
COGNITIVE DIVERSITY ROUTING IN WIRELESS SENSOR 

NETWORKS 
 

 

 

By 

 

Zouheir Hassan El-Jabi 

 

 

 

 

 

A thesis submitted to the Department of Electrical and Computer Engineering 

In conformity with the requirements for 

the degree of Master of Applied Science 

 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(August, 2010) 

 

Copyright ©Zouheir Hassan El-Jabi, 2010 



ii 

 

Abstract 

Energy efficiency and network lifetime are key factors in characterizing wireless 

sensor networks due to the nodes having a finite and exhaustible source of energy. Due to 

the nodes limited energy, it is vital to have the node functioning for as long as possible 

otherwise it will render the technology futile. Transmission is the most energy consuming 

activity a node undertakes, therefore by decreasing the number of unnecessary 

transmissions, the energy consumption in the nodes decreases significantly. In order to 

reduce unnecessary transmissions, energy-efficient data dissemination techniques have 

been developed to deliver the data using the minimum number of necessary 

transmissions. The topic of this thesis is to develop a routing protocol that will extend the 

network lifetime by introducing cognition to routing. Cognitive routing is an approach to 

make nodes more intelligent by utilizing information from the lower layers and network 

in order to make more informant decisions. Data from the physical layer can relay 

important information about the state of the node, its neighbors, and the surrounding 

environment hence enabling the node to make energy-efficient and aware decisions. The 

routing protocol formulates an energy profile, a channel profile and a traffic profile in 

order to make adapted and intelligent decisions. Diversity routing is used to increase the 

reliability of transmissions in the network to reduce unnecessary transmissions as 

communication is the primary reason for energy consumption in wireless sensor 

networks. Combining these two approaches in one protocol allows for cognitive routing 

to operate based on energy constraints obtained from the lower levels hence optimizing 

the process yielding a longer network lifetime. 
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Chapter 1 

Introduction 

 Wireless sensor networks are fast becoming an increasingly popular solution 

for control and monitoring applications.  They are a specialized type of ad-hoc 

networks and their unique characteristics and structure require specific design 

constraints to achieve their objectives.  

1.1 Wireless Sensor Networks 

 

The first aspect that characterizes a wireless sensor network (WSN) is that its 

energy source is finite and limited. That can be attributed to deployment factors where 

it is not feasible to have continuous power source, or the size of the node may restrict 

battery capacity thus causing it to have an exhaustible source of energy. Therefore, it 

is important for the sensors to be efficient with their batteries in order to operate for as 

long as physically possible. The second aspect concerns the nature of data 

dissemination in the wireless sensor network. In most applications, there is rarely a 

heavy constant load of traffic, rather each node transmits sporadically, and be it 

periodic or event-triggered, so the nodes are not in continuous mode of 

communication nor under constant traffic congestion. The third aspect stems from the 

fact that they are a form of ad-hoc network; hence there is a need for the nodes to 

organize and manage themselves in order to establish communication with other 

nodes to form a network. Since these systems are distributed rather than centralized, 

the nodes themselves have to set-up and maintain communication between each other.  
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1.2 Monitoring Applications 

 

Monitoring applications are one of the most popular applications of WSN. 

This is because the unique characteristics of WSN constitute a powerful paradigm for 

enabling such applications. Those characteristics include the ability to harvest and 

store data using limited power, the ability to deploy on a large scale, the ability to 

operate unattended or without intervention for long periods of time, and the ability to 

withstand harsh environments and operating conditions. Monitoring applications can 

range from industrial to healthcare, pollution, flare stack, fleet, agricultural and 

environmental monitoring. One example of a current environmental monitoring 

application is the Ontario Forest Monitoring System [1] that was developed by 

Queen’s University’s Wireless Communications and Signal Processing group where 

the objective of the project was to design a WSN capable of serving a multitude of 

environmental applications, and to deploy this network for a forestry monitoring 

application, measuring several attributes such as air temperature, soil temperature, 

humidity, and light, among other attributes. The most important challenge in the 

Forest Monitoring System was the power consumption problem, since the nodes were 

to be deployed at a very distant forest, therefore rendering access to the nodes to 

replace the batteries infeasible and the nature of environmental monitoring 

applications dictates that the network remains operative for long periods of time.  

Therefore the limited energy of the nodes has to be considered during the design as 

energy harvesting is vital for monitoring applications with long projected lifetimes.   
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Figure 1 Ontario Forest Monitoring System Architecture 

Another monitoring application is described in [2] where a macro-scope 

network was proposed to monitor temperature and moisture variations over a redwood 

tree. Sensor motes were placed on redwood trees in California to measure 

temperature, relative humidity, and photo-synthetically active solar radiation. The 

Palmdale test in [3] is a soil monitoring application, where 30 sensors were utilized to 

measure soil temperature and moisture content at different depths. However, as in the 

Ontario Forest Monitoring System, power consumption is the major challenge that the 

project designers faced as they needed the network to be operational for as long as 

possible without human intervention. Routing protocols determine the dissemination 

of data throughout the network and therefore determine when and where to transmit 

thereby enabling them to eliminate unnecessary transmissions.  
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1.3 Motivation and Scope 

 
There is a need to develop specific routing protocols for wireless sensor 

networks to fulfill the requirements for monitoring applications. Due to the different 

challenges posed by different WSN applications, there is no ideal routing protocol for 

all systems and applications, rather there are different protocols each designed for 

particular applications and to meet specified objectives. In wireless sensor networks, 

there are different protocols for acquiring different objectives such as speed, Quality 

of Service (QoS) and energy-efficiency. Energy-efficiency is fast becoming one of the 

most vital aspects in characterizing a wireless sensor network, as it ensures a more 

resourceful and economical performance, and is mandatory in some applications.  For 

example in many monitoring applications, especially when remote locations are 

involved, it is imperative for the network to last as long as possible as the battery 

cannot be easily replaced when it diminishes, hence energy-efficient routing protocols 

are gaining rapid importance. The protocol has to be adaptable and intelligent in order 

to vary and amend its behavior according to changes in the network environment. 

This thesis proposes a novel energy-efficient routing protocol in order to extend the 

mode of operation of the network for as long as possible.  

1.4 Thesis Outline 

 

After presenting the introduction, problem statement and motivation in the 

first chapter, Chapter 2 offers an overview of the existing work in the literature. The 

overview encompasses protocols for WSN, energy aware protocols and diversity 

routing. The notion of cognition in wireless sensor networks is then explored before 
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delving into cognitive protocols in the literature.  Chapter 3 presents the system 

models adopted for this work. The propagation and energy models are chosen and 

explained while network lifetime is defined and quantified. Chapter 4 presents the 

Cognitive Diversity Protocol proposed by this thesis where the methodology is 

explored and implemented in a simulation tool. Chapter 5 contains the theoretical 

analysis whereby a linear programming problem is solved to optimize the proposed 

protocol. Chapter 6 is the performance evaluation where the proposed protocol is 

simulated against an existing solution in order to measure the improvements and 

evaluate the proposed protocol. The final Chapter 7 concludes the thesis and presents 

ideas for future work. 
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Chapter 2 

Literature Review 

2.1 Wireless Sensor Network Routing Protocols 

 

Routing in wireless sensor networks is different than routing in other networks 

due to the nature and objectives of the sensor networks. In WSN, acquiring the data is 

more important than determining the source, and most applications require the flow of 

data to a sink. Also, by their inherit nature, sensor nodes are constrained in terms of 

processing, storing and most importantly energy. The most important characteristic in 

a routing protocol for a sensor network are energy-efficiency and awareness, because 

it is imperative to prolong the life of a node for as long as possible by utilizing the 

minimum amount of energy. Multi-hopping is widely used in WSN due to the limited 

transmission power and is also more energy efficient due to signal attenuation. For 

example, the energy required to reach a certain distance (d) is reduced from cdα to 2c 

(d/2)α when the distance is reduced to half [4]. There are three types of routing 

protocols for wireless sensor networks; flat-based, hierarchical and location based [5]. 

Flat based routing is when all the nodes have the same functionality, as for 

hierarchical routing, nodes have different roles where the aim is to cluster nodes so 

that there will be aggregation at the cluster heads in order to reduce energy 

consumption. Location based routing aims to exploit the nodes position for routing. 

Sensor Protocol for Information via Negotiation, or SPIN, is a flat-based 

routing protocol whose main characteristics are negotiations and resource adaptation 

[5]. Those two notions were introduced in order to combat the faults of the flooding 
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approach. SPIN has nodes negotiating with each other before transmitting data in 

order to ensure that only the useful information is transmitted in the network, thus 

considerably saving energy consumption. In order to negotiate, nodes use meta-data 

and high level descriptors, in order to describe the data they want to transmit. Meta-

data describe the actual data being a collected by the sensor, therefore there is no 

standard meta-data format since it will vary from application to another. The size of 

the meta-data is much smaller than that of a data packet; otherwise it will defeat the 

objective of the protocol. SPIN first sends an advertising message about the new data, 

then neighbors that want to obtain the data send a request data message in which the 

node replies with the actual data. This way, the actual data is only sent to nodes that 

need it, thus significantly decreasing the number of transmitted messages which 

means considerable amounts of energy saved. The main disadvantage for SPIN is that 

the negotiation process may result in distant nodes unable to obtain the data if 

intermediate nodes do not require them. It is also not a suitable protocol for 

applications where data packets are required to be delivered over regular intervals. 
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Figure 2 SPIN Protocol Negotiation Process 

Directed Diffusion Protocol is a data centric protocol where the sink issues a 

query to a certain region so the nodes in that region cooperate and gather the data 

between themselves to send it back to the sink [4]. One of the main aspects of this 

protocol is utilizing a naming scheme for the data in order to save energy while 

eliminating some unnecessary operation in the network layer. This protocol utilizes a 

naming scheme for the data gathered by the sensors. The mode of operation of this 

protocol is by the sink first issuing a sensing task which is disseminated over the 

network in a form of an interest for named data. Data matching the interest in network 

setup a gradients that are used to route the events back to the sink. These events are 

then sent through multiple paths to the sink where the intermediate nodes cache and 
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aggregate data. The interests are refreshed and updated on a periodic basis, and that 

parameter represents a trade-off between packet loss and robustness. The drawbacks 

of this protocol are that it does not work for applications that require continuous data 

transmissions to the sink since it is query-based. Naming schemes are application 

specific so it has to be customized each time and the matching process for data and 

queries requires extra overhead.  

Power Efficient Gathering in Sensor Information System (PEGASIS) is a 

hierarchical WSN routing protocol [5].  PEGASIS forms a chain of sensor nodes 

instead of having multiple clusters and cluster heads. Each node will then transmit to 

the nearest node in the chain and then only one node in the chain will be designated to 

transmit to the sink. Nodes determine their closest neighbors by measuring signal 

strengths and then the neighbors change their own signal strength so that it only 

reaches the nearest neighbor. Each node receives the data from its neighbor, 

aggregates it with its own data and then forwards it to the next node in the chain. The 

chain will be reconstructed whenever a node dies. In some random deployments, 

neighboring nodes will not be neighbors in the chain and that results in them using 

more energy for transmission. This protocol was proposed as an improvement to the 

LEACH protocol which setups clusters whereby cluster heads transmit the data from 

their clusters to the sink. Simulations have shown that PEGASIS has outperformed 

LEACH by 100 to 300% and has therefore replaced LEACH in its respective 

applications. The main disadvantages lie with the excessive delay with distant nodes 

in the chain. In addition, having only one designated leader increases the chances of 
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bottleneck in communication. Also it requires dynamic topology adjustments because 

every node is only aware of its neighbors. 

