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Abstract 
Industrial Wireless Sensor Networks (IWSN) is an emerging technology 

in the field of industrial automation and control, which is used widely in 

environment monitoring, data collection and operation control, etc. This 

thesis proposes a TDMA-based real-time delay routing, with emergency 

data, for IWSN. Two-hop neighbour information is used from the two-

hop velocity-based routing. TDMA is adopted to guarantee a determin-

istic timing restriction for a real-time requirement. The proposed proto-

col also considers the link quality to guarantee the reliability of trans-

mission. The proposed protocol is simulated on the OPNET Modeler, 

and the evaluation results show a low end-to-end delay and a high 

reliable delivery. In addition, a significantly better performance is 

shown for emergency data as compared to that for regular data. 

Keywords: IWSN, routing algorithm, TDMA, emergency data. 
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1 Introduction 
Recently, with the rapid development of wireless communications, 

integrated circuits, sensors and computer systems, the low-cost, low-

power and multi-functional wireless sensors are becoming more im-

portant for industrial manufacturers. The wireless sensors have several 

functions such as wireless communication, data acquisition and pro-

cessing, collaboration and so on. However, Wireless Sensor Networks 

(WSN), with a large number of sensor nodes, are a current concern in 

many cutting-edge research fields, which are considered as interconti-

nental, multi-disciplinary and knowledge-based. 

Wireless Sensor Networks consist of a large number of randomly dis-

tributed sensor nodes that are deployed in a region of interest. It forms a 

self-organization network by using wireless communication technology. 

The sensor nodes are integrated with sensors, data processing units and 

communication modules. They have the capability of sensing heat, 

infrared, sonar, radar and seismic wave signals in the surrounding 

environment, using the built-in nodes of various types of sensors. There-

fore, it can measure many interesting physical phenomena including 

temperature, humidity, noise, light intensity, pressure, soil composition, 

the size, speed and direction of moving object, etc to collect, process and 

transmit data [1]. 

The developments and applications of wireless sensor network technol-

ogy have a far-reaching influence in all areas of human life and produc-

tion. Wireless Sensor Networks constitute a new field of information 

technology, which combines sensor technology, information processing 

technology and network communication [2]. It is widely used in the 

field of industry, agriculture, military and national defence, urban 

management, biomedical, environmental monitoring etc, which has 

given rise to significant attention of the academia and industrial com-

munity in many countries. 

1.1 Background and problem motivation 

By having knowledge in relation to the significant influence of Wireless 

Sensor Networks, a wide range of wireless sensor networks has become 

http://dict.cn/industrial%20community
http://dict.cn/industrial%20community
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an inevitable trend and its appearance should provide huge changes to 

human society. However, in today’s competitive industrial marketplace, 

many industrial applications of Wireless Sensor Networks have 

emerged which are able to improve the productivity and efficiency of 

productions [3].  

This research work focuses on Industrial Wireless Sensor Networks 

(IWSN). Industrial Wireless Sensor Networks is an emerging technology 

in the field of industrial automation and control, which is widely used in 

environment monitoring, data collection and operation control etc. With 

the increasing demands regarding industrial products, low-cost and 

low-power Industrial Wireless Sensor Networks play an important role 

in creating highly reliable and self-healing industrial systems that rapid-

ly respond to real-time events with appropriate actions [3]. In the indus-

trial applications of WSNs, manufacturers are investing in wireless 

technologies to acquire and control the real-time data of Wireless Sensor 

Networks so that the labour costs can be reduced as can, human errors 

and the efficiency of production can also be improved [4]. As Figure 1 

shows, the environment data are sensing by means of the sensors in the 

assembly line and then transmitting to the sink node. The alert can be 

noticed by SMS or Email to work stations or remote locations when the 

data is acquired. 

 

Figure 1. Industrial Sensor/Actuator Networks 

Recently, several research aspects of interest to researchers concerning 

IWSN have arisen. The routing algorithm plays an important role and 

this has involved new challenges in the field of IWSN. Because of energy 

and delay requirements of routing protocols in IWSN, it is vital to main-
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tain reliable routes and ensure real-time multi-hop communication in 

the network [5]. Although the routing protocols have been researched 

from many different aspects, various problems and challenges while 

considering real-time, reliable delivery in a harsh industrial environ-

ment still exist. The majority of the routing protocols in IWSN are based 

on Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA), 

but CSMA/CA cannot provide a guaranteed access to the wireless 

channel as the network dense increases and is very difficult to guarantee 

real-time delivery in industrial applications because of resource compe-

tition [6]. Thus in this research, the proposed algorithm is based on Time 

Division Multiple Access (TDMA), which can provide a more determin-

istic timing restriction for real-time communication in industrial applica-

tions, as compared to CSMA/CA. The solution to dealing with the new 

requirements such as real-time and, reliable delivery in IWSN is to 

achieve quality of service (QoS) in such time-critical industrial wireless 

sensor networks [7]. Additionally, considering the security of an indus-

trial environment, it is also necessary to take emergency into account. 

Thus in the proposed protocol, a specific queue model will be adopted 

to handle the priority of the packets. 

1.2 Overall aim 

The research work aims to propose and design an innovative routing 

protocol for Industrial Wireless Sensor Networks. In the proposed 

algorithm, two-hop neighbour information will be obtained to look 

ahead in relation to selecting the optimal next hop node. In addition, the 

algorithm will be based on Time Division Multiple Access (TDMA) to 

guarantee the deterministic delay for the whole wireless sensor network. 

Meanwhile, the priority of packets will be also considered and it will 

adopt a two-class priority scheme, where each node sorts the transmit-

ting sequence of data based on the two different priority types. The data 

will be classified as real-time packets (highest priority) and non-real-

time packets (lower priority) [8]. In this thesis, the real-time packets are 

called emergency data and the other is considered as being normal data. 

The proposed algorithm should achieve the following goals: 

(1) Be able to achieve the different delay requirements of different priori-

ty packets while sending from the source node to the sink node. 
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(2) Be able to guarantee the reliable communication for packet delivery 

by selecting an optimal routing. 

(3) Be able to reduce the configuration overhead and computational 

complexity of the algorithm. 

(4) Be able to propose a theoretical analysis to lay the foundation for the 

correctness and feasibility of the algorithm. 

1.3 Scope 

The research work focuses on designing and implementing a routing 

algorithm for Industrial Wireless Sensor Networks. It will consider the 

new requirements for IWSN and the main emphasis is on the real-time 

delay and reliable delivery. In order to select an optimal path from the 

source node to the sink node, the corresponding calculation and com-

parison of different values will be adopted.  

In the algorithm, the assumption is that each node knows its own loca-

tion. In the initialization phase, a gradient-based network is set by 

calculating the gradient of the nodes. Furthermore, TDMA scheduling is 

designed in a simple manner and a timeslot allocation table is set as a 

global variable so that all the nodes of the network are provided with 

this information. Another task, which is essential involves initialization 

in order to discover the two-hop neighbour information so that each 

node can obtain the two-hop neighbour information table. 

The proposed algorithm can be independent of the wireless communica-

tion standard being used in the wireless sensor networks. It focuses on 

the implementation of the network layer. The topology of the algorithm 

is fixed and therefore does not require an update of the neighbour’s 

information table.  In addition, the quality of services among different 

surrounding environments will be tested. The proposed algorithm has 

only one sink node and thus the situation of multiple sink networks is 

not applicable.  

1.4 Concrete and verifiable goals 

The research work for this paper is supposed to accomplish the follow-

ing tasks: 

http://dict.cn/theoretical%20analysis
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(1) Research about the routing algorithm in Industrial Wireless Sensor 

Networks. This will focus on the mechanism of routing algorithms and 

analyzing the advantages and disadvantages of various typical routing 

algorithms. The study contributes in relation to making fewer detours 

and for there to be less repeated work. 

(2) Propose an effective routing protocol according to the routing met-

rics. This will focus on the new requirements of Wireless Sensor Net-

works in industrial environments. It will mainly consider real-time 

delivery and reliable communication. Meanwhile, it has its two-class 

priority scheme to deal with the different delay requirements for differ-

ent types of priority packets. 

(3) Perform the theoretical analysis for the proposed routing algorithm. 

