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ABSTRACT 

In the past years, the Wireless Sensor Networks (WSNs) were widely studied and apply 

in different areas, also different implements were developed for various applications. In 

addition, along the research and applications of the so call “Big Data”, WSNs are 

considered as one of the most effective means for data collections. In this project, various 

wireless technologies, e.g. WiFi, Bluetooth and ZigBee were preliminary studied. A 

prototype Wireless Sensor Network is designed and built based on the open standard 

ZigBee technology, open source hardware platform Arduino and free cloud platform 

Xively for WSNs data storage. 

To demonstrate the operation of the proposed WSN, the proposed sensor nodes are 

designed to support various analog sensors, i.e. temperature, steam and ultrasonic sensors 

for distance measurement. The sensor nodes form a WSNs using the XBee technology 

which complies the ZigBee standard. Moreover, to achieve the high network deployment 

flexibility, network coordinator of the proposed WSN equips a 3G mobile 

communication capability for mobile Internet access. Therefore sensor data can be 

consolidated and uploaded to the cloud platform for WSNs data storage anywhere, 

anytime with the mobile network coverage. 

Numbers of prototype sensor nodes are built and evaluated. The sensors report measured 

qualities with acceptable tolerance. e.g. ultra-sonic sensor reports < 0.52% average error 

for the distance test within 0.20 m to 4.00 m. All prototype sensor nodes in this project 

are power up by a single standard 3.70V batter and least for operation of ~300 days. The 

collected data are collected through the cloud based WSNs platform. A mobile GUI is 

designed and developed on open Android platform, which allows remote access and 

visualize the WSN data with certain analysis capabilities. 

Finally, except the collect sensor data, the remote sensor nodes can report the power 

status of the battery so as to ease the maintenance and operations of the proposed WSNs 

smoothly. The proposed WSN provides a basic platform of the ZigBee WSN and 

demonstrate its high flexibility by integrating various open technologies, ZigBee, 

Arduino, Android and Cloud WSN data storage. 
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CHAPTER 1 

INTRODUCTION 

───────────────────────────── 

1.1 SENSOR NETWORK 

Sensor network is widely used in many aspects such as environmental monitoring, 

heath monitoring, industrial process monitoring and so on. It is a combination of 

particular transducers that required monitoring, collecting or recording the 

information of different locations. It commonly monitored parameters as 

temperature, pressure, humidity, etc. In fact, a sensor network is consists of 

diverse detection stations, so called sensor nodes. As a sensor node, it should be a 

functional part of whole sensor network. Each sensor node must be small, portable, 

lightweight, so it can easy to install and simply to cooperate with others. There is 

an example is showing Wireless Sensor Network as Figure 1.1 [1.1]. 

 

 

Figure 1.1 A Wireless Sensor network 
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1.2 WIRED SENSOR NETWORK AND WIRELESS SENSOR NETWORK  

Commonly, a sensor network can be divided to two groups, one is wire senor 

network another is wireless sensor network, but these two kinds of network is 

mainly depend on the transceiver they used. If the transceiver is used hard-wired 

connection to the computing system, it is wire sensor network. If transceiver is 

used wireless connection, it should be wireless sensor network. As the different 

connection used in sensor network, it would have different performance of system. 

As the difference of two kinds of networks, the following part will indicate the 

benefits and disadvantage of wired network and wireless network. 

1.2.1 WIRED SENSOR NETWORKS 

For a wired network, it contains several advantages compare to a wireless network. 

The following example will show you why the enterprise will definitely use wired 

connection, many companies has including wired and wireless connection but the 

main operation of these companies are usually using wired connection, wireless 

connection is an optional choice of them because it often for visitors or senior 

management. It is because the wired connection is not only easy to control and 

more security, reliability and faster speed but also the cost effective is a main 

reason to concern using wired connection. The business can full control of the 

whole network (such as who is online, what is access) since physical connection is 

necessary to access the network of enterprise. This advantage of wired connection 

is obviously better than unauthorized visitors online on your network. As the 

wired connection using in enterprise, it will usually has a faster speed than a 

wireless network. It will connect the network and exchange data directly since it 

would connect the network using wire without any obstacles [1.2]. 

 

1.2.2 WIRELESS SENSOR NETWORKS (WSN) 

While the popular of wireless networks, it should contain their own advantage 

which wired ones cannot provide. Wireless networks is good for a management 
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view and it also provides low cost for network since it is costly and difficult to 

maintain for all wires connect around a building. For example, the extension of 

network on an enterprise example mentioned before, it is need physical 

connection to all new workers at their desk. If you using wireless connection for a 

network, the extensions are very easy since it is only need some setup of their 

device and it do not need any install with wire connection. Furthermore, the 

wireless connection is flexible than wire connection. If you are worker who work 

in a company, wireless connection is convenient you to bring your own devices to 

the office. For many workers bringing their devices to office, they can easy to 

connect to the network of enterprise with wireless network. As that kind of 

convenience, workers can use their devices to the work such as sharing ideas in 

meeting or discussion during office. It is more tide than wire network since it 

would not use any cables for connection [1.2]. 

 

Table 1.2 The comparison of wired network and wireless network 

Wired Network Wireless Network 

Easy to control Easy to maintain 

More security Low cost for maintain 

Reliability in connection Avoid the broken in wired connection 

Faster speed 
Flexible 

Freedom of move 

Cost effective Easy for sharing 

 

However, the risks of security of wireless networks can be reduced by 

development of encryption and some kinds of wireless security options. In 

addition, the cost of a wired system is mainly depended these factors, the level of 

difficulty to route or to connect the wires, the requirement of shielding, wire 

support and also the distance. 
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1.3 APPLICATIONS OF WIRELESS SENSOR NETWORKS  

Wireless sensor networks were kinds of sensor network which mainly for 

detecting different measurable environment or physical value. The application of 

wireless sensor networks is wide, for example, the communication signal 

monitoring, industrial power control and home intelligence. A wireless sensor 

network was focus on the network rather than a node, since wireless sensor 

network is expected to capture amount of data. If there missing a sensor node of 

the network, the extensive of the network may also compensate the loss sensor 

node by that amount of data and historical data.  

1.4 TECHNOLOGIES FOR WIRELESS SENSOR NETWORK 

A wireless sensor network can be built in different ways of communication 

standard such as WiFi, Bluetooth, ZigBee and so on. For using a WiFi to build a 

network, the size of network is limited expect adding many routers for routing and 

forwarding, but it will increase the power consumption of the network. Bluetooth 

is simple to build the point to point wireless sensor network rather than a tree or 

mesh network (which will introduce in following chapter), but the power saving 

of the network is an advantage of this kinds of wireless sensor network. Therefore, 

XBees are developed base on the covering of wireless sensor network and the 

power saving of the network for low power and low complexity. 

1.5 TYPES OF SENSOR  

To be a wireless sensor network, a sensor is important for determine what kinds of 

data demanded to acquire. Sensor is widely used in many aspects and applications 

such as the temperature sensor can maintain the room temperature using air 

conditioner, gas sensor with spray used to protect or avoid the loss in fire.  In 

thousands of different type of sensors, it can be classify to two main types, that is, 

analog and digital sensors.  
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1.5.1 ANALOG SENSORS  

Analog sensors measure the physical phenomena and produce a series of analog 

voltage values usually, but it is not useful indeed. As the data is not readable, it 

often needs to be digitized by ADC at first. Then, the digital signals can be 

processed by Central Processing Unit (CPU) and Digital Signal Processing (DSP) 

chips. As CPU receiving a series of data from analog sensors, the data should be 

converting in meaningful value that is readable by human.  For example, the 

reading of temperature analog sensors is several volts, CPU should make a 

decision of that voltage and calculate it in order to match the actual temperature in 

the real situation. The range of matching between analog value of sensors and 

meaningful numbers are not fixed since it depends on the real situation in 

different environment or condition. As the output voltage is usually contain a DC 

offset by a time varying signal, filters and amplifiers are developed to match the 

sensor output to the range of ADC as previous mentioned [1.5]. 

 

1.5.2 DIGITAL SENSORS 

Digital sensors actually including all of voltage processing hardware mentioned in 

analog sensors since it will provide a digital interface cleanly. Because the sensors 

are powerful to deal with the linearization and compensation internally, they can 

output an appropriate scale of digital reading [1.5]. But the digital sensors usually 

more complex and consume more power than analog sensors.  
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Table 1.1 Some kinds of sensor with capabilities and power consumption 

Discrete Sample Voltage 

Sensor Type Current (mA) Time (ms) Requirement (V) Manufacturer 

Photo 1.9 0.33 2.7 – 5.5 Taos 

Temperature 1 400 2.5 – 5.5 
Dallas 

Semiconductor 

Humidity 0.55 300 2.4 – 5.5 Sensirion 

Pressure 1 35 2.2 – 3.6 Intersema 

Magnetic field 4 0.03 Any Honeywell 

Acceleration 2 10 2.5 – 3.3 Analog Devices 

Acoustic 0.5 1 2 – 10 Panasonic 

Smoke 0.005 - 6 – 12 Motorola 

Passive 

IR(motion) 
0 1 Any Melixis 

Photosynthetic 

light 
0 1 Any Li-Cor 

Soil moisture 2 10 2 – 5 Ech2o 

 

For a commercial microcontroller, it usually can interact with multiple sensors 

whether in analog or digital. Table 1.1 [1.5] shows you common sensors with their 

capabilities and power consumption, so you can use microcontroller to interact with 

several kinds of sensor to construct a small network. 
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1.6 SENSOR NODE   

Nowadays, a sensor will not only standalone and cooperate with a controller or a 

computing system, it will usually connect with several different type of sensors at 

a node and then cooperate with controller or a computing system, that is, sensor 

node. Sensor node is representing a node that contain several sensors which is 

able to gather the informations, process the information and communicate with 

other sensor nodes or computing system in a sensor network. Basically, a sensor 

node is usually consists of processer, transceiver, memory, power supply and one 

or more than one sensors [1.6]. A processer is usually a microcontroller which is a 

small computer for a single integrated circuit, it usually consists of a processor 

core, memory, and input/output which is programmable. A transceiver is a 

combination of transmitter and receiver that can receive and transmit signal for 

communication, it is mainly for transmits data to computing system and receives 

order or commands from terminal. Memory is the procedure of information which 

stored, retrieved and encoded. Power supply is often electric utility or a battery 

used to supply the electricity of each sensor. There is an example is showing 

Wired Sensor Network as Figure 1.2 [1.1]. 

