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Abstract — A sensor node generally wastes a high amount 

of energy due to a long adaptation time in encountering the 

dynamically changing topology of wireless sensor networks 

(WSNs). We know that adaptation time directly influences 

the reliability of data delivery. A CSMA-based protocol 

shows good adaptability but fails to assure reliability whereas 

a TDMA-based protocol ensures reliability but fails to 

provide good adaptability. Therefore, we propose a protocol 

in which both reliability and energy efficiency are greatly 

improved with minimum adaptation time. In proposed 

protocol, a tree-based slot scheduling allocates one big slot to 

all nodes at each tree level and allows the nodes to share the 

allocated slot using CSMA. Data transmission is done using 

CSMA within the scope of an allocated sharable slot so that 

time constraint of data packets is secured. Several slot 

scheduling optimizations are taken into consideration so that 

the proposed approach saves a great deal of energy. We 

showed by simulation that the proposed approach is highly 

energy efficient for any real-time application in industrial 

WSNs. 
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I. INTRODUCTION 
 

A real-time industrial application requires a timely and 

reliable data transmission over a communication channel 

in Wireless Sensor Networks (WSNs) [1]. Thus, many 

TDMA-based MAC protocols have been proposed to 

address the issue. However, the harsh industrial 

environment incurs the frequent failures of wireless links 

due to the interferences, thus obsoletes part of the 

scheduled slots. Contemporary MAC protocols waste a 

high amount of energy to make these slots into active and 

functional. Moreover, a majority of the nodes in industrial 

WSN are connected to main supply, but some of them are 

still operated by energy constrained batteries, which 

ultimately endanger the lifetime of WSNs. Therefore, it is 

highly challengeable to design an energy efficient MAC 

protocol for the dynamic environment in industry. 

Z-MAC [2] combines the advantages of TDMA-based 

and CSMA-based protocols. Z-MAC allocates time slots 

to every node such that no two nodes within two-hop 

neighbors are assigned the same time slot in order to 

prevent interference. However, due to excessive energy 

consumption, they recommend the execution of DRAND 

[3] only at a network initialization time. Z-MAC uses the 

CSMA scheme to steal the slots in case that a node does 

not use its own slots occasionally under low data traffic. 

However, the protocol does not have any optimization in 

energy saving relying on clear channel assessment (CCA) 

and low power listening features of B-MAC [4]. 

Therefore, the energy consumption of Z-MAC is worse 

than the B-MAC when data rate is one packet per second. 

 Since the time-varying disturbance is frequency 

dependent, Wireless HART [5] employs a frequency (i.e., 

channel) hopping technique in which an active 

transmission channel is randomly chosen by a sensor node 

from a predefined list of channels every slot in order to 

improve transmission reliability. However, switching to 

different frequency channel is a complex process, which 

consumes a significant amount of energy. Moreover, 

instead of considering power efficiency at MAC layer, 

Wireless HART considers power efficiency at the network 

layer by selecting power-optimized redundant paths. 

DMAC [6] applies staggered wake-up schedule to 

remove the data forwarding interruption problem as well 

as to provide energy efficiency. This scheduling allows the 

nodes on the multi-hop path to increase their duty cycle, 

while other nodes can still operate on the basic low duty 

cycle to save energy. The mechanism also allows to 

quickly reacting to traffic rate variations to be energy 

efficient. However, to reduce the latency, DMAC employs 

data prediction and more-to-send control packets, which 

requires additional energy. 

I-MAC [7] that targets small control and monitoring 

networks excludes the spatial reuse of slots by allocating 

slots to each node in a distinct manner. It tries to enhance 

reliable data transmission in industrial unstable WSNs by 

using RTS, CTS, and ACK. The additional energy 

required by these control packets is compensated by a 

wisely designed power optimization policy. However, a 

node requires waking up until it is able to forward the 

packet in spare time utilization scheme weakens the 

energy management efficacy. Moreover, the centralized 

slot allocation scheme of I-MAC is susceptible to the 

frequent link failures, and seeking high amount of energy 

for re-scheduling the slots. 