Theoretical analysis can ensure the correctness and feasibility of the 

algorithm. It will propose a corresponding formula to illustrate and 

verify the feasibility of the algorithm. 

(4) Simulate the proposed algorithm using an OPNET simulator. It 

includes the creation of a network model, node model and process 

model while implementing various functions in the algorithm. 

(5) Making the evaluation for the proposed algorithm. The evaluation 

can be conducted from two aspects. One is to evaluate the transmission 

delay of the packet and the other is to analyze deadline delivery success 

ratio of the algorithm and compare this metric with other algorithms. 

1.5 Outline 

The structure of this thesis is described below: 

Chapter 1 introduces the background and motivation of the research 

work and represents both high-level and low-level problem statements. 

Chapter 2 provides an introduction concerning the related theory for 

this thesis. It includes Industrial Wireless Sensor Network, TDMA and 

simulator OPNET. 

Chapter 3 introduces several related routing algorithms and the ad-

vantages and disadvantages of the recently published related work. 

http://dict.cn/mechanism
http://dict.cn/theoretical%20analysis
http://dict.cn/theoretical%20analysis
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Furthermore, there will be briefly introduction to the proposed protocol 

and the inherent concepts.  

Chapter 4 introduces the chosen methodology and methods to accom-

plish the research work. The described methodology and methods 

includes, the network model, simulator and evaluation methods. 

Chapter 5 gives a formal description of the proposed algorithm and 

describes the design and the implementation in OPNET. There are three 

main parts: Neighbor Discovery, TDMA Scheduling Initialization and 

Forwarder Selection.  

Chapter 6 provides a detailed evaluation of the proposed protocol and 

compares it with well-known Dijkstra algorithm and introduces several 

different evaluations. 

Chapter 7 draws conclusions regarding the whole research work and 

discusses possible future directions. 
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2 Theory  

2.1 Industrial Wireless Sensor Network 

An industrial Wireless Sensor Network (IWSN) consists of autonomous 

sensors to monitor industrial applications. The motivation behind the 

development of wireless sensor networks was based on military applica-

tions such as battlefield surveillance, but today they are used in many 

contexts including industrial or consumer industries [9]. IWSNs can 

entail anything from a few to several hundred or even thousands of 

nodes. These nodes are used to collect data from machines equipped 

with sensor nodes, and this information will be forwarded to the sink 

node. The sink node is connected to a control system, which obtains the 

data via the sink node in a machine, or alerts users as a result of data 

analysis. To complement the theory of IWSN, the definition from the 

introduction is used: 

“Wireless Sensor Networks (WSN) consists of a large number of 

randomly distributed sensor nodes that are deployed in a region of 

interest. It is a kind of self-organization network by using wireless 

communication technology. The sensor nodes are integrated with 

sensors, data processing units and communication modules. They 

have the capability of sensing the heat, infrared, sonar, radar and 

seismic wave signals in the surrounding environment using the 

built-in nodes of various types of sensors. Therefore, it can measure 

many interested physical phenomena including temperature, 

humidity, noise, light intensity, pressure, soil composition, the size, 

speed and direction of moving object, etc to collect, process and 

transmit data.”[1] 

2.2 TDMA 

Time Division Multiple Access (TDMA) is a multiplexing technique that 

divides each frequency channel into multiple time slots. It allows several 

users to access a single radio frequency (RF) channel without interfer-

ence by allocating unique time slots to each user in each channel. A user 

is given a digital time slot and the slots are organized in one TDMA 

frame and the frames are sent onto the single radio frequency carrier 

[10]. Figure 2 shows the structure of TDMA. Firstly, the data stream is 

divided into several frames and each frame is composed of a number of 
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time slots, which contain data with a guard period, if required, for 

synchronization. 

 

Figure 2. TDMA structure [11] 

2.3 OPNET 

In this section, OPNET is introduced as a simulator to evaluate the 

proposed algorithm. OPNET offers many different products, but for the 

purpose of this thesis, the OPNET Modeler is used. 

“OPNET Modeler accelerates the R&D process for analyzing and 

designing communication networks, devices, protocols, and 

applications. Users can analyze simulated networks to compare the 

impact of different technology designs on end-to-end behaviour. 

OPNET Modeler incorporates a broad suite of protocols and 

technologies, and includes a development environment to enable 

modelling of all network types and technologies” [12].  

It is object-oriented modelling and it uses C or C++ source code blocks 

with a huge library of OPNET functions [13]. OPNET Modeler is based 

on a hierarchical structure that is divided into three main modelling 

domains: Network Domain, Node Domain and Process Domain [14]. 

Figure 3 shows the workflow of the OPNET Modeler. After creating a 

network model, it can define and select the statistics to be collected from 

each network object or the whole network and then execute the simula-

tion. In the last step, it becomes possible to view and analyze the results 

from the collected statistics.  
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Figure 3. The workflow of OPNET Modeler [14] 

2.3.1 Network Domain 

Network Domain is the highest level in the hierarchical structure of the 

OPNET Modeler, and it is here that it can create the topology of a com-

munication network. It can be edited in the Project Editor, which is the 

main user interface. The design for a specific network topology can be 

constructed as required by using network models and, in addition, the 

OPNET Modeler provides some inherent network models that can be 

directly imported to the project environment.  

Within one network model, there may be many nodes with the same 

node model [14]. Node models are developed in the Node Editor, which 

will be discussed in the next subchapter. In addition, for the node mod-

els, it is possible to build personal node models that refer to specifically 

desired requirements. 

“OPNET Modeler does not place restrictions on the types of nodes 

that can be deployed in a communication network; instead it adopts 

an open approach whereby modelers can develop their own library 

of node models to use as building blocks for network models. “ [14] 

In the network, there are no limitations on the number of node models 

or node instances and the network model can contain as many as are 

desired. To use the network model in the Project Editor, it is possible to 

choose the location of the world, the area of the specific country, the 

environment of the area, etc and define how large the network is to be. 

For the wired network, it also provides several different link architec-

tures, such as simplex or duplex. However, for this project, the network 

is wireless and thus consideration is not given to the link model. Figure 
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4 shows a typical network model that is located on campus with a range 

of 1 kilometre. In this wireless communication network, 20 nodes using 

the node model of wireless LAN workstation that is inherent in OPNET 

Modeler are used. The topology of the nodes is random and the node 

can be moved so as to generate the required topology. 

 

Figure 4. A typical example of a Network Model 

2.3.2 Node Domain 

“Node Domain provides for the modelling of communication devices 

that can be deployed and interconnected at the network level,” [14]. 

These devices in the OPNET Modeler are called “nodes”, but in the real 

world it could be the routers, switches, bridges, etc. Node models are 

edited in the Node Editor, which it is composed of several small build-

ing blocks called “modules”. The modules are divided into two groups. 

One group is the modules involving the transmitter and receiver and 

this “is substantially predefined and can only be configured through a 

set of built-in parameters” [14]. The other group involves the modules, 

such as the processor, that can be developed in the Process Editor. 

Between modules there are three different types of connections: packet 

streams, statistic wires and logical associations.  
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“Packet streams allow formatted messages called packets to be 

conveyed from one module to another. Statistic wires convey simple 

numeric signals or control information between modules, and are 

typically used when one module needs to monitor the performance 

or state of another. Logical associations identify a binding between 

modules.” [14] 

Figure 5 shows a typical node model. With the exception of the bottom 

transmitter and receiver, the other modules are different processors, 

which have different functions. This node model presents the OSI archi-

tecture, but it can also have a cross-layer design. 

 

Figure 5. A typical example of a Node Model 

2.3.3 Process Domain 

In the Process Domain, the finite state machines (FSM) describe the 

process model. The programming language is Proto-C that is designed 

to develop the protocols and algorithms in the OPNET Modeler. 

“Proto-C is based on a combination of state transition diagrams 

(STDs), a library of high-level commands known as Kernel 

Procedures, and the general facilities of the C or C++ programming 

language.”[14] 
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In the finite state machine, there are several main parts: Transition 

Conditions, Transition Executives, State Variables and State Executives. 

