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Abstract 
 

Internet of Things is an important part of realizing smart cities, this article introduces a 

proposal to build an Internet of Things system with LoRaWAN to achieve diverse smart 

city applications. There are three problems proposed and resolved in this research, how 

to maximize wireless devices’ lifetime with LoRa protocol characters，how to choose 

the gateways’ location for improving the efficiency and reduce costs, and about a good 

way to set up network servers to balance performance and consumption to implement 

in smart city applications. The IoT platform is built completely and running three 

applications on it in this research, Smart Parking, Smart Building Monitoring and Smart 

Sewage Monitoring. The methods of build platform and set applications are also 

explained in this article. 
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1  Introduction 

 

1.1  Challenges of Smart City Applications 

 
Smart city applications are more and more important since the rapid growth of 

population in recent years, megacities are hard to manage and impossible 

uninterrupted monitoring manually. With the development of electronic 

technology, many tasks about monitoring and control can be done by 

automation. Such as sensors, microcontrollers, computer servers and so on, 

They need efficient collaboration through the network communication. 

Therefore, a wide-ranging, long-life, stable, and inexpensive network system is 

needed [1]. 

 

 However, nowadays, there are still many challenges; we will focus on the 

following five aspects in this article.  

 

 How to balance the lifetime and performance of battery-powered 

equipment. 

 

 How to distribute detection equipment in a big large area, and it also 

under the excellent economic and high performance conditions. 

 

 How to make the equipment work in a harsh environment with long 

lifetime and stability, because replacement and maintenance costs much.  

 

 How to ensure that the network has stable data rate and an acceptable 

delay. 

 

 How to protect data security and make the network scalable, attracting 

more developers and users to join 

 

  Even if these problems are not solved perfectly now, the new technology 

has made breakthroughs in some of them. Such as ultra-low power 

microprocessors, low power and high performance sensors and new proposed 

protocols for IoT devices. I will give some ideas based on the existing 
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technology about how to improve or solve these problems in these article.  

 

1.2  Research Profile 
 

A high reliability, low cost, and universality solution about building smart city 

applications is proposed here, which based on LoRa low-power IoT network 

technology, and give a suitable way to distribute the gateways, in order to 

balance the coverage area and the stress of the network. Extended with 

functions of dynamically changing the transmission rate and transmission 

power to extend the node life. 

 

Research based on the real city environment, the network is deployed in the 

downtown and suburban areas in Sundsvall, Sweden. We used eight LoRa 

gateways to cover the 30 Km2 area in the city, The study measured the signal 

quality in different building densities from the city center to suburb, and get the single 

gateway coverage area to study how to distribute gateways in the city. Measure power 

consumption of the network end device, in order to a find way extending the lifetime.  

 

In order to prove the reliable operation of the network, three smart city applications 

are exemplified in the end. The first application is an outdoor parking lot detection, 

the character is large number of nodes distributed in a small area, packet collision rate 

will increase and reduce the efficiency of wireless communication transmission. It can 

be improved by using a multi-band set allocation strategy. The second application is 

the sewage overload alarm system. Due to the harsh sewer environment, it is difficult 

to replace the battery. Therefore, the challenge is using a 3000-5000 mAh battery to 

power and make it working more than one year or higher. The third application is a 

wireless automatic indoor environment measurement system in multistory buildings. 

The feature is multi-network integration, combined with BLE 4.0, which has fast 

communication speed to detect indoor movement and item positioning. 
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1.3  Thesis Outline 

 
The article first briefly introduces the needs of smart city applications and the 

current development of microcontrollers, wireless communications, sensors and 

other technologies. It then analyzes the importance of IoT to realize Smart City 

applications.  

 

Part II compare and analyze the characteristics of many different Smart City 

applications, which depend on the research of different references. This is a result 

of pre-study to research what kind of communication technology are adapted to 

different applications. 

 

Part III describe how to build this smart city IoT platform with LoRaWAN 

technology. These include system components, functions, implementation, and 

results. It focuses on how to use the characteristics of LoRaWAN technology to 

optimize the operation of smart city applications, and gives some solutions and 

suggestions.  

 

Part IV shows three applications running on this system. It is in order to 

present the system performance and feature. The applications are Smart Parking 

Systems, Smart Urban Building Environmental Monitoring Systems and Sewage 

Pipeline Overflow Monitoring Systems. They are representative of common 

smart city applications. 

 

 Part V is is a summary of the full text, combined with the characteristics 

of applications to show the strategies and methods given in article is feasible to 

build a relatively universal network for smart city.  
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2  Applications Investigation 

 
The investigation is about the needs of communication by different smart city 

applications. It first introduces the investigation methods and some classification 

rules. The ideas come from practical experience and the developers concerned 

normally. Results of classification and investigation is shown on the section 2.2, 

it is combined with short explanations. Finally, analyzing and summary is in the 

part of the discussion, and including author's views and opinions. 

 

2.1   Investigation Method 

 
This investigation is based on the article which described or analyzed how to 

realize smart city applications. They are included method, basic information or 

experimental result of projects or a researches, which applications are person 

interest in today’s world, and the performances required of them are investigated.  

Results are used for classification these applications and summarize the 

characteristics of each class. It is easy to draw the similarities and differences 

between different applications. For increasing the accuracy of the conclusions, 

most of the material referenced in this article have been verification. 

 

The types of applications are discussed and summarized from five different 

points. The types of classification include networks structure, communication 

distance, density of device, different drive mode for package transmission, time 

interval between two packages transmitted and power consumption of wireless 

devices. The purpose of them are shown below. 



 Network Structure 

 

It is an important role for determining the complexity of data routing. In 

normal applications, the structure of network can be divided into three types: 

Star Network, Mesh Network and Star-Mesh Hybrid Network [17]. Star 

network is the simplest, but the disadvantage is great burden on the central 

node, it will overwhelm by too many nodes when build an ultra-large-scale 

network.  
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Mesh Network has multiple routing path, the stress of data routing is 

evenly distributed to each nodes. But it is more difficult to choice the routing 

path than simple Star Network [18]. Changing happened in one node will 

affect the data routing rules of all in the network.   

 

Star-Mesh Hybrid Network is a simplified of Mesh Network and also 

reduce the stress of central node in the Start Network [19]. In other words, 

this is a scalable network architecture and it also integrate the advantages of 

Star Network and Mesh Network. 

 

Therefore, according to different applications to select the appropriate 

network structure for enhancing the performance of wireless sensor 

networks is necessary. 

 

 Communication Distance 

 

Communication distance determine the quality of transmission. A suitable 

distance should be though from two aspects, the first is power consumption, 

some designs choosing short distance in order to reduce the power 

consumption of communication [20], for the communication, distance 

directly affects the failure rate of packets transmission and time spending 

[21]. Another factor is the size of subdomains, it is a significant parameter 

of cellular wireless network. 

 

It has significant discrepancy of different communication technologies, 

carrier signal and modulation method is the determinant in the physical layer 

on the protocol. It is an important indicators to select appropriate protocol 

for practical applications. 

 

 Distribution Density 

 

Wireless communication is susceptible by radio in the environment, it will 

take interference of a larger number devices distributed in a dense space. 

There are difference in the number of devices and coverage required for 

different applications, selecting appropriate implementation must care of the 

factor of density.  

  

 Protocols also limit the maximum number of wireless device from some 

aspects. Such as address of communication device, the number of sub 

channels, mode of transmission and response are common factors limited the 

maximum nodes in one gateway on the sub net. Dividing subdomains by 
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decreasing the transmission power is another method to solve this problem 

[22]. So, it should be cared when chose the communication protocol or 

structure of the network.  

 

 Mode of Transmission 

 

The modes of triggering packet transmission is not same in different 

applications. The modes can be divided into three kinds, time-driven, event-

driven, and query-driven [23]. For the time-driven transmission, the intervals 

between them is standard, and not require frequent response to keep linking. 

