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This thesis focuses on developing a high data rate wireless sensor network 

framework that could be integrated with hardware prototypes to monitor structural health 

of buildings. In order to better understand the wireless sensor network architecture and 

its consideration in structural health monitoring, a detailed literature review on wireless 

sensor networks has been carried out. Through research, it was found that there are 

numerous simulation software packages available for wireless sensor network simulation. 

One suitable software was selected for modelling the framework. Research showed that 

Matlab/Simulink was the most suitable environment, and as a result, a wireless sensor 

network framework was designed in Matlab/Simulink. Further, the thesis illustrates 

modeling of a simple accelerometer sensor, such as those used in wireless sensor 

networks in Matlab/Simulink using a mathematical description. Finally, the framework 

operation is demonstrated with 10 nodes, and data integrity is analyzed with cyclic 

redundancy check and transmission error rate calculations.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background of Wireless Sensor Networks 

A Wireless Sensor Network (WSN) is a network that senses data and transmits it 

to a sink or a base station. It requires sensor nodes and a base station or sink or gateway. 

The sensor node consists of a sensor, processor and transceiver, and is typically powered 

by a battery source. The sink can be an electronic gateway like a computer or a large 

base station as seen in mobile communications. The base station contains centralized 

transceivers that transmits and receives information between nodes.  

The main purpose of a WSN is to collect information from various locations where 

human intervention is not possible. For instance, sensor nodes could be used to study 

the behavior of different species in a dense forest or the behavior of various gases in a 

particular location. In such cases, it would be difficult for humans to collect complete 

information in all environmental conditions. Instead, a WSN can be used for collecting 

such data. Sensor nodes can sense various quantities such as temperature, pressure, 

vibration, stress, and humidity. 

WSNs have a wide range of applications in environmental monitoring, industrial 

monitoring, and structural health monitoring. For example, WSNs are widely used for 

structural health monitoring to study the health of the materials in buildings, bridges and 

monuments. Based on the analysis of the data, preventative measures are taken to 

preserve the structures. In addition, this information can be used to produce alert 

warnings during natural calamities. In locations where earthquakes are common, these 
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WSNs could be used to sense changes in vibration, and warning signals could be 

produced when required. A typical WSN system used for monitoring structural health is 

shown in figure 1.  

 

Figure 1: Structural health monitoring 

1.2 Objective of Thesis 

This thesis aims at developing a high speed wireless sensor network simulation 

framework that could be interfaced with hardware prototypes to study the effects of high 

data rate transmission and data integrity. It is necessary to determine a suitable 

framework for developing a simulation model. Various WSN frameworks are analyzed to 

determine a suitable framework for structural health monitoring. Also, a simple 

accelerometer sensor model is designed for sensing changes in vibration due to 

acceleration that impacts structural health.  

1.3 Research Contribution 

 A detailed literature review on wireless sensor network architectures and their 

issues was performed. Comparative analysis on various simulation frameworks available 
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for wireless simulation was also performed, and a few frameworks suitable for structural 

monitoring were selected. The selected software was analyzed thoroughly to determine 

an appropriate framework that could be used for the thesis work. Based on the research, 

it was found that none of the open source software packages was suitable for the 

application. As a result, a framework was specifically designed for structural analysis in 

the commercial package Matlab/Simulink that can be used for simulating large networks 

with any mix of hardware and virtual nodes. Also, a simple sensor model was designed 

in Matlab/Simulink to sense the vibration due to acceleration that was used as an input 

for the framework. Finally, the framework performance was investigated for the effect of 

transmission medium in data integrity and was documented for future development. 

1.4 Thesis Organization 

 WSNs have a wide range of applications but also have numerous 

limitations. Some of these limitations will be discussed in chapter 2. Chapter 2 also 

explains various simulation frameworks available for WSN simulation. In chapter 3, a few 

short-listed frameworks are analyzed in detail to determine one suitable framework that 

could be used for the design. Chapter 4 illustrates the modeling of an accelerometer 

sensor, and the framework design is explained in chapter 5. The data transmission is 

investigated in chapter 6, and finally, chapter 7 provides a summary of the research 

findings and future scope of the thesis. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Introduction 

The advancement of WSNs has led to more accurate monitoring of structural 

integrity, data collection and analysis of observed data. But the data collection process is 

limited by various factors. Some of the factors affecting the operation of a WSN and 

different solutions suggested by researchers are discussed in this chapter. Also, different 

simulation frameworks available for WSN simulation are reviewed. 

2.2 Limitations in Data Collection 

2.2.1 Power management 

The sensor nodes are typically powered by a battery source, and the lifetime of the 

sensor node is determined by the energy stored in the battery [44, 45]. Hence, the 

effective use of the available power is a main challenge faced in sensor data collection. 

An algorithm for selecting the cluster heads for a group of sensors in order to reduce the 

power consumption is proposed in [1].  The algorithm was based on a non-random cluster 

head selection relying on the concept of center of discrete masses. For the selection of 

appropriate cluster heads, all sensor nodes broadcast information to the remaining nodes, 

and the hop is increased by one when the information is transmitted to the next node. The 

minimum number of hops is stored in a table. Then, the nodes with the least number of 

hops are determined, and any one of them is selected as a cluster head. The physical 

model of the WSN is shown in figure 2.  
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Figure 2:  Wireless sensor network physical model. After [1] 

In [2], an optimizing algorithm for limited buffering and a controlled mobile sink is 

proposed. The nodes transmit data to the mobile sink by multiple hops, which reduces 

the power. Thus, a mobile sink moves around and collects the data. The sensor nodes 

store the information and transmit whenever the sink comes to close vicinity. If the wait 

time is very long, the buffer would overflow. To avoid this, an algorithm is proposed that 

optimizes the multiple hops and also reduces the wait time. The algorithm is based on 

linear programming methods, which are used for scheduling and routing problems. 

2.2.2 Data collection 

One of the most important operations of the sensor nodes is data collection. 

Different data aggregation techniques have been proposed for efficient data collection. A 

novel data aggregation technique for structural monitoring is proposed in [3]. In this 

scheme, the nodes of interest discover each other in a distributed pattern and form an 

ad-hoc aggregation structure which is then used for computing cumulates, moments or 

other statistical parameters. For this, an aggregation tree model is considered in which 

the sub-node (s) sends its data to the parent node (P), and the parent node aggregates 

5 
 



them and sends to its parent node (p). The flow of data is shown in figure 3. There are 

several ways for sending the data to the parent from sub-nodes. Here, the data is sent 

from the parent (p) node along the sub node’s trail to the junction node (W), which creates 

a path for communication. The data aggregated is represented in an exponential 

distribution and analyzed.   

