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Abstract 

Since the water quality monitoring (WQM) is critical, a real-time continuous in-situ 

monitoring system for water quality detection has been increasingly popular among the 

researchers in recent years. The WQM system based on wireless sensor network (WSN) 

using different wireless technologies such as General Packet Radio Service (GPRS), 

Bluetooth, Wireless Local Area Network (WLAN) to transmit vital data and remotely 

monitor the quality of water has been developed due to the advantages of wireless 

technology, for example low power consumption, portability and low cost. For data 

collection in WSN systems in the Internet of Things (IoT) environment, a sensor 

interface device is critical for the applications of health care, environmental monitoring, 

surveillance, patrolling, security service, search and rescue missions, military operations, 

agricultural routines, and industrial control systems.  

Despite many studies and researches and the tremendous capabilities of the technology, 

environmental monitoring application of WSN is still limited as signal types and the 

sampling rate of sensors are restricted by the type of devices. One of the current 

constraints of IoT is energy efficiency since the enormous numbers of sensors are 

deployed in IoT. In the proposed system, the wireless sensor node is designed for 

monitoring the data of five water parameters such as water level, pH value of water, 

water temperature, Carbon dioxide (CO2) on the water surface and turbidity of water. 

The proposed WQM system comprises sensors, Field Programmable Gate Array 

(FPGA), Zigbee wireless communication unit and personal computer (PC). The FPGA is 

used as the central component of the proposed WQM system because of its unique 

reconfigurable real-time performance and synchronicity, and a very high speed 

integrated circuit hardware description language (VHDL) and C++ are programmed in it 

using Qsys tool and Quartus II software. Thus, the proposed design of the WQM 

application collected the real-time data in parallel with the fast rate from various sensor 

nodes. The standard of IEEE 1451.2 intelligent sensor interface specification is adopted 

for the proposed reconfigurable WSN system. In this research, the operation of the 

proposed reconfigurable WQM system based on WSN is examined through experiments 

and computer simulations.  

No significant difference was found between the measurement of the designed device 

and laboratory measurement. Since the proposed system provides high execution speed 
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and continual IP design and the system executes parallel processing, it offers to 

minimize about 33.6% of the operating cost and power consumption. The experimental 

results from the reconfigurable WSN design for WQM in IoT environment system report 

provide reliable outcomes which are low power consuming, strong communication 

ability, and display of real-time measurement accuracy. The model of WQM technology 

with the benefits of power efficiency, eco-friendly and user-friendly based on WSN in 

IoT technology is designed in this research to resolve the existing or emerging problems 

of WQM. 
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Chapter 1  

Introduction 

In the internet of things (IoT) environment, wireless sensor network (WSN) has been 

increasingly important for wireless networks in a variety of applications especially in 

environmental monitoring.  When sensor nodes and processors are reliable and cost-

effective, wireless applications in environmental monitoring enable the emergence of 

power efficiency, eco-friendliness, user-friendliness, and wide-area coverage monitoring 

devices. The main goal of this thesis is to design and improve a field programmable gate 

array (FPGA) based WSN in an IoT environment. In this chapter, the necessary 

background of the WSN systems in IoT is presented. 

 

1.1  Wireless Sensor Network 

WSN is a network system of low-power wireless sensor nodes with a Central Processing 

Unit (CPU) and memory, and it provides high-resolution sensing of the environment [1]. 

Generally, a WSN is represented as a network of devices comprehended as nodes that 

collaboratively sense, monitor, and process, communicate, and control the correlation 

between humans or computers and the adjoining environment via wireless links [2].  A 

WSN comprises of efficiently communicated sensor nodes, processing the signal, 

embedded computing, and networking [3]. This system allows communication between 

monitoring devices, the monitoring individuals and the adjoining environment [4]. The 

sensors in WSN are logically linked to each other by self-organizing means.  

The components of a WSN allow wireless connection inside the network.  The 

sensors in any segment of the wireless network are connected to the computer or the 

application platform which is at one end of the network to exchange information. 

Sensors in WSN can be implemented as simple point elements or multipoint detection 

arrays. The conventional architecture of a WSN consists of small sensors including a 

memory, a microcontroller, a power supply, and a radio frequency (RF) transceiver and 

is capable of measuring or detecting the physical characteristics of the surrounding 

environment. 
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Fig. 1.1: Basic Concept of WSN 

 

  

Generally, the sensor node consists of one or more sensors and is capable of on-node 

signal processing in managing information of the physical environment. Each sensor 

node is assembled with a sensor, a microcontroller, RF module, and a power supply, 

either a direct current (DC) power supply or a battery. The sensor provokes electrical 

signals based on the detected data of environmental or physical changes. The 

microcontroller manipulates and saves the detected data output. The transmitter of the 

RF module transmits the output data to the receiver of the monitoring computer, in 

which the data is received and monitored by the computer [5]. Fig.1.1 presents the 

concepts of WSNs where the assembled data from a sensor node is transmitted to the 

wireless network via a sink node. 

 An apparent data route is established between the application platforms and the 

physical world using gateways and sensors [6]. The WSN system enables operators to 

observe and operate linked tools from the control station across various wireless 

modules such as Bluetooth, Radio Frequency Identification (RFID), General Packet 

Radio Service (GPRS), Zigbee, WiFi, and 3G and 4G mobile technologies [7]. The 

monitoring team can detect the data across a wireless network which is created based on 

the above said wireless communication protocols. The WSN structure is shown in 

Fig.1.2. The WSN technologies have currently achieved universally recognized (IEEE 

802.15.4) standard. In WSNs, the individual sensor nodes have restricted memory, 

processing power, and energy usage since the sensor nodes are generally miniature 

hardware platforms and are powered by a battery. 
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Fig. 1.2: WSN Structure 

 

 

 The advantages of using the technologies of WSN are rapid network installation, 

data acquisition, remote monitoring, low power consumption, high monitoring precision, 

wide coverage area, and low duty cycle. Thus, the energy efficient wireless 

communication systems play an important role as the possible and potential applications 

WSNs to the physical world is realistically unconstrained, ranging from monitoring 

surrounding and weather changes, physical security, localization, health care, logistics, 

positioning and tracking, and so on [8].  

 

1.2  Applications of WSN 

Although the WSN was originally used in military applications and large industrial 

functions, applications of WSN nowadays are used for its diverse benefits, where WSN 

is applicable from the small to immense industrial structures. The wireless technologies 

and WSN have been rapidly and progressively improving in facilitating individuals and 

their day-to-day chores in business [9]. The applications of WSN have been widened for 

the environmental monitoring systems, data acquisition, and automation of 

manufacturing processes and building control recently.  

 Nowadays, the technology of WSN is more advantageous for its lower cost for 

deployment, cost-effectiveness for both implementation and maintenance, while being 

Gateway Wireless Protocol
Sensor nodes

Sensor field
Observer
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able to maximize the performance times. The WSN is generally used for its diverse 

benefits such as environmental monitoring, surveying the development of city 

infrastructure, surveillance, telemedicine or remote health care, smart building and 

research in agriculture [5].  

 

1.2.1  WSN in Surveying the Development of City Infrastructure 

In recent years, monitoring roads, bridges and city buildings is one of the important 

missions because many transport infrastructures such as tunnels, bridges, and viaducts 

have collapsed because of natural catastrophes. In 2007, Saint Anthony Falls (I-35W) 

Bridge in Minneapolis in the United States collapsed and killed 13 people and injured 

145 [10].  That bridge was re-built in 2008 using a sensor network system to monitor 

data on the subject of corrosion and structural behavior.  A total of 350 state-of-the-art 

sensors were used to transform the conventional bridge into a smart bridge as well as 

fulfilling the long-term serviceability role [11].  

 WSN has played a significant role in monitoring the state of city infrastructure. In 

Greece, a sensor network was installed in the 2.9 km Charilaos Trikoupis Bridge which 

has six lanes with 100 sensors, such as strain gauges, accelerometers, weigh-in-motion 

devices, anemometers and temperature sensors [12]. The sensors sensed unusual 

vibrations in the cables gripping the bridge in 2004. Therefore, the engineers were able 

to install supplementary weight to moderate the cables on time. Furthermore, wireless 

monitoring systems in tunnels are implemented extensively around the world. 

 

1.2.2  WSN in Environmental Monitoring 

Since the WSN technology has been increasingly developed, real-time environmental 

conditions are distantly detected by using data collection on a real-time basis, 

transmission, and processing. The system consists of numerous sensor nodes and a 

control station. Each node comprises of a cluster of sensors and the data is detected by 

the applicable sensor and later transmitted to the main station via WSN protocol. The 

base station is generally a personal computer (PC) with Graphic User Interface (GUI) for 

clients to analyze the data of water quality [13].  

The major purpose of environmental monitoring is to manage and detect various 

environmental conditions and weather changes or climate changes. Many works have 
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been studied on architecture and development of environmental monitoring system 

based on sensor network development [14–17]. The wind speed and direction 

information, barometric pressure, air temperature, solar radiation, relative humidity, and 

rainfall are detected by the sensors and transmitted to the weather station. These 

measurements are used to estimate the weather and hostile natural circumstances. 

Therefore, the weather station provides weather forecast information to the residents. 

Long operation time is a critical need for environmental monitoring applications and a 

massive load of data is needed to be logged in the field due to the long transmission time 

over the network. In addition, the bandwidth and cost are also critical for the isolated 

network from other parts.  

A WSN based environmental monitoring system applying diverse wireless 

communication protocols has drawn significant attention in recent years for which this 

increases the progress of small size multi-functional sensors which can interact in short 

range with low cost and power [18]. The applications of environmental monitoring 

include water quality monitoring (WQM) [19–21], forest fire surveillance [22], 

microclimates of glaciers [23–25] or rainforests [26, 27], greenhouse monitoring and 

control system [28–31], volcano monitoring [32-34], animal tracking [35, 36], 

earthquake monitoring [37, 38], and air quality monitoring [15, 39–41].  

In recent years, the studies of WSN based environmental sensing and monitoring 

systems have attracted many researchers since the real-time data from distributed 

sensors can be collected and the systems can operate autonomously [42–45]. The WSN 

based environmental monitoring systems do not necessitate the involvement of an 

operator [46, 47]. Therefore the sensors can be positioned in the remote places where 

human intervention is lacking.  

 

1.2.3  WSN in Healthcare Service 

Since last decade, WSN in health care has been developing as a key area of research for 

healthcare practices such as pre-and-post hospital patient monitoring, medical treatment 

[48], and early disease warning systems [49]. When WSNs are designed for healthcare 

applications, they are referred to as wireless medical sensor networks (WMSNs). The 

WSN applications in health care are integrated into many types of wireless 

communication mode, and they are wearable, portable and implantable. The
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physiological data of patients are detected by the relevant sensors and sent to the remote 

healthcare professionals wirelessly without human intervention. Therefore, healthcare 

providers can monitor the patient’s vital physiological signs such as heart rate, body 

temperature, oxygen saturation in blood and blood pressure.  

 The WMSNs have improved significantly in the 21st century [50] due to its benefits 

of reducing the time of interaction needed between physicians and costs. The WSN 

applications in health care are assisting healthcare providers in enhancing efficiency and 

cost-effectiveness in long-term care accessibilities. 

 

1.2.4  WSN in Agriculture 

In the last decade, WSN applications in agriculture for monitoring, evaluating and 

managing agricultural practices have started emerging due to low cost, low data rate, and 

low power consumption. The WSN technology in agriculture involves a large scope of 

agricultural issues from regular human supervision through cultivation to farm harvest 

processing and pre-and-post production details of agricultural industry [51–53]. Sensor 

networks to improve agriculture quality, productivity and resource optimization have 

therefore been developed. The WSN in agriculture application allows data-logging and 

data-analysis to monitor and collect data such as humidity, air pressure, and soil 

moisture parameters in the agricultural domain.  

 One of the applications of WSN in agriculture is Precision Agriculture (PA) [54] 

which provides one of the most suitable scenarios for the deployment of WSNs. The 

advantages of PA are offering feedback in real-time basis on several diverse harvest and 

area variables. In addition, the PA allows accuracy in the harvest area size it detects in 

the supply proportions of fertilizer and water etc. The current WSN applications in 

agriculture are applied in vast harvest region observing, harvest yield enhancement, 

forest fire prevention, forest/vegetation monitoring, tracking animals and biomass 

studies [55]. The real-time data in the field is collected, extracted features from raw data, 

and transmitted to the base station. 
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1.2.5  WSN in Border Monitoring and Surveillance 

The WSN technology is suitable for the applications in surveillance systems due to the 

high-bandwidth range or analytical wireless technology for even data traffic and 

outlying monitoring from a long distance [56]. The sensors of the surveillance system 

detect unusual events and report to the base station securely with the location 

information. Many recent studies have presented on border surveillance applications 

based on WSNs in which sensors are able to detect every moving object over a barrier 

[57–61]. The sensor nodes sense the relevant data in its surroundings, as the data is then 

computed and transmitted to the base station. The security video camera systems are 

required to detect the source of alarm sensed by the sensors.  

 

1.2.6  WSN in Smart Building 

The WSN in smart building applications is employed in survey lighting, heating, and 

ventilation [62]. The sensor nodes are linked through wireless networks and are 

controlled remotely. The sensors enable the evaluation of alarm circumstances and 

observe the action in the specific sectors of the building where it is positioned. The 

WSN in smart building applications allow technologies that improve energy 

effectiveness, user-friendliness and security of the buildings. 

 

1.3  Internet of Things (IoT)  

Although the term “Internet of Things” is relatively new, the hypotheses of connecting 

devices, computers and networks to observe and control devices have already been 

presented since the 1970s. In the 1990s, the development and progress in wireless 

technology-empowered “machine-to-machine” (M2M) innovations for the monitoring 

and controlling of industrial equipment. Nowadays, M2M is a vital implementation in 

technology that represents the connections and communications. IoT is a physical 

network which links all objects in order to interchange data and information among the 

data detecting devices such as sensors and computers coordinated with applicable 

protocols. The IoT has been evolving parallel to the development of WSNs. In other 

word, many objects or things are connected within a network in one structure or another.
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 The term IoT was created by Kevin Ashton in 1999 [63] and refers to distinctively 

distinguishable things and their communications with each other in an “internet-like” 

structure. Although IoT does not have any universal definition, the fundamental concept 

of IoT ubiquitously offers various subjects, such as sensors, radio frequency 

identification (RFID) tags and actuators to connect, interact and collaborate with each 

other to comprehend the functions of interaction, computation, and tasks [64]. The IoT is 

a physical network which consists of numerous connected devices such as sensors, 

microcontrollers, actuators, and computers. These devices are equipped with identifying, 

sensing, networking and processing capabilities to communicate with one another and 

with other devices and services over wireless communication [65].  

 The objects within the network are interconnected and can be controlled remotely in 

an IoT where the data can be exchanged and processed by all things per predefined 

designs within an IoT [66]. The technology of embedded electronics allows real/physical 

thing such as RFID, sensor, actuator, and computer to detect, compute, interact, and 

integrate flawlessly with the surrounding environment [67]. These things in an IoT 

system are re-useable, hence, the components of software and hardware can be 

reprocessed and upgraded effectively in the IoT environment. To collect the multiple 

sensors’ data, many wireless sensor nodes are essential to fulfill the conditions of 

environmental data collection in IoT. Therefore, the most accurate data from the sensor 

nodes can be collected [68].   

 The objectives of intelligent verifying, detecting, positioning, controlling things and 

tracking are accomplished by the applications of IoT [69]. IoT has become distinguished 

due to its substantial progress in technologies of implementing appliances such as 

embedded sensor nodes, Near Field Communication (NFC) devices and RFID tags and 

readers [70]. As the IoT standard is dynamically linked with the effective incorporation 

of RFID systems and WSNs, there have been several types of research on WSN in the 

IoT environment [71]. Zorzi et al. [72] stated that the main goal of IoT study is to 

incorporate WSN into a worldwide interrelated infrastructure. As the systems of RFID 

are commonly unassertive, the nodes counter to queries by a tag reader or an RFID 

reader. Therefore, the RFID system does not accommodate nodes to interact with each 

other separately to initiate communication. 
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 The WSN nodes are required to enable the IoT to resolve this problem while 

preserving the self-dependency of energy [71]. The applications of IoT based on WSN 

allow the systems of information and communication to be imperceptibly implanted in 

the environment as the wireless network facilitates individuals to communicate distantly 

with the physical world [73]. The IoT is merely comprehensive utilisations of existing 

technologies while new communication modes are created. The IoT allows a diversity of 

gateway technologies, wired and wireless communication technologies, networking 

technologies and switching technologies. The summary of some common wireless 

protocols used in IoT applications is described in Table 1 [74]. 

 

1.3.1  Applications of IoT 

 

Since the IoT allows the potential resolutions that significantly enhance health, energy 

efficiency, education, security and several additional phases of daily chores, IoT touches 

every facet of daily human lives nowadays.  The IoT can be used in all industrial 

activities between companies, organizations, and individuals.  

 

Table 1.1: Summary of some Common Wireless Communication Protocols in IoT [74] 

Protocol Coverage Range Data Rates 

Power 

Consumption 

ZigBee Short (10–20 m) Low (20 Kbps–250 Kbps) Low 

Z-Wave Short (30 m) Low (40 Kbps–100 Kbps) Ultra - low 

INSTEON Short (50 m) Very Low (38.4 Kbps) Low 

Wavenis Long (1 km) Low (4.8 Kbps–100 Kbps) Low 

Wi-Fi Medium High (typical 100–300 Mbps, High 

  (30–100 m) up to 7 Gbps)   

6LowPAN N/A N/A Low 

LoRaWAN Very Long Very Low (0.3 Kbps–50 Kbps) Low 

  (15 km)     

NB-IoT Very Long Medium (2 Mbps) Ultra - low 

  (10–15 km)     
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1.3.1.1  IoT in Infrastructure Areas 

Currently, the IoT has increasing usage in various infrastructure applications such as 

environmental monitoring, smart cities, smart homes, and building. The networks of the 

smart grid, sensors, monitors, cameras, and speaker accumulate data and the functional 

programs practice it to apply the diverse maintenances of the urban by using IoT 

technology [75]. The IoT can also be used to enhance a city’s sustainable maintenance 

by managing the usage of energy and to upgrade the standard of living of the residents. 

The applications of IoT can also be used in air quality monitoring and control, waste 

management, traffic congestion, noise monitoring, automation, smart lighting, structure 

and composition of public buildings and smart parking [76]. 

 

1.3.1.2  IoT in Healthcare Service 

One of the important applications of IoT is health care since IoT allows real-time 

monitoring of medical parameters and important physiological data such as heart rate, 

body temperature, blood glucose concentration, blood pressure, and blood oxygen 

concentration by using medical advanced sensor technologies and wireless 

communication [77]. The wearable sensors and devices are interconnected and can 

organize and perform the body sensor networks (BSNs) which allows healthcare 

providers to access constant remote monitoring of the medical parameters of home care 

patients or patients at a remote location. The biosensors in IoT collect the patients’ 

physiological data in which these data are sent to distant healthcare providers. Recently, 

wearable biosensors have been developed to access physiological data of the patient, 

monitor daily activities of senior citizens at home, while providing health care for the 

elderly without interfering their daily activities [78]. 

 

1.3.1.3  IoT in Environmental Monitoring 

Recently, environmental technology becomes a crucial field of sustainable growth 

globally; hence, environmental monitoring work has been increasingly popular among 

researchers. The studies on environmental monitoring show that WSN applications in 

IoT reduce cost while increasing its reliability, and maintaining longer operation time
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[79]. The environmental monitoring system consists of a sensor acquisition interface 

device to detect a variety of WSN sensor data in IoT environments [80]. The IoT 

comprises the technology of integrating sensors and devices, the power of RFID tags, 

mobile technology and different intelligent technologies without human intervention 

[81]. Therefore, the implementation of low power consumption and low-cost sensors in 

IoT is a significant development of WSNs [82].  

 Currently, there are still certain constraints to IoT as enormous numbers of sensors 

that are deployed in IoT require a high cost of servicing including battery replacement. 

In addition, the sensors may profoundly differ from one another, thus, the requirements 

for determined scalability on any solution offered for the IoT. Since power efficiency is 

the major limitation in the architecture technique of IoT, low power sensor designs are 

demanded [83]. In the WSN system, when the data sensed by the appropriate sensors are 

computed, the resulted data is transmitted to the gateway or the base station server. 

According to Moore’s Law, analog circuits in wireless communication consume more 

power compared to digital circuits [84]. Therefore, transmitting circuits with low-power 

should also be designed for low-power sensor node in wireless communication.  Any 

further extensive research is essential to explore the possible means of energy efficiency 

and scalability in the IoT.  

 Hence, WSN is a principal technology for IoT in which intelligent sensors are used 

to sense and monitor the data [85, 86]. To collect multiple sensors’ data, a lot of wireless 

sensor nodes are essential to fulfill the specifications of IoT environmental data 

collection, consequently, the most accurate data from the sensor nodes can be collected. 

Currently, there are many data collection interface appliances on the market. However, 

the existing interface devices are not discretely flexible to the altering environment of 

IoT due to the specialization of operation of those devices and restriction in physical 

properties of sensors used [68]. At present, either a microcontroller unit (MCU) or a 

Field Programmable Gate Array (FPGA) is commonly used as the primary controller in 

common data collection interface devices due to its low power consumption, low cost 

and ease of implementation.  

 However, the MCU cannot achieve parallel data collection in real-time due to the 

interruption in processing. Conversely, the FPGA has specific synchronicity, real-time 

performance and hardware logic control [87, 88]. Therefore, the FPGA enables a parallel 
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system of multi-sensor data collection and improves system performance significantly in 

real-time basis [89]. The major challenges are the complexity of the WSN system and 

the diverse types of sensors in the IoT environment [90, 91].  Since the sensor data 

collection device is the crucial component of the WSN applications [86], the Institute of 

Electrical and Electronics Engineers (IEEE) Association has introduced the IEEE 1451 

Smart Transducer Interface Module (STIM) standard to resolve the compatibility 

problem of the intelligent sensors [92]. The sensors observe network automatically by 

the STIM interface standard IEEE 1451 to improve the industrial WSN applications 

[93].  

 However, the sensors are high-priced and therefore, not favoured in the industrial 

WSN applications in the IoT environment.  Even though there are some smart sensors 

available in the market, the flexibility with this standard remains restricted. Therefore, 

the sensor interface hardware based on the IEEE 1451 has been lately recommended to 

solve these problems with the capability of interfacing with different sensor topologies 

[94]. The important role in IoT is a low-power wireless network which is composed of 

sensor nodes and the IEEE 802.15.4 standard for energy-efficient wireless protocols 

utilized [95]. The architecture of IoT comprises of three layers: 1) the perception layer, 

2) the network layer, and 3) the application layer [96].  

 Since the perception layer consists of sensors, RFID readers, M2M terminals, 

cameras and the data collection interface device which is important for the incorporation 

and collaboration of different environments and acquisition of sensor data [97], the 

design of the data collection interface is principally implemented to the perception layer 

of IoT [98] in this research. The network layer connects all things and the data can be 

shared by things with the connected things via the network layer. The data is sent to the 

control station or the decision-making unit. The application layer performs information 

exchanging and storage, management of data, and communication. The architecture of 

the IoT is depicted in Fig. 1.3. Although the architecture process of the reconfigurable 

intelligent sensor interface system to monitor the water quality was studied, further 

researches are required to evaluate the performance of the application.
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Fig. 1.3: Architecture of IoT 

 

 

1.4  Reconfigurable System 

In a reconfigurable system, programmable hardware is the core component and that can 

be temporarily customized for a specific program. A reconfigurable device comprises an 

array of computational elements such as logic blocks and multiple programmable 

configuration bits define the performance of the device. The logic blocks are connected 

by means of a set of programmable routing resources; as a result, customized digital 

circuits are mapped to the reconfigurable hardware by computing the logic functions of 

the circuit within the logic blocks. Subsequently, the blocks are connected together by 

means of configurable routing to achieve the required circuit [99]. The most common 

type of reconfigurable device is FPGA and its fine-grain reconfigurable architecture is 

based on single bit operation. The mapping functions of FPGA devices are challenging 

and FPGA devices involve a high volume of configuration data [100]. The static 

random-access memory (SRAM)-programmable bits of FPGA is connected to the 

configuration points in the FPGA, and programmable the SRAM bits configure the 

FPGA. 
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 The main advantage of a reconfigurable processor is effective computations are 

performed and program-specific operations are achieved in the programmable hardware 

and the reconfigurable computation increases computational performance. As a result, 

energy consumption is achieved [99,100]. The reconfigurable processors outperform the 

processors on highly repetitive computing tasks with limited functional diversity [101]. 

Since the processing modules of wireless applications must establish simultaneously 

computational performance, ultralow-power consumption and a high degree of 

flexibility and adaptability, the ability to be reconfigured is required in the presence of 

multiple and evolving standards in dynamic conditions [100].  

 

1.5  Motivation 

Water is a necessity for the survival of all living things. However, pollution of water has 

become a primary cause of many diseases and deaths globally. The high mortality rate of 

14,000 deaths daily around the world is due to the effects of water pollution [102]. 

Therefore, WQM serves high importance in environmental monitoring.  The traditional 

method of water quality testing procedures involves collecting samples of the water 

manually and transporting the samples to a laboratory for analysis to examine the quality 

of water [103–105]. Therefore, the traditional method of water quality detection is 

laborious, costly, time and manpower consuming as it is dependent on human 

intervention where the water samples need to be transported from the water resource to 

the laboratory for analysis besides requiring the utilization of specialized tools and 

involvement of professionals.  