However, this approach is not flexible normally. Transmission of event-

driven is triggered by incidents or opportune conditions. Interval of packet 

sending is uncertain of each devices, heartbeat packet is used to ensure the 

device is working properly. Query-driven requires the wireless devices to 

respond the query in a short delay, it will listen packets in a high frequency 

[24]. It will consume high power of wireless device, but it has flexible 

control of the host.   

 

 Select the appropriate method should according different application 

requirements. Protocols flexibility provide three ways normally, but the bias 

is also in realization. Time-driven is most common, others have benefits to 

particular applications. The mode of transmission is also a considered factor 

in communication. 

 

 Power consumption and Supply 

 

Control the power consumption (data rate) of wireless device is a flexible 

function of the a lot of IoT protocols. The balance between performance and 

power consumption should be focused when implementing applications.  

 

These aspects of classification is easier to help us get the common 

features about different kinds of applications. In the Part III, these 

characteristics can be used to find suitable communication technology to 

realize them. An analysis of these classification results will be presented in 

the Results Discussion Section. 

 

 

 



7 
 

2.2   Classification Result 

 
The classification results are shown in this section, eight kinds of applications 

are classified from five characters of communication aspects, which are network 

structure, communication distance, distribution density of nodes, triggering 

mode of packet transmission and power consumption of sensor nodes. 

 
Table 2-1 shows the types of smart city applications which are categorized in the 

article. These types of applications have common characteristics, so these 

features can be used to determine the performance of common platforms.  

 

Application Reference 

pollutant monitoring [29], [30], [31], [32], [33] 

climate detected [40], [41] 

disaster warning [34] 

regulation for the disabled [37], [38] 

facilities aging detection [25] 

advertisement and media [35] 

service resource assignment [26], [28], [39] 

city public safety [27] 

Table 2-1  List of Smart City Applications 

 

2.2.1  Pollution Monitoring 

 

This kind of applications is often used to detect the occurrence of exhaust 

pollution, garbage pollution, water pollution, food contamination and other areas 

suffered serious pollution. The characters of these applications are the low 

density of measuring devices, because the range of contaminated areas is usually 

broader, dense distribution is not required. A less number of nodes will not take 

too much pressure for the network, so, star type’s network is suitable for it. For 

the same reason, the communication distance is long for wide distribution.  

 

For different requirements of applications, it cannot be sure about the packet 

transmission trigger methods. In the case of timing monitoring, which like 

investigating the concentration of contaminants at different times in some area, 

a time-driven approach is suitable. If it is an alarm for harmful particles 

concentration, an event-driven mode is suitable. If it is an application which is 

javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
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designed for active query by users, query-driven is the most appropriate.  

 

The sensors used in air pollution monitoring require high power 

consumption [29], so it usually powered by wire. The measurement of water 

pollution place the device in water, it is more complicated powered by the wire. 

Therefore, battery or energy harvester are always used of them. 

 

 The characters of pollution monitoring are wide distribution, long 

communication distance and variety transmission trigger can be used. Star 

network is more suitable for them, power supply of them can be flexible selected.  

 

2.2.2  Climate Detected 

 

Climatic detected usually involves measuring temperature, humidity, and wind 

in some reasons. Its structure is very similar to the detection of contaminants. If 

the regular weather forecast or query for a regular measurement, it should choose 

time-driven, the interval of time-driven should accord accuracy level needed for 

the detector. If it is monitoring the climate on wildlife sanctuaries or forests, 

event-driven approach should be adopted and the heartbeat packet should be sent 

to the data center frequently so that the administrator can know the system 

situation. 

 

Therefore, from the above analysis, climate detected is also need wide 

distribution and long communication distance. Modes of transmission are 

selected according specific applications.  

 

2.2.3  Disaster Warning  

 

Disaster warning systems usually be used to detect fire, earthquake and other 

emergencies, stability is the best important character for this kind of applications. 

It requires frequent monitoring the occurrence, and timely respond when 

disasters happened. The information must be accurate delivered to the 

destination, when hazard occurs. So, it needs a stable network struct and reliable 

power supply for the monitoring system. In order to reduce the power supply and 

the time of transmission, the distance between the devices and gateways, which 

are powered by wire should be close, it can improve the quality of 

communication to increase the lifetime and also reduce the packet collision 

probability to enhance the system reliability [34]. The density is normally low, 

because when the disaster occurs, can be detected in a wide area, so do not need 

to place a lot of sensor nodes in a narrow area [34]. Event-drive packet transmit 

when disaster happens. Heartbeat packets need to be sent at regular intervals to 

ensure a stable situation. This kinds of applications should use the most reliable 
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method for the power supply or reduce the power consumption as possible.  

 

2.2.4  Facilities Aging Detection 

 

For detecting the infrastructure equipment, the detecting devices are usually 

embedded in the walls, or in the pipe [35]. The biggest challenge is it cannot be 

replaced after installing, so it need a strict design before. If it is powered by 

battery the energy consumption of devices must be minimized. Simple network 

structure to minimize the energy consumption of wireless device, the 

communication distance between them should not be too long. The mode of 

packets transmission is time-driven or query-driven normally. The transmission 

interval is determined according to the aging time and it is generally relatively 

longer than other applications. 

 

 

 

2.2.5  Advertisement and Media 

 

Intelligent outdoor advertising are personalized customization changed by 

different time. These typically powered by wire, but the multimedia always need 

huge data transmission, low speed internet of things does not have this advantage, 

extending the transmission time or make up this disadvantage by another 

methods. 

 

Separate the data to small block and put it in the frames. Because the size of 

frame is fixed in some protocols, it will increase the transmission delay and 

burden of network. Internet of Things can be as an assist role to control device, 

big data transmission can rely on one-way high-speed network. 

 

2.2.6  Service Resource Assignment 

 

The functions of resource assignment are varied, communication requirements 

has some smaller difference with each other. Such as the allocation of parking 

spaces, it need to be deployed a large number of devices to monitor public 

parking area [28], but for the assignment of public bicycles or public toilets, the 

situation will be different. In this kind of applications, they always need mesh 

network structure to reduce the pressure of a single gateway, but also to minimize 

the probability of packet collision occurs. Node communication distance should 

be selected as short as possible, on the one hand is to save power consumption, 

on the other hand is to reduce the length of error correction by reducing the factor 

of SNR (signal to noise ration). It will decrease the interval between packets 
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transfer.  

 

Services resource assignment applications should use event-driven approach 

[28], when it detected the changing, packet will be sent. Due to the higher 

randomness of the applications, there are many different ways to power supply, 

removable resources is usually by battery-powered, wired is for fixed.  

 

Applications should first consider network structure, hybrid between a star and 

mesh network is more flexible. Because the location of device will change over 

the time, new density distribution will make the network communication quality 

degradation. 

 

2.2.7  Regulation for the Disabled 

 

It is same with the applications of disaster warnings, but devices will move 

follow persons, this is a challenge of changeable communication distances and 

distribution density. The almost suitable structure of the network is cluster-star-

shape, build many small-range star networks similar cellular network. They are 

usually event-driven to trigger packet transmission, the information will be sent 

to the host when exception occurs. The battery can be changed at any time by 

user, it is convenient powered by battery. 

 

 

2.2.8  Public Safety 

 

The system of security are usually responsible for monitoring the crime, traffic 

accident and public emergencies. The commonly methods include image 

acquisition, fingerprint or face identification. It requires the feature information 

extracted by device, and selective transmission. In this case, a network with a 

short range and a high transmission speed is required to satisfy. Because it will 

take a lot of data to be written to the database for analyses, and frequent 

communication between devices and host. Therefore, the topology of the 

network uses hybrid between a star and mesh network to increase the data 

transmission speed in the network. Choose as short as possible the 

communication distance to obtain high communication quality. The triggering of 

packet transmission is usually time-driven, or event-driven. 