 

 

Figure 1.2 A Wired Sensor Network 
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1.7 MOTIVATION FOR BUILDING A WSN PLATFORM 

Wireless networks are good for a management view and it also provides low cost 

for network since it is costly and difficult to maintain for all wires connect around 

a building [1.5]. WSN monitoring was not fulfilling the requirement of 

development. For some kinds of WSN, the management or control abilities were 

required. For example, the Fire exist in the department, the WSN can control the 

sprinklers to watering the fire or integrate with some kinds of control circuit to 

turn the fire extinguisher on. It would be reduced the life and economic loss when 

the instant reaction of WSN was performed. Actually, the lasting of the devices 

will be extended since the reuse abilities of the WSN. As the monitoring of WSN 

is increased, the demand of WSN control is also raising. Most of monitoring 

system is needed for instant reactions or instant control, it is reasonable to control 

the monitoring system to different setting, even to order a command or trigger by 

sensors for controlling. Building a WSN platform can allow the monitoring WSN 

implement the additional controlling and it is able to compatible or integrate 

different sensors for vary applications. 

 

1.8 OBJECTIVE AND ORGANIZATION 

1.8.1 OBJECTIVE 

The objective of this work is mainly to building WSN platform for measuring the 

environment parameter such as temperature, luminosity, humidity, raining 

decision, water logging level, etc. For the project contributions, an example is 

delivered with some of environmental sensors to show the powerful, flexible of 

wireless sensor networks. As a trend of technology, the WSNs could also gather a 

lot of information for technical researches. Since the function of WSN can also 

provide an instant response and simple voltage signal with control component, the 

remote control action can be implemented. It would not only can provide a 

prevent disaster or economic loss by provided suitable protection facilities, but 

also can monitoring the quality of air, strength of wind by combined with  
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different sensors or machine. Although WSN is powerful, the complexity of 

WSNs is complicated and not user friendly, this cause the application and 

development of WSN was limited. Actually, a wireless sensor network can simply 

build using XBee and integrate with microcontroller, remote control interface, 

cloud, etc. Such as electrical devices or development tool would advance the 

development of WSN and apply for society life. For the WSN built on this project, 

the water logging at Macau would also apply. Using WSN to notice the logging, 

reduce the loss, prevent the injury and indicate the series of logging at Macau. 

 

1.8.2 REPORT ORGANIZATION 

In this chapter, a brief introduction is given for the basic concepts of sensors and 

wireless sensor networks. As the organization of this report, there are six 

additional chapters. In Chapter 2, the detail of wireless sensor network will be 

discuss including an overview of history, structure of wireless sensor network, 

type of wireless sensor network and it’s applications. Then, the details of XBee 

and ZigBee will be provided in Chapter 3 such as concept of XBee and ZigBee, 

topology they used, etc. After, in Chapter 4, the architecture of network will be 

introduced, more detail explanation of configuration, operating principle will be 

provided. Furthermore, the structure of sensor nodes and the sensors will be 

described in Chapter 5. Finally, the structure of complete wireless sensor network 

is included in Chapter 6. As a result, conclusions and further works will be 

produced in Chapter 7. 
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CHAPTER 2 

WIRELESS SENSOR NETWORKS (WSNS) 

───────────────────────────── 

2.1 BACKGROUND OF WIRELESS SENSOR NETWORKS (WSNS) 

For understanding thorough about WSNs todays, it is better to have a briefly 

knowledge about their history. Similar as many advanced technologies, WSNs is 

original appear in heavy industrial and military applications, but not apply in the 

consumer WSN application or light industrial that are common used today. The 

first wireless networks which can consider as a true or complete WSN compare to 

a recent WSN is the Sound Surveillance System (SOSUS) as Figure 2.1 [2.1], it 

was used to detect and trace Soviet submarines developed by Military of United 

States in the 1950s. It used submerged acoustic sensors (hydrophones) which are 

distributed in the Pacific oceans and Atlantic to function as a WSN. This 

technology is still using to service for monitoring volcanic activity and undersea 

wildlife today, but that is more peaceful as before military applications. 

 

 

Figure 2.1 A Sound Surveillance System 
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In 1978, the Defense Advances Research Projects Agency (DARPA) held the 

Distributed Sensor Nets Workshop (DAR 1978), and concentrated on the research 

challenges of sensor network such as distributed algorithms, signal processing 

techniques and networking technologies. In the early 1980s, DARPA also studied 

the Distributed Sensor Networks (DSN) program, and then it was followed by the 

program of Sensor Information Technology (SensIT). Afterward, the University 

of California cooperated with the Rockwell Science Center at Los Angeles 

suggest the Wireless Integrated Network Sensors (WINS) concept. In the WINS 

project, one outcome was the Low Power Wireless Integrated Micro-sensor 

(LWIM), which introduced about 1996. That smart sensing system was combined 

by a CMOS chip, interface circuits, integrating multiple sensors, digital signal 

processing circuits, microcontroller and wireless radio on a single chip [2.3]. 

 

Figure 2.2 A Smart Dust Mote 

 At the University of California at Berkeley, the Smart Dust project was proposed 

to focus on the especially small sensor nodes design, so called motes. The 

objective of this project was to show that a complete sensor system is possible to 

integrate with tiny devices, such as a dust particle or sands dimension as Figure 

1.2 [2.2]. There were two projects were focusing on low power consumption, one 
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is the PicoRadio project, another is The MIT  AMPS (micro-Adaptive Multi-

domain Power-aware Sensors) project. The previous one was study by the 

Berkeley Wireless Research Center (BWRC), which focused the power sensor 

devices development, thus, the power consumption is  small enough that can 

support only by vibrational or solar energy. Another one is mainly focused on the 

software and hardware components in a sensor node, for example, the ability of 

microcontrollers work in dynamic voltage scaling, the restructure data processing 

algorithms techniques in order to reduce the required power at the software level 

[2.3]. 

At last, governments and universities were stared to using WSNs in other area 

application, such as forest fire detection, air quality monitoring, weather stations, 

natural disaster prevention and structural monitoring. Then, some engineering 

students were tried their best to combine the technology development and industry, 

for example, Bell Labs and IBM are began to introduced the WSNs applications 

of heavy industry such as waste water treatment, power distribution and specialize 

factory automation. Actually, there are more applications because the demand of 

WSNs is more strong than before, such limited applications is not enough today, 

the applications in the military, technology, science and heavy industry are too 

expensive, bulky and special network protocols. As the cost efficiency, supporting, 

power consumption and extension, the development of WSNs is stagnated and it 

prevented the widely used of WSNs deployment to a broader range application.  

2.2 TOPOLOGY OF WSNS 

As the WSNs are widely used modern, there are several topologies of WSNs are 

provided. In fact, there are many sensors applications are need to reduce the 

complexity, cost and power consumption. The follow section will give a brief 

concept about different topologies, and the four basic types of WSNs are 

introduced in following. 
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2.2.1 PEER TO PEER 

Peer to Peer networks is also called Point to Point networks, it requires 

each node directly communicate to other nodes without any routing in the 

network. Each device which is already peering can be function as a client 

or a server corresponding to other nodes. Figure 2.3 [2.4] is showing you 

an example of Peer to Peer network [2.4]. It is obviously to obtain that 

each of node is directly to connect other nodes. 

 

Figure 2.3 Peer to Peer networks  

2.2.2 STAR 

Star networks are connected to the centralized node such that all nodes 

cannot directly communicate to each other, but centralized node can. Each 

node should communicate to others through centralized node, that is, a 

responsibility of centralize node is routing. Therefore, all other nodes 

should be a client rather than a server, and the central node is representing 

a server. A star network example is shown as figure 2.4 [2.4]. It is no any 

direct path between all client nodes. 
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Figure 2.4 Star network  

2.2.3 TREE 

Tree networks introduce a new node called root, which is corresponding to 

the central node of star network, but not all nodes are necessary connect to 

the root directly, it can produce more than one central node to route the 

data. Which means it can have many levels on the tree, but it should 

contain three levels at least, because it will become star or peer to peer 

networks if there are only two levels. Figure 2.5 [2.4] is showing you an 

example of tree network, level one is root node, level two are central 

nodes, level three are normal nodes [2.4]. 