Some other protocols to improve reliability by reducing 

data collision have been proposed. S-Web based MAC [8] 

uses checkerboard and dartboard based slot scheduling, in 

which each cluster is auto-deterministically assigned a 

time slot. Within each slot time, nodes that wish to 

transmit to an awaken node have to perform CSMA/CD 

procedure. Compared to traditional CSMA/CD, a node can 

consume less energy by sleeping outside of its time slot. 

Moreover, it also saves energy consumption in 

overhearing by minimizing the number of wake-up nodes 

at a time while not introducing extra schedule broadcast 

overhead. RNP [9] employs overhearing and piggybacking 

techniques to forward data packets cooperatively that are 

missing due to the external interference. However, all data 

packets are broadcasted to allow for overhearing and 

piggybacking, which consumes high energy and incurs 

high collisions. 

According to the discussion so far, any of the existing 

TDMA based MAC protocols except for Tree MAC and I-
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MAC does not directly address an effective method to 

reduce the energy consumptions in case of dynamic link 

failures in WSNs. In [7], I-MAC shows a better energy 

efficiency than Tree MAC since Tree MAC suffers from 

irregular interferences for slot reusing. However, I-MAC 

responds slowly to the dynamic link failures and incurs a 

high control overhead to regain the normal operation, 

which causes a high energy waste. Thus, the existing 

MAC protocols may not be suitable for the industrial 

WSNs with the inherent link instability due interference. 

We propose an optimized slot scheduling protocol that 

improves the energy efficiency of data transmission over 

industrial WSNs. In our approach, one big slot is allocated 

for all nodes at each tree level and shared by the nodes for 

data transmission to their respective parents. Since the 

nodes at the lower tree levels have to process much more 

data packets, thus have higher probability of collision. Our 

approach, therefore, suggests for a demand (length of a 

slot) based slot allocation according to tree level by a wait 

time generation function. The approach lowers the 

probability of collisions, thus minimizes the number of 

packet retransmission, which is definitely a major reason 

for energy wastage. We are also able to reduce the 

competition among nodes because only those nodes that 

belong to the same tree level are allowed to contend for 

wireless channel. Moreover, we optimize the energy 

consumption at various points in a big slot scheduling by 

allowing a node to enter sleep mode whenever possible. 

We analytically show that our approach is energy efficient 

and prove our claim by simulation experiments. 

 

II. BACKGROUND 
 

A. Network Model 
In industrial fields such as the construction site of 

Liquefied Petroleum Gas (LPG) tanks, the working 

environment is very unfriendly due to various risky 

construction activities. During work time, the workers are 

highly susceptible to suffocation, burn or physical injuries. 

The risk grows higher when a worker needs to enter deep 

inside of a closed working space. Since the dimension of 

the working spaces is relatively small in most cases, e.g., 

below 100m×100m, a small network with about 25-30 

nodes and the transmission range of 10 to 20m can cover 

the sites for safety monitoring.  

In this environment, a WSN usually consists of one data 

collection and control server, (hereafter, referred to as 

simply node or sink node), and a number of sensor 

devices, (hereafter, referred to as simply node or sensor 

node), each being equipped with multiple sensor modules 

for thermal, gas, oxygen, smoke, or flame sensing. A node 

is mobile since it can be carried by ambulant workers in 

the industry fields. Every node is requested to generate a 

packet from sensed data, and send it to a sink node within 

a specified time bound defined by an application.  

Since sensor nodes can be either installed onto some 

spots of the wall or carried by the workers, network 

topology may change. In addition, network topology may 

change for others reasons such as node failure, fading 

effects, battery depletion, or the intervention of some 

communication obstacle, etc. Furthermore, the recharge or 

replacement of the battery is not easy if it is installed on a 

high wall. The server is wall-powered and a sensor node is 

battery-powered. 

 

 
Fig. 1. An example network model of energy-efficient 

slotted sense MAC. 

 

Sensor nodes form a tree originating from a sink node, 

and each sensor node except for a sink has one parent and 

may have zero or more children. A node is said to be a 

tree-node if it belongs to a tree. Otherwise, it is an orphan-

node. Two nodes that can directly and mutually 

communicate with each other are said to have a link or an 

ordinary link. Especially, a link between a node and its 

parent is called a tree-link. For notational convenience, we 

use either depth or level to measure the distance of a node 

from a sink node without any loss of generalization. 

