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Abstract
With the constant expansion of the industrial monitoring system, there is an ur-
gent requirement to reduce investment and operating costs for the development 
of  industrial  communication  technology.  For  industrial  real-time  monitoring 
systems, wireless technology can be used in a practical industrial production to 
take advantages of its flexibility and robustness. As wireless sensor networks 
have many advantages such as low investment costs, flexible structure and ease 
of  transformation,  it  has  become the  focus  with  regards  to  industrial  areas. 
THVRG is a routing algorithm that selects the routing path based on two-hop 
information. Since different information sensed by the sensors may have differ-
ent requirements in order to reach the sink, a priority-based routing algorithm is 
required in order to adapt to this kind of situation. This thesis has proposed a 
priority routing algorithm based on the THVRG (Priority-based THVRG). In 
addition, a simulation of this algorithm was performed in OPNET. Finally, the 
report provides an evaluation of the proposed algorithm in industrial wireless 
sensor networks.

Keywords: Industrial Wireless sensor networks, priority, routing algorithms
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Terminology

Abbreviations

WSN Wireless Sensor Network
IWSN Industrial Wireless Sensor Network
RTS Request to Send
CTS Clear to Send
THVR Two-hop Velocity-based Routing
THVRG THVR Algorithm for Gradient-based network
P-THVRG Priority-based THVRG
MAC Medium Access Control
ACK Acknowledgment
CSMA/CA Carrier Sense Multiple Access/Collision Avoidance
CSMA/CD Carrier Sense Multiple Access/Collision Detect
DCF Distributed Coordination Function
ED Energy Detection
CD Carrier Detection
BDCS Buffer Drop Control Scheme
PDR Packet Delivery Ratio
PLR Packet Loss Ratio
CCA Clear Channel Access
TDMA Time Division Multiple Access

Mathematical notation

ve Joint metric in THVRG

S j
i The two-hop velocity between node i and j

E j The remain energy of node j

e j The packet loss ratio of node j

Delay i
j The estimated delay between node i and j
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1 Introduction

1.1 Background and problem motivation
The high cost in relation to both the installation and use in a wired network has 
become an obstacle to the development of industrial communication techno-
logy. In addition, a wired network requires cabling when a network is being 
built  up,  which  largely limits  the  movement  of  the  device  and the  flexible 
changes with regards to the network structure. This is particularly true in some 
special  industrial  environments such as when the industrial  equipment is  re-
quired to rotate, move or operate in corrosive environments, as it will prove 
very difficult, in these situations, to overcome problems associated with the wir-
ing.

WSN (Wireless Sensor Network) is a self-organizing network system deployed 
in the monitoring area, which consists of a large number of cheap micro sensor 
nodes available by means of wireless communication technologies.

In the industrial field, a wireless sensor network can be used to achieve remote 
monitoring of the whole production process at a lower cost. It can access im-
portant industrial process data and has the ability to implement optimal control, 
which can improve product quality, reduce the cost of industrial production and 
improve energy efficiency.

With the advances  in microelectronics  technology,  computer  technology and 
wireless communication technology, wireless sensor networks have rapidly de-
veloped. Any network data transmission is inseparable from the routing pro-
tocol and as the conventional wireless network routing protocols are unable to 
adapt to wireless sensor networks, research into new routing protocols for wire-
less sensor networks has become an important issue in recent years [1].

The design goals of a wireless sensor network routing algorithm are [2]: (1) to 
establish an energy efficiency path; (2) to improve routing fault tolerance; (3) to 
form a reliable data forwarding mechanism; (4) to extend the maximum net-
work life cycle.

THVRG (Two-hop Velocity-based Routing  Algorithm for Gradient-based Net-
work) is an IWSN routing algorithm that can enhance real-time delivery and re-
duce energy consumption. It selects the routing path based on the two-hop in-
formation of the parent nodes. [3]

With the rapid expansion of network applications, the data forwarded by the 
nodes can now be used in a wider range of processes. Different data have differ-
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ent  transmission  requirements,  and  thus  also  require  different  transmission 
strategies. 

For example, one IWSN can consist of two kind of packets: normal packets and 
emergency packets.  On the one  hand,  the  normal  packets  should always  be 
transmitted giving consideration to both the delay and the energy. On the other 
hand, the emergency packets should be transmitted to the sink as soon as pos-
sible. In this regard, priority-based routing algorithms in IWSNs are necessary 
for these situations.

In this thesis, a priority-based THVRG was proposed, which can meet different 
transmission requirements, including delay, energy consumption, PDR (Packet  
Delivery Ratio), emergency handling and so on. The sensor nodes  will use dif-
ferent transmission strategies when forwarding different packets. The proposed 
algorithm can make full use of the network payload, balance the energy con-
sumption and enhance  the lifetime of the whole network. 

1.2 Overall aim 
With  the  development  of  the  wireless  sensor  networks,  the  applications  in 
WSNs have become more and more complex. In particular in IWSNs (Industri-
al Wireless Sensor Networks), several kinds of packets exist all of which have 
different transmission requirements. The overall aim of this work is to propose 
a priority-based algorithm, based on THVRG, in industrial wireless sensor net-
works, and to simulate the new algorithms methods. The work aims to show a 
new priority  routing  algorithm that  can  meet  different  transmission  require-
ments  for  different  packets  in  IWSNs.  Additionally,  the  proposed algorithm 
should perform in a satisfactory manner in aspects such as end-to-end delay, en-
ergy consumption, packet delivery ratio and so on.

1.3 Scope
The focus of the work is to propose a new priority-based routing algorithms, 
considering different  transmission requirements  in  IWSNs. The proposed al-
gorithm will be simulated in OPNET.

1.4 Concrete and verifiable goals 
The work has an objective to complete the following goals:

(1) Study some WSN routing algorithms theoretically, especially THVRG.
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(2) Propose a new priority-based routing algorithm. 

(3) Simulate the proposed algorithm in OPNET.

(4) Evaluate the proposed algorithm.

1.5 Outline
Chapter 2 analyzes some routing algorithms in WSNs and this will focus on the 
introduction of THVRG. This chapter also briefly introduces details concerning 
the  WSN,  CSMA/CA (Carrier  Sense  Multiple  Access/Collision  Avoidance). 
Chapter  3  describes  the  theory  part  of  the  proposed  new priority-based  al-
gorithms, which includes both the improvement and the priority part. Chapter 4 
describes the specified design for the simulation of the proposed algorithm, in-
cluding the simulation software background, simulation environment, the net-
work layer and the MAC layer. Chapter 5 shows the result of all the simulation. 
Chapter 6 draws conclusions and provides an evaluation of the proposed al-
gorithm in IWSNs.

1.6 Contributions
This  work analyzes the original THVRG and proposes a new priority-based 
routing algorithm. The proposed algorithm performs well in many different in-
spects such as  deadline transmission, energy consumption, packet delivery ra-
tio, emergency handling and so on.

All the work in this thesis, including the proposed new algorithm, the simula-
tion coding, evaluation coding ,evaluation analysis have been performed by the 
author.
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2 Theory

2.1 Industrial Wireless Sensor Network 
With the progressive development of RF technology and the sensor products, 
the industrial monitoring system based on wireless sensor networks can solve 
the problems caused by the uncertainties relating to changes in the environment 
and thus can reduce the production cost of the product and improve the work ef-
ficiency. [4]

This  section  briefly  introduces  the  concepts  and  characteristics  of  wireless 
sensor networks and IWSN.