 

Such applications should first consider the transmission speed of network 

and network structure to ensure high-speed data transmission.  
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3   Implementation 
 

3.1  Compostions 
 

This part will describe the implementation of the smart city network system, a 

description in Section 3.1 to illustrate the features, which is summarized from 

the result of Part II. The basic overview of this system is described in Section 

3.2, which introduce the components and structure of the complete system, and 

the usage of them. Section 3.3 describes the functions and theory, in-depth 

elaboration of the functions. Features of the LoRaWAN protocol are described 

in Section 3.4, it is the theoretical about achieving dynamic control for low power 

consumption. The performance of this system is demonstrated in Section 3.5, 

including the communication distance, energy consumption and some 

parameters which indicate the basic performances.  

 

The system consists of wireless end-devices, wireless gateways, and IoT server. 

It is shown in Figure 3-1. The functions and implementation methods are 

described in below. 

 

 

 

Figure 3-1  Structure of the Platform 

 

 

3.1.1  End Devices 
 

The end devices realize data sampling, wireless commutation, data processing 

and store. MTDOT-868-X1P-SMA-1 is a typical LoRa module early. Table 3-1 

list the parameters. 
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MTDOT-868-X1P-SMA-1 

Communication 

Protocol LoRaWAN 1.0.1 compliant 

Modulation LoRa Digital Spread Spectrum 

or 

FSK, GFSK, MSK, GMSK, OOK 

Frequency 860-1020 MHz 

MTPO (Max Transmitter Power Output) 14 dBm 

Max Receive Sensitivity -137 dBm 

Processor and Memory 

CPU / Max Clock STM32F411RET/100MHz  

Flash/RAM 512 KB / 128KB 

Interface 

Digital Interface SPI,I2C,UART 

Analog Input 11 bits ADC 

Table 3-1  Parameters of Sensor Nodes 

 

MTDOT module has a direct support library for the LoRaWAN protocol. For 

the modulation of communication signals, it can choose to use LoRa Digital 

Spread Spectrum method, or general modulation method, which are FSK, GFSK, 

MSK, GMSK, OOK. This will be generic for different communication protocols. 

 

 

Communication of node devices are strict accorded with the LoRaWAN 

protocol, AES-128 is used to encrypt the packet that ensure data security. The 

communication distance is nearly 3 Km in urban area in theory, the measured 

result is shown in the 3.4 section. 
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Figure 3-2  Modules of Sensor Nodes 

 

Devices to join the gateway requires an ID and a key, Figure 3-3 for more 

details. 

 

 

Figure 3-3  Programming with encryption 

 

 

 

3.1.2  Gateways 
 

The LoRaWAN gateway is responsible for organizing the sensor network and 

routing the packets from sensor nodes to the server by the Internet. Gateway 

needs a large space to cache the packets, and a good performance to respond the 

nodes in short time. In this platform, Kerlink Lora IoT Station 923 is a good 
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outdoor LoRa gateway. The parameters are shown on Figure 3-4 and Table 3-2.  

 

Communication 

Chip SX1257 Tx/Rx front-end 

Frequency 862-1020 MHz 

MTPO (Max Transmitter Power Output) 8 dBm 

Max Receive Sensitivity -142.5 dBm 

Processor and Memory 

CPU / Max Clock ARM 926 EJS/ 230 MIPS/266MH 

Flash/RAM 256Mb / 128Mb 

Table 3-2  Parameters of LoRaWAN Gateway 

 

 

Figure 3-3  Gateway Component 

 

The software has three parts, package route, transmission and command 

parser a. The structure of software is shown in Figure 3-5. 
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Figure 3-4  Program Structure of Gateway 

 

Command parser is responsible for generating or paring the commands in 

the instruction set. The instructions are used for communication between the 

gateway and the server. Users also can set the parameters or changing state of 

gateway by sending command to it according instruction set.  

 

Due to the unreliability of Internet communications, it needs connection 

detection about the network. Gateway will periodically send packet of quality 

detection to the server. If the network connection is interrupted, data will be 

automatically stored into the gateway's large-capacity non-volatile memory, 

when the Internet re-connect, packages will be re-uploaded. This mechanism will 

ensure the reliability of network transmission. 

 

 

3.1.3  Server 
 

The design includes three parts, routing services, database services and user 

management services. These services work under the Linux CentOS operating 

system. It is shown in Figure 3-5. 
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Figure 3-5  Server Component 

 

 

The first part is the data routing service, it is responsible for reading data 

from gateway and it needs to determine whether the data should be stored in the 

server, or need forwarded to another gateways. If data is stored, it will put in the 

cache queue. After the command is interpreted, the contents of the packet are 

stripped from the instruction and sent to the database receive buffer.  

 

Second part is the database services. It will periodically check the data from 

buffer queue, if queue is full or time has reached, the data will be stored in the 

database. Because access the database will have huge overhead of the system, 

we should as much as possible to reduce the number of access. 

 

Database implementation platform is MySQL. Users can read the data from 

NodeNumber_Uplink table and write data to NodeNumber_Downlink table 

which is a method to send the downlink package to the nodes. A typical user 

cannot create a relational table independently in the database.  

 

In the part of user interaction and management, users can directly interact 

with server through the Web page, the administrator can manage users through 

the Web page also. The web service is provided by Apache TomCat. Web pages 

services include the online query and setting the power consumption of nodes. 

These functions are shown on Section 3.4. User's rights and information are also 

stored in the database, when system needs to retrieve user information, the server 

will access the user management database. 
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3.2  Characters  

 
This section will describe how to implement dynamic management of the nodes 

according to the LoRaWAN protocol.  

 

 

3.2.1  Parameters of LoRaWAN Protocol 
 

In the LoRaWAN protocol, many parameters change will affect the power 

consumption, time of transmission or the maximum length of payload in one 

packet. Selecting appropriate parameters value will have a great contribution to 

enhance the performance of the system. In most cases, electromagnetic 

environment will affect communication quality; dynamic parameters of 

modulation will enhance the performance of the wireless communication.  

 

 Spreading Factor 

 

Spreading factor is an important parameter to determine the quality of 

communication. In the LoRaWAN protocol, spreading factor can be set from 

SF12 to SF7, with six levels, and the number of chips are from 4096 chips / bit 

to 128 chips / bits. If it is same length of packets, increasing the spreading factor 

will increases the error correction performance. However, the number of 

transmission symbols is increased, so that the transmission time becomes longer 

and the transmission power consumption is bigger than before. The following 

data and graphs illustrate it. 

 

When the packet size and transmit power are constant, changing the 

spreading factor from SF12 to SF7. Measure the power consumption of sensor 

node, and single package send time, the measurement results are shown in Figure 

3-7 and Figure 3-8, and the measured data is in Table 3-2. 
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Figure 3-6  Energy Change with Different Spreading Factor 

 

Payload Length= 50 Bytes, Transmit Power = 10dBm, Sample frequency = 50hz 

factor measure 

 Spreading Factor Work of Energy(mJ) Time of Transmit (s) 

1 SF 12 

521.74 2.876 

519.46 2.87 

520.52 2.872 

average value 520.57 2.873 

2 SF 11 

258.45 1.55 

258.83 1.55 

261.25 1.584 

average value 259.51 1.561 

3 SF 10 

135.92 0.768 

136.14 0.768 

135.79 0.772 

average value 135.95 0.769 

4 SF 9 

79.31 0.458 

80.33 0.456 

80.36 0.458 

average value 80 0.457 

5 SF 8 

42.31 0.294 

42.44 0.284 

42.19 0.282 

average value 42.31 0.287 

6 SF 7 27.91 0.184 
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27.86 0.184 

27.94 0.186 

average value 27.90 0.185 

Table 3-3  Energy and Time Change According Different Spring Factors 

 

Three times measurements to ensure the elimination of the error. It can be 

seen from Figure 3-7 and Figure 3-8, when spreading factor is increased, the 

transmission power is added and the transmission time is also increase. The 

length of payload is 50 bytes, the transmission energy consumption from 27.9 

mJ increase to 520 mJ. When spread factor is SF12, the time increases from 

0.185 s to 2.873 s. significant change of the power consumption and transmission 

time effect by different spectrum factor. 

