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Abstract 

Title:  Holistic Approach for Characterizing the Performance of Wireless Sensor Networks 

Author: Amar Yusof Jaffar 

Advisor: Carlos E. Otero, Ph.D. 

Researchers are actively investigating wireless sensor networks (WSNs) with respect to 

node design, architecture, networking protocols, and processing algorithms. However, few 

researchers consider the impact of deployments on the performance of a system. As a 

result, an appropriate deployment simulator that estimates the performance of WSNs 

concerning several deployment variables is needed. This research presents a holistic 

deployment framework that assists decision makers in making optimum WSN deployment 

choices by considering the terrain of their region of interest and type of deployment. This 

framework employs empirical propagation models to predict the performance of the 

deployment in terms of connectivity, coverage, lifetime, and throughput for stochastic and 

deterministic deployments in dense tree, tall grass, and short grass environments. For each 

type of environment, this study investigates the effects of node orientation on the 

performance metrics. The outlined framework can serve as a useful prototype for creating 

deployment simulators that optimize WSN deployments by considering terrain factors and 

type of deployment. Furthermore, mathematical prediction models that optimize the 

decision-making process are presented. Rather than executing the simulation, the 
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mathematical prediction models are used to predict the performance of the system which 

provides real time results. 
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Chapter 1 

Introduction 

1.1 About WSN  

A wireless sensor network (WSN) is an information retrieval and processing platform with 

vast potential. The development of WSNs is a challenging field due to their many 

requirements and properties. Microsensors and related micromechanical processor systems 

embedded in each other have propelled recent advances in WSN development. These 

advances have precipitated the production of small, low-cost, distributed sensor devices for 

possessing, sensing, and signal processing in wireless communication [1]. A WSN can be 

fitted with digital hardware devices that enable the creation of media content, such as 

cameras, microphones and other sensors. With the accompanying equipment, sensors can 

capture videos, images, audio, and scalar sensor data and then deliver the content through 

the network. For specialized applications, unique categories of WSNs exist, such as 

wireless multimedia sensor networks (WMSNs), underwater wireless sensor networks, and 

wireless body sensor networks [2]. 

A WSN consists of several nodes that have sensing and self-networking capabilities. These 

nodes are connected in the WSN’s wireless range to share information and transmit data to 

the base station. Collected data can assume numerous forms, such as, temperature,  
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humidity, infrared radiation, images, audio, and videos. The base station obtains and 

receives data from sensors and processes the data for decision-making. Due to the diverse 

sensing capabilities of WSNs, they can be employed in several applications such as [3]:  

  Military affairs 

 Industrial control 

 Healthcare monitoring 

 Environmental surveillance 

 Public safety 

1.2 WSN Deployment  

A WSN’s deployment model is responsible for determining a node’s position, size, cost, 

and layout over a region of interest (RoI). Deployment parameters have a direct influence 

on the WSN’s performance and require optimization to achieve the application goal [4][5]. 

Deploying WSN nodes is performed by one of two types of methods: stochastic methods 

or deterministic methods. Stochastic deployment is a practical deployment for large-scale 

networks, in which the nodes are randomly deployed. This approach is suitable for areas 

where access is difficult, and placement of the nodes cannot be controlled. Nodes are 

usually dropped from an airplane or other airborne mechanism, which produces a uniform 

distribution of nodes. The second choice is to deterministically deploy sensor nodes, which  
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can be the best choice for achieving the system goals. In deterministic deployment, sensor 

node positions are predetermined, and an accessible region of interest exists to place sensor 

nodes [6].  

At the same time, despite the numerous applications of the WSNs, the concept of 

constructing a sensor network has not taken the final shape and is not expressed in specific 

software or hardware solutions [7]. As a result, their deployment largely depends on the 

requirements presented by a particular industry or consumer. However, in most cases, the 

latter chooses between the stochastic and deterministic designs. In the first case, the nodes 

are positioned randomly, usually being deployed in accordance with the principles of either 

Gaussian or Poisson distribution. The primary benefits of such design include relatively 

low costs of deployment, especially in case of large networks, as well as the possibility to 

apply it to a wide array of scenarios. However, its uniform nature (under any conditions, 

the nodes are placed on the basis of the same principle) means that the performance of the 

WSN will not be exceptionally high. Moreover, the coverage of the network can be 

problematic to control due to the randomized node deployment. On the other hand, the 

deterministic approach is characterized by the specific placement of the nodes with the 

purpose of meeting a particular objective. As a result, it is associated with higher 

expenditures as the deployed network has to be tailored to a particular scenario, which 

often makes it impractical for the large-scale projects (monitoring of the pipelines at the oil 

refining pants) [8]. However, the performance of the WSN deployed on its basis is higher 

than that of the stochastic one, since the nodes can be positioned in a way that suits the  
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highly specific needs of the consumer, for example, in case of management of the 

commercial assets of the organization. Thus, the choice of deployment design depends on 

the situation, the objectives of the user, and the available resources [9]. 

1.3 Research Contributions  

The main contribution of this dissertation is to develop a holistic WSN deployment 

framework that optimizes decision-making process before deploying sensor nodes.  ُWSN 

is an application-specific, so it is required to investigate several deployment factors such as 

surround environment and type of deployment. It is useless to evaluate WSN deployment 

without considering the terrain around each node on the network which affects the 

performance of WSN. The research questions of this study are: 

1. Is there a significant difference in performance between proposed (in the literature) 

deployment strategies? 

2. What are the effects on performance from using a holistic deployment approach? 

Unlike previous work, the framework supports the analysis of important performance 

metrics and study them in a holistic fashion. The framework is unique and differs from 

existing work in that it supports numerous factors such as connectivity, coverage, 

throughput, and lifetime for both stochastic and deterministic deployments.  The output of 

this framework is utilized to create a performance predictive model for each performance 

metric in each specific environment. The creation of such a framework is achieved as 

follows. 
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1.3.1  Holistic Deployment Simulator Framework  

This research aims to present a realistic simulator that implemented to model WSN 

deployment. The model provides capabilities to measure the performance of the 

deployment with variable inputs. It can be set up with a variable number of nodes, variable 

sensing range, variable transmit power with different types of terrains. Unlike NS-2 [10], 

the simulator is easy to use and avoid complex set up. Also, it tests the deployment with 

stochastic and deterministic deployments.  

1.3.2  Predictive Mathematical Models 

Simulating WSN deployment to get the network performance is a time-consuming process. 

In order to make a fast decision before the deployment, accurate mathematical models are 

profitable for deployment analysis. This dissertation develops a mathematical model to 

predict the performance of WSN by using polynomial approximations. Each performance 

metrics for each type of environment has a mathematical model that estimates the output 

accurately. Those models provide a faster decision making by avoiding the long-time 

simulation.   

1.4 Dissertation Structure  

The remainder of this dissertation is organized as follows: 

In chapter 2, a literature review is presented. A modeling and simulation approach using 

empirical radio models and stochastic and deterministic deployments is presented in  
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chapter 3. Chapter 4 shows the simulation results for theoretical and realistic scenarios. In 

addition, Chapter 5 presents a predictive model that optimizes deployment decision-

making process. Finally, chapter 6 presents the study’s conclusions and a discussion of 

future research. 
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Chapter 2 

Background Work 

The author in [11] provides a framework and/or detailed process for creating simulators for 

application-specific WSN deployments. This simulator helps decision-makers select 

alternatives for WSN deployments. This framework considers application-specific factors 

and may be utilized in WSN stochastic deployment optimizations. The results indicate that 

the simulation offers a full view of every deployed node. The simulation also shows the 

influence of various deployment parameter levels on the efficiency of a deployment. 

Although the framework presented by the study offers guidance to the processes for 

building deployment simulators, the researchers note the need for improvement in various 

aspects. First, improvement in deployment distributions is needed; this problem is central 

to any WSN stochastic deployment. Deployment simulators should include deployment 

distributions in a comprehensive list to ensure that decision makers have different views of 

the efficiency of a network obtained using various deployment schemes. Another 

suggested aspect for improvement in the study pertains to RF models. The study indicates 

that accurate RF propagation modeling is a highly important WSN deployment topic. RF 

models prevent the generation of misleading conclusions. Every deployment simulator 

should require access to these models to improve the accuracy of their results.  