 As the laboratory-based analysis is a multifarious assignment that requires a number 

of operational procedures, the expenditure of the laboratory-based hardware system, the 

expenditure for construction of laboratories, successive building and system 

maintenance and is considered limitations [106]. Since the water conditions such as level 

of pH and carbon dioxide (CO2) change over time, when a collection of water samples 

and examination of data could not be achieved within a short period of time, it is 

inconvenient to verify the real-time water conditions [104]. The traditional method of 

WQM systems has several sources of errors caused by both humans and the type of 

containers used for water sample collection.
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 Although the idea of water quality detection based on WSN was introduced in early 

2000, it is increasingly attracting many researchers in recent years for the improvement 

of devices and communication technology since it is an autonomous solution to improve 

the environmental detection technology.  In the last decade, the WSN based WQM has 

been increasingly popular and a number of researchers have studied, proposed and 

designed WSNs for WQM [107–110]. Many studies proved that WSN based WQM 

systems reduce the cost and time due to the training of staff for collecting water samples, 

transferring the water samples, for the laboratory examination and the data 

documentation [108], [111–113]. The advantages of WSN based WQM systems include: 

1. Sensor nodes can be placed in a remote place. 

2. Water data can be detected at the desired time. 

3. Real-time analysis of water data can be transmitted to the monitoring person.  

4. The cost is reduced. 

5. Power consumption is reduced. 

6. Labour is reduced. 

7. Time is saved [103], [114–116]. 

 

The studies and implementation of WQM systems based on WSN have been 

proposed by several researchers all over the world in recent years [46], [107], [110], 

[112] [117–122]. In [46], the author proposed a “SmartCoast" multi-sensor system for 

water quality monitoring to measure water temperature, pH, conductivity, depth, and 

turbidity. The sensors are interfaced with the system in a “Plug and Play” fashion. In 

[107], the author designed a water quality measuring system and a prototype 

implementation of a water quality wireless sensor network. The author used triggers 

sleeping/wake-up modes to propose an energy consumption minimization strategy. The 

ALIX 2 embedded Linux board is used for wireless sensor gateway layer. In [120], the 

author deployed the sensors of the network on the sea surface to monitor the water 

characteristics such as temperature, pH, dissolved oxygen, etc.  

 In [112], the author developed a web-based wireless sensor network application for 

monitoring water pollution using Zigbee and WiMAX technologies. The CC2431EM is 

used as sensor nodes. The system allows users to remotely monitor the water quality 

from their offices. In [117], the author designed an autonomous WQM system using 
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Arduino Mega controller and sensors to measure water quality. In [118], the author 

designed a WQM system using water quality sensors, raspberry pi microcontroller, and 

Zigbee module. In [119], the author presented a smart sensor design to detect certain 

water contaminations using sensors to detect water parameters, a PIC microcontroller, 

and ZigBee wireless communication module. In [120], the author proposed the WQM 

system using ARM-based microcontroller, water parameter Sensors, ZigBee 

communication module, a PC and C programming language for software to collect the 

data of water level, PH, temperature, and carbon dioxide quantity. 

In [121], the author proposed a WSN based on a real-time monitoring system for 

WQM to monitor the data of water parameters. In [122], the author designed a WQM 

system prototype based on WSN to measure the data of water parameters. Different 

researchers use different hardware such as sensors, microcontrollers, wireless protocols, 

gateway and monitoring devices, and software depending on the components utilized. 

Since the existing sensor interface devices are generally based on the relatively 

elaborated and dedicated electronic boards, the performance of the devices is limited. 

Further research should be executed to accomplish a broader space for development in 

the area of WSN in the IoT environment. The details of existing WQM systems will be 

discussed in Chapter 2. Since the environmental monitoring is critical and highly 

demanded, more environmental information is required. In this proposed research, the 

data of five water parameters such as temperature, water level, the concentration of CO2 

on the water surface, water properties (or) pH of the water and the turbidity of water in 

real time are detected by the five applicable sensors. The collected data of water quality 

is sent to the FPGA board for computing and processing. The computed data is then sent 

to the control station through the ZigBee wireless communication module. Therefore, 

the users can monitor real-time data of water quality from a remote place. 

 

1.6  Objectives 

The main aim of this research is to design and develop a field programmable gate array 

(FPGA) based wireless sensor network (WSN) in an internet of things (IoT) 

environment. Distinctively, the objectives of this research are to:
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 design a reconfigurable water quality monitoring system (WQM) and develop 

very high speed integrated circuit hardware description language (VHDL) 

modules to detect water quality such as water pH, water level, the water 

temperature in degree Celcius, turbidity of water and concentration of CO2 on the 

surface of the water in a real-time basis, 

 investigate the performance of the proposed reconfigurable design on a system-

on-chip (SoC) platform to enhance the quality of the developed system, and 

 evaluate and validate the effectiveness of the proposed system using computer 

simulations and laboratory experiments. 

 

1.7  Project System Diagram 

 

 

Fig. 1.4: Project System 
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Fig. 1.4 shows the project flow of the system in which seven activities are scheduled and 

carried out in order to complete this project.  

  

1.8  Thesis Contribution and Outline 

The contributions of the reconfigurable WSN design for WQM in the IoT environment 

includes: - 

1. A prototype of a reconfigurable WSN system capable of detecting real-time data of 

water quality, wirelessly transmitting the computed data to a remote monitoring PC, 

saving the data on a console window of the utilized software.  

2. Complete Qsys design details for the hardware system that facilitates reconfiguration 

of data processing algorithms, system hardware, and network topology.  

3. Complete design details for the software system which includes the procedures for 

compiling, configuring and programming of an FPGA SoC based on the Nios-II 

processor. 

 

The objective of this thesis is achieved by theoretical studies of WQM sensors, WSN 

and experimental analysis and deliberation of constraints of design solutions. The thesis 

is organized as follows: 

Chapter 2 discusses the literature review of wireless WQM systems. The different 

wireless communication protocols are discussed while the advantages of a ZigBee 

network and the Zigbee based existing wireless WQM systems are also presented. The 

studies of WQM system in the IoT environment are also illustrated in this chapter.  

In Chapter 3, the design and planning of the proposed reconfigurable WSN design for 

WQM in the IoT environment are discussed. The selection of the electronic components, 

hardware, and software of the proposed system are described in this chapter. Meanwhile, 

Chapter 4 covers the explanation of a system implementation of both hardware and 

software in detail. Chapter 5 demonstrates the experimental results with measurements 

of water parameters and Chapter 6 reviews the studies in a conclusion and includes the 

contribution of this thesis. Future work is proposed in this chapter.
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Chapter 2: Literature Review 

In this chapter, the different wireless protocols such as WiFi, Bluetooth, 3G/4G cellular 

technologies, Global System for Mobile Communications (GSM), GPRS, and Zigbee are  

discussed. The advantages of using Zigbee network in WSN applications are also 

discussed and the recent technology of Zigbee based WQM systems are presented. The 

review of WQM devices using different controllers such as PIC, MSP controller, Intel 

controller, Arduino controller, ARM processor, Atmel/ATMega controller, FPGA, and 

SoC boards are also discussed. The recent studies of Wireless WQM in the IoT 

environment are also presented and the limitations of existing systems of wireless WQM 

are also revealed. 

Chapter 3:  Designing the System Model 

In this chapter, the selection of hardware and software such as FPGA SoC board and 

Nios- II softcore processor is discussed in detail. The comparison of hardware sensors 

and the selection of hardware sensors such as Ultrasonic sensor LV-Maxsonar EZ1, 

Temperature sensor DS18B20, Atlas Scientific pH kit, CO2 sensor SKU: SEN0219, and 

Turbidity sensor SKU: SEN0189 over the other sensors for the advantages of selected 

sensors are discussed. The selection of Xbee Pro S1 wireless protocol over the Telegesis 

ETRX3 series modules and the selection of XTU software and Grafana software for the 

display dashboard are described. 

Chapter 4: System Implementation 

In this chapter, the implementation of the designed wireless WQM system in IoT 

environment is discussed starting from the Nios- II software development environment 

implementation in the initial section which is followed by the hardware design 

implementation in the Qsys tools of Quartus II. The implementation of hardware 

components on the FPGA board, the XBee RF module is presented. The WQM sensors 

are also installed and implemented. The flow chart of software analysis and the 

installation of software such as XCTU and Grafana is also simplified and presented. The 

total resource utilization of FPGA board is described in the last section of this chapter.
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Chapter 5: Experimental Measurement 

In Chapter 5, the operation of the designed device is displayed in the initial section. The 

measurement of the water parameters of the Lake is described in the latter section. Then, 

the collected data of water parameters are analyzed in the last section.  



 

 

 

Chapter 2 

Literature Review 

In this chapter, a literature analysis survey is presented to describe the wireless 

communication protocols. The typical communication protocols in WSN and the 

architecture of the Zigbee wireless communication protocol are presented. The ZigBee 

based WQM systems are also presented. The WQM systems based on different 

microcontrollers and different wireless communication protocols are also described. The 

studies of WQM in IoT are also discussed in the latter section. The limitations of 

existing WQM systems are also presented. 

 

2.1  Wireless Communication Protocols  

In WSN, the wireless protocols offer wireless data transmission with relevant data rates 

between the sensor nodes and the control station or base station for a broad coverage 

area of applications. The well-known communication technologies are WiFi, Bluetooth, 

2G/3G/4G, GSM/GPRS and ZigBee. 

 

2.1.1  WiFi 

WiFi is the well-known denomination of the wireless Ethernet 802.11b which is the 

standard for WLANs [123]. The WiFi is a physical/link layer interface and the layers 

above the physical and data link layers include TCP/IP [124]. The WiFi LANs operate 

using unlicensed spectrum in the frequency of the 2.4GHz band. Typically, the base 

station equipment of WLANs is possessed, accessed and operated by the end-user. The 

wireless link is a hundred meters from the end-user device to the base station which is 

then connected to the wireline LAN or to a wire line access line to a carrier’s backbone 

network and then eventually to the Internet. The WiFi coverage that is supported by a 

base station is a hundred meters long, however, the coverage over a greater area can be 

achieved by using various control stations [123].  

 The minimum WiFi transmission range is 300m for outdoors and 100m for indoors. 

The WLANs supports data communication and real-time systems such as voice and 

video over IP networks [125]. The advantage of WiFi is its high bandwidth as the latest
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 WiFi technology 802.11n can achieve 300Mbps data transfer rate and about 100M to 

150Mbps throughput [126]. Since the WiFi technology is devised for massive data 

transfer using high-speed throughput, it is used in the public, private organizations, 

universities and is embedded in all mobile devices such as smartphones, tablets, laptops, 

etc. The power consumption of Wi-Fi is estimated to be 116 mA at 1.8V when 

transmitted at 40 Mbps. Power efficiency (Power per bit) is estimated to be at 

0.210/40,000,000 = 0.00525 μW/bit [127]. Although the power efficiency of WiFi is 

remarkable based on mathematical calculation and is excellent in large data transference, 

WiFi-based devices still need higher power for its peak current consumption. 

 

2.1.2  Bluetooth 

Bluetooth technology is commonly known as the IEEE 802.15.1 standard and it is 

constructed on a wireless radio system fabricated for transmitting data between devices 

located within the short range [128]. The Bluetooth system utilizes the omnidirectional 

radio waves which can penetrate walls [129], while Bluetooth radios use a spread-

spectrum, full-duplex signal and frequency-hopping [130]. Bluetooth wireless 

communication systems work in the 2.4 GHz band with the original data rate of 1 Mbps 

up to the most recent 24 Mbps [131]. The specification of Bluetooth is a low-cost and 

low-power technology that offers a standardized platform for wireless connection 

between mobile devices and facilitates connections between devices. The architecture of 

Bluetooth comprises of link layer and application layer.  

 The Bluetooth wireless protocol can vary channels up to 1600 times per second to 

reduce the interference with other protocols within the same band. The transmission of 

Bluetooth does not stop when encountering the interference of another device; however, 

the transmission speed is reduced [85]. Two connectivity topologies namely the piconet 

and scatternet are defined in Bluetooth [132]. The communication between the devices 

over an ad-hoc network is known as piconet which is automatically and dynamically 

established as soon as the Bluetooth devices are activated in the radio proximity [133]. 

When the devices are connected to a network, one of the two devices take on the role as 

a “master” while the other devices perform as “slaves”. Each piconet is defined by a 

frequency-hopping channel based on the address of the master. However, the Bluetooth 
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is a master-slave structured packet-based protocol in which one master can only 

interconnect with a maximum of seven slaves in a piconet [134]. 

 A slave device can be set in standby mode to minimize power consumption. A 

scatternet is formed when the two or more piconets are connected. In a scatternet, the 

responsible devices perform the master role in one piconet and the slave’s role in 

another piconet. A device in a scatternet can perform the role of slave in many piconets, 

but it can only perform the master role in only one of them [135]. The Bluetooth 

applications are mainly for indoor conditions and powered by a battery. The 

specification of Bluetooth is a range of not less than 10m and the physical layer can be 

designed to restrict power consumption to 1mW [136]. The Bluetooth devices within a 

range of 30.5m can critically communicate when walls are present between devices. The 

Bluetooth v4.0 is created for the transfer of small amounts of data, and its peak power 

consumption is lower than 15mA [137].  Since the Bluetooth technology is designed for 

short-range RF-based connectivity, it has restricted performance, therefore, the 

applicability of Bluetooth to WSN is limited and in most cases, thus it is not appropriate 

for the applications of WSN [138]. 

 

2.1.3  3G/4G Cellular Technologies 

3G is the abbreviated form of “Third Generation” in which it is the third generation of 

mobile telecommunications technology proposing a download speed up to 3.1 Mbps. 

The 3G network allows users to perform data transmission thus allowing processes and 

applications such as file transmission, online TV viewing, voice and video calling, high 

definition videos viewing, games, internet surfing, etc. [139]. The 3G network includes 

two main components such as Radio Access Network (RAN) and Core Network (CN) 

[140]. Based on the different standards, the typical 3G data protocols are EDGE, EV-

DO, and HSPA. The 3G RAN uses the existing GSM /GPRS RAN system which is 

linked to the packet switched network and the circuit switched network.  

 The 3G services provide mobile communication applications such as mobile internet 

access, wireless voice telephone, mobile TV and video calls, all in a mobile 

environment. The cost of 3G is high as it is based on the cellular infrastructure and the 

cost of upgrading base stations is very high. The power consumption of 3G is high and 

3G users require close to base stations. The roaming and data/voice work has yet to be
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 executed [139]. The 3G services provide mobile communication applications such as 

mobile internet access, wireless voice telephone, mobile TV and video calls, all in a 

mobile environment. The cost of 3G is high as it is based on the cellular infrastructure 

and the cost of upgrading base stations is very high. The power consumption of 3G is 

high and 3G users require close to base stations. The roaming and data/voice work has 

yet to be executed [139]. 

 4G is the abbreviation for the fourth generation of cellular wireless standards, and 

the current 4G technologies are Wi-Max, HSPA+, and LTE, due to their use of the 

Multiple Input/Multiple Output (MIMO) standards [141]. 4G includes all the 3G 

facilities and it has a data transmission bandwidth of 200Mbps and frequency band of 2-

8 GHz. Therefore, 4G technology allows users to collect and transmit data concurrently 

across multiple frequencies through their cell phones with a significant increase in speed 

as the aim of the 4G network is to increase data transmission speed dramatically. 

Currently, the applications of the 4G technology comprise of mobile web access, video 

conferencing, 3D television, cloud computing, gaming services, high-definition mobile 

TV and IP telephony. Besides, the cost of 4G is lower than that of 3G [139]. 

 

2.1.4  GSM 

Global System for Mobile Communications (GSM) is a digital mobile telephone system 

that was started in Europe and other parts of the world. Today GSM networks operate on 

different frequency bands such as 850MHz, 900MHz, 1800MHz and 1900MHz and the 

GSM modem uses AT commands for sending and receiving SMS messages in sim cards 

[142]. The GSM network is classified into three comprehensive parts: the mobile station, 

base station subsystem and a network subsystem. The mobile station is transported by 

the subscriber, and the base station subsystem controls the radio link with the mobile 

station. The key part of the network system is the mobile service switching centre 

(MSC) which operates on the switching of calls between the mobile users and between 

mobile and fixed network users [143].  

 The mobile station and the control station subsystem interact across the Um interface 

which is commonly recognized as the air interface or radio link [144]. The users can 

transmit and receive data across the GSM network at a rate up to 9600 bps to users on



Chapter 2. Literature Review                                                                                                                                                                  25         
 

 

 

POTS (Plain Old Telephone Service), ISDN, Packet Switched Public Data Networks, 

and Circuit Switched Public Data Networks using a variety of access methods and 

protocols, such as X.25 or X.32. A modem is not required between the users and the 

network because GSM is a digital network. However, an audio modem is necessary for 

the GSM network to interwork with POTS [145]. 

 

2.1.5  GPRS 

A packet radio principle is applied by General Packet Radio Service (GPRS) to transmit 

user data packets in a productive way between mobile stations and external packet data 

networks. The GPRS is constructed on the top of GSM for distributing data access 

feature to the users and providing a data rate of 115 Kbps. The GPRS transmits data 

using grouping exchange with high efficiency and delivers users connection in the form 

of mobile grouping IP or x.25. Since the GSM Base Station Subsystem (BSS) is adjusted 

to support the GPRS connectionless packet mode of operation, GPRS has the same 

bandwidth, frequency slot, wireless modulation, retransmission structure, data frame and 

frequency-hopping of TDMA as GSM, and it is considered as a service or feature of 

GSM.  

 The GPRS network includes two parts, namely wireless access and the main 

network. The wireless access performs the role as a communicator between mobile node 

and BSS while the main network enables the communication between BBS and router in 

a standard digital communication network. Since the GPRS technology is designed by 

developing the GSM standards bodies, the GPRS associates covering a packet-based air 

interface on the existing circuit switched GSM network [146]. Thus, in a system with 

defined functionality, interfaces and inter-network operation for roaming support are 

offered. Therefore, the user has a possibility to operate a packet-based data service with 

packet switching where GPRS radio resources are applied only when users are 

transmitting or receiving data.  

  A great number of GPRS users can possibly share the same bandwidth and be served 

from a single cell. Since the public communication network is extendible, the coverage 

of the public communication network of GPRS is immense. The GPRS is estimated to 

be used for e-mail, Web browsing, points of sale, traffic telemetric systems, and various
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 vertical applications. Since the GPRS provides point-to-point and point-to-multipoint 

connections, a wide range of applications can be operated. The cost is based on usage, 

usually on a monthly basis. The GPRS is a formalized network connection which is 

powered by a telecommunications provider. Since the IP address is attached in the 

GPRS gateway node, the mobility of the data terminal to GPRS-based internal networks 

limited. The power consumption ranges from approximately 1uA during stop mode to 

480mA during transmission on average. 

 

 

2.1.6  ZigBee 

ZigBee is a standard protocol based on IEEE 802.15.4 standard which is adopted by the 

ZigBee Alliance to achieve wireless communication with low power consumption and 

low data rate [147]. The ZigBee is designed to transmit data up to 250 kBps in the 

2.4 GHz frequency band within 90m of indoor coverage and 3.2km of line-of-sight 

outdoor coverage. The ZigBee is used in different wireless applications such as 

commercial building automation, smart energy, telemedicine, home and hospital care, 

home automation, remote control for consumer electronics, telecommunication 

applications, and industrial process monitoring and control. 

 Based on an open global standard, hundreds of members from around the world have 

associated the Alliance and are collaborating to enable cost-effective and reliable 

networking of wireless devices. The ZigBee is created to fulfill the necessities of sensors 

and control devices for Low-Rate Wireless Personal Area Networks (LR-WPAN) and it 

is suitable for building an ad-hoc network between stationary or mobile devices for its 

features. These features include low power consumption, low cost, network flexibility, 

low data rate, and two-way wireless communications [148]. The ZigBee has been 

developed for its special advantages that enable safe and reliable data transmission with 

a transmission range of 100+ meters, low equipment costs, an accessible and flexible 

network configuration, and long-lasting batteries compared with other wireless 

technologies such as Bluetooth and Wi-Fi [149]. The architecture of the ZigBee is 

categorized into three divisions as follows: 

 

1. IEEE 802.15.4e which comprises the MAC and PHY layers.
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2. ZigBee Alliance which is composed of the Network (NWK) layer, the 

Application Support Sublayer (APS), security service management, and the 

ZigBee Device Object (ZDO). 

3. ZigBee application section in which the users can apply the ZigBee application 

profiles and invent their own application [150]. 

 The ZigBee specification is created on the top of the IEEE 802.15.4 standard to 

launch large-scale wireless network technology which mainly focuses on the 

development of two layers, namely the physical (PHY) layer and the media access 

control (MAC) layer [150]. The features of ZigBee such as low cost, minimal power 

consumption, low data rate, low complexity, and ease-to-implement are made of these 

layers. The specifications of the PHY layer are a wide range of operational low-power 

features, low-duty-cycle operations, strict power management, and low transmission 

overhead. As the PHY layer of the IEEE802.15.4 standard controls and communicates 

with the radio transceiver directly, the three operational frequency bands are operated by 

the PHY layer: 868 MHz in Europe, 915 MHz in the USA and 2.4 GHz in most other 

countries in the rest of the world. In addition, the PHY layer offers a number of features, 

such as receiver energy detection (RED), link quality indicator (LQI), and clear channel 

assessment (CCA) to support the operation of the MAC layer [151]. 

 The MAC layer also defines different network topologies. The specification of 

MAC-layer is invented to promote the control and monitoring of industrial and home 

applications with low to medium data rates and average delay requirements. The 

network association and disassociation are managed by the MAC layer which also 

synchronizes admittance to the medium through two modes of operation namely 

beaconing and non-beaconing [152]. The beaconing mode controls and forwards data of 

the environment by the means of a consistently active device while the non-beaconing 

mode controls the use of unslotted, non-persistent CSMA-based MAC protocol. Fig. 2.1 

shows the ZigBee stack architecture that consists of IEEE 802.15.4 and ZigBee 

reference model. The network layer integrates between the application layer and MAC 

Layer and it is important for network formation and routing to relay the signals to the 

targeted node. The functions of this layer are to connect and abandon a network, actual 
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Fig. 2.1:  Overview of ZigBee Stack Architecture 

 

 

 

 

Fig. 2.2: Basic network topologies of ZigBee
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routing, frame security, route discovery, one-hop neighbour discovery and information 

storage.   

 The network layer defines the basic topologies such as point to point, peer to peer, 

multipoint, star and mesh by developing the application of peer-to-peer topology. Fig. 

2.2 shows the basic topologies of the ZigBee network. The network layer allows the 

maximization of the battery life of low power devices [153]. The application that 

supports the sub-layer retains tables for binding and forwards the messages between 

bound devices. The functions of ZDO are controlling and managing the application 

objects. The ZigBee specifications consist of ZigBee coordinator, ZigBee router, and 

ZigBee end device. A Zigbee coordinator performs the role of an access point which 

receives all the inward bound data packets from the router and end node. Conversely, a 

ZigBee end node transmits data packets to either a coordinator or a router sensor. A 

ZigBee router performs the roles of both transmitter and receiver by handling the data 

packets from/to adjacent routers and end nodes. The ZigBee router is an IEEE 802.15.4 

full-featured ZigBee node. The router connects the existing networks and extends the 

ZigBee network by adopting new devices that transmit and receive information. The 

ZigBee router performs as a backbone of the network by applying the created routing 

protocols. 

 The ZigBee end device is frequently positioned at the end of the network to execute 

the sensing tasks with the help of a router or coordinator [153]. The ZigBee networks 

consist of a single coordinator device which is the PAN coordinator in accepting the new 

devices, forming the network, and assigning network address. The advantages of ZigBee 

are  

 Low cost 

 Low power consumption 

 Easy to deploy 

 Appropriate range of operation (30 – 100m)  

 Excellent performance in environment with low signal-to-noise ratio 

 Data transfer rate of 250kbps at 2.4GHz 

 Security of data transfer  

 Capabilities of implementation with any type of microcontroller 
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 Requirements of minimum of 64 kb of ROM and 2-32 kb of RAM. 

 The power consumption of a ZigBee device is 0.035706W when transferring 24 

bytes of data. A ZigBee device uses up 0.035706 W when transferring 24 bytes of data 

[127]. The power consumption of ZigBee depends on their coverage area. Hence, sleep 

mode can be implemented in ZigBee device which will help to save most of the energy 

in the WSN. 

 

2.2  ZigBee based WQM Systems 

Bhatt and Patoliya [118] presented their study on “IoT Based Water Quality Monitoring 

System” to observe the water quality using a raspberry pi microcontroller and Zigbee 

module. The system consists of several sensors to measure pH, turbidity, conductivity, 

dissolved oxygen, and temperature. The aim of their work was to ensure the safe supply 

of drinking water the quality in real time and the system to be low cost, faster, more 

efficient, real-time and user-friendly. Cleote, Malekian, and Nair [119] proposed the 

Design of Smart Sensors for Real-Time Water Quality Monitoring using ZigBee to 

measure physiochemical parameters of water quality, such as flow, temperature, pH, 

conduction and the redox potential. The system consists of sensors to detect water 

parameters, a PIC microcontroller, and ZigBee receiver and transmitter modules for 

wireless communication. The system detects certain water contaminations.  

Khaire [120] presented the Water Quality Data Transfer and Monitoring System in 

IoT Environment to collect the data of water level, PH, temperature, and carbon dioxide 

quantity. The system consists of an ARM-based microcontroller, water parameter 

Sensors, ZigBee communication module, a PC.  A C programming language is used for 

software. The aim of the system is to design a cost-effective solution to interface 

palpatory to the sensor network and to achieve reliability and feasibility of the results. 

Curiel et al. [121] proposed a WSN based on a real-time monitoring system for WQM to 

monitor the data of water parameters such as pH and temperature using ZigBee protocol. 

The authors mentioned that the primary goal of their research work was to reduce the 

cost and time of the pH and temperature test of water quality. 
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2.3  Wireless WQM Systems using Microcontrollers 

A number of researchers studied the wireless WQM systems using different 

microcontrollers such as PIC controller, MSP controller, Intel controller, Arduino 

controller, ARM processor, Atmel/ATmega controller, and FPGA board.  

 

2.3.1  Wireless WQM System using PIC Controller 

Karuppasamy et al. [154] presented Water Quality Monitoring and Control using 

Wireless Sensor Networks system using PIC microcontroller, water quality sensors, and 

ZigBee wireless communication module. The system detects water temperature, pH, DO 

and electrical conductivity in real-time and the detected water data is transmitted to 

relevant stakeholders through a web-based portal. The aim of the system is to monitor 

the water data and to control the water resources by providing relevant and timely 

information to stakeholders.  Somasundaram and Edison [155] studied Monitoring 

Water Quality using RF Module using PIC microcontroller, pH sensor, temperature 

sensor, turbidity sensor, RF transceiver, UART and a PC with hyper terminal software. 

The system monitors the water available through the taps through various sensors. The 

water data is transmitted to a remote base station. 