Transition Conditions are to determine whether a transition should be 

executed; Transition Executives are to run the specific functions when 

the transition condition is met; State Variables define the private state 

variable that the range of validation is in one process. The process is an 

instance of the process model in the Process Editor. At the same time, 

only one process is allowed to be executed in the system. 

Figure 6 shows a state transition diagram in relation to the process 

model. As can be seen in the diagram, many states are connected with 

corresponding states by the transition and each state has its own func-

tion. The red state is the unforced state that allows a pause between the 

enter executives and exit executives. The green state is the forced state 

that does not allow the process to wait [14]. 

 

Figure 6. An example of State Transition Diagram in the Process Model 
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3 Related work 
A real-time routing protocol with load distribution in wireless sensor 

networks (RTLD) was put forward by Adel Ali Ahmed and Norsheila 

Fisal [15] in 2008. In this routing protocol, there are four functional 

modules: location management, routing management, power manage-

ment and neighborhood management. The routing management is the 

most important part of these four modules. It selects the optimal for-

warder based on the forwarding metrics of the packet reception rate, 

link quality and residual energy of one-hop neighbors. For forwarding 

mechanisms, it adopts two types: unicast forwarding and geo-

directional-cast forwarding towards the destination based on quadrant 

[15]. In the presence of the problem associated with network holes, it has 

a routing problem handler phase to deal with the incidental situations in 

geographic-forwarding and neighbor discovery. Location management 

is used to determine the localized information of every sensor node, 

which can provide an effectual foundation for geographic-forwarding. 

In this routing protocol, as is the case with the majority of routing proto-

cols, neighborhood management aims to “discover a subset of forward-

ing candidate nodes and maintain neighbor table of the forwarding 

candidate nodes” [15]. In order to consider the power of the routing 

protocol, it also establishes the power management in order to minimize 

the energy consumption by controlling the packet overhead and mini-

mizing the wasted energy. This routing protocol achieved real-time 

communication, low energy consumption and a high delivery ratio. 

However, it only calculated the forwarding metric of one-hop neighbors, 

which will generate some limitations in relation to choosing the optimal 

forwarder.  

 

Jalel Ben Othman, Bashir Yahya [16] proposed an Energy Efficient and 

QoS aware multipath routing protocol (EQSR) that uses the multipath 

routing scheme to achieve both reliability and a high aggregated band-

width. Simultaneously, it considers residual energy, the node’s available 

buffer size and link quality to predict the next hop node. Priority is also 

considered as the service differentiation in this routing protocol. The 

multipath routing scheme has many advantages including reliability, 

fault tolerance and high bandwidth, but it also results in heavy traffic 
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loads because of the busy channel. In the path construction phase, link 

quality is a reasonable factor to be taken into account because it is influ-

enced by the signal-to-noise ratio (SNR) of links among the nodes. 

Therefore, in this protocol the link quality is used as a factor to control 

the topology of the network. In terms of service differentiation of this 

routing protocol, it uses two different queues to cope with the real-time 

traffic and non-real-time traffic. It is a good means of distinguishing the 

packets as the priority levels for considering emergency packets, which 

will also be present in this protocol. This routing protocol makes good 

performances in many aspects such as, the lifetime of networks, delay, 

reliability communication, but as the analysis describes, it will cause 

heavy traffic loads and the priority mechanism is not well established.  

A. Mahapatra, K. Anand, Dharma P. Agrawal [17] determined out a 

dual-path routing scheme protocol (QEAR), which is energy aware and 

deadline-driven. This routing protocol uses the information regarding 

the remaining distance and the time left to deliver the packet to deter-

mine a distance r that the packet requires in order to be pushed closer to 

the destination [17]. It is based on the geographic information from the 

sensor nodes and it always chooses the sensor node closest to the sink 

node to forward the packet. In this manner, it guarantees the packet 

deadline with regards to sending from the source node to the sink node. 

In order to achieve reliability, this routing protocol adopts a data dupli-

cation scheme so that the source sends two packets to two different 

forwarders, respectively. This makes it possible to achieve reliability 

communication but it will increase the traffic loads. This routing proto-

col also uses an adaptive prioritized Medium Access Layer (MAC) to 

guarantee the real-time delivery. It considers two kinds of packet: real-

time and non-real-time. This scheme takes into account the emergency 

packets that are also provided in this proposed routing protocol. 

J. Heo, J. Hong, and Y. Cho [18] proposed an energy aware routing 

protocol (EARQ) that considered the new requirements of IWSN: real-

time, energy, reliable delivery. “EARQ is a kind of proactive routing 

protocol that aims to maintain an ongoing routing table.”[18] It uses the 

beacon message to construct and maintain the routing table with neigh-

bour information. Based on the neighbour information, it calculates the 

expected values of delay, energy expenditure and reliability of a path 

from the source node to the sink node. After estimating the expected 
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value, it then chooses a path with low delay, low energy and high relia-

bility. This routing protocol provides an efficient and reliable communi-

cation between sensor nodes and achieves the trade-off between energy 

and reliability. However, it increases the message overhead and compu-

tational complexity while estimating the expected values of neighbour 

nodes. 

Juhyun Jung, Soochang Park, et al [19] in the Chungnam National Uni-

versity of Korea proposed an on-demand multi-hop look-ahead-based 

real-time routing protocol (OMLRP) in 2010. The aim of this routing 

protocol is to reduce the message exchange overhead, computing com-

plexity and provide the least deadline miss ratio to real-time data deliv-

ery [19]. In order to restrain the area of multi-hop look-ahead, it de-

signed an elliptical region to obtain the on-demand information only 

around the data forwarding path. By means of this method, it reduces 

the energy consumption of the sensor nodes. In the step of optimal path 

selection, it calculates the average speed of every path from the source 

to the sink up to the expected hops, and then chooses the highest speed 

of the average speeds. During the selection of the optimal path, it adopts 

the area avoidance and traffic load balancing mechanism, which not 

only guarantees the highest transmission speed but also makes the 

sensor nodes consume their battery power in an even manner. This 

routing protocol can select an optimal path for the desired speed with 

low total communication costs so that it can reduce the deadline miss 

ratio and provide multi-hop real-time delivery. However, when it calcu-

lates the average speed, it merely considers the distance of the sensor 

nodes instead of the number of hops, which thus has an undeniable 

effect on the energy consumption and delay. 

Yanjun Li, Ye-Qiong Song, et al [20] proposed a two-hop neighbourhood 

information-based routing protocol, which provides a real-time delivery 

in Wireless Sensor Networks. In this routing protocol, the routing deci-

sion is made, based on the joint metrics: velocity and energy. The two-

hop velocity in this paper is defined as the distance between two-hop 

nodes and divides the two-hop delay. Comparing the required end-to-

end packet delivery velocity, based on the required deadline, it obtains 

the potential forwarding velocity set. This routing protocol takes into 

account the two-hop velocity and remaining energy to choose the opti-

mal next node, which “achieved lower end-to-end deadline miss ratio 
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and higher energy utilization efficiency”[20]. However, in this routing 

protocol the velocity is calculated by means of geographic information 

and, it is unable to optimize the number of hops, which have a signifi-

cant influence on the delay and energy expenditure [21]. 

Pham Tran Anh Quang and Dong-Sung Kim [21] determined a gradient 

routing protocol with two-hop information, which enhances real-time 

performance with energy efficiency. The work of the routing protocol is 

divided into two main parts: finding an optimal forwarder and updating 

and forwarding ACK packages. In relation to the discovery of an opti-

mal forwarder, it solved the shortcomings of THVR [20] and the two-

hop velocity is calculated based on the number of hops, which reduces 

the end-to-end delay and enhances the energy efficiency. In addition, 

this routing protocol designed the gradient for the network in order to 

consider the number of hops. Additionally, it also improved the calcula-

tion of the joint metric by using a dynamic coefficient. In the part involv-

ing updating and forwarding the ACK, it provided a control scheme to 

reduce the computational complexity for each node. Although it shows 

a good performance in relation to the routing protocol, it does not give 

prior consideration to the emergency packet. 

Based on the above list, the current focus of the majority of researches 

with regards to the routing protocol for WSN is currently on the new 

requirements: real-time, energy consumption, end-to-end delay etc. 