 

Figure 2.5 Tree networks  
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2.2.4 MESH 

Mesh network is a network that similar to peer to peer network, but the 

additional function of this network is included, which is the routing 

functions of some node. This means there is some special node can route 

your data in order to reach your destination, but not directly transmit point 

to point. Therefore, it provides an option for communication and the 

communication will continue even one connection is interrupted. Then, 

this function is called self-healing, because the network can automatic 

recover by itself. Figure 2.6 [2.4] is showing you an example of mesh 

network. 

 

Figure 2.6 Mesh networks  

As the conclusion of these four kinds of networks, the sensor nodes transmission 

ranges should be large enough that all nodes can be connected to centralize node 

for star network. And also as peer to peer network, all sensors node are required to 

have a large transmission range. Therefore, the power consumption is high 

according to the large transmission range. A Tree network is then provided a 

minimize power consumption since it is not required all sensor nodes connect 
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directly to each other, but it can use other nodes to route their data to destinations. 

The drawback of tree network is not reliable since it cannot burden any broken or 

damaged of some important nodes such as root or central nodes. However, a mesh 

network is provided for prevent the damage exist in the networks and give another 

path to destination. As reliable network provide, the cost of mesh networks will 

increase, but also the complexity and power consumption will also increase. 

 

2.3 ENABLED TECHNOLOGIES OF WIRELESS SENSOR NETWORK 

2.3.1 WIFI 

WiFi refer to Wireless Fidelity, which is a group of WiFi Alliance that 

compatibility with certified products use the 802.11 wireless local area 

network (WLAN) standard. This standard is published by Institute of 

Electrical and Electronic Engineers (IEEE). WiFi allows local area 

network (LANs) to connect the sever without wires, it increases the 

extension, flexible of LANs. It is a large improvement of traditional wired 

networks whatever in maintain or expansion. A common wireless router is 

using 802.11b or 802.11g with a high speed extension in the 2.4GHz band, 

and the range of WiFi technique is about 50 to 100 meters. For this 

communication standard, it usually needs an access point to centralize data 

and transmit to destinations. This access point is energy cost by the 

spending times of standby and routing. However, the bandwidth of 802.11 

families is quite large, it about 11,000 Kb/s, it is good for huge data 

transmission. Obviously, it is not suitable to building WSNs for only 32 

network sizes, but with quite high data rate and energy cost. Therefore, the 

applications of WiFi are focusing on Web, email, video and so on rather 

than monitoring [2.7]. 
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2.3.2 BLUETOOTH  

Bluetooth is a standard which focusing on cable replacement, it is design 

for a short range communication network. As the range of Bluetooth is 

short, the power consumption is low also, but the range of Bluetooth 

network is depended on the transceiver using in a Bluetooth device. 

Bluetooth is used frequency hopping spread spectrum technology that 

divided the data to different frequencies and transmit it in order to provide 

a good medium during transmission. This technology is also using 2.4GHz 

operating frequency, and it can only build a small network called Piconets, 

which is tolerance a maximum number of networks for 8 devices. There 

were several types of Bluetooth were developed, each of them contains 

there characteristic such as 2.0+EDR to increase the speed around 2 to 3 

Mbps, 2.1+EDR to increase the security of transmission. Nowadays, 

4.0+HS even provide more power saving than before [2.8]. As the 

development, Bluetooth is also advanced a new topology called Scatternet 

topology, which is connecting multi Piconets together and it may consider 

as an advance of Piconets. Therefore, Bluetooth is also a choice for WSNs. 

2.3.3 ZIGBEE 

WSNs are required a low power, low cost, less complexity and low data 

rate network communication. ZigBee is studied this aspect of network 

communication before IEEE 802.15.4 developed. A Personal Area 

Network (PAN) is defined by IEEE802.15, which is used to 

communication between the personal devices based on Bluetooth. To 

reach a low cost energy of WSNs, ZigBee provide a sleep mode for power 

saving when there is not activities exists. However, ZigBee is provided a 

lot of networking topology such as Ad-hoc, Peer to Peer, mesh or star, it is 

flexible to utilize in many applications. As this communication network is 

provided a low cost, power and reliability, it is benefit used in control or 

monitoring applications. Different to other type of WSNs, the network size 

of ZigBee can enhance to 65,536, it is also suitable to build for a widely 
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wireless sensor network. In Chapter 3, the detail of ZigBee will be 

described. Table 2.1 will conclude the difference among, ZigBee, WiFi, 

Bluetooth [2.3]. 

Table 2.1 The comparison of different types of WSNs [2.7] 

 
ZigBee Wi-Fi Bluetooth 

Range 10-100 meters 50-100 meters 10 – 100 meters 

Standard 802.15.4 802.11a,b,g 802.15.1 

System resources 50 to60Kbyes >1 Mbytes >250Kbytes 

Network size 65,536 32 7 

Bandwidth 20 to 250 11,000 720 

Networking 

Topology 

Ad-hoc, peer to 

peer, star, or mesh 
Point to hub 

Ad-hoc, very small 

networks 

Operating 

Frequency 

868 MHz (Europe) 

900-928 MHz (NA), 

2.4 GHz 

(worldwide) 

2.4 and 5 GHz 2.4 GHz 

Complexity 

(Device and 

application impact) 

Low High High 

Power 

Consumption 

(Battery option 

and life) 

Very low (low 

power is a design 

goal) 

High Medium 

Security 

128 AES plus 

application layer 

security 
 

64 and 128 bit 

encryption 

Typical 

Applications 

Industrial control 

and monitoring, 

sensor networks, 

building 

automation, home 

control  

Wireless LAN 

connectivity, 

broadband Internet 

access 

Wireless 

connectivity 

between devices 

such as phones, 

PDA, laptops, 

headsets 
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2.4 APPLICATION S OF WSNS 

WSNs are commonly used today, it can sense a lot of physical parameters such as 

light, humility, air quality, water quality and so on. As the original used of WSNs 

is military, it is developed in wider than before such as environment monitoring, 

military application, Industrial power control, security and surveillance and home 

intelligence. In following, the applications of WSNs will be introduced.  

 

2.4.1 MILITARY APPLICATION 

WSNs can be used in military applications, such as battlefield monitoring, 

object protection, intelligent guiding, remote sensing, etc. In military, the 

current situation of battlefield is determined the victory of battlefield since 

you can track the action of enemy, the amount of enemy, even trap of 

battle.  In additional, the sensor can also use to protect sensitive object, 

such as gas, oil, fire and so on. It is increase the safety of military and 

improved the opportunity of success [2.5]. For protection of enemies 

aircraft, anti-aircraft guns with aircraft detection sensor is shown as Figure 

2.7 [2.9]. 

 

 

 Figure 2.7 Anti-aircraft guns with sensor 
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2.4.2 ENVIRONMENTAL MONITORING 

In environment, sensors are used to monitoring habitat. As ecology is need 

monitoring animals or plants at wild habitats, the sensors are benefit to 

monitoring rather than human monitoring. However, air or water quality 

control and monitoring is also improved by adding sensors to the system. 

For protection of disasters, such as forest fires and floods, sensors can also 

be a role to detect the disasters and report to government [2.5]. Moreover, 

environmental monitoring is benefit to plant or biological as shown in 

Figure 2.8 [2.10]. 

 

Figure 2.8 Environment Sensor network  

2.4.3 HEALTH CARE APPLICATIONS 

WSNs can also be monitoring health of patient such as blood pressure, 

behavior of patient. It can remind whether doctors or patient to make an 

attention about the situation of body. It will reduce the endanger situation 

of patient and provide an emergency assistance to patient[2.5]. Figure 2.9 

[2.11] is shown an example of health care application using monitoring 

sensor.  
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Figure 2.9 A Health care WSN  

2.4.4 INDUSTRIAL PROCESS CONTROL 

For the process of industrial, it is critical to monitor such as chemical 

plants, oil refiners. As the production and quality of product is needed to 

commit, the wireless sensors is suitable to install in a factory. As the 

protection of leakage oil or chemical, WSNs can also provide a detect 

function and control the emergency system[2.5]. In the industrial, the 

delivering process is a heavy section, that is, the industrial process control 

is utilized to make sure the quality of industry as the example shown in 

Figure 2.10 [2.12]. 

 

Figure 2.10 Industrial process control  
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2.4.5 HOME INTELLIGENCE 

WSNs are convenience for daily life, because it can construct the home 

intelligence, such as the control of room temperature, the lighting system, 

the water automatic door, remote metering, etc. The utility meters can be 

remotely read in your home, for example, gas, water, or electricity in order 

to send it back to terminal [2.5]. An example of application is shown on 

Figure 2.11 [2.13]. 

 

Figure 2.11 Home intelligence of temperature  
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Chapter 3 

Digi XBee® Wireless RF Modules 

───────────────────────────── 

As the concept of WSNs is introduced in previous chapters, XBees will be provided 

in order to match the requirement WSNs such as low cost, less power consumption. 

In general, XBee is a brand that including varies of communication standards such as 

ZigBee, WiFi, 802.15.4, etc. In this project, XBee is a core of WSN because it plays a 

role of transceiver in a sensor node. The detail of XBee will be provided in the 

following sections [3.1]. 