 

Figure 3 PEGASIS Chain of Nodes 

 

Geographic Random Forwarding (GeRaF) is a location-based routing WSN 

protocol that forwards data based on geographical location of the nodes and random 

selection of the relaying node by having contention among the receivers [4]. Each 

node knows its position and the position of the sink as it is assumed they are equipped 

with a GPS. When a node wants to transmit to the sink, it sends a broadcast specifying 

its location and that of the sink. Then the neighboring nodes upon hearing the 

broadcast, set their priority as a next hop based on their distance to the destination, 

and the selected relay continues in this process until it reaches the destination. The 

neighboring nodes determine their own distance to the sink in order to determine their 

suitability as a relay node. The suitability is determined by dividing the coverage area 
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into two regions: The relay region and the non-relay region. The relay region consists 

of the area within closer range to the destination than the transmitting node while the 

non-relay region contains the other part. A node can only be selected as a relay if it is 

in the relay region, and furthermore, the relay region is further divided into priority 

regions based on the distance from the destination. The main disadvantage is the lack 

of consideration for any other factor other than distance and that may lead to 

bottleneck situations. There is also a distinct lack of reliability mechanism in the 

protocol that guarantees delivery.  

 

Figure 4 Geographic Random Forwarding 

 Geographic Adaptive Fidelity (GAF) is an energy aware location based 

routing protocol that can be used for mobile ad-hoc networks as well as wireless 

sensor networks [4]. GAF divides the network into equal square zones thus forming a 

virtual grid. Each node is then associated with a zone in the grid based on its position 

(determined through its GPS). Then GAF operates by keeping the least amount of 
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nodes required in the zone awake and turning all the others in that zone to the sleeping 

mode. The nodes in the zone coordinate and decide on the length and the period of the 

sleeping cycle. The node that is awake, or the zone leader, collects the data for the 

nodes in its zone and is responsible for gathering and transmitting data to the sink 

node by routing through other awake nodes. The designated node is very similar to 

the leader in the hierarchical routing protocol, so GAF can be considered as a hybrid 

between location-based protocols and hierarchical protocols. Nodes of course 

alternate leaders in order to balance the overall energy consumption; however the 

main drawback is having only the grid leader transmitting hence leading to 

bottleneck, congestion and longer distances for the transmitting node. 

2.2 Energy-Aware Protocols 

 

As computational powers are increasing, more protocols are attempting to take 

advantage of that in order to minimize energy consumption. Adapting the signal 

strength and localizing routing algorithms can reduce the energy consumption through 

choosing optimal forwarding nodes.  

The Power-routing algorithm defined in [6] attempts a general power metric 

that consists of the signal attenuation, startup energy loss, retransmissions and 

collisions in a single expression depending on the distance between the sender and 

receiver. The protocol assumes that the power consumption for a path is equal to the 

optimal one; therefore each intermediate node will select a neighbor closer to the 

destination in order to minimize the sum of power needed to transmit the packet and 

the optimal power consumption needed to forward the packet from the transmitting 
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node to the destination. Therefore there will be an optimal number of intermediate 

forwarding nodes producing minimal power consumption, and that optimal number is 

found from the distance between the two nodes and general power metric parameters. 

Power-routing attempts to minimize the energy consumption but a node can be chosen 

for several routing paths which will result in heavy utilization at that node which will 

cause its death. The cost-metric used in this protocol is inversely proportional of the 

remaining battery power. Therefore the forwarding node seeks to minimize the sum of 

cost metric and the estimated cost for the remaining path.  

The localized power and cost aware routing scheme proposed in [7] is based 

on the idea of proportional progress. In this protocol, the neighbor that minimizes an 

expression containing the signal attenuation exponent and the minimal reception and 

computational power is selected to forward the message thereby minimizing the 

power spent in every unit of progress made. In this protocol, the node that has the 

packet will then forward it to a neighbor closer to the destination, which results in 

minimizing the ratio of power consumption and the cost metric (which is a proposed 

algorithm) to reach that neighbor, therefore the progress made is measured as a 

reduction or projection along the line to the destination. The cost metric is a function 

of the distance d between the transmitter and destination, r between transmitter and 

neighbor, x between neighbor and destination, and f(A) which is the reluctance of the 

transmitting node to forward a packet. The function that the transmitting node seeks to 

minimize is f(A)/(d-x) as the minimum result yields the least cost next hop.   

Geographic and Energy Aware Routing (GEAR) is a routing protocol which 

combines location-based routing with data-centric routing [4]. This protocol is heavily 
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used by location aware networks where they need to send specific information to a 

specific geographic location. In this sense, GEAR is more energy efficient than other 

data-centric protocols in the sense that it only directs the queries to the desired 

locations instead of broadcasting them over the network. This protocol is only 

directed at applications where data is gathered upon request rather than periodically 

sent to the sink. GEAR minimizes the number of interests presented in the directed 

diffusion protocol sending the queries directly to the area of interest instead of 

broadcasting the interest in the network. GEAR also utilizes energy-aware neighbor 

selection when routing towards the destination and uses recursive geographic 

forwarding to send the interest packets inside the desired region. 

 

Figure 5 GEAR Protocol: Query Packet Forwarding to Target Region 
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 The Dynamic Election-Based sensing and routing approach presented in [8] is 

a novel approach in sensing in WSN where a single node gets elected to report an 

event and forward the data. This process is performed in a decentralized manner by 

having the neighboring node that is the fit elected to avoid redundancy and 

unnecessary transmissions. In this protocol, fitness is the reliability of the node, which 

is the probability of the message successfully reaching the sink. Node fitness is 

determined by its hop value and battery energy whereby each parameter is assigned a 

weight depending on the importance of each. If a heavier weight is assigned to the 

battery value, load distribution over the network occurs, while if the hop value is 

given a higher weight, the node will undertake the shortest path to the destination. 

After a node determines its fitness, it sets a timer that is inversely proportional to its 

fitness after which it declares itself as the most suitable node to forward the packet 

and the process is repeated until the destination is reached. 

 

Figure 6 Dynamic Election-Based Routing 
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 The Energy-Aware Routing protocol proposed in [9] is aimed to extend the 

network lifetime. This protocol is similar to the Directed Diffusion protocol presented 

earlier however it differs by having several paths instead of one optimal one. The 

paths are chosen by a mean of certain probability and the value of that probability is 

dependent on the level of energy consumption a path can receive. The protocol is 

composed of three phases, the first being the setup phase where all nodes find routes 

to destination and their energy costs and construct tables accordingly. The next phase 

is the data communication phase, where paths are chosen probabilistically based on 

the energy costs in the first phase and the third phase consists of the route 

maintenance where localized flooding is performed sporadically to maintain the 

routing tables updated.  

Local Update-Based Routing Protocol (LURP) is a new proposed routing 

protocol for sensor networks whose notion revolves around the idea of taking 

advantage of the sink`s mobility [10]. In this protocol, when a sink moves, it only 

broadcasts its information to a local area instead of the entire network in order to 

consume less energy and decrease the probability of collision in the network. This 

protocol is a hierarchical and location based protocol, and the way it operates is by 

having the sink in the virtual center [10]. When a node wants to send a packet to the 

sink it uses a geocasting protocol to a node in the virtual center. Then this node uses a 

topology based protocol to forward the packet to the sink. This protocol significantly 

reduces the number of broadcast packets in the network thus decreasing energy 

consumption and congestion, and at the same time, utilizing the advantages of two of 

the three types of sensor routing protocols 
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2.3 Diversity Routing 

 

Diversity is often used in communication systems due to combat fading in 

wireless channels; hence this technique is employed to increase reliability in 

networks. Time diversity, frequency diversity, space diversity and multiuser diversity 

have all been used to combat fading. However, in [11] another form of diversity is 

exploited, one that is inherent in any wireless network due to the shared medium of 

propagation. In a network, when a node transmits to another, other nodes are able to 

hear the transmission due to the nature of the medium, hence this data can be used to 

increase the reliability and assist in the transmission. This notion was also exploited in 

[12] where a link-diversity routing paradigm was presented. The link-diversity routing 

protocol chooses each hop of a route based on the number of outgoing links towards 

the destination at the intermediate nodes. The decision maximizes the probability of 

success at each hop in the presence of link failures caused by fading which yields 

more reliable paths utilized for routing after avoiding links that are more prone to 

failure. Diversity routing is also utilized in [13] to reduce the transmission power and 

prolong the network lifetime. In WSN path redundancies occur often to ensure 

reliability and guarantee transmission to the sink node, therefore taking advantage of 

this diversity to decrease power consumption in the network. This is done by 

establishing a tradeoff through a ratio between path redundancy and fault tolerance in 

the network since they are proportionally related.  
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Figure 7 Diversity Routing 

 

Diversity routing is heavily utilized in cooperative routing. Cooperative 

diversity routing is a sequence of sets of cooperating nodes along with an appropriate 

allocation of transmission powers that has been shown to mitigate the effect of fading 

through distributed antenna sharing, which is designed for WSN as there are energy 

and size constraints that restrict a node from having several antennas.  
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2.4 Cognition in Wireless Sensor Networks 

 

In the quest to improve wireless sensor networks, cross-layer design has been 

used in the past to optimize the networks in order to enable the nodes to have more 

information at their disposal when making decisions. However, this process has its 

limitations as it cannot optimize multiple goals and learn from its surrounding 

environment. Therefore, there is a need for a new evolved and intelligent technique to 

enable “learning” in the node. Cognition, which is the process of learning through 

perception, reasoning, knowledge and intuition, is the newest technique to add 

intelligence to wireless sensor networks [14]. In [14] cognitive networks are defined 

as self-aware, self organizing and adaptive networks that perform intelligent 

adaptations. These adaptations occur when the nodes in the network carry out 

observations regarding the state of the network, when the nodes share information 

between each other that is beyond the scope of the layered architecture and lastly 

when nodes learn and reason before making and carrying out optimization decisions. 

Cognition in WSN is rapidly gaining importance in the research fields as it enables 

more intelligent and optimized networks. There have been applications for Cognitive 

Radio in WSN as presented in [15] to incorporate cognitive radio capabilities in 

sensor networks to yield a new sensor networking paradigm. In [16], distributed 

intelligence was used to embed cognition into WSN by studying the signal change 

detection problem. Literature [17] proposes a framework that understands conflicting 

design objectives and finds the optimal tradeoffs by adapting to the dynamics of the 

network. Therefore it is evident that there is a great interest in applying cognitive 
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techniques to different aspects of WSN. The cognitive cycle presented in [18] 

summarizes the design of any cognition in a WSN and is presented below in Figure 8 

 

Figure 8 The Cognitive Cycle 

Cognition allows intelligent adaptations due to nodes learning and sharing 

information between themselves, which yields improved performances and 

optimization of the network objectives.  
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2.5 Cognitive Protocols 

 

With the increase of the use of cognitive techniques in WSN, several protocols 

have been developed to implement the cognitive aspects. The Cognitive Channel-

Aware Routing (CCAR) proposed in [19] addresses the issue of high packet loss in 

WSN. This energy-efficient protocol attempts to reduce the packet loss ration 

therefore reducing the number of retransmissions thus conserving energy. When a 

node wants to transmit to the sink, it broadcasts an RREQ (adapted to the node 

density in the network to minimize transmission power). Then by obtaining the 

channel profile of all the neighbors, it can determine the minimum power needed to 

reach a certain neighbor. The path is selected by combining two metrics, namely the 

transmission power needed and the packet loss ratio.   

