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Abstract—Recent advances in wireless technology have brought
us closer to the vision of pervasive wireless sensor networks. In
sensor networks, the nodes have limited energy resources and the
applications generally demand timely delivery of the packets.
Therefore, high energy efficiency and reduced latency are of
paramount importance. The medium access control layer plays a
crucial role in managing the energy spent on communication and
keeping the latency in check. In this paper, a real time wireless
media access control protocol based on earliest deadline first
scheduling scheme is proposed. Unlike its predecessors, this new
protocol is applicable to both event-driven and clock-driven nodes
with salient features being high energy efficiency and priority
based latency. We establish the improved latency performance
over carrier sense multiple access protocol, through simulation
of wireless sensor network in network simulator-3. Then, we
present a mathematical model to obtain the lower bound on the
fraction of energy saved by the use of the proposed protocol
as opposed to existing protocols. This improvement in latency
performance facilitates an increase in cluster size and energy
efficient communication ensures increased lifetime of the sensor
network, which makes our protocol a promising choice for the
future wireless sensor networks.

Index Terms—Media Access Control, Prioritized Latency Re-
duction, Energy Efficient Protocol, Earliest Deadline First

I. INTRODUCTION

With the availability of small, low-cost and low-power
sensors, radios, and micro-controllers the vision of ubiquitous
wireless sensor networks(WSNs) has become a reality [1].
However, it is seen that the deployment of large WSNs
is often limited by high latency in data delivery and low
battery life-time [3]. These problems stand in the path of
the tremendous growth WSNs are forecasted to have in the
coming years [2]. In literature, multiple solutions have been
proposed to reduce the latency involved in a large network.
Also, a few energy efficient communication techniques have
been proposed to increase the life-time of WSNs [5], [6]. In
[5], the authors try to extend the lifetime through adaptive
sleep and [6] presents a survey and formal analysis of a variety
of network lifetime maximization problems in different energy
consumption models.

One way to attack the above mentioned problems is to
employ an intelligent media access control(MAC) layer. A
MAC protocol regulates channel access, i.e. it specifies when
a node can transmit and when it is expected to receive data. A
good channel access mechanism is one which ensures timely
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delivery of packets, avoids collisions among nodes and saves
energy [8]. Thus by designing an intelligent MAC layer, one
can expect an increase in the energy efficiency of the network
and also a significant reduction in the latency.

MAC protocols can be broadly classified into two classes
[9] namely, contention based(CB-MAC) and scheduling based
(SB-MAC). In the class of CB-MAC protocols, the channel
access policy is based on competition. There is no schedule a-
priori. A Few well known examples of this class of protocols
are S-MAC[10], B-MAC[11], CC-MAC]|12]. Whereas, in SB-
MAC the nodes are allotted slots, which are dynamically
updated. Nodes transmit only during allocated slots thereby
avoiding contention. Several non-contention based MAC pro-
tocols [13] based on scheduling schemes and time division
have been proposed. Although the class of CB-MAC protocols
performs well when the cluster size is small, the performance
of such MAC protocols deteriorate rapidly as the cluster size
increases [14]. Due to a very large number of nodes competing
for access of the medium, several nodes may experience long
delays in transmission, leading to poor latency performance.
Furthermore, a lot of energy is wasted in sensing the channel
[15] leading to extreme energy inefficiency. Hence, CB-MAC
protocols are deemed unsuitable for WSNs [16]. When cluster
size is large, which is typical of the future WSNs, the class
of SB-MAC protocol perform better.

In some sense, the class of SB-MAC protocol is simply a
scheduling algorithm. The challenge of designing a scheduling
algorithm suitable for communication networks is an active
area of research. Due to rapid changes in the topology of
WSNs dynamic priority algorithms are best suited for the
scheduling the medium access in a WSN. Dynamic priority
algorithms are those where the priority of a task can change
during its execution. One of the most important and analysed
dynamic priority algorithm is earliest deadline first (EDF)[17].
In this paper, EDF is used as base to develop up an energy
efficient scheduling algorithm for WSN which offers low
latency for nodes with high priority.

