be the propagation delay between node i and node j,
. be the maximum propagation delay, and 8 be the transmission
time of the control packet. As depicted in Figure 2, the transmis-
sion of the Hello Packet Reply(HPR) is by sender nodes {A,B}. To
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avoid Hello Packet Reply collision, any HPR must be received by
the sender node after the successful reception of a Hello Packet.
Besides, in order to avoid the influence that is caused by the varia-
tion of propagation, we introduce a guard time 2At between the
Hello Packet(HP) and the Hello Packet Reply Assuming that the
RWN sends an HPR at t HPR
from node i can be calculated as;

tr_HPR_. _ 19 ,
¢ (1.5} i=tr HPR + (OHPR, i-1) * (0 +2A1) + A, i

The receiving time of the HPR

’ RWN'

Where OHPR is the transmission order of the HPR from node i.

When node B receives a Hello Packet from node A, node B
checks its next wake-up time. The node that woke up first, (node
A) next wake-up time is set as the parameter taw A = T wake. Node
B records and stores this wakeup information in the contention-
free transmission scheduling table, and node B stays in listening
mode, waiting for the next sender. Next, C wakes up and broadcasts
its Hello Packet. B hears this and compares its level of residual en-
ergy with the level indicated in C’s HP. B has less residual energy.
B nominates C as the next Responsible Wake-up node by sending a
Hello Packet Reply that now contains the updated contention free
transmission scheduling table. That is both A and B’s next wake-up
times. Node B’s next wake-up time is then calculated as follows:

tawB=taw A +2«T + T,

Where T, is the time that is required to transmit HPRand T,
is the time required by a node to perform Clear Channel Assess-
ment (CCA) checks. In the same way, the rest of the sender nodes
collect the wake-up schedule of the nodes that woke up before
them (predecessor) and calculate their wakeup schedule accord-
ingly. Node C remains in listening mode as it awaits the receiver

node.

Data transmission phase (When the receiver node is awake)
The receiver broadcasts its Hi packet (HiP) on wake up. The Hi
Packet fields are Sender ID (Receiver node ID), Receiver ID, Sender
Residual Energy, Wake up time, and Flag. The sender node that
is awake and also doubles as the Responsible Wake Node (RWN)
hears this packet, checks and confirms the sender ID (Receiver
node ID). Granted that the ID that is indicated in the Hi packet tal-
lies with the receiver ID, the Responsible Wake-up Node forwards
its data packet, which also contains the contention-free transmis-
sion scheduling table. The receiver node acknowledges data packet
reception by sending ACK, and the sender node then switches to
sleep as soon it receives the acknowledgment packet. The receiver
node also switches to sleep and wakes up later to collect the data
packet of the next sender node that will wake up since the conten-
tion-free transmission scheduling table contains all the next wake-
up times of this particular receiver. Whenever the receiver node

wakes up to receive a data packet, it first broadcasts a HiP.

Figure 3 is an illustration of the CFPS-MAC data transmission

phase. The Receiver R broadcasts a Hi Packet (HiP) on its wake-
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up. Sender Node C, which also doubles as the Responsible Wake-
up Node, receives this HiP and checks the sender ID (Receiver
node ID). If it matches the receiver ID, C sends its data packet R.
The data packet C sends is piggybacked with the contention-free
transmission scheduling table that has the sender’s next wake-up
times. The receiver node receives the data packets from the sender
nodes using the sender’s next wake-up time information, which is
included in the Schedule Table. The receiver acknowledges data
packet reception from C by transmitting the ACK packet. C switch-
es to sleep mode immediately after it receives ACK from R. In the
same way, node R switches to a sleep state due to the fact that it
knows the wake-up time of the next sender, that is, node A, and
also switching to a sleep state aids R in conserving its energy and
reducing its duty cycle schedule. R wakes up later in time to receive
sender node A’'s Hello Packet. R checks and confirms A's ID, and
then R sends its Hi Packet. A also checks receiver R’s ID, and then it
sends its data packet. R acknowledges data packet reception from
A by sending an ACK packet to A. Node A powers off its radio and
switches to a sleep state after receiving ACK from R. In a similar
approach, receiver R collects data packets from all the senders in-
dicated in the schedule table.

In case of Hello Packet (HP) Collision

CFPS-MAC employs a dynamic independent duty cycle sched-
ule. Therefore, there is a possibility that more than one sender
node can wake up and broadcast their Hello Packet (HP) at the
same time. In such a case, there would be a collision. Also, two
sender nodes can broadcast their HP at different times, but due
to the difference in propagation delay, their HP can collide at the
RWN. When HP collision occurs at the Responsible Wake-up Node,
the RWN remains silent in the listening mode because it cannot
decode the information in the overlapped (collided) Hello Pack-
ets. The Hello Packets that collide at the RWN will have been re-
ceived by any of the other sender nodes at different time intervals.
The sender node that receives a Hello Packet compares the level
of residual energy and waits for the Reply Waiting Time (RWT) to
elapse. When RWT elapses, the sender node with less residual en-
ergy will nominate the sender node with more residual energy as
the RWN through the Hello Packet Reply (HPR) transmission, and

then it goes to sleep mode. At this point, we have two nodes that
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have the role of RWN. When the node that first took on the role of

RWN receives this HRP, it will then also send its HPR, which con-
tains its next wake-up time, to the newly nominated RWN and then

go to sleep. In this way, the Hello Packet collision is resolved.