 In [20] a new multi-path protocol called multi-SPEED (MMSPEED) is 

proposed. This protocol utilizes information from the physical and MAC layers to 

assist the network layer. Reliability, delay and GPS location information are relayed 

to the network layer to determine the packet forwarding. Each node maintains an 

estimate of the delay it needs to transmit to each of its neighbors, and then it uses this 

information along with the location information to calculate the speed to each 

neighboring node and then chooses the optimal next hop. This protocol allows 

multiple paths by having the intermediate nodes determine the number of paths based 

on a defined error metric. MMSPEED utilizes localized mechanisms for QoS 

provisioning by using geographic packet forwarding with compensations for local 
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decision inaccuracies as packets are forwarded to the destination therefore 

guaranteeing end-to-end requirements that ensure scalability and adaptability in WSN. 

Another proposed cognitive protocol is the cost and collision minimizing 

routing (CCMR) in [21] which also involved the physical, network and MAC layers. 

CCMR examines the loss of energy in collisions caused by MAC layer contentions. 

Therefore the objective of CCMR is to determine the next hop protocol that has the 

minimal cost by maximizing the probability of a successful contention. The cost is 

based on the metric that determines the node’s distance to the destination. In order to 

minimize collisions, the transmitting node sends a RREQ to determine the path to the 

destination. The nodes that receive the request then proceed to determine the 

contention window o transmit the reply in a manner to avoid collision and maintain a 

successful contention. The node with the smallest contention window will transmit the 

reply before the others thus reducing the energy losses due to minimizing collisions.  

Therefore, there is a need for a cognitive protocol to increase the network 

lifetime as cognition enables the node to adapt to their surrounding environments and 

make intelligent decisions based on the information the node possesses.  
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Chapter 3 

System Models 

This chapter presents the models that will be adopted for the proposed system. 

These models will lay the foundations for the remaining work by specifying the 

environments where the system will be operating as they will be implemented in the 

simulation tool when performing the system evaluation. In this chapter, the energy 

and propagation models are presented and the network lifetime definition is explored 

and quantified since extending the network lifetime is the main objective of this 

protocol.   

3.1 The Propagation Model 

 

Propagation models are essential for predicting the path loss along a link and 

evaluating the surrounding environment and conditions. Obtaining information 

regarding the quality and state of the link between two wireless nodes can aid in 

determining the feasibility of the link and how much power will be lost as a result. 

The two main determining factors of a propagation channel are the path loss and the 

fading of the link. The path loss is a decibel ratio of transmitted power to received 

power and it serves greatly in determining the energy consumption of a transmission 

process. There are two types of statistical path loss models, the deterministic and the 

statistical. The deterministic is only in terms of the distance between the transmitting 

and the receiving node, while the statistical takes into account the changes in the 

surrounding environment. This is known as shadowing which is characterized by a 
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Gaussian random variable with zero mean and variance 2σ . The path loss is calculated 

as [22]: 

    10 log   

The best way to characterize the condition of a link is to utilize the lognormal 

propagation model in [23]. The effects of path loss, shadowing and multi-path fading 

in the lognormal propagation model are presented in Figure 9 

 

Figure 9 Effect of Path Loss, Shadowing and Multi-path fading in the Lognormal Propagation 

Model 

The received power on any link (i,j) in the lognormal model is given as: 

,    10 log ,

Δ  γ ,  

 : Transmission power 

∏ : Path loss at reference distance 

Δ : Reference distance 

: Path loss exponent 

, : Distance between the transmitting and receiving node 
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γ , : Shadowing loss 

Since the shadowing loss has a zero mean, taking the expectation and the variance of 

the received power will yield [23]: 

10 log ,

Δ  γ ,   10 log ,

Δ  

10 log ,

Δ  γ ,   γ ,  ,  

Therefore, by calculating the expectation and the variance, the values of the path loss 

exponent and the severity of the shadowing effect are determined. This information 

will be used to evaluate each of the links between nodes in the network in order to be 

able to make intelligent decisions by taking into account the external conditions 

surrounding the node.  

3.2 The Energy Model 

 

The importance of extending the network lifetime stems from the fact that the 

energy available to the node is not only limited but easily diminished if not managed 

properly.  The main sources for energy consumption in sensor networks are 

communication and processing, with communication being mainly responsible for 

most of the consumption. The communication process is composed of transmission 

and reception, and as various studies that have been carried out illustrate, the 

transmission process is the most taxing when it comes to energy consumption. 

Therefore, many energy-efficient protocols have been designed to minimize the 

number of transmissions a node has to make throughout its lifetime by either 

transmitting only when needed or avoiding unnecessary transmissions that can be 
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compensated by a less energy consuming process, such as processing and computing. 

In order to manage and measure energy consumption energy models have to be 

defined and that will also facilitate the process of comparing energy-efficiency 

between different proposed protocols. Starting from the path-loss model that is widely 

accepted and utilized in wireless communication, the energy needed to transmit over a 

certain distance d is proportional to dβ where β is the path loss exponent based on the 

surrounding environment. Following from this notion, the energy model presented in 

[24] is: 

Energy required for transmission of l bits over a distance d: 

ETX(l,d) = E(TX – elec)(l) + E(TX-amp)(l,d) 

= 
     
     

 

Energy required for receiving data 

ERX(l,d) = ERX – elec(l) =   

: Electronics energy  

: Amplifier energy  

 : Dependent on the distance from the receiver and the desired bit-error rate  

The recognized values for these variables are usually taken to be: 

 = 50 nJ 

 = 10 pJ/bit/m2 

 = 0.0013 pJ/bit/m4 

d0 = 86.2 m  
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The advantage of this energy consumption model is its detail of the size of the data 

transferred; hence it can provide a realistic consumption model based on the traffic in 

the network, however one failing of that model is that the distance is raised to the 

power of 2 or 4, depending on the distance. Since the lognormal propagation model is 

being adopted, that means that the model will be assuming free space if the distance 

between nodes is less than 86.2 meters, and assuming a very dense urban area if the 

distance is greater, which doesn’t represent a realistic overlay. Therefore there is a 

need to find an energy consumption model that is compatible with the adopted 

propagation model. 

The power consumption model of communication module presented in [25] is one of 

the most widely recognized energy models in the domain of wireless sensor networks. 

It can be derived from the common communication module structure, where the 

transmitting and receiving powers are defined as: 

     

    

: Power consumption of the power amplifier 

⁄ : Power consumption in baseband DSP circuit  

⁄ : Power consumption in the circuit’s frontend  

The drain efficiency (η) is the ratio of output RF power to input DC power: 

  

The drain efficiency combined with the formula of the communication module yields: 

  ⁄  
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The Channel Model based on the RF environment and communication model is given 

as: 

   ⁄  

Combining all the previous equations results in the Basic Power Consumption Model 

        With      

  

This power consumption model is not only realistic but it is also compatible with the 

propagation model adopted earlier therefore this model is used for this thesis to model 

the energy consumption in the nodes.   

3.3 Network Lifetime 

 

Nodes in wireless sensor networks are characterized by having a finite and 

limited energy source, especially in control or monitoring applications. Hence once 

they are deployed for operation, it is vital that they last for a rational and practical 

amount of time, otherwise it would render the entire technology obsolete. Intensive 

research is directed into prolonging the period of operation of the nodes and the 

network on a whole in order to increase the performance of wireless sensor networks. 

There are two important concepts in this domain, node lifetime and network lifetime. 

Node lifetime is basically the period of operation of a node. Each node is equipped 

with an energy source, may it be a battery or an alternative source. The node lifetime 

is also defined by time the energy level of the node is above a certain threshold that 

allows it to perform its operations such as transmitting, receiving or processing data. 
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Once the energy level drops below this threshold, the node is considered dead and is 

therefore unable to operate.  

Network lifetime on the other hand is a more complex notion and varies from 

one application to another. In some applications, every node is vital; hence the failure 

of one node leads to the failure of the entire network, while in other larger 

applications, there is redundancy in the network, which means that there are several 

nodes that carry out the same function or monitor the same area. Generally speaking, 

in most networks it is affordable to lose a certain amount of nodes as long the 

backbone of the network is still able to function. There have been many definitions of 

network lifetime as it is not a concrete parameter that holds for all conditions and 

applications; however the most commonly used accepted definitions is: 

Network Lifetime Definition: The interval of time, starting with the first transmission 

in the wireless network and ending when the percentage of alive nodes falls below a 

specific threshold, which is set according to the type of application [4]. 

Analyzing the above definition in depth, while taking into consideration that an 

operational network is composed of active nodes and links, the network lifetime 

definition can further be broken down into two definitions, the connectivity-based 

(CB) and percentage of alive nodes (PAN) definitions.  

Connectivity Based Definition: Lifetime of a WSN is the time span from deployment 

to the instant when a network partition occurs [26]. An example of network partition 
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is displayed in Figure 10.  

 

Figure 10 Network Partition 

Percentage of Alive Nodes Definition: Lifetime of a WSN is the time span from 

deployment to the instant when the percentage of live nodes falls below a specific 

threshold [26] 

After defining the network lifetime, the next step would be to obtain performance 

metrics in order to be able to quantify and qualify the network lifetime definition. The 

most common metrics used are: 

First sensor Node Death (FND): This metric is a simple approach where it’s defined 

by recording the time when one of the nodes becomes no longer operational. This 

metric is used in applications where each node is critical, but it is useful in other 

applications to give a lower bound on the lifetime definition [27] 

Ratio of Remaining Energy (RRE): Ratio of total energy amount over all the nodes 

[26] 
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Probability of Node Isolation: For k number of nodes connected to a sink, the Poisson 

probability distribution of gk is: 

gk = µ
!

µ  where µ is the average number of neighbors the sink can hear 

Therefore, the probability of isolated nodes is [28]: 

Pisolated = g0 = e- µ   

Probability of Node Failure: This is a metric that quantifies the severity or harshness 

of the environment [26]. The probability of a node failure due to the node energy 

being exhausted is [4]: 

P = 1-((1-PLbuffer)E[N] x Rpath)  

Rpath is the probability that the path’s nodes do not fail during the deadline and it is 

calculated by: 

Rpath =   

PLbuffer is the probability that the buffer of the node is full. Using queuing theory: 

PLbuffer =  where B is the buffer size and r is the average network load at a 

node  

 
These definitions are used to quantify network lifetime in order to carry out 

performance evaluations on different protocols. This will help evaluate the different 

protocols and determine the most suitable one for extending the network lifetime. 
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Chapter 4 

Cognitive Diversity Routing  

 

This thesis proposes a new energy-efficient routing protocol for disseminating 

data by selecting routes based on their energy, channel and traffic states. Due to the 

transmission process being responsible for most of the energy consumption, this 

protocol was designed to minimize the number of transmissions in the network as a 

whole, thus extending the lifetime of the network which is the primary target for this 

thesis. The cognitive diversity routing protocol is, as the name implies, a protocol that 

combines the two notions of cognitive and diversity routing.  

4.1 Cognitive Diversity Routing Methodology 

 

Cognitive diversity routing is divided into three main phases: The initial 

phase, the network maintenance phase and the routing phase. In the initial phase, the 

basic backbone of the network is formed and the nodes establish communications 

with each other, while the network maintenance phase ensures that the network is kept 

continuously updated of any changes that happen to the nodes which is important to 

prevent information from being outdated. The routing phase is the most important 

phase as it is where the decisions are made to disseminate the data and select routes 

from the source to the destination. The cognitive diversity routing protocol was 

chosen to be a proactive routing protocol. Proactive routing protocols are table-driven 

protocols that maintain updated lists of their destinations and routes by periodically 
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updating the routing tables throughout the network. The following diagram illustrates 

the cognitive diversity routing in detail: 

 

Figure 11 System Model of Cognitive Diversity Routing 
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4.1.1 Phase I: Initial Discovery 

 

The first phase in the cognitive diversity protocol is the initial discovery where 

the different nodes in the network establish communication and initialize their routing 

tables. The first task a node undertakes is to calculate its current energy. The approach 

where information is obtained from the physical layer is what makes this routing 

protocol cognitive and intelligent. A battery model has been incorporated into the 

code to simulate the energy source for the node. The battery model will perform in 

accordance to the energy model provided in Chapter 3 where eventually when the 

battery expires the node is considered to have failed and is no longer in operation.  