In literature, a few EDF based MAC protocols have been
proposed. In [18], the author has presented I-EDF, an EDF
based MAC protocol for WSN. The simulation results show an
improved delay performance over carrier sense multiple access
collision avoidance (CSMA/CA) MAC protocol. CSMA/CA
being widely used as a MAC protocol in WSNs serves as a
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good benchmark for comparing the performance of new MAC
protocols. An extension of the [-EDF is Robust Implicit EDF
(RI-EDF) [19], which uses EDF based scheduling scheme and
works well in cases of node failures and topology changes in
the network. However, these MAC protocols are designed only
for clock-driven nodes i.e. nodes in which the transmission of
data is governed by a clock and do not perform well in a
WSN with event-driven nodes i.e nodes in which a packet
is generated depending on external factors. Secondly, in both
these protocols the radios on the nodes are always powered
on. This consumes a lot of power and is therefore not energy
efficient.

In this paper, we present energy efficient earliest deadline
first based MAC protocol(EEDF-MAC). As the name suggests
this scheduling algorithm increases the energy efficiency of
the network and decreases the latency involved. EEDF-MAC
is designed for WSN with both event-driven and clock-driven
nodes. In EEDF-MAC, energy efficiency is achieved by turn-
ing off the radios of nodes which do not transmit or receive
data thereby addressing the emerging problem of increased
power consumption in a WSN.

The rest of the paper is organised as follows. In Section II,
the terminology and various assumptions involved with EEDF-
MAC are introduced. In Section III, the working of EEDF-
MAC is discussed. In Section IV, the simulation of EEDF-
MAC in network simulator-3 (ns-3) [20] is discussed; the
results of latency performance are interpreted and analysed.
In Section V, we present a mathematical model to obtain
a tight lower bound on the fraction of energy saved when
using EEDF-MAC as opposed to CSMA/CA. In addition
to a mathematical bound, we also discuss the practically
achievable energy savings through a numerical illustration.
The conclusions and future scope are presented in Section
VL

II. TERMINOLOGY AND ASSUMPTIONS

Based on the trigger for data transmission, wireless sensor
nodes can be broadly classified into two types, namely clock-
driven nodes and event-driven nodes. Clock-driven nodes
function based on a periodic schedule decided by the node’s
internal clock. Generation and transmission of data packets is
also periodic and is triggered by an internal clock. Such nodes
are usually deployed in applications where environmental
parameters are to be constantly monitored. For the i*" clock-
driven node, the period of data generation is d;.

On the other hand, data transmission from an event-driven
node is triggered by an external agent. Such nodes are usually
deployed in safety applications. For instance, a wireless sensor
node deployed to report a gas leak in a mine will transmit
data only when a casualty occurs. Additionally, different event
driven data will have different priority. For example, a slight
increase in humidity is far less important than a gas leak in a
mine. e; is the priority assigned to the i** event-driven node
and takes values 1,2,3 and so on; 1 being the highest priority.

Given the data rate and the size of the data, the time taken
to transmit the data over the wireless channel is also known.
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Say, t; is the data transmission time for the it" node. In the
above formulation, we have assumed that each node transmits
only one type of data. In practice, every node can transmit
both event-driven and clock-driven data. In such a scenario,
our formulation is applicable with the following modifications.

o Every data in the network is given a unique id.

o d; is the period of data generation of the i*" data, which

is of clock-driven type.

e e; is the priority assigned to the i*” data, which is of

event-driven type.

o t; is the data transmission time for the i" data.

In EDF scheduling scheme, time slots are allocated to
different processes based on the absolute deadline. The time
period of each slot is also the time at which a decision
regarding the allocation of next slot is taken. This decision
interval T} is calculated according to (1),

Ty =gcd(t;), Vi= lton (1)

where n is the total number of nodes in the network.

A valid schedule is one in which all the data transmissions
are successfully scheduled. The minimum time period required
for a valid schedule is called hyper-period of the EDF schedule
(T}, epr). The time interval for one hyper-period is computed
according to (2).

Th.epr =lem(d;), Vi = 1ton 2)

where n is the total number of nodes in the network.

The schedule for one such hyper-period is a function
of all ordered pairs (¢;,d;). If all the ordered pairs remain
unchanged for the subsequent hyper-periods, then the schedule
for the subsequent hyper-periods will also remain same. From
Theorem 7 in [17], it is known that a schedule will exist iff
U<, where U is given by (3).

n tl
U = — 3
2 ®
where n is the total number of nodes in the network.