 

 

 

Figure 3-7  Time Change with Different Spreading Factor 

 

When the spreading factor is changed, the communication quality is also 

affected. Figure 3-9 and 3-10 show the loss rate of uplink packet and the loss rate 

of downlink packet for transmitting 100 packets when the spreading factor 

changed from SF7 to SF12. 
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Figure 3-8  Uplink Loss Rate with Different Spreading Factor 

 

 

When the spreading factor is SF12, the uplink packet loss rate and the 

downlink packet loss rate are significantly, lower than others. When decrease the 

spreading factor, the packet loss rate is increase significantly. However, the 

uplink packet loss rate from SF11 to SF7 is unregularly, because when the length 

spreading factor is small, the factor affecting the packet loss rate isn’t just the 

spreading factor. 

 

 

 

 Figure 3-9  Downlink Loss Rate with Different Spreading Factor 
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When the spreading factor changes, the data rate of transmission and 

maximum load length of a single package will be changed in the same time, the 

corresponding relationship is shown in Table 3-4. 

 

Spreading Factor Data Rate [bit/s] Payload Length [Bytes] 

SF 12 250 51 

SF 11 440 51 

SF 10 980 51 

SF 9 1760 115 

SF 8 3125 222 

SF 7 5470 222 

Table 3-4  Data Rate and Payload Length with Different Spring Factors 

 

Therefore, we can see that the spread spectrum factor on the system has a 

great impact on the energy of transmission and communication quality. 

 

 

 Transmission Power 

 

In the protocol, transmit power range is from 2 dBm to 20 dBm.  

 

Configuration Transmission Power 

0 20 dBm (if supported) 

1 14 dBm 

2 11 dBm 

3 8 dBm 

4 5 dBm 

5 2 dBm 

Table 3-5  Transmission Power of LoRaWAN Protocol 

 
 

The energy consumption at different transmission powers are shown below. 
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Figure 3-10  Time Change with Different Transmission Power 

 

 

 

Payload Length= 50 Bytes, Spreading factor= SF10, Sample frequency = 50hz 

factor measure 

 Transmission Power Work of Energy(mJ) Time of Transmit (s) 

1 10 dBm 

135.92 0.768 

136.14 0.768 

135.73 0.77 

average value 135.931 0.769 

2 8 dBm 

124.24 0.77 

124.76 0.77 

124.53 0.77 

average value 124.510 0.770 

3 5 dBm 

114.70 0.768 

114.54 0.768 

114.59 0.766 

average value 114.610 0.767 

4 2 dBm 

110.07 0.768 

109.95 0.766 

109.70 0.774 

average value 109.908 0.769 

Table 3-6  Energy and Time Change with Different Transmission Power 
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Figure 3-11  Time Change with Different Transmission Power 

 

With the decrease of transmission power, energy consumption of the system is 

reduced.  

 

Transmission power is often changed according two factors, one is the 

transmission environment, and another is the appropriate size of the network 

domain. Cellular type network is designed for adjusting the transmit power to 

limit the size of cell. So, the transmission power often limited by the size of 

domain and fine tune according to the environment.  

 

 

 Length of Packet 

 

The maximum length of a single packet is limited by the size of the spreading 

factor. The packet length of different spreading factors is shown in Table 3-4. If 

spreading factor and transmission power are constant, the power consumption 

and time influenced by packet length are shown in Figure 3-13 and 3-14. 
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Figure 3-12  Energy Change with Different Payload Length 

 

 

Figure 3-13  Time Change with Different Payload Length 

 

 

As the packet length increases, the number of transmitted symbols increases, it 

requires longer transmission times and more energy consumption. 

  

3.2.2  Energy Consumption Module 
 

This section describes the method of establishing the energy consumption 
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model. The energy consumption model is built based on the actual 

measurement and mathematic expressions. Figure 3-15 is a complete cycle of 

power versus time curve. A cycle can be divided into six phases, Wake up, Join 

network session, sleep, Send package, Receive package and Turn off. The 

establishment will be finished by them.  

 

 

Figure 3-14  Complete Cycle of Power VS Time 

 

For the abstract model, the process is shown in Figure 3-16. Each process is 

analyzed in below 

 

 

Figure 3-15  abstract model of sensor nodes workflow 

 

 Join Network Procedure 

 

The process of joining the network is same as sending and receiving packets. 



26 
 

The process is shown in Figure 3-17. This process is just performed only once, 

and the network session will be saved. The effect is negligible on long-run 

operation with one session. 

 

Figure 3-16  Energy Consumption of Join Network 

 

 Node Wake Up 

 

The energy consumption of node wake up is constant. The measurement results 

are shown in Figure 3-18. The energy consumption is 50.07 mJ and spend 0.75 

seconds. 

 

 

Figure 3-17  Energy Consumption of Wake Up 
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 Sending and Receiving Frames 

 

According to the LoRa protocol, the sending process consists of four parts per 

frame. Opening two receive windows follow one packet sending. If the first 

receive window successful, the second window will not be opened. Otherwise, 

the second receive window opens after a period of time. After a frame transfer is 

complete, there is a waiting time, and open the second. The procedure is shown 

in Figures 3-19. 

 

Energy consumption of sending and receiving varies with the setting 

parameters. The results are shown in Figure 3-20 and 3-21. The model building 

process will be described below.  

 

 

Figure 3-18  Procedure of Send A Frame 

 

 

a. Sending 
There are three factors affecting the transmission process, which are spreading 

factor, packet length and transmit power. The transmit power does not vary with 

time according to Equation 3-1 and Figure 3-20, and therefore can be simplified 

to Equation 3-2. 

 

0

( ) ( )

t

w t p x dx   (3-1) 
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Among the three factors, the spreading factor and the packet length only affect 

the transmission time. From Figure 3-20, the transmission power only affect by 

power. 

 

( )w t P t   (3-2) 

 

Therefore, Equation 3-2 can be written as Equation 3-3, where PTx is the transmit 

power and β is a constant. α is a factor determined by the spreading factor, and l 

is the length of payload.  

 

( ) _ x( ) ( )l frame send T payloadw P l      (3-3) 

 

Figure 3-19  Time and Energy Change with Different Transmission Power 

 

Combining α and β, equation 3-4 will be get, where ε is a coefficient that varies 

only by spreading factors. In each packet, the same length of header needs to be 

transmitted, therefore Equation 3-4 will be written as Equation 3-5, B (head) is a 

constant indicating the length of packet header. Equation 3-5 is the model of the 

transmission process. 

 

( ) _ ( )l frame send Tx payloadw P l    (3-4) 

 
 

( ) _ ( )( )l frame send Tx SF headw p l B     (3-5) 
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B. Receive windows 1 and 2 
The process of receiving window 1 is similar to the model of the sending process, 

and is written as Equation 3-6. 

 

( ) _ ( )( )l frame receive Rx SF headw P l B     (3-6) 

 

Receiver window 2 is not used in this application, so its energy consumption is 

a constant. 

 

 

C. Waiting of Sending and Receiving 
If the transmission is successful, there is a waiting time between sending and 

receiving window 1, it is shown in Figure 3-21. If the receiving fails, a short time 

wait to opening window 2, it is shown in Figure 3-22. 

 

The energy consumption of waiting is not changed, it can be expressed by the 

Formula 3-7. 

 

( ) _ _ _t process wait process waiting process waitingw P t               (3-7) 

 

The successful sending energy of one frame is Formula 3-8. 