2.1.1 An overview of wireless sensor networks

“Wireless sensor network is a special case of the Ad-hoc network. It transmits 
the data by means of a multi-hop wireless. Therefore, achieving real-time trans-
mission in wireless sensor networks involves many difficulties which is differs 
to that for the traditional network.”[5-6]

In earlier studies, it has been considered that an ad-hoc network protocol can be 
applied to wireless sensor networks, directly. However, with further research, it 
is increasingly recognized that both networks have many different characterist-
ics and that sensor networks cannot simply use the previous (so-called "tradi-
tional") ad-hoc network protocols for the following reasons[7]:

A. The number and the distribution density of nodes in sensor networks are 
far more than the previous ad-hoc network nodes;

B. Unlike ad-hoc nodes, most nodes do not move quickly;

C. The probability of failure of sensor nodes is greater than is the case for 
the ad-hoc network;

D. The storage capacity,  computing ability and power of the sensor nodes 
are limited;

E. Sensor  nodes  mainly  use  broadcast  communication,  but  ad-hoc  net-
works  generally use point to point communication;

F. Sensor nodes do not have a globally unique identifier.
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Currently, common wireless networks include mobile communication networks, 
Ad-Hoc networks, wireless LAN, Bluetooth networks. When a comparison is 
made in relation to these networks, wireless sensor networks have the following 
characteristics [8]:

1. Limited hardware resources

Due to the restrictions of the price, the hardware size, power consump-
tion,  the  signal  processing  capability  and  the  computing  capacity  of 
WSN node are limited. In comparison to that for an ordinary computer, , 
its function is significantly weaker with regards to the program space 
and memory space.

2. Limited power capacity

Due to the limitations of hardware, network nodes are usually powered 
by a battery and this possesses limited power. Meanwhile, the wireless 
sensor network nodes are usually placed in harsh environments or unin-
habited areas, for which it is difficult to charge or replace the battery.

3. No central node

A wireless sensor network is a peer to peer network which has no strict 
central node, i.e. all the nodes are equal in status. Each node knows only 
the  position  and  the  corresponding  identifications  of  its  neighboring 
nodes. Wireless sensor networks perform signal processing and commu-
nications using mutual cooperation between neighboring nodes. It has a 
strong collaboration.

4. Self-organization

The expansion and layout of the network is not reliant on any default 
network device. Nodes coordinate their monitoring behavior by menas 
of  layering  protocols  and  distributed  algorithms.  Nodes  are  able  to 
quickly and automatically form an independent wireless network after 
booting.

5. Multi-hop routing

In wireless sensor networks, nodes can only communicate directly with 
their neighbors. If nodes want to communicate with nodes outside their 
RF coverage, they are required to route through intermediate network 
nodes.  The multi-hop routing  of  wireless  sensor  networks  is  accom-
plished by means of a common network node and there is no specific 
routing equipment.

6. Dynamic topology
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A wireless sensor network is a dynamic network in which nodes are able 
to move around; one node may exit the operation of the network be-
cause the battery has run out of energy or for other failure reasons; one 
node may also be added to the current network regarding an additional 
requirement. These will cause changes to the network topology and thus 
the  wireless  sensor  networks  have  dynamic  topology  organizational 
functions.

  

2.1.2 IWSN
Wireless sensor networks have characteristics such as low-cost, ease of use and 
ubiquitous sensing, which makes it possible to measure some important para-
meters for industrial processes including the failure to achieve online detection 
due to cost and other factors in traditional practice, to implement optimal con-
trol, improve product quality, increase energy efficiency and to reduce mainten-
ance operating costs. In addition, it is relatively simple to expand an upgrade in 
a wireless sensor network, which can effectively reduce the secondary invest-
ment and also improve economic efficiency. Therefore, the wireless sensor net-
works within the industrial control field are able to offer significant prospects 
for development.

Before deploying wireless solutions, the problem in relation to which techno-
logy is most suitable for present and future development needs must be con-
sidered.  The  following  are  some  precautions  when  selecting  WSN wireless 
solutions [9]:

A. Single-function network or multi-function network. The initial cost ef-
fectiveness of single-function network is very significant. However, in 
the long run, a multi-function network is a more effective solution since 
it supports multiple communication protocols and multiple applications.

B. Network compatibility. All systems should support Wi-Fi and wired Eth-
ernet,  and  be  able  to  upgrade  to  the  systems  while  complying  in  a 
smooth manner with ISA100, HART and other international standards.

C. Reliability and scalability. Since different occasions have different ap-
plication  requirements,  systems  that  can  provide  high  reliable  data 
should be used to  ensure the flexibility of future upgrades in terms of 
both convenience and application expansion. Since wireless networks 
transmit  data  through wireless,  they are vulnerable to eavesdropping. 
The data must utilize an appropriate encryption method.

D. Information transmission speed. Some applications require high-speed 
transmission, while others are able to tolerate a lower transmission rate 
in order to save the battery life. The same network should also accom-
modate a variety of rates to meet specific rate requirements.
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E. Notification and alarm frequency. Many sensor networks will regularly 
report information, but most applications require a quick notification or 
alarm after exceeding the limit value. The system should support regular 
updates and on-demand updates.

F. Power management. If a battery-powered wireless product was chosen, 
it is necessary to pre-determine the battery life with regards to the report 
rate. The majority of  factories use a five second update rate being as a 
reasonable value.

G. Control  applications.  Whenever  possible,  use  a  sophisticated  control 
system to monitor, rather than using a separate monitoring system, ad-
ded future data.

H. Maintaining predictability. The cost of replacing the battery will offset 
some of the saving costs due to the savings associated with the wiring. 
Whether the system will be fixed-rate or non-fixed-rate should be con-
sidered when determining the battery consumption.

I. Scalability. With the increase of network equipment, the signal of some 
equipment will be attenuated . Therefore a scalable network should be 
selected.

J. A variety of application interfaces. Wireless networks should be able to 
easily interface with legacy applications docking, to ensure the support 
for the entire operational business, instead of focusing on a single sector.

 

2.2 Routing algorithms in IWSN
Routing problems are a very important topic of wireless sensor network. Long 
reliability is the focus of wireless sensor network research.

The generation of wireless sensor network routing protocols is mainly because 
is quite different to normal communications networks and ad-hoc networks as 
introduced in section 2.1.1.

Firstly, because there are a number of sensor nodes in the network, each node is 
unable to create a different unique identity in the network, so a typical IP-based 
protocols for wireless sensor networks cannot be applied.

Secondly, wireless sensor networks need to transfer data from multiple source 
nodes to a sink node, which is different to that for a typical communication net-
work.
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Thirdly, in the transmission process, most data have similar parts and it is ne-
cessary to filter out the redundant information, thus ensuring the efficient use of 
both energy and bandwidth.

Fourthly, the transmission capacity, energy, processing power and memory of 
sensor nodes are very limited, while the network has a large number of nodes, is 
strongly dynamic and has a large amount of  sensory data, etc. Thus it is neces-
sary for there to be a good management of network resources [10].

Based  on  these  differences,  many  new  wireless  sensor  network  routing  al-
gorithms have been generated. These algorithms form the focus of the research 
on the network application and composition. Almost all routing protocols work 
in a data-centric manner [11-12].

A packet reaches its destination in a multi-hop communication manner and thus 
the routing algorithm is a major task for the network layer design. The routing 
protocol is mainly responsible for forwarding the data packets from the source 
node to the destination node through the network, which includes two func-
tions:

1. Looking for the optimal path between the source node and the destina-
tion node.

2. Correctly forwarding the data packet along the optimal path.

In comparison to that of a traditional wireless network protocol, the wireless 
sensor network is constrained by energy consumption and is only able to access 
local  topology information.  Thus,  the routing protocol  for  a  wireless  sensor 
should be able to choose the appropriate paths based on the local network in-
formation. Since the sensors have strong relevance to the application, the rout-
ing protocols in  different  applications vary greatly and there is  no universal 
routing protocol.