 

Figure 3: Tree model for data aggregation. After [3] 

A complete information collection mechanism is proposed in [4] by deploying an 

agent in the WSN. This agent collaboration provides a means to coordinate with multiple 

sensor nodes to complete data collection, analysis and distributed fault diagnosis. 

Different agents are assigned different operations, and they coordinate with each other 

to complete the entire task. For this, an agent structure is designed as shown in figure 4. 

Agents are composed of knowledge modules and executable modules. Knowledge 

modules contain the environmental-related information, the number of nodes and the 

goals to be achieved. A task-solve module decides an appropriate solution for an issue. 

A communication module is used for communication. Thus, various agents collectively 

complete the entire task.  
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Figure 4: Agent structure. After [4] 

An algorithm that integrates Compressive Sensing (CS) and clustering of Wireless 

Sensor Networks is proposed in [5]. In this algorithm, the WSN is partitioned into clusters, 

and the cluster head collects the sensor readings within the cluster and forms a CS 

measurement for transmission to the base stations, as shown in figure 5. Compressive 

Sensing is implemented by spatial correlation of the readings into an inherently sparse 

data set to form a Discrete Cosine Transformation (DCT) or a wavelet. In order to apply 

this algorithm, an appropriate routing protocol is required, so the CS is applied on top of 

the clustering algorithm. 

 

Figure 5: Cluster head data collection and transmission. 
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2.2.3 Congestion Control 

In order to obtain complete information of the area of interest, large numbers of 

sensor nodes need to be deployed. When all these sensor nodes try to communicate with 

the base station or sink, data congestion can occur. In [6], a new congestion control 

mechanism is proposed. In this mechanism, the buffer in each node is adjusted based on 

downstream data transmission in order to minimize the packet loss. The node’s 

forwarding algorithm is automatically adjusted by the proposed algorithm. In addition, the 

algorithm eliminates any fairness issues. With this algorithm, congestion is traced at two 

levels: the collision and the buffer overflow. Figure 6 shows the nodes transmitting data 

to the sink, and the nodes close to the sink face buffer overflow. Consequently, the 

packets are dropped, and the data is lost. 

 

     Figure 6: Buffer Overflow. After [6].    Figure 7: Congestion Notification. After [6] 

The node keeps track of the current downstream node, the period and the 

maximum number of downstream nodes that are able to transmit. An optimal time period 

is set up. The sum of the current period plus the last experienced buffer is calculated and 

compared. If the sum exceeds the buffer level, then the congestion is detected, and a 

congestion notification is produced, as shown in figure 7.  
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2.2.4 Communication Protocol 

Data collected at sensor nodes need to be transmitted to the base station or sink. 

This requires an efficient communication protocol. Different communication protocols 

have been proposed for efficient transmission of data. A sleep scheduling algorithm in [7] 

is proposed in order to turn on and off the radios for which a contiguous link scheduling 

problem is identified. With this algorithm, each node is assigned with consecutive time 

slots so that the node can wake up once during the scheduled period, complete its task 

and then go back to sleep. An important issue with this algorithm is to determine an 

interference free link for scheduling. In order to implement these algorithms, two types of 

network topologies are considered: data gathering tree and direct acyclic graph. In data 

aggregation, an intermediate node collects data from children and transmits to its parent 

node. A Directed Acyclic graph, on the other hand, is a non-directed cycle which does not 

have a path that starts and ends at the same node.  A node is scheduled to transmit data 

to another node only if any of the nodes within the specified distance is not transmitting 

data. The link and the contiguous link scheduling pattern are shown in figure 8. This 

overcomes the problem of interference during transmission.  

 

Figure 8: Link and Contiguous Link Scheduling. After [7] 
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In [8], a hierarchical routing protocol, which is an optimized LEACH (Low Energy 

Adaptive Clustering), is proposed. LEACH is a clustering based protocol that aims at 

reducing the energy based on the assumption that all nodes have the same amount of 

energy. In practice all nodes do not have the same amount of energy and, hence, in this 

algorithm, an optimized LEACH is proposed. This algorithm is based on the TDMA (Time 

Division Multiple Access) technique, where each node is allocated different time slots. As 

the nodes do not transmit at all times, the slot times are wasted when there is no 

transmission. This algorithm aims at optimizing the use of slots, which reduces the waiting 

time. The algorithm is executed in consecutive cycles, and each cycle consists of a fixed 

number of rounds. Each round consists of a cluster set-up phase and a steady state 

transmission phase. In cluster set up phase, cluster heads are selected. The cluster head 

node sets up a TDMA schedule for the cluster. The schedule is broadcast to all sensor 

nodes within the cluster, and thus, the nodes turn on and off the radio based on the 

schedule. In steady state, the data is transmitted based on the schedule. When a node is 

idle, its time slot is used by other nodes, which reduces the wait time.  

A data gathering tree is constructed, and an energy efficient scheduling algorithm 

is proposed in [9]. The algorithm aims at reducing the state transition, and hence, the 

energy consumption. This algorithm uses a TDMA technique for scheduling. The activities 

of subsets of the sensors are divided into different groups, and successive time slots are 

scheduled. The entire network is divided into different groups as shown in figure 9, and 

each group consists of a parent and children nodes. The children nodes will send data to 

the parent, and the parent will send information to the sink later. The scheduling algorithm 

does not schedule the same time slot for two nodes if they lie within the interference range 
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of each other. In such a case, the groups are arranged in decreasing order of data and 

scheduled.  

 

Figure 9: Network Model. After [9] 

2.2.6 Time Synchronization 

The data frame transmitted to the base station is stamped with time information to 

provide details on when the data was sensed. If each node operates at a different clock 

time, the time stamped with data transmission will not be the same for all nodes.  Hence, 

it is important to synchronize the time for all nodes. In [10], an algorithm for time 

synchronization of neighboring nodes is proposed. In this article, a Gradient Time 

Synchronization Protocol (GTSP) is designed for an accurate clock synchronization of 

neighboring nodes. All nodes could, initially, be synchronized to the same time. As time 

passes, the sensor nodes may end up operating at a different time. Hence, in GTSP, a 

decentralized protocol is implemented. All sensor nodes broadcast their time information 

periodically. When a synchronization message is received, sensor nodes recalibrate the 

logical clock. The synchronization algorithm is implemented under two different 

circumstances: one during clock drift and the other during clock offset. Figure 10 shows 

the time synchronization with gradient synchronization protocol and tree-based 
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synchronization protocol. Each node synchronizes with its neighbor in the communication 

graph unlike the tree based synchronization protocol, which requires a root node. 