RTLD [15] and EARQ [18] are typical representatives. Although they 

achieved the majority of the new requirements for WSN, traffic loads are 

not to be ignored. OMLRP [19] used the on-demand information to 

reduce the message exchange overhead and computation complexity, 

but its limitation is in not considering the number of hops. THVR [20] 

and THVRG [21] enhanced real-time communication with energy effi-

ciency but did not consider the emergency data. EQSR [16] and QEAR 

[17] distinguished the packets as real-time packets and non-real-time 

packets, which considered the priority levels regarding the handling of 

the emergency data in a special way. 

The proposed routing protocol´s aim is to achieve the real-time delivery 

and high reliability communication when considering an emergency 

packet. For the MAC layer, it will adopt TDMA instead of CSMA/CA. 

The advantage of using TDMA is to meet the strict timing requirements 

associated with industrial applications. Therefore, the proposed routing 
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protocol will have an advantage in real-time communication for WSN 

with industrial requirements. It must also consider how to allocate the 

time slots to the sensor nodes of the network. This further question will 

be solved in later sections. Another important issue in the proposed 

protocol involves the emergency packets. The reason for taking the 

emergency packets into account is that transmitting an emergency 

packet as soon as possible to the sink node is of vital importance in some 

applications of WSN, such as the monitoring of an earthquake or a forest 

wildfire. In the proposed routing protocol, emergency packets can be 

delivered in real-time by using priority levels in order to choose the high 

priority packets to be transmitted first. When the proposed routing 

protocol selects the optimal forwarder, it looks ahead for two hops 

based on the two-hop neighbourhood information. Thus, the proposed 

routing protocol will enhance the real-time delivery based on the new 

industrial requirements of WSN. 
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4 Methodology and Model 
Appropriate methodologies and reasonable models when researching 

the field of science and technology are of vital importance, as they can, 

essentially, point to the direction in which to conduct the research. They 

are also the key to determining the proper methods to design and im-

plement the project. This chapter will map out the corresponding meth-

odologies and models used to complete the project. 

The approach in relation to designing and implementing the proposed 

routing protocol consists of a number of steps. Firstly, the general topic 

is determined as being the routing protocol of IWSN. Based on the new 

requirements of IWSN, the current research status is included in the 

procedure in order to clarify the requirements that the project would 

like to achieve. After that, the corresponding methods will be cited from 

other projects. Then, the proposed protocol attempts to improve the 

existing protocol or to determine a new idea for the routing protocol. 

This is the systematic manner in which to organize the corresponding 

concepts and to design the proposed routing protocol. 

Based on what the proposed routing protocol is required to achieve, this 

chapter will introduce the methodologies and models in the following 

aspects: network model, simulator and evaluation methods. A network 

model is the basic environment for developing the proposed routing 

protocol. It will make some assumptions about the specific problem so 

that it can clarify what the project is required to do and which aspects 

are not to be considered by the project. Furthermore, it is also necessary 

to present the platform and tool required to implement the project in 

relation to the method to be used for the development of the project. In 

this project, the simulator, as a tool, will be introduced to show how it 

works while implementing the routing protocol. Meanwhile, the evalua-

tion methods are also important in order to analyse the result of the 

proposed routing protocol. It chooses reasonable assessment criteria 

based on the goals of the project, such as end-to-end delay, packet 

success ratio, reliability and so on. 
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4.1 Network Model 

Wireless Sensor Networks are very heterogeneous so that it is necessary 

to make a few assumptions before designing and implementing the 

proposed routing protocol. 

In the proposed routing protocol, the environment is a small size and 

sparse wireless sensor network that works in a proactive mode where 

the sensor nodes randomly send the packet to the sink node. In this 

wireless sensor network, there is only one sink node and all of the 

sensor nodes are stationary. Therefore, because of the fixed network, the 

neighbour information is unchanged and does not require updating. In 

the initialization phase, the neighbour discovery need only be carried 

out once. In addition, the packet, sending from the source node to the 

sink node, is directional. In this project, the assumption is that every 

node knows its own location and that of the sink node. The location 

information can be obtained by GPS technology or the localization 

protocols for calculating the position of node [22, 23]. 

This project is implemented in the network layer and is based on TDMA. 

In TDMA, the frame consists of several timeslots that are allocated to 

nodes for sending the data from the source to the sink. Thus, in the 

proposed routing protocol, TDMA scheduling is of vital importance and 

has a tremendous influence on the performance of the routing protocol. 

Currently, there are many researches being conducted into TDMA 

scheduling in a wireless sensor network and this can be divided into two 

categories. One is to allocate the timeslot based on the routing infor-

mation, which can achieve minimum latency [24] while the other is 

attempting to allocate the timeslot in a reasonable way but, without the 

routing information. The majority of TDMA scheduling algorithms for 

WSN use the first method because of its low latency. However, in this 

project, the main focus is on the routing protocol in order to determine 

the solution for real-time communication in IWSN and the utilization of 

TDMA is only an important factor which has an effect on this. Thus the 

second method is adopted and an attempt is made to realize an adaptive 

TDMA scheduling method for this specific requirement. 

4.2 Simulator 

Currently, there are many simulation tools for research on network 

technologies and protocols such as OPNET Modeler, NS-2 etc, which 
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provide a virtual environment for analyzing and evaluating the perfor-

mance of network technologies and protocols. In comparison to the NS-

2, OPNET is much easier to use and it has a very convenient Graphic 

User Interface (GUI) thus making it easier to achieve familiarity [25]. 

OPNET is a high-level event-based network level simulation tool that 

operates at the packet-level [13]. It has various simulation products for 

many solutions, such as Network Operations, Application Performance 

Management, Network R&D etc. “The OPNET Modeler is one of the 

most advanced tools from among OPNET products palette, together 

with additional modules” [26]. The OPNET Modeler is applied in Net-

work R & D. 

“OPNET’s Network R&D solutions enable users to:  

 Develop proprietary wireless protocols and technologies 

 Evaluate enhancements to standards-based protocols 

 Test and demonstrate technology designs in realistic scenarios 

before production 

 Increase network R&D productivity and accelerate time-to-

market” [12]. 

So in this project, we use OPNET Modeler 17.5 as the simulation tool to 

implement the proposed routing protocol. 

4.3 Evaluation Methods 

In order to verify the technical solution proposals in the project, evalua-

tion methods play an important role in relation to knowing whether the 

proposed solution is reasonable. 

This part will introduce the evaluation methods that are used in this 

project. Firstly, the assessment criteria required will be presented. This 

will provide a very clear goal regarding what the project would like to 

achieve. In addition, comparison is very important while analysing the 

results from the project. Comparing with other related and existing 

proposals, it becomes easy to identify the strengths and weaknesses. 

Based on this analysis, potentials will arise and problems can be reduced. 

4.3.1 Assessment Criteria 

To ensure that the proposal involves a good result, assessment criteria 

are crucial to describe the performance of the proposal. Based on the 
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goals of the proposed routing protocol, assessment criteria will be 

introduced with the corresponding requirements with regards to IWSN. 

The proposed routing protocol focuses on the solution of emergency 

data and aims to achieve the real-time communication in the whole 

wireless sensor network. The first assessment criterion is the end-to-end 

delay. This criterion reflects the requirement of real-time communication 

and the urgent delivery of emergency data. The analysis result will be 

compared with other related protocols. Therefore, the comparison 

method is also important and will be introduced later. The second 

assessment criterion is the packet success ratio that refers to the trans-

mission reliability of the routing protocol. The packet success ratio 

illustrates the holistic performance of the packet delivery. Another 

assessment criterion is the number of hops that can effect on the end-to-

end delay. The number of hops from the source to the sink is not only a 

factor influencing the performance of the routing protocol, but is also 

necessary when considering a reduction in relation to the end-to-end 

delay.  

4.3.2 Comparison 

This subchapter discusses the comparison of the proposed algorithm 

with the well-known Dijkstra algorithm. It is used for shortest path 

problems for graphs with non-negative edge path costs. For this pro-

posed algorithm, only positive path costs will be used and thus, it is not 

necessary to consider algorithms such as the Bellman-Ford. While com-

paring these two algorithms, the aim is to gain further inherent assess-

ment criteria. In this case, the basic rules of the Dijkstra algorithm will 

not be repeated, but the purpose is to have an algorithm with which to 

compare the results. Both algorithms will use the same data and because 

of this fact, it will be possible to evaluate the proposed algorithm re-

garding the abovementioned assessment criteria. The comparison is 

based on the formal description of results, ensuing explanation, and a 

prognosis for the future depending on the analysis of the results plus an 

interpretation of the data.  

