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Abstract: Wireless Sensor Network (WSN) is an emerging technology, which has a wide range of
potential applications starting from surveillance to health monitoring. Sensor nodes in WSN are always
power constraint as they are operated with batteries. Hence, it is prudent to design energy efficient
medium access control (MAC) protocols for the WSN to improve the network lifetime. In this paper,
an energy efficient MAC protocol for the wireless sensor network is proposed that allocate slots
dynamically to minimize the idle states of the sensors. The proposed protocol assists each node to
decide when and how to access the channel. The proposed idea is TDMA based and the slots are
allocated efficiently based on the traffic loads and to maintain the fairness. In our protocol, energy
efficiency is maintained by turning off the radio to sleep mode whenever necessary and at the same
time maintains the synchronization. In the proposed method, best efforts are made to reduce energy
wastage from various sources by adopting proper synchronization among the nodes and thereby
improving energy efficiency. Copyright © 2012 IFSA.

Keywords: Wireless sensor network, TDMA, MAC protocol, Slotted, Energy efficient.

1. Introduction

Recent advances in hardware and software for the wireless network technologies have enabled the
development of small sized, low-power, low-cost and multi-functional sensor nodes [1], which consist
of sensing, data processing and wireless communicating components. These nodes are operated with
very low powered batteries and are deployed hundreds to thousands to form the wireless sensor
network (WSN). In WSN, nodes form the network dynamically without help of any infrastructure and
are deployed randomly. Those nodes are supposed to sense a phenomenon, process the collected data
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in a collaborative manner, and should route the results to an end user. Typical applications of wireless
sensor networks are the environmental monitoring, military surveillance, health monitoring, target
tracking, inventory management, and many more [2-4]. It is envisioned that the sensor network is used
to collect useful information in physical environments over a long time period for scientific data
analysis, where battery is the main source of energy for the sensor nodes. However, sensors have
limited energy and it is difficult to recharge or replace the battery after deploying them over a hostile
environment or in harsh terrains. However, it is expected that the sensor network systems should
monitor the area for a long time after deployment. Therefore, energy efficiency plays an important role
in WSNs.

For achieving energy efficiency, scheduling is one of the solutions in WSNs. In scheduling, normally
subsets of sensors have to be active for a certain period of time such that each subset can guarantee the
coverage and connectivity and can maximize the network lifetime. However, a common challenge in
wireless networks is collision, resulting from two nodes sending data at the same time over the same
transmission medium. Hence, medium access control in all shared-medium such as wireless networks
is an important technique that enables the successful operation of the network. Normally, MAC
protocols are developed to assist each node to decide when and how to access the channel. This
problem is also known as channel allocation or multiple access problems. The MAC layer is
considered as a sub layer of the data link layer in the network protocol stack and the main goal of
designing an efficient MAC protocol is to avoid collisions from interfering nodes. Besides, the
medium access decision in a dense network of nodes with low duty-cycles is a challenging problem,
which must be solved in an energy-efficient manner [5]. Since, communication in sensor network
causes more energy consumption than computation, it is essential to minimize the cost of
communication to satisfy the desired network operations. Generally, an efficient MAC protocol can
save large amount of energy because of the appropriate sleep and wake-up schedules.

Design of MAC protocols are divided into contention-based and reservation-based. There are quite
varieties of MAC protocols designed recently, which are developed for wireless voice and data
communication networks. The most popular contention free based protocols are the time-division
multiple access (TDMA), code-division multiple access (CDMA), and frequency division multiple
access (FDMA). Their basic idea is to avoid interference by scheduling nodes onto different sub-
channels that are divided either by time, frequency or orthogonal codes. Since these sub-channels do
not interfere with each other, MAC protocols in this group are collision-free. Another class of
contention-based protocols like IEEE 802.11MAC is based on contention rather than pre-allocate
transmissions. In contention-based methods like IEEE 802.11 protocols, nodes compete for a shared
channel, resulting in probabilistic coordination. In CSMA, a node listens to the channel before
transmitting and may wait for a long time. Nodes still waste lots of power being idle for a long time
and wait for the possible traffic to receive, though, no traffic is sent to it. Previous studies [6] show that
the idle listening consumes more energy as compared to the energy consumption for receiving data. In
the reservation-based schemes, generally sensor nodes are assigned to fixed channels, such as TDMA-
based and LEACH [7] protocols. It is not easy to modify its frame length and time slot assignment
dynamically, if number of nodes within a cluster changes. Hence, its scalability is not as good as that
of the contention-based protocols.