 Devi et al. [156] proposed a real-time system for determination of drinking water 

quality using PIC microcontroller, an array of the sensor node, ZigBee transceiver, and 

GSM transmitters. The aim of the system is to determine the quality of water 

automatically using low cost and in-pipe sensors. Hasan and Khan [157] presented an 

analysis of GSM based automatic water quality control using PIC microcontroller, water 

quality sensors and GSM network. The automatic measurement and reporting system of 

water quality system has been developed in the system. The water data of pH, turbidity, 

and conductivity is detected and transmitted to the monitoring centre by GSM network. 

Somasundaram and Edison [158] designed RF-based WSN technology to monitor water 

quality using pH sensor, PIC microcontroller, turbidity sensor (LED-LDR assembly), 

temperature sensor, 2.4 GHz RF transceiver, 12V power supply, UART and a PC with 

hyper terminal software. In the proposed project, the water quality is monitored 

continuously, and the signals are transmitted to the control station. The users can easily 

observe the quality of the water with the help of GUI.
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 Karthikeyan et al. [159] studied the elevation of water monitoring scheme based on 

ZigBee and wireless antenna capabilities. The study implemented the design and 

execution of a prototype using WSN in which data is identified by means of dissimilar 

sensors at the node plane to compute various parameters such as turbidity, pH and 

oxygen quantity. The data from the results are transmitted via WSN to the control 

station.  Pingle and Jadhav [160] designed a GSM based automatic water quality 

measurement and reporting system to examine the water parameters such as turbidity, 

pH level, temperature and DO.  The PIC microcontroller is utilized as a core controller 

in the proposed study in which the qualities of water are measured in real-time. The 

relevant sensors, ADC, GSM module, and LCD are used as the electronic components 

and hardware of the proposed project.  

  Rajasekar [161] proposed a system to measure the water parameters using water 

quality sensors, PIC microcontroller, GSM network, and MPLAB IDE. The system 

measures water temperature, turbidity, conductivity and pH and the data is transmitted to 

the monitoring center by GSM. The aim of the system is to report abnormality in the 

water quality to the monitoring center. However, the WQM systems based on PIC 

microcontrollers cannot perform the parallel processing and the power consumption of 

the proposed WSN systems is very high. 

 

2.3.2  Wireless WQM System using MSP Controller 

Kumar et al. [162] proposed an efficient water quality and quantity monitoring system 

using MSP microcontroller. The system is implemented to monitor water quality while 

managing the quantity of drinking water using WSN that also monitors pH, temperature, 

conductivity, purity, salinity and water flow. Jinfeng and Shun [163] presented an 

aquaculture WQM system using ZigBee wireless module and MSP microcontroller. The 

system detects, transmits, displays and examines the data of water parameters such as 

pH value, temperature, water level and DO concentration. Duy et al. [164] presented an 

automated monitoring and control system for shrimp farms using sensors to measure pH, 

oxygen, and temperature of water. The system was implemented using ZigBee, GSM, 

Cloud, MSP430 microcontroller and LabVIEW technologies. 
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Kudva et al. [165] designed a real-time water balance monitoring system using an 

ultra-sound level sensor, a Texas Instrument MSP controller a sub-gigahertz radio to set 

up a hub and spoke system. The designed system monitors the water balance in a 

campus-scale water distribution system in real-time. Chen and Liu [166] proposed a 

smart monitoring system of aquaculture to measure the pond water quality parameters 

such as water level, temperature, PH and dissolved oxygen using water quality sensors, 

MSP microcontroller, and GPRS module. The system monitors the water parameters of 

the pond and the water data is transmitted through a GPRS communication module to a 

remote place.  Xiao-Peng et al. [167] studied a sensor network to estimate the velocity of 

the water stream in rivers using the MMA72609 accelerator, MSP430F1612 

microcontroller, and CC2420 IEEE 802.15.4 transmitter. The accelerators are utilized in 

the system to examine the bail swing angle.  

 

2.3.3  Wireless WQM System using Intel Controller 

Purohit and Gokhale [168] presented a real-time WQM system by applying various 

sensors for detecting water quality, Intel microcontroller, Analog to Digital Converter 

(ADC), GSM module and a liquid crystal display (LCD). The time and cost for 

development are increased for the complication of the circuit architecture as 

microcontrollers have more complex structures. 

 

2.3.4  Wireless WQM System using Arduino Controller 

Beri [169] proposed an autonomous real-time system to detect the physical and chemical 

parameters of water such as turbidity, temperature, and pH using the Arduino Atmega 

microcontroller and Zigbee wireless module. In the proposed design, the sensors detect 

the threshold level values and the Arduino Atmega microcontroller generates alarms and 

sends information of the abnormality of a particular quality parameter to the 

authenticated user through the ZigBee wireless module. The manipulated data through 

Atmega microcontroller is transmitted through Zigbee and displayed on the LCD. 

Faustine et al. [122] designed a WQM system prototype based on WSN to measure the 

data of water parameters including DO, pH, electrical conductivity (EC) values and
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 temperature in a real-time basis. The system consists of water quality sensors, an 

Arduino microcontroller, and a network connection module. 

 Akila et al. [170] proposed a WQM system that monitors the pH level and 

temperature of the river water based on the Arduino board and sensors. In the proposed 

WQM system, the pH and temperature sensors are placed in the river. The analog output 

of all the sensors is converted into digital value, and subsequently, the data is sent to the 

Arduino board. The values are evaluated with the threshold value after conversion. In 

the case of inference value above the threshold value, the automated warning SMS alert 

is transmitted to the pollution control board via GSM. Rao et al. [117] designed an 

autonomous WQM system using Arduino Mega controller and sensors to measure 

temperature, light intensity, pH, EC, total dissolved solids (TDS), salinity (SAL), DO 

and oxidation-reduction potential (ORP). Curiel et al. [134] proposed a WSN for WQM 

to detect the water quality parameters such as temperature and pH through a real-time 

monitoring system using pH sensor, temperature sensor, Arduino Uni IDE that is based 

on ATmega chip and Zigbee protocol.  

 However, there are some disadvantages of Arduino technology including the 

relatively high cost of the chip. It is an 8-bit microcontroller and the top clock speed is 

limited to 20 MHz. There are not many internal resources regarding the Flash and 

Electrically Erasable Programmable Read-Only Memory (EEPROM) and Static 

Random-Access Memory (SRAM). Moreover, the overheating issue with the input 

voltage at 12V only after a few minutes of operation is also one of the concerns. 

Moreover, the Arduino libraries are not very efficient in certain parts hence the Central 

Processing Unit (CPU) and Random-Access Memory (RAM) cycles are wasted. 

 

2.3.5  Wireless WQM System using ARM Processor 

Kumar et al. [171] proposed a solar based WQM system in WSN using water quality 

sensors, ARM microcontroller, and ZigBee communication module. The system 

monitors the water parameters such as pH, Turbidity and oxygen level and the water 

data is transmitted to the base station through the ZigBee module. Barabde and Danve 

[172] developed a system for continuous detection of water quality at distant places 

using an ARM processor and GUI design in Matrix Laboratory (MATLAB). The 
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architecture of the proposed sensor based WQM system comprises data monitoring 

nodes, a control station, and a remote station.  The data of water parameters such as 

conductivity, turbidity, and pH are transmitted to the remote monitoring station. The 

received data at the remote station is presented in a visual format on a PC using 

MATLAB. When the received value is above the threshold value, the automated 

warning SMS alert is transmitted to the authorized person of the system. 

 Khetre [173] proposed the different data routing methods and WSN system for 

monitoring the water quality using ARM 7 microcontroller and ZigBee wireless module. 

Kaikade and Khandait [174] proposed a design for examining the water quality in real-

time using ZigBee and ARM7 processor. The relevant sensors of the system detect the 

various water parameters such as turbidity, pH, temperature and DO and the detected 

data is operated by the processor and transmitted to the remote station through the 

wireless module. Patil and Khaire [175] designed a WSN for real-time observation and 

detection of water contamination using ARM7 controller and ZigBee wireless module. 

The proposed system detects the water parameters in water distribution systems such as 

pH, turbidity, EC, and temperature. Joshi [176] presented a WQM system using WSN 

technology and powered by a solar panel. The system consists of sensors, ARM 

microcontroller, and ZigBee wireless module. The system monitors water quality over 

different sites as a real-time application and the water quality data is transmitted to a 

remote site. 

  The disadvantage of using the ARM processor is that Windows programs on PC or 

laptop will need constant compilation [177]. Operating the Windows programs on an 

ARM processor is still relatively slow, and unsuitable for the vast array of tasks operated 

in a desktop or laptop since it is not binary. 

 

2.3.6  Wireless WQM System using Atmel/ATmega Controller 

Simbeye and Yang [178] studied a WSN monitoring and control system for aquaculture 

using Atmel microcontroller and ZigBee wireless module. In the system, the LabVIEW 

software platform is used for data analysis, computing, and display. Ramya et al. [179] 

designed a web-based system to observe the underground and fish pond water quality 

using the Atmel controller and Zigbee module. The proposed design monitors the pH 

scale level, temperature, DO, water level and TDS. The water parameters sensed by the
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corresponding sensors are sent to the microcontroller unit (MCU) and it is compared 

with the standard point and an alarm system is caused according to it. Seithi and Jadhav 

[180] designed an automatic water quality check system using Atmel microcontroller. 

The proposed system consists of multiple sensors, a microcontroller, ZigBee transceiver, 

and GSM module to measure the quality of water. Since the Atmel microcontroller is an 

ARM-based controller, the performance of the Windows program is relatively slow. 

However, the system needs to be more robust and scalable. Therefore, more network 

performance metrics are necessary to be studied and evaluated.   

 Anandrao and Kolhare [181] presented a wireless liquid monitoring system using 

ultrasonic sensor and ATmega328 microcontroller.  The CC2500 module is used for the 

serial communication link to and from the microcontroller. The aim of the system is to 

monitor continuous and correct information about water level. Daigavane and Gaikwad 

[182] proposed a WQM system based on IoT using water quality sensors, Atmega328 

microcontroller, and WiFi module. The system measures the temperature, PH, turbidity, 

flow of the water and the data is viewed on the internet using WiFi system. R. Kamble et al. 

[183] proposed an automatic WQM system using water quality sensors, ATmega328 

microcontroller, and GPRS module. The data of water parameters such as pH, turbidity, 

and conductivity is measured and the data is displayed on a webpage using internet 

access. Al-Mamun et al. [184] designed a multi-sensor system for water level 

monitoring using an ATmega microcontroller, an ultrasonic distance sensor, LCD 

display, and RF module.  The system measures the real-time water level. The system can 

be further improved according to the author.  

 

2.3.7  Wireless WQM System using FPGA 

The studies [185‒189] show that the FPGA boards have been employed for the sensor 

systems development in diverse applications such as multimedia control, industrial 

control, environmental monitoring, safety and security, computer visualization, control, 

and signal processing, groundwater monitoring, water meter system and leakage 

detection, wake-up radio in WSN. The design of the FPGA-based water monitoring 

system promotes energy efficiency while parallel processing enables shorter processing 

time [190]. Hsia [188] designed an FPGA chip-based water meter system and leakage
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detection. A signal generator, a detection circuit, data encoder and a serial port for the 

transmission of data are comprehended by the FPGA chip. The system comprises a 

pressure sensor, an ADC, and an FPGA board.   

 Since energy consumption is the primary issue for the implementation of battery 

based WSN nodes that are used in monitoring applications, ultra-low power FPGA 

boards are more preferable to develop low power WSN nodes. Ahmad and Pawar [191] 

presented the hydro-monitor and quality analysis using FPGA and water quality sensors 

to measure the water parameters such as temperature, conductivity, Water flow, the 

water level in the tanks. The system is also designed for automated filling the water for 

homes or the societies without human intervention. Perera et al. [192] presented a single 

chip solution based on FPGA using 1-wire protocol for the prototype of smart sensor 

nodes. The design measures the pH value and temperature of water samples and 

authenticates the operation of the studied sensor node. The FPGAs can be easily 

replaced with a wired or wireless method by using a wireless module that has a UART 

interface in the proposed system.  

 Dai et al. [193] designed an environment online data collection system for Hongze 

Lake based on a GPRS using an FPGA chip. In the proposed design, a Nios-II 

microprocessor and its peripheral interface circuit are constructed by FPGA to detect the 

temperature, pH and dissolved oxygen of water.  The water parameters are converted by 

the Nios-II microprocessor, and the data is transmitted to GPRS mobile data 

transmission module. Simultaneously, the data is displayed in numerical and waveform 

by remote data acquisition server. The system provides a general implementation 

method for the remote data transmission using the Nios-II processor as the main control 

chip of the system. Further studies are needed to continuously upgrade the system and 

improve the system’s performance.  

 Beena and Khaja [194] proposed a prototype of a WSN based automatic system to 

observe and control the quality of water such as temperature, pH, DO and turbidity from 

a remote place. The software of the system consists of the LabVIEW software and NI 

myRIO which has an FPGA, an inbuilt processor, Wi-Fi and web servicing capabilities. 

The measured data is transmitted to the farmer at a remote place through built-in Wi-Fi 

of NI-myRIO. The data is later displayed on the user’s computer screen together with 

audio output from speakers of the computer. The settings of the system can be changed
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by the user. When the variations of the detected parameters of the system occurred, the 

SMS alert is delivered to farmer’s mobile at the base station via GSM modem.  

 

2.3.8  Wireless WQM System in IoT Environment 

Tiwari [195] designed a hardware/software based on a smart sensor interface device for 

WQM in IoT Environment using the Complex Programmable Logic Device (CPLD) as 

the core controller. The designed device detects the parameters of water such as light 

intensity, water temperature, CO2, and turbidity. The CPLD programmable technology 

and the standard of IEEE1451.2 smart sensor identifications are combined in the 

designed device and the parallel and real-time with high speed on various diverse sensor 

data is detected. Chi et al. [68] demonstrated an IEEE 1451 standard based industrial 

WSN system to measure the quality. The author designed a reconfigurable smart sensor 

interface device using the combination of CPLD and the application of wireless 

communication in an IoT environment. Further study should be executed to accomplish 

a broader space for development in the area of WSN in the IoT environment. Since these 

interface devices are generally based on the relatively elaborated and dedicated 

electronic boards, the performance of the devices is limited.  

 As the WSN in IoT technology is used in environmental monitoring applications for 

time and cost-effectiveness, Vijayakumar and Ramya [196] presented a real-time WQM 

system in the IoT environment. The system includes numerous sensors to observe water 

data and the Raspberry PI B+ model as a primary controller. Because of its hardware 

and processor, the Raspberry Pi runs on Linux kernel, as it cannot run on Windows 

operating system. 

 

2.4  Research Method 

In the proposed WSN system, a reconfigurable smart sensor interface device that 

integrates data collection, data processing, and wired or wireless transmission is 

designed. The driver of chips on the interface device is also programmed inside the 

FPGA. In terms of data transmission, the proposed design achieved wireless 

communication through a ZigBee module. In the proposed research work, the 

parameters to determine and monitor the basic water conditions are the water level, 

water temperature, carbon dioxide on the water surface, the turbidity of water and water
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 pH value. Therefore, the relevant sensors are chosen to collect relevant data. Next, the 

measured data is sent to the FPGA board which performs as a core brain of the water 

quality monitoring system. The VHDL and C are programmed in Altera Quartus II 

software for computing the data. The computed data is transmitted to the remote user 

through ZigBee wireless communication modules. 

 

2.5  Summary 

In this chapter, the literature that describes the wireless protocols used in WSN is 

presented. The most commonly used communication protocol in WSN has been 

discussed and the architecture of ZigBee wireless communication protocol has also been 

presented. The studies of WQM systems based on different microcontrollers and 

different wireless communication protocols have also been described. The limitations of 

existing WSN based on WQM systems in IoT have also been presented.  

 



 
 

 

 

Chapter 3 

Designing the System Model 

The previous chapter discussed the review of WQM systems using different 

microcontrollers, different software, and different wireless protocols. It has been stated 

that further researches are essential to be executed to accomplish an extensive area for 

progress in the domain of WSN in the IoT environment. In this chapter, the challenges to 

meet the requirements of the WQM system are discussed. The design plan of the 

experimental set-up of the reconfigurable WSN design for environmental monitoring in 

an IoT environment that involves data assembling, data processing, and wireless 

transmission is also included in this chapter. The selection of hardware components such 

as sensors, electronic components and processor board, the selection of software, and the 

selection of wireless protocol to design the WQM system based on WSN in IoT is also 

illustrated. The discussions in this chapter are critical to creating a wireless WQM 

device and its working principle for implementation purposes. This includes the 

mathematical routines utilized which are to be transferred to the software program. 

Software programming will be presented in Chapter 4.  

 

3.1  Challenges 

For environmental monitoring applications based on WSN, consumption of energy is a 

high-priority issue for the implementation of a great number of energy-limited sensor 

nodes in an isolated environment. Thus, the choice of processor board, electronic 

components, and wireless communication protocol are important. All the sensor nodes 

are essential to be maintained small in size and maximize security while ensuring long-

term use. The system must be user-friendly, easy to reconfigure, flexible and affordable. 

Therefore, the selection of software is also important. 

 

3.2  Hardware Selection 

Many researchers have studied the application of FPGAs in WSN systems and have 

compared the power consumption between a microprocessor and FPGA [197].  The
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 system must be kept low in power, low cost, flexible to reconfigure and simple in use. 

As microcontroller-based WSN systems have more complex architecture and cannot 

perform parallel processing, therefore, the microcontroller based WSN systems are time-

consuming and not cost effective. Lysecky and Vahid [198] presented the potential 

software speedups of 200 to 1000% and energy reduction by as much as 99% using 

FPGA board and soft-core processor. The authors discovered that operating time and 

power consumption can be reduced by implementing the combination of hardware and 

software solutions. Hinkelmann et al. [199, 200] stated that the FPGA allowed the 

integration of various types of sensors in addition to the application of different 

protocols of MAC. An FPGA could be used for wireless applications to develop the 

complex techniques of self-testing and evaluation of an assemblage of different sensors 

[201].  

 

3.2.1  Selection of FPGA 

Since a low-cost and a low-power single-chip of a fully integrated autonomous SoC-

based wireless sensor node is essential to illuminate the recent problems of WQM 

systems, FPGA SoC is considered as the main hardware of the proposed project. The 

SoC comprises a Microprocessor without Interlocked Pipeline Stages (MIPS) based 

processor, a timer, a memory, a bus, a transceiver, and a battery. Although there are 

some FPGA manufacturers, the two biggest FPGA manufacturers are Altera/Intel and 

Xilinx. The other FPGA manufacturers are Quicklogic and Archronix, Lattice 

Semiconductor and Microsemi (formerly Actel) [202]. For the proposed project, 

Altera/Intel and Xilinx are reviewed and one of them will be selected. The power 

consumption, cost, features, the soft-core processor and availability and functionality of 

the system development software are the criteria in selecting FPGA. 

 

3.2.1.1  Xilinx 

Xilinx manufactures FPGAs, SoCs, and PLDs. For FPGA, the Xilinx manufactures the 5 

families of FPGA: (1) Artix-7; (2) Kintex-7; (3) Virtex-7; (4) Spartan-6; (5) Spartan-7; 

(6) Virtex-6; (7) 7 Series FPGAs [203]. When considering the cost, the Spartan-6 family 

is preferred since the Xilinx FPGAs in the Spartan-6 family costs approximately half of
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the Cyclone FPGAs from Altera. The Spartan-6 devices comprise of up to 150,000 logic 

cells, 4.8Mb of embedded memory, 6 phase locked loops and 180 18×18-bit multipliers. 

An IDE which is known as Vivado in Xilinx is used for system development, in which 

the IP is offered. The Xilinx also provides a soft-core processor IP MicroBlaze for the 

Spartan-6 devices. The MicroBlaze is a Harvard architecture processor that utilizes 32-

bit instructions. The MicroBlaze also includes Fast Simplex Link (FSL) that is a 

hardware acceleration feature which performs as a high-speed link between the 

MicroBlaze processor and hardware logic functions. The maximum performance 

specification of MicroBlaze is 209 DMIPS at a clock rate of 161MHz. 

 The embedded peripherals, optional memory management unit (MMU), cache size 

and pipeline length of the MicroBlaze processor are configurable. One of its attractive 

features is that the unused processor instructions can be erased from the final 

configuration to save FPGA area [204, 205]. 

 

 3.2.1.2  Altera 

Altera is the product brand name of Terasic/Intel which manufactures the 

implementation of specific integrated circuits (ASICs), programmable logic devices 

(PLDs), SoC and FPGAs. Three types of FPGA are produced; the Stratix Series which is 

known as High-End FPGAs, the Arria Series which is known as Mid-Range FPGAs and 

the Cyclone Series which has the lowest cost and the most powerful FPGAs [206]. 

Among these three types, Cyclone Series is preferred thus considered for the proposed 

project for its low cost. The Cyclone Series include Cyclone, Cyclone II, III, IV, and V 

where the Cyclone is preferred for SoC. Integrated development environments (IDE) 

which is a Quartus II software application for software development and downloads are 

available for Linux and Windows operating systems [207]. The tools of software and 

hardware for FPGA provided by the Altera/Intel Quartus Prime Pro Edition and the 

Xilinx are compared in Table 3.1 [208].  

  System on a Programmable Chip (SOPC) builder is included in Quartus II and it 

enables the specification of the components of an FPGA-based hardware system via a 

GUI. The SOPC builder is a powerful tool to create a complete system containing 

memory interfaces, peripheral devices and a processor [209]. Since the environmental 
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monitoring applications require higher performance such as intensive data processing, 

the Altera FPGA is the most suitable choice for the hardware. Moreover, the Nios-II 

processor provides a migration path to an ASIC [210].  A 32-bit Reduced Instruction Set 

Computer (RISC) processor with a Harvard architecture Nios- II processor is supported 

by all the Altera/Intel FPGAs, SoCs, and ASICs. Unlike microcontrollers, the FPGA can 

be programmable depending on user’s applications since a fixed hardware structure is 

not available [211].   

 However, the operations can be executed “in a sequential manner” by using software 

and the interconnections are determined by the user in accordance with the purposed 

applications. Although both Altera and Xilinx have suitable hardware, features and 

development systems for the reconfigurable WQM system in IoT environment, the 

Cyclone V FPGA SoC with Nios-II soft-core processor was selected over Xilinx due to 

Nios-II processor’s migration path to an ASIC. Moreover, the features of Cyclone V 

FPGA SoC such as parallel processing, low data rate, reconfigurable significant 

computing resources as a multisensory data collection interface device with good 

compatibility and regulating interface standard are essential to be developed in the IoT 

environment. 

 

3.2.2  Altera Cyclone V FPGA SoC 5CSEMA5F31C6 

The Altera/Intel DE1-SoC 5CSEMA5F31C6 board is used to learn about digital logic, 

computer organization, and FPGAs. The remarkable reconfigurability paired with a 

high-performance and low-power processor system can be controlled. The FPGA and 

the hard processor system (HPS) are provided on the board. An ARM-based HPS 

comprising of peripherals, a processor and memory interfaces that are attached perfectly 

with the FPGA material which utilizes a high-bandwidth interconnect backbone are 

integrated into the DE1-SoC. 
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Table 3.1: Tools of software and hardware for FPGA [208] 

 

Xilinx Altera/Intel Description 

Vivado
®
 HL Design Edition  Quartus

®
 Prime Pro Edition 

Optimized to support the 

advanced features in next 

UltraScale
®
   Stratix

®
 10, Arria® 10   generation FPGAs and SoCs. 

UltraScale+
®
  Cyclone® 10 GX 

   7 Series     

ISE
®
 Design Suite for: 

Quartus
®
 Prime Standard  

Edition for: 

Supports older generation device 

families. 

Spartan-6 Stratix
®
 IV, V 

 
Virtex

®
 -6 Arria

®
 series 

Note: Altera/Intel
®
 recommends 

using newer version Quartus
®
 

CoolRunner™ 
Cyclone

®
 IV, V,  

Cyclone
®
 10 LP Prime for new designs. 

Previous generations     MAX
®
 series  

 Vivado
®
 HL WebPACK 

Edition Quartus
®
 Prime Lite Edition 

Do not require license. 

    Provide limited device and  

    feature support. 

SDAccel Environment FPGA SDK for OpenCL™  Development environment for  

Selected UltraScale
®
 and   Stratix

®
 10,  Arria

®
 10,  OpenCL 

7 Series devices Cyclone® V SoC   

SDSoC Environment 

SoC FPGA Embedded  

Development Suite Comprehensive tool suite for  

  

 

embedded software development   

    

on SoCs. You can code, build, 

debug, and optimize in single 

IDE. 

    

 

Software Development Kit 

Nios
®
 II Embedded Design 

Suite Comprehensive development  

  (EDS) 

package to develop and debug 

code for SoCs. 

    

 System Generator for  DSP Builder for FPGAs  DSP Design Tool 

DSP     

Vivado
®
 High-Level 

Synthesis Intel HLS Compiler 

High-Level synthesis tool that 

takes in untimed software code 

    as input and generates register- 

    transfer level code for FPGAs. 
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 The DE1-SoC development board provides FPGA hardware and HPS. The FPGA 

hardware includes Altera serial configuration device – EPCS128, USB-Blaster II 

onboard for programming JTAG Mode, 64MB SDRAM (16-bit data bus), 4 push-

buttons, 10 slide switches, 10 Red user LEDs, six 7-segment displays, four 50MHz 

clock sources from the clock generator, 24-bit CD-quality audio CODEC with line-in, 

line-out, and microphone-in jacks, VGA DAC (8-bit high-speed triple DACs) with 

VGA-out connector, TV decoder (NTSC/PAL/SECAM) and TV-in connector, PS/2 

mouse/keyboard connector, IR receiver and IR emitter, two 40-pin expansion headers 

with diode protection, A/D converter, and 4-pin SPI interface with FPGA. 

 The HPS provides 800MHz Dual-core ARM Cortex-A9 MPCore processor, 1GB 

DDR3 SDRAM (32-bit data bus), 1 Gigabit Ethernet PHY with RJ45 connector, 2-port 

USB host, normal Type-A USB connector, micro SD card socket, accelerometer (I2C 

interface + interrupt), UART to USB, USB mini-B connector, warm reset button and 

cold reset button, one user button and one user LED, and LTC 2×7 expansion header. 

The FPGA device provides 85K programmable logic elements, 4,450Kbits embedded 

memory, 6 fractional phase lock loops (PLLs), and 2 hard memory controllers. 