Compared with the traditional network routing protocols, a wireless sensor net-
work routing protocol has the following characteristics [1]:

A. Energy priorities. Traditional routing protocols rarely consider the en-
ergy consumption problem. The energy of a  wireless  sensor network 
node is limited and thus to extend the lifetime of the whole network be-
comes an important goal when designing a sensor network routing pro-
tocol and it is thus necessary to consider the energy consumption and 
the balance of energy.

B. Based on local topology information. In order to save energy, wireless 
sensor networks usually use a multi-hop communication mode. The lim-
ited  memory  resources  and  computing  resources  of  the  node  Thus 
causes it unable to store much routing information and to perform very 
complicated calculations. How to achieve a simple and efficient wireless 

8



Priority-based THVRG in Industrial Wireless Sensor Networks
Hao Chen 2013-06-11

sensor network routing mechanism is a basic problem when nodes are 
only able to obtain local topology information and limited resources.

C. Data-centric.  Sensor networks typically contain a  data  stream from a 
plurality of sensor nodes to a sink node. A  data-centric forwarding path 
of a message is formed according to the demands of perception data, 
data communication mode and  direction of stream, etc.

D. Application related. The environment of a sensor network application 
can vary widely, data communication patterns are different, so no one 
routing mechanism is suitable for all applications. This is a manifesta-
tion of the correlation of sensor network applications.

From the perspective of the specific application, the routing protocols are di-
vided into four types:

1. Energy aware routing protocols. To emphasize the importance of the ef-
ficient use of energy, once again , it is divided into energy aware routing 
protocols.  Energy-aware routing protocols discuss the optimal  energy 
consumption and the longest lifetime of the network path according to 
the energy of data transmission. 

2. Query-based  routing  protocol.  In  applications  such  as  environmental 
monitoring, battlefield assessment, the data collected by sensor nodes 
need to be constantly queried. The sink node sends the query command, 
and then the sensor nodes report the data collected to the query node. In 
such applications, traffic mainly involves commands and data transmis-
sion between query nodes and sensor nodes. Meanwhile, the sampling 
information of the sensor node usually involves data fusion on the trans-
mission path, to save energy by reducing the data traffic.

3. Geographic routing protocols. In applications such as target tracking, the 
sensor node, which is nearest to the target, is often required to be woken 
up in order to obtain a more precise location and other relevant informa-
tion of the target. In such applications, the exact or approximate location 
of the target node should be known. To treat the node's location informa-
tion as a basis for route selection, not only enables the completion of 
the routing function of nodes, but also can reduce  power consumption 
that the system uses, especially in relation to maintaining routing pro-
tocol.

4. Reliable  routing protocol.  Some wireless  sensor network applications 
have a higher quality in relation to service requirements for communica-
tions, such as reliability and timeliness. In wireless sensor networks, it is 
difficult  to guarantee the stability of link, the quality of the communica-
tion channel is relatively low and the topology changes frequently. To 
achieve quality of service guarantees, appropriate reliable routing proto-
cols should be designed.
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2.3 THVRG
THVRG (Two-hop Velocity-based Routing  Algorithm for Gradient-based Net-
work) [3] is a kind of GR (Geographic Routing) protocol. GR protocols use in-
formation of one node and its neighboring nodes such as position, energy and 
so on, to choose the path for a packet from the source to the sink. THVRG 
chooses the best path to forward a packet based on two-hop information of the 
nodes, which means that each node will have knowledge of the information of 
its parent nodes and grandparent nodes.

The process of THVRG is divided into three parts.

1) Set up the gradient-based network. 

A parameter  called  height  is  used  to  describe  the  distance  from the 
nodes to the sink. The sink node firstly sets its own height to zero. Then 
it broadcasts a packet that contains the counter one. The nodes which re-
ceive this packet will set their height to one, then increase the counter by 
1 and continue to broadcast until all the nodes have received this packet. 
After a series of broadcasts, a gradient-based network is set up [18-19].

   Figure 1. The process of the gradient-based network set up
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Figure  1 shows an example of  the  gradient-based network set  up.  It 
should be noted that when the node k 1 broadcasts the packet, the node

k 2 will also receive the packet even if  they  have the same height. 
Since the node k 2 already knows its height, it will ignore this packet. 
In  summary,  the  gradient-based  network  is  divided  into  3  parts  [3]: 
gradient-based network, height calculation and forwarding techniques. 

2) Forward the packets based on the two-hop information. 

Each node in the network will maintain a two-hop information table, 
which contains the one-hop and two-hop information of its parent nodes 
and grandparent nodes. After receiving the packets, the node will calcu-
late the velocity required and compare it with the one-hop velocity to 
determine the potential forwarder. 

A joint metric considering both delay requirement and energy consump-
tion is used to find the best next hop among the set of potential forward-
er. Following is the formula used for calculating the joint metric ve :

ve j
i = f （ ∆t ）× S j

i

∑ j∈ P
S j

i ＋（1− f （ ∆t ））× E j / E j
0

∑ j
E j /E j

0
,

where set P is the set of potential forwarders, S j
i is the two-hop ve-

locity between one node and its grandparent nodes, E j is the remain-
ing energy of one of the parent nodes, and E j

0 is the initial energy of 
the nodes. Here, ∆ t is the remaining time for one packet to meet the 
delay requirement. f is the function which makes the delay more im-
portant when the packet has traveled at a slower rate then should be the 
case.

The packet will be forwarded to the node with the largest joint metric in 
the set of potential forwarders. 

3) Initiative drop control scheme. 

If there are no nodes in the set of potential forwarders, an initiative drop 
control  scheme will  be used.  The node will  calculate  a  metric  u i

called the forwarding probability. The formula used for calculating the 
forwarding probability u i is shown below:

u i=1−K （ β ）
∑ j =1

N
e j

N
,

where e j is the packet loss ratio of parent nodes,  β is the ratio of 
node's  height  and  source's  height, K is  a  coefficient  depending  on 
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β . This formula makes the forwarding probability larger when the 
packet is close to the sink, and smaller when the packet is far away from 
the sink. If the forwarding probability of a packet is 0, then this packet 
will be dropped to meet the delay requirement.

     Figure 2. The process of initiative drop control scheme [3]

The  process  how  the  initiative  drop  control  scheme  is  conducted  is 
shown in the Figure 2. When there are no nodes that can meet the delay 
requirement of the packet, the dropping controller will calculate the for-
warding probability.  The output of the controller  is  deterministic  and 
binary [3]. If the output is one, the node will forward the packet to the 
node with the largest joint metric which is calculated as introduced pre-
viously. Otherwise, the node will drop the packet in order to maintain 
the delay requirement. After that, the link layer will collect the latest 
packet loss ratio and feed it back to the node.

Although THVRG considers both delay and energy when it forwards the pack-
et, it still has several disadvantages to be solved:

A. Some important packets must be delivered to the sink. Initiative drop 
control may drop them to maintain the delay requirement.

B. Not all the packets should meet the delay requirement. A field contain-
ing  this  information  can  be  added to  the  packet.  However,  this  is  a 
tradeoff between the importance of information and energy consump-
tion.

C. If one or more new nodes are added into the network, then the whole 
gradient-based  network  must  be  set  up  again,  costing  a  significant 
amount of  energy.
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D. In a mobile network, each node has to periodically send additional mes-
sage to maintain the two-hop information.

E. Two-hop link delay update will bring additional communication over-
heads. It is assumed that there are no channel conflicts and no packet 
losses,  but,  actually,  it  may not  be possible  to  allocate  an additional 
channel. The two-hop delay can be updated by an ACK packet to the 
parent nodes, rather than immediately providing feedback. This will not 
increase the communication overhead.