3.1 TYPES OF XBEE RADIO 

As there are varies of XBee products delivered, there are also a lot of XBee radio 

provided such as XBee Series 1 hardware, XBee Series 2 hardware.  In general, 

Serial 1 is based on point to point communications, which is designed for cable 

replacements and simple communication networks. Serial 2 is allowed several 

meshes networking, which is used to widely sensor networks. And the 

comparison of Series 1 and Series 2 are shown in Table 3.1 [3.2-3]. 

No matter in the range or power of Series 2 [3.4], it is better than Series 1. It is 

mentioned before that a WSN should including wide range and low energy cost, 

but it is not the most concern is these two types of hardware. In Table 3.1, Series 

2 not only contains self-healing, interoperable mesh routing and ad hoc network 

creation, but also exists varies networking topologies. It is more reliable than 

Series 1, and suitable to build a larger WSN. 
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Table 3.1 Series 1 versus Series 2 for regular XBees  

 Series 1 of XBee Series 2 of XBee 

Indoor/ outdoor range 30 m 40 m 

Expectation range 100 m 120 m 

Transmit/Receive current 45/50mA 40/40mA 

Power off current 10 uA 1 uA 

Firmware  802.15.4 (point-to-point) ZB (ZigBee mesh) 

Digital input/output pins 8(plus 1 input-only) 11 

No. of pins of analog input  7 4 

No. of pins of Analog 

(PWM) output 
2 0 

Low power, cost 

bandwidth. 

Simply to address, small 

standardized, popular 

Yes Yes 

Creation self-healing 

networks of ad hoc 

network, interoperable 

mesh routing,  

No Yes 

star, Point to point 

topologies 
Yes Yes 

cluster tree, Mesh 

topologies 
No Yes 

Single firmware for all 

modes 
Yes No 

Requires coordinator node No Yes 

Point to point 

configuration 
Simple More involved 

Standards based 

networking 
Yes Yes 

Standards based 

applications 
No Yes 

Underlying chipset Freescale Ember 

available firmware  
DigiMesh (proprietary), 

802.15.4 (IEEE standard) 

ZB (ZigBee2007), ZNet 2.5 

(out-of-date) 

Up to date and actively 

supported 
Yes Yes 
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3.2 BASIC CONCEPT OF XBEE AND ZIGBEE  

While the hardware is chosen to build a WSN, the reason should be known for 

understanding the low power transmission. Basically, there are two main reasons 

for choosing XBee. One is the transmission power is reduced by distance, that is, 

Inverse Square Law. This theory is easy to understand through Figure 3.1 [3.1], it 

is obviously to obtain the transmission power is inversely proportional to the 

distance r. Therefore, the intensity is reduced by square of distance. ZigBee mesh 

networks is depended on this law to design, in order to transmit data in a short 

distance in each time and routing the data to destination. This technique is to 

maintain the power loss in minimum and maximize the utilization of WSNs. 

Another reason is the sleep mode in XBee, there are several different sleep modes 

in XBee. First kind of sleep mode is called pin wake mode, this mode enable an 

external device to control XBee sleep or wake up by controlling a pin to high or 

low. Another sleep mode is used to a cyclic wake or sleep for certain period, it is 

called cyclic sleep mode, and it can used to long time monitoring for slow 

changing physical parameters. 

 

Figure 3.1 Inverse square Law  
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3.2.1 INPUT/OUTPUT 

As mentioned previously, XBee can consider as a transceiver of WSNs. In 

general, XBee provided multiple pins for connection of different sensors. 

Figure 3.2 [3.2] is showing the physical pins for an XBee, there are totally 

20 pins of an XBee. Each of them have their own function, the function of 

each pin is shown as Table 3.2 [3.2]. For example, there are several pins 

can used to connect analog sensors, and also digital sensor. If there is 

physical parameters need to sense in analog sensors such as temperature, 

the digital pins can also use to indicate the situation of process by control 

LED such as flashing LED when temperature higher than 25˚C or turn off 

the LED representing temperature lower than 10˚C. In additional, XBee 

I/O has their voltage limitation [3.4], that is, the analog input range is only 

available between 0 to 1.2 Volts (refer to Appendix A.1 for more 

information). 

 

Figure 3.2 The view of XBee  
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Table 3.2 Explanation of each XBee pin  

Pin # Name(s) Description 

1 VCC 3.3V 

2 DOUT Data Out (TX) 

3 DIN Data In (RX) 

4 DIO 12 Digital I/O 12 

5 RESET Module reset (asserted low by bringing pin to ground) 

6 PWM0/RSSI/DIO 10 
Pulse-width modulation analog output 0, Received 

Signal Strength Indicator, Digital I/O 10 

7 DIO 11 Digirtal I/O 11 

8 Reserved Do not connect 

9 DTR/SLEEP_RQ/DIO8 
Data Terminal Ready (hardware handshaking signal), 

Pin Sleep Control (asserted low), Digital I/O 8 

10 GND Ground 

11 DIO4 Digital I/O 4 

12 CTS/ DIO7 Clear to Send (hardware handshaking), Digital I/O 7 

13 ON/SLEEP Sleep indicator (off when module is sleeping) 

14 VREF Not used in Series 2 

15 ASS0C/ DIO5 
Association indicator: blinks if module is associated 

with a network, steady if not; Digital I/O 5 

16 RTS/DIO6 
Request to Send (hardware handshaking), Digital I/O 

6 

17 AD3/DIO3 Analog Input 3, Digital I/O 3 

18 AD2/DIO2 Analog Input 2, Digital I/O 2 

19 AD1/DIO1 Analog Input 1, Digital I/O 1 

20 AD0/DIO0/COMMIS Analog Input 0, Digital I/O 0, Commissioning Button 
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3.2.2 NETWORK TOPOLOGY 

Section 2.2 mentioned about the topology of WSNs, it is common for 

every WSN including XBee. For ZigBee networks, it defines three roles to 

construct the WSNs, that is, coordinator, router and end device. 

COORDINATOR(C) 

A coordinator is function as centralize node, which for collecting data and 

send it out. It is responsible for managing network, forming network, 

handing out addresses [3.2]. In a ZigBee network, there is only one 

coordinator existed. It always used to manage a network by a series of 

command or control a sensor node through a microcontroller.  

ROUTER(R) 

Router is responsible for routing data mainly, it cannot form the network, 

but it can join the existing network, receive data, send information, and 

also routing the data [3.2].  Routing is a communication method if there is 

need a node for transfer messages to destination such as the far away path 

between two nodes. In a large WSN, routers usually act as a joint of 

network, but it also performs as a sensor node to monitoring the 

parameters. It is not any requirement of number of routers.  

END DEVICE(E) 

End device is usually performed as a sensor node, it do not have any 

function of routing. Typically, an end device should follow by a router or 

coordinator which can help them to storage their data when they asleep or 

routing their data to destination. It is not possible to connect two end 

devices together. 
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A ZigBee network is built with three roles are mentioned previous, it is almost 

including all WSNs topology mentioned in section 2.2. There is an example of 

different network topology for ZigBee networks as shown in Figure 3.3 [3.2]. 

 

Figure 3.3 The topology of ZigBee network  

3.3 ZIGBEE NETWORK 

In a ZigBee network, there is need a method to connect them together, that is, 

Personal Area Network (PAN) address. This PAN address is similar to 

authenticate identification of network, it is not allowed if a ZigBee network 

contains more than one PAN address. It is better to have an example for 

demonstration. Figure 3.4 is an example for ZigBee networks. 
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Figure 3.4 ZigBee networks  

In Figure 3.4 [3.1], there is a coordinator, router and end device to construct the 

network using the same PAN ID 3F22, and each of device have their own address 

called network address or 16 bit address. It is unique for a network such as Internet 

Protocol (IP) address using in TCP/IP, it will not have any same IP addresses in a 

network. In additional, there is a channel in this figure, different channels are 

regarding as different frequencies using. However, Channels can also use to separate 

different networks as Figure 3.4 shown, but it is often used different PAN ID to 

separate different network. Therefore, the same PAN ID should be set in order to 

construct the network and allow others to join the networks. 

3.4 AT AND API MODE  

Two modes are defined in a ZigBee network in order to communicate with 

ZigBee, that is, AT mode and API mode. Commonly, AT mode is for human 

directly interact with XBee, API mode is mainly for computer work efficiently. 

3.4.1 AT MODE  

AT is stands for Attention, it is a standard command to get an attention to your 

devices. AT mode can configured XBee directly through AT commands. It is 
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also divided to two modes, one is transparent mode, and another is command 

mode [3.2][3.6]. 

 Transparent mode is a default mode for XBee communications, it will pass 

data when it received. This is a common mode when an XBee is working, 

it will transmit the data to destination radio without any additional action. 

 Command mode is typically for configure an XBee, it is necessary to enter 

this mode in order to check the state of XBee, configure it, etc. In this 

mode, XBee will not pass through data to destination radio, it will receive 

all your command and react with it. 