In practice the ¢;’s are of the order of millisecond (ms) and
d;’s are of the order of second (s). Then, each (tT is of the
order of 1073, Therefore, we can safely assume that a valid
schedule will exist for atleast 1000 nodes in one cluster which
is far more than the practical requirements.

III. THE EEDF-MAC PROTOCOL

The EEDF-MAC protocol can be broadly classified into 4
phases as follows:

1) Network Initialization Phase

2) Schedule Broadcast Phase

3) Data Transmission Phase

4) Synchronization Phase

The following subsections elaborate on the details of infor-
mation exchange in EEDF-MAC for a single-hop network.
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* €D : Send (t,d) to sink using CSMA/CA.
¢ ED : Send (t,e) to sink using CSMA/CA.
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Initialization
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® SN : Sends control message to terminate the stage.

Schedule

CEll= it ® ON : Receive the schedule.

*SN : Computes EDF Schedule for one T;, ¢ period & broadcast to all nodes.

Data * CD : Access medium according to schedule.
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Phase * SN : Regulates scheduling and receive data.

Transmission

ctr(Ty o) ++

Terminology

* CD : Clock Driven Node
* ED : Event Driven Node
* SN : Sink Node

* ON : All other Nodes

Figure 1.

A. Network Initialization Phase

This is the first phase of the MAC protocol and occurs
only once when the network is being set up for the first time.
The network consists of several clock-driven and event-driven
nodes, one sink node. Every clock-driven node transmits
(t;,d;) to the cluster head using CSMA/CA. Every event-driven
node transmits (¢;,e;) to the sink node using CSMA/CA. The
network initialization phase is terminated by a control message
from the sink node after reception of the required information
from all the nodes in the network.

B. Schedule Broadcast Phase

This is the shortest phase of the MAC protocol. The sink
node now knows the total number of event-driven and clock-
driven nodes in the network. The sink node computes the
schedule for all the clock-driven nodes for one hyper-period
based on EDF scheduling scheme. To account for the event-
driven nodes in the network, the EDF schedule is padded with
time slots 7;. This completes the formation of the access table.
T is the time during which all the nodes in the network expect
a message from the sink regarding the scheduling of event-
driven data. The final frame including the schedule for all
the clock-driven nodes for one hyper-period and the listening
time slots is the effective hyper-period (1}, . ). The sink node
broadcasts the access table to all the nodes.

C. Data Transmission Phase

This is the longest phase of the MAC protocol. On receiving
the access table, the nodes synchronize with the access table.
In any period T, only the node with the medium access has
its radio on and all other nodes have their radio turned off.
Hence the power savings. After every ¢ x Tys, every node
turns on its radio for an interval 7; during which the changes
in the access table, if any, are received from the sink node. The
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Synchronization
Phase

® CD : Send new (ti,di), if any, to sink node.
* ED : Send new (ti,ei), if any, to sink node
® SN : Update Network Data

Functions of different types of nodes during each phase of EEDF-MAC

changes in the access table are due to an arrival of high priority
event driven data. ¢ is decided by the sink node based on the
number of event-driven nodes in the network. Intuitively, a
network with lot of event-driven nodes will have a low value
of ¢ and a network with less event driven nodes will have
a high value of ¢. This is because a network with higher
number of event-driven nodes will have a higher probability
of occurrence of an event. The details of dynamic updating of
T; and ¢ are presented in the form of algorithm 1.

When an event occurs at a node, the event-driven node
communicates e; to the sink node using CSMA/CA during
the next 7;. On reception of the priority information from
the node, the sink node looks up for the corresponding data
transmission time ¢;. In case of multiple events, the sink node
computes the schedule for the event driven nodes based on
the assigned priorities e;’s. Then, the sink node broadcasts the
access table for the event-driven nodes and 7T,, where T, is
given by (4).

.=t 4)

€@
where Q is the set of indices of all the nodes on which an
event has occurred.