 

2.4 Priority-based routing algorithms
Most of the research work concerning data in wireless sensor network does not 
consider different delay requirements in wireless sensor networks. Thus the data 
delay with high real-time requirements is unable to be restricted within an ac-
ceptable range.

“Wireless sensor networks are widely used for many monitoring applications. In  
most of these applications, the transmission of data is important which can not  
tolerate data loss. Therefore, the transmission of data in wireless sensor net-
works has different requirements in performance such as delay, energy, reliabil-
ity and so on. Traditional Ad-hoc network routing protocols are mainly based  
on the condition “Shortest Path” which are lack of a priority scheduling rout-
ing selection strategy. If the load of network increase to a certain constant, a vi-
tal packet may be dropped in order to send an ordinary message.”[13-14]

The  priority-based routing  algorithms  in  industrial  wireless  sensor  networks 
should meet the following three requirements: 

1. The data packets that are more important should be sent first and have a 
lower delay comparing to other packets;

2. Normal packets need to maintain a high PDR (packet delivery ratio); 

3. Reduced energy consumption under the first two premises.

The routing algorithms proposed in this thesis will consider all the above re-
quirements.

2.5 CSMA/CA
The MAC layer of the Wireless LAN standard 802.11 is very similar to the 
MAC layer of standard 802.3, in that they support resources shared by multiple 
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users on a shared media. A sender detects the availability of the network before 
sending data. In the standard 802.3, the adjustment is completed by a protocol 
called  CSMA/CD (Carrier  Sense Multiple  Access  with  Collision  Detection). 
This protocol resolves the problem regarding how all the workstations transmit 
data on the Ethernet. It is used to detect and avoid the conflicts on the network 
when two or more network devices want to transmit data.

There are some problems in relation to the conflict detection in the wireless 
LAN standard 802.11. This problem is called "Near / Far" phenomenon. This is 
because the device must  be able  to  transmit  while  receiving the data  signal 
when it detects a conflict, which is not the case in the wireless system.

In  view  of  this  discrepancy,  standard  802.11  made  some  adjustments  to 
CSMA/CD, a  new protocol CSMA/CA (Carrier Sense Multiple Access with  
Collision  Avoidance)  or  a  DCF (Distributed  Coordination  Function)  can  be 
used. CSMA / CA using the ACK signal to avoid conflicts, involves the data is 
confirmed to be sent to the destination address correctly only when an ACK sig-
nal is received. 

Carrier Sense Multiple Access with Collision Detection can detect conflicts, but 
are unable to “avoid”. Carrier Sense Multiple Access with Collision Avoidance 
is unable to detect whether there is channel conflict when sending packets and 
can thus only attempt to “avoid”. The following are their differences:

A. Used for different transmission media, CSMA/CD used for bus Ether-
net, while CSMA/CA is used for wireless LAN 802.11a/b/g/n, etc.;

B. Detected in different ways, CSMA/CD detect via change of the voltage 
in the cable,  when the collision occurs, the voltage in the cable will 
change; while  CSMA/CA uses ED (Energy Detection),  CD (Carrier 
Detection) and hybrid energy carrier detection;

C. For a node in a WLAN, the signal strength just issued is much higher 
than the signal strength from the other nodes, which means its own sig-
nals will overwrite other signals;

D. The conflict in the transmitting nodes does not mean that there is a con-
flict in the receiving node.

In summary, to implement CSMA/CD in  WLAN is very difficult.

CSMA/CA protocol is divided into two work flows:

1. Before sending data, monitor media status. Wait until nobody is using 
the media, and then maintain it for some time. After this, wait a random 
amount of time, if the media is still not in use and send the data. Be-
cause each device uses a different random time, thus the chance of con-
flicts can be reduced.
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2. Sending a small request packet (RTS: Request to Send) to the target side 
before sending the data, waiting for the responds (CTS: Clear to Send) 
message from the target client, then start sending the data. Use RTS-
CTS handshake procedures to ensure that the next transmit data will not 
be collisions. In addition, because the RTS-CTS packets are very small, 
the valid transmission overhead becomes small.

Figure 3. The process of CSMA/CA

The Figure  3  briefly  shows the  process  of  CSMA/CA. CSMA/CA provides 
shared access to wireless through these two ways, this explicit ACK mechanism 
is  very effective for dealing with wireless issues. However, whether it is for 
802.11 or 802.3, this approach involves an additional burden and the 802.11 
networks always perform a little less well than similar Ethernet networks.

Figure 4. RTS and CTS frames in CSMA/CA
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Such a protocol  is  actually making an appointment  with the channel  before 
sending the data frame. Figure 4 shows an example to explain the main prin-
ciple of CSMA/CA.

1) In the figure,

• Stations B, C and E are in the transmission range of station A, while sta-
tion D is not in range.

• Stations A, D and E are in the transmission range of station B, while sta-
tion C is not.

2) If station A wants to send data to station B, then A must first send a request to 
send frame (RTS) before sending the data,  as shown in Figure 4.a.  An RTS 
frame should contain the length of the data to be transmitted. Station B will re-
spond to station A with a clear to send frame (CTS) after receiving the RTS 
frame, as shown in Figure 4.b. Finally station A can send its data frame after re-
ceiving the CTS frame.

• For the station C. Station C is in the station A's transmission range, but 
not in station B's. Therefore station C can listen to the RTS sent by sta-
tion A, but cannot listen to the CTS sent by station B after a short time. 
Thus, while station A is sending data to station B, station C can send its 
own data without interfering with the reception of station B.

• For the station D. Station D cannot listen to the RTS sent by station A, 
but can listen to the CTS sent by station B. Therefore, after receiving the 
CTS sent by station B, station D should shut down the data sending op-
eration during the following receiving time of station B to avoid inter-
fering with the reception of station B.

• For the station E. It can receive both RTS and CTS. Therefore, station E 
cannot send data when station A is sending the data.

3) Although the protocol has been carefully designed, conflicts still occur.

• For example, Station B and C send the RTS to A at the same time. Sta-
tion A cannot receive the RTS since they conflict. At this time, station B 
and C will resend the RTS after a random backoff time as in the Ether-
net. The binary exponential backoff is also used to calculate the backoff 
time.
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4) Although the use of RTS and CTS frames will decrease the efficiency of the 
entire network, the lengths of both control frames are very short. The lengths of 
RTS and CTS are 20 and 14 bytes, respectively. The overhead is not large com-
pared to the data frame with a length up to 2346 bytes. Conversely, if such con-
trol frames are not used, the wasted time will be larger when the conflicts occur. 
Even so, the agreement still has three options for users to choose from:

• Use RTS and CTS;

• Use RTS and CTS only when the data length exceeds a certain value;

• Do not use the RTS and CTS.

In the simulation, which will be introduced later, the RTS and CTS are always 
used.
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3 Methodology
A priority-based THVRG is proposed in this thesis. This section will introduce 
the proposed routing algorithm, including the priority part and the improvement 
part.

3.1 Priority Level
THVRG considers both the delay requirement and energy consumption. In the 
proposed  algorithm,  three  priority  levels  are  used.  The  main  differences 
between the three levels is whether to consider the delay requirement and the 
energy consumption or not. Different requirements will correspond to different 
packets. 

For level 1 packets with the highest priority level, the energy consumption will 
not be considered. All level 1 packets focus on the delay requirement. These 
packets are set for the emergency packet, so they must be sent to the sink as 
soon as possible. In actual fact, these kind of packets will be generated when an 
emergency is detected by the sensor, such as the temperature is too high, the hu-
midity is too low and so on. The emergency should be reported to the sink as 
soon as possible so that the sink node can process and handle the situation. 