The next step would have nodes begin transmitting information packets to all 

their neighbors in order to exchange information and learn about the other nodes in 

the network. This is done through flooding, where each node transmits a flooding 

packet that has the following format: 

 

Figure 12 Flooding Packet Format 

 

This format allows for the node to have GPS capabilities so that it can also 

transmit geographic conformation in order to assist with its routing process. If a node 

is not equipped with a GPS, it calculates the distance from the received power model 

presented in Section 3.1 
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After the flooding packets have been transmitted, each node is now capable of 

constructing routing tables to hold all the information about the nodes in the network. 

Two tables are constructed, the neighbor table and the destination table. The neighbor 

table is for the node to store information about its neighboring nodes, where it is 

utilized afterwards in the routing process when determining the next hop. The 

neighbor table incorporates the energy level and the traffic levels of the neighboring 

nodes as these are important parameters for the routing phase. The destination table is 

utilized when a node wants to either locate where the destination node is for its own 

packet or when it is an intermediate node and wants to route the packet to a specified 

location. The structures for the neighbor and destination tables are as follow: 

Table 1 Neighbor Table 

 

4.1.2 Phase II: Network Maintenance 

 

The distinctiveness of proactive routing protocol is that there is the 

transmission of periodic updates from the nodes. In CDR, these packets are not sent 

periodically, rather they are sent when there is a change of energy state in the node. 

The energy state of a node is designated by 3 bits; hence there are 8 states for the 

node’s battery level. Once the battery level drops from 1 state to another, a Hello 

packet is transmitted to update the information in the neighboring nodes’ tables. This 
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is done to minimize the number of transmissions as the major drawback of proactive 

systems is that these continuous updates drain the battery, hence the updates are only 

transmitted intermittently and once there is significant change. The node also 

transmits to its neighbors the number of packets it has received. This will be used later 

on in the routing phase to avoid traffic congestions. During this phase, nodes go to 

sleep mode to preserve energy and only wake up in periodic intervals for 

transmissions or receiving packets. When the node is in sleep mode, the power 

consumption is taken to be 0.026mA to represent a realistic consumption. The Hello 

packet structure is:  

 

Figure 13 Hello Packet Structure 

 

4.1.3 Phase III: Routing 

 

The routing phase is essentially where all the decisions are made in regards to 

disseminating the data, identifying routes and next hop nodes. In this stage, all the 

information gathered and stored in the two previous phases is utilized to aid with the 

routing of the data packets in the network. Before the routing commences, the data 

packet header format has to be initialized as follows: 

 

Figure 14 Data Header Format 
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The nodes traversed pointer is very important to prevent looping in the network as this 

list is used to eliminate entries in the neighbor table from being designated as the next 

hop. 

When a data packet arrives at a node, it is processed to determine what mode 

action should be taken. First of all, the node checks the destination address to make 

sure that it is not the intended recipient. Then the node scans its destination table to 

make sure that the desired destination does indeed exist and is valid, otherwise the 

packet is discarded. If the node turns out to be an intermediate node, or if the node is 

the source node in transmitting the data packet, the next step would be to determine 

the next hop. In determining the next hop, first node clears all expired entries in the 

neighbor table in order to avoid expired routes. After that, the nodes traversed list is 

obtained to eliminate any previous nodes to avoid looping in the network. Then the 

node checks its neighbor table in case one of its neighbors is in fact the destination.  

When these steps are completed, the next phase would be to select out of the 

remaining neighbors the best next hop. The node that is chosen as the best next hop is 

designated as the priority node. The selection of the priority node is explored in detail 

in Chapter 5. Having three priority nodes will improve the protocol’s robustness and 

decreases the chance of having the rest of the neighbors rebroadcasting, hence 

decreasing the number of transmitting nodes. Then the packet would be broadcast to 

all of its neighbors with one or more set as the priority to retransmit.  

The next step is how to handle an incoming data packet. Upon receiving a 

handle to the packet, the node checks the data header to determine if it is the priority 
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neighbor. If it turns out to be the priority, it determines the next priority addresses and 

rebroadcast the message to all its next hop neighbors. When this task is completed, it 

immediately broadcast an ACK message in order to alert and notify the other non-

priority nodes that are currently in a timeout process. That is because if the node 

determines from the header that it is not the priority node, it triggers a timeout 

mechanism where it waits for a specific amount of time (0.05 seconds) for an ACK 

packet from the priority node. If the node receives the ACK packet within the timeout, 

it drops the data packet it has received, if however the timeout expires and it has yet to 

receive any ACK packet, it will then proceed to retransmit the data packet. This 

ensures reliability, robustness and fault-tolerance in case of a failed transmission or a 

node failure.   

The ACK packet is defined as being only 4 bits in size. It simply contains the address 

of the priority node in order to notify the other neighbors that it has successfully 

received and retransmitted the packet 

 

 

Figure 15 ACK Packet Format 
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4.2 Implementation in OPNET Modeler 15.0TM 

 

The protocol was chosen to be implemented in OPNET Modeler 15.0TM. 

OPNET Modeler 15.0TM is network simulators utilized to design and analyze 

networks and protocols. It can analyze and compare simulated networks in different 

environments to view the end-to-end behavior of different technology designs, and it 

has a development environment to model all network types and technologies. OPNET 

was chosen instead of other network simulation tools such as Network Simulator-2 or 

MATLAB because it provides a very detailed basis for all the network layers, from 

the antenna to the physical layer to the MAC layer to the network and upper layers. 

This allows for total control and various choices in modeling, especially for cross-

layer designs or cognitive techniques as it permits the user to design the protocol in 

every layer. OPNET also is equipped with a detailed and robust discrete event 

simulator to collect network statistics in order to fully examine and evaluate the 

performance of a system. This tool allows to measure performance metrics on a large 

scale network level, to an individual node level and even to every transmitted packet 

in the network. The programming language of choice in OPNET is C++ which is 

important as it permits future migration of the work to a hardware level or to any 

other program as C++ is the most popular programming language.   

 The first task in designing the protocol was to implement the propagation 

model. Obtaining the Terrain Modeling license authorizes the modeling of a 

propagation model and since the OPNET library only had the Free-Space, Longley-

Rice, HATA, CCIR and Walfesch-Ikegami models, the first task was designing the 
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lognormal propagation model. The second task was implementing battery model for 

the nodes since in OPNET nodes are not equipped with one. The battery model was 

designed in accordance with the adopted power consumption model in Section 3.2 

and of course, the nodes were altered to become dead once the battery expired. The 

next step was to design the protocol. The protocol was implemented in the Process 

Model which defines the behavior of a module through finite state machines (FSM). 

FSM utilize states and transitions to determine the actions a module undertake in 

response to an event. The C++ code fragments are then attached to each part of the 

FSM and these code fragments specify the functions in detail to be undertaken when 

an event occurs.  Therefore when an event occurs that has an effect on the module, the 

simulation kernel passes control to the process model through an interrupt. Then the 

process model responds to the event by transition between states and executing the 

embedded C++ fragment codes and then returns the control to the simulation kernel.  

The process model for CDR is presented below: 
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Figure 16 Process Model of CDR 

The process model and the FSMs implement the three phases of CDR presented in 

Section 4.1. The initial discovery FSM is the Initial Discovery phase while the 

Network Maintenance and Routing phase are merged in the remaining FSMs. This 

model offers a seamless and logical organization of the protocol to enable its 

operation.  
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4.3 Pseudo-code for Cognitive Diversity Routing 

This section provides a pseudo-code for the proposed protocol that was implemented 

in OPNET 

#Start Process 
Initialize node 
Set battery level 
Initialize routing tables 
Reset traffic and all counters to zero 
Obtains an address based on its ID 
Obtains position from GPS (if available) 
Set transmission power 
#Initial Discovery Process 
Node obtains battery level 
Flooding packet is formed 
Inserts battery and position information into Flooding packet 
Inserts address and timestamp into flooding packet  
Broadcasts flooding packet 
Calculate transmission cost 
Update battery 
Update packet transmission statistic 
If flooding packet received 
 Process received packet 
 If timestamp has expired 
  Drop packet 
 Else 

Obtain address of the source node 
  Compare address to existing addresses in routing table 
  Set neighbors in neighbor table and the rest in destination table 

If address does not match addresses in table 
   Add new row in table for the extracted address 
  Else 
   Go to existing row for address  
  Extract battery and location information  
  Add information to routing table for the relevant address 
  From received power find the shadowing variance 
  Update table with the channel information  
  Calculate the received power from the packet 
  Update battery 
#Wait Process 
Node enters wait mode 
If there is a change in energy level 
 Initialize update packet and set packet type to Hello 
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 Insert address into packet header in addition to location information 
 Obtain number of packets received from counter and add to packet 
 Measure new battery and add to packet 
 Insert timestamp at end of packet 
 Transmit packet to neighbors 
 Calculate transmission cost and update battery 
 Update packet statistics 
If there is data to transmit 
 Initialize data packet and set packet type to Data 
 Insert address and location information into header 
 Obtain destination information from destination table 
 Insert destination address and location into packet 
 While iterating through all entries in neighbor table 
  If address of entry is in traversed list, ignore entry 
  Else 
   Obtain energy, traffic and channel info of entry 
   Calculate priority factor 
   Calculate distance to destination 
 Find highest, 2nd and 3rd highest priority factors in entries 
 Set the three priorities in packet header 
 Calculate distance to destination for determining relay region 

Add node to list of nodes traversed and append list to packet  
 Insert timestamp at end of packet 
 Transmit packet 
 Calculate transmission cost and update battery 
 Update packet statistics 
If packet is received 
 Process packet and obtain type 
 If packet type Hello 
  Obtain address from packet header 
  If timestamp has expired 
  Drop packet 
  Else 

Obtain address of the source node 
   Compare address to existing addresses in routing table 
   Set neighbors in neighbor table and the rest in destination table 

If address does not match addresses in table 
    Add new row in table for the extracted address 
   Else 
    Go to existing row for address  
   Extract battery and location information  
   Add information to routing table for the relevant address 
   Calculate the received power from the packet 
   From received power find the shadowing variance 
   Update table with the channel information 
   Calculate reception cost 
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   Update battery 
 
 If packet data packet 
  Process packet and obtain destination information 
  If node is destination 
   Obtain info, update statistics and battery then destroy packet 
  Node is an intermediate node 
  If destination does not exist destination table 
   Drop packet 
  If address is present in list of traversed nodes 
   Drop packet 
  Obtain priority addresses from packet header 
  If node is first priority 
   Go to data transmit function 
   Transmit ACK 
   Update battery and statistics 
  If node is 2nd priority 
   Wait timeout T 
   If ACK is received 
    Drop packet 
   Else  
    Go to data transmit function 
    Transmit ACK 
    Update battery and statistics 
  If node is 3rd priority 
   Wait timeout 2xT 
   If ACK is received 
    Drop packet 
   Else  
    Go to data transmit function 
    Transmit ACK 
    Update battery and statistics 
  Else 
   Wait timeout 3xT 
   If ACK is received 
    Drop packet 
   Else  
    Go to data transmit function 
    Transmit ACK 
    Update battery and statistics 
Else  
 Node enters sleep cycle 
 Energy consumption is calculated 
 Battery updated for every day  



 

45 

 

Chapter 5 

Priority Node Selection  

5.1 Priority Node Selection 

 

The selection criteria for choosing the next best hop, or the “Priority Node” is 

based on three parameters or profiles, the energy profile, the channel profile and the 

traffic profile. The profiles represent all the considerations that a node needs to take 

into account before making an intelligent and cognitive decision on the best next hop.  