On receiving a change in the access table, every node defers
the access table by a time 7. The event-driven nodes transmit
data according to the received access table and the radio cycles
are now synchronized according to the updated access table.
This completes the data transmission for one effective hyper-
period. This cycle repeats for every effective hyper-period. In
this manner, a controlled reduction in latency for high priority
(event-driven) data is achieved.

Fig 2 shows an example of an access table. In the second
effective hyper-period, clock-driven node with id 1 has the
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Figure 2.  An illustration of an access table

channel access between time instants 1-3, where each time
instant corresponds to a time 7. The channel access for
node 2 is pre-empted by node 3. Here, ¢ is 3 x T,; which
is intelligently decided by the sink node. During time instants
1-3, all other nodes except node 1 have their radios turned
off. From time instants 4-5, all the radios are powered on to
check for any event-driven data in the network. During the
listening period from time instant 8, a deferral in access table
is received due to an event in the network. Hence, the 7, at
time instant 9.

D. Synchronization Phase

The synchronization phase is required to address the
changes in the network topology due to node failures or
addition of new nodes. This phase occurs after every
effective hyper-periods, where 1) is determined based on the
frequency of topology changes in the network. A network
prone to have rapid topology changes will have a lower value
of ¢ as opposed to a network with less frequent topology
changes.

All the new clock-driven nodes and event-driven nodes with
any changes in the timing parameters transmit their respective
(t;,d;) to the sink node using CSMA/CA. Similar information
is transmitted by the event-driven nodes. This information is
used to create a new schedule for the next v effective hyper-
periods. The network data from the previous effective hyper-
periods is used to dynamically update 7; and ¢ according
to algorithm 1, so as to achieve higher energy efficiency
and latency reduction. The sink node uses metrics like the
total number of events occurred since the network set-up
(Nevent), number of hyper periods lapsed since network set-
up (Nhyper), Nnumber of hyper periods in the previous super
period (Anpyper) and the total number of listening slots
(n;*™), to evaluate 7; and ¢ for the next super period. 1;
is evaluated to approximate to the average number of events
during one listening slot. The frequency of listening slots ¢
is set such that it is close to the frequency of events averaged
over the all events until that particular synchronization phase.
These dynamic adaptations in listening time and frequency of
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listening slots make EEDF-MAC robust to changes in network
topology.

Fig 1 summarizes the functions of different types of nodes
during each of the phases of EEDF-MAC.

Data: Th B Tcs’ma
Result: Evaluation of 7} and ¢
Initialization: ncyent := 0, Npyper = 0, Anpyper :=0,
n;™ =0, ng;
while in data transmission phase do
if event occurs on an event-driven node then
‘ Nevent € Nevent T ]-;
end
if hyper period is completed then
Nhyper — N hyper +1;
Anhy}oer — Anhyper + 1;
end
end

while in synchronization phase do
ny Nevent «

’%Z}yper ’
@ L2
Ny = ni"" 4+ g X Anpypers
Neven .
ﬂ — |_ n[sumtJ X Tcsma,
Anhyper < 0;

end
Algorithm 1: Dynamic updating of 7; and ¢

IV. SIMULATION RESULTS

The performance analysis of the proposed EEDF-MAC
protocol is studied through simulations in ns-3. We have
simulated a single-hop network with an increasing number
of clock-driven nodes. The nodes are uniformly distributed
around the sink node in a 150 m x 150 m square grid. These
dimensions of the square grid are chosen to imitate the node
density of a WSN deployed for home monitoring [16]. Fig
3 shows a snapshot from the simulation with 110 nodes in
a home area. Every node has 10 packets of same size to be
transmitted to the sink node. The size of each packet is 1024
bits and the data rate of the channel is 1Mbps. Hence, the time
taken for transmission of a single packet (¢;) would be 1.024
ms.