Using OPNET, both algorithms are implemented and these will then be 

submitted to a long-time simulation to provide qualitative and quantita-

tive results.  Using these results, it will be possible to make claims re-
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garding the performance of the proposed algorithm and to reveal the 

major advantages of this work compared to basic research. 
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5 Design and Implementation 
This chapter will give an introduction to the proposed routing protocol 

that mainly consists of four parts: Neighbour Discovery, TDMA Sched-

uling Initialization, Forwarder Selection and Implementation on OPNET.  

The design and implementation of the proposed routing protocol will be 

presented in these four parts. Neighbour Discovery mainly focuses on 

obtaining and maintaining the two-hop neighbour information, which 

refers to the topology control of the whole network and the location of 

each node. TDMA Scheduling Initialization is the key for the proposed 

routing protocol in order to reduce the delay and achieve the real-time 

requirement and it will be designed based on the existing TDMA sched-

uling methods. The most important part of the proposed routing proto-

col is the Forwarder Selection. It is based on the former two parts and 

will be designed using some forwarding metrics. Implementation on 

OPNET will introduce the processing of the design and its implementa-

tion using OPNET simulator. It mainly includes three processing areas: 

Network Modelling, Node Modelling and Process Modelling. 

5.1 Neighbour Discovery 

Neighbour Discovery is the fundamental element of the routing protocol 

and in many existing routing protocols it is described by a number of 

different methods. The typical method is in broadcasting the Hello 

message to update the neighbour information. In this work, this method 

is also used. To obtain sufficient information from the specific network 

and to simplify the network so as to improve the performance of the 

proposed routing protocol, the Neighbour Discovery phase in this work 

will consider the topology of the whole network and the link quality 

between every two nodes. 

5.1.1 Neighbouring nodes 

In this proposed protocol, the range of the neighbour node is changed, 

thus adopting the specific scheme proposed in EARQ [18]. The neigh-

bouring node scheme is a kind of directional selection in that it only 

chooses the node in the direction of the sink node. Thus the selected 
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neighbouring nodes in the neighbour table are not all of the neighbours 

of the node. It chooses the neighbouring nodes located in the area of the 

circle, whose centre is the sink node and whose radius is the distance 

between the sink node and the node.  

Figure 7 shows an example of neighbouring nodes in a routing table of 

node i. The nodes in the area A are neighbours of node i. Node i can 

communicate with all of them via a wireless channel. Generally the 

transmission range of nodes is circular, but because of obstacles in the 

wireless sensor network it is not perfectly circular as is the case for the 

building shown in the picture. The area B is the circle whoes centre is the 

sink node and its radius is the distance between the sink node and the 

node i. The node located closer to the sink node was chosen, so the 

nodes located in the intersection of area A and area B (shaded area of 

the picture) are selected to add to the neighbour table [18]. 

This scheme considers noise and obstacle interference and this solves the 

problem that the packet may be not received because of obstacles. In 

addition, it can flow around the obstacle to find its forwarder. Although 

it is directional, it can guarantee the node in the neighbour table can be 

reached or the packet can be relayed to the corresponding destination.  

 

Figure 7. Neighbours in neighbour table of node i in WSN [13] 

5.1.2 Topology control 

Topology control is one of basic problems in Industrial Wireless Sensor 

Networks and it has a significant influence on the energy consumption, 

reliable delivery, reducing radio interference and so on [27]. In the 



Error! Reference source not 

found.  

Error! Reference source not 

found. 

5 Design and Implementation 

2013-08-20 

 

25 

TDMA-based protocols, in particular, the topology of the network can 

affect the TDMA scheduling and this, to a large extent, determines the 

delay of the protocol. Therefore, the proposed routing protocol adopts 

the topology control method to simplify the sensor network and to 

optimize the number of timeslots for TDMA scheduling.  

The main factor to be considered for topology control is the link quality, 

which in a wireless sensor network can be influenced by several factors 

such as, environment, interference and so on. As is known, communica-

tion links in wireless sensor network are extremely unstable and unreli-

able when they experience the quality fluctuations and weak connectivi-

ty. Link quality estimation is a foundational building block in the design 

of higher layer protocols such as a routing protocol [28]. 

In the proposed routing protocol, the sensor network is fixed. Thus the 

link quality estimation should focus on the interference, such as noise 

interference or the interference caused by data transmission. To simplify 

this processing, after creating the original neighbour table, each link 

between neighbour nodes will be estimated in order to obtain the link 

quality by using the existing algorithm: Link Quality Assured Topology 

Control Algorithm (LQATC) [29].  In LQATC, there are three steps to 

implement the topology adjustment: Link Quality Prediction, Topology 

determination and Local Optimization of Transmission Power. In the 

first set-up phase of the proposed routing protocol, the link quality 

estimation will be carried out in order to reduce the number of links and 

guarantee the robust connection in the wireless sensor network. 

5.1.3 Two-hop neighbour table 

Two-hop neighbour routing is widely adopted in many routing proto-

cols and it is a kind of proactive method performing one-hop look-ahead.  

The real-time data delivery scheme in a wireless sensor network is 

typically carried out by using two-hop information to achieve the de-

sired delivery speed. 

In order to obtain two-hop neighbour information, the proposed routing 

protocol uses two rounds of Hello messages. This scheme is proposed in 

THVR [20]. In the first round, each node broadcasts the Hello message 

to inform its neighbours of its existence. The Hello message includes 

four fields: Src_ID, Position, Link quality, Option, as Figure 8(a) shows. 
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Src_ID is the identifying number of the node; Position is used to check if 

the node is in the range of neighbouring nodes as previously discussed; 

Link quality is used to carry out the topology control; Option is adopted 

to mark this packet as a Hello message. When the neighbour node 

receives the Hello message, it checks the position and link quality with 

regards to whether this source node satisfies the requirement as de-

scribed, and then updates its one-hop neighbour table.  

 
(a) 

 
(b) 

Figure 8. The structure of Hello message 

In the second round, each node sends the Hello message with the one-

hop neighbour information to its neighbours. Thus, the Hello message in 

the second round has changed slightly; it adds one field for one-hop 

neighbour information, as Figure 8(b) shows. When the node receives 

the second Hello message, after checking the position and link quality, it 

updates the two-hop neighbour information. With these two rounds of 

Hello messages, each node in the wireless sensor network will finally 

receive the two-hop neighbour information. The structure of the two-

hop neighbour information is described in Figure 9. 

 
Figure 9. The structure of two-hop neighbour table 
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5.2 TDMA Scheduling Initialization 

With the increasing requirements of real-time communication in an 

industrial wireless sensor network, TDMA is widely used in the current 

wireless sensor networks to provide the guaranteed Qualify of Service 

(QoS). The proposed routing protocol aims to provide real-time com-

munication, so the timeslot allocation in TDMA is a key factor, mainly 

determining the end-to-end delay. In the proposed routing protocol, the 

method of first allocating and then adjusting is the one which has been 

adopted.  

5.2.1 TDMA allocation 

In the phase of Neighbour Discovery, the network is simplified by 

means of topology control and the two-hop neighbour information is 

obtained for each node. Based on this information, TDMA allocation 

starts in the node furthest from the sink node. In each time slot, only one 

transmitter can send the packet but, there is no limitation with regards 

to the number of receivers. At the beginning of the TDMA allocation, 

sufficient timeslots will be given for one frame and it allocates one 

timeslot for each node. Additionally, in order to solve the problem of 

timeslot collision, a shared timeslot is introduced to the TDMA alloca-

tion. Here, the timeslot collision means that the node has a packet to 

transmit but is unable to discover the available timeslot in the allocated 

timeslots of current frame. Thus, the structure of the TDMA frames in 

this work is divided into two parts: allocated timeslot and shared 

timeslot. The allocated timeslots are determined in advance for each 

node and the shared timeslots are reserved for the node requiring more 

timeslots. Thus it is very important to determine the number of timeslots 

in one frame and how many shared timeslots are required to be re-

served. At first, the TDMA frame is not fixed and it thus required sever-

al times to experiment in order to obtain the empirical value. This is the 

processing of adjustment and it will be described at a later stage. 