Fig. 1 shows a network model of a tree originating from 

a sink where the tree has a tree depth of six. The solid 

lines and the dashed lines indicate tree-links and links, 

respectively. A sink is indicated by a thick circle and has 

four children. 

B. Notations and Definitions 
For convenience, we use some notations and definitions 

as follows. 

depth(i): The depth or level of node i 

N(i): A set of neighbors of node i 

C(i): A set of children of node i 

P(i): The parent of node i 

 

Definition 1: A big slot(BS) is a time span that all nodes at 

the same depth share to receive data packets from their 

children and transmit their data packets to their respective 

parents using the CSMA scheme.  

A big slot allocated to the nodes at depth i is denoted by 

BS(i). BS(i) is divided into two parts, BSRx(i) and BSTx(i) 

that are used for the nodes at depth i to receive data 

packets from their children and to transmit data packets to 

their parents, respectively. 

 

Definition 2: A super frame (SF) is given the sum of the 

transmission portions of all the big slots allocated to the 

nodes at different depths as follows. 

𝑆𝐹 = ∑ BSTX(i)                                                             H
i=2 (1) 

 

where BSTx(i) and BSTx(j) when ij do not overlap. 
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III. ENERGY-EFFICIENT SLOTTED MAC 
 

A. Tree Constructions and Maintenance 
If During tree construction, every node i constructs a 

neighbor information table, NIT(i)={(x, status, depth(x)) | 

xN(i)}, where status{primary parent, secondary parent, 

child}. We assume that every link is bidirectional, and that 

every node is time synchronized over the entire WSN [10]. 

A tree construction process is as follows. At 

initialization, a sink is the only tree-node, and initiates tree 

construction by issuing a tree construction request 

message, TCR = (nodeID). Upon receiving TCR, an 

orphan-node joins the sink by sending a join request 

message, JREQ = (sender, receiver, depth). Upon 

receiving JREQ, a tree-node sends a join response 

message, JRES = (sender, receiver, depth) and takes the 

orphan-node as its child. When the orphan-node receives a 

JRES, it takes the tree-node as its parent. Another orphan-

node who has overheard a JREQ can take the same 

procedure to become a tree-node. If an orphan-node 

overhears multiple JREQs from different tree-nodes, it 

takes a tree-node that provides the shortest distance 

(depth) to the sink as a primary parent, and other members 

with the same distance as the secondary parents. 

B. Energy Efficiency Models 

In industrial WSNs, the state of a wireless channel 

varies over time. Let CS(t) denote channel state 

information (CSI) vector of all links in a network. The CSI 

has a direct impact on the success of packet delivery. The 

probability of bit error rate (BER) is comparatively low at 

good channel while BER becomes high at bad channel. 

More packet loss due to BER results in more packet 

retransmissions, which causes more energy consumption. 

It is generally assumed that CS(t) remains constant during 

a sharable slot. However, the sensor nodes may not always 

contain correct CSI values. The potential error in CSI is 

due to the usage of imperfect channel estimation 

techniques [11]. At each slot, a subset of non-interfering 

links, S(t) is selected by the scheduling algorithm. The set 

of all feasible link vectors is denoted by Φ, i.e., S(t)ϵΦ. To 

model the channel interference, we use well known M-hop 

interference model [12]. There are bounded number of 

data flows in WSNs. Let us assume that data packets are 

of fixed size and the nominal transmission rate of each 

link is such that bmax packets can be transmitted at each 

slot. Note that multiple flows can share a link but at each 

slot, only data of a selected flow can traverse the link. 

The battery level of node i in time slot t is denoted by 

Bi(t),where Bi(t) ≤ B. We assume that a constant value of 

energy, α is consumed for transmission and reception of 

each data packet. This simple battery model can be easily 

extended to a more complex form. The dynamics of 

energy consumption at node i is stated as follow. 