 

Figure 10: Tree-based and Gradient Synchronization Protocol. After [10] 

 Article [11] discusses an on-time synchronization protocol for WSN. The algorithm 

is implemented by producing network clusters. Local time in all the cluster heads (CH) is 

synchronized with the base station or root node. Initially, CH determines the neighboring 

nodes by broadcasting a “HELLO” message to its maximum transmission range. The 

replies from each node are tabulated. Then, the minimum distance is calculated to form 

network cluster. Nodes are divided into smaller clusters and placed at different levels like 

a tree. After forming network clusters, the root node or the base station sends a 

synchronization start message to the first level CH.  The CH receives the message and 

sends an acknowledgement message along with the root node’s synchronization start 

message. The acknowledgement message holds the root node time, received and 

sending time of the CH. Based on this message, the root node calculates the propagation 

delay and sends a synchronization start packet. The packet consists of a calculated delay 

and global time. First level CH receives the packet, calculates its clock drift and sets the 

12 
 



local time according to global time. Similarly, all other cluster head synchronize time with 

respect to root node. 

2.3 Simulation Frameworks of Wireless Sensor Network 

The behavior of a system can be analyzed analytically, experimentally, with a 

simulation, or a combination of these approaches. Analytical methods, however, cannot 

provide complete details on the impact of power and other issues. On the other hand, 

experimental analysis can provide more accurate information but this is achieved at a 

higher cost. Simulation models serve as the best alternative to understand the behavior 

of a system at low cost and in less time [39, 40]. A simulation model can be designed 

based on different algorithms. It is important to determine an algorithm that best fits the 

requirements. Also, a wide variety of simulation platforms are available, but only a few 

simulators might be applicable for certain operations. Hence, it is imperative that the most 

appropriate simulation platform is selected since it can have a significant impact on the 

simulation study. Various software tools such as NS-2, OMNeT++, PAWiS, 

GloMoSim/QualNet, OPNET, SENSE, J-Sim, Ptolemy II, Cell-DEVS, NesCT, GTnets, 

System C, Prowler, NCTUns2.0, Jist/SWANS, SSFNet, TOSSIM, Avrora, ATEMU, 

EmStar, SENS, Shawn, PiccSim, Truetime 2.0 beta in MATLAB/SIMULINK and 

MATLAB/SIMULINK are available [12, 13] for wireless sensor network simulation.  

NS- 2 (Network Simulator 2) [12, 13 and 14] is a discrete event, object oriented, 

and general purpose network simulator based on the C++ language that could be used 

to simulate local and wide area networks. Frameworks such as Mannasim [15], NS2-

MIUN, and Sensor Sim are developed in NS-2 to analyze the operation of WSNs. 
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OMNeT++ [12, 13 and 16] is a modular simulation framework written in C++ that 

could be used for simulating ad-hoc networks. Frameworks developed in OMNeT++ that 

could be used for WSN analysis include: MiXiM, Mobility Framework, MAC layers, 

Castalia, INET framework, NesCT.  NesCT can be used for simulating TinyOS sensor 

based networks. PAWiS [17] is also an OMNeT++ based simulator that captures a wide 

array of modules, and provides support for mobility and environmental dynamics [12].  

GloMoSim is a general purpose parallel simulator written in the Parsec language 

[12, 13 and 18]. The basic functionality of GloMosim is to simulate wireless networks and 

ad-hoc networks. QualNet [13] is a derivative of GloMoSim with enhanced features such 

as a new sensor network library for ZigBee, a network security library, with parallel 

updates, and battery powered nodes. 

OPNET Modeler [12, 13] is another general purpose, C-based discrete event 

simulator. It can be used as a research and network design/analysis tool. This simulator 

was originally built for simulating fixed networks and thus, can be used to model a WSN 

with fixed network topology. 

SENSE (Sensor Network Simulator and Emulator) [12, 13] is a component-based 

simulator written in C++. It is a sensor network specific simulator used to implement 

AODV (Ad-hoc On Demand Distance Vector), DSR (Dynamic Source Routing), SSR 

(Self-Selecting Routing), SHR (Self-Healing Routing) and battery powered models. The 

simulator provides extensibility, reusability, efficiency and scalability.  

J-Sim [12, 13 and 19] is a compositional simulator based on the autonomous 

component architecture (ACA). The basic functionality of ACA is to communicate between 
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the sender and the receiver. Ptolemy II [12, 20] is another component- based, general 

purpose simulator written in JAVA that provides support for WSN analysis. 

GTnets (Georgia Tech Network Simulator) [12] is an object oriented simulator 

written in C++. The design aims at developing network protocol stacks and other network 

elements. The simulator is developed and maintained by Georgia Tech, Electrical and 

Computer Engineering department.  

SystemC [12] is a C++ based model supporting design of register transfer, 

behavioral and system level. Prowler [12] is an event driven wireless sensor network 

simulator designed to run on Matlab. Simulation codes to implement routing protocols, 

and other applications could be written in the Matlab language.  

NCTUns2.0 [12] is a discrete event driven simulator whose kernel is embedded in 

UNIX. However, there is no specific design for wireless sensor networks included with 

this tool. JiST/SWAN is a discrete event driven simulator that embeds simulation in JAVA 

byte codes [12]. SSFNets is a JAVA network model built in the Scalable Simulation 

Framework (SSF) [12].  

  Matlab/Simulink1 is a software package for numeric computation and analysis that 

is developed and maintained by Mathworks Inc [21, 39, 40, 41]. The software is flexible 

and reliable. Simulink is a software package for modeling, simulating and analyzing 

dynamic systems [13]. In [13], a WSN framework was developed from tools provided in 

Matlab/Simulink. The operation of the WSN was demonstrated with three sensor nodes, 

and Bluetooth technology acted as a backbone for communication.  

1 © 2014 The MathWorks, Inc. MATLAB and Simulink are registered trademarks of The MathWorks, Inc. 
See www.mathworks.com/trademarks for a list of additional trademarks. Other product or brand names 
may be trademarks or registered trademarks of their respective holders. 
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Truetime [22] is a real time control system based framework operating in 

Matlab/Simulink and written in the C++ and MEX languages. It comprises of network 

blocks such as Ethernet, CAN, TDMA, FDMA, Round Robin, Switched Ethernet, FlexRay 

and PROFINET. It also consists of wireless network blocks such as WLAN 802.11b and 

802.15.4 ZigBee technology. Truetime supports battery power sources and can act as a 

stand-alone network interface block.  