A simple solution to extending network lifetime is to operate the nodes in a duty-cycled manner with
periodic switching between sleep and wake-up modes. While synchronization of such sleep schedules
is challenging in itself, a larger concern is that arbitrarily long sleep periods can reduce the
responsiveness and effectiveness of the sensors. In applications where it is critical that certain events in
the environment be detected and reported rapidly, the latency induced by sleep schedules must be kept
within strict bounds, even in the presence of network congestion. A simple solution to extend network
lifetime is to operate the nodes in a duty-cycled manner with periodic switching between sleep and
wake-up modes. While synchronization of such sleep schedules is challenging in itself, a larger
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concern is that arbitrarily long sleep periods can reduce the responsiveness and effectiveness of the
sensors. In applications where it is critical that certain events in the environment be detected and
reported rapidly, the latency induced by sleep schedules must be kept within strict bounds, even in the
presence of network congestion. Since, energy efficiency is the foremost criteria for wireless sensor
networks, efforts for efficient usage of energy are mainly focused on reducing the collision by
switching to low power node and to be favorably adapted to changes in traffic. However, the traffic
adaptive medium access protocols as proposed earlier are TDMA based protocol that has been
designed for energy efficient collision free channels in WSN. In this paper, an efficient TDMA based
MAC protocol is proposed to reduce the power consumption by ensuring collision free transmission
and by switching the nodes to low power idle state when they are not transmitting or receiving.

The reminder of the paper is organized as follows. Related works of different medium access protocols
of WSN are discussed in Section 2. The system model and our proposed MAC protocol are described
in Section 3. Performance evaluation of the proposed MAC is given in Section 4. Conclusions are
made in Section 5 of the paper.

2. Related Work

All medium-access control (MAC) protocols for wireless networks manage the usage of the radio
interface to ensure efficient utilization of the shared bandwidth. MAC protocols designed for wireless
sensor networks have an additional goal of managing radio activity to conserve energy. Thus, while
traditional MAC protocols must balance throughput, delay, and fairness concerns, WSN MAC
protocols place an emphasis on energy efficiency as well. So far, lots of efforts are made by different
researchers in the field of designing an efficient MAC protocol. Scheduled based MAC protocols are
either based on polling or multiplexing to avoid energy waste caused by collisions but introduces
polling overhead and delays. In case of multiplexing, channels are pre-allocated based on time,
frequency, or code multiplexing. Scheduling based approaches often form clusters with cluster
controllers responsible for the channel allocation. Since only a certain number of channels can be
allocated the scalability might be limited then. On the contrary, contention-based protocols allow
sharing channels and allocating channels on-demand. But, collision avoidance is difficult to achieve in
WSNs due to hidden nodes and densely deployed nature of the sensors. Though these protocols are
simple, scalable and flexible, their major drawback is a high idle listening time.