 

_ ( ) _ (1) 1_ ( )frame success t frame send reveive wait l reveivew w w w  
 

        (3-8) 

 

 

And the total energy of fail sending is Formula 3-10.  

 

_ _ ( ) _ (1) 1_ 1_frame fail send t frame send reveive wait receive failw w w W     (3-9) 

_ _ _ (1) 2_ 2 ( ) _frame fail frame fail send reveive wait receive t send waitw w w W w      (3-10) 
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Figure 3-20  Power Consumption of Receive 1 

 

 

Figure 3-21  Power Consumption of Receive 2 

 

Do a statistics during long-term communication, we can get the failure rate of 

packet transmission, according to the statistical results of the establishment of 

the frame transmission model: 

 

( )

0

[ ]
N

frame n n frame

n

W w


   
        (3-11) 
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N represents the times of failed retransmissions, ηn is the probability of n times’ 

retransmission, and Wn is the energy consumption for retransmission n times. It 

can be written as: 

 

( ) _ _n frame frame success frame failw w n w            (3-12) 

 

 

This is the statistical model that sends a frame. 

 

 Shutdown 

 

The power consumption of the Shutdown process is constant, it is shown in 

Figure 3-24. The energy consumption is 6.31 mJ and the time is 0.46 seconds. 

 

Figure 3-22  Power Consumption of Shutdown 

 

 State of Off 

Off state has a very weak leakage current, so its power consumption is shown in 

Formula 3-13. 

 

( )t off off offw P t           (3-13) 

 

After measurement, off state power consumption is 0.1mW, it is shown in Figure 
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3-24 

 

Figure 3-23  Power Consumption of Off State 

3.2.3  Dynamic Management 
 

 Spreading Factor 

Controllable parameters of this platform include spreading factor, transmit power, 

sleep time and maximum number of failed retransmissions. Increasing the 

spreading factor will enhance the capability of error correction during the 

transmission. But in the same time, it will add the number of chips every bytes 

transferred, and it needs longer transmission time and higher power consumption 

during package sent. Therefore, choosing spread factor should depend on the 

current communication environment. This feature is great for mobile 

applications, because the communication environment is change.  

 

 A good strategy is given in the LoRWAN Specification 1R0, it is named 

ADR (adaptive data rate control). According to the value of the ADR 

acknowledgment counter and the threshold, node can judges whether the 

gateway can still receive the uplink package under the condition of low SF, and 

gradually finds the appropriate SF value. The LoRa MAC layer command can 

also manually change the SF value.  

 



33 
 

 Transmission Power 

 

At the hardware level of the nodes and gateways, we can directly change the 

transmit power of the RF module, but there are several problem should be 

considered. Power consumption is critical for wireless nodes. For the Sx1276, 

when using +13 dBm, the power consumption is about 29 mA. When it is 

raised to the maximum (+20 dBm), the power consumption will reach 120 mA, 

it has great impact on the life of wireless nodes. 

 

 

Choosing the appropriate transmit power depends on the location of the 

gateways, it is usually fixed and shouldn’t change dynamically after 

determining the location of the gateways. However, for special cases, such as 

when a node moves from one domain to another, the distribution distance of 

the gateway changes, node must also adjust the transmission power 

autonomously. When the network topology is cellular, the transmission power 

will become important because it is to ensure that cells will not interfere with 

each other with same frequency. 

 

 Wake Up Time 

The sleep time is a significant factor affecting energy consumption of nodes. 

Setting sleep time should be based on the remaining energy of the node and 

estimated maximum lifetime. Established a power consumption model of one 

node can be used to obtain the estimated working time, or they will confirm 

according the expected lifetime to calculate dynamic handle parameters, the 

sleep time. In the beginning, user should set an accuracy range and the expected 

lifetime, if remaining charge can support the system to achieve expected lifetime, 

sleep time will be reduced and improve system accuracy. If the remaining power 

does not reach the expected life, it is necessary to increase the sleep time to make 

the system to achieve the desired lifetime. But at the same time, increasing the 

communication time interval will reduce the system's quality of service. 

 
 

3.2.4  Network Structure 
 

Two kinds of network structure are suitable for Smart City Applications with 

LoRaWAN. All gateways use the same carrier frequency set or different is the 

difference of them. The structure are shown in Figure 3-24 and Figure 3-25, they 

have their own advantages and disadvantages, which can be selected according 
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to actual needs. 

 

 Wide Area Network with Single Frequency Set 

 

Figure 3-24  Network Structure With Single Frequency Set 
 

In this structure, each gateway uses the same set of frequencies, so nodes can 

move freely in the area they covered. The advantages are shown below. It need 

not allocate frequency by the upper server to end device, the complexity of the 

server is reduced. It also makes nodes move more smoothly between regions. 

The second advantage is to save the number of gateway deployments. Because 

in this structure, the area covered by each gateway is usually the largest (the 

maximum distance that the transmission power can reach), just use a small 

number of gateways can cover a large area. 

 

However, the disadvantages are obvious. When the number of nodes 

increases, packet collisions occurred. Because LoRaWAN Class A is of the 

ALOHA type, there is no good mechanism to prevent packet collisions. 

Therefore, when many nodes use a same set of frequencies together, collisions 

can easily occur. When the node is far from another, which means that many 

nodes are distributed over a wide range, density between them is low, the 

situation will be better, the distance is too far, the signal will not be transmitted 

to another. 

 

In order to solve a large number of nodes distributed in a small area, The 

second type of network is created. 
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 Cellular Network with Multi-frequency Set 

 

Figure 3-25  Network Structure With Multi-frequency 

 

Cellular networks are more suitable for distributing a large number of nodes in 

a small range; it means the density is large. Limited the transmission power of 

the gateway and the node, for narrow communication range, and divides the 

original large domain into several small domains. Communication with 

different frequency sets to make devices are invisible in neighbor cell to avoid 

interfere with each other. 

 

 The advantage of them is obvious. It can meet a large number of nodes 

deployed in a small area, such as a large number of sensors in a building. The 

disadvantage is high cost to set gateway, and high overhead of the network 

server. Because when a node moves between different cells, the server needs to 

allocate the communication frequency used for them, which requires constant 

requests and responses. Therefore, the cellular structure makes up for the 

shortcomings of the wide-area structure, but the implementation requires more 

overhead. 
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3.3  Functions  

 
The functions of general system are divided into four aspects: packet routing 

between sensor node and database, data query and management, sensor node 

parameters setting and user with application management. Data routing include 

node-to-server routing and data routing between nodes. Collecting data are 

stored in the database to provide users query. Applications and settings for 

devices and network implemented by the website service. The detail of functions 

and implementation will be described below. 

 

3.3.1  Devices to Host Bilateral Transmission 

 

This is the implementation method of routing data from device to host. Data is 

sent to gateway from device in the first, gateway will periodically routes a group 

of data which are from many devices to server via the Internet in the same time.  

 

When user want to send data from host to node devices, it need to wait the 

uplink from gateway to server, after uplink connection completed, the packet is 

sent from server’s cache to the gateway.  

 

Bidirectional data routing can finish the data transmission in the network. 

The data transfer method is asynchronous, and the lengths of packet is often 

relatively short. If single IoT packet are loaded into the one IP packet, it will 

cause a waste. So in this scenario, I use asynchronous and time-triggered way to 

route data. When the gateway cache full or reach the timer, all the data sent to 

the server in one package through the Internet. The same mechanism is used for 

downlink data. The data which user wants to send to the node devices will be 

buffered, when the server receives the upstream packet of the gateway, the server 

will transmit the buffered downlink packet to the corresponding gateway.  

 

 

3.3.2  Machine to Machine Package Transmission  
 

Machine to machine data routing is divided into two kinds, one is devices in the 

sub-net, and another is not. Packet is sent to the server and forwarded to another 

gateways if it transmitted across the gateway. If devices under the same gateway, 

data routing needn’t through the server, it directly route to target.  