PiccSim (Platform for integrated communication and control design, simulation, 

implementation and modeling) [23] is a wireless networked simulation platform using 

Matlab/Simulink and NS-2. It was developed by the department of Automation and 

Systems Technology and the department of Communication and Networking at Aalto 

University, Finland. 
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CHAPTER 3 

ANALYSIS OF SOFTWARE 

 

3.1 Design Requirements 

 As discussed in chapter 2, there are numerous simulation software packages 

available for WSN simulation. For determining a suitable package, a few design 

requirements are defined. Based on these requirements the packages are analyzed. The 

major design requirements are capabilities of the framework to integrate with hardware 

or co-simulate with Matlab/Simulink and implement the ZigBee network protocol. Other 

factors such as operating system, programming language, size of nodes that could be 

simulated, documentation, latest version, licensing, and potential issues during 

installation are also taken into consideration.  

3.1.1 Network Simulator  

NS-2 (Network Simulator) is one of the most commonly known WSN simulation 

software. It was primarily developed to operate in Linux-based Operating Systems (OS) 

like Ubuntu. However, it could also be installed in Windows OS with CYGWIN support. 

For analysis purposes, NS-2 was installed in Ubuntu. There are three commands that 

could be typed in the terminal to install the latest version: (1) sudo apt-get install ns2; (2) 

sudo apt-get install nam; and (3) sudo apt-get install xgraph. When installation is 

complete, “ns” can be typed in the terminal, and a percentage symbol is returned, which 

confirms successful installation of NS-2. Later, a NAM editor window, as shown in figure 

11, can be opened by typing “nam” in the terminal. In order to design a model, code can 

be written in the “Tool Command Language” (TCL) and visualized through the NAM 

editor. The performance is reliable for node sizes up to 100 nodes and degrades with 
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increased node size. The disadvantages of NS-2 are the interdependency between the 

modules and that the co-simulation with Matlab requires special framework definitions 

[24]. Also, in order to implement the ZigBee communication protocol, a separate patch 

file must be installed.  Even though this network simulator can be used for verifying 

different algorithms, NS-2 could not be used as it requires separate framework definition 

for co-simulation with Matlab. 

 

Figure 11: NAM-editor window 

 3.1.2 OMNeT++ 

OMNeT++ is a commercial software that could be used for educational and 

research purposes. The modules are written in the NED (Network Description) 

programming language. Co-simulation of Matlab and OMNeT++ can be achieved by 

converting C/C++ code into objects and compiling the objects in OMNeT++. However, it 

does not support communication during real time simulation. Hence, OMNeT++ could not 

be used for the design. 
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 3.1.3 Prowler 

Prowler is an event driven wireless sensor network simulator designed to run on 

Matlab. This framework could be used for optimizing communication protocols [25]. A 

Prowler patch can be installed to Matlab by simply adding the directory to the Matlab 

startup path. The editor window can be opened by typing “prowler” in the Matlab 

command window. A window, as shown in figure 12, appears where the data transferred 

between the nodes could be visualized. Some routing protocols such as flood 1D, flood 

2D, span tree and collision demo could be verified through Prowler. However, it could not 

be used for developing a customized WSN framework. There was no clear documentation 

provided for developing user defined models, and the last version of Prowler was released 

in 2004. Also, Prowler does not support the ZigBee protocol.  Due to these reasons, 

Prowler could not be used. 

 

Figure 12: Prowler window 
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 3.1.4 Atarraya 

Atarraya [26] is an event driven simulator that could be used for teaching and 

researching control topology algorithms and wireless sensor protocols. It is designed to 

operate in Windows OS. The simulator can be installed by adding the directory path to 

the environmental path variable. After installation, Atarraya simulation panel, as shown in 

figure 13, can be opened by double clicking the “Atarraya.jar” file. Atarraya is written in 

Java hence the latest Oracle Java version must be installed for using it. The simulation 

panel consists of a deployment panel, a protocol selection panel, a visualization panel, a 

node stats and report panel. In the deployment panel, the number of nodes, location, and 

size can be selected. The communication protocol can be selected from the protocol 

selection panel, and the nodes could be visualized in the visualization panel. The 

advantages of Atarraya are: it supports construction and maintenance for several 

topologies; it allows simulation of an initial agent topology with available algorithms. In 

addition, Atarraya supports simple and walk-based mobility and energy models. On the 

other hand, the simulator does not support the ZigBee protocol and cannot be integrated 

with Matlab/Simulink. So, Atarraya could not be used for the design. 

 

Figure 13: Atarraya window 
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 3.1.5 PiccSIM 

PiccSIM is a simulation platform for integrated communication, control design 

simulation, implementation and modeling. This tool kit can be used for co-simulation of 

networked control systems (NCS). The main advantage is that the simulator can be 

integrated with Simulink and NS2.34. But two separate computers - one installed with NS-

2.34 and the other with Matlab - are required. For analysis, NS-2.34 was installed in a 

Virtual machine, and Matlab/Simulink was installed in the host machine. Since the NS-

2.34 was an older version, some bugs had to be rectified before installation. After 

successfully installing NS-2.34, the PiccSIM-NS-2.34 patch was installed. But the patch 

files corrupted NS2.34 with an error as shown in figure 14.  The simulator was no longer 

supported by the developer. So, the error in the patch could not be rectified, and thus, 

PiccSIM could not be used for the design. 

 

Figure 14: PiccSIM-NS2 patch error 
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 3.1.6 Truetime 

Truetime is a real-time control system based framework that operates in 

Matlab/Simulink, as shown in figure 15, and is written in the C++ and MEX languages. A 

Truetime patch can be installed in Matlab by adding the path to the environmental variable 

and Matlab startup path. In order to compile programs in Truetime, Microsoft Visual Studio 

must be installed. The Truetime patch comprises of network blocks such as Ethernet, 

CAN, TDMA, FDMA, Round Robin, Switched Ethernet, FlexRay and PROFINET. It also 

consists of wireless network blocks such as WLAN 802.11b and 802.15.4 ZigBee 

technology, as shown in figure 14. Truetime supports battery power sources and can act 

as a stand-alone network interface block. It allows co-simulation of controller task 

execution in real-time, network transmission, and continuous plant dynamics. The 

disadvantage with Truetime is that clear documentation for programming the Kernel 

blocks was not available, which made it difficult to use this framework.  

 

Figure 15: Truetime toolkit 
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 3.1.7 Matlab/Simulink 

Matlab/Simulink is a software package for numeric computation and analysis that 

is developed and maintained by Mathworks Inc., The software is flexible and reliable. 