The author in [12] investigated a deterministic and random node deployment, particularly 

for large-scale wireless sensor networks. This study examined three main performance 

metrics: energy consumption, message transfer delay, and coverage. The research  
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considered three competing node deployment schemes: uniform random scheme, square 

grid scheme, and pattern-based Tri-Hexagon Tiling (THT) scheme. The study employed a 

simple energy model that examined energy consumption for every deployment scheme. 

The study proposed a new approach, which uses k-coverage maps, particularly for square 

grid schemes and THT schemes, to calculate k-covered point relative frequencies. Despite 

overhead considerations, the researchers consider THT node deployment strategies to be 

highly promising and determined that THT consistently outperforms all other node 

deployment strategies for all three performance metrics for the worst-case delay and energy 

consumption. However, the square grid scheme was the best scheme in terms of coverage. 

The random deployment scheme was also an excellent strategy because it competes with 

square grid deployment in terms of the worst-case delay. The researchers concluded that a 

WSN can rely on THT as the best performing node deployment strategy. In terms of future 

research, the study recommends the consideration of other deployments and a more 

detailed WSN energy model. 

In another study [13], the researchers performed simulations of random node deployments 

over a square area of varying densities and assumed that their network was composed of 

simple sensor nodes. The research also proposes a model for simulating a random sensor 

deployment and other features to empirically calculate the connectivity probability between 

a certain number of anchor and sensor nodes. The study proposes that future studies should 

concentrate on implementing an accurate RF propagation model to prevent misleading 

conclusions from simulated results. 
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The study [14] proposes a systematic methodology for sensor placement using random 

distributions. The quality of a deployment is evaluated based on a proposed set of 

measures. The study thoroughly examines the impact of deployment strategies on WSN 

performance. The study also proposes a novel hybrid deployment scheme using the 

suggested deployment quality measures that attain the best performance. The deployment 

scheme and measures of deployment quality are evaluated using extensive simulations. 

The results indicate that the hybrid strategy outperformed other deployment schemes, 

including random, exponential, Gaussian, and uniform distributions. This strategy 

outperformed other strategies for grounds of delay, packet delivery ratio, network partition 

time, coverage, and average residual energy. The researchers plan future investigations of 

the link between sensor-deployment quality measures and deployment distributions. This 

research aims to derive accurate analytical models to compare with simulation results. 

A further study [15] emphasizes two important aspects of WSN planning and/or 

deployment platforms. The framework is based on the J-Sim simulator, which details the 

manner in which a platform can be implemented. The platform aims to identify 

application-specific requirements, simulate an entire WSN, and obtain a deployment 

solution that is optimal in terms of node numbers, node type, node placement method, and 

various protocols. From the study, extension, and modification of the J-Sim, we determine 

that the WSN planning and deployment platform can support many numerical insights by 

the combination of different protocols. The prototype of this platform was actually built, 

which indicates that the platform was both useful and reliable. The researchers plan to  
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reinforce a WSN planning and deployment performance evaluation and/or optimization in 

future studies. Additional novel models and/or protocols need to be investigated, including 

route protocols, obstacle, radio, and environment models. 

The study in [16] includes a research-in-progress that aimed to develop a decision-support 

system that can be used to predict optimal WSN node deployments for a given area. This 

proposed system includes simulation, image-processing, decision-making and prediction 

capabilities without the use of extensive parametric statistical techniques. The system 

enables a more flexible simulated-data utility to improve decision-making. The proposed 

system would enable rapid, optimized, cost-effective, and reliable sensor deployment on 

various existing structures and/or terrains during natural disasters and extreme scenarios, 

such as military operations. Considering that the system would be designed using open 

architecture and freely offered to the entire research community, it will likely impact future 

WSN research. This effect would fill unmet decision-support system demand and aid in 

designing and managing complex WSN deployments. 

Another paper [17] discusses various node deployment schemes, including efficiency 

enhancing parameters. The study proposes a new deployment scheme, in which the area of 

interest is divided into different small circles with nodes that are positioned at the center 

and diametric ends. This particular pattern has two-coverages (similar to hexagonal and 

square schemes) and has a degree of four. Based on the simulation results, the proposed 

pattern utilizes fewer nodes. The scheme offers a better degree and coverage than  
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triangular, squared and hexagonal schemes. The scheme efficiently conserves energy with 

minimum delays compared with other schemes. However, this research does not consider 

the impact of terrains and obstacles. 

In additional research [18], the author contributed to identifying methods for prolonging 

the network lifetime. To evaluate the lifetime of sensor networks, the best approach for 

placing sensors with the highest efficiency is required. Using MATLAB software for 

simulation, the authors developed a network that consists of nodes that are geometrically 

distributed in the form of stars. Each star deployment had a different number of branches 

with different existent energy. Based on the simulation analysis, these researchers 

discovered that geometric distributions provide a significant increase in WSN lifetimes 

compared with random distributions. 

Researchers have conducted a survey [19] aimed at discovering the most efficient 

deployment of sensor networks, which usually have unbalanced energy consumption. This 

research evaluated the impact of Gaussian deployments on the performance of a wireless 

sensor network. The authors performed simulations on the following elements: random 

traffic, homogeneous nodes, and stationary sinks. This procedure included uniform and 

Gaussian deployment strategies. These two strategies were divided into random and 

engineered deployments. To ensure a comprehensive analysis of the given area, future 

research should examine the performance of other deployment strategies. 
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The author of [20] focused on evaluating the appropriate number of clusters that can be 

used in a WSN with the goal of maximizing its lifetime. Their research contributed to the 

evaluation of the hierarchical clustering routing protocol. The authors focused on applying 

this protocol to several deterministic deployment schemes, such as uniform, star, 

hexagonal and circular distribution. Using MATLAB, the authors conducted a simulation, 

in which the algorithm considered the network as a single cluster and assumes that all 

sensors are aware of GPS sensor locations. The analysis of the simulation results revealed a 

significant relationship between the sink location and the number of clusters, which 

maximizes the WSN lifetime. Thus, a higher number of clusters is useful for a sink that is 

located in the center of a sensor area, whereas a smaller number of clusters is useful for a 

sink that is located far from the sensor area. These distributions reduce the energy 

consumed by the WSN. This research uses theoretical propagation models that do not 

consider the effect of terrains on WSN performance.  

The study in [21] calculates the efficiency of different deployment patterns. These patterns 

were compared in terms of two performance measures. The first performance measure is 

the network efficient coverage area ratio; the second performance measure is the total 

coverage area for varying number of nodes. The research in this paper is based on 

exploring the best approach to deploying wireless sensor nodes that ensures the highest 

efficiency in coverage areas using efficient coverage area ratios. Using MATLAB as a 

simulation tool, they conducted a simulation based on the deploying sensor nodes in two 

patterns: square and triangular. The analysis shows that the triangle sensor node  
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deployment pattern is more efficient in minimizing the number of nodes, efficiency, and 

energy consumption. 

A thorough review of the literature reveals a lack of studies that evaluate WSN deployment 

performance using practical methods. An extensive range of assessment approaches exist; 

however, the majority of these approaches use conventional linear measurements, which 

are not applicable to WSN. Instead, propagation models are commonly employed to test in-

field or simulate the performance in different environments and terrains. Propagation 

models seem to expose the most critical gaps in the design and methodology of WSNs, 

including routing protocol, measured performance, and matters related to the continuous 

use of the technology. Assessments performed with this model exhibit drastic differences 

in WSN performance in various environments. Terrain, its density, and other 

environmental constraints occur to vary the effectiveness of a WSN even though the sensor 

capacity was reviewed as a complex of evolving signals. Using empirical propagation 

models is increasingly becoming a vital factor in simulating WSNs to predict the 

performance of real deployments. Applying free space propagation models is considered to 

be an overly optimistic prediction method that simplifies the difficulty of deployment. The 

Office of Naval Research (ONR) [22]  claims that “modeling environments capable of 

optimizing the placement of available sensors within an area of interest to achieve 

persistent surveillance”. A demand exists to optimize WSN deployment frameworks by 

including empirical propagation model’s deployment choices via the inclusion of several  
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factors, such as terrain-driven deployment, connectivity, coverage, lifetime, and throughput 

in one holistic system [23], [24]. 
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Chapter 3 

Holistic WSN Simulation 

This chapter presents the components of the WSN deployment framework. Simulation 

experiments are performed on a MATLAB platform [25][26] to implement the network 

and compare the performance. The framework supports stochastic and deterministic 

deployments, different theoretical and empirical propagation models, variable transmit 

power, and variable sensing ranges. 