Various MAC protocols proposed so far for wireless communication come under the above both
categories. Besides, several MAC protocols designed specifically for the wireless sensor networks.
Authors in [6] propose the Sensor-MAC(S-MAC) based on IEEE 802.11 protocols, which is
specifically designed to reduce the energy wastage. The basic idea in this protocol is that the time is
divided into fairly frames, which has active and sleeping intervals. Each sensor node communicates
with another during the active interval and turns off its radio during sleep interval. It enables the nodes
to operate at low duty cycle by putting them into periodic sleep instead of idle listening. Although, S-
MAC conserves more energy than IEEE 802.11 MAC mechanism, the fixed duty cycle increases the
latency and cannot sustain the heavy traffic load. To minimize the number of duty-cycles of S-MAC,
authors in [8] improve the idle listening by using variable length of time, and propose the Timeout-
MAC (T-MAC). According to this protocol, if no activity is found for certain time duration in the
vicinity of a node, it goes to sleep state. Though, the burden of selecting appropriate duty-cycle is
reduced, the latency in T-MAC increases, as the data arrived during sleep cycle is queued until the
next active cycle is started.

An adaptive mechanism that determines the sleep and wake-up schedules for a node based on its own
traffic and the traffic patterns of its neighbors is proposed in Pattern-MAC (P-MAC) [9]. P-MAC
changes the periodic fixed duty cycle and is able to achieve a better throughput under high traffic load

35



Sensors & Transducers Journal, Vol. 142, Issue 7, July 2012, pp. 33-43

and conserves more energy under light traffic load than S-MAC and T-MAC. However, a large control
packet overhead is involved in P-MAC, which reduces the throughput and creates a burden under high
traffic load. Though, most of the MAC protocols are proposed for the static sensor nodes, MMAC [10]
focuses on mobile sensors. As proposed in MMAC, it can handle both strong as well as weak mobility
of nodes. Strong mobility refers to frequent topology changes due to concurrent addition of nodes to
the existing network, and physical mobility either because of mobility in the medium or by means of
special motion hardware. Weak mobility refers to regular topology changes. Node joins to the network
and may be dead after certain duration of time. In MMAC, nodes are allowed to transmit at particular
time-slots, based on the traffic information and mobility pattern of the nodes. This makes MMAC a
scheduling-based protocol and thus guarantees collision avoidance. MMAC uses a distributed
contention based algorithm that affects transmission rights of a node at particular time-slots based on
traffic information and mobility pattern of the nodes. It adapts the frame-time, transmission slots and
random-access slots according to mobility of nodes and is designed in such a way that if a large
number of nodes are expected to enter or leave the two hop neighborhood of a node, then the frame
time can be reduced and vice versa.

A Traffic-Adaptive Medium Access (TRAMA) protocol [11] is proposed for the WSN, which provides
energy-efficient conflict free channel access mechanism in wireless sensor networks. It employs a
traffic adaptive distributed election scheme that selects receivers based on schedules announced by
transmitters. Nodes using TRAMA exchange their two-hop neighborhood information and the
transmission schedules specifies which nodes are the possible receivers of their traffic in an order.
Though, TRAMA is energy efficient while maintaining good throughput, acceptable latencies, and
fairness, it suffers with several disadvantages. The main drawback in TRAMA is the overhead due to
explicit schedule propagation. Besides, since every node calculates each of its 2-hop neighbor’s
priorities, it has a high duty cycle and to accommodate topological changes, TRAMA alternates
between random and scheduled access and thus consumes more energy. u-MAC [12] shares a common
architecture with TRAMA, though the communication channel in p-MAC is divided into a contention
and a contention-free period. It addresses the problem of achieving very low radio duty-cycles in
sensor nodes, but simultaneously provides good delivery rates, low buffering requirements and delay
characteristics that can support several real world applications. u-MAC considers traffic behavior of
the wireless sensor networks to increase the efficiency of radio utilization and thus reduce the duty-
cycles. Though it aims at maximizing sleep ratios while keeping message latency and reliability at
acceptable levels, it heavily relies on information provided by upper layers to improve its radio
utilization.