Level 2 packets correspond to the normal data packets. For example, in the in-
dustrial monitoring system, the sensors always collect and send the data, such 
as temperature, humidity and so on. Thus, for these packets, it is necessary to 
consider both the  energy consumption and delay requirement. On the one hand, 
the data should be sent to the sink in time, otherwise the data may have already 
changed. On the other hand, since the data are transmitted all the time, so the 
energy consumption is also an important part to be considered.

Level 3 packets do not consider the delay requirement. Some data are not so 
important, and some data do not update so frequently in an industrial monitor-
ing system. Thus, this kind of packet can only consider the energy part.

3.2 Inter-node priority
The priority in the proposed routing algorithm is achieved from two parts: inter-
node priority and intra-node priority. This section will introduce the first part 
and the next section will introduce the second part.
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The inter-node priority consists of three parts.

A. Packets with higher priority can interrupt the transmission. This means 
if a packet requests to be sent when another packet with lower priority is 
being sent, the transmission of the packet with the lower priority will be 
interrupted.

B. Packets  with  higher  priority can be send first,  which  means that  the 
packet  with the higher  priority will  be sent  first  no matter  when the 
packet was generated or arrived. 

C. Buffer drop control scheme. This scheme will drop the old packet if a 
new packet from the same source has arrived.

Figure 5. Flowchart of the Inter-node Priority 

The Figure 5 shows the flowchart of the inter-node priority. From the figure it 
can be seen that the node will check if it is sending a packet at the moment 
when a new packet has arrived or is being generated. If the sending state is free, 
then the new packet will be sent directly. While, if  the sending state is busy, the 
priority of the old packet and the new packet will be checked. If the newly ar-
riving packet has a higher priority, then the current transmission will be inter-
rupted  and the  new packet  will  be  sent.  Otherwise,  the new packet  will  be 
stored into the buffer using BDCS (Buffer Drop Control Scheme).
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The buffer drop control scheme related to which packet is to be dropped when 
the buffer is full. The node will consider the following three points when buffer 
is full:

1. If there is a packet which has the same source and the same priority 
level with the newly arriving packet, this old packet will be dropped. 
This is because the information from the same source will have been up-
dated, thus it is not necessary to send the old packet.

2. If no nodes fit the conditions above, the packet with the lower priority 
level will be dropped, regardless of whether it is the old packet or the 
newly arriving one. 

3. If all the packets in the buffer have the same priority level as the new 
packet, then the oldest packet will be dropped due to the limit of the buf-
fer size.

3.3 Intra-node priority
The intra-node priority part in the proposed routing algorithm has the following 
characteristics: 

1. Packets with a higher priority do not consider the energy consumption. 
In the original THVRG, the nodes select the best path for routing based 
on two parts: delay requirement and energy consumption. However, for 
the emergency packet, delay is the most important parameters and thus 
the energy part will not be considered in the proposed routing algorithm.

2. Packets with the higher priority will not be dropped. The drop control 
scheme in the original THVRG will drop some packets after calculating 
the forwarding probability. This is not allowed for the emergency pack-
et. So in the proposed algorithm, the level 1 packet will not be dropped 
to ensure the delivery of the emergency packet. 

3. Packets  are  forwarded  based  on  different   strategies.  Since  different 
packets  have different  transmission requirements,  the packets will  be 
forwarded based on different metrics. 

As introduced in the section 2.3, the original THVRG uses the following 
formula to calculate the joint metric and select the best path. 

ve j
i = f （ ∆t ）× S j

i

∑ j∈ P
S j

i ＋（1− f （ ∆t ））× E j / E j
0

∑ j
E j /E j

0
.
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This formula considers both the delay requirement and energy consump-
tion. However, in the proposed priority-based routing algorithms, differ-
ent packets will use different joint metrics. The level 1 packet will set 
the coefficient f to be 1, which means that the packet will be forwar-
ded only based on the delay requirements. So the joint metric for level 1 
packet will be as follow:

ve j
i = S j

i

∑ j ∈P
S j

i
.

The level 2 will use the joint metric in a similar manner to that for the 
original THVRG. The level 3 will set the coefficient f to 0, which ig-
nores the requirements of delay. The joint metric for the level 3 packet 
will be as follow:

ve j
i = E j / E j

0

∑ j
E j / E j

0
.

The intra-node priority part is achieved, mainly based on three formulas above. 
In addition, there were some minor changes made in order to meet the different 
requirements for different packets.

3.4 Improvement of THVRG
As mentioned in section 2.3, the THVRG also has several disadvantages. So the 
proposed algorithm based on THVRG has had some improvements made to the 
original THVRG. The improvement is mainly divided into 3 parts.

a) Delay Measurement 

In the original THVRG, the delay is measured by comparing the time when a 
packet is sent and the time when a corresponding ACK is received [3]. How-
ever, this method is not so accurate because of the uncertainty of the channel 
state and the random backoff time of the CSMA/CA MAC layer.

Figure 6. Decomposition of end-to-end delay in wireless sensor networks [6]
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The end-to-end delay in WSNs is divided into 4 parts as shown in Figure 6: pro-
cessing  delay,  queuing delay,  transmission  delay and  the  propagation  delay. 
Among these, the propagation delay is less than 1 microseconds for distances 
up to 300 meters, which can be ignored [22].

A new method to measure the delay is used in the proposed algorithm as shown 
in Figure 7. A node will stamp the time t 1

s when a packet is generated, and 
then stamp the time t 2

s when this packet is going to be sent. At the receiver 
side, the node will stamp the time t 3

r when this packet is received and then 
stamp the time t 4

r when this  packet  is  processed by the receiver.  Then the 
delay is calculated by using the formula below:

Delay=（ t 4
r− t3

r ）＋（t 2
s−t 1

s ） .

The propagation delay is ignored in this method, but the other delays, especially 
the queuing delay can be fully considered. The accuracy of the delay measure-
ment method in the original THVRG can be up to around ±1.93 ms, but the ac-
curacy of the method in the proposed algorithm is only around ±0.5 μs. There-
fore this improvement can make the delay measurement much more accurate.

Figure7. The delay measurement method used in the proposed algorithm 

b) Delay Estimation

In the original THVRG, delay is one of the most important parameters used to 
select the best path. A formula is used to estimate delay for time instant (t+1) 
[15][20]:

Delay i
j （t ＋1）=αM i

j（ t ）＋ 1−α
T ∑

k= max（ 1, t− T ）

t−1

Delay i
j （k ） ,
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where Delay i
j means the estimated delay between node i and j, M i

j means 
the newly measured delay. In the formula, α is coefficient between 0 to 1. A 
larger α is fit for the situation where the delay changes  significantly, and a 
smaller  α is more fit for the situation in which there is only a minor delay 
change. In the original THVRG, α is set to 0.5.

A fixed coefficient is unable to fit all the situations. A function f is used in-
stead of the fixed coefficient α :

f （ ∆ d ）= 1
10（1 / D＋1） （ D−∆ d ）＋1 ，

where D is an appropriate constant selected, and ∆ d is defined as follows:

 ∆ d =Delay i
j （ t ）−Delay i

j （t −1）  

Figure 8. Function of  Coefficient in Delay Estimation

 As shown in Figure 8, the function f becomes larger when the delay vari-
ance increases, and vice versa. Also, the function changes smoothly within the 
range of ± 2/ D . In the proposed algorithm, D is set to 0.5s, which means 
that if the delay variance is larger than 0.5 then it will be defined as a large 
delay variance.
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With this change, the delay will be estimated more accurately so that the node 
can select the best path according to more accurate delay information. This can 
reduce the delay and make the network perform better manner.

c)Forwarding Probability

As introduced in section 2.3, the forwarding probability is calculated by the for-
mula shown below:

u i=1−K （ β ）
∑ j =1

N
e j

N
,

where K is a fixed coefficient depending on the position of the packet. While 
in the proposed algorithm, a function K （ ∆ h） is used instead of the fixed 
coefficient K as shown below:

K （ ∆ h）=1− ∆ h ,

where ∆ h=hi /hs which means the ratio of the node's height and the source's 
height. Using this function will make it difficult to drop the packets that have 
traveled a long distance. This will obviously increase the packet delivery ratio 
of those nodes that are far away from the sink node. 

d)Two-hop Information Update

The two-hop information must  always be updated since the information of the 
neighboring nodes changes all the time. The original THVRG uses specialized 
feedback packets to update the two-hop information. This will cost a great deal 
of overhead for the network. 