 

𝐵𝑖(𝑡 + 1) = 𝐵𝑖(𝑡) − 𝛼 × 𝑁𝑖,𝑆(𝑡) − 𝛼 × 𝑁𝑖,𝑅(𝑡)           (2) 

 

where Ni,S(t) is the total number of transmitted data 

packets from node i at time slot t and Ni,R(t) is the total 

number of successfully received data packets to node i at 

slot t. Let the number of successful delivered data packets 

by transmitter node a to the receiver node b over link (a,b) 

is denoted by mab(t). Obviously, mab(t) is a function of 

channel state. Then, 

 

𝑀𝑎𝑏(𝑡) = ∑ 𝑚𝑎𝑏(𝜏)                                                  (3)

𝑡

𝜏=0

 

 

where Mab(t) is the total number of successful data 

packet transmitted over the wireless link (a,b) upto slot 

time t. The average energy consumption for the successful 

transmitted packets over link (a,b) upto time slot t can be 

represented as follow. 

 

𝐾𝑎𝑏(𝑡) =
𝐵 − 𝐵𝑎(𝑡)

𝑀𝑎𝑏(𝑡)
                                                     (4) 

 

Note that Kab(t) ≤ B. Since a constant transmission 

power is deployed, the nominal transmission rate of link 

(a,b) is constant and is shown by bab(t) such that bab(t) ∈ 

{0,bmax}. Indeed bab(t) =0 unless the link is selected for the 

packet transmission in which case bab(t) = bmax [22]. 

Corresponding to each data flow, a separate queue is 

maintained at each sensor node. The content of slow f 

queue in node n at time slot t is depicted by 𝑄𝑓
𝑛(𝑡). The 

exogenous arrival traffic to flow f is denoted by 𝑎𝑓
𝑛(𝑡). We 

assume that 𝑎𝑓
𝑛(𝑡) is i.i.d. at all time slots, and 

𝐸 (𝑎𝑓
𝑛(𝑡)) = 𝜆𝑓

𝑛 , where E denotes the expected value of 

stochastic process. Note that 𝑎𝑓
𝑛(𝑡)= 0 for all n ≠ fs. The 

dynamic flow updating can be expressed as follow. 

 

𝑄𝑓
𝑛(𝑡 + 1) = max[𝑄𝑓

𝑛𝑡) − 𝑏𝑓
𝑛,0(𝑡), 0] + 𝑏𝑓

𝑖,𝑛(𝑡) + 𝑎𝑓
𝑛(𝑡)       (5) 

 

where 𝑏𝑓
𝑖,𝑛

and 𝑏𝑓
𝑛,0

 are the input and output traffic 

to/from node n corresponding to flow f. We assume that 

when a packet reaches the destination node, it leaves the 

network. 

In this paper, we use the framework of stochastic 

network optimization in [13] to develop an Energy-

efficient Slotted MAC (ES-MAC), which is immune to 

CSI error. In here, we do not rely on the available 

techniques on CSI estimation. Rather, we use the 

information of average energy consumption per successful 

packet transmission based on remaining battery level at 

each sensor node. Doing so, we use Lyapunov drift plus 

penalty approach from [14] in which a Lyapunov function 

is defined as the sum of squares of backlog queues. 

Intuitively, small value of Lyapunov function indicates 

that all queues are small, and large value of the function 

indicates that all or some of the queues are large. To 

observe the queue’s dynamic, the difference in the 

function from one time slot to the next is calculated and 

termed as drift. If the arrival rate is inside the capacity 

region and if the control algorithm tries to minimize the 

drift at a time slot, it intuitively stabilize the network, 

where stability is achieved if none of the queue lengths 

goes infinity. In here, we add a weighted penalty function 

to the drift and try to minimize the drift plus penalty at 

each time slot. The penalty function is defined as the 
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average energy consumption for successful packet 

transmission. Then by minimizing the drift plus penalty 

function the energy consumption is also minimized. 

C. Energy Efficient Scheduling 

An energy efficient MAC in this paper is based on the 

big slot scheduling which was proposed in [10]. The 

coefficient, W1 of the wait time generation function in big 

slot scheduling is determined by analyzing the 

transmission times of data packets in contention based 

mode and contention free mode considering only one data 

packet is generated within a SF. The base, a in wait time 

generation function is determined from the statistical node 

distribution in a WSN [15]. By using these two basic 

parameters, wait time generation function determines the 

big slots according to the depth of a tree as follows. 