3.1 Empirical Propagation Model  

A propagation model is used to test in-field or simulate the performance of a WSN in 

different environments and terrains. Propagation models seem to expose the most critical 

gaps in the design and methodology of WSNs, including routing protocol, measured 

performance, and matters related to the continuous use of the technology. To obtain a 

realistic performance analysis of the deployment, empirical propagation models are utilized 

to calculate several performance metrics. In this framework, six different propagation 

models that cover various types of terrains are employed. Each terrain propagation model 

was measured with different heights [27]. This research investigates three types of terrains: 

short grass, tall grass, and dense trees. The short grass has a height of three centimeters, 

and the WSN nodes are placed at heights of zero and seventeen centimeters. The tall grass 

has a height of one meter, and the WSN nodes are installed at three centimeters and fifty 

centimeters. The third terrain is the dense tree, in which the nodes are placed on the ground 

at fifty centimeters. Table 1 shows the propagation models. 
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Table 1 Empirical Propagation Models 

Terrains Cases Models 

Short Grass Nodes at zero height  
 Nodes at 17 cm  

Tall Grass Nodes at 3 cm  
 Nodes at 50 cm  

Dense Tree Nodes at zero height  
 Nodes at 50 cm  

 

3.2 Network Deployment  

The framework supports stochastic and deterministic deployment. For stochastic 

deployments, the positions of the nodes are randomly determined over the defined area. In 

addition, the framework supports three deterministic deployments: triangular, hexagonal 

and square deployments (as shown in Figure 1) [28][29]. For these deployments, the 

position of each node is defined based on the type of deployment, the area size and the 

distance between two nodes. 

 

 

Figure 1 Deterministic deployments: triangular, square and hexagonal. 
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3.3 Empirical Energy Models  

The energy dissipation of a WSN can be estimated by calculating the cost of the routing 

communication activity. The LEACH protocol [30], which focuses on fairly distributing 

the energy node between two WSN nodes, is employed to maximize the network lifetime 

and the energy dissipation on each node. The main idea of the LEACH is clustering, in 

which the network is divided into clusters that have a cluster head and members. The 

number of single hop communications that directly connect to the base station is lessened 

by only enabling the cluster heads to communicate. The cluster head aggregates the data 

from the cluster member and directly sends it to the base station. To measure the 

performance of the LEACH, a simplistic radio energy model [31], [32] is used to estimate 

the energy dissipation for transmitting and receiving data, as shown in Figure 2. The 

transmitter consumes energy due to power amplification and radio electronics, whereas the 

receiver loses energy due to radio electronics. To calculate the power attenuation between 

the sender and the receiver, the distance between them is employed. The propagation loss 

for each type of terrain is inversely proportional, as shown in Table 2. 

Table 2 Distance and path loss relationship. 

Terrains Cases Relationship to the distance 

Short Grass 

 

Nodes at zero 

height  

Nodes at 17 cm  
Tall Grass Nodes at 3 cm  

 Nodes at 50 cm  

Dense Tree 
Nodes at zero 

height  

 Nodes at 50 cm  

d3.401

d3.9

d3.13

d3.53

d2.81

d3.27
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Figure 2 Energy model in wireless sensor network. 

The radio energy dissipation to transmit a message that has l-bit over a distance d will be:  

ETx(l,d)=ETx-elec(l)+ETx-amp(l,d)        (1) 

The amplifying energy depends on the transmission distance, whereas the electronics 

energy depends on digital coding and modulation. To receive the message on the receiver 

side, the radio expands:  

ERx (l)=ERx-elec          (2) 

ERx (l)=lEelec            (3) 

Empirical models follow a first-order log-distance polynomial model, and the equations 

that express the relationship among the path loss, transmitted power and received power is: 

Lp=Pt[dBm]-Pr[dBm]+Gt[dB]+Gr[dB]      (4)  

Where: 
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Lp: the path loss in dB 

Pt: the transmitted power 

Pr: the received power 

Gt: the transmitter gain 

Gr: the receiver gain  

The transmit power can be adjusted depending on the design and needs of a WSN. To 

obtain the transmit power, each terrain path loss model and equation (4) are combined: 

𝑃𝑟_𝑠ℎ𝑜𝑟𝑡_𝑔𝑟𝑎𝑠𝑠_𝑛𝑜𝑑𝑒_𝑎𝑡_0𝑚= 𝑃𝑡 𝐺𝑡 𝐺𝑟
11.534532 × 106 ×𝑑3.401

     (5) 

𝑃𝑟_𝑠ℎ𝑜𝑟𝑡_𝑔𝑟𝑎𝑠𝑠_𝑛𝑜𝑑𝑒_𝑎𝑡_17𝑐𝑚= 𝑃𝑡 𝐺𝑡 𝐺𝑟
0.00685488 × 106 ×𝑑3.9

     (6) 

𝑃𝑟_𝑡𝑎𝑙𝑙_𝑔𝑟𝑎𝑠𝑠_𝑛𝑜𝑑𝑒_𝑎𝑡_3𝑐𝑚= 𝑃𝑡 𝐺𝑡 𝐺𝑟
0.2133 × 106 ×𝑑3.131

     (7) 

𝑃𝑟_𝑡𝑎𝑙𝑙_𝑔𝑟𝑎𝑠𝑠_𝑛𝑜𝑑𝑒_𝑎𝑡_50𝑐𝑚= 𝑃𝑡 𝐺𝑡 𝐺𝑟
0.005035 × 106 ×𝑑3.533

     (8) 

𝑃𝑟_𝑑𝑒𝑛𝑠𝑒_𝑡𝑟𝑒𝑒_𝑛𝑜𝑑𝑒_𝑎𝑡_0𝑚= 𝑃𝑡 𝐺𝑡 𝐺𝑟
0.167 × 106 ×𝑑2.811

      (9) 

𝑃𝑟_𝑑𝑒𝑛𝑠𝑒_𝑡𝑟𝑒𝑒_𝑛𝑜𝑑𝑒_𝑎𝑡_50𝑐𝑚= 𝑃𝑡 𝐺𝑡 𝐺𝑟
3.162 × 106 ×𝑑3.274

     (10) 

The amplifying energy on the transmitter side depends on two factors: receiver sensitivity 

and noise figure. To obtain the minimum transmitted power, a backward process is 

performed starting from the power threshold to ensure that the received power must be  
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higher than the threshold. Multiplying the bit rate by the transmit energy per bit will 

generate transmit power: 

Pt =ETx-amp (l,d)Rb         (11) 

By inputting the value of amplifying energy for each type of terrain:  

𝑃𝑡 =

{
  
 

  
 
𝐸𝑠ℎ𝑜𝑟𝑡_𝑔𝑟𝑎𝑠𝑠_0_𝑎𝑚𝑝 𝑅𝑏 𝑑3.401

𝐸𝑠ℎ𝑜𝑟𝑡_𝑔𝑟𝑎𝑠𝑠_17_𝑎𝑚𝑝 𝑅𝑏 𝑑3.9

𝐸𝑡𝑎𝑙𝑙_𝑔𝑟𝑎𝑠𝑠_3_𝑎𝑚𝑝 𝑅𝑏 𝑑3.131

𝐸𝑡𝑎𝑙𝑙_𝑔𝑟𝑎𝑠𝑠_50_𝑎𝑚𝑝 𝑅𝑏 𝑑3.53

𝐸𝑑𝑒𝑛𝑠𝑒_𝑡𝑟𝑒𝑒_0_𝑎𝑚𝑝 𝑅𝑏 𝑑2.81

𝐸𝑑𝑒𝑛𝑠𝑒_𝑡𝑟𝑒𝑒_50_𝑎𝑚𝑝 𝑅𝑏 𝑑3.274

      (12) 

The received power can be obtained using the empirical channel propagation models from 

the previous section: 

𝑃𝑡 =

{
 
 
 
 

 
 
 
 