The following is showing an example of configure XBee [3.1] 

+++   // Enter to command mode 

OK   // An XBee response 

ATID 3012  // Personal area network ID 

OK 

ATDH 0013A200 // Destination address 

OK 

ATDL 730E3F46 // Destination address 

OK 

ATID   // Check the current setting of XBee 

3012 

ATDH 

13A200 

ATDL 

730E3F46 

ATWR 

OK 

For more information about AT command, you can refer to Appendix A.2 
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3.4.2 API MODE  

API is stand for application programming interface, which is a standard 

for interaction of different software program. It will improve the efficiency 

of XBee and provide an interface for programing communication. Table 

3.2 [3.1] is showing a simple structure of API mode. Refer to Appendix 

A.3 and A.4 for more about API mode.  

Table 3.2 basic structure of API frame 

Start delimiter Length Frame data Checksum 

Byte 1 Byte 2, Byte 3 Byte 4 to Byte n Byte n+1 

0x7E MSB, LSB 
API-specific 

structure 
Single byte 

 

3.5 SUMMARY 

ZigBee standard is benefit to WSNs since it is low power consumption, low cost 

and easy to connect to sensors with its own pins. There are several networking 

topology for XBee network, it is built by setting their PAN ID. As there are two 

modes can configure XBees through programing or directly configure, it is useful 

for using a programming device to control it or direct drive by series port such as 

computers. 



39 
 

REFERENCE 

 

[3.1]  XBee , Wikipedia, 2012, from http://en.wikipedia.org/wiki/XBee  

[3.2]  Robert Faludi, Building Wireless Sensor Networks, O’Reilly, 2011. 

[3.3]  XBee 2mW Wire Antenna, sparkfun, 2011, from 

http://www.digi.com/support/kbase/kbaseresultdetl?id=2213. 

[3.4]  XBee®/XBee-PRO® ZB RF Modules Datasheet,  

https://www.sparkfun.com/datasheets/Wireless/Zigbee/XBee-Datasheet.pdf 

[3.5]  XBee I/O, digi company, from http 

http://www.digi.com/support/kbase/kbaseresultdetl?id=2188. 

[3.6]  XBee I/O, digi, from http://www.digi.com/support/kbase/kbaseresultdetl?id=3221  



40 
 

CHAPTER 4 

WSN DESIGN 

───────────────────────────── 

For the complete WSN, the function should not be unitary for sampling data and 

display it. Just imagine the digital age for now, the instantaneous data were not 

adequate, there should storage amount of data for other application such as to predict 

the coming day temperature using historical temperature, to analysis the tendency of 

rain. For storing data, the more data storing would perform the more useful 

applications. That is, a large amount of storing size was recommended. Furthermore, 

the more convenient way to access the data would contribute the more useful of the 

WSN. Hence, the simple and flexible to access data was supposed to. As a result, the 

cloud store sever is demanded for WSN and a component for access internet or cloud 

is necessary. 

 

4.1 WSN ARCHITECTURE 

By combining the components the component mentioned, the construction of 

entire WSN could be imagined as it shown as Figure 4.1. The whole network was 

able to collect the physical or environmental data from particular location, 

calculate the data by Arduino, upload the data to the cloud and finally utilize the 

remote user interface to request the data, analysis them and control the WSN. For 

the component built in Figure 4.1, the detail of each component would be 

provided. 

4.1.1 THE STRUCTURE OF COORDINATOR 

Since XBees cannot process data itself, there is missing a role to deal with data, 

present, manage data and control the network. That is, an Arduino is utilized for 

a microcontroller in order to covert the data to actual value. Therefore, the 

coordinator side of XBee will contain additional component call Arduino. This 
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microcontroller contains a processor, memory, and also programmable 

input/output, it can regard as a small computer, which is suitable to controlled 

devices, such as order a command to XBee when apply different configurations, 

calculated and process the data values to actual parameters. 

 

Remote User 
Interface

C

Arduino Mega2560

R

R

R

E

Cloud Store Sever

C: Coordinator
R: Router
E: End device
T: Temperature sensor
U: Ultrasound sensor
S: Steam sensor

E

E

E

T

U

S

S

U

S

T

T

S

U

U

S

S

The part of end devices 
is connecting the sensors 
including temperature, 
ultrasound and steam 
sensor. 

The part of router is not 
j us t  c onn e ct i ng  t h e 
sensor s, but a lso  the 
communication bridge 
between end device and 
coordinator.

The part of the coordinator for 
processing the data from the 
network and forward to the 
cloud storage sever.

The  par t of  t he user 
interface is for the users 
t o  m o n i t o r i n g  a n d 
cont ro l the  ne tw or k 
t h r o u g h  t h e  c l o u d 
storage sever.

3G Module

Sensor node

Sensor node

Microcontroller

 

Figure 4.1 The block diagram of complete WSN 
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4.1.2 ARDUINO 

Arduino actually is an open source microcontroller, which design was focused 

on the flexibility of electronics prototyping platform. As the main design 

purpose, the Arduino would be compatible to many additional components, for 

example, take a photo with a photoduiono shield, control a 3D printer, making a 

call even access internet with a 3G shield. That is why Arduino is appropriated 

to this project, it not just controls the XBees, but also can access to the internet 

using a 3G shield. 

4.1.3 3G MODULE 

In fact, the 3G shield, so called SIM5218A module is used for access internet, 

making call and so on, it just similar to the mobile phone without the display. So 

that, a 3G card was desired and some kind of configurations were required 

equally to the mobile, but the method for setting the 3G shield was different as 

mobile since it used AT command and directly configured by Arduino through 

the serial port of them. 

4.1.4 CLOUD SEVER OF WSN DATA 

Cloud Store Sever was based on the computing of internet, it was able to share 

the message, data or information. As a supporting of Arduino, the powerful of 

cloud computing was useful to back up the data, process data and presenting 

data. For the development of cloud computing, the storing data not only remain 

in the Arduino, but equally display in other devices such as PC, apple devices or 

android devices. 

4.1.5 REMOTE USER INTERFACE 

Andriod was selected the remote user interface and present the user flexible and 

friendly sense, which could present the data by request the data from cloud and 

control the WSN through the transmitting command from android to cloud and 

cloud to Arduino. For requesting data from cloud it can also capture the data for 

required time period, store this kind of data and illustrate the data in different 

form. 
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4.2 THE OPERATING PRINCIPLE OF PROPOSED WSN 

As the network component was decided, the operating process can also define. 

Figure 4.1 was shown the flowchart for theoretical operating procedure of WSN.  

The theoretical operating principle of the WSN can be start from sensor: 

1. The sensors are convert physical parameter to voltage value and provide to 

XBees.  

2. XBees were receiving the voltage values, convert to analog parameters and 

transmitted to their parents.  

Start

Convert the physical parameter 
to voltage

Capture the 
environmental data

Capture the 
voltage value 

Convert the  voltage value 
to analog value

Transmit the analog 
value to Router

Determine the parent is  
coordinator or router

Transmit the analog 
value to Coordinator

A

A

Communicate 
with Arduino

Process the data, calculate 
and store

Send the data to 
cloud store sever

Store the data 
from Arduino

Is there any data in the 
cloud?

Sensor 

End devices or Router

Get the data and transfer 
it to user friendly interfaceRouter

Coodinator

Arduino

Cloud

User Interface

 

Figure 4.1 the operating process of WSN 
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3. If the parent of that XBee is not a coordinator, it would forward the message 

to coordinator.  

4. If it is a coordinator, it will communicate with Arduino for storing data within 

certain amount and upload that amount of information to cloud store sever. 

5. Cloud store sever would manage a large amount of data, store, process or 

present that kinds of data for further used 

6. Remote user interface was permitted to acquire the data storing in the cloud 

and capture the certain period data as the user demanded.  

7. Remote user interface could sort out the data using the friendly, designed 

interface and collect the commands imported by user to upload back to the 

cloud store sever.  

8. The cloud store sever stored the data from the remote user interface.  

9. Arduino checked the command from cloud store sever through the 3G module 

and control or manage the network through these command.   

As XBees are not only transmitting data to coordinator, it can also receive data 

transmitted by coordinator. If coordinator transmits the AT command to particular 

nodes, the command may control that node for demanding, even for checking the 

state of the network by the response of that AT command. The control method is 

related to the microcontroller and the API frame of data, referring Appendix A.3 

for more information of AT command control can help for building kinds of API 

frame similar to Appendix A.3, and replace AT command as required can check 

and control different configuration of XBees. In the network, the voltage level of 

each node is important information, it should be check for a certain period when 

the system operation. Therefore, this command request is needed. The 

construction of WSN, performance evaluation of components and configurations 

of network will be the main issue of this report. 
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4.3 NETWORK STRUCTURE 

As the XBee provided network topologies, the cluster tree were selected to be the 

network structure of this project since the coordinator may connect to end devices 

directly by the dimension limit of this network, and also the routers may use to 

receive the far away end devices data and re-transmitting to coordinator, which 

may help the extension of the network. By the way, the number of children (end 

device) for each parents (coordinator or router) were limited, it was acceptable 

with the number of WSN which shown as Figure 4.2.  