 The energy profile constitutes of the energy levels of the receiving nodes and the 

energy level of the transmitting node itself based on the energy consumption model 

adopted in Chapter 4. The node iterates through its neighbor table to determine the 

best receiving node. This is done by subtracting the estimate reception cost  from 

the neighbor node battery,  obtained from the neighbor table. This value will 

represent the estimated battery of the neighbor node should it receive the packet, 

which is denoted as  

   

Then for each of these neighbors, the node estimates the transmission cost  to 

this specific neighbor by subtracting the estimated transmission cost  from the 

node’s current battery   

  
    

 

Therefore, combining both estimated batteries for transmission and reception yields 

the equation for the energy profile which is equal to: 
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The channel profile provides the node with information about the channel in order for 

the node to consider the condition of the link. The shadowing effect is vital to 

consider when evaluating a link as it identifies if there are obstacles that will hamper 

the transmission. Based on the propagation model in Chapter 5, by obtaining the 

received power from a packet transmitted on the link, the shadowing effect, and thus 

the channel profile  can be calculated as: 

10 log ,

Δ
 γ ,   γ ,  ,  

Finally the last profile to be considered is the traffic profile. The traffic profile 

provides statistics about the number of packets that a node is receiving. This 

parameter is used to avoid congestion and potential bottlenecks, as sometimes several 

nodes end up transmitting to the same node thus causing collisions and energy-stress 

at that node. Also, in random deployments, one node may have the choice while a 

forced path might be the only choice for other nodes; hence this profile will help 

avoid transmitting to these nodes.  is the number of packets a neighbor has 

received, which is obtained from the neighbor table.  is multiplied by 100 for 

scaling reasons since it is a percentage of packets in the network. That number is 

divided by the total number of packets estimated in the entire network which is equal 

to  

    

Where btr is the transmission rate, t is the time elapsed and K is the number of nodes 

in the network 
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 The traffic profile  is equal to 

 

    

Therefore combining all three profiles yields the following equation to determine the 

priority node 

     

      
    

   

   

 

The weights , , &  are assigned to each profile. Combining those three profiles 

enable the node to be cognitive as it possesses the latest updated information about its 

energy level, its neighbor’s energy level, the condition of the link and the traffic 

distribution in the network therefore ensuring a complete analysis and considering all 

aspects to make the optimal and most energy-efficient decision.   

5.2 Linear Optimization for Priority Selection 

 

After obtaining the equation for priority selection, the next step would be to 

determine the value of the three weights , , &  in order to maximize network 

lifetime and optimize the selection process to choose the best priority node. Therefore, 

the selection needs to be formulated as an optimization problem whereby the weights 

are obtained through linear programming techniques. The first step in any linear 
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optimization problem is to state the objective function, which is the function that is 

sought to be optimized. In this case, we are seeking to maximize the priority node 

selection, so the objective function is: 

                   

                                                    
 

  

The next step is to set out the constraints. The constraints specify the convex polytope 

over which the objective function is to be optimized. The first constraint is chosen to 

be: 

    

M will represent a significant balance between portraying the importance of the 

variable it’s trying to convey and represent an equal distribution of the three variables 

present in the objective function. To further explain this, consider the maximum limit 

that energy, channel and traffic profile exhibit. The maximum of the energy profile 

will be 2 x Battery of a single sensor node.  The highest the channel profile can reach 

is σ2 which in reality will rarely venture over 144 as displayed in the literature. The 

upper bound of the traffic profile is 100 (since  is multiplied by 100 for 

scaling purposes) which only occurs if the entire traffic in the network is being 

received at one node, which is highly unlikely. Therefore, M should represent a 

median between the three profiles whereby it gives appropriate credit to each profile 

without either disguising it or enlarging it beyond credibility. In the simulation M was 

taken to be 20. 

The second constraint for this optimization problem is chosen to be: 

  2  
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There are two reasons behind this constraint: The first is that the energy profile is the 

most important of the three profiles present. The energy profile is the main profile and 

it gives the best indication of what node is best to be designated as the priority node. 

The second reason is when considering the objective function of 

      
    

     

  

It is noticeable that the energy profile is the only positive weight, while the other two 

are negative weights; therefore it is imperative that k1 is larger than the other weights. 

The third constraint is designated to be: 

  

That is because the channel profile has more importance than the traffic profile. This 

is due to the nature of wireless sensor networks, as they are characterized as low-

traffic types of networks. There is rarely a heavy load of traffic or congestion issues in 

wireless sensor networks, especially those designated for monitoring and control 

applications.  

The fourth and final constraint is: 

  

This constraint is to ensure an even distribution and fairness in allocating the weights, 

as it guarantees that the difference between the highest weight and lowest weight is 

maintained at an acceptable level.  Also, since this optimization problem is set to be 

solved using linear programming, the solution will seek to minimize the “costs” 

which are the channel profile and traffic profile as much as possible. However since 
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we need the channel and traffic profile to be evident in order to make an informed 

decision, this constraint makes sure that the linear programming solution still lends 

the channel and traffic profile the required importance. In the simulation N was taken 

to be  

Therefore combining all of the above to obtain the final equations for this linear 

optimization problem yields: 

 

                   

                                                    
 

  

                       

                                                 2  

                

                                                                      

 

5.2.1 The Simplex Method using Explicit Matrix Inverses 

The simplex method is a very popular and widely used method to solve linear 

programming problems. It is an iterative method where it moves from one basic 

feasible solution to another, evaluating each one to check if it is the optimal solution. 

This method will be used to solve the linear optimization for the priority node 

selection problem. The general solution for the simplex method using explicit matrix 

inverses is presented below and then applied to the priority selection problem [29] 
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             , 0 

Slack variables are added to transform it to the standard form 

        

                     

                                        

             , 0 

The formula is then transformed into a matrix-vector form from the linear program 

           

        

                        0 

Let x be the basic feasible solution that contains the vector of basic variables xB, and 

the vector of nonbasic variables xN  

  

Therefore, the objective function can be written as 

 

   

 

The coefficients for the basic variables are cB, and the coefficients of the nonbasic 

variables are cN . The constraints are then defined as: 
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By changing the values of the nonbasic variables, the solutions to Ax=b are then 

obtained. Substituting it and the constraints into the objective function yields: 

 

  

 

To further simply, define  therefore simplifying the objective 

function to: 

   

Finally by setting xN = 0, the values for the basic variables are obtained 

   

̂   

 

In order to solve the priority node selection linear programming problem using the 

simplex method using explicit matrix inverses, Maple software is utilized as it is the 

only software that allows for matrix operations using unknown variables. 

To simplify the calculation, the energy profile is abridged from    

        to  where Psum is the sum of both batteries (PN + 

PNBR) and Pcost is the sum of all costs (PR0 + PT0 +     ).  

It is also worth noting that the simplex method presented above is for a minimization 

problem, while the priority node selection problem is a maximization problem, 
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therefore the objective function of the priority node selection problem is multiplied by 

(-1) to convert it to a minimization problem. 

The calculations are carried out in Maple by implementing the procedure detailed 

above and the values of the three obtained weights are: 

8.57 

5.71 

5.71 

In order to further validate those solutions, the priority selection linear programming 

problem is solved through the tableau approach 

5.2.2 Simplex Method Tableau Approach 

 

The tableau approach is another simplex method to solve linear programming 

problems. This method updates the basis matrix, or tableau, on every iteration instead 

of coming up with a new one. It is a very handy tool as it does not require any 

software assistance. The basic original linear program corresponds to the following 

tableau 

Basic   rhs 

-z   0 

 B N b 

 

The first step is to add slack variables to the priority node selection problem in order 

to convert it to the standard form. This results in the following: 
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                                              2  

           

      

The constraints are then rewritten as: 

   20 

                             2     0 

         0 

               0 

All the assumptions made for the simplex method using matrix inverses are also held 

here. The solution is presented as follows 

 

 

 

 

Basic  k1  k2  k3  S1  S2  S3  S4  RHS 

Z  Ps ‐ Pc  σ2  trb/(btr*t*k*S)  0  0  0  0  0 

S1  1  1  1  1  0  0  0  20 

S2  ‐2  1  1  0  1  0  0  0 

S3  0  ‐1  1  0  0  1  0  0 

S4  1  0  ‐1.5  0  0  0  1  0 

Table 2 First Iteration 
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Table 3 First Iteration Pivot 

Basic  k1  k2  k3  S1  S2  S3  S4  RHS 

Z  Ps‐Pc  σ2  trb/(btr*t*k*S)  0  0  0  0  0 
S1  1  1  1  1  0  0  0  20 
S2  ‐2  1  1  0  1  0  0  0 
S3  0  ‐1  1  0  0  1  0  0 
S4  1  0  ‐1.5  0  0  0  1  0 

 

Table 4 Second Iteration 

Basic  k1  k2  k3  S1  S2  S3  S4  RHS 

Z  0  σ2 
trb/(btr*t*k)+1.5Ps‐

1.5Pc  0  0  0  Pc‐Ps  0 
S1  0  1  2.5  1  0  0  ‐1  20 
S2  0  1  ‐2  1  0  0  2  0 
S3  0  ‐1  1  0  0  1  0  0 
k1  1  0  ‐1.5  0  0  0  1  0 

 

Table 5 Second Iteration Pivot 

Basic  k1  k2  k3  S1  S2  S3  S4  RHS 

Z  0  σ2 
trb/(btr*t*k)+1.5Ps‐

1.5Pc  0  0  0  Pc‐Ps  0 
S1  0  1  2.5  1  0  0  ‐1  20 
S2  0  1  ‐2  1  0  0  2  0 
S3  0  ‐1  1  0  0  1  0  0 
k1  1  0  ‐1.5  0  0  0  1  0 

 

Table 6 Third Iteration 

Basic  k1  k2  k3  S1  S2  S3  S4  RHS 

Z  0 
1.5Ps‐

1.5Pc+σ2+trb/(btr*t*k)  0  0  0 
1.5Pc‐1.5Ps‐
trb/(btr*t*k)  Pc‐Ps  0 

S1  0  3.5  0  1  0  ‐2.5  ‐1  20 
S2  0  ‐1  0  1  0  ‐2  0  0 
k3  0  ‐1  1  0  0  1  0  0 
k1  1  ‐1.5  0  0  0  1.5  1  0 
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Table 7 Third Iteration Pivot 

B
as
ic 

k
1  k2 

k
3  S1 

S
2  S3  S4  RHS 

Z  0 

1.5Ps‐
1.5Pc+σ2+tr
b/(btr*t*k)  0  0  0 

1.5Pc‐1.5Ps‐
trb/(btr*t*k)  Pc‐Ps  0 

S
1  0  3.5  0  1  0  ‐2.5  ‐1  20 
S
2  0  ‐1  0  1  0  ‐2  0  0 
k
3  0  ‐1  1  0  0  1  0  0 
k
1  1  ‐1.5  0  0  0  1.5  1  0 
B
as
ic 

k
1  k2 

k
3  S1 

S
2  S3  S4  RHS 

Z  0  0  0 

0.4285Pc‐0.4285Ps‐
0.2857σ2‐

0.2857trb/(btr*t*k)  0 

1.3286Pc‐
1.3286Ps+0.1142σ2‐
0.8858trb/(btr*t*k) 