 Meanwhile, memory devices such as 64MB (32M×16) SDRAM on FPGA, 1GB (2× 

256M ×16) DDR3 SDRAM on HPS, Micro SD card socket on HPS, two port USB 2.0 

Host, UART to USB (USB mini-B connector), 10/100/1000 Ethernet, PS/2 

mouse/keyboard, IR emitter/receiver, and I2Cmultiplexer are available for 

communication. One LTC connector (one Serial Peripheral Interface (SPI) master, one 

I2C, and one GPIO interface), one 10- pin ADC input header and two 40-pin expansion 

headers are available for connectors. A 24-bit video graphics array (VGA) digital-to-

analog converter (DAC) is used as the monitoring screen or the display of the DE1-SoC 

board. For video, 24 -bit CODEC, line -in, line -out, and microphone-in jacks for video 

input, TV decoder (NTSC/PAL/SECAM) and TV in the connector are provided 

respectively. Analog to Digital Converter (ADC) with 1 MSPS of fast throughput rate, 8 

channels, and 12-bit resolution is also provided. The 2V direct current (DC) is 

compulsory for the power source of the board. The DE1-SoC board possesses various 

attributes, therefore, users can apply an extensive scope of prototypes and circuits, from 

simple circuits to numerous projects [211]. The top view, bottom view and block 

diagram of Cyclone V DE-1 SoC board are shown in Fig.3.1–3.3 [212].
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Fig. 3.1: Top View of CycloneV DE-1 SoC 5CSEMA5F31C6 Board [211]. 

 

 

Fig. 3.2: Bottom View of CycloneV DE-1 SoC 5CSEMA5F31C6 Board [211].
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Fig. 3.3: Block diagram of DE1-SoC computer [211]. 

 

 

 

3.2.3  Nios-II Soft-core Processor 

Nios-II processor has supported a 32-bit RISC processor with a Harvard architecture and 

it is supported by all Altera FPGAs, SoCs, and ASICs. Since the Nios-II processor is 

soft-core embedded core processor, it does not exist physically. The processor is 

virtually available on any Altera FPGA by using a SOPC of Altera FPGA Quartus II 

development tool. The Nios-II processor provides a flat register file, comprising of 

thirty-two 32-bit general purpose integer registers, and six 32-bit control registers. The 

SOPC builder provides three versions of the processor.  

 

 (Nios II/f) represents the fast version designed for the high level of performance. 

The widest scope of configuration options is provided, and it can be used to 

optimize the processor for performance.
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 (Nios II/s) is the standard version designed for the medium level of performance. 

This version requires fewer resources in an FPGA device as a trade-off for 

reduced performance. 

 (Nios II/e) is the economy version that offers a low level of performance and the 

minimum amount of FPGA resources is required. The user-configurable features 

are limited. 

 

 Therefore, users can select the different types of processors, peripherals, memory 

and I/O interfaces for the processor system to meet the requirements of their own 

designs. Nios-II IDE which is the software development environment of Nios-II 

processor based on the GNU C/C++ compiler and Eclipse IDE. A Nios-II processor 

operates in three modes such as Supervisor mode, User mode, and Debug mode. The 

Supervisor mode enables the processor to carry out all instructions and complete all 

accessible functions. When the processor is reset, it enters the supervisor mode. The user 

mode is used to prohibit the performance of a few instructions that should be applied for 

system purposes only. Some processor features are not available in this mode. The 

debug mode is used by software debugging tools to apply characteristics such as 

watchpoints and breakpoints [210, 212– 213]. The Nios-II processor provides several 

advantages such as reducing the maintenance cost and components, and flexibility in 

choosing specific peripheral etc. [214]. 

 

3.3   Selection of Sensors 

Since all WSN systems consist of a transmitter unit and receiver unit at the beginning of 

the overall design of a reconfigurable WQM system based on WSN, the transmitter unit 

of the system is planned to design. To detect the water quality such as water level, water 

pH, the water temperature in degree Celsius, the concentration of CO2 on the surface of 

the water and turbidity of water, the relevant water parameter sensors must be used in 

the proposed WQM system. As power consumption is a critical issue in WSN systems, 

low power sensors should be considered in designing the proposed WQM system based 

on WSN. In addition, an effective and efficient system of WQM is an important 

implementation in addressing the issue of global water pollution, the costs and reliability
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of sensors are also important. To achieve the objectives of the proposed research work, 

the following sensors to detect the water parameters have been selected. 

  

1. Ultrasonic sensor 

2. Digital thermometer sensor 

3. pH sensor 

4. CO2 sensor 

5. Turbidity sensor 

 

3.3.1  Ultrasonic Sensor 

In the reconfigurable WSN design for the WQM system, the water level is one of the 

parameters to be monitored. The ultrasonic sensor is appropriate to detect uneven 

surface such as water since the sensor uses sound waves instead of light. Sonar or 

ultrasonic sensing is performed by transmitting a specific sound signal which will be 

partially reflected when it hits any objects, therefore the object or the device which 

transmits the signal will receive the reflected signal back as shown in Fig. 3.4. The sonar 

process applies the principle of propagation of acoustic energy at higher frequencies 

than normal hearing [215]. Since the duration between emitting and collecting sound 

waves is proportional to the distance of the object from the sensor, the distance from the 

transducer and the object is computed.  

 As sound travels at 343 ms
˗1

 in the air [216], the distance between the emitting 

object and the receiving object can be estimated. There are two types of sonar such as 

active and passive sonar. The active sonar detects an object through the source object 

transmitting sonic signals into the water and then receives the reflection that is sent back 

to them [216]. The activity of an active sonar can be calculated using (3.1),   

 

                                                            (3.1) 

where SNRAV is signal to noise ratio, SL is the source signal level intensity, TL is the 

the target, TS is the sound reflectivity of the target equating how powerful the returning
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Fig. 3.4: Sonar Process Diagram 

 

signal is, NL is the noise level being picked up by the sensors, DI is the directivity index 

which represents the amount of ambient background noise the sensors are rejecting. All 

the variables are measured in decibels. Passive sonar operates by detecting the sounds 

transmitted by other objects, such as the hum of engines in a submarine to find other 

underwater objects [217]. The mathematical equation of the passive sonar is shown in 

(3.2) in which the variables in decibels are the same variables as the active sonar 

equation [218].  

 

 

                                                      (3.2) 

 

According to the method of the project, the active sonar should be utilized in the 

reconfigurable design of WSN in the WQM system. 

 

3.3.1.1  Selection of Ultrasonic Sensor 

Either one of the two sensors ultrasonic ranging from module HC - SR04 and ultrasonic 

LV-MaxSonar EZ1 sensor are considered to be selected for the reconfigurable WSN 

design for WQM in IoT environment. The ultrasonic ranging module HC - SR04 offers 

0.02m - 4m non-contact measurement function. The ranging accuracy of HC - SR04 can 

achieve up to 0.003m. The HC - SR04 modules consist of ultrasonic transmitters, 

receive and control circuit. The operating voltage and current are 5V DC and 15mA 

respectively. It measures the object at 0.02m of minimum range and 4m of maximum
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range [219]. The LV-MaxSonar-EZ1 discovers objects from 0 ‒ 6.45m and offers sonar 

range information from 0.152m out to 0.0645m with 0.025m resolution. It needs the 

power supply of 2.5V to 5.5V with 2mA typical current draw. The measurement 

readings can achieve up to every 50mS (20-Hz rate). The minimum sensing distance of 

the sensor is 0.152m. On the other hand, the LV-MaxSonar-EZ1 ranges and reports 

targets to the front sensor face. Large targets closer than 0.152m usually range from 

0.152m [220]. For its benefits of low power consumption, easy to use, ability of 

detecting effective maximum range, balance between sensitivity and object rejection and 

flexibility of power sources, the ultrasonic LV-Maxsonar EZ1 is selected to design the 

proposed reconfigurable WSN for WQM in IoT environment to detect the distance from 

the water surface and the sensor. Table 3.2 shows the comparison between HC-SR04 

[219] and LV-MAxSonar EZ1 [220]. 

Table 3.2: Comparison of features between HC-SR04 [219] and LV-MAxSonar EZ1 

[220] 

Specification HC - SR04  LV-MaxSonar EZ1  

Signal frequency 40kHz 42kHz 

Factory calibrated 

unit cm Inch 

Detection Range 2 – 400 cm 0 – 254 inches 

Minimum operation  2 cm 5 inches 

distance     

Output Digital time base  Analog voltage, 

  pulse corresponds Digital Pulse Width, 

  to distance RS-232 Serial 

Pulse width uS / 58 cm 147uS/inch 

      

Analog output 

voltage NIL 9.8mV/inch 

Operating voltage  + 5VDC 2.5V – 5.5V 

Quiescent current < 2mA 2mA 

      

Resolution  0.3 cm 1 mm 

Dimension 

45mm x 50 mm x 

15mm 

19.9mm x 22.1mmx 

15.5mm 
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3.3.1.2  LV-MaxSonar-EZ1 

The ultrasonic sensor functions by releasing a high-frequency sonic wave at systematic 

time period commencing from the front of the transducer. The sonic waves are reflected 

by an object and collected back in the transducer. The time between when the signal is 

transmitted and received is determined. As the sound wave is used by the ultrasonic 

sensor, it is more capable than a light wave in sensing irregular surface such as water 

surface. According to its data sheet [220], the LV-MaxSonar-EZ1 shown in Fig. 3.5 

[220] detects objects from 0- 6.452m and offers sonar range information from 0.152m 

out to 6.452m with 0.0254m resolution. The time period between releasing and 

collecting sound waves is proportionate to the distance between the object and the 

sensor. The range of the sensor is measured from the front of the transducer. The targets 

closer than 0.152m from the sensor will typically range as 0.152m as the minimum 

distance detected by the sensor is 0.152m. 

 

3.3.2  Digital Thermometer Sensor 

In the project, the temperature thermometer sensor will be used to monitor the water 

temperature. There are a few numbers of the digital thermometer on the market. The 

selection of suitable thermometer for the project has been made after analyzing and 

comparing the different brand of thermometers as follows: 

1. Analog temperature sensors TMP35/TMP36/TMP37 

2. Precision temperature sensors LM135, LM235, LM335 

3. The 1-Wire protocol temperature sensor 

 

3.3.2.1  Precision Temperature Sensors LM135, LM235, LM335 

LM135 series are easily calibrated precision Analog Output temperature sensors. They 

operate as a 2-terminal Zener, and the breakdown voltage is directly proportionate to the 

absolute temperature at 10mV/°K. The circuit operating current is 450μA to 5mA 

without characteristics alteration. The sensors are adjusted at +25°C, and a typical error 

is less than 1°C over a 100°C temperature range. These sensors provide a linear output 

[221].
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Fig. 3.5: Ultrasonic Sensor LV-MaxSonar- EZ1 [220] 

 

 

3.3.2.2   1-Wire Protocol Temperature Sensor 

1-Wire protocol is a powerful technique to collaborate sensors and analog-to-digital 

converters (ADCs) to microprocessor [222]. All 1-Wire devices are incorporated 

together by a single wire that operates as a physical medium to interconnect between a 

host and several devices connected to the wire. Since the 1-Wire technology is 

constructed on a serial protocol which utilizes a single data line and one ground 

reference for communication, these devices can be powered up through the same wire. A 

master of 1-Wire controls the communication with one or more 1-Wire slave devices on 

the 1-Wire bus. The 1-Wire slave devices can be powered by a voltage range of 2.8V 

(minimum) to 5.25V (maximum) directly from the 1-Wire bus parasitic supply without 

external power supply. 

 The Dallas/Maxim Semiconductor 1-Wire bus is a simple signaling system that 

executes half-duplex bidirectional communications between a master controller and one 

or more slaves sharing a common data line for both power and data communication for 

slave devices. The slaves store charge on an internal capacitor when the line is in a high 

state and this charge is used for the device operation when the line is low during data 

transmission. A common 1-Wire master comprises of an open-drain I/O port pin with a 

pull-up resistor with a 3V–5V supply [223]. This effective communication scheme also 

enables adding of memory, authentication, and mixed-signal functions at any time. As 

the sensor is encapsulated in high-quality stainless steel tube and it is moisture proof to 

prevent from the rust, Dallas product 1-Wire digital thermometer DS18B20 [224] is 

selected to monitor the water temperature in the proposed reconfigurable WSN design 

for WQM in IoT environment.
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 The DS18B20 dispenses 9-bit to 12-bit Celsius temperature measurements. The 

DS18B20 involves only one port pin (and ground pin) for communication with a central 

microprocessor. A unique 64-bit serial code of the DS18B20 enables multiple 

DS18B20s to function on the same 1-Wire bus. The DS18B20 can be powered either 

straight from the data line or the 3.0V – 5.5V of the power supply. One of the benefits of 

the DS18B20 is the accuracy of ± 0.5°C from -10°C to +85°C. The temperature is 

converted to the 12-bit digital word in a maximum of 750 milliseconds [224]. The 

DS18B20 utilizes bus communication which is implemented by Maxim's exclusive 1-

Wire bus protocol using one control signal. The DS18B20 is always a slave and the 

system is mentioned as a “single-drop” system when there is only one slave on the bus. 

Similarly, the system is referred to as “multi-drop” if there are multiple slaves on the 

bus. The system of the 1-Wire bus is divided into three sections as follows:  

1. The hardware configuration: The 1-Wire bus of the DS18B20 requires a 5kΩ 

external pull-up resistor to be high in the idle state for the 1-Wire bus.  The bus 

needs to be in the idle state if the transaction is to restart or if the suspension of 

the transaction is required for many reasons. Since the 1-Wire bus is in an 

inactive (high) state during the recovery period, the infinite recovery time can 

occur between bits so long. If the bus is held low for more than 480μs, all 

components on the bus will be reset. 

 

2. The transaction sequences: It is essential to follow the transaction sequence such 

as Step 1: Initialization, Step 2: ROM Command (followed by any required data 

exchange), and Step 3: DS18B20 Function Command (followed by any required 

data exchange) when the DS18B20 is operated. 

 

3. 1-Wire signaling (signal types and timing): The DS18B20 utilizes a precise 1-

Wire communication protocol to ensure data integrity. This protocol describes 

several signal types such as reset pulse, presence pulse, write 0, write 1, read 0, 

and read 1. All these signals are initiated by the bus master except for the 

presence pulse. 
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3.3.3  pH Sensor 

In the proposed reconfigurable WSN design in the IoT environment for the WQM 

system, the pH sensor which can provide reliable accuracy of measurements should be 

selected to observe the pH value of water. The pH is a measurement of the hydrogen ion 

concentration [H
+
], or the measurement of the acidity or alkalinity of a water solution. 

The acidic or alkaline properties of a water solution are controlled by the presence of a 

relative number of hydrogen ions (H
+
) or hydroxyl ions (OH

-
) as acidic water solution 

has a higher relative number of hydrogen ions, while an alkaline or a basic solution has a 

higher relative number of hydroxyl ions. The pH value of every water solution ranges 

from pH 0 to 14. At 25°C, the pH value 7 is the centre of the measurement scale or 

neutral since it is neither acidic nor basic properties.  

 The value below 7 shows acidic properties of water solution and the value above 7 

demonstrates basic or alkaline properties of water solution. The mathematical formula of 

pH is the negative logarithm of the hydrogen ion concentration [225]. It can be stated 

mathematically as follows: 

 

    –                                                                 (3.4) 

 

where [H
+
] is hydrogen ion concentration in mol/L. 

 

 

3.3.3.1  pH Measuring Technology 

The pH is measured using a pH-sensitive electrode which is generally a glass electrode 

and a reference electrode. The pH electrode is a sensor covered by a glass tube which is 

sensitive to the hydrogen ions and examines the reaction between it and a sample 

solution, in which the pH value is identified. Since the pH-sensitive electrode alone 

cannot provide adequate information on pH, a second sensor electrode is essential [226]. 

The second sensor electrode is the reference electrode which provides the reference 

signals or potential for the pH sensor. 
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3.3.3.2  pH Electrode 

The pH electrode is made of glass and it includes an inert glass tube with a pH sensitive 

glass tip which is sensitive to H
+
 ions. The tip of the electrode is filled with an inner 

aqueous electrolyte solution which produces a potential (voltage) relative to the pH of 

the solution [227]. 

 

3.3.3.3  pH Reference Electrode 

Generally, a reference electrode comprises of a silver wire coated with silver chloride in 

a solution of potassium chloride to resume a reproducible concentration of silver ions in 

the filled solution, and a reproducible potential (voltage) is resulted on the silver-silver 

chloride wire [227]. The reference electrode is designed to sustain a constant potential at 

any given temperature. It functions to finish the circuit of pH computed within the 

solution. A known reference potential for the pH electrode is yield by the reference 

electrode. The potential difference between the pH electrode and the reference electrode 

produces a millivolt signal proportionate to pH. 

 

3.3.3.4  Selection of pH Sensor 

There are different brands of pH sensors in the market. The Wedgewood Analytical’s 

product Campbell Scientific CSIM11-L pH sensor [228] can be submerged in solution 

or inserted directly into tanks, pipeline and open channels to measure the pH of many 

ranges and decreases signal interference. The porous junctions of the pH probe are made 

of Teflon solutions. The pH probe includes an internal amplifier to boost the signal 

which is less susceptible to clogging. The probes can be mounted at any angle for its 

plunger-style. The probe can measure the full range of pH, with a 95% accuracy rating. 

It can be operated from 1°C to 80°C and is internally powered by two 3V Lithium 

batteries. Atlas Scientific pH sensor is a silver-silver chloride probe which can measure 

the full range of pH of any solution from pH 0 ‒ 14. It can be operated from 1° to 99°C 

and has a response time of about 1 second and two decimal places of pH value is 

measured. The pH kit includes a pH probe, a BNC connector and an EZO pH circuit 

[229]. The user is allowed to design and configure without any additional electronic 

components to measure the accurate pH value. Since the accuracy of measurement is
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 important, the Atlas Scientific pH kit is selected to design the proposed reconfigurable 

WQM system in IoT environment for its low operating DC voltage probe and its 

accurate two decimal places of pH readings. The pH sensor can be interfaced simply in 

breadboard circuits. The specifications of the Campbell Scientific CSIM11-L pH sensor 

[228] and Atlas Scientific pH sensor [229] are listed in Table 3.3. 

 

3.3.3.5  Atlas Scientific pH Kit 

Atlas Scientific pH kit consists of three major components such as EZO TM class 

embedded pH circuit, BNC shield, and pH probe. For collecting pH level, the pH probe 

is attached to the BNC shield, the BNC shield then conveys the pH probe detecting pH 

level to the embedded pH circuit. The detected pH level is transformed into binary by 

the embedded pH circuit, and the resulted pH data is transmitted to the processor. The 

Atlas Scientific pH probe measures the activity of hydrogen ions in water or solution. 

The point of the pH probe is a glass membrane which allows hydrogen ions from the 

water to be detected and to deactivate into the outer layer of the glass, whilst greater ions 

remain in the solution. A very small current is generated by the variance in the 

concentration of hydrogen ions outside and inside of the probe. The concentration of the 

measured hydrogen ions in the water is proportionate to the produced current [229]. 

Table 3.3: Specifications of Campbell Scientific pH sensor [228] and Atlas Scientific pH 

sensor [229] 

Specification CSIM11-L  Atlas Scientific  

pH range 0 to 14 0 − 14 

Operating Temperature 

Range 0° to 80°C 1 − 99 °C 

Pressure Range 0 to 30 psig 0- 100 PSI 

Accuracy ±0.1% (over full range) ±0.02 

Response Time 95% of reading (in 10 s) 95% in 1s 

 

 

3.3.4  CO2 Sensor 

In the atmosphere, the concentration of about 400 ppm of CO2 is commonly present 

[230]. One ppm (parts per million) is equivalent to 1 milligram of something per liter of 

water (mg/l) or 1 milligram of something per kilogram soil (mg/kg) [231]. The pH of the
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 water may rise above 8.3 during the daylight hours due to the process of photosynthesis 

which uses CO2 in the surface layer of water [232]. Currently, the non-dispersive 

infrared (NDIR) CO2 sensor is the usual type of sensor to observe the concentration of 

CO2 [233]. The infrared (IR) light source is located at one end of a tube filled with air.  

An IR light shines through a tube towards an IR light detector which is hit by IR light. 

The IR light detector evaluates the amount of received IR light. 

 The IR light alone is absorbed by any gas molecules that is same in size as the 

wavelength of IR light when the IR light traverses the tube. Therefore, the other 

wavelengths of light pass through and hit the detector. The amount of IR radiation 

absorbed by CO2 molecules is monitored. The variance between the intensity of light 

emitted by the IR lamp and the intensity of IR light collected by the detector is 

proportionate to the number of CO2 molecules inside the tube [234]. 

 

3.3.4.1  Selection of CO2 Sensor 

To detect the CO2 level on the water surface in the proposed wireless WQM system, the 

CO2 sensor MG-811, and Analog Infrared CO2 Sensor SKU: SEN0219 are considered. 

 

3.3.4.2  CO2 Sensor MG-811 

The CO2 sensor MG-811 [235] has high sensitivity to CO2 as it can detect the 

concentration of CO2 in the range of 350ppm ‒10000ppm (parts per million). Chemical 

reactions take place in the cell when the sensor is exposed to CO2 gas, and then an 

electromotive force is produced. The output voltage of the sensor in clean air is in the 

range of 200mV‒ 600mV, the amplifier is used to amplify the output data to improve the 

accuracy of the measured data. The output voltage decreases when the CO2 

concentration increases. The response time of the MG-811 is less than 60 seconds. The 

output voltage of 0V ‒ 3.3 V is corresponding to 0 ‒ 10000 ppm. It has quick responding 

features after preheating as MG-811 CO2 sensor module needs to be preheated for 

24hours. After 6 hours operating the sensor, 1‒2 hours of preheating is needed again. 

The power must be off for above 72 hours and preheating for 24 hours. The accuracy of 

MG-811 can be interfered by humidity [236]. 
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3.3.4.3  Gravity: Analog Infrared CO2 Sensor SKU: SEN0219 

Gravity: Analog Infrared CO2 Sensor SKU: SEN0219 is based on NDIR technology and 

it measures the CO2 range of 0 ‒ 5000ppm with analog output. The characteristics of 

SEN0219 are high sensitivity, waterproof and anti-corrosion, temperature compensation, 

low power consumption, stability, linear output, no poisoning, high cycle life, and anti-

water vapour interference. The operating voltage is 4.5V ‒ 5.5V DC, the average current 

is <60mA at 5V and the peak current is 150mA at 5V respectively. The accuracy of the 

CO2 sensor is ± (50ppm + 3% reading) [237]. Gravity: Analog Infrared CO2 Sensor 

SKU: SEN0219 shown in Fig. 3.6 [237] is selected to measure the concentration of CO2 

on the water surface since CO2 sensor MG-811 is not preferred for its inconvenient 

preheating time. The comparison of specification between MG-811 [235] and SKU: 

SEN0219 [237] is presented in Table 3.4. 

 

Table 3.4: Specifications comparison between MG-811 [235] and SKU: SEN0219 [237] 

Specification MG-811  SKU: SEN0219 

Detection range 400 –10,000 PPM 0 – 5000ppm 

Operating Voltage 5 V 4.5 – 5.5V DC 

Operating 

Temperature –20 – 50℃ 0 – 50 ℃ 

Operating Current 200 ± 10mA <60mA at 5V 

Response Time > 60 s 120s 

Preheating Time 5 – 20 min 3 min 

Output Analog, Digital output Analog 

  100 – 600mV (0.4 – 2V) 

  

 

3.3.5  Turbidity Sensor 

In this project, the turbidity sensor with effectiveness and accuracy should be selected to 

observe water quality by detecting the level of turbidity. The turbidity of the water is 

caused by suspended materials which absorb and scatter light by the inorganic particles 

and suspended organic (including algae). Turbidity is a unit of measurement quantifying 

the degree of water and is usually measured in Nephelometric Turbidity Units (NTU) 

[238].
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Fig. 3.6: Gravity: Analog Infrared CO2 Sensor SKU: SEN0219 [237] 

 

Turbidity is measured either in a laboratory or on the field using specialized optical 

equipment. A light is passed through a water sample, and the amount of light scattered is 

measured. The amount of scattering of light is proportionate to the turbidity [239].  

 

3.3.5.1  Selection of Turbidity Sensor 

The turbidity sensor, GLOBAL WATER WQ 770 [240], is a submergible turbidity 

meter in which the detecting sensor is attached in a rugged anodized cover and entirely 

enclosed to use on-site environmental monitoring. The sensor probe includes a light 

emitting diode (LED) as a light source and optical lenses that can focus light into a dark 

field sample region. The sensor transmits a focused light into the water, and the light is 

then reflected off in the water and is detected by the turbidity sensor’s photo-detector 

which is positioned at 90 degrees to the light beam since the light intensity sensed by the 

turbidity sensor is proportionate directly the turbidity of the water. From this relation, 

the turbidity of water can be calculated. 

 Turbidity sensor SKU: SEN0189 observes the suspended particles in water by 

calculating the rate of transmitting and scattering of the light since the amount of total 

suspended solids (TSS) in water depends on the light transmittance and scattering rate. 

When the TTS increases, the turbidity of water increases. The analog and digital signal 

output modes are available, and either mode is set depending on the MCU [241].  The 

potentiometer in the digital signal mode can be adjusted to control the threshold. The 

operating voltage and current of the turbidity sensor are 5V DC and 40mA (maximum) 

respectively. For the mapping from the output voltage to the NTU according to a 

different temperature, when the sensor is placed in pure water, the value of NTU is less 
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than 0.5; the output should be “4.1±0.3V” when the temperature is 10°C ‒ 50°C [238]. 

For the proposed reconfigurable WSN design for WQM in IoT environment, the WQ 

770 is not a preferred selection in measuring the turbidity of water due to its high cost of 

USD 351.50 [240] while SKU: SEN0189 costs USD 13.78 [241]. 

 

3.4  Selection of Wireless Protocol 

Despite the availability of many wireless applications for both industrial and personal 

usages that involve low data rates, reliability, security, low cost, less complexity, and 

longer battery life, the ZigBee technology has the performance characteristics that 

practically fulfill those requirements. The ZigBee standard is aimed to function in an 

unlicensed international frequency band. Since power consumption is a critical issue in 

WSNs, the Zigbee protocol is commonly used in existing WSN based WQM systems for 

communication protocol. It has been discussed in Chapter 2 that several studies present 

the benefits of ZigBee in WSN based WQM systems. 