All the nodes are divided into five categories based on the
period of data generation (d;). For example if there are 21
nodes in our network, 1 node would be the sink node, the
remaining 20 nodes would be split into 5 groups of 4 nodes
each. Every node in a group will have the same period of
data generation. The d;’s chosen in our simulation are 6 s,
8 s, 10 s, 12 s, 14 s. The application was designed in this
way to create contention i.e. a specific number of nodes try to
transmit data at the same time. This application is primarily
aimed at evaluating the latency performance of EEDF-MAC
as opposed to that of CSMA/CA with increasing contention
in the network. For simplicity, the packet loss due to the
wireless channel is assumed to O % . Therefore there will

2013 International Conference on Advances in Computing, Communications and Informatics (ICACCI)



® ° . ® &
., » ®
o WP -
® .
. I\ &
. ®
~ ® e ® R
- . .A - .
L e .'..oo i i
® o . \.-
L ] [ ]
® Z "
= | 0L e - ‘ .a Y - ' .
® s * . o
s %° ® ® . . &
-200 \'.‘ _|.-:w

Figure 3. A snapshot from simulation depicting the network topology for
110 nodes in a 150 m x 150 m square grid. The blue dot represents sink node
and the red dots represent data nodes

be no retransmissions due to improper packet reception. This
controlled scenario helps in evaluation of latency.

First, simulation is performed for CSMA/CA MAC protocol
with increasing number of nodes. The number of nodes
considered in the simulation are 6 through 251 in 20 steps.
Then we calculate the latency involved. Currently, CSMA/CA
is a widely used MAC protocol in various WSN applications.
As we intend to study the enhancement in latency performance
due to EEDF-MAC over the contemporary contention based
protocols, CSMA/CA serves as a good choice for comparison.
Then simulation is repeated with EEDF-MAC protocol. We
compare the latency performance of EEDF-MAC with CS-
MA/CA protocol.

Fig 4 shows a plot of number of collisions vs. the average
time savings in ms. For lesser contention, the time savings
averaged over number of nodes in the network are negative.
This means that CSMA/CA MAC protocol has a better average
latency performance than EEDF-MAC. However, with an
increase in size of the single-hop network and a consequent
increase in the number of collisions, the average time savings
for EEDF-MAC as opposed to CSMA/CA rise steeply. With
the number of collisions close to around 100, the average time
saving is close to 150 ms, which is equivalent to the time
taken to transmit 150 data packets. This remarkable latency
performance makes EEDF-MAC a much better choice for
larger networks.

Finally, we will characterise the convergence of EEDF-
MAC to existing MAC protocols under the extreme cases of
all event-driven and all clock-driven nodes. When all the nodes
in the network are event-driven, EEDF-MAC converges to
CSMA/CA. However, the latency performance of the protocol
will be slightly worse than that of CSMA/CA as it involves
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Figure 4.  Number of collisions in a single-hop network vs time savings in
ms using EEDF-MAC as opposed to CSMA/CA

communication of request for transmission to the sink node
using CSMA/CA followed by reception of schedule through
broadcast from the sink node. The latter step being extra,
slightly increases the time delay in the network. On the other
hand, when all the nodes in the network are clock-driven,
EEDF-MAC converges to I-EDF.

V. A LOWER BOUND ON ENERGY SAVINGS

Consider an n node WSN where each clock-driven node
is characterised by the pair (¢;, d;). Let each node be charac-
terised by a transmitting power P, and a listening power Fj.
The energy spent during transmission and listening radio states
in both CSMA/CA and EEDF-MAC is computed and a lower
bound on the fraction of listening energy saved is obtained.
The two protocols are compared for energy efficiency for one
super-period which includes ¢/ effective hyper-periods and one
synchronization phase. The number of data transmission time
slots in one hyper-period nr, is given by (5).

_ lem(d;)

e = ged(t;) )

Let ¢ be the ratio of number of transmission periods to
listening periods as determined by the sink node. Then, the
number of listeing time slots in one effective hyper-period
ng, is obtained by (6)

nr,
nr, ?d (6)
Hence the total time under consideration 7} is,
T; = wTh,eff + Tsync
1327



where,

Thefs =Thepr +nnT @)

Thery is as indicated in Fig 2.

Note: The number of new nodes introduced in the network and
the number of changes in (¢;, d;) is quite small compared to the
number of nodes n. Consquently the energy spent exchanging
the control inormation regarding the changes in the network
topology during T,y is signinficantly small when compared
to T;. Therefore, T} is given by,

Ty =~ YTheyys 3

A. Case 1: CSMA/CA

n ti
EGSMA=PTY ©)
i=1 "
' n tl
EfSMA =P \nT, =T,y d_] (10)
i=1 "

EE:%

i=1

n

nTt — Tt Z f;]

i=1

CSMA __
Etotal - Pt

+ B (1D

where EGM 4 is the energy consumed by n nodes for data
transmission, Elc SMA i the energy consumed by the radios
of n nodes during listening state and ES7AA s the total
energy consumed in the WSN when CSMA/CA MAC protocol
is used.