𝐸𝑠ℎ𝑜𝑟𝑡_𝑔𝑟𝑎𝑠𝑠_0_𝑎𝑚𝑝 𝑅𝑏𝐺𝑡𝐺𝑟

11.535 × 106

𝐸𝑠ℎ𝑜𝑟𝑡_𝑔𝑟𝑎𝑠𝑠_17_𝑎𝑚𝑝 𝑅𝑏𝐺𝑡𝐺𝑟

0.0069 × 106

𝐸𝑡𝑎𝑙𝑙_𝑔𝑟𝑎𝑠𝑠_3_𝑎𝑚𝑝 𝑅𝑏𝐺𝑡𝐺𝑟

0.2133 × 106

𝐸𝑡𝑎𝑙𝑙_𝑔𝑟𝑎𝑠𝑠_50_𝑎𝑚𝑝 𝑅𝑏𝐺𝑡𝐺𝑟

0.005 × 106

𝐸𝑑𝑒𝑛𝑠𝑒_𝑡𝑟𝑒𝑒_0_𝑎𝑚𝑝 𝑅𝑏𝐺𝑡𝐺𝑟

0.167 × 106

𝐸𝑑𝑒𝑛𝑠𝑒_𝑡𝑟𝑒𝑒_50_𝑎𝑚𝑝 𝑅𝑏𝐺𝑡𝐺𝑟

3.162 × 106

       (13) 

To obtain the amplifying energy for each model, the previous equations are set to be equal 

to:  
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𝐸𝑠ℎ𝑜𝑟𝑡_𝑔𝑟𝑎𝑠𝑠_0_𝑎𝑚𝑝
= 
𝑃𝑟−𝑡ℎ𝑟𝑒𝑠ℎ×11.534532 × 10

6 

𝑅𝑏 𝐺𝑡 𝐺𝑟 

     (14) 

𝐸𝑠ℎ𝑜𝑟𝑡_𝑔𝑟𝑎𝑠𝑠_17_𝑎𝑚𝑝
= 
𝑃𝑟−𝑡ℎ𝑟𝑒𝑠ℎ×0.0069 × 10

6 

𝑅𝑏 𝐺𝑡 𝐺𝑟 

      (15) 

𝐸𝑡𝑎𝑙𝑙_𝑔𝑟𝑎𝑠𝑠_3_𝑎𝑚𝑝
= 
𝑃𝑟−𝑡ℎ𝑟𝑒𝑠ℎ×0.2133 × 10

6 

𝑅𝑏 𝐺𝑡 𝐺𝑟 

      (16) 

𝐸𝑡𝑎𝑙𝑙_𝑔𝑟𝑎𝑠𝑠_50_𝑎𝑚𝑝
= 
𝑃𝑟−𝑡ℎ𝑟𝑒𝑠ℎ×0.005 × 10

6 

𝑅𝑏 𝐺𝑡 𝐺𝑟 

      (17) 

𝐸𝑑𝑒𝑛𝑠𝑒_𝑡𝑟𝑒𝑒_0_𝑎𝑚𝑝
= 
𝑃𝑟−𝑡ℎ𝑟𝑒𝑠ℎ×0.167 × 10

6 

𝑅𝑏 𝐺𝑡 𝐺𝑟 

      (18) 

𝐸𝑑𝑒𝑛𝑠𝑒_𝑡𝑟𝑒𝑒_0_𝑎𝑚𝑝
= 
𝑃𝑟−𝑡ℎ𝑟𝑒𝑠ℎ×3.162 × 10

6 

𝑅𝑏 𝐺𝑡 𝐺𝑟 

      (19) 

The following formula is used to calculate the receiver threshold: 

𝑃𝑟−𝑡ℎ𝑟𝑒𝑠ℎ[𝑑𝐵𝑚] = 10 log(𝐾𝑇𝐵) + 𝐹[𝑑𝐵] + 𝐶/𝑁[𝑑𝐵]    (20) 

where  

K: Boltzmann's constant. 

T: Absolute temperature in Kelvins. 

KT≈ 4*10-18 mW/Hz 

B: Bandwidth of the signal in Hz. 

F: Noise figure of the receiver. 
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C/N: Signal-to-noise ratio. 

The receiver noise figure is 10 dB, the signal to noise is 10 dB, and the bandwidth is 1 

Mpbs. The receiver threshold would be  

𝑃𝑟−𝑡ℎ𝑟𝑒𝑠ℎ ≥ −94 𝑑𝐵𝑚        (21) 

To successfully receive a packet, the received power must be higher than -94 dBm. The 

dissipated energy for each bit in the transceiver electronics is set to 50 nJ/bit. By adding the 

values in this experiment (Gt=Gr=1.86 dB, ht=hr=5 cm, Rb=1 Mbps), the amplifying 

energy for each type of terrain would be: 

Eshort_grass_0_amp = 1.949pJ/bit/ m3.401      (22) 

Eshort_grass_17_amp = 1.158pJ/bit/ m3.9      (23) 

Etall_grass_3_amp = 0.036pJ/bit/ m3.131      (24) 

Etall_grass_50_amp= 0.851fJ/bit/ m3.533      (25) 

Edense_tree_0_amp= 0.0282pJ/bit/ m2.811      (26) 

Edense_tree_50_amp= 0.5344pJ/bit/ m3.274      (27) 

A comparison with well-known theoretical propagation models was performed to show the 

effect of real environment terrains on a WSN. The impact of free space and two-ray 

propagation models on WSN performance are compared with the performance of all  
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empirical models. This effect drives the energy models, and using the parameters in this 

experiment, the energy models would be: 

Efree_space_amp= 1.10fJ/bit/ m2       (28) 

Etwo-ray_amp= 0.0013pJ/bit/ m4       (29) 

3.4 Node Connectivity  

The connectivity of a network measures how well the nodes in a network are connected 

within the deployed area. The connection between two wireless nodes comprise either a 

direct link or an indirect link. To define a communication link between two nodes 

𝑛1(𝑥1, 𝑦1) and 𝑛2(𝑥2, 𝑦2), the Euclidean distance d between them is calculated. 

𝑑(𝑛1, 𝑛2) =  √(𝑥1 − 𝑥2)
2 + (𝑦1 − 𝑦2)

2     (30) 

If the Euclidean distance between the two nodes is less than the communication range, it is 

defined as a directly connected node. For these nodes, the maximum transmission range 

determined by the empirical RF propagation model of a specific environment will 

determine the connectivity between these nodes. 

𝑑𝑠ℎ𝑜𝑟𝑡_𝑔𝑟𝑎𝑠𝑠_𝑛𝑜𝑑𝑒_𝑎𝑡_0𝑚 = (
𝑃𝑡 𝐺𝑡 𝐺𝑟

11.534532 × 106 × 𝑃𝑟−𝑡ℎ𝑟𝑒𝑠ℎ
)

1

3.401
   (31) 

𝑑𝑠ℎ𝑜𝑟𝑡_𝑔𝑟𝑎𝑠𝑠_𝑛𝑜𝑑𝑒_𝑎𝑡_17𝑐𝑚 = (
𝑃𝑡 𝐺𝑡 𝐺𝑟

0.00685488 × 106 × 𝑃𝑟−𝑡ℎ𝑟𝑒𝑠ℎ
)

1

3.9
   (32) 
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𝑑𝑡𝑎𝑙𝑙_𝑔𝑟𝑎𝑠𝑠_𝑛𝑜𝑑𝑒_𝑎𝑡_3𝑐𝑚 = (
𝑃𝑡 𝐺𝑡 𝐺𝑟

0.2133 × 106 × 𝑃𝑟−𝑡ℎ𝑟𝑒𝑠ℎ
)

1

3.131
    (33) 

𝑑𝑡𝑎𝑙𝑙_𝑔𝑟𝑎𝑠𝑠_𝑛𝑜𝑑𝑒_𝑎𝑡_50𝑐𝑚 = (
𝑃𝑡 𝐺𝑡 𝐺𝑟

0.005035 × 106 × 𝑃𝑟−𝑡ℎ𝑟𝑒𝑠ℎ
)

1

3.533
   (34) 

𝑑𝑑𝑒𝑛𝑠𝑒_𝑡𝑟𝑒𝑒_𝑛𝑜𝑑𝑒_𝑎𝑡_0𝑚 = (
𝑃𝑡 𝐺𝑡 𝐺𝑟

0.167 × 106 × 𝑃𝑟−𝑡ℎ𝑟𝑒𝑠ℎ
)

1

2.811
    (35) 

𝑑𝑑𝑒𝑛𝑠𝑒_𝑡𝑟𝑒𝑒_𝑛𝑜𝑑𝑒_𝑎𝑡_50𝑐𝑚 = (
𝑃𝑡 𝐺𝑡 𝐺𝑟

11.534532 × 106 × 𝑃𝑟−𝑡ℎ𝑟𝑒𝑠ℎ
)

1

3.274
   (36) 

The connectivity matrix is used to evaluate an entire network’s connectivity. The matrix 

has the size of n * n, where n is the number of nodes in the network. Based on the radio 

range and the distance between the nodes, the matrix element will have a value of 1 if they 

are connected and a value of 0 if they are not connected. The indirect links between the 

nodes are calculated by scanning all nodes to identify indirect nodes between the previous 

two nodes. The connectivity percentage is calculated when the connectivity matrix is 

ready. The framework checks the connectivity among all nodes on each LEACH round and 

shows the variation in the connectivity for the surviving nodes.  