B-MAC [13] proposes a set of core functionality and an interface that allows the core components to
be tuned and configured depending on higher-layer needs. B-MAC comprises features like low-power
listening, and clear channel assessment, which determines whether the channel is busy or not by
examining multiple adjacent samples and using an appropriate detection technique. B-MAC is a light-
weight protocol that provides an interface to the applications for implementing their own MAC. It can
minimize the idle listening to improve the energy efficiency and to have higher throughput. An
application-specific solution is provided by the data-gathering MAC (D-MAC) [14], which applies
only to flow on a predetermined data-gathering tree going up from the various network nodes to a
common sink. It proposes a different form of sleep schedule, where nodes at each successive level up
the tree and follow a receive—transmit—sleep sequence that is shifted to the right. It allows data and
control packets to sequentially traverse all the way up a tree with minimum delay and allows requests
for adaptive extensions of the active period to be propagated all the way up the tree, thereby reduces
the interference by separating active periods at the different levels. However, it is not a general
purpose MAC as it applies only to one-way data-gathering trees. From the study of different
researchers, it is evident that to improve the energy efficiency of sensors, several factors such as idle
listening, overhearing, and collision should be minimized. Hence, in this paper we propose a slotted
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MAC protocol to dynamically allocate the slots to different nodes based on the number of nodes that
want to communicate data and ensure fairness and reduce idle listening to the best possible extent.

3. Proposed MAC Protocol
3.1. System Model

Consider a multi hop wireless sensor networks, where a sensor may have several nodes as its
neighbors. It is assumed that the whole network is divided into several clusters and each cluster has a
head, which is considered as the data allocator in our protocol. For allocating slots dynamically and
more efficiently, an allocator is selected among all nodes present in a cluster. As shown in Fig. 1, let
‘O’ be a cluster head and therefore is an allocator among its one hop neighbors. Let, A, B, C, D and E
be the one-hop, M, N, P, Q and R are be the two-hop and K and L be the three-hopneighbors of
allocator node ‘O’. Thus each node has one and two hop neighbors as in case of node ‘O’. It is
assumed that a node may have to receive data sent from a single receiver or from multiple receives at
the same time. Besides, the data have to pass through the allocator node as they may not be directly
connected to each other. For example, as shown in Fig. 1, node B may have data from node A or from
nodes A and C. Since, node B is connected to nodes A and C directly, it has to transmit its data
through the allocator node ‘O’ in a multi-hop fashion. Based on the traffic load of different sensors that
are directly connected to ‘O’, allocator ‘O’ has to analyze the traffic of each of its neighbors and has to
allocate different number slots to its one hop neighbors.

Fig. 1. A multi-hop WSN with node ‘O’ as the cluster head (Allocator).

3.2. The MAC Protocol

Energy efficiency is an important bottleneck of wireless sensor networks. In order to minimize the
energy consumption of nodes in a wireless sensor networks, we design here a protocol that avoids the
collision, idle listening, and overhearing. In this section, a TDMA based MAC protocol is proposed to
allocate slots to the nodes based on their priority and at the same time, it maintains the fairness. By
allocating specified number of slots to the nodes having data to transmit, overhearing and idle listening
are reduced. Besides, attempts are made in our protocol to allocate slots to the nodes based on their
requirements by ensuring collision avoidance. Initially, all nodes in a cluster are in the active state and
synchronize with the cluster head to transmit the control message to it. It is to be noted that cluster
head of a cluster is the allocator that decides the number slots to be allocated to different sensors of
that cluster based on their demands. Nodes of a cluster having data to transmit to the nodes of the same

37



Sensors & Transducers Journal, Vol. 142, Issue 7, July 2012, pp. 33-43

or different cluster send the Request_To_Allot (RTA) message to the allocator. Then, allocator node
sends a Clear_To_Allot (CTA) message to the node, which has requested the time slots. In the RTA
packet, a node has to put the ID of the destination node, amount of data it wants to send and duration
of its transmission in form of slots. Then, the allocator has to decide the number of slots based on its
priority, availability of slots and demands of slots by other nodes of the same cluster.