 
Figure 10. An example of the structure of a TDMA frame. 
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Figure 10 shows an example of the TDMA frame structure. It has six 

timeslots for the allocated timeslots and four timeslots for the shared 

timeslots. In the allocated timeslots, the number of receivers is not fixed 

and it depends on the number of neighbours of the node. From the 

figure, it can be seen that nodes A and D have two neighbours and the 

others only have one.  

5.2.2 TDMA adjustment  

As discussed previously, TDMA scheduling of the proposed routing 

protocol must be adjusted in several experimental feedbacks. At first, all 

of the shared timeslots are not occupied and are merely reserved for 

later utilization. When the node encounters a timeslot collision, it will go 

to the shared timeslot to choose the available timeslot. When the node 

receives the available timeslot resource from the shared timeslot, then 

this should change to the allocated timeslot. The empirical value for the 

TDMA allocation in the proposed routing protocol is very important, as 

it can make an impact on the end-to-end delay of the protocol. After 

testing and experimenting several times, the number of timeslots and 

shared timeslots in one frame is determined, based on the effects of the 

experiment. After the processing of the TDMA adjustment, the TDMA 

timeslot allocation is fixed and will be used periodically in the network. 

5.3 Forwarder Selection 

If the requirement is to choose which nodes will be the best forwarder 

for the routing, then this is not easy to determine. Based on this issue, 

the forwarder selection can be viewed as a very significant problem to 

solve. There are three main parts in the Forwarder Selection: Gradient 

setup, Priority model and Forwarding metrics.  

In the proposed routing protocol, the two-hop velocity is used in the 

forwarding metrics to select the potential nodes. Therefore, the Gradient 

setup is necessary for the protocol to calculate the required velocity. In 

addition, the proposed routing protocol considers the emergency data, 

so it is also important to choose the priority model to cope with this 

issue. The Forwarding metrics are the key factors to deciding the path 

from the source node to the sink node and they act as the rules for the 

protocol in relation to finding the routing. 
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5.3.1 Gradient-based network setup 

Gradient-based networks will be built in the proposed routing protocol 

and it uses the scheme proposed in IETF ROLL [30], [31]. The Gradient 

scheme mainly consists of three steps. 

1) Gradient setup:  This setup method is typically used in the Gradient 

Based Routing (GBR) [32], which builds up a hop-count-based gradient 

during a setup phase [33]. In the setup phase, the sink node firstly sends 

a message containing a counter set to 1 to its neighbours. While 

receiving the message, the counter contained in the received message 

will be set as its height and then the node adds this counter by one, and 

puts it to the field of packet and delivers it to its neighbours.  

2) Height calculation: This step is achieved in many different protocols 

with different means. In the proposed routing protocol, the simple 

calculation method is adopted to modulate the height of the node. The 

height of the sink node is always set to 0. Other nodes will set their 

heights equal to the smallest number of hops to the sink node [21]. 

3) Forwarding techniques: There are several forwarding techniques used 

in the different gradient-based routing protocols and this depends on 

the forwarding parameters. In the proposed routing protocol, the 

method proposed in the Implementation of Gradient Routing in WSN is 

used [33]. The node sends the packet to its available neighbour with the 

smallest height, so it can increase the reliability of delivering with the 

best available node. 

 
Figure 11. An example of Gradient-based network 
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Figure 11 shows an example of a Gradient-based network. The red 

triangle is the sink node and its height is set to 0. Other nodes set their 

heights using the Gradient scheme, so the height of each node is the 

smallest number of hops to the sink node. 

5.3.2 Priority model 

Emergency data in the proposed routing protocol is considered as the 

highest priority packet that should be handled as soon as possible. The 

proposed protocol classifies the packet as two types of priority: normal 

packets and priority packets. Each node has its own buffer for the 

relaying of packets and this buffer uses a queue model to sort the 

sequence for relaying. The queue model adopts the scheme that 

emergency data is the priority. The priority packet is always inserted 

into the head of the queue and it can be transmitted when the node 

obtains the opportunity. It maintains the following rules: 

1) If there are other priority packets waiting in the queue, the new 

priority packet is inserted at the tail of these existing priority packets. 

2) The normal packet is always inserted into the tail of the queue 

without considering the sequence. 

3) If the queue is full, the queue will discard the oldest packet to provide 

a place for the newly coming packet. 

Figure 12 shows the Queuing model in this protocol. In the packet 

format of sensor data, the emergency data is marked in the field of 

priority. If this data is priority data it will be inserted into the head of the 

queue, otherwise it is inserted into the tail of the queue. 

 

 
Figure 12. Queuing model  
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5.3.3 Forwarding metrics 

Forwarding metrics are the key criteria to selecting the optimal path for 

the sensor data that has the delay requirement. In the proposed routing 

protocol, the important forwarding metrics are two-hop velocity and 

forwarding probability. Some following formulas are proposed in [21]. 

The set of one-hop neighbours of node i, )(iF , is defined as being 

composed of the neighbour of node i in the one-hop neighbour area. The 

set of two-hop neighbours of nodes i, )(2 iF , consists of the one-hop 

neighbour nodes of )(iF , namely the two-hop neighbours of node i. 

With two kinds of packets in the proposed protocol, it will give two 

different required deadline deliveries to meet the requirements of 

normal packets and priority packets. This two required deadline 

deliveries are defined as 0sett , 1sett  respectively, and 0sett  is the required 

deadline delivery of the normal packet and 1sett is that of the priority 

packet. In addition, the corresponding threshold velocities to guarantee 

the end-to-end delay are defined by  

0
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S                                                    (2) 

where sH  is the height of the source 

Two-hop velocity is related to the delay of a two-hop neighbour while 

considering the number of hops instead of the distance between the two-

hop nodes. It is calculated by 

),(),(

2

kjTjiT
V j

i


                                   (3) 

where ),( jiT  is the delay from node i to node j, )(iFj , and ),( kjT  is 

the delay from node j to node k, )(2 iFk . 

If node j satisfies 0th

j

i SV  , it is included into the set 0P , namely the 

potential forwarder set of the normal packet. 
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If node j satisfies 1th

j

i SV  , it is included into the set 1P , namely the 

potential forwarder set of the priority packet. 

End-to-end packet delay is the main reason for affecting the real-time 

communication in a wireless sensor network and, in the proposed 

protocol it is denoted by eeT 2 and calculated by 


k

khopee tT ,2                                                (4) 

That means the end-to-end packet delay is the total sum of the delay of 

every hop khopt ,  through all the hops of the selected path in the network. 

It is assumed that a packet is received by the forwarding node a at the 

timeslot an , and after running the proposed protocol, it will relay to 

node b at the timeslot bn . The per-hop delay is calculated by 

queueabhop tMnnt  ]mod)[(                         (5) 

In (5),  is the duration of one timeslot, M is the total number of the 

timeslots in one frame and queuet is the time waiting in the queue [34]. 

From this equation, the delay of per-hop is determined by the 

transmission delay, timeslot offset delay and queuing delay. 

The node determines whether it relays the packets based on the 

forwarding probability of node i that is calculated by 

   

                                                                                                                     (6) 

 

 

where )(iFj , N is the cardinality of )(iF , je  is the packet loss ratio of 

node j, iH is the height of node i, sH is the height of the source node, and 

1K  and 2K  are the positive coefficients.  

In (6), je  can be achieved by the link quality as discussed previously, 1K  

and 2K are the value of a function of )/()( si HH  and this is given by 
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where )/()( si HH  [21]. 

Figure 13 shows the flowchart of the processing of the forwarder 

selection. When the node receives the packet or has its own packet to 

send, after judging whether or not it is a priority packet, it will find the 

potential forwarder in the corresponding set. However, if the potential 

forwarder set is empty, it must start the initialization scheme to calculate 

the forwarding information. If in the forwarding set, it can find the 

potential nodes, it then chooses the node with the best two-hop velocity 

to calculate the forwarding probability of the node and if the probability 

is high, this node will send it, otherwise, it will find another node with 

the second best two-hop velocity. In this processing, the priority packet 

will always have priority to being handled by the forwarder selection 

scheme. 