3.5 Region of Interest Coverage  

Coverage is one of the most important metrics that measures the deployment effectiveness 

and the quality of service of a WSN. Coverage indicates the number of points in the 

deployment area that are covered by the deployed sensors. The binary disc sensing model 

is adapted to compute the average. The sensing area is the circle that surrounds a sensor 

with the radius r, which is equal to the sensing range of the sensor. Each point that does not  
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fall within this radius is considered to be an uncovered point. The sensing range is assumed 

to be the same for each sensor and can be determined as an input. 

𝐶𝑥𝑦(𝑆𝑖) =  {
       1 ∶ 𝑖𝑓 𝑑(𝑆𝑖, 𝑃) ≤ 𝑟

0 ∶ 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
      (37) 

where Si is the sensor node position, P is the position of any node in the area, and r is the 

sensing range. The distance between the node and the point is calculated using the 

Euclidean distance equation. The percentage of coverage is given by: 

𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 =  
𝑐

∑ 1𝑝∈𝑃
×  100      (38) 

The framework checks the change in coverage on each round due to the change in the 

remaining number of nodes.  
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Chapter 4 

Deployment Analysis 

In this section, the holistic performance of stochastic and deterministic deployment is 

analyzed for all terrains. The provided results support decision-making processes by 

studying the impact of several factors that influence the WSN performance. MATLAB is 

used to implement and analyze the deployment. The following section shows the analysis 

of the simulation output, where the deployment area is a rectangle with a size of 200 m X 

200 m. The base station is located at 100 m X 205 m. Four common deployments tested 

with the same variables were applied to all environments to estimate the coverage, 

connectivity, lifetime, and throughput. The performance metrics of the deployments were 

calculated over 10000 rounds and checked at every round due to the change in the 

remaining number of nodes. The data packet has 6400 bits, and the control packets have 

200 bits. The number of cluster heads for each round is 5% of the total number of 

remaining nodes. The initial energy is the same for all nodes, which is 2 joules. The 

holistic performance of the network was tested with a variable number of nodes and 

sensing ranges. 

4.1 Lifetime  

Using the presented framework, the lifetime is computed and simulated, and the results are 

presented in Figures 3-10. 



27 

 

 

Figure 3 Lifetime of random deployment in rounds for all terrains. 

 

 

Figure 4 Lifetime of triangular deployment in rounds for all terrains. 
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Figure 5 Lifetime of square deployment in rounds for all terrains. 

 

 

Figure 6 Lifetime of hexagonal deployment in rounds for all terrains. 
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Figure 7 Random deployment lifetime in rounds with variable number of nodes for each 

terrain. 

 

 

 

Figure 8 Triangular deployment lifetime in rounds with variable number of nodes for each 

terrain. 
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Figure 9 Square deployment lifetime in rounds with variable number of nodes for each 

terrain. 

 

 

Figure 10 Hexagonal deployment lifetime in rounds with variable number of nodes for each 

terrain. 
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the empirical propagation model. Placing nodes on the ground in a dense tree environment 

yields the longest network lifetime, whereas setting the nodes over the ground (height of 

seventeen cm) in a short grass environment yields the lowest lifetime. The first node dies 

in the dense tree environment at 3519 rounds with 62025 total packets sent to the base 

station. This finding is lower than the results received from the free space model. For short 

grass with the nodes spaced at a height of 17 cm, the first node dies in the third round with 

only 31 packets sent to the base station from the entire network. The significant variations 

in the lifetime of the network are caused by the path loss exponent of each terrain. The 

dense tree environment has a path loss exponent of 2.81, which is the lowest path loss 

exponent among all terrains, whereas the short grass environment has the highest path loss 

exponent of 3.9. The lifetime is stable for all terrains, even if the number of nodes is 

increased; however, it gradually decreases with the random deployment. Stochastic and 

deterministic deployments have the highest lifetime with 50 to 100 nodes. Placing the 

nodes on the ground among a dense tree environment ensures the longest network lifetime, 

whereas setting the nodes over the ground in a short grass environment produces the lowest 

lifetime. The number of dead nodes becomes stable with 60 to 80 nodes for most terrains 

for all deployments. The lifetime is the highest with random deployments compared to 

other deployment options. All deterministic deployment nodes have a lower lifetime due to 

the required distance between two nodes to cover all regions of interest. This arbitrary 

distance causes the data transmission cost to exceed the random deployment.  

4.2 Connectivity  

The results obtained from the framework are presented in the following figures. 
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Figure 11 Connectivity of random deployment for all terrains. 

 

Figure 12 Connectivity of triangular deployment for all terrains. 
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Figure 13 Connectivity of square deployment for all terrains. 

 

 

Figure 14 Connectivity of hexagonal deployment for all terrains. 



34 

 

 

Figure 15 Random deployment connectivity with a variable number of nodes for each terrain. 

 

 

 

Figure 16 Triangular deployment connectivity with a variable number of nodes for each 

terrain. 
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Figure 17 Square deployment connectivity with a variable number of nodes for each terrain. 

 

 

 

Figure 18 Hexagonal deployment connectivity with variable number of nodes for each terrain. 
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deployments. The theoretical free space model, model of dense tree terrain at 50 cm, and 

0

50

100

150

56 70 100 144 196

Co
nn

ec
tiv

ity

Number of Nodes

Square Deployment Connectivity

Free Space Two-Ray

Tall Grass Model at 50 cm Tall Grass Model at 3 cm

Short Grass Model at 17 cm Short Grass Model at 0 cm

Dense Tree Model at 50 cm Dense Tree Model at 0 cm

0

50

100

150

54 64 104 150 187

Co
nn

ec
tiv

ity

Number of Nodes

Hexagonal Deployment Connectivity

Free Space Two-Ray

Tall Grass Model at 50 cm Tall Grass Model at 3 cm

Short Grass Model at 17 cm Short Grass Model at 0 cm

Dense Tree Model at 50 cm Dense Tree Model at 0 cm



36 

 

model of tall grass terrain at 50 cm have the highest connectivity, whereas all other terrains 

have low connectivity for the majority of deployment choices. This finding is attributed to 

the low median path loss at the reference distance. The dense tree model with a height of 

zero meters has a high connectivity with square and triangular deployments due to the 

distance between two nodes, which is enables a high connectivity. For all terrains, the 

connectivity percentage decreases after few rounds due to the high number of nodes that 

have died. Square and hexagonal deployments attain a high connectivity level with 50 to 

100 nodes. To optimize the connectivity of random deployments, nearly 150 to 200 nodes 

are needed. The triangular deployment has the lowest cost due to the small number of 

nodes that are required to obtain a high level of connectivity. 

4.3 Coverage  

The following figures illustrate the amount of coverage that is provided by each 

deployment and the change in the coverage percentage over the network lifetime for each 

terrain. 
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Figure 19 Change in coverage for all terrains with random deployment. 

 

Figure 20 Change in coverage for all terrains with triangular deployment. 
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Figure 21. Change in coverage for all terrains with square deployment. 

 

Figure 22 Change in coverage for all terrains with hexagonal deployment. 
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Figure 23 Random deployment coverage with a variable sensing range and number of nodes. 

 

Figure 24 Triangular deployment coverage with a variable sensing range and number of 

nodes. 
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Figure 25 Square deployment coverage with a variable sensing range and number of nodes. 