 
𝐵𝑆(𝑖) = 𝐵𝑆𝑅𝑥(𝑖) + 𝐵𝑆𝑇𝑥(𝑖)  

= {

𝑊1(𝑎−2 − 1) ∗ 𝑎𝑖    𝑖𝑓 𝑎 𝑛𝑜𝑑𝑒 𝑖𝑠 𝑎𝑛 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒    𝑛𝑜𝑑𝑒   

𝑊1(𝑎−2 − 𝑎−1) ∗ 𝑎𝑖     𝑖𝑓 𝑎 𝑛𝑜𝑑𝑒 𝑖𝑠 𝑎 𝑙𝑒𝑎𝑓 𝑛𝑜𝑑𝑒                     

𝑊1(𝑎−1 − 1) ∗ 𝑎𝑖        𝑖𝑓 𝑎 𝑛𝑜𝑑𝑒 𝑖𝑠 𝑎 𝑠𝑖𝑛𝑘 𝑛𝑜𝑑𝑒                      

 

 (6) 

 

According to (6), the BS size varies depending on the 

depth of a node in a tree such that nodes at lower depths 

require a BS larger than those at higher depths. It is worth 

mentioning that the summation of all BS’s is larger than 

the SF size as the BS’s at adjacent depths overlap with 

each other. 

 
Fig. 2. The variable size of sharable slots at different 

levels and their relationship. 

 

Fig. 2 shows the relationship of the variably sized big 

slots at adjacent depths in a tree. A big slot at depth i, 

BS(i) is divided into BSRX(i) and BSTX(i). BSRX(i) and 

BSTX(i) overlaps with BSTX(i+1) and BSRX(i-1), respectively 

so that every node can receive and transmit data packets 

from its children and to its parent, respectively. A node at 

depth i can sleep in the duration of (W1-BS(i)) without any 

notification to the protocol. Moreover, it can also go to 

sleep occasionally during BS(i) when it finds that either it 

has done its duty for the current SF or it determines the 

delay for the next event to be done in the current SF 

(discussed in energy optimization policy section).    

The impact of big slot in energy efficient MAC level 

data delivery has two great blessings. The first one is that 

it is exposed by a skewed wait time according to tree 

depths of a tree. This implies that a node waits for all of its 

children completing their data transmission for the favor 

of data aggregation. A node has nothing to do in the major 

portion of the waiting time, thus it can go to sleep for the 

inactive period of wait time to conserve energy. The most 

significant point of skew wait time is that the nodes at low 

depths have higher waiting time than high depths, thus 

sleep for longer time interval. This gives an energy 

balance among the nodes in WSNs because nodes at low 

depth have to carry much more data packets, which 

requires more energy.  

The second one is that the wait time gap between any 

two nodes at the adjacent depths increases exponentially 

as depth decreases. This way of gap distribution is highly 

expected since the nodes at lower depths have higher 

contention to acquire channel since they have to process 

the more number of data packets in proportion to the 

number of their descendants and have the reduced 

possibility of parallel transmission due to the reduced 

distance among the nodes. This aspect of skewed wait 

time is to reduce the number of data packet 

retransmissions, which is one of the major causes of 

energy wastage in the contention based data delivery [16]-

[18]. 

D. Energy Management Optimization Policy in Slot 

Scheduling 

The energy saving calculated in the last section is based 

when whole BS is active in the data delivery process. In 

fact, the actual data transmission time in a sensor network 

takes a very small amount of time [19]. Therefore, a great 

deal of energy can be saved through energy management 

optimization in various instant of a big slot. As the CSMA 

is based on statistical probability, we can call this process 

as run-time energy saving. 

 

 
Fig. 3. Flowchart for energy management optimization. 