To reduce the entire overhead of the network,  the proposed algorithm intro-
duces the feedback information into the ACK (Acknowledgment) packets. Al-
though this will reduce the update frequency, it will have little effect on the 
routing selection because the delay is estimated based on the historical delay re-
cord. After this change, the overhead of the entire network is reduced signific-
antly.
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Figure 9. Two-hop information update

Figure 9 shows an example of the process of two-hop information update. In the 
original THVRG, node B will respond to an ACK packet to node A immediately 
after receiving the data packet from node A. The same is true for node C. While 
in the proposed algorithm, node B will not respond to an ACK packet to node A 
until it receives the ACK packet from node C. In addition, the ACK will contain 
the two-hop information. This will significantly reduce the overhead in the net-
work.

All the improvements to the THVRG makes it perform better than was the case 
previously. The delay, overhead and energy consumption are reduced and the 
packet delivery ratio is increased after the improvement.
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4 Design

4.1 Simulation Software Background
The software used for simulation is OPNET Modeler. This section will briefly 
introduce this software.

OPNET Modeler uses hierarchical modeling mechanisms, looked at from the 
aspect of network object hierarchy, it provides three levels of the model, from 
low to high:

• Process model – uses a state machine to describe the protocol

• Node model - constituted by the corresponding protocol models, reflect-
ing device characteristics

• Network model - performance network topology

The three-layer model corresponds exactly to the actual protocol, device and 
network and is at a maximum close to the actual network system.

In the following, the OPNET's three fields will be further described - network 
domain, node domain and processes domain.

All  these three fields,  respectively correspond to the appropriate editor. Net-
work domain has a project editor and a link editor to design the framework for 
the entire network with the project editor designing the network size and node 
placement. The link editor designs the network topology and the various para-
meters of the link. The node domain has a node editor, for the specific design 
inside each node, involving the placing of each module and the settings of each 
module attribute. The process domain has a process editor, used to program the 
calling process for each module. It is the lowest level and was the case previ-
ously the difficulties of the design. The preparation of the process achieves the 
basic functions of each module. 

In addition, the packet format editor is used to design the data packet in the sys-
tem, the probe editor is used for collecting the statistics of interest, the ICI edit-
or is used to create, view, edit, interface control information [21]. The three do-
mains are shown in Figure 10.
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Figure 10. Three-tiered OPNET hierarchy

Generally  the basic process of OPNET system-level simulation is shown in the 
Figure 11:

Figure 11. The basic process of OPNET simulation

OPNET Modeler has following characteristics:

1. Modeler using object-oriented simulation.

Each class nodes use the same node model at first, and then set specific 
parameters for different objects.

2. Using a finite state machine, the modeling of events is driven instead of 
time driven modeling.

3. Using discrete event-driven simulation mechanism.
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The computational efficiency is greatly improved compared to that for 
the time-driven;

4. Providing a relatively complete basic model library.

The basic model library includes the routers, switches, servers, clients, 
ATM equipment, DSL equipment, ISDN equipment, etc.;

5. Using a hybrid modeling mechanism.

This mechanism combines the mathematical modeling method based on 
statistics and the analysis methods based on packets, which is not only 
able to provide very detailed simulation results, but which also greatly 
improvs the efficiency of the simulation;

6. Having extensive statistics gathering and analysis functions. 

It  can  directly  collect  common statistical  performance  parameters  of 
each network layer and easily prepare and output a simulation report.

7. Providing an interface of the network management systems and traffic 
monitoring systems.

This makes it convenient to establish a simulation model using the exist-
ing topology and traffic data, and validate the simulation results simul-
taneously.

4.2 Simulation environment
The proposed algorithm was simulated in OPNET Modeler 17.5. 

The data rate is set to 256 kbps, and the bandwidth is 10kHz. The minimum fre-
quency is set to 868MHz. The BPSK is used as modulation [17]. The length of 
the data packets is 1024 bits, and the length of the hello packets used for initial-
ization is 32 bits. 

For the priority part, the level 1 packet have a 5% probability of being gener-
ated when a level 2 packet is generated and the level 3 packet have a 20% prob-
ability of being generated.

There are some other parameters to be considered as provided below:

• Receive Group Model. The model is used to filter out the receiver chan-
nel corresponding to each transmitter channel, which can improve the 
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simulation performance. In this simulation, all the receivers are regarded 
as potential destinations.

• Transmission Delay Model. In this simulation, the transmission delay is 
calculated based on the channel data rate and the length of the packet. 

• Channel Match Model. All the common channel characteristics of trans-
mitters  and receivers are  the same in this  simulation,  so they are all 
compatible.

• Propagation Delay Model. The propagation delay is calculated based on 
the distance from the transmitters to the receivers and the velocity of the 
radio waves.

                   Figure 12. Topology of the Network 

Figure 12 shows the topology of the network in this simulation. The network is 
deployed in a 100*100 meters area. Node 0 is the sink node and there are 10 
source nodes in the network. The farthest nodes 10 and 11 have the maximum 
height 5. The potential forwarder for each node is shown as the arrows marked 
in the figure. 
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4.3 Network Layer
The network layer of the proposed algorithm is responsible for selecting the 
best path for the packets and forwarding the packets. The process model of the 
network layer is as shown in Figure 13.

Figure 13. Process Model of Network Layer

After the node initialization, the node will enter the idle stat. 

In  the  figure,  (DSRC_ARRVL),  (HSRC_ARRVL),  (RSRC_ARRVL),  represents 
the generation of the data packets, hello packets and the request packets, re-
spectively. The hello packets and the request packets are used to initialize the 
two-hop information of the node. After the generation of these packets, the net-
work layer will set an appropriate value for the parameters in the packet and 
then transmit it to the next hop.

(RCV_ARRVL) represents the arrival of the packets. After that the network layer 
will process the packets, select the best path based on the priority level, determ-
ine the joint metric and forwarding probability and finally, forward the packets.

One more point worth introducing in the network layer is the initialization of 
the network. The initialization may only be conducted at the first point when 
the network is running. Two round hello messages are used for initialization.
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• Round one: After setting up the gradient-based network, each node will 
know all its parent nodes. Since the conflict is serious during the setting 
up of the gradient-based network, the delay cannot be measured accur-
ately at that time. In the round one, the nodes will check its parent node 
table and send hello messages to all its parent nodes. The parent nodes 
will calculate the delay using the method introduced in section 3.4. Then 
the parent nodes will respond with a ACK packet to the corresponding 
child node, which contains the one-hop delay. 

Figure  14  shows  the  process  of  the  round  one  hello  message.  The 
(HSRC_ARRVL) in the process model of the network layer means that 
the round one hello messages are generated.

Figure 14. The process of the round one hello message

• Round Two: After initialization by round one hello message, each node 
will send a round two hello message to all its parent nodes. The parent 
nodes will find the best next hop for each priority level based on the for-
mula introduced in section 3.3. Then an ACK packet which contains the 
two-hop information will be sent to the child node. 

The Figure 15 shows the process of the round two hello message. The 
(RSRC_ARRVL) in the process model of the network layer means that 
the round two messages are generated. After these two rounds of initial-
ization, each node will maintain a two-hop information table.