As shown in Fig. 2, node ‘A’ first sends the RTA packet to allocator ‘O’, which is responded by a CTA
packet to node A. When the CTA packet is sent to node A, all nodes within communication range of
‘O’ can receive it and go to the sleep state for certain duration of time as defined by the allocator in the
CTA packet. Then node ‘A’ gets the right to use the channel for a specific duration of time as defined
by ‘O’ and is based on its demand. For example, suppose node ‘A’ needs ‘t’ units of time to transmit
data to a destination node, which is informed to ‘O’ by means of the RTA packet. Then ‘O’ broadcasts
the CTA packet as the control message to its entire neighbors that specifies the duration of time that
node ‘A’ has to use the channel. Upon receiving this control message, other nodes except ‘A’ will go
to the sleep state. However, before going to the sleep state, other nodes send their acknowledgement
(ACK) to the allocator and mention about their requirements to use the channel. Since, in a cluster,
only one node remains in active state at a time, collision among other nodes is reduced.
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Fig. 2. Negotiation and allocation of slots between the allocator and its one-hop neighbors.

It is to be noted that the allocator decides how efficiently it can assign slots to its neighbors so that all
nodes can get a fair share to access the channel and can synchronize with it after transmission of data
by a node of the cluster. Hence, it is prime duty of the allocator to assign slots based on the quantity of
data that a neighbor wants to transmit. If the allocator assigns slots in FCFS (First Come First Served )
pattern, nodes which come last have to starve, even though it requires minimum number of slots.
Hence, solution to this is to adopt the Round-Robin scheduling algorithm, by which all nodes
irrespective of their quantity of data can be given equal chances to get the required number of slots. As
per this slotted scheduling mechanism, each node will be allotted slots partially as per their need, but
in a phase-by-phase manner. Thus, by implementing this scheme fairness can be maintained properly
as no node can be starved. For example, as shown in Fig. 3, node ‘D’ and ‘E’ require less number of
slots to transmit their data as compared to others nodes of the cluster. Hence, by using FCFS
scheduling, obviously nodes ‘D’ and ‘E’ will suffer from starvation.

38



Sensors & Transducers Journal, Vol. 142, Issue 7, July 2012, pp. 33-43

40

Slot for B| Slot for C Slot for D

Fig. 3. Example showing starvation of nodes due to inefficient slotted mechanism.

In order to minimize starvation and to maintain the fairness among nodes, the allocator has to divide
all requested slots into segments with minimum requested number of slots. For example, as shown in
Fig. 4, let A, B, C and D be four one-hop neighbors of an allocator node ‘O’. Suppose, node A, B, and
D have 5, 10, and 15 units of packets to transmit to receivers R;, R, and Rs, respectively. Here, node C
has no data to transmit and therefore it does not make any request, whereas nodes A, B, C and D send
their request through the RTA packet to the allocator ‘O’. Since, 5 is the minimum number of requested
packets, allocator ‘O’ divided 5, 10 and 15 packets in the multiple of 5 and allocate only 5 packets to
each node. Then using Round-Robin scheduling algorithm, it allocates the slots to the nodes to use the
channel so that fairness is maintained and no node remains starved.
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Fig. 4. Allocation of slots and allotment of nodes using Round-Robin scheduling.

4. Performance Evaluation

In this section, we evaluate the energy consumption, and latency of S-MAC, T-MAC, TRAMA and
our protocol by means of simulation. Our protocol is simulated using NS 2.29 [15]. A network area of
size 100 m x 100 m is considered for the simulation, where 50 sensor nodes are distributed randomly.
The communication range of each node is fixed as 10 m. The transmitting power is set to be 2 W,
receiving power is 1W, idle power is 1 W and the sleeping power is set to be 0.001 W. It is assumed
that each node has initial energy of 1000 Joules. The bandwidth is set to be 20 kbps and each control
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packet size and data packet size is kept to be 10 bytes and 512 bytes, respectively. The default duty
cycle is set to be 10 % as same as S-MAC. We also measure the metrics under different traffic loads in
the network. The two major performance metrics that we have used in our simulation are the average
energy consumption, which is the aggregate average energy consumed by all nodes of the entire
network with packet inter-arrival rates. We describe our simulation results as follows.
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Fig. 5. Average energy consumption with inter packet arrival rates.