C: Coordinator
R: Router
E: End device
T: Temperature sensor
U: Ultrasound sensor
S: Steam sensor

E

TU

S

C

ES

U

E

S

U

E
S

U

R S

R

U

S

ES

U

E

T
U

S

E

T

U

S

 

Figure 4.2 The simple WSN connection of devices  

 

4.3.1 CONNECTION OF XBEE NETWORK 

By the self-connection function of XBee, the network was built directly. In most 

of WSN, the network pairing is the trouble and time consuming process, but 

XBee will auto search whatever the channel of network for the configured PAN 

ID and attempt to participate the network built by the coordinator. The priority of 

self-connection was depended on the smallest distance between the network and 

the devices which attempt to join the network. It means that, the network was 
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built when all the devices power on and with identical PAN ID. Moreover, this 

self-connection function of XBee also cause the self-healing of XBee network, the 

children may auto connect to other parents when their parents (precisely network) 

were loss.  

4.3.2 COORDINATOR 

As the project designed, the coordinator was required to communicate to other 

members or sensor nodes. Therefore, the coordinator can control others 

configuration through a microcontroller. It was needed if the environment around 

the sensor nodes was changing or the data change rapidly. Normally, the 

coordinator was responsibility of building network and gather data since it was a 

bridge of between the network and the microcontroller for gather data and process 

by microcontroller. 

4.3.3 ROUTER 

Router is mainly focus on routing data for extension of ZigBee network if the 

essential distance was too far away. Unfortunately, this property of router was not 

utilized in the project obviously since the dimension of this project was coverable 

for the XBee transmission distance. For the data sampling of router, the 

ultrasound, temperature and steam sensors were chosen to be the sensors (it will 

be explained in detail for later chapter), which not only performed and 

demonstrated the WSN platform, but also gather the information of environment 

and monitoring the parameter of object. 

4.3.4 END DEVICE 

As the sensors used in router, the end device was also connecting to those sensors. 

Just similar to the router, after the end devices were collected the temperature and 

the distance information, the end devices will return the data to coordinator 

(through the router) and leave the data for processing. Since end devices does not 

perform any extra function, the power consumption of end devices were the least.  
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4.4 CONFIGURATIONS OF XBEE 

For the configurations of XBee, X-CTU is software which utilize the AT 

command to setup the setting of XBee through the serial port between XBee and 

computer. As shown in Figure 4.3, the interface of X-CTU was provided. Most of 

AT commands using for the XBee would be provide in this software, even for 

monitoring the serial port, changing the communication baud rate or remote 

configuration in API mode.  

 

Figure 4.3 The configurations software of XBee 

 

4.3.1 PAN ID (ATID) 

Although the parameters of XBees were numerous, the key parameters and the 

basic configuration for building WSN were just several. As mentioned, the PAN 

ID is necessary configure to the identical as the coordinator since all nodes 

including routers and end devices were required to connect to the coordinator for 

communication, data transfer or building powerful WSN. PAN ID is required in 
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the particular range typically, but the updated firmware XBee can even form 

more networks by the range of XBee was enhance from 0-0xFFFF to 0-

0xFFFFFFFFFFFFFFFF. However, it was not necessary to configure specific 

PAN ID, it can be a random number within the range. Remind that, all ID of the 

network members must be the same, the form using in PAN ID is hexadecimal 

notation and the configuration of PAN ID is shown in Table 4.1. 

 

4.3.2 SAMPLE RATE (ATIR) 

As a WSN, the sample rate was the core of the network since it will affect the 

reporting rate of the network and it also directly affects the performance of the 

network. Using different sample rate may cause different transmission problem, 

for example, the data re-transmission, data loss, buffer overflow and so on. 

Therefore, the suitable sample rate must be designed by several experimental 

tests or accuracy calculations. To configure the XBee sample rate, it was using 

hexadecimal notation also and the range of sample rate is 0x32-0xFFFF for 

millisecond. The ATIR setting is also shown in Table 4.1. 

 

4.3.3 SLEEPING 

Building WSN is also meaning that the power supply of sensor nodes cannot 

supplied by the regular wired power source, it should be support by battery, new 

energy power such as solar cell, wind power, etc. For extending the life cycle of 

sensor node, several ways were able to use as suggestion. First, reducing the 

power consumption on each node, which was used to this project and it is an 

efficiently method. Second, enlarge the battery capacities, it is not recommended 

since the battery size, weight were also influence the performance of sensor node.  

To reduce the power consumption of sensor node, sleeping of XBee is needed to 

saving power since sleep state almost stop all activities on XBee similar to turn 



49 
 

off the XBee. Limited the data of transmission and receiving is also a method to 

decrease the power consumption of XBee.  

SLEEP MODE (ATSM) 

By the sleep mode of XBee, several sleep modes were provided and the mode 5, 

which is cyclic sleep with pin wake, was used in this project. By the sleep mode 

of XBee, it may jump to sleep depend on different setting, and how long the 

XBee awake. Typically, the sleep schedule is fixed, it will not suddenly change 

if there is not any AT commands to changing the configuration of XBee [4.1]. 

However, pin wake is XBee allow to wake up by external trigger to ground. In 

addition, the sleep mode will also influence the sample rate of network and the 

command applies if XBee is during sleep. Therefore, XBee will only start to do 

any data samplings or command applying when it awake. 

 

CYCLIC SLEEP PERIOD (ATSP) AND TIME BEFORE SLEEP (ATST) 

By the quarter second resolution, XBees were limited from 0x20-0xAF0 

(×10ms), but it can also extend by the number of sleep periods to multiple the 

sleep period. The maximum sleep period is almost 3 weeks before wake up. 

Although the sleep period can reduce the power consumption, the time before 

sleep or wake up time should be well control in order to maximize the life cycle 

of sensor node. It is because the XBee will consume a few tens of milliamps 

when it wake up, but only a few ten of microamps when it sleeping. However, a 

long awake time can prevent the data loss by re-transmission. That is, ST is also 

the main parameter for sleeping and the number of sleep period and time before 

sleep is shown on Table 4.1. 
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Table 4.1 Key parameter for the WSN 

AT Command Parameter (hexadecimal) 

ATID 1111 

ATIR 1B58 

ATSM 5 

ATSN 180 

ATSP 3E8 

ATST 2710 

 

4.3.2  RANGE TEST 

As the connectivity of XBee network, the range of different power level is 

necessary to verify in order to have good understanding for build a WSN. For 

checking the range of XBee on each power level, two XBees were utilizing for 

AT mode and transmitting the same data to each other and make an evaluation 

of the received data. Note that, the XBee may use in outdoor situation, the 

experimental test for power level was also test on outdoor, for estimate the free 

space environment, the test was trial in Taipa Macau East Asian Games Dome  

at night for preventing noise environment in day time.  

 

The configurations of Range test is shown as Figure 4.4. For testing the power 

range of XBee, a network would also require, that is, the PAN ID of two XBee 

should be configured. Remind that, the number of PAN ID is not necessary to be 

121 as the configuration of Figure 4.3, but remain the identical number. For the 

configuration of power level, it could be found in RF interfacing and the power 

level 0 to 4 are represent the lowest to highest power of XBee.  Figure 4.4 is 

shown range test result and the data of range test is shown in Table 4.2. 
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Figure 4.3 The configuration of XBee 

 

Table 4.2 The average of correct data received of XBees on each power level 

Distance(m) Power level(0-4) Data received 

85 

0 99.9% 

2 99.7% 

4 100% 

170 

0 99.8% 

2 100% 

4 99.9% 

350 

0 0% 

2 38.8% 

4 97.5% 

 

  



52 
 

 

Figure 4.4 The configuration of XBee 

 

Figure 4.2 shown the data received of XBees is 0% for power level 0 when the 

distances between two XBees are 350m, around 40% at power level 2 and above 

90% for power level 4. The outdoor transmission range of XBee was above 

170m for both power level 0 and 2, even 350m transmission range can be form 

for power level 4. Table 4.2 is shown for more precise percentage data. 
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CHAPTER 5 

STRUCTURE OF SENSOR NODES  

───────────────────────────── 

5. In this chapter, the structure of sensor nodes would be discussed in detail, and some 

of sensors even contain with the experimental test for verify the physical dimension 

and readable parameters. The temperature sensor was utilized for measuring the real 

temperature of environment, which not only suitable for monitoring a large sever 

system room, but also the assist to measure the environment temperature. The 

ultrasound sensor for estimate the distance between object and the sensor. The steam 

sensor for sensing the steam or water.  

5.1 TYPE OF SENSOR 

5.1.1 TEMPERATURE  

Temperature sensors were the common and basic sensor that could deal with. 

Since the wide utilization and the application, temperature sensor was selected to 

become one type of sensor for the WSN to monitoring the environment 

temperature. In addition, the real-time temperature parameters were necessary for 

correcting the other data accuracy such as (temperature variant) sound speed can 

modify by the real time temperature and correct the distance error caused by 

temperature. 

5.1.2 ULTRASOUND 

Ultrasound sensor was used to estimate the distance from the sensor to the target. 

In the project, the ultrasound sensors were applied to measure water level since 

the water logging problems at Macau was extremely serious. These ultrasound 

sensors were to help the citizens to understand the particular situation through the 

value detected by ultrasound sensors and calculation of Arduino. For widely 

applying the WSN, most of regions of Macau may cover for sense the water level 

or the growth rate of water. 
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5.1.3 STEAM SENSOR 

Steam sensors were focus on detection of raining, it may trigger the XBee using 

pin wake and sending the sampling data to coordinator, which indicate the raining 

situation of that steam sensor region. At that time, the coordinator would notice 

that the region of that steam sensor may require sample rate changing, that is, 

what previous mention the trigger and sudden change. Through the Steam Sensor, 

the warning or remind message was built to such kind of mechanism could be 

compensated the cycle sleep mode [5.2].  