Simulink is a software package for modeling, simulating and analyzing dynamic systems. 

The software could be installed in different operating systems such as Windows, OS X, 

and Linux. Simulink supports a wide variety of toolkits such as digital signal processing 

toolkit, communication toolkit, control system, and embedded controller toolkit. As a 

result, it enables users to make customized designs with Matlab/Simulink seamlessly. 

The key advantage of Matlab/Simulink is that all these toolkits are documented with 

examples. Another benefit of Matlab/Simulink is the automatic code generation, which 

promotes integration of real time processors with the simulation model. The design 

requirement of the research focuses on developing a customized WSN framework that 

must be integrated with the Arduino processor. With Simulink, customized node 

communication through the ZigBee protocol can be developed. With the code generation 

capabilities of Matlab, the simulation model can be integrated with an Arduino processor 

easily. Due to the above mentioned reasons, the use of Matlab/Simulink is more reliable 

compared to other software packages that were discussed earlier. As a result, 

Matlab/Simulink was chosen for the design purpose. Table 1 shows a comparison 

between all the software packages discussed above. 
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Table 1: Comparison of software packages for WSN simulation 
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CHAPTER 4 

SENSOR DESIGN 

 

4.1 Introduction 

 Sensors are devices that sense change in different parameters such as 

temperature, pressure, stress, strain, humidity, vibration and so on. In wireless sensor 

networks, two types of sensor are commonly used: active and passive. Active sensors 

are used to sense parameters that change quickly with respect to time, and passive 

sensors sense parameters that change slowly with respect to time. For the framework 

design, an active sensor is used to sense the vibration due to acceleration. There are 

various accelerometer sensors available but most the commonly used in WSNs is the 

MEMS (Micro Electro Mechanical System) accelerometer. This chapter discusses a 

MEMS accelerometer sensor design. 

4.2 MEMS (Micro Electro Mechanical System) Accelerometer 

MEMS (Micro Electro Mechanical System) is a fast growing technology that is used 

for collecting data from various locations and transmitting via wireless networks. A MEMS 

accelerometer is designed using CMOS technology. MEMS accelerometers are either 

surface micro machined or bulk micro machined. A surface micro machined 

accelerometer consists of a proof mass with movable fingers supported by a spring. 

Electrodes are placed like a comb in-between the movable fingers for measuring the 

vibration [27]. On the other hand, a bulk micro machined accelerometer consists of a 

proof mass supported by a spring. Deflection of the proof mass is sensed by change in 
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capacitance. In this thesis, a surface micro machined accelerometer is modeled in 

Matlab/Simulink.  

4.3 Accelerometer Design 

When there is no acceleration, the proof mass remains stationary. This state is 

called steady or static state [28]. Under steady state, the gap between movable finger 

and electrode remains unaltered. But when a vibration is sensed, the proof mass gets 

displaced by a distance ‘x’ in a direction opposite to the direction of applied force as shown 

in figure 16, and the gap changes. 

 

Figure 16: Mechanical sensing system 

This system can be mathematically modeled using a second order differential equation: 

𝑚𝑚�̈�𝑥 + 𝑏𝑏�̇�𝑥 + 𝑘𝑘 = 𝐹𝐹, 

where:  

m = proof mass of the system  

b = damping coefficient of the system  

k = spring constant  

x = displacement of mass  

a = acceleration  

F = applied force  
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The spring constant is given by, 

𝑘𝑘 = 2 × 𝐸𝐸 × (𝑤𝑤𝑏𝑏
𝑙𝑙𝑏𝑏

)3, 

where:  

K = spring constant of the folded beam  

E = Young’s Modulus of silicon  

t = thickness of the beam  

wb = width of the beam  

lb = length of the beam  

The transfer function of the system is given by: 

𝑋𝑋(𝑠𝑠)
𝐴𝐴(𝑠𝑠)

=  
1

𝑠𝑠2 + 𝑏𝑏
𝑚𝑚 𝑠𝑠 + 𝑘𝑘

𝑚𝑚
 

 

The damping is provided by air in between the fingers, and the damping constant is given 

by: 

𝑏𝑏 =  𝜇𝜇 ×  𝑙𝑙𝑓𝑓 × ( 𝑡𝑡
𝑑𝑑𝑜𝑜

)3, 

where:  

b= damping coefficient  

μ = viscosity of air  

lf = length of the movable finger  

do = gap between the finger and electrode  

The sensor consists of a mechanical and an electrical system. The vibration is sensed by 

the mechanical system, and the displacement is converted to voltage by the electrical 

system as shown in figure 17.  
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Figure 17: Electrical system 

Under steady state, the capacitance does not change and is given by, 

𝐶𝐶1 = 𝐶𝐶2 =  𝜀𝜀𝑜𝑜×𝐴𝐴
𝑑𝑑𝑜𝑜

, 

where,  

C1 and C2 = differential capacitance  

A = area of the electrodes 

Under dynamic condition, the differential capacitance is given by, 

𝐶𝐶1 =  
𝜀𝜀𝑜𝑜 × 𝐴𝐴

(𝑑𝑑𝑜𝑜 − 𝑥𝑥)
 

𝐶𝐶1 =  
𝜀𝜀𝑜𝑜 × 𝐴𝐴

(𝑑𝑑𝑜𝑜 + 𝑥𝑥)
 

The voltage sensed is given by, 

𝑉𝑉𝑠𝑠 = �
𝑥𝑥
𝑑𝑑𝑜𝑜
� ×  𝑉𝑉𝑚𝑚 sin𝜔𝜔𝜔𝜔 

The force exerted by the differential capacitance on the proof mass brings the mass to 

steady state. This electrostatic force is given by: 
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𝐹𝐹𝑒𝑒 =  𝜀𝜀𝑜𝑜×𝐴𝐴 × 𝑉𝑉2

2× 𝑑𝑑𝑜𝑜2
, 

where  

V = voltage  

Fe = Electrostatic force 

4.4 Implementation  

The MEMS accelerometer system level model is designed in Matlab /Simulink. The 

sensor is designed based on the data provided by the ADXL digital accelerometer [29]. 

For certain parameters, true values were not available. Hence, a few approximations were 

made based on detailed research [30, 31, and 32]. A general block diagram for the system 

is shown in figure 18. 

 

Figure 18: General block diagram of MEMS accelerometer 

The mathematical sensor model was designed using the data provided in table 2. 

The calculations were first performed manually and verified with Matlab code [Appendix 

A.1]. The model was simulated in Matlab/Simulink [Appendix A.2]. The surface micro 

machined accelerometer is built on a silicon substrate. Therefore, the value of mass was 

too small. Also, the mathematical calculation showed that the displacement of mass due 
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to acceleration of gravity was small. Since the displacement was low, the sensitivity was 

also low and the frequency was high. 