 

Gateway can identify the destination of the packet based on the information 

in header, the routing policy is determined by the destination address. 
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3.3.3  Users and Applications Management 
 

Data security is very important to universal platform, system needs to realize the 

invisibility to users which are not belong the user. In the first, system requires an 

administrator, who can be assigned devices to the users, and in this system, 

administer also can delete or add nodes to existing user. 

 

Users can apply an account on the website, but it need an invitation code 

from administer. The invitation code just only be used once time for prevent 

malicious applications. Users can access data by two ways, one is to use the web 

to query, and the other is through the database.  

 

 

3.3.4  Packages Query and Setting on the Website 
 

When node devices need to be installed outdoor, it is necessary to view the 

packets uploaded when the debug process. Online query is easily for query these 

packets from the server. Web page query is the most simple and quick way in the 

outdoor environment. Any browser-enabled devices can be used to query them. 

This approach is only used as a temporary debugging, program development 

should use advanced method.  

 

The network and node settings can also be completed online. Settings 

include the adjustable parameters of communication layer according the protocol, 

and the management of power consumption and sense quality.  

 

3.3.5  Database Service for Upper Program 
 

Users can use the same username and password access the database on the Web 

page. Database service is provided by the MySQL database service program. It 

is convenient for the application programmer access the data. JDBC is an open 

source library of Java to achieve this function, other programming libraries also 

provide supports for this feature.  

 

3.3.6  Dynamic Handle 
 

Dynamic Handle achieve the setting changes according LoRaWAN protocol 

with different environment conditions at any time. When the communication 



38 
 

environment changes greatly, the wireless devices will report current condition 

to server, new parameters will be calculated according the algorithm and set to 

devices. The detail is described on section 3.3.  

 

Above describes the functions of universal IoT platform which is used to 

achieve Smart City applications. LoRaWAN technology realize the wireless 

network for Internet of things, a PC as a server to provide data and management 

services. The performance of this system is described below. 

 

3.4  Implementation 
 

This part shows the implementation of the functions. The system consists of three 

parts, terminals, data routing control and data storage in applications. The 

terminal is responsible for the collection of data, temporarily storing or 

performing certain actions. The data routing is responsible for data transmit 

between the terminal device and upper server. The data storage and application 

part is at the top of the system, in order to collecting data and build a specific 

application.  

 

 

Figure 3-26  System Composition 

 

These three parts operate independently of each other and rely on the interface 

for communication.  
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3.4.1  End Nodes 

 

End nodes are varies in different applications. However, as long as it 

implements the LoRaWAN protocol, they can join the network and become a 

part of the system. In this project, I choose MultiConnect® mDot as the 

terminal device, and its structure is shown in Figure 3-27. The configuration of 

the network is in the ROM, user programmer just re-program the User Program 

Memory part and need not setting anything about the network. It isolates the l 

application program and network control program. Users can only pay attention 

to the application code and does not care about network’s achieve.  

 

 

Figure 3-27  Composition of LoRa-Nodes and Gateways 

 

LoRa Class A is an ALOHA network, gateways do not active access nodes 

usually, the sleep time is unrequested for the nodes. Users can choose according 

the needs of application. In order to make it work longer, nodes can sample many 

times and send total of the data in one packet. It requires storing data in RAM or 

ROM when it enter the sleeping mode. In my applications, it stored in the ROM 

since RAM invalid in standby mode.  

 

 

 

3.4.2  Gateways 

Gateway is a bridge connecting a terminal nodes and a server. The performance 

of the gateway is important to the quality of communication. In the 

establishment of a LoRaWAN network to implement Smart City, functions of 
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the gateway should be simple, network management, nodes control and data 

analysis work in the server side. It can make gateway have resources to provide 

fast data transmission for many nodes together. The communication between 

the gateway and the network management server is shown in Figure 3-28. 

 

 

Figure 3-28  Data Transfer Between Nodes and Gateways 

 

 

Gateway has an important task, transmit the downlink packet or 

acknowledgement in a precise time. LoRa protocol requires the downlink packet 

sent to the node within the specified time. Therefore, the gateway needs a queue 

to arrange the downlink packets. Packages are sorted according the send time, 

when the timer reaches preset time, radio chip will transmit the packet. 

 

 

Server send command to gateway when it need to switch the network 

structure. Because it is different setting for the gateway in the two types of 

structure (descripted in section 3.3.4). When switch it from wide area network to 

cellular network, server send the frequency set (8 listening channel in LoRa 

protocol) to gateway, it actually allocates the cell frequency. When switch from 

cellular network to wide area network, it just send a command and all the 

gateways will use the default frequency set. 

 

3.4.3  Network Server 
 

The network server used to organized gateways and nodes to form a network. 
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Components of the server is shown in Figure 3-29. It runs on a high performance 

cloud server, Linux OS.  

 

Figure 3-29  Network Server Structure 

 

Server allocates independent processes to every gateway in order to timely 

response and control them. Multiple independent buffer assigned to cache the 

node uplink or downlink packets from every threads. Packet Verification, non-

private packet’s packing and unpacking are finished in the transceiver service 

process. But only the independent threads cannot make them coordination work., 

the modules for coordination work will be shown below. 
 

Arbitrator is used to solve the problem of which one should give it a 

downlink response when a lot of gateways receive the same uplink packet. The 

arbitrator to arbitrate according the quality of signal and busyness of different 

gateways, system will transmit the downlink packet through this gateway.  

 

Routing controller create command to control the gateways. When the 

network is running in wide range structure mode, high pressure of single gateway 

will happened sometimes. It caused by many nodes are clustered in a small area. 

Routing controllers will actively deploy them, sharing the pressure with nearby 

gateways. When it running in cellular structure mode, Routing controllers will 

monitor which cell is the node in, and assign the frequency set to the node. 

 

Uplink and downlink packets saved in database are convenient for user 

access, database interface implement packets access from the database server. 

Since the access to the database is slow, buffer is also needed, it will result in 

packet prefetching, it means the downlink packet is the old following a new 
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uplink packet.  
 

3.4.4  Data Server and User Interface 
 

Data server is used to maintain the database running, uplink and downlink 

packets are stored in database, and it is also the data exchange area for system 

with users. Tables in database can store encrypted or clear payload, it depends 

on the user’s requirements. If user not build a server for packet decryption and 

response the node join request, packet decryption will be done in the data server, 

it needs user update the key for decryption and unfavorable for confidentiality. 

When user have the encryption and decryption server, database will store the 

encrypted payload. In addition the payload, LoRa physical parameters are also 

store in tables. Table 3-7 shows the details. 

 

 

Table 3-7  Data Structure of Uplink and Downlink Packets 

 

Each nodes has two tables in the database, separately for uplink and 

downlink packets. For the downlink packets table, LoRa physical parameters are 

the setting of the baseband chip when sending a packet. These items should be 

empty if it is not special requirements because downlink packet should use the 

same settings as the uplink to ensure node can receive the data according LoRa 

protocol,  empty setting means it is the same value with uplink. SendCntFlag is 

unique in downlink packet table, it is used to mark the number of times the same 

packet needs to be sent repeatedly. If this bit is 0, it means not to send. 
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There are two ways for users to get or send data, use the API in program or 

visit the web page. If the user needs to establish an upper application, database 

interface can be use. Query or insert data into the table can be done through the 

interface. If users only want to query data or set up a network, they can log in 

to the web page, perform the appropriate actions. 

 
 

3.5  Performance 
 

This section will show the performance of the universal platform, which includes 

the coverage area of the network, the power consumption of sensor node and the 

functions. 

 

3.5.1  Coverage Area 

 Farthest Transmission of Single Gateway 

 

The straight-line distance of communication between single gateway and device 

is measured. The measurement area is shown in Figure 3-25.  