Figure 15: The process of the round two hello message

4.4 MAC Layer
The process model of the MAC layer is much more complex than that of the 
network layer. The main work of the MAC layer is to achieve CSMA/CA. Be-
sides, the MAC layer will calculate the remaining energy of the node in this 
simulation and, additionally, the inter-node priority part is mainly achieved in 
the MAC layer.
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Figure 16 shows the process model of the MAC layer. There are 6 states:  Ini-
tialization, Idle, Backoff, Listen, Wait and Receive.

1. Initialization: this state is for the initialization of the node at the begin-
ning of the simulation.

2. Idle: After the initialization, the node will enter the Idle state to wait for 
the happening of the events. This state can process the events including 
the generation and the arrival of the packets. If a packet has been re-
transmitted  twice  and  is  still  unable  to  be  sent  correctly,  it  will  be 
dropped and the node will go back to the Idle state.

Figure 16. Process Model of MAC Layer

3. Listen: If a packet is going to be sent, the node will first backoff in a 
random time according to CSMA/CA algorithm before sending a RTS 
(Request To Send), and will then enter the Listen state.
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4. Backoff: If the node receives both the RTS (Request To Send) and the 
corresponding CTS, it will enter the  Backoff state for a certain time to 
avoid the conflicts.

5. Wait: If a corresponding CTS has been received in the Listen state, the 
node will first send the packets and then enter the Wait state. If a corres-
ponding ACK packet was received during the Wait state, the node will 
go back to the Idle state. Otherwise, the node will go back to the Listen 
state after certain time. 

6. Receive: If a data packet was received during the  Wait state, the node 
will enter the Receive state to process the packet. The node will go back 
to the Wait state after processing the packet.

For the Listen, Backoff and Receive state, the node will check the priority level 
when a new packet arrives to determine whether it is necessary to interrupt the 
current transmission.

The detail of the CSMA/CA algorithm is shown in Figure 17.

Figure 17. The Detail of CSMA/CA 

In Figure 17, NB means the number of backoffs, and BE means the backoff ex-
ponent. In this simulation, the maximum NB is set to 4, the macMinBE is set to 
3 and the aMaxBE is set to 5. The backoff unit is 320 μs. 

After a random backoff time, the node will conduct the CCA (Clear Channel  
Access) to determine whether or not the channel is free. If the channel is free, 
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the packet will be sent. Otherwise, the node will increase the NB and BE by 1. 
The node will continue to backoff for a random time until the NB becomes lar-
ger than the maximum backoff number.

Another job that the MAC layer must perform in this simulation is to simulate 
the energy consumption. The transmitting energy is calculated by the formula 
below:

E tx=V ×（ l× I tx×t tx＋ k× I cx×t cs ） ,

where l is the packet length, k is the number of channel sensing, I tx and 
I cs are the current values during the transmission time t tx and the channel 

sensing time t cs . V is the voltage supply, which is set to 3.3 V.

The receiving energy is calculated by the formula below:

E rx=V ×（ l× I rx×t rx ） ,

where I rx is the current value during the receiving time t rx . The values are 
as shown in Table 1.

Table 1. The energy consumption value [3][16]

Operation Duration (ms) Current (mA)
Transmit 1 bit 0.05 3.38
Receive 1 bit 0.05 1.25

Channel sensing 
(8 symbols) 0.4 10

34



Priority-based THVRG in Industrial Wireless Sensor Networks
Hao Chen 2013-06-11

5 Results
The results for the simulation are divided into 2 parts. One part is the comparis-
on  between  the  original  THVRG  and  the  proposed  priority-based  THVRG 
while the other part is the evaluation of the proposed P-THVRG. The simula-
tion environment has been described in section 4.2. Normally the packet gener-
ation interval is set to be 2 seconds. In the priority-based THVRG, the probabil-
ity for generating level 1 and level 3 packets are 5% and 20%, respectively.

5.1 Comparison
This section shows the comparison between the original THVRG and the pro-
posed  priority-based  THVRG.  The  comparison  is  divided  into  3  parts:  en-
d-to-end delay, packet delivery ratio and energy consumption.

5.1.1 End-to-end delay
End-to-end delay is an important parameter in the wireless sensor networks, es-
pecially for some applications with real-time demand.

Figure 18. Comparison of end-to-end delay for the original THVRG 
and the level 1 packets of P-THVRG 
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For the priority-based routing algorithm, the end-to-end delay of emergency 
packets can reflects the ability in relation to emergency handling in the net-
works.

The red line shows the end-to-end delay of the normal  packets  in THVRG, 
while the blue line shows the end-to-end delay of the level 1 packets in the Pri-
ority-based THVRG. Level 1 packets are the packets with the highest priority in 
P-THVRG. 

It is obvious that the delay of the level 1 packets in P-THVRG is much smaller 
than for those in the THVRG. This is mainly because the transmission of the 
level 1 packets did not consider the energy consumption of the nodes. Mean-
while, the level 1 packets were sent first, for all nodes. So the delay of level 1 
packets in P-THVRG is much smaller.

With the  increase of  the  hop,  the delay increased because  the packets  have 
traveled a longer distance after the hop increased.

Figure 19. Comparison of end-to-end delay for the original THVRG and the 
level 2 packets of P-THVRG in situation where packet generation interval 

changes

The end-to-end delay of the THVRG was compared with that for the P-THVRG 
level 2 packets in Figure 19. The packet generation was changed in this com-
parison. The delay per hop is calculated by dividing the delay by the hops.

From the figure, it can be seen that, the delay poses few differences when the 
packet generation interval is 2 seconds. However, the level 2 packets in the P-
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THVRG performed better when the packet generation interval decreased. This 
is mainly because of the improvements made to the original THVRG as intro-
duced in section 3.4: more accurate delay estimation, more flexible forwarding 
probability calculation and less overhead in the networks.

5.1.2 Packet delivery ratio
The packet delivery ratio is the ratio of the amount of packets that the sink has 
received and the amount of packets that have been sent in the entire networks. It 
is one of the most important parameters used in order to check the performance 
of the routing algorithms.

Figure 20 shows the packet delivery ratio of the original THVRG and the pro-
posed priority-based THVRG. It can be seen in the figure that the P-THVRG 
performs better in relation to the packet delivery ratio than is the case for the 
original THVRG. 

Figure 20. Comparison of packet delivery ratio for the original THVRG 
and the proposed P-THVRG

In the simulation, the level 1 packets in the P-THVRG always have a 100% 
PDR. With the increase of the hop, the PDR of the level 2 packets decreased, 
mainly because it  becomes difficult  to meet the delay requirement for some 
packets. The PDR of level 3 packets decreased mainly because of the conflicts 
of the CSMA/CA and the buffer drop control scheme. The main reason why the 
PDR of the THVRG decreased much more than for the P-THVRG is that the 
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delay measurement and estimation in the THVRG is less accurate than that in 
P-THVRG and it is thus difficult for the packets' delay to meet the requirement. 
Another reason is that the P-THVRG has a more flexible calculation regarding 
to forwarding probability.

Figure 21. Comparison of the packet delivery ratio of THVRG and 
the proposed P-THVRG  in situation where packet generation interval changes

In the Figure 21, the packet generation interval is changed in order to view the 
PDR of both the THVRG and P-THVRG. When the packet generation interval 
is 2 seconds, the PDR of the P-THVRG, it is about 96%, but the PDR of the 
THVRG is only about 86%. As the packet generation interval decreased so did 
the PDR because increasing the overhead enhances the probability of conflicts 
between nodes, which makes it difficult to meet the delay requirements. How-
ever, the P-THVRG performs better than the original THVRG mainly because 
the improvement causes the P-THVRG to have a lower overhead in the net-
works.