 

Figure 26 Hexagonal deployment coverage with a variable sensing range and number of 

nodes. 

 

Figures 19 to 26 illustrate the coverage in the region of interest, which is defined by at least 

35 nodes for hexagonal deployment, 52 nodes for triangular deployment, 50 nodes for  
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random deployment, and 56 nodes for square deployment, respectively. They deploy with a 

variable sensing range for each of the deployments starting from 5 m to 30 m. With a 10- 

to 15-meter sensing range, the triangular deployment achieves almost full coverage in the 

region of interest. Square deployment can provide similar coverage with a few additional 

nodes. For each deployment choice, the region of interest can be covered with a high 

sensing range: 30 m for random deployment, 25 m for triangular and square deployment, 

and more than 30 m for hexagonal deployment. Hexagonal deployment utilizes the highest 

number of nodes, followed by square, triangular, and random deployments. However, 

random deployment seems inefficient due to its defined number of nodes that are randomly 

stationed. An analysis of the applied techniques applied shows that the hexagonal 

technique has the largest number of nodes. However, triangular deployment is the best 

pattern regarding efficiency within the same region. 

4.4 Throughput  

The following figures show the final throughput for each type of deployment and terrain 

and the impact of deployment and terrain variations on the final throughput of the deployed 

network. 
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Figure 27 Number of received packets by the base station for each terrain with stochastic and 

deterministic deployments. 

 

 

 

Figure 28 Random deployment throughput with a variable number of nodes for each terrain. 
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Figure 29 Triangular deployment throughput with a variable number of nodes for each 

terrain. 

 

 

Figure 30 Square deployment throughput with a variable number of nodes for each terrain. 
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Figure 31 Hexagonal deployment throughput with a variable number of nodes for each 

terrain. 

Figures 27-31 represent the network throughput after ten thousand rounds, which shows 

the number of packets that has been successfully received by the base station. As illustrated 

in the figures, the random deployment has the highest throughput compared with other 

deployments. For all deterministic deployments, the throughput increases by adding nodes 

and decreases in the random deployment for more than 100 nodes. Most of the terrains 

produce a throughput that is similar to the throughput of the theoretical two-ray model. 

However, they have a low throughput compared with the dense tree model with the nodes 

on the ground, which is similar to the free space model. With the exception of the dense 

tree model with the node on the ground, the impact of the deployments, either random or 

deterministic, among these choices is similar. 
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4.5 Statistical Analysis  

Hypothesis testing is utilized to answer the research questions from chapter 1. The first 

research question is: 

Is there a significant difference in performance between proposed deployment strategies 

(random, square, hexagonal, and triangular)? 

The dataset contains 60 performance records on eight models for four individual metrics 

(connectivity, coverage, lifetime, and throughput) of four deployment strategies (hexagon, 

random, square, and triangular) and four measures of the number of nodes (50, 100, 150, 

and 200). The hypothesis test is set up as follows: The null hypothesis states that there is 

no difference between the population means, whereas the alternative hypothesis states that 

there is a difference: 

𝐻0: 𝜇𝑟𝑎𝑛𝑑𝑜𝑚 = 𝜇𝑠𝑞𝑢𝑎𝑟𝑒 = 𝜇ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙 = 𝜇𝑡𝑟𝑖𝑎𝑛𝑔𝑢𝑙𝑎𝑟 

𝐻𝑎: At least one mean is different 

𝛼 = 0.05 
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Table 3Analysis of Variance Table 

Performance F value Pr(>F) Model 

Lifetime 0.9399 0.4248 Failed to Reject Null Hypothesis 

Coverage 0.4423 0.7232 Failed to Reject Null Hypothesis 

Connectivity 0.4423 0.7232 Failed to Reject Null Hypothesis 

Throughput 1.34 0.2645 Failed to Reject Null Hypothesis 

 

For the lifetime, based on the F statistic for deployment choices, F(3,92)=0.94, and the p-

value of 0.425>0.05, we should not reject the null hypothesis and conclude that lifetime 

means are the same across deployment strategies. Next, based on the throughput data 

ANOVA results, the F statistic for deployment strategy, F(3,124)=1.34, and the p-value of 

0.265>.05, we should not reject the null hypothesis and conclude that throughput means 

are the same across deployment strategies.  Then, based on the F statistic for deployment 

choices of the coverage, F(3,124)=0.4423, and the p-value of 0.7232>.05, we should not 

reject the null hypothesis and conclude that coverage means are the same across 

deployment strategies. For the connectivity data and based on ANOVA results: the F 

statistic for deployment strategy, F(3,124)=0.44, and the p-value of 0.723>.05, we should 

not reject the null hypothesis and conclude that connectivity means are the same across 

deployment choices. 
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The second research question is: 

What are the effects on performance from using a holistic deployment approach instead of 

looking for individual metrics? 

The null and alternative hypothesis are as follows: 

𝐻0: 𝜇𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 = 𝜇𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 𝜇𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 = 𝜇𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 

𝐻𝑎: Not all of the 𝜇 are equal 

α=0.05 

A one-way ANOVA is applied to this dataset in order to investigate whether there is a 

significant effect on performance from using a holistic deployment approach instead of 

looking for individual metric.  

Table 4 ANOVA Table 

 
DF SUM SQ MEAN SQ F VALUE PR(>F) 

Metric 3 72.88 24.29 28.47 6.002e-17 

Residuals 476 406.1 0.8532 
 

 

 

 

Based on the F statistic for metric, F(3,476)=28.5, and the significant p-value of <2e-16, 

we can reject the null hypothesis and conclude that the average performance is not the 
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same across connectivity, coverage, lifetime, and throughput. According to the one-way 

ANOVA in the above table, the average performance was higher for throughput than that 

for connectivity, coverage, and lifetime, (F(3,476)=28.5, p-value<0.001).  

 

Table 5 The Pairwise t-test 

Pair 1 Pair 2 diff Lower Upper P adj Conclusion 

Coverage  Connectivity  -

3.886e-

16 

-0.298 0.2977 1 Failed to 

Reject Null 

Hypothesis 

Lifetime Connectivity  0.03589 -0.286 0.3574 0.9917 Failed to 

Reject Null 

Hypothesis 

Throughput Connectivity  0.8904 0.593 1.188 0.00000000003983 Reject Null 

Hypothesis 

Lifetime Coverage 0.03589 -0.286 0.3574 0.9917 Failed to 

Reject Null 

Hypothesis 

Throughput Coverage 0.8904 0.593 1.188 0.00000000003983 Reject Null 

Hypothesis 

Throughput Lifetime 0.8545 0.533 1.176 0.0000000001754 Reject Null 

Hypothesis 

 

The pairwise t-test is conducted to identify differences in the group means. Here, we can 

see from the significance values of the t-tests that the difference between throughput and 

connectivity is significant because of p<0.001. Meanwhile, the difference between 

coverage and connectivity is insignificant (p>0.05). This is also the case between lifetime 

and connectivity (p>0.05). 
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Chapter 5 

Realistic Prediction Models  

This chapter presents mathematical prediction models that optimize decision-making 

processes. Instead of running the simulation each time to calculate the performance of the 

deployment, the mathematical model is used to predict the performance of the system, and 

it offers real-time results. By using a response service [33], [34] each performance metric is 

considered a response that depends on multiple variables. The performance metrics 

calculated using the framework described in previous chapters are modeled using the 

polynomial approximation. This method must have the following rules to produce accurate 

approximations [24]:  

 High-degree polynomial.  

 Small data region.  

In order to achieve the rules, the deployment framework from Chapter 3 is used to 

calculate the performance of each deployment configuration. To find a function that 

presents the relation between dependent and independent variables, a dataset is created by 

using the deployment framework presented before. The dataset assumes a rectangular area 

that is 100 meters by 100 meters. The number of nodes in each configuration starts at 30 

and goes up to 100 nodes that are randomly deployed. The sensing range can be either 5, 

10, 15, and 20 meters while the transmit power starts from 50 mW and goes up to 100 mW. 

The dataset is analyzed and used to find the predictive model that describes the relationship  
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between the inputs and the performance metrics. The rest of these chapters present the 

mathematical models for each performance metric (coverage, connectivity, lifetime, and 

throughput) for each type of environment.  