 

3.4.1  Selection of ZigBee Module 

Two different brands of ZigBee module such as Telegesis ETRX3 series modules and 

XBee Pro module are considered. 

 

3.4.1.1  Telegesis ETRX3 Series Modules 

The Telegesis ETRX3 series modules [242] are constructed on the Ember ZigBee 

platform including the single chip EM351 or EM357 integrated with the ZigBee PRO 

compliant EmberZNet meshing stack. It is easy to use in many areas for various 

applications using a simple AT-style command interface and advanced hardware design. 

The configurable functionality of the Telegesis AT Command set commonly enables the 

ETRX3 series ZigBee modules to be utilized without a supplementary host 

microcontroller to save integration time and costs. The supply voltage VCC 0.3 to +3.6 

V DC is required and the voltage on any Pad Vin -0.3 to VCC +0.3 V DC is required. 

Currently, the existing firmware in the market does not support the SPI and I2C buses, 

but it can be used with custom firmware.
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3.4.1.2  XBee Module 

XBee Pro S1 (IEEE 802.15.4 standard) is a registered brand name of Zigbee Standard 

and it is a product of the Digi International. The XBee 802.15.4 RF modules consist of 

Zigbee/Mesh topologies, and it can support both 2.4 GHz and 900 MHz frequency 

[243]. The XBee 802.15.4 (IEEE 802.15.4 standard) RF module comprises one XBee 

USB adapter, two Embedded-Antenna Module and one voltage adapter. The voltage 

adapter converts 5V to 3.3V. Since two XBee Series Embedded-Antenna Modules 

operate in universal asynchronous receiver/transmitter (UART) mode, XBee Series 

Embedded-Antenna Modules are the core units to design the wireless communication 

between the observing device and the FPGA board. This module proposes competence 

for long distance communication.   

 The digital input/output pins and additional pins of XBee can assist XBee standalone 

applications. The 10-bit pulse width modulation (PWM) of XBee modulates output and 

communicates to another XBee. The XBee Pro S1 modules are shown in Fig. 3.7 [243]. 

The XBee Pro series support both points to point and multi-point networks. The 

coverage of XBee Pro is outdoor line-of-sight up to 1600m for international variant.  

The configuration is not essential for out-of-box RF communications and the 

transmission power is 10mW (10dBm) [243]. Therefore, in the reconfigurable WSN 

design for WQM in IoT environment project, to transmit and acquire the data between 

the observing PC and FPGA board, two XBee Pro S1 (IEEE 802.15.4 standard) RF 

modules based on ZigBee wireless communication protocol are used for its benefits of 

ease of usage, lower power consumption, low cost and its ability to using with SPI and 

I2C buses. 

 

3.5  Selection of Analog to Digital Converter 

Since the turbidity sensor SKU: SEN0189 and CO2 sensor SKU: SEN0219 are analog 

sensors, the analog output of those sensors is needed to convert to digital output.  An 

analog to digital converter (ADC) with an effective and reliable feature should be 

selected for the proposed design. Among a large number of ADCs, a high-speed ADC 
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Fig. 3.7: XBee Pro S1 (IEEE 802.15.4 standard) RF Module [243] 

 

AD7928 [244] with a fast conversion rate of 2.5µs per channel is selected. The analog 

voltage output is converted to 8 bits binary by 8 bits 8 channels AD7928 that are capable 

to handle maximum 8 analog voltage inputs in series. The signal interface of the 

turbidity sensor, the CO2 sensor and the Serial Peripheral Interface (SPI) of ADC will be 

devised in the Nios-II processor in the Qsys Tool of Quartus II software. 

 

3.6  Selection of Display Tools for Receiving Water Data 

The data will be displayed on the monitoring PC when the wirelessly transmitted water 

parameter from the transmission unit is received. In the proposed reconfigurable WSN 

design for environmental monitoring in the IoT environment, both X-CTU software and 

Grafana software are selected to display the water parameters data.  

 

3.6.1  X-CTU Software  

X-CTU software [245] is manufactured by Digi Internationals and it can be used to 

configure the XBee. The XCTU supports configuration and communication for most 

Digi RF modules. Since the XBee Pro RF Module is one of the XCTU-compatible RF 

modules, the X-CTU software transmits data from PC to another side of XBee, and the 

monitored data transmitted from another side of XBee to PC Com port. The X-CTU 

transmits and receives the data in ASCII character and Hexadecimal.
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3.6.2  Grafana Software 

To visualize time series data of the parameters of water, Grafana [246] is an appropriate 

software for its easy installation on the monitoring PC operated in the Linux mode, 

dashboards, rapid and flexible client-side graphs with a multitude of options. The 

Grafana dashboards offer the following features [247]: 

 

 Drag and drop panels, change row and panel width easily 

 Search dashboards based on title or tags 

 Templated dashboards 

 Dashboard playlists 

 Create / Update HTTP API 

 Different panel types 

 Supports panel plugins 

For graphing, the Grafana allows the users as follows: 

 Click and select a region to zoom 

 Multiple Y-Axes, Render Bars, Lines, Points 

 Thresholds, Logarithmic Scales 

 Y-axis formats (bytes, milliseconds, etc) 

 View or edit graph in fullscreen 

 Full control over how each series should be drawn 

 

3.7 Design Plan of Hardware and Software 

After selecting hardware components, the draft design of WQM system is planned as 

shown in Fig. 3.8. The detail of the design is discussed in Chapter 4: System 

Implementation. The system software flow chart of the system is drafted as depicted in 

Fig. 3.9. The detail of the software system flow chart is discussed in the latter part of 

Chapter 4. 
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Fig. 3.8: Draft Design of WQM System in IoT environment 

 

 

 

 
 

Fig. 3.9: Draft Software Flow Chart WQM system in IoT environment
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3.8  Summary 

In this chapter, the challenges to meet the requirements of the WQM system have been 

discussed. The design plan of the experimental setup of the reconfigurable WSN design 

for environmental monitoring in the IoT environment has been presented. The selection 

of hardware and software components to implement the WSN based WQM system in 

IoT has also been discussed. To measure the water parameters, DS18B20 temperature 

sensor, Ultrasonic sensor LV-MaxSonar- EZ1, Atlas Scientific pH kit, Gravity: Analog 

Infrared CO2 sensor SKU: SEN0219 and Turbidity sensor SKU: SEN0189 have been 

selected. For the processor, the Altera/Intel DE1-SoC 5CSEMA5F31C6 FPGA board 

has been selected and XBee Pro S1 has been selected for the wireless protocol. To 

display the real-time data of water parameters, the X-CTU software, and the Grafana 

dashboard software has been selected.  

 



 

 

 

Chapter 4 

System Implementation 

The selections of hardware and software components for the reconfigurable WSN 

design for environmental monitoring in the IoT environment was discussed in Chapter 

3. Based on the discussion of hardware and software components in Chapter 3, the 

reconfigurable WSN design for WQM in the IoT environment will be designed and 

built. The design in Qsys Tool of Nois- II processor will be presented in this chapter. 

The aspects of the implementations of both hardware and software will be studied in 

their specific sections. The results of the designed system will be analyzed in Chapter 5. 

 

4.1  Design of Reconfigurable WSN System for WQM in IoT 

Environment 

Initially, the block diagram of reconfigurable WSN system is designed as shown in Fig. 

4.1. The system consists of two parts: the transmitter unit, which consists of the sensors, 

an FPGA board, and a wireless transmitter and the receiver module, which consists of 

only a wireless receiver and PC. At the beginning of the overall design of reconfigurable 

WSN system, the transmitter module of the system’s design is planned. When the design 

of the transmitter unit of the reconfigurable WSN system for WQM in the IoT 

environment is considered, the following core components are planned and listed in the 

initial phase.  

1. Sensors 

2. FPGA Board 

3. Wireless Transmitter Unit 

4. Wireless Receiver Unit 

 

 Firstly, the components for the proposed design of reconfigurable WSN for WQM in 

IoT environment such as sensors, ADC, and XBee wireless communication modules are 

designed using Nios-II soft-core processor in Qsys Tools of Quartus II. Then, the 

complete design will be downloaded to the FPGA SoC board. The calculations of water 
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Fig. 4.1: Block Diagram of Reconfigurable WSN Design for WQM in IoT  

 

 

parameters and commands of wireless transceiver modules are programmed in Nios-II 

Eclipse by applying C programming language. Then, the program will be compiled and 

downloaded to the FPGA board using Quartus II software. 

 

 

4.2  Integrating of sockit_owm Component into Nios II Software 

Development Environment 

At the beginning of the experimental design, the Digital Thermometer Sensor DS18B20 

design is considered, and sockit_owm (1-wire master) module must be integrated into 

Nios II software development environment since DS18B20 is a 1-wire protocol-based 

sensor. To implement the physical layer of the protocol in hardware, the soft-core 

processor of Quartus II also needs to be integrated into Nios-II. 

 

4.2.1  Parameters of sockit_owm 

The default width of the data bus is 32bit. The base is accurately 7.5μs or 5.0μs, or in the 

range of 6.0 – 7.5μs for normal mode. For overdrive mode, the base is either 1.0μs or in 

the range of 0.5 – 0.66μs. The clock frequency of the system can also be sorted into the 
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required base period. When the overdrive is empowered, both normal and overdrive 

mode periods are achieved. Exact time periods provide a better-optimized execution. 

The clock divider ratio parameters (register values) are calculated using the following 

formulae. 

                                               CDR_N = ƒclk × 5.0μs – 1                          (4.1) 

for example:                           CDR_N = 1MHz × 5.0µs – 1 = 5 – 1     

                                               CDR_O = ƒclk ×1.0μs – 1                         (4.2) 

 

for example:                             CDR_O = 1MHz × 1.0µs – 1 = 1–1 

 When the dividing factor is not a rounding integer, the controller timing is 

moderately off, and it supports solely a subdivision of 1-wire devices with its timing 

closer to the typical 30µs slot. If a round frequency is not feasible, range periods should 

be used. Base time periods BTP_N = “5.0” and BTP_O = “1.0” are optimized for one 

wire timing. The default timing restricts the range of available frequencies to multiples 

of 1MHz. If even this restriction is too strict, then timing BTP_N = “6.0” and   BTP_O = 

“0.5” are used, where the actual periods can be in the range as follows-: 

6.0µs <= BTP_N <= 7.5µs 

0.5µs <= BTP_O <= 0.66µs 

A third timing option is available for normal mode BTP_N = “7.5”, this option is 

optimized for logic size. The exact base time period is calculated using the formula as 

follows: 

                         
         

ƒ   

                                                             (4.3) 

The base time period and base frequency options are presented in Table 4.1 [224]. 

 

Table 4.1: Base Time Period and Base Frequency [224] 

 
overdrive support (OVD_E) disabled Enabled 

base time period [μs] (normal mode) 7.5 5 6.0-7.5 7.5 5 6.0-7.5 

base time period [μs] (overdrive mode)    1.0 1 0.5-0.66 

base frequency (Mhz) 0.133 0.2 0.166-0.133   2-1.5 
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4.2.2  Module Ports 

Module ports of sockit_owm are categorized into two ports such as 1-wire interface 

ports and CPU interface ports. 

 

4.2.2.1  CPU bus Interface 

The default bus interface is compatible with 32bit Avalon MM, and it is connected to 

Wishbone. Table 4.2 [224] shows that Wishbone is equivalent to the Avalon MM 

signals. All CPU related signals are actively high, and both read and write cycles are a 

single clock period long, the omitted Avalon MM signal bus_waitrequest is a constant 

“0”. Read data is only valid when the first cycle of bus_ren is active in which this can 

change in the next cycle due to the interrupted status that has been cleared. When a reset 

(with presence detection) or a read/write bit 1-wire cycle is finished, this will be 

indicated through the interrupt signal. The interrupt is cleared after reading the 

control/status register. 

 

4.2.2.2  1-wire Interface 

An external open-drain driver is necessitated by the 1-wire module to enable the 

operation of a bidirectional pin. The schematic diagram of the 1-wire driver for the i-th 

line is described in Fig. 4.2 [226]. 

 

Table 4.2: Wishbone Equivalents of Avalon MM Signals [224] 

bus signal Avalon MM signal Wishbone signal 

bus_wen avalon_write cyc & stb & we 

bus_ren avalon_read cyc & stb & ~we 

bus_adr avalon_address Adr 

bus_wdt avalon_writedata dat_w 

bus_rdt avalon_readdata dat_r 

bus_irq avalon_interrupt Irq 

 

4.2.3  Interfacing Processor  

The interfacing processor consists of 1.) Control status register, 2.) Enabling power, 3.) 

Clock divider ratio registers, and 4.) Driver access sequences (polling and interrupts).
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Fig. 4.2: Schematic Diagram of 1-wire Driver for the i-th Line [225] 

 

 

 

 

4.2.3.1  Control Status Register 

The sockit_own module is designed for a 32bit CPU through a single 32bit register if 1 

to 16 owm 1-wire lines are required to design. The control status register is defined as 

the following C program. 

 

#ifndef __SOCKIT_OWM_REGS_H__ 

#define __SOCKIT_OWM_REGS_H__ 

#include <io.h> 

#define SOCKIT_OWM_CTL_REG               0 

#define IOADDR_SOCKIT_OWM_CTL (base)      

IO_CALC_ADDRESS_NATIVE (base, SOCKIT_OWM_CTL_REG) 

#define IORD_SOCKIT_OWM_CTL (base)    IORD (base, 

SOCKIT_OWM_CTL_REG) 

#define IOWR_SOCKIT_OWM_CTL (base, data) 

  IOWR (base, SOCKIT_OWM_CTL_REG, data) 

#define SOCKIT_OWM_CTL_DAT_MSK          (0x00000001) // data bit 

#define SOCKIT_OWM_CTL_DAT_OFST         (0) 

#define SOCKIT_OWM_CTL_RST_MSK           (0x00000002) // reset 

#define SOCKIT_OWM_CTL_RST_OFST          (1) 

#define SOCKIT_OWM_CTL_OVD_MSK          (0x00000004) // overdrive 

#define SOCKIT_OWM_CTL_OVD_OFST         (2) 

#define SOCKIT_OWM_CTL_CYC_MSK           (0x00000008) // cycle 

#define SOCKIT_OWM_CTL_CYC_OFST          (3) 
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4.2.3.2  Enabling Power 

More than one 1-wire line can be implemented in the sockit_owr module contingent 

upon the value of the OWM parameter. For the proposed reconfigurable WSN design for 

WQM in the IoT environment, only one 1-wire line is necessary. As only the single state 

counter is available in the module, parallel interaction with more than one device cannot 

be achieved. A particular synchronous reset or write/read bit cycle is offered. However, 

the time multiplexer can be implemented between lines on a bit transfer level. Hence, 

the completion of each cycle is essential, therefore, a new cycle on the same or different 

line can be provided. The following C codes are used for 1-wire line power enabling. All 

1-wire lines can be powered independently.  

#define SOCKIT_OWM_CTL_PWR_MSK      (0x00000010) // power (strong pull-up), 

if there is a single 1-wire line 

#define SOCKIT_OWM_CTL_PWR_OFST     (5) 

#define SOCKIT_OWM_CTL_RSV_MSK         (0x00000020) // reserved 

#define SOCKIT_OWM_CTL_RSV_OFST        (5) 

#define SOCKIT_OWM_CTL_IRQ_MSK         (0x00000040) // irq status 

#define SOCKIT_OWM_CTL_IRQ_OFST         (6) 

#define SOCKIT_OWM_CTL_IEN_MSK         (0x00000080) // irq enable 

#define SOCKIT_OWM_CTL_IEN_OFST        (7) 

#define SOCKIT_OWM_CTL_SEL_MSK         (0x00000f00) // port select number 

#define SOCKIT_OWM_CTL_SEL_OFST        (8) 

#define SOCKIT_OWM_CTL_POWER_MSK (0xffff0000) // power (strong pull-up), if 

there is more than one 1-wire line, 1-wire line status read multiplexer 

#define SOCKIT_OWM_CTL_POWER_OFST (16) 

 

4.2.3.3  Clock Divider Ratio Registers 

When the clock divider ratio that registers cdr_n and cdr_o are executed (CDR_E=1), 

the reset value of the registers is determined by CDR_N and CDR_O parameters. The 

registers are written with new divider ratios while there is no 1-wire cycle in progress. 

The clock divider ratio registers are defined by C code as follows: 

#define  SOCKIT_OWM_CDR_REG               1 

#define IOADDR_SOCKIT_OWM_CDR (base)    
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IO_CALC_ADDRESS_NATIVE (base, SOCKIT_OWM_CDR_REG) 

#define IORD_SOCKIT_OWM_CDR (base) 

IORD (base, SOCKIT_OWM_CDR_REG) 

#define IOWR_SOCKIT_OWM_CDR (base, data) 

IOWR (base, SOCKIT_OWM_CDR_REG, data) 

#define SOCKIT_OWM_CDR_N_MSK (0x0000ffff) // normal    mode 

#define SOCKIT_OWM_CDR_N_OFST           (0) 

#define SOCKIT_OWM_CDR_O_MSK             (0xffff0000) // overdrive mode  

#define SOCKIT_OWM_CDR_O_OFST            (16) 

#endif /* __SOCKIT_OWM_REGS_H__ */ 

 

4.2.3.4  Driver Access Sequences (Polling and Interrupts) 

The 1-wire master performs the majority of the actions specified in the iButton 

specification as the physical layer. Polling or interrupts can be used. The reference 

implementation for Nios- II HAL and μC/OS-II is accessible as the source code. The C 

codes for polling and interrupts are as follows: 

#include "sys/alt_dev.h" 

#include "sys/alt_irq.h" 

#include "sys/ioctl.h" 

#include "sys/alt_errno.h" 

#include "sockit_owm_regs.h" 

#include "sockit_owm.h" 

extern sockit_owm_state sockit_owm; 

#ifndef SOCKIT_OWM_POLLING 

#ifdef ALT_ENHANCED_INTERRUPT_API_PRESENT 

static void sockit_owm_irq (); 

#else 

static void sockit_owm_irq (alt_u32 id); 

#endif 

void sockit_owm_init (alt_u32 irq) 

{ 

  int error;



Chapter 4. System Implementation                                                                                                                                                         74                            

 

 

 

  // initialize semaphore for 1-wire cycle locking 

  error = ALT_FLAG_CREATE (sockit_owm.irq, 0) || 

          ALT_SEM_CREATE (sockit_owm.cyc, 1); 

  if (!error) { 

   // enable interrupt 

    sockit_owm.ien = 0x1; 

    // register the interrupt handler 

#ifdef ALT_ENHANCED_INTERRUPT_API_PRESENT 

alt_ic_isr_register (0, irq, sockit_owm_irq, NULL, 0x0); 

#else 

    alt_irq_register (irq, NULL, sockit_owm_irq); 

#endif 

  }  

} 

#ifdef ALT_ENHANCED_INTERRUPT_API_PRESENT 

static void sockit_owm_irq(void * state) 

#else 

static void sockit_owm_irq(void * state, alt_u32 id) 

#endif 

{ 

  // clear onewire interrupts 

  IORD_SOCKIT_OWM_CTL (sockit_owm.base); 

  // set the flag indicating a completed 1-wire cycle 

  ALT_FLAG_POST (sockit_owm.irq, 0x1, OS_FLAG_SET); 

} 

#else 

#endif 

 

 

4.2.4  Nios-II HAL and μC/OS-II Drivers 

The sockit_owm is integrated into the Nios II software development environment with a 

TCL script and C source and header files. The integration is achieved according to the
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instructions from Altera. The files for Nios II HAL and μC/OS-II integration are listed in 

Table 4.3. The software TCL script produces integration into the Nios II EDS, by 

defining: 

• driver version and compatibility 

• list of C sources and headers 

• list of driver configuration options. 

For the benefit of easy integration into an Altera FPGA design, the directory 

sockit_owm is applied as a portable component in FPGA devices. 

 

Table 4.3: Files for Nios II HAL and μC/OS-II Integration 

File description 

sockit_owm_hw.tcl TCL script for integration into SOPC Builder 

ockit_owm_sw.tcl TCL script for integration into Nios II EDS 

inc/sockit_owm_regs.h specification of hardware registers and low-level access 

macros 

HAL/inc/sockit_owm.h initialization and interrupt handling code 

HAL/src/sockit_owm.c 

  

Integration is completed based on the Altera specification with two TCL scripts such as 

sockit_owm_hw.tcl for SOPC Builder integration and sockit_owm_sw.tcl for Nios II 

EDS integration. 

 

4.2.5  Nios II EDS 

The C driver of sockit_owm is automatically incorporated into the BSP when the 

induction of SOPC Builder project comprises of the sockit_owm component which 

initiates the BSP. 

 

4.3  Hardware Design Implementation in Qsys Tools of Quartus II 

The Quartus II is a programmable logic device design software that creates and 

synthesizes the design of FPGA for the complete sensor controller and fabricates the 

VHDL of the interfaces. The compilation is executed, and the system is downloaded 
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into the FPGA device. All designs of wireless WQM systems are performed in VHDL 

programming. Firstly, to create the project, in Quartus II 13.1 (64-bit) Web Edition is 

launched. From the “File” menu, “New Project Wizard” is selected. Then, the project 

directory, the name of the project, name of the top-level design entity, devices family 

and devices name for the project are determined. The project is named as DE2_Basic 

Computer and by clicking “Finish”, and a new project is created. After creating the new 

project, in the main Quartus II window, “Tool” is selected to launch the Qsys tool. The 

Qsys system is started and the “System Contents” tab is displayed. 

 The hardware characteristics of the Nios II system, such as a processor, and 

components to include in the system have to be defined in Qsys Tool. The following 

procedures are performed to design the project in Qsys system. 

1. Specify the target FPGA and clock settings. 

2. Add the Nios II core, on-chip memory, and other components. 

3. Specify base addresses and interrupt request (IRQ) priorities. 

4. Generate the Qsys system. 

 

4.3.1  Specifying Target FPGA and Clock Settings 

When the Qsys system is launched, the components are added to the system and the 

selected components are configured to fulfill the necessities of the design. The 

components are displayed via the window of the System Contents tab. Then, Project 

Settings is selected to do the necessary setting of the proposed project. The device 

family “Cyclone V” is selected and device “5CSEMA5F31C6” is selected according to 

the user’s FPGA SoC board. The accessible components are indicated at the left side of 

the window. The hardware system of the proposed project is created using the Qsys tool 

and runs under the control of a clock. From “View” menu, “Clock” is selected and the 

“clk_0” is set as 50-MHz as. The “clk_0” is the default clock input name for the Qsys 

system. The frequency specified for “clk_0” is essential to correspond to the oscillator 

that operates the FPGA. 
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4.3.2  Adding Components 

The components are added to design the hardware of the wireless WQM system. The 

procedures of adding components are as follows: 

1. Adding Nios-II processor 

2. Adding On-Chip memory 

3. Connecting the components 

4. Adding parallel input-output I/O interface 

5. Making necessary connections 

6. Adding interval timer 

7. Making connections 

8. Adding system ID peripheral 

9. Adding temperature sensor DS18B20 

10. Adding JTAG UART 

11. Adding MaxSonar UART 

12. Adding high_res_timer 

13. Adding SPI (3 wire serial) 

14. Adding the SDRAM controller 

15. Assigning interrupt numbers. 

 

4.3.2.1  Adding Nios-II Processor  

To specify the processor, from “Embedded Processors” on the left side of the Qsys 

window, Nios-II Processor is selected and click “Add”, which proceeds to the window. 

Then Nios II (e) is chosen for the economy version. The Nios- II processor appears as 

“nios2_qsys_0” in the “System Content”. The Qsys tool selects titles automatically for 

several components. The titles are not essentially explanatory enough to be simply 

connected with the target design, but those titles can be modified. To rename, right click 

on “nios2_qsys_0” and rename as “CPU” and then enter. The “nios2_qsys_0” is 

changed to “CPU”. The Nios- II processor has two inputs such as reset and interrupt. 

The processor begins to perform the instructions saved at memory addresses and is 

known as reset vector and interrupt vector when one of the inputs is initialized.
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4.3.2.2  Adding On-Chip Memory 

On-chip memory must be specified. From the category “Memories and Memory 

Controllers”, “On-Chip” is selected, and then “On-Chip Memory (RAM or ROM)” is 

selected and click “Add”. When the On-Chip Memory Configuration Wizard window 

appears, Data width is set to 32 bits and the Total memory size to 4K bytes (4096 bytes). 

Then, click “Finish”. In the “System Contents”, “onchip_memory2_0” appears, then it is 

renamed as “onchip_mem”. 

 

4.3.2.3  Connecting the Components 

In the “System Contents” tab, the connections that are previously created are 

demonstrated by filled circles and the other accessible connections are indicated by 

empty circles. A connection is made by clicking on an empty circle and a connection is 

removed by clicking the filled circles. The following connections are made in the 

Connection area of the “System Contents” tab. 

• Clock inputs of the processor and the memory to the clock output of the clock 

component 

• Reset inputs of the processor and the memory to both the reset output of the clock 

component and the “jtag_debug_module_reset output” 

• The s1 input of the memory to both the “data_master” and “instruction_master” 

outputs of the processor. The connections are established as shown in Fig. 4.3. 

 

4.3.2.4  Adding parallel Input Output I/O Interface 

Similarly, as specifying On-Chip Memory, the parallel input-output I/O interface is 

specified. Firstly, select “Peripherals”, and then select “Microcontroller Peripherals”, 

and then PIO is selected and click “Add” to reach the PIO Configuration Wizard again. 

In the PIO Configuration Wizard, the width of the port to be 8 bits is specified and the 

direction of the port to be “Output” is selected. Then, click “Finish” to proceed to the 

System Contents tab, pio_0 appears in the System Contents tab. Then, it is renamed 

from the “pio_0” to “maxsonar_pio”.
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Fig. 4.3: Established Connections 

 

 

 
 

 

Fig. 4.4: Qsys System with Necessary Connections 

 

 

4.3.2.5  Making Necessary Conncetions 

The next step is to identify the compulsory connections for the two PIOs such as Clock 

input and Reset input as shown in Fig. 4.4. 
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 Clock input of the PIO to the clock output of the clock component. 

 Reset input of the PIO to the reset output of the clock component and the 

“jtag_debug_module_reset output”. 