0.5715Pc‐
0.5715Ps+0.2857σ2+0.2
857trb/(3.5*btr*t*k*S) 

8.57Pc‐8.57Ps‐
5.71(σ2)‐

5.71trb/(btr*t*k) 
k
2  0  1  0  0.28571  0  ‐0.714285714  ‐0.28571  5.714286 
S
2  0  0  0  1.2857  0  ‐2.71428571  ‐0.28571  5.714286 
k
3  0  0  1  0.285714286  0  0.285714286  ‐0.28571  5.714286 
k
1  1  0  0  0.428571429  0  0.428571429  0.571429  8.571429 

 

Table 8 Fourth Iteration 

B
as
ic 

k
1 

k
2 

k
3  S1 

S
2 S3  S4  RHS 

Z  0  0  0 

0.4285Pc‐0.4285Ps‐
0.2857σ2‐

0.2857trb/(btr*t*k)  0

1.3286Pc‐
1.3286Ps+0.1142σ2‐
0.8858trb/(btr*t*k) 

0.5715Pc‐
0.5715Ps+0.2857σ2+0.28
57trb/(3.5*btr*t*k*S) 

8.57Pc‐8.57Ps‐
5.71(σ2)‐

5.71trb/(btr*t*k) 

k2  0  1  0  0.28571  0 ‐0.714285714  ‐0.28571  5.714286 
S
2  0  0  0  1.2857  0 ‐2.71428571  ‐0.28571  5.714286 
k3  0  0  1  0.285714286  0 0.285714286  ‐0.28571  5.714286 
k1  1  0  0  0.428571429  0 0.428571429  0.571429  8.571429 
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The results of the RHS column are expanded to present them more clearly 

Table 9 RHS of Fourth Iteration 

Basic  RHS 

Z  8.57Pc‐8.57Ps‐5.71(σ2)‐5.71trb/(btr*t*k) 

k2  5.714286 

S2  5.714286 

k3  5.714286 

k1  8.571429 
 

Therefore the results from the tableau method are exactly the same as the ones 

obtained from the simplex method using matrix inverses. It is worth noting that since 

this was solved as a minimization problem, then the actual objective function is (-1) x 

Z in the tableau and substituting back the values for Psum and Pcost yields the final 

equation of: 

 

 8.57           –  5.71    

           5.71
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5.3 Channel Optimization 

 

In this section, the optimization is re-evaluated for the case where the channel 

profile has the most importance and thus the highest weight. In applications where 

there is significant shadowing variance, such as monitoring applications where the 

areas is dense with trees in some sections and clear in other sections, the channel 

profile has a significant role to play in determining the path. The objective function 

remains the same as it was earlier: 

                   

                                     
 

  

 

However there is a change in the constraints as  is now the most significant weight. 

Maintaining the same analysis in the previous section yields the following constraints: 

 

      20 

                                                             2  

                                               

                                           
3
2

 

 

Solving the following linear programming problem using the same method as the 

previous section yields the following three weights: 
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8.89 

6.67 

4.44 

 

This results in the final equation for the optimization where the channel conditions are 

a priority: 

 

 8.89           –  6.67    

           4.44
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Chapter 6 

Performance Evaluation 

 

In this chapter, the Cognitive Diversity Routing protocol is tested using the 

simulation tool of OPNET Modeler 15.0TM. The rationale behind this simulation is 

due to the infeasibility of carrying out the actual testing of sensor nodes due to time 

constraints as the experiment is predicted to last several months, so a simulation tool 

is used to model the scenario as realistically as possible. CDR is simulated versus the 

Geographic Random Forwarding protocol (GeRaF) in order to measure the efficiency 

and advantages of CDR. GeRaF is a widely used location based routing protocol 

which utilizes a node’s GPS capabilities to select a route based on distance from the 

destination. Both protocols were tested under identical conditions in different 

scenarios. Different scenarios were chosen in order to test how both protocols 

performed under different conditions and for different applications, as that will yield 

an overview of the strengths and weaknesses of the protocols. 

The deployment areas in the scenarios were chosen to be 1.5 x 1.5 km in size 

and the transmission range of each node is chosen to be approximately 500 meters. 

For each scenario, the transmission rate was varied between 1 to 24 transmissions per 

day, i.e. the sensor node transmits every hour. This is to simulate the networks under 

varying traffic intensity. Traffic was generated by each of the transmitting nodes at 

the defined rate per day and all the data was directed towards the sink node. 
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The modeled traffic in the network was chosen to represent the traffic in the 

environment monitoring project [1] so the packet format was given as:  

 

Figure 17 Packet Format 

Therefore the size of each packet was chosen to be a random value between 136 to 

200 bits, which represents 15 to 25 bytes in according to the packet format given 

above. The range signifies the number of sensors readings that are being transmitted 

to the sink node. The path loss exponent, unless specified otherwise, is taken to be 3 

as that represents the typical and practical environment for this type of application. 

Table 10 Physical Parameters for Scenario Testing 

Parameter Value 

Area 1.5 x 1.5 km 

Transmission Range of Node 500 meters 

Packet Size 136-200 bits 

Modulation DPSK 

Noise Figure 1.0 

Transmitter Bandwidth 22.0 kHz 

Path Loss Exponent 3 

 

The two main metrics for these simulations are the First Node Death and the Network 

Lifetime. FND is vital in monitoring applications where each node is important and 
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the goal is to extend the lifetime of each node as it relays information that no other 

node can compensate. FND also helps illustrates the cooperative routing and the 

diversity that CDR protocol carries out and therefore is an important metric in 

characterizing a protocol. The network lifetime metric is the main objective, as the 

purpose of developing the CDR protocol is to extend the network lifetime. The 

environment network lifetime definition explained earlier is taken as the network 

lifetime definition and the threshold is taken to be 40% or when the network is 

partitioned such as a set of nodes will be unable to reach the sink node. The 

simulations were carried out on three different deployment scenarios, the grid 

deployment, the forced-path deployment and the random deployment.  

6.1 Grid Deployment 

 

The first scenario has been chosen to be 1.5 x 1.5 km square area, and 21 

nodes have been placed in a grid formation.  20 of the 21 nodes are transmitting nodes 

while the other node is the sink node where all traffic is directed to. The grid 

deployment is a great way to demonstrate the strengths of a protocol as there are 

many different paths to the sink node, thus it allows a protocol to fully display its 

array of flexibility in choosing the optimal path from the source node to the 

destination. The nodes are arranged in the grid as displayed in Figure 18: 
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Figure 18 Grid Deployment 

 

The purpose of the first simulation is to calculate the First Node Death (FND) 

and network lifetime for both protocols under the specified conditions. The obtained 

results were then exported to Excel to plot the results in order to compare both routing 

protocols.  
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Figure 19 FND for Grid Deployment at α = 3 

 

As Figure 19 shows CDR’s FND is significantly higher than GeRaF’s. This is due to 

the cognitive aspect of the routing in CDR. In GeRaF, all routing decisions were made 

based on static parameters, hence the protocol was not able to adapt to changes in the 

network and environment. A result of this is having nodes that were at the beginning 

of the simulation regarded as the best forwarding node inundated with traffic thus 

causing them to die quickly. On the other hand, CDR is adapting to changes in the 

network and distributing the traffic load, thus resulting in distributing the energy 

losses over all the nodes. The network lifetime measured is displayed below: 
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Figure 20 Network Lifetime for Grid Deployment 

 

The network lifetime of the CDR protocol is also higher than that of GeRaF. 

Cognition in CDR has also enabled it to always select the least energy consuming 

path thus resulting in load distribution, which results in selecting many different paths 

thus decreasing the chance of network portioning and segregation which leads to an 

extended network lifetime. What is noticeable from Figures 19 and 20 is that the FND 

and network lifetime in CDR are much closer to each other than in GeRaF. To further 

illustrate that point, the FND and network lifetime and plotted together on the same 

graphs for each protocol as displayed below: 
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Figure 21 CDR Network Lifetime v FND 

 

 

Figure 22 GeRaF Network Lifetime v FND 

 

Figures 21 and 22 prove the previous assertion that the gap between the network 

lifetime and FND in CDR is much less than in GeRaF. This also validates the 

previous statement about load balancing in CDR where it appears that the first node 
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death is only 8-22% away from the network lifetime while in GeRaF, that range can 

go up to 188%. This polarity leads to congestion in traffic as it’s always directed 

through a narrow path and that leads to partitioning which results in the decreased 

network lifetime when compared to CDR. To further explore this point, the batteries 

of each node in the network is measured after 100 days and displayed in the graph 

below: 

 

Figure 23 Battery Distribution after 100 Days 

The battery distribution from Figure 23 shows that there is a rather large disparity in 

the values for GeRaF while in CDR all the battery values are in the same range which 

corroborates the previous two assertions on load and energy consumption distribution.  

To further illustrate this point, the standard deviations for the battery levels for all 

nodes are obtained from [19]  



 

68 

 

 

Figure 24 Standard Deviation at α = 2 

 

As Figure 24 demonstrates, the standard deviation for CDR is almost half of GeRaF’s, 

which proves that the power consumption was evenly distributed in CDR. The 

standard deviation also decreases in CDR as the number of transmissions increase due 

to the load balancing that occurs between the cooperating nodes. This shows that 

CDR is more effective and robust in dealing with higher traffic intensities and 

congested networks as well. On the other hand, in GeRaF, some nodes died quickly 

while others still had high energy levels as the higher standard deviation indicates. 

This reveals poor load balancing and leads to quicker FNDs, network partition and an 

increase in the probability of node isolation.  

Figures 18 to 24 have displayed how the network lifetime in CDR is higher due to 

load distribution which also leads to energy consumption distribution while in GeRaF, 

the lack of this distribution and reliance on a static path yields partitioning, congestion 

and lower network lifetime. However what has yet not been discussed is the reason 
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for this even distribution in CDR. The distribution is mainly due to the cognition and 

intelligence in CDR. Since at each transmission the node calculates the best priority 

node, this means that at each transmission CDR is evaluating all possible options and 

then transmitting to least cost path. In order to verify this assertion, the number of 

paths taken is measured in order to show the variation between both protocols: 

 

Figure 25 Numbers of Paths to Destination 

In Figure 25, the number of paths taken from each of the nodes to the destination is 

recorded. The nodes at the edge of the grid and placed farthest away from the sink 

have the largest number of possible paths as there are many possibilities from the end 

nodes to the sink node. As it was mentioned at the beginning of this section, the main 

advantage of grid deployments is the number and variety of paths and options it offers 

a source node to reach the destination, and that plays to the advantage of CDR which 

attempts to find the least cost path, therefore the larger the number of paths available, 

the more options it will have, which results in choosing better paths that decrease the 

overuse of those nodes which were traversed by most source nodes. Since the 
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cognition aspect involves an energy profile, a channel profile and a traffic profile, the 

path can easily navigate by avoiding congestion, bad channel conditions and nodes 

that have low batteries. However, one thing that might raise a bit of concern from 

Figure 25 is that the larger number of paths and its impacts on the number of hops and 

delay it might cause. Therefore, the number of hops from source to destination for 

each node is measured and presented in the graph below: 

 

 

Figure 26 Number of Hops to Sink Node 

 

Figure 26 shows that even though Figure 25 displayed that the number of paths is 

significantly larger, the number of hops is not that much greater. This is important 

because it dispels one extreme case of the CDR protocol whereby it takes very long 

paths and lots of hops to reach the destination thus negating its objective of 

minimizing energy consumption in the network. In CDR, the number of hops is a 

trace larger than in GeRaF and that is because sometimes it is better to avoid 
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intermediate nodes that have significant congestion or where channel conditions are 

poor, therefore taking an extra hop is justified in extending the network lifetime.  One 

problem that might arise from longer paths and extra hops is end-to-end delay, so two 

nodes; Node 17 and Node 19 are chosen to measure their end-to-end delay in 

transmitting a packet to the sink node. Those two nodes where chosen because they 

are located at the edge of the grid and have one the largest path and hop numbers.  