5.1 Tall Grass Terrain Prediction Models  

Using the deployment scenario that is described in this chapter, x is the number of nodes 

and y is the transmit power. The lifetime prediction model of the tall grass terrains is 

identified and presented in the tables below: 

Table 6 Tall grass with nodes at 3 cm height lifetime prediction models 

Degree 

Model 

Linear 𝑓(𝑥, 𝑦) = 482.2 − 1.777𝑥 − 0.2746𝑦 

Quadratic 𝑓(𝑥, 𝑦) = 568.8 − 5.103𝑥 + 0.4113𝑦 + 0.01495𝑥2 + 0.016776𝑥𝑦
− 0.01226𝑦2 

Cubic 𝑓(𝑥, 𝑦) = 1231 − 7.249𝑥 − 28.14𝑦 − 0.2544𝑥2 − 0.374𝑥𝑦 + 0.5842𝑦2

− 0.001456𝑥3 + 0.001049𝑥2𝑦 + 0.001532𝑥𝑦2

− 0.003166𝑦3 
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Table 7 Tall grass with nodes at 50 cm height lifetime prediction models 

Degree Model 

Linear 𝑓(𝑥, 𝑦) = 988.9 − 0.7342𝑥 − 1.845𝑦 

Quadratic 𝑓(𝑥, 𝑦) = 1094 − 3.543𝑥 − 2.221𝑦 + 0.01455𝑥2 + 0.0103𝑥𝑦
− 0.001925𝑦2 

Cubic 𝑓(𝑥, 𝑦) = 1246 − 18.01𝑥 + 2.311𝑦 + 0.3074𝑥2 − 0.1257𝑥𝑦 + 0.0179𝑦2

− 0.001321𝑥3 − 0.0002188𝑥2𝑦 + 0.001059𝑥𝑦2

− 0.0004514𝑦3 

 

A comparison between the lifetime polynomial models and the actual lifetime for each 

terrain is presented in figures 32 and 33.  
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Figure 32 Tall grass with nodes at 3 cm height models vs. actual lifetime for nodes from 50 to 

100 nodes. 
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Figure 33 Tall grass with nodes at 50 cm height models vs. actual lifetime for nodes from 50 to 

100 nodes. 
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Also, the throughput prediction models for tall grass terrain is identified and presented in 

the tables below:  

Table 8 Tall grass with nodes at 3 cm height throughput predication models 

Degree Model 

Linear 𝑓(𝑥, 𝑦) = 1.224e04 − 159𝑥 − 50.45𝑦 

Quadratic 𝑓(𝑥, 𝑦) = 5259 + 326.5𝑥 − 4.888𝑦 − 1.263𝑥2 + 0.1979𝑥𝑦 − 0.4367𝑦2 

Cubic 𝑓(𝑥, 𝑦) = 3.345e04− 1077𝑥 − 1801𝑦 − 20.24𝑥2 + 15.73𝑥𝑦 + 16.02𝑦2

+ 0.1121𝑥3 − 0.08786𝑥2𝑦 − 0.008227𝑥𝑦2 − 0.07025𝑦3 

 

Table 9 Tall grass with nodes at 50 cm height throughput predication models 

Degree Model 

Linear 𝑓(𝑥, 𝑦) = 5418 + 200.6𝑥 − 53.07𝑦 

Quadratic 𝑓(𝑥, 𝑦) = 4107 + 247𝑥 − 60.68𝑦 − 0.1231𝑥2 − 0.4028𝑥𝑦 + 0.238𝑦2 

Cubic 𝑓(𝑥, 𝑦) = 8536 + 304.5𝑥 − 296.2𝑦 − 1.388𝑥2 + 0.3352𝑥𝑦 + 3.09𝑦2

+ 0.007502𝑥3 − 0.00481𝑥2𝑦 + 4.928e − 05𝑥𝑦2

− 0.01265𝑦3 

 

A comparison between the throughput polynomial models and the actual throughput for 

each terrain is presented in figures 34 and 35.  
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Figure 34 Tall grass with nodes at 3 cm height models vs. actual throughput for nodes from 50 

to 100 nodes. 
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Figure 35 Tall grass with nodes at 50 cm height models vs. actual throughput for nodes from 

50 to 100 nodes. 
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The connectivity prediction models of the tall grass terrain are presented in the tables 

below: 

Table 10 Tall grass with nodes at 3 cm height connectivity predication models 

Degree Model 

Linear 𝑓(𝑥, 𝑦) = −6.593 + 0.1066𝑥 + 0.08692𝑦 

Quadratic 𝑓(𝑥, 𝑦) = 6.23 + 0.01926𝑥 − 0.1887𝑦 − 0.00036778𝑥2 + 0.002026𝑥𝑦
+ 0.0008637𝑦2 

Cubic 𝑓(𝑥, 𝑦) = −0.6471 − 0.08493𝑥 + 0.2568𝑦 − 0.00375𝑥2 + 0.011209𝑥𝑦
− 0.01091𝑦2 + 1.359e − 06𝑥3 + 4.275𝑒 − 05𝑥2𝑦
− 0.0001095𝑥𝑦2 + 8.889𝑒 − 5𝑦3 

 

Table 11 Tall grass with nodes at 50 cm height connectivity predication models 

Degree Model 

Linear 𝑓(𝑥, 𝑦) = 58.3 + 0.2539𝑥 + 0.2229𝑦 

Quadratic 𝑓(𝑥, 𝑦) = −36.32 + 1.808𝑥 + 1.464𝑦 − 0.007048𝑥2 − 0.007919𝑥𝑦
− 0.004754𝑦2 

Cubic 𝑓(𝑥, 𝑦) = −255.5 + 5.527𝑥 + 7.612𝑦 − 0.03307𝑥2 − 0.06967𝑥𝑦
− 0.06009𝑦2 + 7.362e − 05𝑥3 + 0.0001853𝑥2𝑦
+ 0.0002406𝑥𝑦2 + 0.0001708𝑦3 
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A comparison between the connectivity polynomial models and the actual connectivity for 

each terrain is presented in figures 36 and 37.  

 

Figure 36 Tall grass with nodes at 3 cm height models vs. actual connectivity for nodes from 

50 to 100 nodes. 
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Figure 37 Tall grass with nodes at 50 cm height models vs. actual connectivity for nodes from 

50 to 100 nodes. 

5.2 Short Grass Terrain Prediction Models  

Using the deployment scenario that described in this chapter where x is the number of 

nodes and y is the transmit power. The lifetime prediction model of the short grass terrains 

is identified and presented in the tables below: 
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Table 12 Short grass with nodes at 0 cm height lifetime predication models 

Degree Model 

Linear 𝑓(𝑥, 𝑦) = 1128 − 1.489𝑥 − 2.584𝑦 

Quadratic 𝑓(𝑥, 𝑦) = 1360 − 7.221𝑥 − 3.938𝑦 + 0.03715𝑥2 + 0.006269𝑥𝑦
− 0.007126𝑦2 

Cubic 𝑓(𝑥, 𝑦) = 2251 − 20.73𝑥 − 31.18𝑦 + 0.2556𝑥2 − 0.001071𝑥𝑦 + 0.39𝑦2

− 0.001262𝑥3 + 0.0006319𝑥2𝑦 − 0.0006394𝑥𝑦2

− 0.001504𝑦3 

 

Table 13 Short grass with nodes at 17 cm height lifetime predication models 

Degree Model 

Linear 𝑓(𝑥, 𝑦) = 1053 − 1.496𝑥 − 2.092𝑦 

Quadratic 𝑓(𝑥, 𝑦) = 1371 − 3.485𝑥 − 9.17𝑦 − 0.004273𝑥2 + 0.03796𝑥𝑦 + 0.0291𝑦2 

Cubic 𝑓(𝑥, 𝑦) = 1150 − 32.71𝑥 + 25.82𝑦 + 0.2705𝑥2 + 0.3775𝑥𝑦 − 0.6138𝑦2

− 0.001177𝑥3 − 0.000538𝑥2𝑦 − 0.001822𝑥𝑦2

+ 0.003439𝑦3 

 

A comparison between the lifetime polynomial models and the actual lifetime for each 

terrain is presented in figures 38 and 39.  
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Figure 38 Short grass with nodes at 0 cm height models vs. actual lifetime for nodes from 50 to 

100 nodes. 
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Figure 39 Short grass with nodes at 17 cm height models vs. actual lifetime for nodes from 50 

to 100 nodes. 