Parameter Symbol Values 

Length of the beam lb 110µm 

Width of the beam wb 2 µm 

Width of the proof mass wm 40µm 

Length of the proof mass lm 380µm 

Width of the movable finger wmf 4µm 

Length of the movable finger lmf 170µm 

Gap between the finger 

electrode 
do 1.3µm 

Density of silicon Ρ 2300Kg 

Relative permittivity of air εo 8.845 * 10-12 

Young’s modulus of silicon E 1.67 * 1011 

Acceleration due to gravity G 9.8m/s2 

Table 2: Design specification 

4.5 Simulation Output and Discussion 

The system was designed to sense acceleration ranging from ±1𝑔𝑔 to ±2𝑔𝑔. The 

model was tested with different inputs. Initially, a step input was applied, and the outputs 

were obtained as shown in figures 19, 20 and 21. The displacement of mass was too low, 

and thus, the displacement output had a lot of spikes. Figure 21 shows that the output 
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voltage rises to a high value and settles after some time as the mass attains a steady 

state.  

 

Figure 19: Step input 

 

Figure 20: Displacement in mass due to step input 
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Figure 21: Output response for step input 

The model was used with uniform random input, and the outputs were obtained as 

shown in figure 22, 23, and 24. In figure 24, it could be observed that the output voltage 

does not settle like figure 21 as the input was varied every 0.001 seconds. It was inferred 

that, when the simulation time was set high – for instance, 5 seconds, the displacement 

of the system was too small and hard to interpret. So, the simulation time was reduced to 

0.01 seconds, and the outputs were obtained. 

 

Figure 22: Uniform random input 
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Figure 23: Displacement in mass due to uniform random input 

 

Figure 24: Output response for uniform random input 

MEMS accelerometers have a wide range of applications in structural health 

analysis, environmental monitoring, and industrial monitoring. For the framework design, 

a simple mathematically modelled surface micro machined accelerometer is designed in 

Matlab/Simulink. The model senses acceleration from ±1𝑔𝑔 to ±2𝑔𝑔 and produced 

corresponding voltage output. The data sensed by the MEMS accelerometer will be used 

as an input source in the framework design. 
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CHAPTER 5 

FRAMEWORK DESIGN 

 

5.1 Framework Introduction 

  This chapter discusses the framework design. There are three major models in 

the design: node, gateway and network. Figure 25 shows the general block diagram for 

the design. 

 

Figure 25: General block diagram for the design 

ZigBee is used for communication as it is a two way short range communication 

protocol that could be connected in various network topologies as shown in figure 26. 

Since all topologies do not consume the same amount of power, an appropriate selection 

of the network topology will reduce the power consumption. Other advantages of using 

34 
 



ZigBee are its wide range of application, low cost, easy implementation and reliable data 

transfer. 

 

Figure 26: ZigBee network topologies 

5.2 Algorithm  

 The algorithm illustrating the flow of signal from gateway to node and ZigBee, and 

vice versa is given below. For simplicity, it is assumed that there is a single node at the 

beginning. Later, the algorithm can be extended to any node size.  

Step 1: Start  

Step 2: ‘Go’ signal sent to node from gateway 

Step 3: Node starts sensing signal 

Step 4: Data_ready signal sent to gateway from node 

Step 5: Receive_data signal sent to ZigBee from gateway 

Step 6: Send_data signal sent to node from ZigBee 

Step 7: Node transmits the data to the gateway Via ZigBee  

Step 8: Acknowledgement signal (Data_status) sent to node after receiving data 

Step 9: Repeat the process 
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5.3 Gateway design 

 The gateway acts like a control system that controls the operation of the network 

and node. Therefore, gateway modelling involved defining all control and status signals. 

Figure 27 shows the gateway block with control and status signal. The flow chart used for 

implementing the algorithm is shown in figure 28. The design has three major blocks: a 

block that generates the Go signal, a block that checks the data_ready status and sends 

a control signal to ZigBee to receive data, and finally the block that receives data. 

 

Figure 27: Gateway block diagram 
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Figure 28: Flow chart for gateway design 

 5.3.1 Generate ‘Go’ signal 

  The Simulink model that generates the ‘go’ signal for two nodes is shown in 

figure 29. The blocks include a pulse generator, a counter, a multiport switch and an if 

loop. The pulse generator acts as a trigger to the counter. At every rising edge, the 

counter increments the count by one. The counter output is given as a control signal to 

the multiport switch. Based on the value in the control signal, the switch switches the input 

to the output. The switch generates the count output which turns on and off the different 

nodes. For instance, if the count is 1, the ‘go’ signal is passed to the first node. Otherwise, 

the ‘go’ signal is low. Similarly, all other node are turned on and off.  
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Figure 29: Simulink model for ‘Go’ signal 

 5.3.2 General control signal for receiving data 

  The data_ ready status signal is checked at a regular time interval. When 

the signal is high, the gateway sends a control signal to ZigBee in order to receive data 

from the node. The Simulink block model for sending the control signal to the network is 

shown in figure 30. The block consists of a pulse generator and a logic AND gate. Usually 

the gateway does not send a control signal immediately after receiving the data_ready 

status from the node. In order to incorporate this delay, a pulse generator is used. So, 

even if the data_ready is high, the receive_data signal is set high only when the pulse 

generator pulse is also high. 

 

Figure 30: Control signal for data request to network 
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 5.3.3 Storing the data 

 The data received from the node are stored in a file. After receiving data, 

the gateway needs to send an acknowledgement signal to the node. To generate an 

acknowledgement signal, a counter is used to count the number of data frames received. 

An arbitrary limit is set for the counter. When the counter reaches this limit, the gateway 

sends acknowledgement to the node, and the node stops sending data. Figure 31 shows 

the Simulink model for storing the data and generating an acknowledgement signal. 

 

Figure 31: Gateway data storing model 

5.4 Node design 

The node consist of three major blocks: sensor, data processing system and 

network. Figures 32 and 33 show the signal flow and flow chart for the node, respectively. 