 

Figure 27 Delay from Node 17 to Sink 

In Figure 27, for the first 40 days, the delay is almost the same for both protocols, 

however after that; CDR would exhibit a delay of an additional 0.1 to 0.15 seconds. 

For the first forty days, all the surrounding nodes of node 17 were decreasing in 

energy at almost the same level, so the paths that CDR and GeRaF took were very 

similar, however after the network being alive for a while and the traffic and energy 

values distorted through operation, CDR takes on a longer path to avoid congestion 

zones and nodes in the center who have a very heavy load, therefore the delay 

increases for CDR. At the 89th day, there is an additional 0.05 second delay. That is 
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due to diversity routing, whereby the priority node selected was unable to transmit, 

thus after waiting for a 0.05 second timeout, the next priority node transmits thus 

causing an overall additional delay. 

  

 

Figure 28 Delay from Node 19 to Sink 

In Figure 28, the delay of CDR is consistently around 0.1 seconds larger than the 

delay in GeRaF. That is because after the initialization phase, the shortest path 

selected by GeRaF passes through all the central nodes where congestion is occurring, 

therefore the path that CDR has chosen to avoid those nodes takes extra hops, which 

result in the additional delay. Same as in Figure 21, there is also a failure of the 

priority node to successfully transmit at around the 94 day mark; therefore an 

additional delay due to the timeout is incurred.  

Therefore, as Figures 27 and 28 prove, even though the CDR takes more paths with a 

larger hop count than the GeRaF protocol, it still manages to avoid the two main 

disadvantages of that process. The first being that the larger number of hops means 
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more nodes are transmitting. Thus more energy consumed is disproven because as it 

has been established and demonstrated, distributing the load results in the entire 

consumption cost being distributed over the entire network and thus resulting in a 

longer network lifetime. The second disadvantage is the increase in end-to-end delay 

where the delay incurred through extra hops and additional processing power 

accounts for no more than 26% of the optimal delay which is a completely acceptable 

range for applications whose main objective is not rapidness or end-to-end delay.  

Finally, the throughput is calculated for both protocols to further evaluate them 

 

 

Figure 29 Throughput 

The size of the packets varies as shown in Figure 29 because the size of each packet is 

taken to be a random number between 136-200 bits (which corresponds to 15 to 25 

bytes). As the figure demonstrates, the throughput was almost the same till around 54 

days. That signifies the FND for the GeRaF protocol which was also demonstrated in 

Figure 18. From day 54 till the death of the network on day 201, the throughput 
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decreases with the death of nodes in the network. Note that the network lifetime for 

GeRaF at the transmission rate of 12 transmissions per day is 187 and in this graph 

the throughput is stable for a further period of time. This is due to the definition of the 

network lifetime whereby segregation occurs or the death of 40% of the nodes. 

However in this case, even when the segregation occurs, there are still some nodes 

that are able to transmit to the sink node. In CDR, the throughput is consistent for 222 

days until the first node death occurs. However, unlike GeRaF, in CDR only the dead 

nodes are unable to transmit as the diversity routing mechanism doesn’t allow packets 

to be dropped; rather they are still transmitted to the destination after the timeout 

mechanism is activated. Figure 29 illustrates the network lifetime in another light; it 

shows the number of packets successfully delivered due to the availability of the 

intermediate nodes.   

6.2 Deployment with Forced Path 

 

The previous scenario was the grid deployment where the node had a full 

array of path choices to make. This resulted in the CDR protocol performing much 

better than GeRaF because it had many different alternate paths to take in order to 

maximize the network lifetime. However while the grid scenario can be classified as 

one extreme case scenario due to the node having many options, it is also important to 

test the protocol at the other extreme. The other extreme would be to completely 

restrict the number of choices or paths the node can make. Therefore the following 

scenario depicts this case, where nodes are clustered into different groups and are only 
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connected to each other via a 2 node “bridge”, therefore restricting the next hop to 

two nodes only. The scenario is presented below in Figure 30: 

 
  

  

 

The same simulation is carried out on this scenario in order to measure the FND and 

network lifetime for this radical case. 

 

Figure 30 Forced Path Deployment 
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Figure 31 FND for Forced Path Deployment 

 

 

Figure 32 Network Lifetime for Forced Path Deployment 

 

The results shown in Figure 32 are entirely predictable, whereby the network lifetime 

is the same for both protocols. However results in Figure 31 show that the FND for 

CDR is greater than that for GeRaF. In this scenario the following process is 
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occurring; nodes in the first cluster have to transmit through nodes 11 and 18, while 

nodes in the second cluster have to transmit through nodes 5 and 9. Therefore there 

are only two paths for each cluster, which is why the network lifetime is the same for 

both protocols, as the network is considered dead once nodes 11 and 18 or nodes 5 

and 9 die to partition the network. However the mode of operation of both protocols is 

visibly evident from the FND graph, whereby GeRaF transmits to the node in the 

bridge which is closest to it until it dies and then moves to the other node in the 

bridge, while in CDR, the load is distributed across both nodes so they both die at 

roughly the same time. The importance of this scenario is that it displays the behavior 

of both protocols in bottleneck cases. Not all WSN applications are deployed in grid 

fashion; rather some are deployed in a random distribution. In random distributions, 

small clusters and forced paths might occur hence the need to consider this case.    

6.3 Random Deployment 

 

Random deployment is used in some WSN applications instead of the grid 

deployment. The random deployment will end up as a cross between the grid and the 

forced path deployment, where some nodes will have many different available paths 

to the destination while others might be in a distant or isolated location and can only 

transmit to the sink node via a forced path. After presenting the grid deployment and 

the forced path deployment in the two previous sections, it is important to test the 

performance of both protocols in this deployment for the sake of completeness. The 

nodes were randomly distributed in the 1.5 x 1.5 km grid in the following manner: 
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Figure 33 Random Deployment 

 The results for FND and network lifetime are presented in the graphs below: 

 

Figure 34 FND for Random Deployment 
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Figure 35 Network Lifetime for Random Deployment 

Figures 34 and 35 show that CDR performed much better than GeRaF, which was to 

be expected after the results of the grid deployment and the forced-path deployment. 

The network lifetime in the random deployment is also around 103 days less than that 

of the grid deployment, since in the grid deployment all nodes have several paths to 

choose from while in random deployment some nodes have only forced paths, hence 

decreasing the network lifetime. The FND for GeRaF in Figure 34 is also much less 

than the one for CDR due to the same reason as Figure 31 in the forced path 

deployment. Therefore in random deployment networks, CDR also performs much 

more admirably than GeRaF as it takes advantage of the nodes with several path 

options to choose the least cost path thus extending the network lifetime. 

 



 

80 

 

6.4 Node Density and Scalability 

All of the previous scenarios have featured different deployments but the same 

number of nodes, (20 nodes). Increasing the node density or the number of nodes is a 

good way of characterizing a protocol as it shows its scalability. The first aspect 

resulting from increasing the number of nodes would be that the traffic in the network 

would increase, resulting in an increase in the chance of congestion. The other aspect 

is that the number of possible paths in the network would increase as each additional 

node is a new candidate for a path. Therefore the number of nodes in the network was 

increased to 30 and 40 nodes and the network lifetime and FND were measured. 

6.4.1 Grid Deployment 

In the first scenario, the nodes were arranged in a grid deployment. The grid 

deployment allows for a high variation of path options from the source node to the 

sink.  

 

Figure 36 FND for 30 Nodes in Grid Deployment 



 

81 

 

 

Figure 37 Network Lifetime for 30 Nodes in Grid Deployment 

 

 

Figure 38 FND for 40 Nodes in Grid Deployment 
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Figure 39 Network Lifetime for 40 Nodes in Grid Deployment 

  

Therefore from Figures 36 to 39, it can be concluded that CDR performs better than 

GeRaF as the network density increases, proving that it is a robust option for larger 

networks. While network lifetime of GeRaF degrades quickly as the network density 

increases, CDR only decreases slightly. This is because of the different effects that the 

two aspects of increasing node density have on the two respective protocols. GeRaF 

suffers because there are more nodes, more traffic and more congestion, which leads 

to a serious degradation in its network lifetime. On the other hand, CDR takes 

advantage of the second aspect, which is an increase in the choice of routes to offset 

the disadvantage of having increased traffic and congestion in the network. To put 

that into more context, the performance of CDR for the three different node densities 

are displayed in the graph below 
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Figure 40 Network Lifetime Scalability Comparisons for CDR 

 

Figure 41 Network Lifetime Scalability Comparisons for GeRaF 

Therefore Figure 40 proves that CDR is robust which is a very important quality in a 

cognitive protocol as it proves that the protocol is able to adapt to changes in the 

environment (such as increasing the number of nodes) and is able to take advantage of 

a scenario that other static non-cognitive protocols are unable to do so.  
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6.4.2 Random Deployment 

 

The scalability of both protocols was then tested on a random deployment. 

Random deployment restricts the number of paths some nodes have forced paths to 

reach the sink therefore segregation and node isolation has a higher probability of 

occurring.  

 

Figure 42 FND for 30 Nodes in Random Deployment 
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Figure 43 Network Lifetime for 30 Nodes in Random Deployment 

 

Figure 44 FND for 40 Nodes in Random Deployment 
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Figure 45 Network Lifetime for 40 Nodes in Random Deployment 

CDR performs more admirably than GeRaF for both node densities, 30 and 40 nodes. 

The network lifetime and FND obtained in this section are lower than those obtained 

in 6.4.1 because in random deployment, there are nodes that get placed in forced paths 

or the number of neighbors is less than the grid deployment therefore restricting the 

number of path options available for routing. Figures 42-45 further solidify the 

statement that CDR is a robust and scalable protocol as it has the ability to adapt to 

changes in the surrounding environment.  

6.5 Optimization 

In this section, simulations supporting the theoretical analysis presented in 

Chapter 5 are displayed. The three weights were assigned the values of  

8.57 

5.71 

5.71 
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The simulation was conducted to compare the above weights to a non-optimal 

assignment of weights by setting the value of k1, k2 and k3 to 1.0. The chosen scenario 

was the random deployment distribution. 

 

Figure 46 Optimization Simulation 

The Figure 46 indicates that in low number of transmissions per day, there is not 

much difference, however as the traffic increases in the network, the optimized case 

outperforms the non-optimized case. This is because when there is not a greater 

emphasis on the energy profile; nodes might die after being selected as the priority 

instead of avoiding them. When there is no emphasis on the energy and traffic profile 

that might result in the elimination of a node that is an enforced path for other nodes. 

For example a node might have two options, one is a viable option while the other 

node is an enforced path for another node, and hence when traffic and energy traffic 

are not considered, the node loses a sense of perspective of the surrounding 

environment. Also if the entire emphasis is placed on the energy profile for example, 
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the node will be unable to avoid bad channel conditions, hence the priority node will 

not be able to receive the packet due to the channel causing the packet to be below the 

SNR and received power threshold hence that will lead to either a retransmission or a 

dropped packet. This scenario might also lead to traffic congestion at enforced paths. 