In our simulation, we have analyzed the average energy consumption and average end-to-end
transmission delays for the different values of inter packet arrival rates. The packet inter-arrival rate is
considered as the interval between two packets sent from one node to another. The energy
consumption for different MAC protocols with inter packet arrival rates is shown in Fig. 5. It is
observed that TMAC saves more energy than SMAC, as the sensors sleep after a pre-defined period of
idle listening time is elapsed. Because of the adjustment of active and sleep schedules, energy saving
in PMAC is better than TMAC. More energy is saved in our protocol, since each node wakes up in
limited slots instead of being active during the whole listening intervals. Moreover, in our protocol,
energy conservation in a heavy traffic environment is more significant.
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Fig. 6. Average end-to-end delay with inter packet arrival rates.

The simulation results for the end-to-end delay for different packet arrival rates are shown in Fig. 6. It
is to be noted that the delay decreases when packet inter-arrival rate increases. From the simulation
results, it is observed that the latency in TMAC is worse than SMAC, since the premature elimination
of the active time in TMAC causes longer sleeping interval in SMAC. On the other hand, PMAC is
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better than SMAC and TMAC, since it can adjust the wake-up schedules based on their neighbor
scheduling pattern. Under heavy traffic load, collision will cause packet delay. Therefore, sensor nodes
in PMAC updating their pattern in every wake-up time slot, causes more delay than our MAC
protocol. The simulation results of energy consumption for different ratio of duty cycles are shown in
Fig. 7. From the figure, it is found that more energy could be consumed, if duty cycle is increased. It is
observed that SMAC and TMAC have less power saving than PMAC and our protocol. We can see
that the energy consumption of those protocols is very high after about 80 % of the duty cycle.
Measurement of end-to-end delay is shown in Fig. 8. It is found that our protocol outperforms over
other MAC protocols, because of the alter time of the next-hop to send packets continuously. The
energy wastage increases rapidly after the duty cycle achieves to 20 % and almost out of power at
80 %, and the latency will work better when the value is less than 40 %. We notice that those protocols
work well when the duty cycle is 10 %.
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Fig. 7. Average energy consumption with different duty cycles.
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Fig. 8. Average end-to-end delay with different duty cycles.

In our simulation, we have considered different set of neighbors that are attached to each allocator. We
have simulated our protocol with different topologies and have compared the same with other MAC
protocols. As shown in Fig. 9, we find that more amount of energy is consumed for more number of
neighbors. PMAC spends less power than SMAC and TMAC. According to our protocol, if any two
nodes wake up at a single slot and we achieve better energy saving than others. The measurement of
end-to-end delay is analyzed and presented in Fig. 10. Since, more collision occurs due to increase in
neighbor numbers, we can see that the increase in number of neighbors affect the end-to-end delay.
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Though SMAC has less amount of end-to-end delay than TMAC, it is almost same when neighbor
numbers is within 15 or 20. It is observed that our protocol has better performance over other MAC
protocols, as perfect node scheduling and efficient slot allocation among nodes are made.
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Fig. 9. Average energy consumption with different number of neighbors.
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Fig. 10. Average end-to-end delay with different number of neighbors.

5. Conclusions

In this paper, a slotted MAC protocol based on Round-Robin scheduling algorithm is proposed. The
main motive of our work is to minimize the energy consumption and end-to-end delay as compared to
few well known MAC protocols of the wireless sensor network. We use a slotted method to allocate
slots to the nodes based on their traffic load. At the same time, our protocol can strictly maintain
fairness and no node will be in the starvation state. The major contribution of our work is to propose an
efficient MAC protocol, which can still improve the energy wastage and latency due to collision under
high traffic load. Our simulation results show that our protocol outperforms in terms of energy saving
and end-to-end delay over other MAC protocols for different duty cycles and neighbor numbers.
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