 The “s1” input of the PIO the “data_master” output of the processor. 
 

 

4.3.2.6  Adding Interval Timer 

Commonly, a timer component is used by the control systems to empower accurate 

calculation of time, therefore, the Nios-II HAL requires a timer to offer a periodic 

system clock tick. The following steps are performed to add the timer: 

1. On the “Component Library” tab, expand “Peripherals”, expand “Microcontroller 

    Peripherals”, and then click “Interval Timer”. 

2. Click “Add”. The Interval Timer parameter editor appears. 

3. In the Presets list, select “Full-featured”. 

4. Click “Finish”. Then, return to the Qsys “System Contents” tab, and the interval timer 

    appears instantly in the system contents table. 

5. In the “Name” column, right-click the interval timer and click “Rename”. 

6. Type “sys_clk_timer” and press “Enter”. The Interval Timer is added and renamed as 

    “sys_clk_timer”.  

 

4.3.2.7  Making Connections  

After adding the internal timer, the connections are done as follows: 

 Connect the “clk” port of the “clk_0” clock source to the clk port of the interval 

timer. 

 Connect the “clk_reset” port of the “clk_0” clock source to the reset port of the 

interval timer. 

 Connect the “data_master” port of the Nios II processor to the “s1” port of the 

“interval timer”. 
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4.3.2.8  Adding System ID Peripheral 

The system ID peripheral performs as a safeguard to prevent downloading software 

unintentionally that compiles for a different Nios II system. The Nios-II SBT for Eclipse 

prevents the downloading of programs compiling for a different system when the system 

ID peripheral is included. To add the system ID peripheral, the following procedures are 

performed:  

1. On the “Component Library” tab, expand “Peripherals”, expand “Debug and 

Performance” and then click “System ID Peripheral”. 

2. Click “Add”. The System ID Peripheral parameter editor is shown in the System 

Contents, it is renamed as “sysid”. 

Specify the connections between the clk port of the “clk_0” clock source to the clk port 

of the System ID Peripheral, the “clk_reset” port of the “clk_0” clock source to the reset 

port of the System ID Peripheral. 

 

 

4.3.2.9  Adding Temperature Sensor DS18B20 

To add Temperature sensor DS18B20, “Interface Protocols” is selected, then “Serial” is 

selected, and select 1wire (one wire) master is selected and clicked. The “sockit_owm”  

editor appears, and by clicking “Finish”, it is included in the Qsys system by the name 

“sockit_owm_0” as shown in Fig. 4.5. It is renamed “ds10b20_owm”. Then specify the 

connections between the “data_master” port of the Nios II processor to the “s1” port of 

the “System ID Peripheral”. 

 

4.3.2.10  Adding JTAG UART 

To build communication between the Nios- II system and the host computer, the 

connection must be made. This work can be achieved by instantiating the JTAG UART 

interface. First, select “Interface Protocols”, then select “Serial”, and select “JTAG 

UART” and click “Add” to achieve the JTAG UART Configuration Wizard. The default 

settings are not changed and then click “Finish” to revert to the “System Contents” tab. 

“JTAG UART” turns up in the system as shown in Fig. 4.6. Then, connections are 

specified. The “JTAG UART” is connected to the clock, reset and data-master ports, and 

the PIOs. 
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Fig. 4.5: Inclusion of sockit_owm in Qsys System 

 

 

 

 

 

 

 

Fig. 4.6: Inclusion of JTAG UART in Qsys System
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Fig. 4.7: Inclusion of maxsonar_uart in Qsys System 

 

 

 

 
 

Fig. 4.8: Inclusion of ph_uart and xbee uart in Qsys System
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Fig. 4.9: Inclusion of high-res-timer in Qsys System 

 

4.3.2.11  Adding MaxSonar UART 

 

To add MaxSonar UART, “Interface Protocols” is selected, and “Serial” is selected, and 

“UART (RS-232 Serial Port)” is selected. The “UART (RS-232 Serial Port)” wizard 

appears. By clicking “Finish”, “uart_0” is shown in the “System Contents”. It is 

renamed as “maxsonar_uart” as shown in Fig. 4.7. Similarly, “ph-uart” and “xbee_uart” 

are added in the system as shown in Fig. 4.8. 

 

4.3.2.12  Adding high_res_timer 

On the “Component Library” tab, expand “Peripherals”, expand “Microcontroller 

Peripherals”, and then click “Interval Timer”. Click “Add” and the Interval Timer 

parameter editor shows up. In the “Presets” list, “Full-featured” is selected. By clicking 

“Finish”, the interval timer in the Qsys “System Contents” tab appears instantly in the 

system contents table. It is renamed as “high_res_timer” as shown in Fig. 4.9. 

 

4.3.2.13  Adding SPI (3 Wire Serial) 

Since the turbidity sensor and CO2 sensor are analog sensors, the output of those sensors 

is needed to convert to digital output. Therefore, to add ADC, select “Interface 

Protocols”, then select “Serial”, and select “SPI (3 Wire Serial)”. By clicking “Finish” in 
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Fig. 4.10: Inclusion of adc_spi in System 

 

 

the SPI (3 Wire Serial) Wizard, the “spi_0” appears in the Qsys system. It is renamed as 

“adc_spi” Fig. 4.10.  

 

4.3.2.14  Adding SDRAM Controller 

To specify SDRAM controller, from the category “Memories and Memory Controllers”, 

“External Memory Interface” is selected, then from SDRAM Interfaces, “SDRAM 

Controller” is clicked. SDRAM Controller Wizard appears and click “Finish”. The 

“new_sdram_controller_0” appears in the Qsys system. It is renamed as “sdram” as 

shown in Fig. 4.11. 

 

4.3.2.15  Assigning Interrupt Numbers 

The Qsys tool additionally offers an “Assign Interrupt Numbers” command which links 

IRQ signals to process valid hardware results. Assigning an appropriate priority to the 

hardware interrupt is compulsory. Since the Nios II HAL understands low IRQ values as 

a higher priority, the timer component essentially comprises of the highest IRQ priority 

to uphold the accuracy of the system clock tick. In the “IRQ” column of the system, the 

Nios II processor is attached to the JTAG UART and interval timer. Base addresses and
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Fig. 4.11: Inclusion of sdram in Qsys System 

 

 

 

Fig. 4.12: Connecting Base Address and IRQ 

 

 

IRQ are specified by connecting the IRQ line 31 from the JTAG UART to the Nios II 

processor by assigning the connection under the IRQ column, as presented in Fig. 4.12. 

The IRQ line 32 is connected to port 2, 4, 0, 3, 5, 1, 6, 7, 8 as shown in Fig. 4.13 and 

Fig. 4.14. 
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Fig. 4.13: Connection of IRQ Line 32 to port 2, 4, 0, 3, 5, 1, 6 

 

 

4.3.3  Specifying Base Addresses and Interrupt Request (IRQ) Priorities 

Since the accurate assignment of the base and end addresses of the several components 

in the implemented system has not been accomplished, the user can assign these 

addresses although the Qsys tool has assigned them automatically. On the System menu, 

“Assign Base Addresses” is clicked to create Qsys assign functional base addresses to 

each component in the system.  In the Qsys window, by double-clicking on the base 

address for each component, the addresses can be assigned. The base and end addresses 

for “Avalon Mapped Slave” of each component are assigned, and the connections with 

IRQ are shown in Table 4.4. These addresses are locked by clicking on the adjacent lock 

symbol. The Qsys design of the proposed reconfigurable WSN for WQM in IoT 

environment is completed in Qsys tool, then, it is generated before it is compiled to 

Quartus II and downloaded to FPGA board. 

 

4.3.4  Generating Qsys System 

When specified components are implemented to the desired system, the specified system 

is saved and named as “nios_system”. The file extension is “.qsys”. Therefore, the file 
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Fig. 4.14: Connection of IRQ Line 32 to port 7, 8 

 

name is appeared as “nois_system.qsys”. Then, the “Generation” tab is selected, which 

leads to the window. Then, click “Generate” on the bottom of the window and when the 

generation process is effectively achieved, the generation process shows the message 

“Generate Completed”. The output file “nios_system. sopcinfo” is achieved. The output 

“. sopc” file will be compiled to Quartus II. Then, exit the Qsys tool to return to the main 

Quartus II window. The updates and modification to the designed system are done by 

returning to the Qsys tool and any component in the “System Contents” tab of the Qsys 

tool is picked, edited or deleted. When a new component is added, the system is 

regenerated essentially. 

 

4.4  HDL Example 

From the “Generate” tab, “HDL example” file can be viewed. When “HDL Example” is 

clicked, the window appears and “Verilog” is already selected in HDL Language where 

the Verilog module can be viewed. When “VHDL” is selected in “HDL Language” box, 

the file is changed to VHDL module. The HDL example is copied to declare an instance 

of the Qsys system to access the Nios II system in top-level Verilog or VHDL module 

and link the inputs and outputs of the PIO ports. It also connects the clock and reset 

inputs to the relevant pins on the FPGA device. 
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Table 4.4: Assigned Base and End Addresses and IRQ Connection 

Name Description Clock Base End IRQ 

jtag_debug_module Avalon Memory 

Mapped Slave 

clk 0x0a00_0000 0x0a00_07ff  

control slave Avalon Memory 

Mapped Slave 

clk 0x1000_2020 0x1000_2027  

s1 Avalon Memory 

Mapped Slave 

clk 0x0000_0000 0x03ff_ffff  

s1 Avalon Memory 

Mapped Slave 

clk1 0x0900_0000 0x0900_1fff  

s2 Avalon Memory 

Mapped Slave 

clk2 0x0900_0000 0x0900_1fff  

avalon_jtag_slave Avalon Memory 

Mapped Slave 

clk 0x1000_1000 0x1000_1007 2 

avalon_rs232_slave Avalon Memory 

Mapped Slave 

clock-

reset 

0x1000_1010 0x1000_1017 4 

s1 Avalon Memory 

Mapped Slave 

clk 0x1000_2000 0x1000_201f 0 

s1 Avalon Memory 

Mapped Slave 

clock-

reset 

0x1000_2030 0x1000_2037 3 

spi_control_port Avalon Memory 

Mapped Slave 

clk 0x1000_2040 0x1000_205f 5 

s1 Avalon Memory 

Mapped Slave 

clk 0x1000_2060 0x1000_207f 1 

s1 Avalon Memory 

Mapped Slave 

clk 0x1000_2080 0x1000_208f  

s1 Avalon Memory 

Mapped Slave 

clk 0x1000_20a0 0x1000_20bf 6 

avalon_rs232_slave Avalon Memory 

Mapped Slave 

clock-

reset 

0x1000_3000 0x1000_3007 7 

avalon_rs232_slave Avalon Memory 

Mapped Slave 

clock-

reset 

0x1000_3010 0x1000_3017 8 
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Fig. 4.15: Address Map of Desired Qsys System 

 

 

4.5  Address Map 

The address map of the desired Qsys system of proposed reconfigurable WSN design for 

WQM in the IoT environment can be checked from the “Address Map” tab of the Qsys 

Tool as shown in Fig. 4.15. The complete Nios system design can be checked as a “.bsf” 

file in Quartus II as shown in Fig. 4.16. The pin assignments for the DE-SoC board are 

observed in the QSF file of the Quartus II project. 

 

 

4.6  Schematic Diagrams of Processor and Components 

The schematic diagrams of the processor and components can be viewed in the “Netlist 

Viewers” of the “Tools” menu. From the “Tools” menu, when “Netlist Viewers” is 

expanded, three viewers appear as “RTL viewer” such as “Technology Map Viewer 

(Post-Mapping)”, “Technology Map Viewer (Post-Fitting)” and “State Machine 

Viewer”. From the “RTL viewer”, the complete schematic diagram of the hardware of 

the proposed reconfigurable WSN design for WQM in the IoT environment is observed 

as shown in Fig. 4.17. By clicking “Technology Map Viewer (Post-Mapping)”, the 

schematic diagram of post mapping of the proposed system of reconfigurable WSN 

design for WQM in the IoT environment is observed as Fig. 4.18. The view of each 

component can be maximized for a clear view. The schematic diagram of the Nios-II 

processor and the port connections with the components is shown in Fig. 4.19. 
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Fig. 4.16: Complete Nios system .bsf File 

 

 

 

Fig. 4.17: Schematic diagrams WQM System



Chapter 4. System Implementation                                                                                                                                                         92                            

 

 

 

 

Fig. 4.18: Post Mapping Diagram of WQM System 

 

 

 

Fig. 4.19: Schematic Diagram of Nios-II Processor and Port Connections
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4.7  Integrating Qsys System into Quartus II Project 

 

Firstly, Quartus II 13.1 (64 bit) Web Edition is launched and the project 

DE2_Basic_Computer.qpf file is opened. In completing the hardware design of the 

proposed reconfigurable WSN system for WQM in the IoT environment, the designed 

hardware circuit is compiled in FPGA by utilizing the Programmer Tool in the Quartus 

II software. 

 

4.7.1  Building Project in Eclipse of Nios-II Software Build Tools 

 

To build the project in the Eclipse, the following procedures must be done: 

1. Creating a new Nios II Application and BSP from Template 

2. Compiling the project  

3. Running the software program on target hardware. 

 

 

4.7.1.1  Creating a New Nios II Application and BSP from Template 

From the menu bar, Tools is selected and expanded and “Nios-II Software Tools for 

Eclipse” is selected and clicked. The “Eclipse IDE” is opened and the Workspace 

Launcher dialog box appears, click “OK” to acquire the default workspace location as 

“DE1_SoC_DS18B20_v.1.8\ws”. Then, on the “File” menu, “New” is pointed, and then 

“Nios-II Application and BSP from Template” is selected and clicked. The Nios II 

Application and BSP from Template wizard appear. The target hardware information 

must be filled. Next to “SOPC Information File Name”, browse to the working directory 

and “nios_system. sopcinfo” file is selected as that file is the output file of Qsys design 

that is completed in Section 4.3.4. The CPU name is selected as CPU. In the Project 

name box, WQM_17 is typed for the project name since the WQM project is created on 

17 September 2016. The project can be named anything according to the user, however, 

the underscore must be placed between the two words. For the “Project template”, 

“Hello World” is selected. By clicking “Finish”, the new projects “WQM_17”, C 

application project and “WQM_17_bsp”, a board support package that contains the 

details of the Nios II system hardware are created and displayed in the Project Explorer 

view, typically on the left side of the window. 
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4.7.1.2  Modifying C Program 

To modify the C program as the desired project, the “WQM_17” is double-clicked, and 

“hello_world.c” is selected and double-clicked.   Then, C codes are modified for the 

proposed reconfigurable WSN design for WQM in the IoT environment.  

 

4.7.1.3  Calibrating pH Probe 

 

The calibration of pH probe is written as follows: 

 

// 13 - "Cal,mid,7.00" 

char  cal_midpoint[]  = {'C', 'a', 'l', ',', 'm', 'i', 'd',      ',',      '7', '.', '0', '0', 0x0D}; 

// 13 - "Cal,low,4.00" 

char  cal_lowpoint[]  = {'C', 'a', 'l', ',', 'l', '0', 'w',      ',',      '4', '.', '0', '0', 0x0D}; 

// 15 - "Cal,high,10.00" 

char  cal_highpoint[] = {'C', 'a', 'l', ',', 'h', 'i', 'g', 'h', ',', '1', '0', '.', '0', '0', 0x0D}; 

int main(){ 

To get single pH reading, the C program is written as follows: 

 

// get single PH reading 

 // "R<CR>" 

 for (i = 0; i < 2; i++){ 

send_char (get_single_ph[i], PH_UART_BASE); 

  } 

 // receive 11 bytes e.g. '14.000<CR>*OK<CR>' 

do{ 

rx_cnt = alt_up_rs232_get_used_space_in_read_FIFO (ph_uart_dev); 

} while (rx_cnt < 10); 

for(i = 0; i < rx_cnt; i++){ 

ch = get_char(PH_UART_BASE); 

if(i < 6){ 

ph_ch[i] = ch; 

    }



Chapter 4. System Implementation                                                                                                                                                         95                            

 

 

 

   } 

 ph_val = atof(ph_ch); 

 sprintf (ph_pl_buf, "%f", ph_val); 

 

#ifdef DEBUG_EN 

printf ("PH        : %f\n", ph_val); 

 #endif 

 

 

4.7.1.4  Calculation of CO2 

The calculation of CO2 is written as follows: 

// for Infrared CO2 sensor 

  co2_percent = ((adc_readings [2] * 1000) - 400) * (50.0 / 16.0); 

  sprint (cdox_pl_buf, "%f", (float)(co2_percent)); 

 

4.7.1.5  Sending Assembled XBee Tx Frame and Monitoring Response Status 

The C codes for sending XBee TX frame and monitoring the response status is written 

as follows: 

alt_u8 Tx_Request (void) { 

 /* 

 alt_u8 retry = 1; 

 alt_u8 retry_count = 0; 

 while(retry){ 

  Send_API_Frame (); 

  if(Wait_Response()){ 

   if(retry_count == MAX_TX_RETRY_COUNT) { 

    PC_UartPutString (“Max Tx Retry Count Reached\n\r”); 

    while(1); 

    retry = 0; 

   }
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   retry_count++; 

  }else{ 

   // handle error-free response 

   retry = 0; 

  } 

 } 

 */ 

 return 0; 

} 

 

4.7.1.6  Data Transmission of XBee Tx Frame 

The C codes for the XBee TX frame in the UART to transmit the data is written as 

follows: 

 void Send_API_Frame (void) { 

    /* 

XBee_SpiUartWriteTxData(0x7E); 

 XBee_SpiUartWriteTxData(API_Tx_Frame.length >> 8); 

XBee_SpiUartWriteTxData (API_Tx_Frame.length); 

XBee_SpiUartWriteTxData (API_Tx_Frame.frame_type); 

XBee_SpiUartWriteTxData (API_Tx_Frame.frame_id); 

XBee_SpiUartPutArray (API_Tx_Frame.frame_data, (API_Tx_Frame.length-2)); 

 XBee_SpiUartWriteTxData (API_Tx_Frame.check_sum); 

 */ 

} 

A part of modified C codes for the proposed reconfigurable WSN design for WQM in 

IoT environment is shown in Fig. 4.20.  

 

 

4.7.1.7  Compiling Project 

After creating the project, it must be compiled to produce an executable software image. 

The following procedures are performed to compile the project.
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Fig. 4.20: A Part of Modified C Codes 

 

 

1. In the Project Explorer view, “WQM_17_bsp” is right-clicked and “Properties” is 

clicked. 

2. The “Properties for WQM_17_bsp” dialog box emerges and the “Nios II BSP 

Properties” page is clicked.  

3. The “Nios II BSP Properties” page appears, and it comprises of basic software build 

settings. Support C is checked and “OK” is clicked. 

4. The BSP regenerates and the “Properties” dialog box closes.  

5. “WQM_17_bsp” is right clicked, “Nios II” is selected and “BSP Editor” is selected 

and double-clicked.  

6. In the “BSP Editor”, “timestamp_timer” is checked as “high_res_timer”. 

7. For “bsp_cflags-optimozation”, -03 is typed. 

8. “Generate” is clicked and then generate and exit. 

9. “WQM_17_bsp” is right clicked and Generate BSP. 

10. In the Project Explorer view of the Nios II SBT for Eclipse, the “WQM_17” project 

is right clicked and “Build Project” is clicked.
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11. The “Build Project” dialog box appears, and the project is compiled by the Nios II 

SBT for Eclipse.  

 

When the compilation fulfills, a “Build Finished” message shows up in the “Console” 

view as shown in Fig. 4.21. The output “.elf” file is achieved as “WQM_17.elf”. 

  

 

4.7.1.8  Running Program on the Targeted Hardware 

The program must be downloaded to target hardware before running it. The following 

procedures are performed to download the software executable to the target board. 

1. The “Programmer” is launched in Quartus II to program the FPGA from “Run” 

menu, “Run Configurations” is selected and double-clicked. 

2. “Nios II Hardware” is selected and double-clicked.  

3. In the “Run Configurations” dialog box, “Project name” and “ELF file name” are 

verified. 

4. The “Target connection” is refreshed and the “Processor”, “Cable” and “Byte Stream 

Devices” are checked. 

5. Then click “Run”. When the target hardware commences in running the program, the 

Nios II Console view displays character I/O output.  The program must be run for 3 

times until no errors are observed in the Console view.  

6. Click the “Terminate” icon (the red square) on the toolbar of the Nios II Console 

view to abort the run session. When “Terminate” icon is clicked, the Nios II SBT for 

Eclipse detaches from the target hardware. 

 

4.8  Implementing Hardware Components on FPGA Board 

The hardware components of proposed reconfigurable WSN for WQM in the IoT 

environment has been already designed in Nios-II soft-core processor and downloaded 

to FPGA board.  To perform the experimental measurements, the hardware components 

such as XBee RF module and sensors have to be implemented on the FPGA board. 
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Fig. 4.21: “Build Finished” Message in Console View 

 

 

4.8.1  Implementing XBee RF Module 

 

In the proposed reconfigurable WSN design for WQM in IoT environment, the XBee 

Pro S1 Development Kits is used since it contains RS-232 and USB interface boards 

which use two 20-pin receptacles to accept modules. The XBee Pro S1 RF Module is 

developed to base into a receptacle (socket) and therefore any soldering is not necessary 

when installing it to a board. The XBee Pro S1 Module is installed to an RS-232 

interface board. The XBee-Pro module in Fig. 4.22 has an RF output power of 60 mW 

and two XBee-Pro modules are used in the proposed design for its benefit of having a 

longer range, where one module is the transmitter module to transmit data from the 

proposed design while the rest is receiver module as shown in Fig. 4.23 that is used to 

receive data on PC using a USB2UART port.  

 The transmitter module of XBee Pro S1 is connected to the I/O port of FPGA. Since 

power supply voltage of +3.3V is consumed instead of TTL level +5.0V, the XBee 5V 

to the 3.3V regulator is required to supply power the XBee Pro S1 wireless module. The 

voltage regulator converts from 5V to 3.3V under which the XBee Series Embedded-

Antenna Modules is activated. The XBee USB adapter functions as a connector between 

the XBee modules and the monitoring device. The pin assignments for the XBee Pro RF 

module is presented in Table 4.5. Only 4 pins of XBee Pro S1 transmitter module are 

essential to be connected to the FPGA board as follows:
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Fig. 4.22: XBee Pro S1 Wireless Transmitter Module 

 

 

 
 

Fig. 4.23: XBee Pro S1 Receiver Module 

 

 

    

1. Pin 1 Vcc (+3.3 V) 

2. Pin 2 TX (Transmit) 

3. Pin 3 Rx (Receive) 

4. Pin 10 GND (Ground or 0V) 

  

 The pin wiring of XBee Pro S1 transmitter module is shown in Fig. 4.24. The pin 2 

(Tx) of XBee module is connected to the pin 8 of GPIO 1 (JP 2) of FPGA, and the pin 3 

(Rx) of XBee is connected to the pin 10 of GPIO 1 (JP 2) of FPGA. The power source 

from FPGA GPIO 0 (JP1) is connected to the pin 1 (Vcc) of XBee and the GND of 

FPGA is connected to the pin 10 (GND) of XBee respectively. Serial communications 

depending on the UARTs for both FPGA and XBee RF module
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Table 4.5: Pin Assignments for XBee Pro Module 

Pin Name Direction Description 

1 Vcc  Power supply 

2 DOUT Output UART Data Out 

3 DIN / CONFIG Input UART Data In 

4 DO8* Output Digital Output 8 

5 RESET Input Module Reset (reset pulse must be at least 200ns) 

6 PWM0 / RSSI Output PWM Output 0 / RX Signal Strength Indicator 

7 PWM1 Output PWM Output 1 

8 [reserved]  Do not connect 

9 DTR / SLEEP_RQ / 

DI8 

Input Pin Sleep Control Line or Digital Input 8 

10 GND  Ground 

11 AD4 / DIO4 Either Analog Input 4 or Digital I/O 4 

12 CTS / DIO7 Either Clear-to-Send Flow Control or Digital I/O 7 

13 ON / SLEEP Output Module Status Indicator 

14 VREF Input Voltage Reference for A/D Inputs 

15 Associate / AD5 / 

DIO5 

Either Associated Indicator, Analog Input 5 or Digital 

I/O 5 

16 RTS / AD6 / DIO6 Either Request-to-Send Flow Control, Analog Input 6 or 

Digital I/O 6 

17 AD3 / DIO3 Either Analog Input 3 or Digital I/O 3 

18 AD2 / DIO2 Either Analog Input 2 or Digital I/O 2 

19 AD1 / DIO1 Either Analog Input 1 or Digital I/O 1 

20 AD0 / DIO0 Either Analog Input 0 or Digital I/O 0 
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Fig. 4.24: Pin Connection of XBee Pro S1 Module to FPGA Board. 

 

 

 

have to be configured with compatible baud rate. The baud rate of the XBee module can 

be fixed to any rate up to 250,000 bps (practically 115,200 bytes per second via software 

configuration). For the proposed reconfigurable WSN design, the default baud rate 

setting for the XBee-Pro module is 9600 bps.  Both modules of XBee Pro S1 have 

activated in the Application Programming Interface (API) mode that enables better 

management of network properties. The XBee-Pro S1 RF Modules have an interface to 

FPGA through a logic level asynchronous serial port, hence, the XBee module can 

interconnect with any logic and voltage compatible to UART through the serial port. 

The five sensors detect the water parameters and the data is sent to FPGA which is 

interfaced with XBee-Pro S1 RF Modules. The XBee Pro S1 is configured to support 

single point to point and NonBeacon communication system which operates within a 

Peer-to-Peer network topology. The peer to peer architectures provides fast 

synchronization times and fast cold starts time. Since the point to point network 

transmits the data from a single node to designated single node which is identified by a 

unique address within the network, hopping or routing data is not necessary for this 

protocol. The unicast transmission of this point to point network provides the most 

robust and fastest network topology.  
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DS18B20 SOPC computerUART

 
 

Fig. 4.25: Functional Block Diagram of Temperature Sensor 

 

 

DS18B20

1. Ground

2. Data

3. Power

4.7 k  resistor

GND

Vcc

Port 3 

 

Fig. 4.26: Pin Connection of DS18B20 Sensor 

 

4.8.2  Implementing DS18B20 Temperature Sensor 

 

At the beginning of the experimental implementation, the Digital Thermometer Sensor 

DS18B20 is considered to be implemented based on the literature review. The block 

diagram shown in Fig. 4.25 has been developed. Since the DS18B20 is a 1-Wire Digital 

Thermometer, only one wire (and ground) is connected from the FPGA to a DS18B20. 