B. Case 2: EEDF-MAC

n ti
ELFPT =P Ty d} (12)
i=1 "
EFEPE = nPyng,T, (13)
Bl " =P |T, Y | +nPyng Ty (14)
i=1 ¢

where EEFPF s the energy consumed by n nodes for data
transmission, EFPPT is the energy consumed by the radios of
n nodes during listening state and EZEDPF is the total energy

consumed in the WSN when EEDF-MAC protocol is used.

C. Fraction of Listening Energy Saved
Elsa’ued _ EICSJ\/[A o EIEEDF (15)

From (10) and (13),
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7’7,1—%—1—}22*Z

i=1

T
B = P, — Pyl (16)

From (7),

n tZ
Ep*ed = P, (YTh gpr + ¢n Ti9) (n -3 d_) (17)
i=1 "

Upon further simplification,

Th <= t;
saved __ t v
E; =Py (nTh,EEDF % ;1 di) (18)

The fraction of listening power saved by using EEDF-MAC
as opposed to CSMA/CA MAC protocol is given by (19)

P (nTh,EEDF - % P [tT)

|:7’LTt — Tt Z?:l 3*111|

Bfree = (19)

To obtain a lower bound for Elf "¢ we use the relations

t

t;

<.

- < _
4 mazx( di) (20)
t; R
— > —
4 min( di) (21)

Applying (20) and (21) in (19) the inequality obtained is

YIh EDF — Ttmax(flf)

Bz min(4)) 22
Generally (tTl is of the order of 10~3, hence
1-— max(%) ~ 1 (23)
1—WWM%)%1 (24)
Applying (23) and (24) in (22) and simplifying,
Eﬁ“z1—é%%% (25)

Clearly, Elf "*¢ is a function of the ratio of listening time
to data transmission time in one effective hyper-period. For
a purely clock-driven network, ¢ is infinity (co) i.e. there is
no listening after data transmission in EEDF-MAC. In such a
scenario, Elf "%¢ equals one, which means that all the energy
spent on channel sensing in CSMA/CA is saved when EEDF-
MAC is used. As the number of event-driven nodes in a WSN
increase, ¢ decreases and so does Elf "¢ Fig 5 shows the
variation of Elf "*¢ with respect to ¢ for a single hop 251
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Figure 5. Fraction of listening energy saved vs ratio of listening time to data
transmission time for the 251 node network described in section IV

node network as described in Section IV. It is observed that,
for ¢ = 6, Elf "¢ is close to 0.85. Therefore, if the nodes listen
to channel after every 6 ms instead of continuously sensing
the channel, 85% of the energy spent in listening is saved.

VI. CONCLUSION

In this paper, we presented EEDF-MAC, a schedule based
MAC protocol which achieves energy efficiency by turning off
the radio on the nodes which are neither in transmission nor
in reception state. It is shown that this protocol performs well
in a network with both clock-driven and event-driven nodes
as opposed to the previous EDF based MAC protocols which
were designed only for clock-driven nodes. The simulation
results have shown remarkable latency performance as against
CSMA/CA, the widely used MAC protocol in WSN. Such
a latency performance allows an increase in the cluster size,
which for long has been a limitation in WSN. It is also shown
that the lower bound on the fraction of listening energy saved
is a function of the ratio of listening time to data transmission
time and practically, 80-95% of the energy spent on listening
can be saved by using the proposed EEDF-MAC protocol. This
energy efficiency coupled with improved latency performance
make EEDF-MAC an excellent choice for implementation in
WSN.

In the future, we intend to evaluate the performance of
EEDF-MAC by physical implementation in a network. We
also intend to develop a rigorous mathematical model for
EEDF-MAC to lay theoretical bounds on the performance
of the protocol. Finally, in view of the upcoming mobile
nodes in WSN, the current protocol requires modifications to
incorporate support for mobility.
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