5.1.3 Energy consumption
Since the wireless sensor network is a resource limited network, energy con-
sumption is also an important parameter that must be considered.
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The original THVRG considers the energy consumption when selecting the best 
path, which can balance the energy in the networks. The energy consumption 
was calculated as introduced in section 4.4.

Figure 22. Comparison of energy consumption for the original THVRG 
and the proposed P-THVRG

Figure 22 shows the total energy consumption in the entire network. The green 
line shows the energy consumption for the THVRG and the red line shows that 
for the P-THVRG. From the figure it can be noted that with time, the energy 
consumption in the network increases linearly.

The P-THVRG still performs better than the original THVRG because that the 
P-THVRG uses  ACK packets  to  update  the  two-hop information  instead  of 
specialized feedback packets.  With these improvements,  the overhead of the 
network will decrease and the energy consumption of the network will decrease 
at the same time.

5.2 Evaluation
This section shows  the evaluation of the proposed P-THVRG. The evaluation 
is divided into 3 parts to show the performance of the P-THVRG in the situ-
ation where the hop, packet  generation interval  and delay requirement  were 
changed.
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5.2.1 Hop
The hop will increase when the distance between the nodes to the sink node in-
creases. The topology used here was introduced in section 4.2. 

Figure 23. The end-to-end delay and the delay per hop 
for different levels in the proposed P-THVRG

The Figure 23 shows the delay and the delay per hop of packets with different 
priority levels. Here the packet generation interval is set to be 1 second. 

It can be seen in the figure that the delay of a packet with priority level 1 is ex-
tremely small. This is mainly because that the packets with priority level 1 only 
considered the delay requirement during transmission. In addition, the level 1 
packets were always guaranteed to be sent first. The packets with the priority 
level 3 have a very high delay because all the level 3 packets need only consider 
the energy consumption. So there may be a high delay to maintain a relatively 
lower energy consumption.

The Figure 23 shows the packet delivery ratio of packets with different priority 
levels. Here, the packet generation interval is set to be 2 seconds. The packets 
with priority level 1 were always guaranteed to reach the sink node. Thus, the 
priority-based THVRG is relatively able  regarding emergency handling. 

With the increase of the hop, some level 2 packets were dropped mainly be-
cause that it is difficult to meet the delay requirement. Some level 3 packets 
were dropped mainly because of the conflicts of CSMA/CA and the buffer drop 
control scheme. 

40



Priority-based THVRG in Industrial Wireless Sensor Networks
Hao Chen 2013-06-11

Figure 24. The packet delivery ratio 
for different levels in the proposed P-THVRG

5.2.2 Packet generation interval
The packet generation interval will also have an effect on the performance of 
the routing algorithm. A smaller packet generation interval means a higher over-
head in the networks. The packet generation interval was changed from 0.5 to 2 
seconds in this simulation.

Figure 25. The end-to-end delay for different levels in the proposed P-THVRG 
in situation where packet generation interval changes
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It can be seen in Figure 25, that, with the decrease of the PGI (Packet Genera-
tion Interval), the delay increased. The delay of all packets increased rapidly 
when the packet generation interval changed from 1 to 0.5 seconds because the 
overhead in the networks was too high for the packets to be transmitted.

The delay of packets with priority level 3 increased to nearly 5 seconds when 
the packet generation interval is 0.5 seconds. This is mainly because these pack-
ets have no delay requirement. The delay for packets with priority level 1 is al-
ways the smallest due to the highest priority level. These packets have strict 
delay requirements and can always be guaranteed to be sent first.

There is a point that should be noticed. When the packet generation interval is 
1.5 seconds, the average delay of level 2 packets is about 0.75 seconds. While 
the average delay of these packets increased to about 1.22 seconds when the 
packet generation interval decreased to 1 seconds. This means that when the 
PGI is 1 seconds, the delay of these packets is larger than the PGI, which will 
obviously increase the packet loss ratio of these packets.

Figure 26. The packet loss ratio for different levels in the proposed P-THVRG 
in situation where packet generation interval changes

Figure 26 shows the packet loss ratio of packets with different priority levels in 
the priority-based THVRG. As mentioned previously, the packet loss ratio of 
level 2 packets increased rapidly when the packet generation interval is about 
1.3 seconds. 
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The PLR (Packet Loss Ratio) of level 2 packets is small at first because the 
delay is small and thus only a few packets have been dropped. With the de-
crease of the packet generation interval, more and more packets are dropped be-
cause they are unable to meet the delay requirement. So the packet loss ratio of 
these packets increased.

The buffer drop control scheme also affects the PLR of the packets. The old 
packets will be dropped when a new packet from the same source arrives.

5.2.3 Delay requirement
Delay requirement means the time for a packet to be transmitted to the sink 
node. It is an important parameter that must be set before the running of the net-
works. The value of the delay requirement will affect the performance of the 
routing algorithm.

Figure 27. The packet delivery ratio for different levels in the proposed P-
THVRG in situation where delay requirement changes

Figure 27 shows the performance of the network when the delay requirements 
change. When the delay requirement is set to 2 seconds, the packet delivery ra-
tios for the level 2 and 3 packets are up to about 95%. However, if the delay re-
quirement  decreased to 0.2 seconds,  the packet  delivery ratio  of the level  2 
packets decreased rapidly down to about 60%. More and more packets were 
dropped due to a strict delay requirement. 
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However, the packet delivery ratio of the level 1 packets showed almost no 
change because the packets of level 1 will not be dropped even if they are un-
able to meet the delay requirement. In addition, the level 3 packets do not have 
the delay requirement.

In summary, 2 seconds is the best  value for both the delay requirement and 
packet delivery ratio in this simulation. The simulation shows the proposed pri-
ority-based THVRG performs better than the original THVRG. In addition, the 
performance of packets with different priority levels has met the different trans-
mission requirements.
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6 Conclusions
Sensor networks have broad application prospects, and will be one of the most 
widely used network in the future. Through years of research, an understanding 
of  the  inherent  characteristics  of  the  sensor  network  has  gradually  become 
more, and some progress has been made in the related technology. As the wire-
less sensor network is a serious resource-constrained network many fundament-
al issues and key technologies in relation to routing still exist to be solved such 
as the routing fault-tolerant capabilities for large-scale wireless sensor network 
applications, and how to use a node's energy effectively and improving the net-
work lifetime. 

In this thesis, a priority-based routing algorithm is proposed. The routing de-
cision is based on three parts: 

• The priority level. This is the most important part for the decision in a 
priority-based routing algorithm. A level 1 packet will not consider the 
energy consumption and a level 3 packet will not consider the delay re-
quirement. While a level 2 packet will consider both.

• The delay requirement. This parameter means the time for a packet to 
reach the sink node. One node will maintain two-hop delay information 
so as to choose the best path to meet the requirement. 

• The energy consumption. This parameter is considered in order to bal-
ance the energy in the wireless sensor network.

Some improvements have also been performed on the the original  THVRG. 
Compared to the original THVRG, the proposed priority-based THVRG has 
more  accurate  delay  measurement  and  estimation,  more  flexible  forwarding 
probability calculation and less overhead in the network.

The simulation was conducted in  order  to  evaluate  the proposed routing al-
gorithm. The P-THVRG performs better than the original THVRG in aspects 
including end-to-end delay, packet delivery ratio and energy consumption. For 
the P-THVRG, the emergency packets can be guaranteed to be sent in time and 
the packets with the lowest priority can be sent to the sink node with the lowest 
energy cost. 

In relation to the future work, it might prove to be the case that a multi-sink 
mechanism will assist in the handling of the emergency packets. Additionally, a 
TDMA/CSMA mixed  MAC  layer   might  assist  in  reducing  the  conflicts 
between the nodes.
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