Hence, the bus communication uses one control signal and a 4.7 kΩ weak pull-up 

resistor is involved by the control line as shown in Fig. 4.26. The pin description of 

DS18B20 is shown in Table 4.6 [225]. The devices are identified and addressed by the 

microprocessor on the bus using a unique 64-bit code. Therefore, only one 

microprocessor is required to command many other DS18B20s allocated over a big area.  

 The operating temperature of the DS18B20 is in the range of -55°C to +125°C and is 

precise to ±0.5°Cover the range of -10°C to +85°C. The block diagram of the DS18B20 

is presented in Fig. 4.27 [225]. The master must provide a command “Convert T” to 

initiate the temperature measurement and analog to digital conversion, while the 
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Fig. 4.27: Block Diagram of DS18B20 [225] 

 

 

 
 

Fig. 4.28: Temperature register format [225] 

 

temperature output data is stored in the temperature register. The configuration register 

of DS18B20 can be set in a resolution of the conversion from temperature to digital 9-12  

 

Table 4.6: Pin Description of DS18B20 [225] 

 

Name Function 

N.C No Connection 

VDD Optional VDD. VDD must be grounded for operation in parasite power mode. 

DQ Data Input. Output. Open-drain 1- Wire interface pin. Also provides power to the 

device when used in parasite mode 

GND Ground 

 

 

bits that are compatible with the increments of 0.5 °C, 0.25 °C, 0.125 °C and 0.0625 °C 

as presented in Table 4.7. The temperature register saves the temperature as 16- bit 

number as shown in Fig. 4.28 [225]. The temperature sensor DS18B20 is attached to the 

configurable Nios-II soft processor system on the Cyclone V FPGA of Terasic DE-1 
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SoC board. The system consists of configurable Nios-II soft processor, SDRAM 

memory, 1-wire controller for interfacing with the sensor, interval timer, UART and 

other peripherals. 

 

Table 4.7: Details Corresponding to Bits Resolution in Configuration [225] 

Bits Resolution Increment (⁰ C) Undefined Resolution Bit 

9 bits 0.5 bit 0, bit 1 and bit 2 

10 bits 0.25 bit 0 and bit 1 

11 bits 0.125 bit 0 

12 bits 0.0625 none 

  

 

 The complete system is executed in VHDL and makes use of the IP cores 

available in Altera Qsys and open source 1-wire controller. The DS18B20 is connected 

to FPGA board via the PS/2 connector port which is the female of a PS/2 connector 

using 6-pin Mini-DIN PS/2 connector cable which is the male of a PS/2 connector. The 

PS/2 connector provides a 5V power supply. The connector has pins for ground, +5V, 

serial data, and serial clock.  The Data and Clock pins of the PS/2 connector are utilized 

to connect the two 1-wire lines of DS18B20. The Data and Clock lines are both open-

collector with 2kΩ pull-up resistor which is needed to apply the 1-wire bus and 120Ω 

series resistors to prevent damage to the hardware and software of Vcc.  The Pin-out of 

the PS/2 connector which is connected to the FPGA board is shown in Table 4.8 [225].      

 

Table 4.8: Pin-out of PS/2 Connector on FPGA DE-1 SoC Board [225] 

pin name description 

1 OWR [0] 1-wire line 0 with a 2kΩ pull-up to 5V and 120Ω serial resistor to the 

FPGA pin 

2 NC not connected 

3 GND Ground 

4 VCC +5V power supply 

5 OWR[0] 1-wire line 1 with a 2kΩ pull-up to 5V and 120Ω serial resistor to the 

FPGA pin 

6 NC not connected 
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4.8.2.1  UART Circuit Design with DS18B20 
 

The RS232 sensor interface is derived using the UART interface.  The transducer 

controller performs the commands to activate the sensor. The data is allocated serially in 

the 1-wire digital thermometer DS18B20 through a single data line with a ground 

reference. The master device is linked to a slave device. The operations of 1-wire digital 

thermometer are as follows: 

(1) reset sequence with reset pulse and presence pulse; 

(2) write “1”: send a “1” bit value to 1-wire slaves; 

(3) write “0”: send a “0” bit value to 1-wire slaves; 

(4) read bit: read a bit from 1-wire slaves. 

 

4.8.2.2  Power Source for DS18B20 

The DS18B20 can be operated in parasite power mode (power from the data line) which 

is without external power supply since the power is supplied through the 1-Wire pullup 

resistor via the DQ pin when the bus is high. The DS18B20 can also be powered by an 

external supply on VDD. In the project, the parasite power mode is used as the 

application of the remote temperature sensing system. The VDD pin is connected to the 

ground when the DS18B20 is functioned in parasite power mode. The power from the 1-

Wire bus via the DQ pin is stolen by the parasite-power control circuit when the bus is 

high. The DS18B20 is supplied by the power from the stolen charge while the bus is 

high, and some of the charges are saved on the parasite power capacitor (CPP) to supply 

the power when the bus is low. 

 

4.8.2.3  SOPC System with Temperature Sensor DS18B20 

The system structural diagram of the 1-Wire temperature sensor is depicted in Fig. 4.29. 

The XBee communication module and 1-wire digital thermometer DS18B20 are 

attached to DE 1-SoC FPGA system via the UART, one-wire, and RS232 interfaces 

respectively. The temperature sensor DS18B20 interacts over a 1-wire bus which 

requires only one data line (and ground) for communication with a microcontroller.  

After programming the configuration bit stream on FPGA, the software for Nios-II 

processor was downloaded and execution is started. The temperature of the remote 

sensing device is sampled in the one-second interval and is shown on the Nios-II console 
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Fig. 4.29: Structure Diagram of the SOPC System with DS18B20 Sensor 

 

 

 

Fig. 4.30: Experimental Set-up of DS18B20 Sensor 

 

output. The 1-wire sensor requires an external open drain driver to drive a bidirectional 

pin. Fig. 4.30 shows the experimental set-up of the DS18B20 sensor for real-time 

monitoring of water temperature. 

 

4.8.3  Ultrasonic Sensor LV-MaxSonar-EZ1 

After designing the temperature sensor, the Maxbotix LV-MaxSonar-EZ sensor is 

designed for measuring the distance between the water surface and a sensor which is 

placed at the lake bank. The sensor has the capability of computing the distance and 

execution the compulsory calculations automatically, returning the distance in inches 

without applying an external processor.
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Fig. 4.31: Pin Out of LV-MaxSonar-EZ1  

 

The MaxSonar-EZ1 operates from 2.2V to 5.5V, with a 2mA current draw. The LV-

MaxSonar-EZ sensor comprises of 3 separate outputs to update the range data 

instantaneously: Analog Voltage, Pulse Width, and RS232 Serial. The pin out 

description of LV-MaxSonar-EZ is presented in Table 4.9 [220]. The pins connected to 

the FPGA are shown in Fig. 4.31. 

 

 

4.8.3.1  SOPC System with LV-MaxSonar-EZ1 
 

The structural diagram of the SOPC system after implementing the ultrasonic sensor is 

shown in Fig. 4.32. The ultrasonic sensor LV-MaxSonar-EZ1 is integrated with RS232 

and the default state is the UART mode acting as the transmission (TX) line. The default 

baud rate is 9600, 8 bits, no parity, no flow control and one stop bit. The LV-MaxSonar-

EZ1ultrasonic sensor accumulates the range data by three individual modes such as 

analog voltage mode, pulse width mode, and RS232 serial mode. These three modes are 

accordant with the pin out of the ultrasonic sensor. The Tx of the sensor is connected to 

GPIO 1 D1 and Rx is connected to GPIO 1 D5. The power source of 5V from FPGA 

GPIO 1 is networked with Vcc pin of the LV-MaxSonar-EZ1 sensor. The ND pin of 

LV-MaxSonar-EZ1 is attached to the FPGA GPIO 1 ground pin. The experimental set-

up of the LV-MaxSonar-EZ1 sensor is shown in Fig.4.33. The third calibration point is 

set at pH 10, and the pH probe is placed in pH 10 solution and the command “Cal, high, 

10.00<CR>” is sent to the embedded pH EZO circuit.
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Fig. 4.32: Structure Diagram of SOPC System after Implementing Ultrasonic Sensor 

 

 

Fig. 4.33: Experimental Set-up of LV-MaxSonar-EZ Sensor 

 

 

Fig. 4.34: Wiring Diagram of pH Sensor Circuit
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Fig. 4.35: Embedded pH Circuit and BNC shield 

Table 4.9: Pin-out Description of LV-MaxSonar-EZ1 [220] 

Pin 1-BW Leave open or hold low for serial output on the TX output. When BW pin is held 

high the TX output sends a pulse (instead of serial data), suitable for low noise 

chaining.  

Pin 2-PW This pin outputs a pulse width representation of range. The distance can be 

calculated using the scale factor of 147uS per inch. 

Pin 3-AN Outputs analog voltage with a scaling factor of (Vcc/512) per inch. A supply of 

5V yields ~9.8mV/in. and 3.3V yields ~6.4mV/in. The output is buffered and 

corresponds to the most recent range data. 

Pin 4-RX This pin is internally pulled high. The LV-MaxSonar-EZ will continually 

measure range and output if RX data is left unconnected or held high. If held low 

the sensor will stop ranging. Bring high for 20uS or more to command a range 

reading.  

Pin 5-TX When the *BW is open or held low, the TX output delivers asynchronous serial 

with an RS232 format, except voltages are 0-Vcc. The output is an ASCII capital 

“R”, followed by three ASCII character digits representing the range in inches up 

to a maximum of 255, followed by a carriage return (ASCII 13). The baud rate is 

9600, 8 bits, no parity, with one stop bit. Although the voltage of 0-Vcc is 

outside the RS232 standard, most RS232 devices have sufficient margin to read 

0-Vcc serial data. If standard voltage level RS232 is desired, invert, and connect 

an RS232 converter such as a MAX232. When BW pin is held high the TX 

output sends a single pulse, suitable for low noise chaining. (no serial data) 

Pin 6-+5V Vcc – Operates on 2.5V - 5.5V. Recommended current capability of 3mA for 

5V, and 2mA for 3V.  

Pin 7-GND Return for the DC power supply. GND (& Vcc) must be ripple and noise free for 

best operation. 
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4.8.4  Atlas Scientific pH Sensor 

 

The Atlas Scientific pH sensor includes an embedded pH EZO circuit, pH probe, and 

BNC shield. The wiring diagram of the pH sensor circuit is shown in Fig. 4.34. The 

GND pin of pH circuit is connected to the FPGA at pin 30 GPIO 0 (JP1) ground pin, the 

Vcc pin of the pH circuit is connected to the power source of 5 V from pin 29 GPIO 0 

(JP 1) via power array as shown in Fig. 4.35. The Rx pin of pH circuit is connected to 

pin 4 of FPGA GPIO 1 (JP2) and the Tx pin is connected to pin 16 of FPGA GPIO 1 

(JP2) pin. The embedded pH circuit is operated in either two modes which are the 

UART mode or the I2C mode. In the wireless WQM system, the UART mode is utilized 

since it is the default mode with a baud rate of 9600 bps, 8 data bits, 1 stop bit, no parity 

and no flow control. The output data of the embedded pH circuit is encoded in the 

ASCII characters and followed by a carriage return “<CR>”.   

 The total number of 3 calibrations of the pH probe is essential before utilizing the pH 

sensor. According to its datasheet [229], the first calibration must be set at the Mid-point 

where the pH value is 7.00. The default temperature compensation of EZO™ pH circuit 

is set at 25° C. The pH probe is placed in the pH7 solution for one hour until the 

readings are stabilized. Then, the calibration is done at the midpoint value using the 

command “Cal, mid, 7.00<CR>”. The second calibration is chosen with a pH value of 4, 

the pH probe is positioned in the pH 4 solution (pH 4) and the command “Cal, low, 

4.00<CR>” is conveyed to the pH EZO circuit. The pH data is converted into binary by 

the embedded pH circuit and the resulted data is transmitted to the FPGA board. The 

calibration commands are as follows: 

  

// 13 - "Cal,mid,7.00" 

char  cal_midpoint[]  = {'C', 'a', 'l', ',', 'm', 'i', 'd',      ',',      '7', '.', '0', '0', 0x0D}; 

// 13 - "Cal,low,4.00" 

char  cal_lowpoint[]  = {'C', 'a', 'l', ',', 'l', '0', 'w',      ',',      '4', '.', '0', '0', 0x0D}; 

// 15 - "Cal,high,10.00" 

char  cal_highpoint[] = {'C', 'a', 'l', ',', 'h', 'i', 'g', 'h', ',', '1', '0', '.', '0', '0', 0x0D};
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Fig. 4.36: Structure Diagram of SOPC System after Implementing pH Sensor 

 

The structure diagram of the SOPC system after implementing a pH sensor is shown in 

Fig. 4.36. The XBee communication module, 1-wire digital thermometer DS18B20, and 

Atlas pH sensor kit are associated with DE 1-SoC FPGA board via the UART, one-wire, 

and RS232 interfaces respectively. An Atlas pH sensor has a hardware/firmware 

which is linked to the transducer interface module via the RS232 interface. The received 

data is identified by the command files and it enables the receiving data buffer to save 

the next reserving bytes of the message. 

 

 

4.8.5  Gravity: Analog Infrared CO2 Sensor SKU: SEN0219 

As the CO2 Sensor SKU: SEN0219 is an analog sensor, a high-speed ADC AD7928 

with a rapid conversion rate of 2.5µs per channel is used for converting the analog 

output to digital. The analog voltage output is converted to 8 bits binary by 8 bits 8 

channel ADC. The ADC is built-in and implemented on the FPGA board. The pin 

header of ADC consists of ten pins such as a +5V pin, (+), a 0V pin (‐), and eight analog 

channels (0‐7). The pin out for the DE1‐SoC’s ADC pin header is shown in Fig. 4.37. 

The ADC is connected to the FPGA via four signal lines as follows:
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Fig. 4.37: Pin Out Diagram of DE1‐ SoC ADC Pin Header 

 

 

 

Fig. 4.38: Wiring of CO2 Sensor SKU: SEN0219 to FPGA Board 

 

1. chip select signal from the FPGA 

2. serial clock signal from the FPGA  

3. serial data signal from the FPGA 

4. serial data signal from the ADC.  

 The ADC driver provides a sample of data from the ADC in every 67 cycles of the 

50MHz clock. The CO2 sensor consists of three pins such as Vcc (4.5 − 5.5V), GND, 

and signal pin which provides the analog output (0.4 − 2V). The power Vcc pin of CO2 

sensor is attached to the power source of FPGA at the pin 29 of GPIO 0 (JP1) and the 

GND pin of CO2 sensor is connected to the GND of FPGA at the pin 30 of GPIO 0 (JP1) 

respectively via power array as shown in Fig. 4.38. The signal pin is connected to pin 2 

of ADC header of FPGA board. The signal interface of the CO2 sensor and the SPI ADC 

are implemented in Qsys and controlled by DE1- SoC board which accumulates the 8-

channel analog signals and 24-channel digital signals circularly. 
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Fig. 4.39: Structure Diagram of SOPC System after Implementing CO2 Sensor  

 

The collected data is saved in the integrated SRAM on the interface device. The 

collected data of CO2 concentration is sent to monitoring PC through XBee Pro S1 RF 

module. The structural diagram of the SOPC system after implementing CO2 sensor is 

shown in Fig. 4.39. 

 

4.8.6  Turbidity Sensor SKU: SEN0189 

Although the turbidity sensor SKU: SEN0189 offers both analog and digital signal 

output modes, in this wireless WQM system, the analog output mode is utilized for its 

analog output. The turbidity sensor consists of three pins such as Power, GND, and 

signal as shown in Fig. 4.40. In the proposed design of the WQM system, the analog 

output (0V − 4.5V) is used. The ADC AD7928 is used for converting the analog output 

to digital voltage output. The power (Vcc) pin of turbidity sensor is connected to the 

power source of FPGA at the pin 29 of GPIO 0 (JP1) and the GND pin of turbidity 

sensor is connected to the GND of FPGA at the pin 30 of GPIO 0 (JP1) respectively via 

power array.



Chapter 4. System Implementation                                                                                                                                                       115                          

 

 

 

 

Fig. 4.40: Turbidity Sensor SKU: SEN0189 Circuit 

 

 

Fig. 4.41: Wiring of Turbidity Sensor  

  

 The signal pin out of turbidity sensor is connected to pin 4 of the ADC header of 

FPGA board. The wiring connection of the turbidity sensor to FPGA is shown in Fig. 

4.41. The signal interface of the turbidity sensor and the ADC are devised with Qsys tool 

and controlled by the DE-1 SoC design board which collects the 8-channel analog 

signals and 24-channel digital signals circularly. The collected data is saved in the 

integrated SRAM on the interface device. In terms of data transmission, the collected 

data of the turbidity level is transmitted to the monitoring PC through wireless 

communication via the XBee Pro S1 RF module. When the turbidity sensor is installed, 

all water parameter sensors of reconfigurable WSN design in the IoT environment for 

WQM are implemented.
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4.9  System Architecture of Reconfigurable WSN Design for WQM in IoT 

Environment 

The Atlas pH sensor kit, 1-wire digital thermometer DS18B20, the XBee 

communication module and the ultrasonic sensor are associated with DE 1-SoC FPGA 

system via one-wire, UART and RS232 interfaces, respectively. The analog output of 

the CO2 sensor and Turbidity sensor are digitized by the AD7928 ADC and are 

connected to the FPGA system by the SPI controller. In the Qsys Tool, the schematic 

diagrams of the CO2 sensor and Turbidity sensor are not displayed in the system 

contents for their analog functions. Alternatively, the “adc-spi” represents the Qsys 

designs of the CO2 sensor and Turbidity sensor in Qsys Tool. The ultrasonic sensor and 

pH sensor are integrated with RS232 and the default state is TX line UART mode. The 

default baud rate is 9600, 8 bits, one stop bit, has no flow control and no parity. The 

temperature sensor of the DS18B20 interconnects over a 1-wire bus, therefore only one 

data line (and ground) is required for the communication with the microprocessor. In the 

embedded system, the SPI bus assists the microprocessor to communicate with the off-

chip sensors, memory, and control devices. The SPI is fabricated for linking the on-chip 

processors and peripherals together into a SOPC. The SOPC system is commonly 

composed of the components, the Nios-II processor and some peripherals. The SPI 

transmits the inbound data through the UART interface to the processor when the 

gateways collect the transmitted data from sensor nodes. 

 An interface protocol, Avalon bus is fabricated to link on-chip processors and 

peripherals together into the SOPC. The port connections between the master and slave 

components and the timing are defined by the Avalon bus. Via the Avalon, the Nios-II 

processor is linked to its embedded peripherals such as on-chip random access memory 

(RAM), UART, PIO, JTAG, SPI, UART/RS232 serial port, synchronous dynamic 

random-access memory (SDRAM) controller and Timer. The multiple slave devices 

such as SPI, UART, and general-purpose input/output (GPIO) and custom logic are 

connected to the Avalon on-chip bus. 

 The Nios-II processor is a general purpose configurable soft-core processor and it 

consists of a 32-bit CPU and a combination of peripherals and memory on a single chip. 

The SDRAM synchronizes itself with the timing of the CPU. When the requested data is 

ready, the exact clock cycle is identified by the memory controller consequently. The
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Fig. 4.42: System Architecture of Reconfigurable WQM System 

 

 

 

Fig. 4.43: Experimental Set-up of Transmitter Unit of WQM System
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Fig. 4.44: Experimental Set-up of Receiver Unit of WQM System 

 

Nios-II processor is connected to the Zigbee hardware for wireless transmission by 

means of the UART.  The accumulated data is saved in the integrated SRAM on the 

interface device. In terms of wireless communication, the computed data is transmitted 

to monitoring PC through XBee Pro S1 RF module. The complete system is assigned in 

VHDL and accesses the IP cores available in Altera Qsys. The system architectural 

diagram of the proposed reconfigurable WSN design for WQM in the IoT environment 

is shown in Fig. 4.42. The experimental set-up of the transmitter unit of the 

reconfigurable WSN design is shown in Fig. 4.43 where WQM in IoT environment is 

powered 12 V, either by battery or direct line power supply, and that of the receiver unit 

is presented in Fig. 4.44. 

 

4.10  Software Implementation 

In section 4.2, it has been discussed that the Altera Quartus II Software is the major 

FPGA development tool. The software program of the transmitter unit of the proposed 

reconfigurable WSN design for WQM in IoT environment is composed of the C codes 

running over the embedded Nios-II processor within the FPGA processor and VHDL 

codes. Python codes are programmed on both the LiClipse and the Grafana to exhibit the 

wirelessly collected data of water parameters on PC. To view the LiClipse and the 

Grafanam, the Linux mode is used as the operating system of monitoring PC.
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4.10.1  Software Program for Receiver Module 

When the wireless water quality data is transmitted to the monitoring PC, the Pythons 

codes in the LiClipse are used to exhibit the collected data of water temperature, the 

distance between the sensor and water surface, the turbidity of water, CO2 on the water 

surface and water pH. A part of Python codes to display the resulted data of water 

parameters are as follows: 

fp = open('WQM.csv', 'w') 

fp.write('Temperature (C)' + ', ' + 'Distance (mm)' + ', ' + 'Turbidity' + ', ' + 'CO2 (ppm)' 

+ ', ' + 'pH' + '\n'); 

fp.close() 

def dump(data): #define callback function 

            if 'source_addr' in data: 

        #addr     = data['source_addr'] 

        #rssi_val = int(data['rssi'].encode('hex'),16) 

        #addr_int = int(addr.encode('hex'), 16) 

        rf_data = data['rf_data']  

        #fid     = data['options'] 

        # now = datetime.datetime.now().strftime('%Y-%m-%d_%H:%M:%S') 

        #now = datetime.datetime.now() 

           sample_list = rf_data.split(';') 

            if len(sample_list) == 5: 

            temp =     float(sample_list[0]) 

            dist =    (float(sample_list[1]) * 25.4) 

            turb =     float(sample_list[2]) 

            co2  = int(float(sample_list[3])) 

            ph   =     float(sample_list[4])                             

            print 'T: ' + str(temp) + ', D: ' + str(dist) + ', U: ' + str(turb)+ ', C: ' + str(co2) + ', 

P: ' + str(ph) 

          fp = open('WQM.csv', 'a') 

            fp.write(str(temp) + ', ' + str(dist) + ', ' + str(turb)+ ', ' + str(co2) + ', ' + str(ph) + 

'\n'); 

            fp.close()
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            point = [ 

                { 

                    "measurement": "water_quality", 

                    "tags": { 

                        "host"  : "Node-A", 

                        "region": "Sarawak" 

                    },                     

                    "fields": { 

                    "Temperature"    : temp, 

                    "Water Level"    : dist, 

                    "Turbidity"      : turb, 

                    "Carbon Dioxide" : co2, 

                    "pH Level"       : ph, 

                    } 

                } 

 

 

where T is the temperature, D is the distance between the sensor and water surface, U is 

the turbidity of water, C is the CO2 on the surface of water and P is the pH value of 

water. The water parameters are displayed both in the Liclipse and in the Grafana which 

is installed in PC to observe time series data. The software program of receiver module 

runs in Linux mode of the operating system. 

 

4.11  Flow Chart of Software Analysis 

When the reconfigurable WSN design in the IoT environment for the WQM system is 

powered on, the data from each sensor node is detected one after another using time 

multiplexing. Then, the data collected from all 5 sensors is converted to 8 bits binary. 

The detected data is saved in the integrated SRAM on the interface device. The data is 

sent to the XBee transmitter module. The flow chart of the wireless WQM system is 

illustrated in Fig. 4.45. 
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Fig. 4.45:  Flow Chart of Software of WQM System 



Chapter 4. System Implementation                                                                                                                                                        122                          

 

 

 

4.12  XCTU Installation 

X-CTU [245] software is downloaded from www.digi.com/xctu and installed. The 

configuration of X-CTU is done referring to the User Guide. The Digi's X-CTU Software 

is installed on PC by double-clicking the “setup_X-CTU.exe” file. The RF module is 

mounted to the sensor interface FPGA board, then, the module assembly is connected to 

the PC. The X-CTU software is launched on the PC and the “PC Settings” tab is selected. 

The baud and parity settings of the Com Port matching those of the RF module are 

verified. 

 

4.13  Grafana Installation 

To install Grafana [246], the Ubuntu Server 16.04 LTS 64bit and InfluxDB are installed 

initially referring to https://docs.influxdata.com/influxdb/v0.12/introduction/installation. 

Then, Grafana Beta Version is installed and the user profile is created using user ID and 

password at http://localhost:3000/. A dashboard is created referring to the Grafana User 

Manual. 

 

4.14  Total Resource Utilisation of FPGA Board  

The implementation parameters of FPGA system of the proposed reconfigurable WSN 

design in the IoT environment for WQM can be checked in 

“DE1_SoC_SDRAM_RTL_Test.fit.summary” file. The total resource utilization to 

design the FPGA board of the reconfigurable WSN system in the IoT environment for 

WQM is shown in Table 4.10. 

Table 4.10: Total Resource Utilisation of FPGA Board 

Parameter Used resources 

Logic utilization (in ALMs) 1,724 / 32,070 (5%) 

Total registers 2662 

Total pins 149 / 457 (33 %) 

Total block memory bits 83,072 / 4,065,280 (2 %) 

Total PLLs 1 / 6 (17 %) 

Max Clock Frequency 58.75 MHz 

http://www.digi.com/xctu
https://docs.influxdata.com/influxdb/v0.12/introduction/installation
http://localhost:3000/
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4.15  Summary 

In this chapter, the design of the hardware and software implementation of a 

reconfigurable WSN system for WQM in the IoT environment has been discussed in 

detail. In the first section, the hardware design implementation in Qsys Tools of Quartus 

II has been discussed. The compiling of Qsys design to Quartus II has been presented 

and the building of a project in Quartus II using C program has also been described. The 

latter part of the chapter discusses the hardware implementation of the components to 

the FPGA board. The software programs of the receiver unit of the proposed 

reconfigurable WSN design for WQM in the IoT environment have been discussed and 

the flow chart of the software system has been also presented. The total resources 

utilization of FPGA board is presented in the final part of this chapter. 