Also, the throughput prediction model for short grass terrain is identified and presented in 

the tables below:  

 



63 

 

Table 14 Short grass with nodes at 0 cm height throughput predication models 

Degree Model 

Linear 𝑓(𝑥, 𝑦) = 4951 + 214.8𝑥 − 53.84𝑦 

Quadratic 𝑓(𝑥, 𝑦) = 2037 + 268.3𝑥 − 22.99𝑦 − 0.09696𝑥2 − 0.5665𝑥𝑦 + 0.06321𝑦2 

Cubic 𝑓(𝑥, 𝑦) = 3799 + 243.5𝑥 − 77.39𝑦 + 0.267𝑥2 − 0.4878𝑥𝑦 + 0.7607𝑦2

− 0.00289𝑥3 + 0.003437𝑥2𝑦 − 0.00405𝑥𝑦2

− 0.001773𝑦3 

 

Table 15 Short grass with nodes at 17 cm height throughput predication models 

Degree Model 

Linear 𝑓(𝑥, 𝑦) = 6072 + 193.6𝑥 − 55.71𝑦 

Quadratic 𝑓(𝑥, 𝑦) = 4459 + 217.4𝑥 − 33.96𝑦 + 0.03815𝑥2 − 0.4178𝑥𝑦 + 0.05646𝑦2 

Cubic 𝑓(𝑥, 𝑦) = 3135 + 151𝑥 + 74.81𝑦 + 0.9236𝑥2 − 0.2543𝑥𝑦 − 1.401𝑦2

− 0.0001915𝑥3 − 0.0125𝑥2𝑦 + 0.01111𝑥𝑦2

+ 0.002694𝑦3 

 

A comparison between the throughput polynomial models and the actual throughput for 

each terrain is presented in figures 40 and 41.  
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Figure 40 Short grass with nodes at 0 cm height models vs. actual throughput for nodes from 

50 to 100 nodes. 
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Figure 41 Short grass with nodes at 17 cm height models vs. actual throughput for nodes from 

50 to 100 nodes. 
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The connectivity prediction models of the short grass terrain are presented in the tables 

below: 

Table 16 Short grass with nodes at 0 cm height connectivity predication models 

Degree Model 

Linear 𝑓(𝑥, 𝑦) = 0.0897 + 0.001511𝑥 + 0.0006206𝑦 

Quadratic 𝑓(𝑥, 𝑦) = 0.1865 − 0.0003691𝑥 − 0.0003771𝑦 + 9.149𝑒 − 6𝑥2 + 8.292𝑒
− 6𝑥𝑦 + 2.963𝑒 − 6𝑦2 

Cubic 𝑓(𝑥, 𝑦) = 0.2006 − 0.01498𝑥 + 0.009927𝑦 + 0.0003382𝑥2

− 0.0001938𝑥𝑦 − 2.302𝑒 − 5𝑦2 − 1.586𝑒 − 6𝑥3

+ 8.889𝑒8𝑥2𝑦 + 1.197𝑒 − 6𝑥𝑦2 − 2.986𝑒 − 7𝑦3 

 

Table 17 Short grass with nodes at 17 cm height connectivity predication models 

Degree Model 

Linear 𝑓(𝑥, 𝑦) = −26.48 + 0.3161𝑥 + 0.4346𝑦 

Quadratic 𝑓(𝑥, 𝑦) = 26.42 + 0.1177𝑥 − 0.856𝑦 − 0.002318𝑥2 + 0.00771𝑥𝑦
+ 0.004883𝑦2 

Cubic 𝑓(𝑥, 𝑦) = −121.3 + 1.333𝑥 + 4.316𝑦 + 0.006847𝑥2 − 0.04614𝑥𝑦
− 0.04027𝑦2 − 0.0001237𝑥3 + 0.0002683𝑥2𝑦 + 9.648𝑒
− 5𝑥𝑦2 + 0.0001704𝑦3 

 

A comparison between the connectivity polynomial models and the actual connectivity for 

each terrain is presented in figures 42 and 43.  
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Figure 42 Short grass with nodes at 0 cm height models vs. actual connectivity for nodes from 

50 to 100 nodes. 
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Figure 43 Short grass with nodes at 17 cm height models vs. actual connectivity for nodes from 

50 to 100 nodes.  
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5.3 Coverage Prediction Model  

Using the deployment scenario that described in this chapter, the coverage prediction 

models are identified and presented in the table below: 

 

Table 18 Coverage predication models 

Degree Model 

Linear 𝑓(𝑥, 𝑦) = 7.336 + 0.3112𝑥 + 4.106𝑦 

Quadratic 𝑓(𝑥, 𝑦) = −80.17 + 1.211𝑥 + 15.79𝑦 − 0.004054𝑥2 − 0.0298𝑥𝑦
− 0.3967𝑦2 

Cubic 𝑓(𝑥, 𝑦) = −102.2 + 1.25𝑥 + 23𝑦 − 0.008708𝑥2 + 0.01591𝑥𝑦 − 1.179𝑦2

+ 2.597𝑒 − 5𝑥3 − 2.539𝑒 − 5𝑥2𝑦 − 0.001743𝑥𝑦2

+ 0.02376𝑦3 

 

Where x is the number of nodes and y is the sensing range. The figure below shows a 

comparison between those models.  
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Figure 44 Coverage prediction models vs. actual coverage for nodes from 50 to 100 nodes. 
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Chapter 6 

Conclusion and Future Work 

6.1 Summary of Dissertation  

This dissertation presents a holistic deployment framework that investigates WSN 

performance for several stochastic and deterministic deployments. The dissertation shows 

that deterministic deployment is not the optimum solution when considering a holistic 

viewpoint, as shown in the literature review. A trade-off exists among selecting the 

optimum coverage, connectivity, lifetime, and throughput. Table 10 summarizes the 

deployment options and shows the best choice of deployment option for each number of 

nodes from 50 nodes to 200 nodes. Also, this research investigates the impact of empirical 

propagation models on WSN performance. The empirical propagation model was utilized 

for dense trees, tall grass, and short grass with different heights to devise an accurate 

performance analysis that considers the surrounding environment. The findings of this 

study indicate that theoretical propagation models are not precise in determining WSN 

performance and the evaluation of WSN performance should include empirical propagation 

models. Also, a performance prediction model was presented for each type of terrain. The 

prediction model optimizes decision-making process and decreases the time to calculate 

the performance in term of coverage, connectivity, lifetime and throughput. The findings of 

this research will support deployment decision makers due to its focus on the impact of real 

environments and the deployment choices that can be applied in the pre-deployment stage 

to predict and optimize the deployment efficiency.  
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Table 19 Holistic Performance Summary for Stochastic and Deterministic Deployments.   

Performance 
Number of 

nodes 
Random Square Hexagonal Triangular 

Throughput 

50     

100     

150     

200     

Lifetime 

50     

100     

150     

200     

Coverage 

50     

100     

150     

200     

Connectivity 

50     

100     

150     

200     

 

6.2 Future Work  

There are multiple possible ways to improve and expand the work presented throughout 

this dissertation: 

•    Include more environments that can be indoors or outdoors with a different type of 

obstacle. The framework can be extended to include more applications with different 

types of environments.  
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•    Study more performance factors such as latency, channel quality, and more. The 

more performance metrics, the more vision to provide better decision-making.  

•    Optimizing the simulation framework by incorporating artificial intelligence and 

machine learning prediction methods. Machine learning can provide a faster 

framework that estimates the performance of the deployment.  

•    Finding the optimum number of nodes to be deployed for each terrain and their 

locations is an issue open to further investigation. This can increase the network 

performance that provides better monitoring to the network goal.  

•    Additional stochastic and deterministic deployments need to be included and 

analyzed. This can be used to find the best choice between all other choices and shows 

the tradeoff in performance.  

•    The impact of the deployment and terrain needs to be explored and studied with 

additional routing protocols. The routing protocol has a significant impact on 

performance, which is affected by the distance between the nodes and the cost of the 

transmission. So, future research should find a suitable routing protocol that works 

with the network deployment choice.  

•    Extend the work from a single terrain to determine the performance of multi-terrain 

environments. Some applications may be deployed in a diverse terrain environment. 

More research should study and analyze this type of application to optimize WSN 

deployment. 
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