5.2 SENSOR PERFORMANCE EVALUATION 

5.2.1 TEMPERATURE SENSOR 

The temperature sensors used on this project were MCP9700 and TMP36 since 

both of them was easily implement and compatibility with XBee. As the scale 

factor of both temperature sensor is 10mV/˚C and the sensing range of those 

sensors were -40˚C to 125˚C refer to Appendix B.1 [5.3] and B.2 [5.4]. That is, 

according to this information, the readable temperature can be calculated by 

coordinator through the equation Eq. (1) and Eq. (2): 

voltage = analogValue / 1023.00 × 1.23  

temperature = (voltage -0.55) /0.01; 

Eq. (1) was converting the analog value received by XBee to actual voltage since 

XBee would convert the voltage within 0-1.23V to the range of 0 to 1023. Eq. (2) 

converting the voltage to actual temperature and initializes the temperature start 

from 0˚C. 

5.2.2 ULTRASOUND 

CALCULATION 

As mentioned in previous, ultrasound sensors most likely to be the main sensors 

of the sensor node since this WSN were focus on the water level and the grown 

Eq. (1) 

Eq. (2) 
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rate of water level. LV-MaxSonar-EZ0 MB1000 and XL-MaxSonar-WR MB7060 

were selected to be a rangefinder which was made use of the reference (or ground) 

level of the ultrasound sensor detect minus the real-time distance to estimate the 

water level even could predict the grown rate of the water level by using the 

historical data. The equation of water level is shown as Eq. (3):  

waterLevel = actualLevel – referenceLevel 

Since the value gather from XBee was always an analog value, the Eq. (1) again 

used to convert the analog value to voltage. Then, apply the datasheet information 

of MB1000 and WR7060 as shown on Appendix B.3 [5.5] and B.4 [5.6], 

6.4mV/in or (2.538 mV/cm) and 3.2mV/cm to transform the voltage to actual 

distance. Using the scaling factor of both sensors as Eq. (4): 

distance = voltage /  scalingFactor + initialDistance 

Since the ultrasound sensor existed a range limitation (20cm to 645cm for 

MB1000 and 20cm to 765cm for WR7060), the initial distance should be 

considered to match to 20cm to compensate the difference. 

DATA CORRETION 

As the critical sensors of the network, the accuracy of data had to verify. That is, 

the simple WSN with ultrasound sensor was built as an experimental test for 

proved the data accuracy. For this experiment, two XBees and one Arduino were 

used, and one of XBee was configured as coordinator for receiving data from 

another XBee (router or end device). Another XBee was utilized for collected and 

transmitted the data sensed by the ultrasound sensor. Make used of the process 

ability of Arduino, the simple WSN was done. Figure 5.1 was schematic diagram. 

A + X

|llll|llll|llll|llll|llll|llll|llll|llll|llll|llll|llll|

X+U

Distance

 

Eq. (3) 

Eq. (4) 

Figure 5.1 The experiment Schematic diagram 

 A+X: Arduino and XBee, X+U: XBee +ultrasound. 
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Table 5.1 The data of experimental test for MB1000 

Actual distance(cm) Calculated Distance(cm) Percentage Error (%) 

20 20.62 -3.11 

30 28.19 6.02 

40 35.77 10.58 

50 45.71 8.58 

60 56.12 6.46 

70 66.06 5.62 

80 76.48 4.40 

90 86.42 3.98 

100 96.83 3.17 

110 109.61 0.35 

120 120.03 -0.02 

130 129.97 0.02 

140 139.91 0.07 

150 150.32 -0.22 

160 163.10 -1.94 

170 172.57 -1.51 

180 180.14 -0.08 

190 190.56 -0.29 

200 200.50 -0.25 

210 210.91 -0.43 

220 220.85 -0.39 

230 231.27 -0.55 

240 241.21 -0.50 

250 253.99 -1.60 

260 261.56 -0.60 

270 271.03 -0.38 

280 281.44 -0.52 

290 291.39 -0.48 

300 304.17 -1.39 

310 314.58 -1.48 

320 322.15 -0.67 

330 331.62 -0.49 

340 339.19 0.24 

350 349.61 0.11 

360 359.55 0.13 

370 370.91 -0.25 

380 380.85 -0.22 

390 390.32 -0.08 
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Table 5.1 is shown the calculated distances and actual distance for comparing and 

observed the error percentage of MB1000 ultrasound sensor. Obviously, the 

maximum of distance error calculated by the equations was between -3.11% and 

10.58%. To obtain the error and the performance of MB1000 is better to have a 

diagram to display as shown in Figure 5.2. Obtain the error percentage, the error 

is decided when the distance past 50cm. It may explain the acoustic phase effects 

cause in near field, the cancellation exists within 20 to 50cm by the waveform 

returned. After 50cm measurement, the cancellation of acoustic phase effects may 

decreased, thus, the result of measurement distance error percentage was reduced. 

 

Figure 5.2 Percentage errors vs. the measurement distance of MB1000 

 

As MB1000 experiment, Table 5.2 is shown the distance which estimated by 

WR7060 and actual distance for comparing and verification of the data.  

Evidently, the error of distance which calculated by the equations was larger as -

1.65 % and -2.21 %, which is limited within ±2.3 % and the influence of acoustic 

phase effects was less than MB1000. The selection of ultrasound sensor had to 

accuracy, WR7060 would be the suitable choice for detection by the performance 

of two different ultrasound sensors. 
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Table 5.2 The data of experimental test for WR7060 

Actual distance(cm) Calculated Distance(cm) Percentage Error (%) 

50 50.06 -0.12 

60 59.45 0.91 

70 68.85 1.65 

80 79.74 0.32 

90 90.26 -0.29 

100 101.16 -1.16 

110 112.43 -2.21 

120 121.45 -1.21 

130 131.59 -1.23 

140 140.99 -0.70 

150 150.38 -0.25 

160 160.52 -0.33 

170 169.92 0.05 

180 180.06 -0.03 

190 190.21 -0.11 

200 200.35 -0.18 

210 210.50 -0.24 

220 220.64 -0.29 

230 231.91 -0.83 

240 240.93 -0.39 

250 251.08 -0.43 

260 260.47 -0.18 

270 271.74 -0.64 

280 281.13 -0.41 

290 291.28 -0.44 

300 301.05 -0.35 

310 310.82 -0.26 

320 320.96 -0.30 

330 331.48 -0.45 

340 341.25 -0.37 

350 351.40 -0.40 

360 361.92 -0.53 

370 370.56 -0.15 

380 381.83 -0.48 

390 391.22 -0.31 

400 401.37 -0.34 
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For the evaluation and the Performance of data, the diagram of actual distance and 

calculated distance are shown in Figure 5.3. The vary data of ultrasound limited in 

only 2%, even 1% for more farer distance.  

 

Figure 5.3 Percentage errors vs. the measurement distance of WR7060 

 

5.3 SENSOR NODE STRUCTURE 

Combine all sensors and XBee together, the sensor node would be delivered. 

Actually, the sensor node was not only including the sensors mentioned above 

such as temperature, ultrasound and steam sensor, but also the regulator, 

capacitors, battery, LEDs, ON/OFF power button should also built in the sensor 

node. Note that, the LEDs were utilized to indicate the power is supplying by the 

battery or not, the XBee is now sleeping or awake, and the measuring data was 

transmitted or not. Of course the ON/OFF power button is used to disconnect the 

power source from XBee.  All components are summarize in  
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Table 5.3 The component list for a sensor node 

Sensor node component 

1 
Communication 

component 
XBee 

2 Sensors 

Temperature 

Ultrasound 

Steam 

4 Power component 
Regulator 

Battery 

5 Additional component 

LED 

ON/OFF button 

capacitors 

 

As the XBee power supply is demand for 2.1V to 3.6V, a stable power source was 

desired for settling the XBee, but the battery of LiR2450 might not identical for 

different industries product (refer to Appendix B.4), and the voltage level of the 

battery would drop when the sensor node operating. As a result, a regulator was 

required to stabilize the voltage level which supply by the battery, the regulator 

MCP33 was selected to be a regulator since the maximum output current of the 

regulator is 160mA (refer to Appendix A.8) [5.7] and the output voltage is 3.3V, 

which as much as the sensor node consumption as Table 5.4 shown. 

Table 5.4 The power consumption of sensor node 

Type XBee Temperature Ultrasound Steam Sensor 

Voltage (V) 2.1-3.6 2.3/2.7-5.5 2.5/3-5.5 3.3 or 5 

Current (mA) 40 0.05/0.012 2/50 <0.001(measure) 
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Consequently, the limitation of the regulator not only required 1µF capacitors on 

both size, but also demand the range of voltage supply from 3.4V to 4.8V. 

Fortunately, the battery LiR2450 was compatible with that regulator and the size 

of the battery was also suitable to the sensor node requirement so that the sensor 

node could remain small. For the hardware of the sensor node is shown as Figure 

5.4.  