The node wakes up when the ‘go’ signal is high, senses the signal and stores it in local 

memory. When the node receives a signal from the ZigBee network, the stored data will 

be transmitted to the gateway via ZigBee.  
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Figure 32: Node block diagram 

 

Figure 33: Flow chart for node design 

 5.4.1 Data processing  

   The sensor output is an analog signal. This output signal is converted to 

digital form and stored in local memory in the data processing model. The Simulink model 

for data processing is showing in figure 34. The signal from the sensor is sampled at a 
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rate of 100Hz, and these samples are converted to integers. Later, the integers are 

converted to bits and stored in memory. A queue data structure is used as local memory 

as it can store data in its register. The data is pushed in the queue at the rising edge and 

is popped when enabled. A memory block is used before pushing the data in the queue 

because the memory block stores the previous data input.  

  After storing the data in the memory, the node provides a status signal 

(data_ready) to inform the gateway. The status signal is sent after storing data for some 

duration. A pulse generator is used to provide the necessary delay before generating the 

status signal. The data_ready status goes high when the input to the queue and the pulse 

generator pulse are both high. The next operation of the node is popping the data when 

the network requests for data. Again, a delay is required before popping the data from 

queue. The pop is enabled when the pulse generator pulse and send_data are both high. 

The data gets popped from the queue till the data_status signal becomes high. 
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Figure 34: Data Processing and storing 

  One of the major issues faced during the node design is modelling the local 

memory. Initially, a simple node was designed based on the algorithm described in 

section 5.2. At this stage, numeric data was transmitted to the gateway. It did not include 

any actual signal transmission. The numeric value was stored in the data write, store and 

read block found in Simulink. Since a constant numeric value was transmitted, there was 

no error in receiving data. But when the constant numeric value was replaced with a 

random generated signal, the data write, store and read block were no longer useful as 

they were volatile. Whenever the input varied, a new value was written in the data memory 

by erasing the previously stored data. As per the algorithm, data gets transmitted after 
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receiving request from network. Hence, it was important to store the data in local memory. 

As a result, an alternate method was required to store the data. 

 While researching on the memory storing technique in Simulink, the “from file” or 

“from workspace” and the “to file” or “to workspace” blocks were found to be reliable. 

Thus, the data store, write and read blocks were replaced with “to file” and “from file” 

blocks. With these blocks the simulation was able to proceed but an error appeared during 

simulation. The error mentioned that the “from file” was not defined. Detailed research 

was carried out to rectify the error. During the research, it was found that the “from and 

to file or workspace” blocks could not be used to store the data and read from the file in 

the same simulation [33]. Instead, the data can be written to the file in the first simulation 

and read from the file in the next simulation. But for structural analysis, the data must be 

written and read from the file during the same simulation. So, these blocks were not 

suitable, and further research was carried out to find a suitable memory block in Simulink.  

 Research showed that Simulink contains a memory block component. Again, it 

was volatile. The memory block stores the previous data for one clock cycle and replaces 

it with new data for the next clock cycle. Thus, a simple memory like blocks were modeled 

with D-flip flop. However, the D-flip flop also stored the last data bit and previous bits were 

erased. Finally, it was found that queue would be suitable to store the data in the register 

for a period of time and reproduce the entire data when requested. One disadvantage 

with queue is that once the data is popped out of the register, the old data is removed 

from memory. If the data is not received properly, and if the same data needs to be 

transmitted again, then this is not possible since the data is already popped from the 
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queue. The best solution for this issue is to replace the queue with SRAM (Static Random 

Access Memory) for storing the data.   

5.5 Network design 

The ZigBee network protocol is used for transmitting data from the node to the 

gateway. Figure 35 shows the ZigBee block diagram and the flow chart is shown in figure 

36. The network consists of a transmitter and a receiver.  

 

Figure 35: Network block diagram 

44 
 



 

Figure 36: Flow chart for ZigBee network 

The network has two operations. One receives the control signal (receive_data) 

from the gateway and requests the node to send data, and the other transmits the data. 

For sending requests to the node for data, a small delay is required. A pulse generator is 

used to produce this delay. Send_data is high only when the pulse generator pulse and 

receive_data are both high. The Simulink model for generating the request signal to node 

is shown in figure 37. 
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Figure 37: Control signal for data request to node 

In order to transmit the data to the gateway, a network model needs to be 

designed. A ZigBee model was obtained from a public research forum [34]. The network 

transceiver uses Orthogonal Quadrature Phase Shift Keying (O-QPSK) technique for 

modulating the input data. There are three modulation techniques common among 

ZigBee network designs [35]. They are DSSS/BPSK (Direct Sequence Spread 

Spectrum/Bipolar Pulse Shift Keying) with a maximum of 20 kbps speed and 868 MHz 

frequency band, DSSS/BPSK with a maximum of 40kbps speed and 915 MHz frequency 

band and DSSS/O-QPSK with 250kbps speed and 2.4GHz band. Out of these modulation 

techniques, O-QPSK is widely used as it has a wider frequency band and higher data 

transmission rate. In QPSK (Quadrature Phase Shift Keying) modulation, each pair of 

successive bits is assigned a phase such that each pair has a phase shift of 90o before 

transmission. At the receiver end, the received data is demodulated in a similar manner 

[36]. Figure 38 shows the Simulink ZigBee transceiver model. 
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Figure 38: ZigBee transceiver model 
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CHAPTER 6 

OUTPUT AND DISCUSSION 

 

6.1 Simulation Setup 

 The framework was modeled for ten nodes in Matlab/Simulink [Appendix A.3]. In 

order to verify the model functionality, the simulation was run for four seconds. After 

running the model successfully, a data integrity analysis was performed. The data 

integrity was tested with CRC (Cyclic Redundancy Check). In order to perform CRC, a 

check sum must be generated and appended to the input data. At the receiving end, the 

same check sum must be used to detect errors. In the model a general CRC generator 

that computes the check sum for each input was attached to the input data. The computed 

check sum was appended to the input data and transmitted. At the receiving end, a 

general CRC syndrome detector was used to calculate the check sum that could be used 

to detect error.  

 6.1.1 General CRC generator 

  To compute the check sum, a polynomial must be defined. In the general 

CRC block [37], there are three parameters: general polynomial vector, initial state vector, 

and check sum. Initially, the number of check sums for a given frame is defined. Based 

on the number of check sums, the frame is divided into equal sub frames.  Each sub 

frame is prefixed with an initial state vector, and a CRC is applied for computing the check 

sum. Then, the computed check sum is appended to the input data and transmitted. The 

output frame length, which is the length of the transmitted data, is given by, 

𝑂𝑂𝑂𝑂𝜔𝜔𝑂𝑂𝑂𝑂𝜔𝜔 𝑓𝑓𝑓𝑓𝑓𝑓𝑚𝑚𝑓𝑓 = 𝑚𝑚 + 𝑘𝑘 × 𝑓𝑓, 
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where, 

m = input frame length 

k = check sum 

r = generator polynomial 

In the model, the sensed signal is converted to 10 bit data as this is common to 

many sensors. Two check sums were defined per frame which divided the frame into two 

equal sub frames. Then, a third order polynomial was defined with an initial state set at 

zero, and a CRC was applied. The calculated check sums were appended to the input, 

and a 16-bit data frame was transmitted to the gateway. 