 

 

Figure 3-30  RSSI Value Measured with Different Distance 

 

Gateway is placed in the center point. RSSI values of the packets received 

are measured from east to west. Until the distance is too far to not receive the 

data. The results of measure along East-side are shown in Table 3-7 and Figure 
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3-26. 

 

Transmit Power: 10dBm (East) 

Distance (m) RSSI (dBm) Distance (m) RSSI (dBm) 

201 -93.9 802 -114 

244 -90 908 -112.5 

312 -88.2 1001 -112.7 

359 -97.5 1106 -109 

395 -95.9 1202 -111 

453 -95.4 1307 -117.3 

499 -99.8 1414 -118.5 

536 -109.1 1520 -118.2 

605 -107 1607 -118.5 

688 -116.3 1697 -119.6 

Table 3-8  RSSI Value of Different Distance (East) 

 

 

Figure 3-31  RSSI Value of Different Distance (East) 

 

The power of transmitting is 10 dBm, and received RSSI decreases according 

the distance increases. Limit RSSI of receiver is about -120 dBm, the farthest 

transmission distance is about 2Km. In the West-side of the same measurements, 

the results shown in Figure 3-27 and table 3-8 
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Transmit Power: 10dBm (West) 

Distance (m) RSSI (dBm) Distance (m) RSSI (dBm) 

198 -89.36 1501 -112 

301 -90.64 1602 -112.44 

404 -91.55 1807 -111.33 

499 -97.1 1906 -111.71 

601 -102.9 2012 -115.25 

700 -100.1 2098 -117.33 

801 -101.2 2202 -116.75 

902 -112.13 2302 -117.5 

1103 -116 2403 -115.78 

1205 -112.33 2505 -112.33 

1300 -115 2608 -113.57 

1404 -109.75 2800 -119 

Table 3-9  RSSI Value of Different Distance (West) 

 

 

 

 

Figure 3-32  RSSI Value of Different Distance (West) 

 

On the west-side, the maximum transmission distance can be approximately 

3Km. 

 

 2. Coverage Area of Single Gateway 

 

The coverage area measurement is finished at Sundsvall. 27 points were chosen 
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and classify them to 5 different groups according the city terrain, these shown in 

Figure 3-28.  

 

 

Figure 3-33  Measured Area 

 

Measuring points in group 1 are set in the city center, it is higher building 

density than another testing area. Group 2 is in suburb and not more buildings in 

there. Group 3 is exurb and has long distance from gateway. Group 4 is on the 

top of mountain, it is higher than gateway. Group 5 is near sea.  

 

 

Values on the Figure 3-29 is the RSSI of measuring in these locations. Single 

LoRaWAN gateway can cover the city area along with the river, but it cannot 

cover the forest.  
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Figure 3-34  RSSI of Single Gateway 

 

 IoT-Network 

In order to achieve smart city applications in the downtown of Sundsvall, it needs 

a network composed of multiple gateways. Figure 3-35 shows the area we are 

interested in Sundsvall where deployed the applications.  

 

 

Figure 3-35  Plan Coverage Area in Sundsvall 
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Research how many gateways are needed and where distribute them is 

important for cost savings and improve the performance. The longest 

communication distance of single gateway is about 2-3 Km shown in last part, it 

will decrease as the buildings’ density increases. Cover the area with many 2 Km 

radius circuits  is a way to get how many gateways are needed al least. Result 

is shown in Figure 3-36. In theory, six gateways is enough. 

 

 

Figure 3-36  Gateways Deployment Plan 

 
 

The actual deployment location and coverage area are shown in Figure 3-37, 

the green area is the actual coverage and the blue is the expected. The location 

of the actual deployment is slightly adjusted according to geographical 

conditions, and the gateway deployed normally reaches the expected coverage 

area. No. 3 gateway cannot be installed cause of some case in reality, so a small 

part of the northwest area cannot be covered. The installation location of the 

No. 1 gateway is lower and the terrain is in the valley, so there is no good 

performance. the rest of gateway can work as expected.  
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Figure 3-37  Actual Deployment Map 

 

 

In addition to the planned six gateways, two additional, gateway 7 and 8 were 

settled in the downtown. This is to prepare for switching to the cellular 

structure network when the number of nodes is too large, and also compensate 

for the signal attenuation caused by the increase of building density or 

interference. when it running in the wide area structure mode. 

 

 

3.5.2  Energy consumption  

 

According to the dynamic control which described in section 3.3, users can set 

these parameters online. Figure 3-39 shows the settings page, table 3-10 is the 

test settings, the results is shown below. 

 

Sensor Node Settings 

Class Energy Consumption Setting Item Value 

Turn On 50.072 mJ 
Energy 50.072 mJ 

Time 0.75 s 

Sensor Sample * 
Energy * 

Time * 

Data  Process * Energy * 
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Time * 

Send Packet 111.17 mJ 

Spreading Factor SF 10 

𝜀𝑆𝐹 (SF10) 0.0076 

𝑝𝑇𝑥 176.84 

𝐵(ℎ𝑒𝑎𝑑) 70.85 

Send Waiting 9 mJ 
Power 1.8 mW 

Time 5 s 

Receive Waiting 35.774 mJ 
Power 35.774 mW 

Time 1 s 

Receive 1 64.04 mJ 

Spreading Factor SF 10 

𝜀𝑆𝐹 (SF10) 0..5562 

𝑝𝑇𝑥 47.36 

𝐵(ℎ𝑒𝑎𝑑) 70.21 

Receive 2 27.62 mJ 
Energy 27.62 mJ 

Time 0.43 s 

Shutdown 6.31 mJ 
Energy 6.31 mJ 

Time 0.46 s 

Off 360 mJ 
Power 0.1 mW 

Time 3600 s 

Table 3-10  Sensor Node Setting Parameters 

 

Figure 3-38  Dynamic Handle Setting Panel 
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The Figure 3-40 shows the total power consumption of the system at different 

packet loss rates when change the sleep time. 

 

 

Figure 3-39  Power Consumption of the Sensor Node 

 

We can see the significant changes of energy consumption in different settings, 

dynamic control can achieve the energy-saving 

 

.  

3.5.3  User Interface  
 

 Uplink Packet Query 

 

Users can query packets online after login. The interface is shown in Figure 3-

41. 
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Figure 3-40  Package Query User Interface 

 

○1 is used to select the device by MAC address. ○2 is a panel to change the query 

settings option, users can choose the number of packets users want to query and 

switch on the automatically update function. The query result displayed in 

window○3 . Users also can delete the packets in there. 

 

 Setting Downlink Payload 

 

Users can directly set the payload of downlink packet online. The setup interface 

is shown in Figure 3-42. 

 

 

Figure 3-41  Setting Downlink Payload Interface 
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The contents can be entered in ①, window ② can be used to query all the 

settings of the downlink packet and its status.  

 

 

 Users Management 

 

Figure 3-43 shows the interface of user management, only administrator can log 

in the user management interface it is designed for assigning, deleting the device 

to existing users, or add new users.  

 

 

Figure 3-42  User Management Interface 

 

Administrator can select the existing user in the ①, and select assigned device 

in ②. The window ③ shows the devices that have been assigned to the user, 

the assigned devices also can be deleted in there.  

 

New users register interface is shown in Figure 3-44. The registered account can 

be used after authorizing.  

 



54 
 

 

Figure 3-43  New Account Register Interface 

 

 

3.5.4  Database 
 

In the database, each node has two data tables to manage the uplink data and 

downlink data. It is shown in the Figure 3-45, there are three columns, which are 

payload, status and the download time, and these information will be 

automatically read or wrote by server. 

 

 

 

Figure 3-44  Uplink Tables in Database 

 

The structure of uplink table is shown in Figure 3-46, it records the payload, 

reception time and RSSI of the received packet. User only can query the data, 

other operations need to be done by the administrator and server. 