 

(a) 

 

(b) 

 

(c) 

Figure 5.4 The sensor node structure (a) the bottom side (b) the front side (c) the 

sensor node with sensors 

5.4 SUMMARY 

For different sensors used in the WSN, the application of WSN would totally 

difference. The chapter introduced several sensors in order to present the usage of 

WSN in Macau. As the sensor accuracy was the main part of WSN, to verify the 

accuracy of the sensor was necessary part for evaluation the data worth. Using 

linear regression method could reduce the error existed during measuring or data 

capturing and improved the result of the sensor performance. Moreover, the 

design of sensor node not only need to considered sensors, but also the power 

supply, regulator and indicator. 
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CHAPTER 6 

CONCLUSION AND PROSPECTIVE 

───────────────────────────── 

6.1 CONCLUSION 

The WSN platform was available measuring temperature, water logging and also 

determine that location is raining or not. As the “Big Data” for the research and 

applications, WSNs are the data capturing system which utilized effectively. By 

the enabled technologies used in WSN such as Blue tooth, ZigBee and WiFi, the 

suitable solution of WSN was selected, make use of different sensor and utilize 

the sensors to WSN should go through a lot of performance evaluations such as 

ultrasound sensor should verify the data accuracy. These kinds of experiments 

were required for performing the real data received and matching it to the actual 

distance. Without the experiment, the analog value return to the coordinator is 

meaningless, so whatever hardware devices were provide, the performance of that 

devices should be tested.  

The demonstration of WSN operation wasplatform shows that the functions of 

WSN may different by integrate with different sensor, controller or additional 

component such as the user friendly interface (e.g. Android Tablet, mobile 

devices). Remote user interface can allow user capture the updated network 

information through the cloud service provided the storing sever to save data and 

Arduino cooperate with 3G module to provide the internet access function. Both 

applications were compatible with WSN and cause the variation of applications. 

WSN is widely utilized in many applications and it could be more users friendly 

and flexible for the development and application. 

The qualities of sensors were proved by the measuring within acceptable tolerance. 

e.g. average error of ultra-sonic sensor is less than 0.35% for the distance 

experiment between 0.2 m to 4.0 m. Moreover, all prototype sensor nodes in this 

project are power up by a single standard 3.7V battery and last for operation of 
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~300 days approximated. It reduced replacement of sensor node battery since 

sensor node would also place in hard and tough environment. The cloud based 

WSNs platform is storing the collected data. An open Android platform is a 

mobile GUI for development, which enhance the analysis capabilities by allows 

remote access and visualizes the WSN. 

For the network built by the XBees would perform a region of location 

monitoring and even an alarm for notification. If there exist a WSN in Macau, 

citizen may not need to waiting for the message from government, it may directly 

sent to the user for any emergency information or indicate any alarms for that 

location through WSN access to the cloud service. Water logging was the urgency 

problem existed at Macau, the complete WSN could be able to deliver a method 

to reduce the loss and dangerous of citizen, even to protest the logging by 

measuring the water logging level using ultrasound sensor with Arduino 

calculations. In addition, the WSN can also provide the environmental parameters 

for more location typically such as the temperature sensor for detecting the degree 

of temperature and the steam sensor to determine raining is begin. For provide 

more easy understanding data for user, the WSN would not just using in the 

industry. 
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6.2 FUTURE WORKS 

For more users friendly and simpler to design of WSN, the development of WSN 

would be quickly and the application of WSN would also extend. By using the 

more powerful microcontroller such as Raspberry Pi, it can perform more 

function than Arduino, for example to install an OS to Raspberry Pi device, it can 

also function as powerful as computer. For the operation of WSNs with computer, 

the functionalities may also increase, for example, the clothes would be shift 

under the roof when the weather is not good or start to rain, the drains and rainfall 

can predict the loading lasting limit and the suitable time for dredge the water.   

The detection of environment temperature may also assist the selection of 

dressing. For the larger cover of WSN, the development of WSN would also 

benefit for the requests. Matching the different or additional sensor or controller, 

WSN can even to monitoring the house physical parameter such as the lighting in 

the house, the door in open or close, can also comfortable. As the safety 

awareness decrease and the employee increase for a family, an empty house may 

raise during the working hours. Burglary may also increase by the crime increase, 

the WSN can also be an alarm and an engine to turn on the electricity in the house 

for scaring the burglar and notice the police. Using cloud also remotely control 

the home facility as an intelligent home system. 
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APPENDIX 

 

A.1 Analog input of XBee  

The limitation of XBee analog input is about 0 to 1.2 Volts, if a sensor is not work in 

this range, a voltage divider is considered to be a technique for transfer the analog 

sensor to suitable value. The formula (1) is to illustrate the voltage divider where Vout 

is the value which is transferred to suitable range, Vin is an analog sensor output 

voltage. Figure A.1 is shown a voltage divider circuit. 

     
  

     
     (1) 

 

 

Figure A.1 voltage divider circuit 
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A.2 AT Command 

The following part is about the common AT command which frequently used in 

simply WSN. +++ is a necessary command enter to command mode, AT is a 

command to make sure whether the XBee is available or not. ATSM, ATSP, ATSN, 

ATST are sleep mode command that control the XBee sleep in different cyclic. 

Table A.1 The summary of common AT command 

AT command Used for 

+++ Enter to command mode 

AT To know that whether XBee is active or not 

ATID To assign/check the current PAN ID 

ATSH/ ATSL To check the serial number of XBee 

ATDH/ ATDL To assign / check the destination address 

ATCN Go back to transparent mode (XBee will 

automatic go back to transparent mode if 

there is not any command for 10 second) 

ATWR To save the current configuration to XBee 

ATMY To check the current network address 

ATSM Cyclic sleep 

ATSP Sleep time 

ATSN Numbver of sleep cycles 

ATST Time awake 
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Table A.2 The basic AT command of I/O 

AT command Used for 

ATD0 to ATD7 

(pin 0 to 7) 

ATP0 to ATP2 (pin 

10 to12) 

0 Disable the I/O pin 

1 Built in function 

2 Analog input, limit to pins D0 to D3 

3 Digital input 

4 Digital output, low (0 Volts) 

5 Digital output, high (3.3 Volts) 

ATIR Sample rate (millisecond, in HEX) 
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A.3 API Frame 

This part is to show you some basic API frame which is common used in XBee. 

Table A.3 is shown an API frame example of XBee, which can implement AT 

command through API mode, that is, to control an XBee. 

Table A.3 API format for AT command control XBee 

Byte Example Description 

0 0x7E 
Start byte – indicate 

beginning of data frame 

1 0x00 
Length – the length of data 

2 0x10 

3 0x17 
Frame type – 0x17 is AT 

command request 

4 0x52 
Frame ID – Command 

sequence number 

5 0x00 

64 bits Destination Address, 

also call serial number of 

each XBee 

6 0x13 

7 0xA2 

8 0x00 

9 0x40 

10 0x77 

11 0x9C 

12 0x49 

13 0xFF Destination Network 

address 

0xFFFE is broadcast 
14 0xFE 

15 0x02 
Remote command options 

(0x02 is to apply change) 

16 0x44 AT command Name ( two 

ASCII characters) 0x44 is 

D, 0x02 is 2, that means 

ATD2. 

17 0x02 

18 0x04 
Command Parameter 

(queries if not present) 

19 0xF5 Checksum 
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Table A.4 is an example showing the API frame of sampling data, which help the 

programmer to distinguish the data and address mainly. 

Table A.4 API format for sampling I/O data 

Byte Example Description 

0 0x7E 
Start byte – indicate 

beginning of data frame 

1 0x00 
Length – the length of data 

2 0x14 

3 0x92 
Frame type – 0x92 is a data 

sample 

4 0x00 

64 bits Source Address, also 

call serial number of each 

XBee 

5 0x13 

6 0xA2 

7 0x00 

8 0x40 

9 0x77 

10 0x9C 

11 0x49 

12 0x36 
Source Network address 

13 0x6A 

14 0x01 

Receive Opts. 01 is Packet 

Acknowledged. 02 is 

Broadcast packet 

15 0x01 Number of sample set 

16 0x00 Digital Channel Mask – 

indicate which pins are set 

to DIO refer to Table A.4 
17 0x20 

18 0x01 

Analog Channel Mask – 

indicate which pins are set 

to ADC refer to Table A.5 

19 0x00 
Digital Sample Data (if any) 

20 0x14 

21 0x04 
Analog Sample data (if any) 

22 0x25 

23 0xF5 
Checksum (0xFF minus by 

the sum from byte3 to here) 
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Table A.4 Digital Channel Mask 

First Byte 

N/A N/A N/A D12 D11 D10 N/A N/A 

Second Byte 

D7 D6 D5 D4 D3 D2 D1 D0 

 

For example, a set of digital channel mask is 0x00 0x13, which is equal to 0000 0000 

0000 1101and that is mean pins D3, D2 and D0 are set. 

Table A.5 Analog Channel Mask 

Byte 

N/A N/A N/A N/A A3 A2 A1 A0 
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B.1 Temperature sensor datasheet of TMP36 
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B.2 Temperature Sensor of MCP9700 
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B.3 Ultrasound sensor datasheet of MB1000 
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B.4 Ultrasound sensor datasheet of WR7060 
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B.4 Datasheet of Battery Lir2450 
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B.6 The regulator of MCP33 
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