6.1.2 General CRC syndrome detector 

 A general CRC syndrome detector [38] computes the check sum for the 

received data and produces two outputs. The first output is the word without transmitted 

check sum, and the second output is the binary error flag. When an error is detected, the 

binary flag output becomes high. Similar to a general CRC generator, it has three 

parameters: generator polynomial vector, initial state vector and check sum. The same 

polynomial, initial state and check sum size as the ones defined in the general CRC 

generator were also defined in the general CRC syndrome detector. 

6.1.3 Transmission rate calculator 

 A transmission rate calculator was used to calculate the bit error rate per 

frame. The error rate calculation block in the Simulink communication tool calculates the 

total number of errors in BER (Bit Error Rate) during transmission. It has two inputs: the 

transmitted data input and the received data input. The error calculated could either be 

stored in the work space or displayed. It produces three vector outputs. The first vector is 
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the error rate, the second is the total number of errors and the third is the number of bits 

compared. In addition to CRC, the transmission error rate calculator was used to 

determine the rate of error in the model. 

6.2 Outputs 

 The framework was simulated for four seconds, and the outputs were obtained. 

Figures 39 to 42 show the outputs taken at various instances. In these figures, it can be 

seen that there are five outputs from each node. The first three outputs display various 

control and status signals, and the rest display the binary flag and error rate calculator 

outputs. Figure 39 shows that node 1 has received a ‘go’ signal from the gateway. Figures 

40 and 41 show the node is ready with the data, and it has received a data request from 

ZigBee. The data transmitted from node 1 with the CRC check and its error rate are 

displayed in figures 42a and 42b. Similarly, the outputs of all other nodes were observed. 

 

Figure 39: Node 1 turned ON 
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Figure 40: Node 1 indicating data_ready 

 

Figure 41: Node 1 with send_data high 
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Figure 42a: Node 1 transmitting data with both the sub frame error 

 

 

Figure 42b: Node 1 transmitting data with one sub frame error 
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6.3 Discussion 

 The framework operation was verified through different data integrity analysis 

tests. It was found from the analysis that the data is transmitted with or without errors at 

different instances. In some cases, an error was found in either one of the sub frames as 

seen in figure 42b while in others, both sub frames had errors as shown in figure 42a. 

Also, from the error rate calculator, it was found that, for a total of 100 data bits compared, 

10 bits had errors. So, the error rate was approximately 0.1BER. One of the issues faced 

during simulation was that the simulation was too slow. It took more than 2 minutes for 

an increment of 0.001 second with normal simulation mode. Thus, the simulation was set 

to acceleration mode in order to increase the speed. With the acceleration mode, it took 

1 minute for an increment of 0.001 second. Also, due to the slow simulation issue, 

Matlab/Simulink ended up shutting down. If the model is optimized, this issue can be 

rectified.  
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CHAPTER 7 

CONCLUSIONS AND FUTURE SCOPE 

 

7.1 Conclusions 

The objective of the research was to develop a high speed WSN simulation 

framework that could be integrated with hardware prototypes. In order to develop the 

framework, a suitable simulation platform was required. Various simulation software 

packages were analyzed, and some were selected for detailed analysis. It was found that 

none of the software were suitable for structural analysis. Thus, a customized WSN 

simulation framework was designed in Matlab/Simulink. Also, a MEMS accelerometer 

was modelled in Matlab/Simulink, which was used as a source of input in the framework. 

The framework operation was demonstrated with 10 nodes. To verify the data 

integrity, CRC check and transmission error rate calculator were applied. It was found 

that the data was transmitted with or without any errors at different instances. Also, the 

transmission error rate calculator revealed that the total error rate was 0.1BER for a total 

of 100 bits compared.  

Different issues were faced during the framework development. First issue was 

related to selecting a suitable simulation platform. There were numerous software 

packages available, but each one had its own limitations. Matlab/Simulink was finally 

selected for the design. Even though it was most suited for the design, it also had certain 

limitations such as the absence of memory blocks that could hold data over a period of 

time. Hence, a queue was used to store the data. All these issues were overcome to 

design a high speed WSN simulation framework that could be used in any combination 

of hardware and virtual nodes. 
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7.2 Future Scope 

 In the future, the high speed WSN simulation framework can be integrated with 

hardware prototypes to study various characteristics of structural health monitoring. Since 

the model is developed in Matlab/Simulink, integration with hardware can be carried out 

easily. Prior to hardware integration, a few modifications could be done to the model in 

order to improve efficiency of the design further. The modifications could include replacing 

the queue with a standard SRAM model for storing data and optimizing the design to 

increase the speed of simulation. Incorporation of copyright and security features for the 

information being broadcasted through the WSN is also a direction of future research of 

the research proposed in the current thesis [42, 43]. 
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APPENDICES 

A.1 Mathematical Calculation for Sensor Parameters 

clc;  
clear all;  
Lb = 110e-6;  
Wb = 2e-6;  
Lm = 380e-6;  
Wm = 40e-6;  
Wf = 4e-6;  
Lf = 170e-6;  
P = 2300;  
RelP = 8.854e-12;  
mu = 1.18e-5;  
E = 1.67e11;  
g = 9.8;  
t = 2e-6;  
do = 2e-6;  
V = 10;  
N= 46;  
Ms = P * t * ((Wm*Lm)+ (Wf*Lf))  
Ktotal = 2 * E * t * (Wb/Lb)^3  
Ks = 0.5 * E * t * (Wb/Lb)^3  
b = 1.18e-5 * Lf * (t/do)^3  
fo = (1/2*pi) * (sqrt(Ktotal/Ms))  
Omega = sqrt(Ks/Ms)  
Q = (Ms * Omega)/b  
x = (Ms*g)/Ktotal  
Sd = Ms/Ktotal  
Sc = (2*RelP*t*Lf)/do^2  
 
Calculated results  
Ms = 7.3048e-011  
Ktotal = 4.0150  
Ks = 1.0038  
b = 2.0060e-009  
fo = 3.6826e+005  
Omega = 1.1722e+005  
Q = 4.2686e+003  
x = 1.7830e-010  
Sd = 1.8194e-011  
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Sc = 1.5052e-009 
 
A.2 Sensor Design  

 

A.3 Framework Design 
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