 

The energy optimization policy by a sensor node within 

a big slot is depicted in Fig. 3. A node is kept into sleep 

mode as many times as possible to avoid any unnecessary 

power wastage. According to the flowchart, the energy 

consumption of the proposed protocol can be summarized 

as follows: A node can go to sleep immediately if it does 

not have any children or has received all packets from its 

children during its receiving portion of the assigned big-
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slot [20]. Similarly, a node can go to sleep for the 

remaining sending portion of the assigned slot if it does 

not have any packet to send or it has finished sending data 

packets to its parent. Moreover, a node can go to 

occasional sleep at contention time, when the transmission 

time of neighbor node is big and it has nothing to do 

meanwhile. 

 

 

IV. PROTOCOL EVALUATION 
 

A. Energy Efficiency in Sharable Slot 

In this section, we analyze the energy efficiency of the 

proposed Energy-efficient Slotted MAC (ES-MAC) against 

a MAC protocol without slot scheduling (e.g., pure 

CSMA-based MAC). The energy consumption index 

(ECI), which justifies the energy efficiency as follows: 
 

𝐄𝐂𝐈(𝐸𝑆 − 𝑀𝐴𝐶)  =
𝑆𝑢𝑚 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑡𝑖𝑚𝑒𝑠 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑛𝑜𝑑𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝑡𝑖𝑚𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑛𝑜𝑑𝑒𝑠
 

 

=
∑ 𝑛𝑖 ∗ 𝐵𝑆(𝑖) 𝐻

𝑖=1

𝑁𝑊1
 

 

   =
{𝑛1 ∗ 𝑊1(𝑎−1 − 1)𝑎1} + ∑ 𝑛𝑖 ∗ 𝑊1(𝑎−2 − 1)𝑎𝑖 + {𝑛𝐻 ∗ 𝑊1(𝑎−2 − 𝑎−1)𝑎𝐻}𝐻−1

𝑖=2

𝑁𝑊1
 

 

 =
1

N
{n1a(a−1 − 1) + nHaH(a−2 − a−1) + (a−2 − 1) ∑ ni

H−1

i=2

ai}       (7) 
 

(9) 

 

where BS(i) is given by(6), and ni, the number of nodes 

at depth i, can be obtained from the probability mass 

function (PMF) of hop counts [21]. Fig. 4 shows PMF 

when dimension of a network is 25m2 with the 

transmission range of 5m. 

 

 
Fig. 4. Node distribution in a WSN (dimension = 25m2, 

for a WSN of 26 nodes) 

 

We get ECI as follows. 

 

=
1

26
{1 ∗ 0.7(0.7−1 − 1) + 1 ∗ 0.77(0.7−2 − 0.7−1)

+ (0.7−2 − 1) ∗ ∑(𝑛𝑖 ∗

7−1

𝑖=2

0.7𝑖)} 

= 0.2569                                                                                                                                         
 

The proposed ES-MAC protocol consumes only one-

fourth of energy in the worst case compared to non-power 

saving CSMA protocols. We termed this as the worst case 

energy saving mode because a node is assumed to be 

active for the entire slot duration. 

B. Performance Evaluation by Simulation Experiments 

We evaluated the proposed energy-efficient slot 

scheduling based MAC, named ES-MAC for convenience, 

using the Qual Net simulator version 5.0.2. We compare 

our proposed approach with I-MAC and Tree MAC since 

they have shown better performance than other 

contemporary energy efficient MAC protocols. 

1) Simulation Model 

To ease topology dimensioning, we enlarge both 

simulation area and transmission range to the same extent. 

Therefore, the experimental results by these modified 

parameters are in congruence with the network model in 

section II (A). We use the simulation parameters from the 

analytical values of big slot algorithm. Table I shows the 

key simulation parameters and values. 

 

Table I. Simulation parameters and values 

Parameter Value 

Number of node, n 1 sink and 25 

sensor nodes Dimension, d 100m x 100m 

Simulation time, T  600s 

W1 (for ES-MAC) 1.6 

a (for ES-MAC) 0.7 

Slot size (for I-MAC and TreeMAC) 20ms 

Transmission range, R 20m (-25dBm) 

Channel frequency, Fr 2.4GHz 

Path loss model 2-ray ground 

Sensor energy model MicaZ 

Battery model Linear 

Maximum Tx times (MAX_TIMES in I-

MAC and TreeMAC) 

2 

Data packet length 100 bytes 

 