 

 

 

 

 

 

 



 

 

 

Chapter 5  

Experimental Measurement 

In this chapter, the operating procedures of the designed device to measure the water 

quality is presented. The measurements and results of the reconfigurable WSN design 

for WQM in the IoT environment are reported.  The data of water parameters which are 

monitored two times a day for fifteen (15) days in the morning and in the evening are 

presented. The discussion on the results of the designed device is presented with the 

analysis. 

 

5.1  Operation of the Designed Device 

After implementing the hardware and software components, the designed device is 

tested to measure the water parameters of tap water before actually measuring water 

parameters of lake water. The operating procedures for measuring the water parameters 

are as follows: 

1. Connect the FPGA board and XBee receiver module to PC via USB cable, and both 

FPGA and PC are switched on. 

2. Launch the Quartus II 13.1 (64-bit) Web Edition software and the project 

“DE2_Basic_Computer.qpf” is opened. 

3. Launch the Quartus II “Programmer”. 

4. Launch Nios-II Software Build Tools for Eclipse from “Tools”. 

5. Select the workspace as “DE1_SoC_DS18B20_v.1.8\ws”. 

6. Select the output existing project files “WQM_17” and “WQM_17.bsp” and run 

configuration. 

7. In “Run configurations” wizard, select the project name as “WQM_17” and check 

the project “.elf” file name. 

8. Check the processor, cables and byte stream devices and refresh target connection. 

9. Run the program. The program will be verified as shown in Fig. 5.1. Run for three 

times until no error message is observed in Nios II Console as shown in Fig.  5.2. 

10. Check the XBee transmitting messages in Nios II Console as shown in Fig. 5.3.
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Fig. 5.1: Program Verification 

 

Fig. 5.2: Checking Messages in Nios-II Console
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Fig. 5.3: XBee Transmitting Messages in Nios II Console 

  

 Since the FPGA designed based on the SRAM when the FPGA is switched off, the 

SRAM data is erased. When the FPGA has been switched on again, the configuration is 

needed again. As the FPGA needs to configure again after switching off, it cannot 

automatically operate as soon as the switch is turned on. The advantage of using FPGA 

is the reconfigurable function. Hence, the user can update the Qsys design anytime and 

the IP is reusable. The pH sensor probe is error-prone depending on the position of the 

probe in the solution; therefore, the sensing area of the probe needs to be correctly 

immersed in the solution. The pH of tap water is initially measured by the designed 

device. The sensing area of the pH probe is immersed in tap water without touching the 

walls of the container as shown in Fig. 5.4. The pH value of tap water is 7.00 as the tap 

water in Miri City is suitable for drinking as shown in Fig. 5.5. 
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Fig. 5.4:  Sensing Area of pH probe immersed in Water 

 

 

Fig. 5.5: Result of pH Value of Tap Water 

 

5.1.1  Displaying Receiving Data of Water Parameters in X-CTU 

To display the real-time data of water parameters in X-CTU, the following procedures 

must be done. 

1. Launch the X-CTU to view the wireless water parameters in X-CTU.  

2. Add the Radio Module port “COM 3” which is the XBee receiver module USB 

port. 
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Fig. 5.6: Checking Receiving Data 

 

3. When COM 3 is added, check the “transmit interval box” as 500 ms. Double-click 

the frame icon. 

4. The received data appears in the frame. Click on one serial data, the Hexa value of 

water parameters appears as shown in Fig. 5.6. 

5. Scroll down to see the ASCII value of water parameters. 

 

5.1.2  Displaying Receiving Data of Water Parameters in LiClipse 

For displaying the real-time data of water parameters in LiClipse, the following 

procedures must be done. 

1. In the Linux mode of the monitoring PC, open terminals for sudo influx. 

2. Launch the LiClipse, and run Python codes, the water parameters will be displayed, 

and the samples are refreshed every 5s. 

 

 

 



Chapter 5. Experimental Measurement                                                                                                                                                 129                      

 

 

5.1.3  Displaying Receiving Data of Water Parameters in Grafana 

To view time series data in Grafana, browse http://localhost:3000/ using Mozilla 

browser and launch “WQM v1.0” dashboard. 

Table 5.1: Water Quality of Tap Water at Room Temperature 

Temperature 

(⁰ C) 

Ultrasonic Sensor Level 

(m) 

pH CO2 

(ppm) 

Turbidity 

(V) 

30 1.6  7.00 700  4.2    (≈0.5 NTU) 

 

5.2    Power Supply  

The proposed system of reconfigurable WSN design for WQM in the IoT environment is 

powered by either direct line of electricity or the rechargeable Lithium Polymer battery 

of 6000 mAh. The power supply of direct current (DC) 12V/2A is needed to power the 

sensor interface FPGA SoC board. When the FPGA board is powered by the 

rechargeable Lithium Polymer battery 6000 mAh, the proposed reconfigurable smart 

WQM system can be operated for a maximum of 6 hours continuously. The lithium-

polymer battery is compact and portable with a weight of 0.875 kg. The battery provides 

a high discharge rate with 35C (210A) and high reliability. The nominal voltage of the 

battery is 22.2V. [248].  

 

5.3  Testing Designed Device 

The experimental set-up of the designed device is shown in Fig. 5.7. The designed 

device is tested by measuring water data of pipe water at room temperature. The 

ultrasonic sensor is placed on the dining table and it is tested by placing high and low 

places. The distance between the ultrasonic sensor and the floor is measured. The test 

results are presented in Table 5.1. The temperature of water at room temperature is 

measured at 30˚C, the altitude of the ultrasonic sensor from the floor is measured at 

1.6m, the pH of tap water is measured at 7, the CO2 is measured at 700 ppm and the 

turbidity sensor measures the 4.2 V (≈0.5 NTU).  Fig. 5.8 shows the changes in water 

level result due to the altitude of the ultrasonic sensor when the sensor is placed higher 

and lower. 

http://localhost:3000/
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               Fig. 5.7: Experimental Set-up of Designed WQM System: 

1. FPGA board, 2.Ultrasonic sensor, 3.Digital Thermometer 

sensor, 4.pH sensor,  5. CO2 sensor, 6. Turbidity sensor, 7. XBee 

RF transmitter module, 8. XBee RF receiver module. 

 

 

 

Fig. 5.8: Testing WQM System in Room Temperature
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Fig. 5.9: Study Site of WQM System  

 

 

5.4  Measuring Water Parameters of the Lake 

The quality of lake surface water was measured from Curtin Lake which is located in 

Curtin University, Sarawak campus, Miri, East Malaysia in April 2017. In Fig. 5.9, the 

study site is marked as “S” (latitudes 4° 30' 50.112'' N and longitudes 114° 0' 58.0248'' 

E) is located in northern Sarawak, in the Borneo Island. The study site is located 18 m 

above the sea level according to the GPS Status & Toolbox [246].  In Miri, there are a 

few industrial areas such as palm oil, timber processing plants, offshore oil platforms, 

and shipbuilding industries. The climate of the study area is typically tropical; annual 

southwest (April to October) and northeast (October to February) monsoons. Recently, 

the highest recorded temperature in April has been 38°C, with the lowest recorded 

temperature 22°C [250]. The ash from burning bushes near the study site is one of the 

causes of the presence of suspended particles in water bodies.   The study site is located 

near a large body of water. The sensor interfaced DE-1 SoC FPGA board (Fig. 5.10) is 

placed at the bank of the lake to measure the physical parameters of water at 5:30 pm.           
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Fig. 5.10. Sensor Interface DE-1 SoC FPGA Board 

 

 

Fig. 5.11: XBee Pro S1 Transmitter 

 

 

Fig. 5.12: XBee Pro S1 Receiver 
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                 Fig. 5.13: Measurement of the designed device at the study site 

 

 

Fig. 5.14: Measurement of Water Parameters at Study Site 

 

 

 The pH sensor probe, turbidity sensor, and temperature sensor are submerged in the 

lake water and CO2 sensor is positioned 5cm above the water surface. The ultrasonic 

sensor is placed at the same level as the lake bank because the measurement between 

the water level and the sensor will be measured. The XBee Pro transmitter (Fig. 5.11) 

which is interfaced with the FPGA board and XBee Pro receiver (Fig. 5.12) which is 

connected to the monitoring PC is shown. The XBee Pro receiver is placed 86 m far 

away from the XBee Pro transmitter unit. Before the actual data collection, the designed 

device is tested at the study site and water parameters are measured according to the 
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operating procedures which have been discussed in Section 5.1. When the sensor panel 

is powered on, the sensors are initiated to examine the relevant parameter of water data. 

Then, the detected water parameters are sent wirelessly to the observing PC which is 

placed 86 m away from the sensor interfaced FPGA panel. The measurements of water 

parameters are presented in LiClipse and X-CTU. In LiClipse, as shown in Fig. 5.13, 

the temperature of water “T” is shown in degree Celcius, the distance between the 

sensor placed at the same level with lake bank and the water surface “D” is shown in 

millimeter, the turbidity of water “U” is shown in output voltage, the CO2 above the 

water surface “C” is shown in ppm, and the pH value “P” is shown in 2 decimal values. 

However, in the X-CTU, the water level is measured in inches in order to observe the 

different distance measurement as shown in Fig. 5.14.  

 

5.5  Errors due to Mal-position of pH probe  

The pH value of water shows 0.00 in LiClipse as shown in Fig. 5.15 and the pH value 

shows 2.65 in X-CTU as shown in Fig. 5.16. The mal-position of the pH probe in the 

water causes incorrect measurements of pH. When the sensing area of the pH probe is 

not fully immersed in the water, the reading of pH sensor achieves incorrect readings of 

pH probe. 

 

5.6 Results Collected for Fifteen (15) Consecutive Days 

The water quality of the lake is collected at the same site twice a day for fifteen (15) 

consecutive days (12 April – 26 April). Depending on the weather condition, the water 

data is measured around 7:00 – 7:30 am in the morning and at 5:00-5:00 pm in the 

evening during this period of time. On a rainy day, the water data is collected after the 

rain stopped. The data is being monitored continuously and displayed in real time since 

the default of the system is set in continuous mode and the data is refreshed every 5s. 

Hence, the time interval between each sample of water quality is 5s. The water quality of 

the lake is collected at the same site for two times a day on fifteen (15) consecutive days. 

The total of 2537 measurements is made in fifteen (15) days. As the console window of 
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Fig. 5.15:  Displaying Error Value of pH in LiClipse 

 

  

   

 

Fig. 5.16: Displaying Error Value of pH in X-CTU 

 

 

LiClipse shows the seventeen (17) samples of water data at a time, seventeen (17) 

samples of measured water quality data of the lake are shown in Fig. 5.17. 

 The temperature of water shows 30.9375 Celsius, the distance between the 

ultrasonic sensor and water level is 431.8 mm for all seventeen (17) samples measured at 
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Fig. 5.17: Seventeen (17) Samples of Water Quality Data  

 

a time. The water level and temperature of water do not show changes in a short time. 

The Carbon dioxide, pH and the turbidity of water are measured at different times. The 

output of the turbidity sensor is shown in voltage. The output voltage of the turbidity 

sensor is inversely proportional to the NTU, the increase in voltage gives the decrease in 

NTU. Therefore, the maximum voltage gives the minimum level of turbidity. The water 

quality of the lake is measured in the morning on the first day of data collection. 

5.7   Overall Analysis of Water Data Collected for Fifteen days 

The overall descriptive analysis of the received water data collected in the morning and 

in the evening is discussed in the following sections. 

 

5.7.1  Overall Analysis of Water Data Collected in Morning Time 

 

The mean value of water data of each parameter collected in the morning for fifteen 

(15) days is taken for analysis. The overall analysis of water data is presented in Table 

5.2. 

 

5.7.2  Overall Analysis of Water Data Collected in Evening Time 

The mean value of the water data of each parameter collected in the evening for fifteen 

(15) days is taken for analysis. The overall analysis of water data is presented in Table 

5.3.
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Table 5.2: Overall Descriptive Analysis of Water Data Collected in Morning for Fifteen 

(15) days 

Parameters Range Maximum Minimum Mean  Standard 

          Deviation 

Temperature 1.718 30.961 29.243 30.245 0.575 

(˚C)           

Distance 

between 

water surface 

and sensor 

 

 

 

0.267 0.559 0.292 0.402 0.059 

(m)           

Turbidity 1.698 4.407 2.709 3.772 0.694 

(V)   

(<0.5 

NTU) 

(>500 

NTU) 

(<500 

NTU,   

 (NTU)        >50 NTU)   

CO2 256.483 898.565 642.082 793.171 98.646 

(ppm)           

pH 1.222 6.785 5.563 6.174 0.46 

            

 

 

Table 5.3: Overall Descriptive Analysis of Water Data Collected in Evening for Fifteen 

(15) days 

 

Parameters Range Maximum Minimum Mean  Standard 

          Deviation 

Temperature 3.576 33.661 30.085 31.597 1.102 

(˚C)           

Distance 

between 

water 

surface and 

sensor 

 

 

 

0.356 
0.61 0.254 0.414 

 

 

 

 

130.762 

(m)           

Turbidity 1.527 4.428 2.901 3.6294 0.742 

(V)   

(<0.5 

NTU) 

(>500 

NTU) 

(<500 

NTU,   

 (NTU)       >50 NTU)   

CO2 253.118 898.518 645.4 750.52 87.5 

(ppm)           

pH 0.961 6.223 5.262 5.743 0.37 
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5.8  Discussion on the Data of fifteen (15) days 

From the collected water data for fifteen (15) days, the pH of lake water was found to be 

slightly acidic. It was observed that the water turbidity increased, and pH value 

decreased after the rain. The temperature of lake water in the morning ranges from 

29.24˚C – 30.96˚C. In the evening, the temperature of lake water was in the range of 

30.08˚C and 33.66˚C. The temperature is approximate to the environmental air 

temperature of the study area. The lowest temperature 29.1875˚C is measured at 7:30 am 

on 15 April, and the highest temperature 33.8125˚C is measured at 5:00 pm on 25 April. 

The hydrogen ions pH value of the lake water samples collected in the morning ranges 

5.56 – 6.78. For the evening collected data, the pH value was in the range of 5.25 and 

6.22. The lowest pH value 5.241 is measured at 5:00 pm on 21 April and the highest pH 

value of 7.02 is measured at 7:30 am on 26 April.  

 The CO2 on the surface of the water is observed in the range of 642.08 ppm and 

898.5 ppm in the morning, and 645.4 ppm and 898.5 ppm in the evening. The lowest 

CO2 value 529 ppm is measured at 5:30 pm on 20 April, and the highest CO2 value 1656 

ppm is measured at 5:45 pm on 14 April and at 5:30 pm on 16 April. The turbidity of the 

lake water on the morning was found in the range of less than 0.5 NTU to greater than 

500 NTU. The mean value of turbidity was in the range of less than 500 NTU and greater 

than 50 NTU.  It can be concluded that the turbidity of the water is between 50 NTU and 

500 NTU. The distance from the water surface to the lake bank was observed in the 

range of 0.292 m and 0.559 m in the morning, and 0.254 m and 0.61 m in the evening. 

The lowest distance 0.254 m and the highest distance 0.635 m from the water surface to 

the lake bank is measured at 7:30 am on 25 April.   

 

 

5.9 Analysis of the Relations of Water Temperature, CO2 and pH 

Since water data is not significantly changed in the morning time or the evening time, 

the random two hundred (200) cases of water data collected for fifteen (15) days are 

selected to analyse in Statistical Package for the Social Science (SPSS) Version 20 for 

the correlation of temperature, CO2, and pH. As the temperature and pH of water are not 

significantly different in one hour, the temperature is divided by ten (10) and the pH is 

divided by six (6). 
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Fig. 5.18: Two Hundred Cases of Temperature and CO2 

  

 

Table 5.4: Correlations between Temperature and CO2 

 

Correlations 

 T2 C 

T2 

Pearson 

Correlation 
1 .942

**
 

Sig. (2-tailed)  .000 

N 200 200 

C 

Pearson 

Correlation 
.942

**
 1 

Sig. (2-tailed) .000  

N 200 200 

**. Correlation is significant at the 0.01 level (2-tailed). 

 

5.9.1  Temperature Vs CO2 

Temperature of the water is important to be monitored frequently because it effects water 

chemistry. The chemical reactions of water commonly increase when temperature 

increases [251]. Fig. 5.18 presents the Temperature Vs CO2 graph. The correlations 

between the temperature and CO2 are depicted in Table 5.4. The correlation is positive 
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Fig. 5.19: Two Hundred Cases of Temperature and pH 

 

 

Table 5.5: The correlations between temperature and pH 

 

Correlations 

 T2 pH 

T2 

Pearson 

Correlation 
1 -.910

**
 

Sig. (2-tailed)  .000 

N 200 200 

pH 

Pearson 

Correlation 
-.910

**
 1 

Sig. (2-tailed) .000  

N 200 200 

**. Correlation is significant at the 0.01 level (2-tailed). 

 

and significant at the 0.01 level (two-tailed). The temperature affects the DO in the 

water, therefore warmer water has less DO and higher CO2 than the cooler water [251].  

 

5.9.2  Temperature Vs pH 

Fig. 5.19 shows the Temperature Vs pH graph. The correlations between the temperature 

and pH are depicted in Table 5.5. The Pearson correlation between the temperature and 

pH is negative and significant at the 0.01 level (two-tailed).
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Fig. 5.20:  Two Hundred Cases of CO2 and pH 

 

 

Table 5.6: Correlations between CO2 and pH 

 

Correlations 

 C pH 

C 

Pearson 

Correlation 
1 -.794

**
 

Sig. (2-tailed)  .000 

N 200 200 

pH 

Pearson 

Correlation 
-.794

**
 1 

Sig. (2-tailed) .000  

N 200 200 

**. Correlation is significant at the 0.01 level (2-tailed). 

 

 

The concentration of chemical substances in the water depends on the temperature. 

During day time, the rate of photosynthetic activity affects the concentration of CO2 

which causes the increase in pH.  The pH of water decreases when temperature increases 

[251].
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5.9.3  CO2 Vs pH 

Fig. 5.20 shows the CO2 Vs pH graph. The correlations between the CO2 and pH are 

depicted in Table 5.6. The Pearson correlation between the CO2 and pH is negative and 

significant at the 0.01 level (two-tailed). The studies show that CO2, pH, and temperature 

are directly related to each other since the pH is determined by the bicarbonate-carbonate 

level and free CO2 [252, 253]. The temperature of water influences water chemistry like 

dissolved oxygen, solubility, pH, conductivity, etc. [254]. In general, the oxygen 

concentration of water decreases when the temperature of water increases [255]. Due to 

the exposure to air and biological activities, fluctuations in pH can be found during the 

day. The increase in photosynthesis activity causes a higher pH with the decreasing CO2 

level during the day [256].  

 

5.10  Verification of the Measurements of the Design Device 

The distance between the lake bank and water surface was measured using a measuring 

tape to validate the ultrasonic sensor results as shown in Fig. 5.21. No significant 

difference was found between the measurement of the ultrasonic sensor and that of 

measuring tape. The mean value of the resulted data of pH and water temperature 

collected by the proposed reconfigurable WSN design is compared with the laboratory 

measurements in Table 5.7. The temperature difference between the laboratory 

measurement and the designed device was found 0.15. The difference for pH is found at 

0.4. From the research paper of a team of researchers who studied the water quality of 

this lake [257], it was found that the laboratory measurement of pH value of the lake 

water was in the range of 5.92‒6.82. The laboratory measurement of the water 

temperature was found in the range of 26˚C ‒ 33˚C. The measurement of the designed 

device’s pH data was in the range of 5.56‒6.78 in the morning and 5.26‒6.22 in the 

evening. According to the studies of the relation of water temperature, pH, and CO2, it 

can be concluded that the resulted data of reconfigurable WSN design for WQM is 

reliable. 
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Table 5.7: Comparison between Laboratory and WQM System Measurements 

Parameter Laboratory   Designed device  

Temperature (˚C ) Mean Value 30.77 30.92 

pH Mean Value 6.3 5.91 

 

 

 

Fig. 5.21: Result Validation of WQM System using Measuring Tape 

 

 

        Fig. 5.22: Five Parameters of Water on Grafana Dashboard  
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Fig. 5.23: Five Parameters of Water for Six (6) Hours 

 
 

Fig. 5.24: Five Parameters of Water for Seven (7) Hours 

 

 
 

Fig. 5.25: Water Temperature Data for Eight (8) Hours 
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5.11  Time Series Data of Collected Water Quality 

The wirelessly collected data of water parameters are presented on the Grafana. Fig. 

5.22 shows the initially collected data of water parameters at 9:15 am. The time series 

data of water parameters during six (6) hours period is shown in Fig. 5.23 and for seven 

(7) hours is shown in Fig. 5.24 respectively.  The data is detected constantly and 

presented in real time since the default of the system is set in continuous mode. The 

interval of the detecting time is selected for 8 hours and the data is regenerated every 5 

s. The data of water quality was collected for eight (8) hours. The pH data, the 

temperature of water, the distance between the water surface and the sensor, CO2 on the 

surface of the water, turbidity of water collected for 8 hours is shown in Fig. 5.25 –5.29. 

 

 
 

Fig. 5.26: Ultrasonic Sensor Data for Eight (8) Hours 

 

 

 
 

Fig. 5.27: Output Voltage Data of Turbidity Sensor for Eight (8) Hours
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5.12  Limitations of the Designed Device  

As the pH sensor is error-prone and sensitive for the position and placement of the 

sensing area of the pH probe, the user needs to be careful with the handling of pH probe. 

The pH sensor should be calibrated so often to achieve a correct result of pH value. The 

output of the turbidity sensor offers in voltage, the output voltage is needed to convert to 

the unit of turbidity NTU. Although the data of XBee Pro S1 mentions that the coverage 

distance is about 100 m, the proposed design of WQM achieved the maximum distance 

of 88 m. Since the Lake is situated on the lower land of the campus, the XBee 

transmitter unit is located lower than the buildings. The XBee receiver could not receive 

the transmitted data of the transmitting unit when the receiver is placed on the higher 

land for the position of XBee antenna. Therefore, the receiver unit must be placed at the 

same ground level as the transmitter unit. 

 

 
 

Fig. 5.28: CO2 Data for Eight (8) Hours 

 

 
 

Fig. 5.29: pH Data for Eight (8) Hours
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5.13  Summary 

The measurements of water quality have been performed. The correct measurements of 

the water quality have validated that the designed device could provide accurate 

readings. Hence, the verifications of the concepts have been completed by the results 

obtained. There are several limitations of the designed device of reconfigurable WSN 

design for WQM in IoT. Accurate measurements can be obtained in ideal situations.

 



 

 

 

Chapter 6  

Conclusion and Future Work 

6.1 Conclusion 

The main goal of this research is to develop VHDL modules and to design and 

implement a reconfigurable WSN system for WQM in IoT environment which has 

beneficial features such as small in size, low-power consumption, portable weight and 

low-cost. Additionally, it contains the environmental detecting sensors, along with data 

processing communication capabilities. This phase has been developed and discussed. 

 The advantages and benefits of the designed reconfigurable WSN system for 

environmental monitoring have been included. The detailed design and the detailed 

block diagram of the reconfigurable WSN system for environmental monitoring in the 

IoT environment have been explained. The design of the hardware system in Qsys Tool 

has been described. The software design has also been presented. The completed design 

of the implementation of both hardware and software has been detailed. The features of 

the water parameter sensors have been discussed.   

 The proposed system of reconfigurable WSN design for WQM in the IoT 

environment works on both battery and power supply. The proposed reconfigurable 

WQM system is powered by either direct line of electricity or the rechargeable Lithium 

Polymer battery of 6000 mAh. The maximum of 6 hours of operating time is achieved 

when the system is powered by the Lithium Polymer battery. The designed device is 

placed at the lake bank to detect the water quality of the lake and the monitoring PC is 

placed at 86m away from the designed sensor interfaced device to receive the wirelessly 

transmitted data of the designed device. The operation of the reconfigurable WSN 

design for WQM in the IoT environment has been completed by the measurement 

procedures. The measurements of water quality in the morning and evening for 15 

consecutive days are highlighted. Depending on the weather condition and 

environmental changes, the slight changes in water quality data have been obtained. The 

readings of the reconfigurable WSN design for WQM in the IoT environment are 

recorded. The values under the different conditions such as after the rain, in the sun, in 

the cloudy weather are also recorded. 
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  It is found that the values of pH, CO2, and turbidity of water are slightly different 

depending on the environmental conditions.  The temperature of the water is depending 

on the temperature of the day. There are some limitations of the designed reconfigurable 

device although the readings are reliable. The mal-position of the pH sensor probe can 

cause inaccurate readings. The accurate readings of the pH sensor can be obtained in the 

correct position of the pH sensing probe. After verifying the real-time data of water 

parameters, it can be concluded that the system has achieved and accomplished the 

practicability and reliability in the application for real monitoring purposes.  

  The time interval of water data detection is modified contingent to the requirement. 

The proposed system requires high execution speed and continual IP design and the 

system executes parallel processing. Hence, it offers an opportunity to minimize the 

operating cost and power consumption, and it exceeds the performance of the common 

microcontrollers-based WSN design by utilizing the FPGA SoC board. One of the 

advantages of using FPGA is its reconfigurable function. Hence, the user can update the 

Qsys design anytime and the IP is reusable. The experimental results from the 

reconfigurable WSN design for WQM in IoT environment system report offer reliable 

outcomes which are low power consumption, strong communication ability, and display 

of real-time measurement accuracy. The designed reconfigurable WQM system reduces 

the costs and time of detecting water quality of a lake as a part of the environmental 

survey.    

 

6.2 Further Work 

The present study demonstrates the design and implementation of a real-time monitoring 

system for detecting the data of five water parameters. The present design of the device 

gives the wireless water parameter measurements on a PC monitor. The WSN network 

will be developed in the future comprising of more number of nodes to extend the 

coverage range. Additionally, to improve water level monitoring, the alarm system can 

be installed. The reconfigurable design of WQM based on WSN system can be 

additionally upgraded by the amalgamation of additional sensors for a broader 

measuring area. This study can be exploited in numerous application areas of remote 

monitoring. For achieving more scalable and robust architecture, the detecting program 

can be connected to the web server through a passive IP address in one port of the 
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receiving computer. Since both hardware and software systems are reconfigurable, new 

devices can be added without having to make any further changes to the network. 
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