 

Figure 13. Flowchart of the processing of forwarder selection 
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5.4 Implementation on OPNET 

This section will introduce the implementation concerning the proposed 

routing protocol using the OPNET simulator. This simulator is based on 

a hierarchical structure, and thus we will implement the proposed 

protocol will be implemented in a network model, node model and 

process model, respectively. 

There are several procedures for building the OPNET Modelling to 

implement the protocols: 

1) Ensure that the problem required to be solved by the protocol is 

determined and the manner in which it is to be solved on the OPNET 

Modeler. 

2) Create the modelling based on the requirement of the problem. 

3) Verify the modelling to guarantee its validity. 

4) Simulate to obtain the result and then analyze it. 

Figure 14 shows the hierarchical structure of models. They are 

implemented in the Network Editor, the Node Editor and the Process 

Editor. Firstly the topology of the network should be designed in the 

Network Editor and then the function modularity of the node will be 

created in the Node Editor. The final part is the diagram and the stream 

of the state that describes the processing of the protocol using C or C++ 

programming. 

 

Figure 14. The hierarchical structure of models 
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5.4.1 Network Modelling 

Network Model aims to design the topology of the network of the 

proposed protocol. In this work, the protocol is simulated under two 

scenarios. One is composed of 10 nodes and the number of nodes for the 

other scenario is 20. The nodes are deployed randomly. 

 

As Figure 15 shows, there are two different scenarios concerning the 

proposed protocol. In (a), node_9 is the sink node and node_10 is the 

group configuration node to exclude the packets from themselves. In (b), 

the sink node is node_10 and it also has the group configuration node 

node_20. 

 

 

(a) 10 nodes in the network 

 

(b) 20 nodes in the network 

Figure 15. The different scenarios in the network 
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5.4.2 Node Modelling 

Node Model consists of several function modules that are connected 

with each other using the packet stream, which can show the 

architecture of the network. In the OPNET Modeler, the architecture of 

the network can be designed using a cross-layer method, thus it can be 

implemented based on user requirements. If it has more layers, for each 

layer it only needs to carry out the function of this layer. Additionally, 

the layers can also be integrated into one layer and then all functions 

should be implemented in this layer. 

In this work, the cross-layer designation is adopted and it only includes 

two layers concerning its architecture of the network. These involve the 

processing layer, that provides all the functions in the high-level 

network of the protocol and the physical layer that controls the data 

transmission in the low-level of network.  

 

Figure 16. Node Modelling of the proposed protocol 

Figure 16 shows the Node Modelling of the proposed protocol. The task 

of the processor is to implement all the processing of the proposed 

protocol. This includes the Neighbour Discovery, TDMA Scheduling 

Initialization and Forwarder Selection, as previously discussed.  The 

physical layer is comprised of the transmitter xmt and the receiver rcv. 

Because of the wireless network, it adds the antenna a_0 and a_1 into the 

modelling. In addition, the blue arrows are the packet streams that make 

the connection between the modules. 
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5.4.3 Process Modelling 

The Process Model is the core of all the models and it is described in the 

Finite State Machine (FSM). Each state can use any C or C++ 

programming and the protocol-designed library functions. Each FSM is 

also able to develop its own function and define private variables. The 

FSM is dynamic and during the simulation, it can, automatically, 

transform one state to another, based on the corresponding condition. In 

the proposed project, the C language, combining with OPNET library 

functions, is mainly used to develop the whole project. 

 

Figure 17. Process model of the proposed protocol 

As Figure 17 shows, the process model consists of several FSMs. The 

green FSM is forced and after executing the Enter Executives, it will 

change automatically to the Exit Executives. The red FSM is unforced 

and it will not automatically transform to the Exit Executives. In this 

process model, there is only one forced FSM. 

In the Init state, it initializes the global variables, state variables, global 

statistics and local statistics.  
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In the wait1 state, it discovers the two-hop neighbour information. In 

this state, it will send two rounds of Hello messages: a one-hop Hello 

message and a two-hop Hello message. The definition of the Hello 

messages is shown in Figure 18. The Hello message will adopt an 

encapsulation scheme so that different Hello messages use the same 

packet format as shown in Figure 19 shows. When they encapsulate the 

packet, they add the Hello message into the field of Message. The data 

packet also uses this format to define the packet. 

 

Figure 18. Definition of the Hello messages  

 

Figure 19. Packet format  

The main task of the wait2 state is to initialize the TDMA table for the 

network. When the interrupt has satisfied the condition TDMA_INIT, it 

will execute the function tdma_init_handle() to generate the TDMA 

schedule. 
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The first three states are part of the initialization phase, after which it 

will change to the idle state, the dominant state during the operation of 

the protocol. When the node is interrupted by the PACKET_GENERATE, 

it will change from the idle state to the generate state in order to create its 

own packet. When the packets are received from other nodes (event 

PACKET_ARRVL), the node changes its state to the forward state. If this 

packet is the data packet, it will set an interrupt ACK_TIMER to send the 

ACK packet to the node from which the packet came, after a period of 

time. It will also set the interrupt PACKET_TRANS to transmit this 

packet and then, transform to the send state. While transmitting the 

packet, the interrupt ACK_CHECK is set to check whether the packet 

arrives. If not, it will go back to the send state to retransmit it. When the 

number of retransmissions is over the threshold (event TIMEOUT), the 

node will come back to the idle state. If the packet arrives successfully, it 

changes the retransmit state to the idle state. The queue scheme will be 

used in the whole processing transmission. If the data packet is received, 

it will insert into the queue based on the queue scheme; and if the node 

has the opportunity to send the packet, it will take one data packet from 

the queue to send.  
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6 Evaluation  
This chapter will show the result of the evaluation in relation to the 

performance of the proposed protocol. It will analyze the proposed 

protocol from two aspects: average end-to-end delay and delivery 

success ratio. 

6.1 Simulation model 

In the wireless Medium Access Control (MAC) and the physical layer, 

the IEEE 802.15.4 standard is adopted. The data rate is 1024 b/s, the 

bandwidth is 2000 kHz, and the minimum frequency is 2401MHz. The 

modulation in the IEEE 802.15.4 is OQPSK, but there is no this modula-

tion in the OPNET so it uses BPSK. Additionally, in the transmitter, the 

power is set to 0.01. The free space path loss,  given by 

2

4










d
L




 

Has been adopted, where  is the wavelength, d is the distance between 

the transmitter and the receiver. Free space is only valid in the “far 

field” which would be based on the wavelength and the dimensions of 

the source. The path loss value is never greater than 1. The power in 

receiver rp is calculated by 

rttr GLGpp   

where tp is the in-band transmitter power, tG and rG are the antenna 

gain of the transmitter and the receiver, respectively and L is the path 

loss. The threshold of the received power is set to 1.0e-10, which it 

determines if the packet has arrived successfully. The SNR value is 

calculated by 

)(log10 10

ba

r

NN

p
SNR


  

where rp is the receiving power, aN is the accumulated noise calculated 

by the interference, and bN is background noise. 
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In this simulation, there are two scenarios for which the number of 

nodes is fixed to 10 and 20, respectively. These are deployed randomly 

in a 100m100m area. The transmission range is 60m and the packet 

length is 32 bits (4 bytes). In order to determine the duration of one 

timeslot, the relationship was tested by means of delay, packet length 

and distance. The delay mostly depends on the packet length and is 

0.03125 s. In this work, the duration of one timeslot in TDMA frame is 

set to 0.032 s, which is a little larger than 0.03125. 

6.2 End-to-end delay in different traffic loads 

End-to-end delay, in an industrial wireless sensor network, is often of 

particular importance to realize the real-time communication. The 

proposed protocol adopts the TDMA as the MAC protocol instead of 

CSMA/CA to take full advantage of the real-time performance of TDMA. 