2) Simulation Scenario 

All sensor nodes are static. Twenty five sensor nodes 

are uniformly distributed within the boundary of a 

simulation area of 100m by 100m and a sink is placed at 

the middle of the top of the area. Each sensor node 

transmits only one packet of 128 bytes including header 

every super frame. We perform the simulation with a 

fading channel in which the network topology is 

dynamically changing during simulation period. In this 

model, a statistical generator is used to break the links in a 

purely random manner. The location and the number of 

link breaks within a cycle cannot be manipulated or 

controlled from a user interface. For space constraints, a 

brief description of random link break policy is given as 
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follows: 

Every Super Frame (SF), a node picks up a value k from 

a subset of all nodes participating in the experiment. If k is 

equal to its ID, the node is considered to be disconnected 

to its parent. So, the node is remained disconnected to its 

primary parent for the current SF. The number of link 

break in a SF is controlled by the Link Break Index (LBI), 

α. We can set α to a low value for a high rate link failure, 

and vice versa. 

 

3) Simulation Experiment 

i. Energy consumption 

Energy consumption and balancing is an important issue 

since it is directly related to the lifetime of the sensor 

nodes in WSNs. Though ES-MAC consumes more energy 

at lower level nodes, the nodes at higher levels consume 

approximately comparable level of energy of I-MAC and 

Tree MAC as shown in Fig. 5(a).  

When the energy optimization is performed at sending 

time slots in Fig. 5(b) and receiving time slots in Fig. 5(c), 

the energy consumption at lower level nodes is reduced 

and is become comparable to lower level nodes of I-MAC 

and Tree MAC. The energy consumption at the higher 

level nodes is significantly reduced and lowers down than 

the other two protocols.  

The most significant contribution of the proposed 

protocol is observed in Fig. 5(d). In this Figure, we see 

that the nodes of ES-MAC at lower two level consumes a 

little more energy than the nodes of I-MAC. Additionally, 

this level of energy saving is a significant improvement 

than Tree MAC. Moreover, the nodes at level 3 or higher 

show a dramatic reduction of energy consumption 

compared to both I-MAC and Tree MAC. The reason is 

that the local link recovery procedure of ES-MAC is more 

flexible and robust than other two protocols. Additionally, 

data transmission through secondary parents reduces the 

number of re-transmission attempts that reduces energy 

consumption greatly. 

 

 

 

 

 
Fig. 5. Energy consumptions in dynamically changing 

topology. 

 

ii. Packet delivery ratio 

 A node in ES-MAC protocol is allowed to transmit a 

data packet to an alternate parent node when it fails to 

send its primary parent node within a big slot. Thus it can 

quickly respond to a broken link with no extra overhead.  

 

 
Fig. 6. Packet delivery ratio in dynamically changing 

topology. 

 

Referring to Fig. 6, it is shown that ES-MAC achieves 

the higher packet delivery ratio (PDR) than I-MAC and 

Tree MAC and gives stable PDR regardless of tree depth. 

Both protocols wait for a link recovery until a fresh tree 

reconstruction phase is executed in the next super frame. 

The more number of link failures demands for the more 

frequent tree reconstructions, which cause a significant 

decrease of PDR. However, PDR reaches an equilibrium 

for a specific value of LBI, α, in which tree re-construction 

rate does not lower down PDR any further for the given 

network parameters. 

 

V. CONCLUSION 
 

We have proposed an energy-efficient slotted MAC 

(ES-MAC) that exhibits high energy efficiency and robust 
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behavior for industrial applications even in the midst of 

interferences. Although ES-MAC switches parents to 

provide a run-time defense against dynamically link 

failure, it still gives a better energy efficiency compared to 

the existing TDMA-based MAC protocols.  

The simulation results show that ES-MAC provides a 

comparable level of energy efficiency to I-MAC and Tree 

MAC for the nodes at low levels whereas it clearly shows 

a better energy efficiency than those protocols for the 

remote nodes (nodes at high levels)in dynamically link 

breaking condition. Additionally, the energy optimization 

policy of ES-MAC does not lower down its superiority 

than others in packet reliability ratio. Therefore, we 

conclude that ES-MAC should be a promising MAC for 

the energy efficient WSN applications. 
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