Therefore by assigning the optimal weights, optimal performance in the network is 

ensured.  

Finally the feasible region of the LP problem was plotted using MATLAB in order to 

provide a clear view of the optimal solution. The constraints where plotted and the 

following graphs were obtained: 

 

Figure 47 Feasibility Region View 1 
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Figure 48 Feasibility Region View 2 

 

Figure 49 Feasibility Region View 3 

 

 

 

-30

-20

-10

0

10

20

30 -30
-20

-10
0

10
20

30

-100

-50

0

50

100

 

 

data1
data2
data3
data4

-30
-20

-10
0

10
20

30

-30

-20

-10

0

10

20

30

-100

-50

0

50

100

 

 

data1
data2
data3
data4



 

90 

 

The planes in the graphs and the data in the legend represent the constraints and the 

objective function whereby: 

Data 1:      

Data 2:     2  

Data 3:   

Data 4:   

 

6.6 Channel Optimization 

 

This section studies the scenario where the priority node selection problem is 

solved when the channel profile is given priority. In Section 5.3, the priority node 

selection problem is solved to yield: 

 8.89 

6.67 

4.44 

This scenario occurs when the channel profile needs to be given priority over the 

energy profile in order to show the impact of the optimization. Therefore the 

shadowing loss variables were changed and increased in order to portray links with 

severe fading due to shadowing thus causing importance to be placed on the channel 

profile. Measuring network lifetime and first node death will not be the primary 

concern since when the channel conditions are extreme, packets will be dropped and 

will not reach their destination. Therefore in order to measure the reliability, the 

number of dropped bytes was measured. It is important to note that in CDR, every 



 

91 

 

node drops the received packet if it is not a priority node and it receives an ACK, 

therefore packets that were dropped due to the channel conditions were marked and 

measured. The graph presents the result: 

 

Figure 50 Number of Bytes Dropped 

 

Figure 51 Number of Bytes Dropped due to Optimization 
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Therefore as Figure 50 displays, CDR is more reliable as the number of bytes dropped 

is more than double for the other protocol. This is due to CDR choosing paths with 

the best channel conditions, therefore avoiding paths with high shadowing, thus 

decreasing the number of packets dropped and lost. Decreasing the number of packets 

dropped will also decrease transmissions as if a transmission is unsuccessful then a 

second or third priority node will have to retransmit the information which will cause 

more energy consumption in the network thus reducing the network lifetime. Figure 

51 displays CDR with Channel optimization as opposed to the Energy optimization. 

Since the channel conditions are severe, the CDR with channel optimization 

outperforms the CDR with energy optimization due to the emphasis on the channel 

conditions thus allowing a node to route away from links characterized with intense 

shadowing, thus reducing the number of dropped packets on these links.  

6.6.1 Grid Deployment 

 

Network lifetime is then measured for CDR with Channel Optimization, CDR 

with Energy Optimization and GeRaF in the grid deployment and the results are 

displayed in Figure 52:  
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Figure 52 Network Lifetime for Channel Optimization 

Figure 52 show that CDR with Channel Optimization displays the best performance. 

This is because in a scenario with poor channel conditions, there is an abundance of 

packets dropped or unable to be received due to the received power being below the 

expected threshold. Therefore, when packets are dropped, CDR utilizes diversity 

routing to ensure reliability and guarantee of transmission, therefore more nodes will 

then transmit (the 2nd and 3rd priority nodes for example). Hence when more nodes 

transmit, the network lifetime decreases, therefore the protocol that increases 

reliability also increases network lifetime as it decreases the number of retransmitting 

nodes.  The battery for each node is measured after 100 days and is displayed below 

in Figure 53: 
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Figure 53 Protocols Comparison for Battery Distribution after 100 days   

 

Figure 54 Battery Distribution after 100 days for CDR with Channel Optimization 



 

95 

 

 

Figure 55  Battery Distribution after 100 days for CDR with Energy Optimization 

 

Figure 56  Battery Distribution after 100 days for GeRaF 

Similar to Figure 23, CDR displays even distribution of batteries which is due to load 

balancing by distributing the energy consumption across the nodes in the network. 

Figures 50 to 56 prove the cognitive aspect of CDR. When there is a change in the 

environment, which in this case was a scenario with heavy channel conditions and 
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intense shadowing on the links, CDR is able to carry out a Channel Optimization in 

order to even further improve its performance from the Energy Optimization provided 

in the previous sections. By performing priority node selection based on the channel 

optimization, nodes avoid links with intense shadowing thus reducing the number of 

dropped packets. This in turn reduced the number of nodes retransmitting the data, 

therefore it not only extends network lifetime, but it increases reliability due to the 

cognitive characteristics of the protocol. 

6.6.2 Forced Path Deployment 

 

The forced path deployment depicts the other extreme for node path options, 

where nodes are clustered into different groups and are only connected to each other 

via a 2 node “bridge”, therefore restricting the path choice for the next hop to two 

nodes only. The network lifetime was measured for the three protocols: 

 

Figure 57 Network Lifetime for Forced Path Deployment 
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The Figure 57 exhibits a different behavior than that shown in Figure 31. In the 

previous scenario, the network lifetime for both protocols was very similar; however 

here there is a difference between each protocol. That is because in a scenario with 

heavy channel conditions, there is a larger number of packets dropped, which leads to 

more retransmissions which in turn reduces the network lifetime. In the previous 

scenario, the network lifetime depended on the number of paths the protocol took, 

however in this case, the network lifetime is dependent on the reliability of the 

protocol which in turn affects the network lifetime hence why CDR with Channel 

optimization is the best performer and GeRaF has the lowest network lifetime. 

 

6.6.3 Random Deployment 

 

The random deployment combines both the grid and the forced path 

deployment, where some nodes will have many different available paths to the 

destination while others might be in a distant or isolated location and can only 

transmit to the sink node via a forced path. The network lifetime is expected to be less 

than in the grid deployment as several nodes will die quicker due to the higher 

probability of network partition. The network lifetime for the three protocols is 

measured and displayed in the graph below 
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Figure 58 Network Lifetime for Random Deployment 

 

Figure 58 displays results similar to Figures 56 where CDR with channel optimization 

slightly outperforms CDR with energy optimization and they both outperform GeRaF. 

That is due to the increase in the number of packets dropped, therefore leading to 

more retransmissions which increase energy consumption. The network lifetime is 

dependent on the reliability of the protocol which in turn affects the network lifetime 

hence why CDR with Channel optimization is the best performer and GeRaF has the 

lowest network lifetime. The previous three scenarios display the cognitive aspect of 

CDR. When there is a change in the environment, such as a scenario with heavy 

channel conditions and intense shadowing on the links, CDR is able to carry out a 

Channel Optimization in order to even further improve its performance from the 

Energy Optimization provided in the previous sections. By performing priority node 

selection based on the channel optimization, nodes avoid links with intense 
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shadowing thus reducing the number of dropped packets. This in turn reduced the 

number of nodes retransmitting the data, therefore it not only extends network 

lifetime, but it increases reliability due to the cognitive characteristics of the protocol. 

Therefore that displays the nodes ability to adapt intelligently to changes in the 

network state in environment therefore characterizing the CDR protocol as a cognitive 

protocol. 
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Chapter 7 

Conclusion and Future Work 

7.1 Conclusion 

 

This thesis proposes a novel cognitive protocol for wireless sensor networks 

whose main objective is to extend the network lifetime. CDR is a cognitive protocol 

since it adapts intelligently to network conditions through perception, reasoning and 

gathering knowledge. The protocol ensures that the nodes in the network carry out 

observations regarding the state of the network, and share information in order to 

learn and reason before carrying out optimization decisions. By utilizing the energy, 

channel and traffic profile, the node is aware of all aspects that can affect the energy 

efficiency of the network, and thus it is able to adapt cognitively to dynamic 

conditions in order to achieve the end-to-end network goal, which is to extend 

network lifetime. Diversity routing techniques are utilized to increase reliability and 

decrease the number of unnecessary retransmissions. Simulations and performance 

evaluations have proved that CDR outperforms another popular protocol by ensuring 

load balancing to distribute the energy consumption in the network hence increasing 

the network lifetime. The load balancing is due to the different and larger number of 

paths the protocol enables the route to take. Nodes transmit to the best next hop at 

each step, therefore ensuring distributed energy consumption across the network 

which reduces network segregation, node isolation, congestion and bottlenecks. Even 

though that incurs an additional end-to-end delay, the delay is not very significant and 

within the tolerable range as this protocol does not target applications with urgent 
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requests where time is of major importance. Through cognition, nodes are able to 

adapt to any changes in the network, whether the changes occur in the channel 

conditions or in traffic congestions spots. This enables the protocol to be robust and 

scalable as it is able to find an advantage when the network density increases as it 

increases the possible number of paths available and this was evident as the 

performance of the protocol stabilized and reached better load distribution as the 

conditions increased. CDR also presented improved throughput and increased 

reliability by employing the notion of diversity routing therefore presenting a more 

guaranteed transmission than GeRaF. CDR performed splendidly in different types of 

deployments, whether it was a grid or a random deployment. In the grid deployment, 

CDR took advantage of the deployment’s characteristic by exploiting the large 

number of paths available in the network, while in random deployment, the protocol 

protected nodes in forced paths or in danger of isolation by routing traffic away from 

their “bridge nodes” (nodes in the forced path) in order to extend the network lifetime. 

In conclusion, CDR proved to be a cognitive protocol that has the intelligence to 

adapt to its environment and provide energy-efficient routing to extend the network 

lifetime.   
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7.2 Future Work 

  

Since cognitive techniques in WSN are a fast developing field there are 

several directions that can be taken to further utilize this work. First of all, the energy 

consumption model can be further studied and improved. It can also incorporate the 

multi-hop power consumption model. For Multi-hop networks with arbitrary distances 

between the nodes, the power consumption model is defined in [4] as: 

1    

Then, to realize the complete cognitive engine present in the literature, this protocol 

can be integrated with a cognitive MAC protocol employing adaptive sleep by 

calculating power allocating factors in order to further reduce the energy consumption 

in the network. Another future direction that is currently being undertaken is 

integrating CDR with CCAR presented in [15]. This is being done by first 

implementing CDR in MATLAB and then implementing multipath fading and 

extending the linear program to include the multipath fading. The traffic profile is also 

being extended and improved to avoid congestions at potential bottlenecks in a 

network. Furthermore, in order to realize full cognition in the nodes, a future direction 

will have nodes gather enough intelligence to formulate their own constraints and 

solve for their own coefficients depending on the network and environmental 

conditions.  CDR can also be tested on newly devised deployments such as the 3D 

grid deployment presented in [26]. Improved modeling of the GPS, its sleep cycle and 

its energy consumption can also be added in order to make the simulation even more 



 

103 

 

realistic. Finally, another future direction is to implement the protocol in hardware for 

an application such as the Ontario Forestry Project presented in [1]. Since the code is 

written in C++, migrating the code to a microprocessor should be a straightforward 

task that can be undertaken without much need to alter the code and then CDR can be 

implemented and tested on an existing monitoring application.  
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Appendix A 

MATLAB CODE 

 

[x,y]=meshgrid(-30:1:30, -30:1:30); 

z=20-x-y; 

surf(x,y,z); 

hold on; 

z=-x+2*y; 

surf(x,y,z); 

hold on; 

z=x; 

surf(x,y,z); 

hold on; 

z=y*3/2; 

surf(x,y,z); 

 [x,y]=meshgrid(-30:1:30, -30:1:30); 

z=20-x-y; 

surf(x,y,z); 

hold on; 
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