 

Figure 3-45  Downlink Tables in Database 
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4  Smart City Applications 
 

 

 

4.1  Application 1  Smart Parking  

 
This section shows an actual application running in this platform. Smart Parking 

can help users find the free parking area, drivers can check it through the smart 

phone. The following will introduce it from three aspects. 

 

 

In Figure 4-1, a distance-measuring sensor is used to detect situation of 

parking area in this application, it is SHARP GP2Y0A02YKOF. Measured range 

is from 10 - 200 cm when powered by 3.3V DC. Average working current is less 

than 25 mA, it can be used to realize low power consumption and accurate 

measurement. 

 

 

Figure 4-1  Wireless Sensor Node for Smart Parking 

 

The wireless communications module is MTDOT-868-X1P-SMA-1, which 

integrates LoRaWAN baseband chip and microprocessors. Module’s sleep 

current is nearly 40 uA.  
 

 

It is built in this LoRa-IoT platform, application service program have been set 
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in the upper layer, the structure is shown in Figure 4-2, it interacts with the IoT 

server through the interface of database. 

 

 

Figure 4-2  Application Server Structur 

 

The client side running in the Android OS, which is shown on figure 4-3, it is 

cooperation with Smart Parking service program to indicate where is free parking 

area. 

 

 

Figure 4-3  Android Client of Smart Parking 

 

This is a typical event-driven application, node wakes up every five minutes 
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to monitor the parking space. If status is same as previous, the node will not send 

any data and go to standby mode. Different status will drive the node sending 

data to server. Server will update its database and push the message to users.  

 

Choose SF step by step to get the appropriate value when it running on SF10, 

the rate of success is nearly 70%. After increase it to SF10, the value is higher 

than 90%, it can meet the requirement and SF10 is the optimal setting. 

 

 

 

 

Figure 4-4  Power Consumption of Sensor Nodes in Smart Parking 

 

 

 Energy consumption of node is shown in Figure 4-4, which open two 

receiving windows and reach the highest power state. The Sample stage 

consumes 0.01 mAh per cycle, which takes 1.84 seconds. Data transmission 

consumes 0.04mAh, and takes 4.5s. Standby time is 5 min and average current 

consumption is 40uA,. Finally, after calculate, the node can work for 146 days, 

this is generally feasible for applications. 
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4.2  Application 2 Drainage overload alarm 

System 
 

 

This application is to monitor whether the drainage pipe is working properly in 

the city. When drainage is overloaded since precipitation increases or some other 

reason, the system will alarm and report the current value. The design is shown 

in Figure 4-5 (left). 
 

 

 

Figure 4-5  Appearance of Drainage Probe 

 

 

Devices installed inside the well (show in Figure 4-5 Right) where sewage 

flow. The normal situation under the well is shown in Figure 4-5 (Bottom). When 

overloaded, water will over the bottom of device (Figure 4-5 Top), and device 

will detect the water level and alarm at this time.  

 

The water level is lower than the monitoring device’s bottom in normal, and 

device is in hibernation. When overloaded, the water level will be higher than 

buoyancy switch where is under the device. Buoyancy switch will wake up the 

device and send an alert to the server. The device will periodically read the water 

level and save it in a buffer, all of the data will be sent to the server when buffer 

is full. The process will continue until overload stop. 
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Figure 4-6  Installation Diagram of Drainage Alarm Sensor 

 

This application is triggered by event and time, the lifetime cannot be estimated 

when battery powered since uncertainty of the event happed time and frequency. 

Different working states and current consumption is shown in Figure 4-7.  The 

device uses CMWX1ZZABZ-091 LoRa SoC, which integrates the SX1276 

LoRa chip, a low current consumption when it running in sleep mode. The chip 

is almost working in sleep state when no overload occurs to get longer lifetime 

since low consumption.  

 

 

Figure 4-7  Power Consumption with different Working State 
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Poor communication environment is a challenge for this application. Antenna is 

placed in the gap of well lid, it is very close to the ground causing signal is weak 

and susceptible to interference, packet transmit with ADR (Adaptive Data Rate) 

to improve the transmission quality in this application. The change of data rate 

will follow the communication environment at the time. Figure 4-8 shows the 

different Data Rate over time. 

 

 

Figure 4-8  Data Rate Transformation at Different Time 

 

 

 

 

4.3  Application 3 Smart Building 
 

This system is used to monitor the people’s working and living’s environment in 

the city. It can get the information of the comfort level surroundings (such as 

temperature, humidity, brightness, etc.), energy consumption, security alert and 

people’s activities.  

 

The testing sites are offices, coffee room, conference’s room and lab room in 

campus. The result is shown below. 
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Figure 4-9  Graphic Interface of Smart Building 

 

Users can see the real time values through GUI (graphic user interface) on the 

web page. It combines event and time to trigger the executable event. Event 

triggers are used for alarms. Detecting person activity in the room relying on the 

PIR sensor to be as a burglar alarm in the public area. Measurement of then 

environmental comfort is triggered by fixed time, it include temperature, 

humidity, brightness, carbon dioxide concentration, in different rooms.  

Measuring water and electricity consumption are usually triggered at long 

intervals, one day or a few days.  

 

 

Figure 4-10  Sensors deployment of Smart Building 
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Tracking people or items relies on a combination of Bluetooth and LoRa. A tag 

is carried which can emit beacon. The BLE beacon receivers are placed in 

different rooms and communicate with server by LoRa. When it detects signal 

from the BLE tags, the identification number of tags and signal strength will be 

sent to server, server can locate people or items based on the strength of beacon 

from different bridges. The distributed of detector are shown in Figure 4-10. If 

tag is located in overlapping area, it is judged according to different signal 

strength. Increase the number of bridges and reduce the transmit power will 

increase the accuracy. 
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5  Conclusions 
 

LoRaWAN as the main communication technology to achieve smart city 

applications takes a good result in the actual environment. For general 

applications, sensor nodes can directly access the LoRa network to complete 

sampling and sending, this is an economical and effective solution. For the 

applications with special requirements, such as high node density or high data 

rate, some short distance and high speed wireless network can be used as sub-

net under the LoRa to compensate the disadvantages.  

 

In urban, 20 dBm transmit power and 4096 spread-spectrum chips can make a 

single LoRa gateway cover 2-3 Km radius of a circular areas. So, 8-10 

gateways can cover the urban area normal in small or medium-sized cities. The 

wide coverage and small cost is good for the the challenges of deploying 

sensors in large-scale and get multi-data from many aspects. Part 3.6.1 show 

more information. 

 

In an ideal situation, the single-send power consumption of LoRa is around 

176.9 mW. After sleep wake-up, there is no need to reconnect to the network to 

save a lot of energy. If using the Low power chips, the average sleep power is 

nearly 10 micro watt. Select appropriate sensor and suitable sampling interval 

to build the terminal equipment can make the life time more than 1 year or 

achieve few years. More details shown in part 3.3.1. 

 

Cloud server to manage the gateway and collect data is an economic and 

efficient way to organize the network. In LoRa network, transmission time cost 

between end device to server depend on the payload length and data rate. After 

measurement, the time is between 210 ms – 3000 ms. 4G wireless network as a 

faster and wider network connect gateways and server, the average 

transmission takes 40 ms, and the data transmission time in the LoRa network 

varies greatly depending on the data rate, ranging from 185 ms to 2870 ms. In 

general applications, this delay can be allowed. Data can be aggregated to the 

Internet, powerful computing resources and data sharing capabilities provides 

superior conditions for application deployment. The data can be found part 3.3 

 

LoRa protocol supports both uplink and downlink data transmit, which 

provides conditions for controlling the terminal. It can be used to realize an 

automatic closed-loop control system between terminals. Some terminals can 

be as sensors, and some are actuators to achieve an automatic control without 

manual intervention, it can meet the requirement of establish a large-scale 

automatic control system 
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