Figure 4 illustrates the Hello Packet collision. Node A wakes up,
broadcasts its HP, and goes into listening mode. RWT elapses, and
node A takes on the role of RWN. Sender B wakes up and broad-
casts its HP. Likewise, node C wakes up and broadcasts its HP. Due
to the difference in the propagation delay, the Hello Packets of
Nodes C and B collide at node A, which is the RWN. Node A does
not send HPR since it can not decode the information contained
in the collided HPs. A remains silent in listening mode. Node C’s
HP was, however, received by Node B. Node B waits for RWT to
elapse and nominates C as the RWN through an HPR since C has
more residual energy, and then B goes to sleep. Node A, which is in
listening mode, also receives B’s HPR. A will then send its HPR to
the new RWN, that is C since A has less residual energy compared

to C. Node A goes to sleep.

N

HP Collision

. @ Hele Node Actve Time
Packet Packet Reply & [INILRE LD

Figure 4: Hello packet collision.

Unscheduled sender waking up in the Data transmission
phase

CFPS-MAC employs a dynamic duty cycle. Due to this, there is a
possibility of a sender that did not participate in the initial phase
waking up in the data transmission phase. Such a sender node is
unscheduled because, in CFPS-MAC, the receiver node uses infor-
mation contained in the contention free transmission scheduling
table to collect data packets. The receiver node will have no infor-
mation about a sender node that is not contained in the Schedule
Table.

If an unscheduled sender node wakes up in the data transmis-
sion phase, it goes into listening mode. Using Clear Channel As-
sessments checks, it does not broadcast its HP because its HP will
interfere with the pending data transmissions and lead to both
control and data packet collision. The unscheduled sender will stay
in listening mode and listen to the HiP of the receiver node. From
the HiP, the unscheduled sender will know how many sender nodes
have so far sent their data packets and the sender nodes that have

not yet sent their data packets. This sender will also know at what
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times the sender nodes that haven’t sent their data will wake up to
send their data packets. This sender node will then go to sleep and
wake up when the last scheduled sender is sending its data packet.
It will then transmit its HP immediately after ACK transmission
by the receiver node. When the Receiver node receives this HP, it
checks the ST and creates a new entry since this sender node is not
scheduled. The receiver node then sends a HiP, and the unsched-
uled sender sends its data packet. The receiver node then sends
ACK and goes to sleep. The unscheduled sender node goes to sleep

after receiving this ACK packet.

Performance Evaluation and Discussions

This section discusses the simulation analysis of the proposed
CFPS-MAC. The performance evaluation of CFPSMAC is done using
the NS-2 simulator. In this simulation, we deployed 8 nodes in a
grid topology, and the receiver is placed in the center of the grid.
The transmission range is set to 500m. We considered a star to-
pology as depicted in Figure 5 and averaged the simulation results

over 30 independent runs.

In addition, for the purpose of better understanding, the values
were normalized before plotting. For comparison purposes, we
modeled the extension of RI-MAC named ES-MAC [38], where the
sender’s schedule is maintained by only one sender. This permits
the receiver node to retrieve data from all the sender nodes with-
out any collisions. CFPS-MAC performance improvement is demon-
strated with respect to the following metrics: energy consumption

and duty cycle of the senders.

Figure 5 depicts the network topology, and Figure 6, 7, and 8
show the performance of the schemes in terms of energy consumed,
average awake time and packet delivery delay against varying data
sizes. CFPS-MAC manages the sleep and awake periods of the nodes
based on the level of residual energy; thus, energy consumption
is minimized with fewer duty cycles. On the other hand, nodes in
ES-MAC stay in active mode till successful data delivery, therefore

incurring higher energy consumption and awake periods.
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Conclusion

In this paper, we proposed a Contention-Free Pipelined Sched-
uling (CFPS) MAC protocol based on Energy-efficient Duty cycling
that reduces node energy waste and data collection time in a sin-
gle-hop network. CFPS also reduces packet collision idle listening
and improves energy efficiency and network throughput. Sender
nodes in CFPS-MAC wake up before the receiver node takes turns
listening to the channel based on their residual energy and then
form a contention-free transmission scheduling table for their

next wake-up times. When the receiver node wakes up, it uses this
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contention free transmission scheduling table to collect the data

packets without any collisions. In addition, We have also provided a

mechanism that caters to the sender nodes that are not included in

the Schedule Table. Through simulation results, we observed that

CFPS-MAC reduces the overhead cost packet collisions, reduces the

overall duty cycle, and thus improves.
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