Because the node is scheduled to deliver the packet, it avoids any colli-

sion between packets and thus the packet can arrive with the expected 

time. In the proposed protocol, before selecting the forwarder, the link 

quality of each link is obtained and the topology of the network is 

controlled by the link quality factor. Then, the two-hop velocity is con-

sidered while calculating the potential forwarder set. By using several 

selecting steps, the node chooses to relay the optimal packet in the 

proposed protocol. 

The proposed protocol is compared with the well-known routing algo-

rithm Dijkstra whose aim is to determine the shortest path in the net-

work. Currently, many researchers are extending the original Dijkstra 

algorithm, thus there are many versions which are concerned with the 

improved Dijkstra algorithm. In this paper, the simple Dijkstra has been 

adopted and this will that only consider the number of hops in the 

network and is attempting to select the path with the smallest number of 

hops from the source node to the sink node. 

The average end-to-end delay is evaluated under different traffic loads 

while the number of sources is varied from 1 to 6. The packet generate 

frequency of the source is 1 packet per second. Figure 21 shows the 

performance of the proposed routing protocol compared with the Dijks-

tra algorithm. From the figure it can be seen that, as the number of 

sources increase, the average end-to-end delay will be increased. This is 

a consequence of the increased traffic loads and the fact that every 
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source has the same frequency of generating packets. The conclusion 

that can thus be drawn is that the increasing numbers of sources results 

in a higher packet generate frequency. Hence it can be determined that a 

higher traffic load will be the result of a higher frequency. The compari-

son indicates that the proposed protocol outperforms the Dijkstra algo-

rithm. The proposed protocol shows the lower end-to-end delay as it 

adopts TDMA and is able to provide a guaranteed access to wireless 

channel and, also, uses the two-hop velocity that guarantees the bound 

delay and looks one hop ahead. The Dijkstra algorithm only considers 

the number of hops, which is just one of the many influence factors for 

the delay.  

 

Figure 21. Average end-to-end delay comparison between the proposed algorithm 

and Dijkstra algorithm with the number of sources varying from 1 to 6 in 10 nodes 

scenario, each source sends the packets every second. 

The proposed protocol also compares the minimum, average and maxi-

mum end-to-end delay with different traffic loads, as shown in Figure 22. 

It can be seen from the figure, it has an increasing trend for minimum, 

average and maximum end-to-end delay for multiple sources. In the 

wireless network, as the number of sources is increasing, the traffic load 

will become heavier. The figure shows that in the heaviest traffic envi-

ronment, the minimum end-to-end delay stays within 0.5s and the 

maximum end-to-end delay is within 1.2s. It is clearly illustrated that the 

proposed protocol achieves a low end-to-end delay with multiple 

sources. 
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Figure 22. End-to-end delay of the proposed protocol with different traffic loads that 

the number of sources varying from 1 to 6 in 10 nodes scenario, each source sends 

the packets every second. 

6.3 Delivery success ratio 

In order to take the corresponding factors into consideration, the 

delivery success ratio (DSR) is one of the most important criteria to be 

evaluated. In the proposed protocol, TDMA coordinates the packet 

transmission in the network. It avoids data collision because in each 

timeslot only one node can send the packet. By means of this strategy, it 

can achieve high reliability. Additionally, while selecting the optimal 

forwarder, the node calculates the forwarding probability by 

considering the packet loss ratio. This also contributes to the reliability 

communication with regards the performance of the proposed protocol. 

 
Figure 23. Delivery success ratio of two protocols with different sources in 10 nodes 

scenario, each source sends the packets every second. 
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Figure 23 shows the delivery success ratio of the two algorithms with 

different sources. From the figure, it can be seen that, as the number of 

sources increased (equal to higher traffic load), the delivery success ratio 

is decreased. The DSR decrease is induced by the packet collision, busy 

channel probability and network congestion. However, the delivery 

success ratio of the proposed protocol is higher than the Dijkstra 

algorithm. The strategy of the proposed protocol achieves a high 

reliability communication, which contributes to the good performance of 

the proposed protocol. Additionally, as traffic loads increases, the 

discrepancy between the two algorithms increases. This indicates that 

the proposed protocol outperforms the Dijkstra algorithm when a 

comparison is made comparing the delivery success ratio. 

6.4 Number of hops and average delay 

The proposed protocol is also evaluated between emergency and 

regular packets in different sized networks. Here, the objective is to 

measure the average delay between emergency and regular packets. It 

was expected that the average delay of emergency data would be less 

than that of regular data. The difference was compared in both the 10 

and 20 nodes networks and, in addition, the number of hops was 

increased in order to measure the relationship between the number of 

hops and delay. 
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Figure 24 shows the average delay comparison between emergency data 

and regular data with 1, 2, 3, 4, 5 hops in different sized networks. As 

the figure displays, as the number of hops increases, the average delay 

increases regardless of whether the size of the network is 10 nodes or 20 

nodes and the packet is emergency data or regular data. This indicates 

that more hops will use more time slots to relay the packets and will 

even wait for a longer time in order to have the chance to send it. If the 

difference between emergency and regular nodes is compared in these 

two different sized networks, it is conspicuous that the difference will be 

larger for more hops and, additionally, for more nodes. The implications 

of this is that the discrepancy between emergency and regular packets in 

relation to an increasing number of hops in different sized networks is 

not a proportional increase; even in 4 and 5 hops this gap in the 20 

nodes network is lower than that in the 10 nodes network.  As the result 

confirms, the average delay for emergency data is less than the average 

delay of regular data for different numbers of hops and different sized 

networks. 

 
Figure 24. Average delay comparison between emergency data and regular data with 

different number of hops in different size network  
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7 Conclusions  
Industrial Wireless Sensor Network (IWSN) applications are attempting 

to achieve the new requirements such as real-time delay, reliable deliv-

ery, etc in industrial environments. Based on the significant economical 

investments and benefits, the security of industrial environments is 

important. The sensors monitor the environment and when an emergen-

cy situation is detected, the sink will be notified so that it can cope with 

it. 

In this thesis, a TDMA-based real-time delay routing with two-hop 

neighbour information in IWSN is proposed. The goal of this thesis is to 

achieve real-time delay and reliable delivery.  Two-hop neighbour 

information is used to calculate the two-hop velocity, which has been 

adopted in a number of existing protocols, and it has been proven that it 

can reduce the end-to-end delay. To guarantee the real-time delay of 

emergency data, the packets are classified into two categories: emergen-

cy packets and regular packets. The priority scheme is implemented in 

the priority queue model where the emergency packets will always be 

given the highest priority to go forward. In the proposed protocol, 

TDMA is adopted to guarantee a deterministic timing constraint for 

real-time communication in industrial applications. By adopting a 

TDMA scheme, for one timeslot, only one node is active to send the 

packet, thus it avoids collision as CSMA/CA may arise. Meanwhile, the 

link quality in the proposed protocol is considered in order give assur-

ance to the reliability of transmission. 

The proposed protocol is simulated by using the OPNET Modeler and is 

mainly evaluated from two aspects: end-to-end delay and delivery 

success ratio. The performance of proposed protocol shows a low end-

to-end delay and high delivery success ratio. The proposed protocol not 

only considers the number of hops but also takes two-hop velocity, link 

quality and queue model into account. While comparing the delay of the 

closest nodes and farthermost nodes to the sink with the average delay, 

it shows that the closest nodes have the lowest delay and, even in the 

heaviest traffic loads, the delay of farthermost node is within 1.2s. The 

proposed protocol is also compared in relation to the emergency and 
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regular packets in different sized networks. It illustrates that the delay 

of emergency packets is less than that for the regular packets. 

Thus, from all the results of the evaluation, it can be determined that the 

proposed protocol achieves real-time delay and reliable communication 

in an IWSN. However, there are also some improvements for future 

work: 

(1) The proposed protocol is only implemented in 10 and 20 node net-

works and the flexibility of programming should be achieved in future 

work. 

(2) The proposed protocol only considers a fixed network, in the future 

work; the dynamic environment should be taken into account. 

(3) Energy consumption is also important in the routing algorithm of 

WSN, so this part should also be considered. 

(4) The delay of the proposed protocol mainly depends on the TDMA 

scheduling, so in the future, how to optimize the time slot allocation for 

TDMA is also worthy of researching.  
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